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Summary

The increasing worlds' energy demands are resulting in an escalation of the pressure on
the environment as well as a boost in the electrochemical field of science for research and
development of new, reliable and high energy sourt&sulfur secondary literies are

one of the prominent possibilities of future battery systems withr@mise of better
theoretic specific capacities and energy densities.

In order to understand the achieved voltage, capacity, power and energy-8flzattery,

it is paramouhto understand the processes which take place during its operation and
which of them limit its performanc&he influence of a given process can be visualized by
the size of its contribution to the internal resistance of the battery. This is also tlte stan
point, from which the research in this dissertation has been conducted.

Starting with the electrolyte resistance, tindluence of theSt SOUNRf @8 1 SQa LIKe a
properties on battery performance was evaluated by the use of an electrolyte system
basedon an ionic liquid. Since thsgudy showed thathe solubility of polysulfidem the
electrolyteisa veryimportant parameter, our focus shifted to electrolytes with fluorinated

ether compounds, which showed sparing solubility % lspecies.Fluorirated ether
electrolytes were also used to construct hagtergy cells with low electrolyte amount.

The chargdransfer reaction and diffusion contributions from the anode and the cathode
were distinguished using symmetrical cells. We have learned thatltye2 RS Q&
contributions in the used electrolytesare significantly smaller than the cathode
contribution and even reduce in size with further cycling. We therefore focused on
studying polysulfide electrochemistry on carbon surfaces. The cell setugmydBed by

using glassy carbon electrodes. With that, we were successful in identifying the origin of
each contributionDisproportionation of poylsulfides was also detected and evaluated.

By assembly of simplified full cellglassy carbdhLi), thecontributions to the internal
resistance of LB battery cellsvasstudied.This knowledge was then used to complete the
understanding of the impedance spectra atanventionad  LJ2 ddfRodigl icS cellThe
depositon of LpS, which forms electrochemliya and chemically in the celvas also
described. Since this film forms porous structures, the electrode is not passivated,
although this process stiflignificantly influences the total internal resistarsee to
polysulfide species depletiom summay, this work enabled thorough understanding of
the Lisulfur battery impedance response and provided insighttheaeasons behinds
performance limitations

Keywords:Licsulfur battery, impedance spetroscopy, internal resistance, electrolyte
physiochemical properties, disproportionatidm,S film formation, electrolyte depletion.
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1 Introduction

The modern world is practically run on electricity. Consequently, very few individuals would
know or want to survive in a world without lightbulbs, cars, computers, phonmether
various household or kiteln appliancesBatteries are one of the forefront players in the field
of electrical energy providingevices. This ia result ofan increasing amount ofjadgets
striving forportable versionsthe ability of producing them iassorted often lightweight
forms and due to the possibility adpplcationsin variousfields ranging from small toys,
phones or lagops andall the way to electrically powered cars, trains or plaBesce global
warming issues became more pressing and a quest to diverge awajoBsil fuels began,
the latter ¢ transportation ¢ technology is becoming progressively develop&dother
important battery applicatiorstems from the fact that renewable energy sources (wind or
solar power) usually provide surges of energy at interntitienes, which needs to be stored
in batteries for use when energy is not directly available.

With all of these technological advance$ course, follows a wide field of battery research, a
small part of whiclis described in this work.

1.1 Definition of ebatteryand its components

An electrochemical cell is a unit that provides electrical energy on the basis of chemical
energy, which is stored inside it. Strictly speaking, a battery is defined as a device consisting of
two or more connectecklectrochemical cells, but the usage of the word by the consumers
more often indicates the productvhich is poweringthe device, no matter how many
electrochemical cells it contains. The chemical energy stored inside the cells is used on the
basis of eleebchemical reactions taking place on its electrodes. These can be irreversible and
the battery is called a primary one, or reversible, when the battery can be recharged and is
labelled a secondary battety

A cell consistsf three main active components:

- Negative electrodewhere during discharge electrochemical oxidation takes place. It is
often called the anode. From the anode, the electrons move through the external
circuit towards the opposite electrod@-igure 1a). When charging the celthe
reaction is reversed arréduction occurgFigurelb).

- Positive electrodewhere reduction reaction occudiring dischargealso called the
cathode. There, electrons are being accepted by the chemical elements or
compounds. Similarly, during charge, the reactions are reversed
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- Electrolyteprovides closure to the circuit by enabling the ion transport between the
electrodes. It usually consists of a solution of salts in agueous or nonaqueous mixture
of solvents. lonic liquid based, polymeric or solid electrolytes have alsaybgied?

When charging a battery, the terminology of the electrogid®e cathode andhe anodeg is
usuallyreversed, following theonsensus of naming them according to what reaction is taking
place? In this workhoweverthe term cathode will always be used for the positive electrode
and the term anode for the negative gmegardless, whether discharging or charging of the
battery cell is taking place

R ) "
—>
CURRENT

CURRENT

zyt
¥

CATHODE ANODE

Figurel: Battery operation during a) discharge and b) charge.

The inactive components of the battery cell consist of the casing and the separator. The latter
is included for the prevention of electrontontact between the electrodeshich would
discharge thévattery though the internalteort circuit. At the same tim@nic current in the
electrolyte should not & hindered. fie most common form of separatoia modern
batteries is a thin plastic or glassy résheet with sufficient pore volume intended for
electrolyte retention®

1.2 Primary and secondary battery technology history

Alessandro Volta, who assembled a coppec cell in 1800, is usually referred to as the
father of the first battery. On the other hand, the piongeactical battery was the Daniell

cell built in 1836 by John Frederic Daniell. This one was based on the same redox couple, but
solved some of its issues by using two different electrolytes separated with a membrane. The
next big breakthrough came from Gges Leclanche in 1886, when primary battery
consisting out of zinc and carbon was construéted.

2
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The fir$ secondary battery that could be recharged by passing through a reverse current is
theleadr OAR OSftftd LG ¢6la AYy@SYyiSR o0& DlFadz2y tf
and lead dioxide cathode, both of which were immersed in a solution ofiswfid’ From
then on, the work on batteries expanded into the field of alkaline solutions, which were
developed almost simultaneously in Sweden by Jungner @@ekiehium battery) and in USA
by Edison (nickeiron battery).?

Today, primary and secondary batteries are available in a variety of different sizes and
electrochemistries. In the past few decades, primary zinc batteries from Leclanche were
improved to alkaline batteries and a myriad of advances weaweron leadacid batteries.

They are still one of the best known systems and are used in large quantities in the
automotive field and valued for the high currents they can produce. Alongside, completely
different technologies were developed and marketeal, €xample the nickemetalhydride

and lithiuntion (Lgion) batteries’

1.3 Battery characteristics

The most important characteristics of a battery are its voleugcapacity Besides that,
Coulombic efficiency, energinternal impedanceand seldischarge rate could also fug#
great importance With capacity and energypecific or density values are commonly
acquired, which give the value per mass or volume of the active material inttagy luzll
(the weight or volume of other battery components is usually not taken into agcount

1.3.1 Voltage

Voltage is the difference in potentials of the two electrodes, which depend upon thecahemi
nature of the reactions and also other factors such as temperature and concentrations
(Equation 1).> The open circuit voltage (OC\Ea) is defined as Equatio®.' The
thermodynamic data of the cell reactions can be used to derive the cell voltage in the
reversible battey systenthrough Equatior8.?

IY [ (I)
o o Y§E 0
a0
0o ©° 0 )
30 40 3)
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When the cell is under load, its voltage depends on the current, temperature, state of charge
and its history Because of polarization phenongand internabhmic resistance, the cell
can never be discharged atiteoretical voltage.

The polarization comprises of two different contributiangctivation and concentration
polarization. The activation polarization measures the difficulty of the charge transfer
reaction from a kinetic standpoint. The concentratiolapeation on the other hand is
connected with accumulation or depletion of the active material near the ele¢treddace,
which is caused by difficulty of diffusion away fromtowards the electrode, where it is
formed or beingused Both are presentat the positive and at the negative electrode
(Equationd, h., h)).? When current is flowing through an external circuit, the potentiadléns

the cellis also changedue to ohmic polarization whiclkonsists ofthe resistance of the
electrolyte and the contact resistances between the battery cell components
(Equatiord, Ry).°

@ © - - - - o (4)

1.3.2 Capacity

The capacity of a batteng cefined as the electrical chargbat can be drawn from the
battery (Equatiorb).

114 e, hl hl 5
0 00 M0 ®)
The discharge parameters that influence ttegpacityreachedare the current sed, the
voltage cutoff limits, temperatureand active mass loadinBesides that, the history of the
battery cell should also be taken into consideration when @vimg capacity dat.

More commonly, the measure of specific capacity is used, where the capacity value is divided
with the mass bthe activematerial inside the cefAh kg).

1.3.3 Other characteristics

When secondary battery is charged, the electrical energy from an external power source is
being transformed to chemical energy inside the battery cell. The charge used fog)this (Q
usually greater than the charge delivered in the next dischargeTRs is due to incomplete
conversion of the current to chemical energgcause oside reaction®r in some cases also
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due to particles disconnection from the composite electrodee charging efficiency is
expressed a€oulombic efficiency) by Equatior6.?

(6)

=
C~z| C-i

Energyof the batteryis a function oboth the voltage and the current (Equati@n Since

capacity measurements are usually conducted with galvanostatic experiments, energy is

calculated by multiplying the @asured capacity with the average discharge voltages. the
caseof capacity, specific energy (Wh™kgr energy density (Wh'lor Wh cn) is often
stated

. s o ‘ (7)
@) Yo J00 Q0

Internal mpedanceof a batteryis given as Equatidh Z and Zare the sum of the impedance
of both the positive and the negative electrodes, whilee®&®responds to the internal ohmic
resistanc@ as described in Sectioh3.1 Impedance characterizes the resistance that a
battery gives when the current flows.

W 0 o Y (8)

Impedarce is a complex characteristic and usually determined with impedance
spectroscopywhere small amplitudealternating current (ACYf different frequencies is
applied*

Selfdischargeis the loss of charge with the battery beiidge andat open circuit voltag,.
With different chemistries, the reason behind sb#fcharge can be differehtwith LgS
batteries it is described iBection 1.5.2

1.4 Techniquesisedfor battery characteration

Techniques used for determination mibos commonbattery characteristicésummarized in
Section1.3) are usually galvanostatic (chronopotentiometric) experimemsich give the
voltagevs. capacitycharacteristicas pictured inFigure2 and impedance spectroscopy for
battery impedance determinatiorOther electrochemical techniques thate also commonly
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used are cyclic voltammetry (CV), potentiostatic (chronoamperomeéxperimentsand
when dealing with precipitation of solids also electrochemical quaystal microbalance
(eQAM). All of these aforementioned methods are miestructive.

For elucidation of material properties or mechanisms during battery operation,
complementary argtical tools can be used. These are usually destructive and require
disasembly of previously used cells, although in some cases, special electrochemical cells
have been developed faperandomeasurementsExamples of various techniques aperay
absorption spectroscopyXA$ Xray diffraction XRD, numerous modes of microscopy or
spectroscopy, tools for determination of electrolyte's physicochemical properties or similar
complementary techniques for other characterisations, such as pore serenifettion®
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1.5 Lithiuntsulfur batteries

Licion batteries, which have been thoroughly studied and widely commercialized in the past
decades, exhibit some drawback&ich are hard to work around. Their energy density
(300Whkg?) limits the useof the technology in electric automobiles, which in turn have a
low driving range (cc850km), before the batteries need to beaharged. The cathode
material is usually comprised of lithiated oxides of transition me#ad represents the
biggest restriction in the case. Most of those elements can accept only one electron per
active atom, which results in a specific theoretic capacity of the batteries below 300'mAh g
Furthermore the technology isalso facing high produon costs with the use of cobalt or
nickel cathode materiafs.

Lithiungsulfur batteries, which employ lighter, easily accessible and cheaper cathode
materials, represent a newer alternative. Since sulfur enables a two elpetranoleredox
reaction, lithiungsulfur batteries promise better theoretic specific capacities (1625g™)

and energy densities (2500h kg?).”®

1.5.1 Mechanism of operation

Lithiumgsulfur batteries work on the basis of sulfur reduction to lithium polysulfides)(Li
and LiS? In Figure2, a typicabalvanostaticesponse from a t$cellis depicted. The bottom
part of the curve applies to the discharging of the cell and the upper part to chargmg.
higher voltage plateau at.3¢2.4 V corresponds to thconversion of solid sulfur to soluble
polysulfides and the lower plateau afi€2.0 V to the reduction of the polysulfides towards
an insoluble lithium sulfidé.

A L&S battery cell is usually constructed out of a cositp cathode consisting of sulfur in a
carbon matrix, Li metal foil as the anode and a separator filled with the elecifilytee2-

1) Thraugh discharge, the sulfur in the cathode gets dissolved and reduced to lithium
polysulfide species, which are soluble in the electroBgelong asindissolved soligulfur is
present, the potential remains close to constant (high voltage plafégure2-2).*> When

the active mass is reduced to soluble polysulfides the voltage @fapse2-3). The final
product LbS starts to form and due to reduced solubility precipitate on the electrode
surface. This happens throughout the lower voltage pla(Emure2-4)." Ideally, at the end

of discharge, all of the sulfur would be deposited back on the electrode surface in the form of
lithium sulfide (Figure2-5). Through discharge, Li is oxidized and stripped away from the
surface as Lions®
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Figure2: Stages of discharge of&ibatteryYellow, red and orange circles represent sulfur and
different length polysulfide species. Grey circles represtinisi formed by Li stripping.

In charging, the processes are generally reversed, althou§hdissolution and sulfur
deposition phenomenare sometimes not temporally separatdeigure3, cathodg, which
gives ise to a single charge plateBUA problemwhich also arises is electrodeposition of
lithium on its metal surface, which forms dendritegy(re3, anodg. In Lgion batteries, this
problem was avoided bygorporating Li inside a graphite matrix. Although solving the
dendrite problem, lie use of graphite anodenfortunately lowershe capacityof the cell *

CATHODE ANODE

Figure3: Schematic depiction of-8ibattery during chargeith solid sulfur and 1$ forming on the
cathode and lithium dendritesn the anodeYellow, red and orange circles represent sulfur and
different length polysulfide species. Grey circles represtiainsiin solution and Li atoms deposited in

dendritic form.
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1.5.2 Problems and challenges

Multiple factors impede the commercializationtbgé LS technology. The first one is the
insulating nature of sulfur and the final discharge produg$, Oihis meartbat for fabrication

of the positive electrodesonductivity additives must be includlewhichdilute the active
mass Furthermore, the final discharge precipitate$l.ican cover the available surface area
of the electrode or clog its porggigure4) and increase the energy needed for further
electrochemical reaction$®

CATHODE ANODE

@

Figure4: Insulating nature of the final discharge product can cause clogging of the available positive
electrode surface aredellow, red and orange circles represent sulfur and different length polysulfide
species. Grey circles represeriiidms formed by Li stripping.

When discharging the cetin additional problencanarise from the difference of densities
between the staing elemental sulfur and the final productS,iwhich would correspond to
an almost80% of volumetric expansion. Thatangecould collapse the pore structucé the
positive electrode antesult inpoor electronic connections and lower capacities

Lithiumgsulfur battery cells have poor charging coulombic efficiency due to the polysulfide
redox shuttle effect. Longhain polysulfides arsoluble in the used electrolytes and can also
pass through the separator pores to the anode sur{gagureb).

CATHODE ANODE

Figure5: Polysulfide redox shuttle phenomenafellow, red and orange circles represent sulfur and
different length polysulfide species. Grey circles represéinisi formed by Li stripping.
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This means that during charging, the laigin polysulfides migratiarough the sepeator
and get reduced to shoithain polysulfideson the anodeinstead of getting completely
oxidized to sulfuon the cathode Theseshort-chain speciesan diffuse back, get oxidized and
the cycle continues. In practice this phenomenonsea loss of active material and difficulty
in completely charging the battery. For a similar reason, litsuifur batteries also exhibit
high selédischarge ratgFigureg).'®

CATHODE ANODE

Figure6: Seldischarge phenomenon ingSi batterieslue to dissolution of sulfur from the cathade
Yellow, red and orange circles represent sulfur and different length polysulfide species. Grey circles
represent Liions.

A special problem that becomes prominent at high current densities are lithium dendrites,
which form due to uneven electrocrystadition of metallic lithiun{Figure7). These can in
time grow through the porous separator and form an internal short circuit in th€ cell.

CATHODE ANODE

Figure7: Dendritic growth of lithium during chargingellow, red and orange circles represent sulfur and
different length polysulfide species. Grey ciroiggesent Liions in solution and Li atoms deposited in
dendritic form.

10



{ ' N 5NIBF NRG
Study of selected processes and parameters influencing the internal resistéticermgsulfur batteries

1.5.3 Common materials and parameters

In the 1960s, when the first patent on the topic of e battery was filéd, the number of
publications were few. The setup of the cell was generally very similar to the modegn one
lithium anode, organic electrolyte and sulfur, which was mixed avitarbon additive and
attached to the current collector to form the cathd#é® or added as the electrolyte
(catholyte) solution in the form of peulfide*. Polysulfide electrochemistry was studfed
and modifications in the electrolyte composition m&deith the final goal of transforming
the battery system into a rechargeable &he

The interest in the technology resurfaced in the beginning of the new millennium, when
polymericelectrolytes were investigaté®%. After 2010 the number of reports drastically
increased Figure8). Consequently, there wer@26 publications in 204 dealing with the

topic, proving a wide appeal of the technology with researchers coming from almost 50
different countries™ With that amount of work done on the system it is therefore hard t
fully recap all the research. Here the common materials applied and reasons behind the
proposed improvementwill be discussedThe summary will be made for the active battery
parts (the electrodes and the electrolyte) as well as the separato
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Figure8: Nunber of scientific reports ondS batteries through the years (Web of science analysis
conducted on tha 5" of May 2018 with the search query "lithiumulfur battery")™
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a) Electrodes

Cathode manufacturing forqS batteries is a process with miuitie of parameterghat could

be controlledor changed. Although starting with a fully charged battery (elemental sulfur) is
most common, reports abowathode méerials consistingf LpS*>’ and polysulfide species
were also made, the latter being of special interestédoxflow batterie$§>*.

Qulfur is a nonconductive substancs it is important tamix it with condctivity additives
(usually carbonsbefore cathode preparatianThere are multiple ways of how incorporation
of sulfur particles inside a carbon matrix is achieyegilablereports offer the optionsof
melt*!, vapor phas¥ or solution infiltration&®, mechanical intrusioftband chemical reaction
deposition§®,

Of course choosing just any carbon won't give the best battery performance. One of the
concepts for minimizing the extent of the polysulfide shuttle is encapsulation of sulfur, which
could supposedly reduce the polyflg dissolution and diffusion. Common materials used
for this vary from carbon black materf&Jsnanotube$®*’ carbon nanofibefé to reduced
graphene oxid®€ and graphen®. Here, the properties of those matrixes are important

their surface area, pore size apdre sizedistributiorf. Other than carbon, metal oxidese

also of interest, since the surface modifications of the material could enhance the polysulfide

adsorption andentrapment.**>1>2

In the end, thecathodeperformance is conditioned by not oritg porous matrixstructure,
but also by the loading of sulfdrthe thickness of the electrodfe binders ad solvents used
during its manufacturirg.

The surface of the lithium metal foil used iq.ibatteries is constantly chang due to
reactions with the electrolyte and polysulfide species that diffuse through the separator.
These phenomena produce a passivation layer called the solid electrolyfhase(SEl).

The electrode also changes due to aforementioned dendritic gré\itierything combined
equals toa need ofa large excess of Li inside the d@tbtection oflithium is usually done on
three different bases; either by electrolytealterations, separator alterationor lithium
surface modifications which range from esit’”*® and insitu*®®° formations of stable
passive layer® using Li alloys®*

b) Electrolye

For use irbatteriesin general, electrolytes mustllow for easy ion transporth@vinggood
ionic conductivity, while also beingelectronically insulatingn order to minimize sel
discharge. They should Is¢ablethermally, electrochemically andhechanicallyand should
not be toxic.The solventused in the electrolyteshould enable sufficiendupporting salt
dissolution (high dielectric constantyhile still maintainingow viscosity.Because these

12
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demands aresometimes contradicting, binary mixtures$ electrolytes andsolvents are
usually used to mergeifferent physical and chemical propertisught for’? Besides basic
guidelines, the role of physicochemical properties of electrolytes in ¢Bebiatteries is not
thoroughly understood.

Through the dischargehe electrolyte inside the ¢$ battery acts ivarious roles in the
processes of dissolution, oxidation/reduction reactiand crystallizatiorFirst few reports of
polysulfide electrochemistry research were with the use of tetrahydrofuran based
electrolytes® Today the field varies, although linear and cyclic ethers are most commonly
used, usually employing the lithium bis(trifluoromethanesulfonil)imide ().iga#&°

Besides the solvents mentioned) @nteresting group of electrolytegre also ionic liquids
(ILg).They not only exhibit low volatiljtgood thermal stability and high conductivity but they
also illustrate lower polysulfide solubilities, which coutdién the extent of polysulfide redox
shuttle®® Designing ionic liquids for¢S battery application usually means changing the
cation structure, while anions typically remain the same as‘isalts® Again the most
common one i§TFSI]which supposetl enhancea the formation of a effective and stable
SEI on the anod® lonic liquids cané used on their own or in a combination with other
solvents to adjust the desired propertf®s.

All solid state B batterie®” and ones witlpolymer electrolyteS®*"* are also of interest in
the field, since their use could reduce thmss of active material, improve Coulombic
efficiencies during cycling and minimize the otherwise highdsealharge rate, all caused due
to high rates of polysulfide dissoluti®h.

Changing the electrolyte is a simple way of how to incorporate beneficial additives inside the
cell. The mostfamoug one for LS batteriess LING'?, which is supposed tpreserve the

metal anodesuppress the redox shuttle and through that increase the Coulombic efficiencies
and sulfur utilizatiod® Besides nitrates, aumberof different organic or inorganic additives
have been proposed, some with a similar function of stabilizind-th& and some with

redox mediatofunction onthe cathode sid& "

Ultimately, with the quest on producing batteries as lightweight as possible, the amount of
electrolyte per mass of active material is imporfand a subject od multitude of research
groups with reports as low &L permg of sulfuf”’.

c) Separator

Glassy fiberor polyolefinic separators/ (S f J)ladFRdmmonly used in dS batteries,
although improvements can be made thrbugunctionalizing the separatSror adding
additional interlayers, which help stop polysulfide diffusion and protect the &hode

13
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1.5.4 LiS battery impednce

One of the basic battery propertiesf battery cellsis their internal impedance which
influences the voltage and the capacity of the battery cell during use. Through these
parameters, the power and energy attained are also dependent upon it. The technique of
electrochemicaimpedance spectroscopfElS)is usually employed for the gearch of the
internalimpedancdn batteries

In the LgS batteresthis technique has already been used to measure the internal impedance
of LgScells during the first discharge and charge, with speculations on the origin of different
contributions®® A similar study has also been conducted by using dynamic impedance
measurements where the cell is not left to relax to OCV befampedance spectra is
measured, rather an alternating signal is superimposed upon the direct current used for
charging or discharging the battéry

EIS has also been employedexaminethe limiting facto during battery discharge, which
was attributed to electrode passivation due to formation of solid reaction protfuds.
similar cause has been speculated to influencedize ofcharge transfer resistance and
capaity fad€>®* while a different report was able to distinguish between anode and cathode
capacity fade contributiorS. A report of simulations of-Bi battery impedance response has
also been publish&f whileEIS is also a technique which is commonly used to evaluate the
reason behind a superior performance of neectrodemateriak.®”

In general, the impedance response is depended upon the electrolyte and contact resistances
(internal resistance) and the impedances of both the electrodes, where the contribatens

from chargetransfer reactions and diffusion of redox active spediasse contributions are
usually complicated by the solid electrolyte iptase (SEI) formation on the Li metal
surfac&®, and a layer of sulfur o8 which forms on the cathode surface at differstates

of chargé&?®*® These complex mechanisms are further obscured by the fact that they occur
on the surface of either very rough (lithium) or highly porous (carbon) electroden W
nearing the end of discharge, at least one of the contributions listed increases the
overpotential of the cell until the voltage eoff is reached and the discharge ends (fe® Li

cells usuallyar fromtheoretical capacityalug.
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2 Aim andhypothe®s of the thesis

The aim of this doctoral dissertation was to examine th& biattery on the basis of its
internal impedance and to determine its influence on the electrochemical beh&Veor.
focusedon the cathode processes, the electrolyte iripand the interaction of the two
components.

With it, we aim to understand how the physicochemical properties of the electrolytes
influence the internal resistance and the cycling behavior of the batteries. The knowledge
could then beused to desigra beter electrolyte compositionFurthermore, the impedance
response of the electrodes will be examined and the processes which most significantly
contribute toit studied and elucidated

This dissertation first focuses on explaining the basics of batterypormmts and
characteristics (Sectiorl.1) and a brief summary of primary and secondary battery
technology is madel(2). Theelectrochemical and other analytical techniques, which are
used for the determinationf battery characteristicsl(3) are presented and explainetl.4).
Since lithiumsulfur (L¢S) batteries were thenain focus of the work, state of the art on that
topic is summarised, and the problems that the system faces eluciddetion 1.5

A list of materials among with specifications for various electrochemical and analytical
methods used is stated in Secti®

¢CKS NBaAadAdS AyidSNDS LIS ontityvRe studied bySvargng ahep f & (i
St SOGNRf@GSQa LKeaA O2A.0.RSNGAhS syfnmetridhPcelS apfrdagha 6 {

the contributions were divided between both electrodes and furtiecidated(Sectiord.2).

More attention was given to the cathode response, where glassy carbon electrodes were
used to investigate the polysulfide electrochemistgc(in 4.4). The knowledge gathered

was then used to elucidate the origins of contributions to internal resistance in conventional
porous electrodd.icS cells $ection 4.4.2 Since the final insoluble discharge productS,Li

was found to have a profound impact on the battery impedance response, its crystallisation
mechanismand morphologyvas investigate (Section 4.4.8

At the end of the thesispaclusions, literature information, a list of tables and figures as well
as a summary in Slovene language is given (Ségtion
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Hypotheses dhe thesis are as follows:

Internal resistance of a lithiutaulfur battery cell could be characterized with the use of
impedance spectroscopy.

In a lot of systems the internal resistance of a battery cell catulbéedthrough measuring

the impedancespectra of the system in the relaxed state. If the potential of the plateau is
stable enough, the measurement can also be done dynamically (with current passing through
the system). kS redox system is complex due to the solubility of polysulfides asttlitte

effect phenomenon, which means that the system is constantly changing. This results in
special challenges when conducting such experiments. We propose that we can design a
proper experiment allowing us to study the contributions to the internsistance of the
lithiumgsulfur system.

Physicochemical properties of the electrolyte (viscosity, density, conductivity, solubility of
polysulfide species) influence the performance of litigsutfur batteries

Highest frequency contribution in the impedanspectra corresponds to the resistance of the
electrolyte, which is of course connected with its conductivity. Due to the solubility of
polysulfides this resistance changes during cycling of the battéve assumehat othe
electrolytes’ physiathemical properties also influence the performance of litlqgurtfur
batteries. Viscosity of the electrolyte will probably influence the diffusion of electroactive
species to and from the electrode surface. Salt concentrationkeil} influence polysulfide
solubility. Same we can claim for different solvents, where polysulfides have different
solubility. All those parameters have an influence on the internal resistance.

Metallic lithium anodes' contribution to the internal resistanwill be negligible due to
dendritic growth and surface area increase.

Dendritic growth of Li is a relatively known phenometfd®® We suspect that the anode
contribution will decrease with cycling of the bajteell and become negligible.

Porous cathode build out of carbsnlfur composite has the most significant contribution to
the internal resistance of the lithiutaulfur battery cell. A contributing factor, imong
others the deposition of an insulatidgyer ofLbS across its surface.

Last stage of discharge is the formation of lithium sulfide, which is poorly soluble in used
electrolytes and insulating in nature. It deposits on the electrode surface and by that closes its
pores, reduces surfacavailable for electrochemical reactions and increases the cathodes'
contribution to the internal resistance.
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3 Materials and methods

3.1 Alist of usednaterials

- ENSACB50Gcarbon Imerys 777 nig* surface area, total pore volume 0.98xjt,
averagepore size 6 nm

- PrintexXE2onductivity additiveDegussa950 nf g™ surface area

- N-methylpyrolidone {MP), Merck, 8720-4

- Polyvinylidene fluoride ¥®F), Aldrich, 2493799

- Polytetafluoroethylene (PTFE), 60 ¥tdispersiom water, Aldrich, 90084-0

- Lifoil ribbon 110mm thick,FMC

- 1,3dioxolangDOL), anhydrous, Aldrich, 686-0

- Tetraethylene glycol dimethyl ether (TEGDME), Aldrich2248

- Lithium bis(trifluoromethylsulfonyl) imideiTFS) 99.9%%,Aldrich,9076-65-6

- Tetrahydrofuran (THF), Aich, 10999-9

- Sulfurpowder, 99.980, Aldrich, 77084-9

- N,NDiethytN-methyFN-(2-methoxyethyl)ammonium
bis(trifluoromethanesulfonyl)imid¢ZEME][TF3JJ]Solvionic99.%%, AmMSF708A50

- 1,1-(1,1,2,2tetrafluoroethoxy)ethaneTFEE Apollo Scientifi®?C450236

- SulfolaneAldrich, 12€33-0

- Triplex foil PEAFPE Amba Co.

- Nickel f0il99.9%, 0.0125 mm, Goodfellow

- Glassy fiber paper Whatman, GE2Z80xm) and GHD (670km)

- Celgard 2400 microporous membratt@ckness o5 km

- Glassy carbon SIGRADUR &sdis6 mm and 2mm , thickness 0.5 minHTW

- Li permeable ceramic membrane LICGC Type BiGQALTH4S|PsyO12, 150km
thick, OHARA

- Carbon coated\ foil 25 km thick

- Carbon coated Al mesh, app. & thick

- Freudenberg H14 carbon felt pap@50k Y G KA O1 Fcnh’4dulifdde arep OY

- Freudenberg FS2225ndgn2 @Sy L2t &2t STAY aSLI NXG2NE ™

- Lithium 4,5dicyane2-(trifluoromethyl)imidazole (LiTDI), Solvio8@,9%, S026A10
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3.2 Battery componentpreparation and cell assembly

3.2.1 Cathode manufactimgand polysulfide synthesis

For cathode manufacturing, the sulfur/carbon composite was prepared by mixing sulfur and
ENSACO 350G carbon in 2:1 weight rdti@ mixture was then heatedto 165 F¥2 NJ p K
under argon atmosphereThe €S composite witl66wt.% of sulfur was mixed with the
conductivity additive (Printex XE2)dapinder (PVDF) in 80:10:.% ratio in NMP solvent.

The slurry obtained by ball milling was then castedommed aluminum foilwith Doctor

Blade applicatorand dried overnightat 50c /(SPRpp 9! { ., R NNK:NiRished | Y 6 A
electrodes had an active mass loading of approximatelgdf Sper cn?.

For highenergy cell's cathodes, the composite was prepared in our lab and sent to
Fraunhofer ISIT for cathode manufacturiibereit was mixed with Printex XE2 and PVDF in
the same weight ratio, casted on Al foil and driEoke active mass loading on the electrodes
was approximately thgof Spercn?.

Cahodes intended for cells used aperandoXAS measurements were prepared diffehe

due to sulfur selbbsorption effects. The cathodes werenade out of a composite with
25wt.% of sulfur. It was mixed with PTFE and Printex XE2 in anhydrous isopropanol in the
same mass ratio as for the standard cathodésese Teflon electrodes were pressed on
carbon coated aluminum mesh and hadaative masbading of app. 0.Bgof Spercnt.

When active mass was added as a catholyte solution, polysulfides of desired chain length
were previously synthesised. The synthesis was done by dissolving stoichiometric amounts of
lithium foil and sulfur powder in THF inside the glovdh&Bmaster, MBRIN) The mixture

was then mixed at elevated temperatures{®0c / 0 dzy GAf £t GKS L2 GRS
The polysulfides were isolated under reduced pressure inside the glovebox with tubing
connected to an outside rotary evaporator. Polysulfide swoiat of desirednominal
concentrations were prepared by dissolving the calculated amount of polysulfide dempow

form in the choserelectrolyte When catholyte was the means of active mass addition, the
solution was added to the positive electrode mantufeed without the addition of sulfur. In

that case,ENSACO 350G carbaras mixedwith pVdF in 9:dmassratio and castedas a
suspension in NMP on Al foil in various thicknesses. These electrodes were dried similarly as
the ones with added sulfur.

3.2.2 Preparation of elecblyte solutions

Electrolyte solutions were prepared out of previously dried solvents and salts timside
glovebox The Li salt wasweighedinside a volumetric flask, dissolved and filled to the
markings with the prepared mixture sblvents When testing the [DEME][TF@]N-Diethy}
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N-methyFN-(2-methoxyethyl)ammoniurbis(trifluoromethanesulfonyl)imide ionic liquidhd
1,3-dioxolang(DOLklectrolyte system, the solutions were prepared by mass.

3.2.3 Cell assembly

Pouchcells were assabledinside the glovebolry adding a stated amount of electrolyte with

al I yR@ &G S Lpipefid (ERANDY 2§04 KJPD Tipsonto the cathode and separator.

All the separators used were previously dried in a vacuum dryer at elevated temperatures
(VSH p 5/ Z . Thé ambunidob electrolyte added depended upon the type of separator
used. Experiments were made with Celgard 2400 separator, two different glassy fibre
separator§WhatmanGFA and GF/|p Freudenberg FS2225 namoven polyolefin separators

or OHARA ceramic membrarie foil was used asceived from FMC Lithium corporatidrhe
pouchcell was vacuum sealed.

Foroperandomeasuremats, modified Swagelok or pouch cells were used:

- For UWisexperiments, coffee bags were constructed with a@mn0guartz window.
A hole was made in the Li anode before assenibigker separator was used in order
to minimize light absorption in the cathode. Due to that, higher electrolyte loadings
were also used®

- For XA8xperiment, a special Swagelok cell Wigrxm thick Be window and cathodes
with lower sulfur loading as described in Sec8dhlwere used’3

For glassy carbon celdscarbon discinstead of the porous electrodeas addedand a
catholyte solution of polysulfides replaced the electrolyte

3.3 Electrochemical measurements

Cells were tested with different electrochemical measurements. Most common for battery
performance evaluation were galvanostatic experiments. For impedance response
determination, cells were tested with impedance spectroscOpy.battery cells were tested

on VMP3, MPG2 or SP200 potentiostat/galvanostat instruments frefodgsto The data was
processed in ECab V11.10 and Origin 8.1 softwavghen temperature stabilisation was
needed, the cls were placed inside a LAUB2O0thermostat filled with siliene insulator oil

Kryo 51.
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3.3.1 Galvanostatic experiments

As describeth Sectiorl.4, galvanostatic experiments on batterag the most common and
supply a voltageapacity characteristic, from which capacity, overpotential and Coulombic
efficiency could be determined.

Battery cycling was conducted with a chosenat€ in the range of 1.5 to 3\ vs. Li/Li With
some experiments, -fate capabilitytest was performed to determine how the cell handles
different currents. The program was as folloWw$20;C/10;C/5C/2¢1C (5 cycles each)
C/10 (75 cyclesh the same potential range of &0V vsLi/Li.

Galvanostatic intermittent titratiotechnique (GITTWas used to determine the open circuit
voltage of the cell (OCV) at various depths of discharge (DOD). A battery was first discharged
or charged for a chosen amount of time, until the current was stopped and the potential
relaxation folloved until dE/dt was less than 1BV h™. The experiment was then repeated

until the potential reached the cut off voltage.

The program for lithium gpping and deposition tests was as follows: first cycle of stripping
and deposition was done to 2 mAm? with a current of 0.5 mAm? The consecutive 50
cycles were wh the same current until 1 mAtm? capacity was achieved. In the last cycle,
first cycle settings were repeatddnless stated otherwise, the size of electrodes wasrem

all tested ced.

3.3.2 Impedance spectroscopy

With impedance spectroscopy, the excitation signal consists owt siall amplitude
alternating wltage of different frequencie§ =2 ) The impedance response of the system
is a quotient between the voltage and curreesponse and is defined as Equat@(lh and

lp are voltage and current amplitudesjs the phase shift)’

Q" — =71 — AT % T "o )

As a resulan impedancespectrumis obtained, where imaginary part of impedancessally
plotted as afunction of the real part and each point corresponds to one frequency of the
alternating signalNyquist plotFigure9).
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Figure9: An example of a simple impedance spectimiyquist plot representationith its equivalent
circuit model

The spectra include information abaesstive and capacitativeontributions. Depending on

the frequency and the shape, one could (in theory) distinguish between the resistance of the
electrolyte Figure9, R), the charge transfer reactiofriure9, Rerand CGy) and diffusion
contributions Figure9, Z,). In practice however, speatexplanation is usually complicated
due to the contributions overlapping. The shape of the spectra can be fitted with an
equivalent electrical circuit model, which consists out of a series of resistors and
capacitors®%°

a) General impedanre response of @impleredox systerwith two symmetrical electrodes

In a redox system where an oxidized (Ox) and reduced (Red) species are present in the
electrolyte between two symmetrical electrodes, two main processes are taking place during
impedance spectroscopy measurement. The species react following a redox reaction
(Equation 10) and they diffuse to and from the electrodes (the migration of the redox active
species is neglected due to the supporting electrolyte u¥eHhis type of scenario gives a
Randledike equivéent circuit, wherethe response depends upon the electrolyte resistance
(R.), a charge transfer resistan¢®;), Warburg impedanct®r diffusion contributior(Z,) and
double layer capacitancé) (Figure9). If one wishes to explicitly show that the cell is
constructed out of two identical electrodes, it should be noted thahe Randles circuit in
Figure9 the Ry, 4, and G elements are all a result of twdenticalcontributionsfrom each

of the electrodesn seriegR; =2RQ %=2%0 I FGQH H U
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o ®IQ ©RYQQ (10)

Even if just a single electrode is considered, there are in principle two Warburg diffusion
features presentone for each of the present specids practice however,the Warburg
resistances for the two species can be significantly different and orne déatures would
prevail over the smaller one, or, both can be very similar and merge intd-iguee@, one
Warburg feature present at lofkequencies).

Experiments conducted on our cells were donetlmee different bags ¢ potentiostatic
electrochemical impedance spectroscopy (REJ&yanostatic electrochemicampedance
spectroscopy (GEIS) and alternating current voltammetry (ARM). frst one is an
experiment, where a constant voltage set and an alternating voltageotential is
superimposed. Measurements were done withOmV (rms) voltage amplitudsarting with

the highest frequency the instruments achie&dMHzor 20kHz) Lowfrequeng limit was
varied from 10 mHz dowto 20kHz. When PEIS measurements were done during battery
cycling, the current was first stopped and the cell left to relax before the impedanceuspectr
was measured.

For GEIS dynamic measurements, a set ourie applied to the cell and that value
superimposed with an alternating current signal. Experiments with GEIS were done through
the first discharge of the battery cellhel current amplitudewas chosento be 10-times
smallerthan the current used for cyling and the frequency range such that a satisfying
number of spectra were recorded until the battery potential reached the cut off voltage.

ACV measurements are conducted by applying a small amplitude AC potential with a set
frequency and amplitude during potential sweep. As a result, the change in current is
measured. The plot is usually given as the angd@ibf the AC current signiaginga function

of the DC component of the potential.

Impedance gectra were further processed and fitted using ZViexson 3.4f.

3.4 Other analyses

Electrochemical testvere sometimes coupled with other analytical techniques to elucidate
the mechanisms of operation or determine the properties of the materials.

3.4.1 Determination of electrolyte physicochemical properties

Physicochemical properties of different mixtures of ionic liquid [DEME][TFSI] and 1,3
dioxolane with LIiTFSI salt were determined through analysis of conductivity, viscosity and
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density. The extent of polysulfide dissolution into the electrolyte was addoaded by help
of impedance spectroscopy as described in the results and discussion section.

Density of theelectrolyte solutions was measured wiimton Paar DMA 50@bration type
densitymeter in the temperature range of 273d33.15K with 5K intenal.

For electrolyte viscosity determation, micro Ubbelohde viscometefilom SI Analytics GmbH
(53610capillaryl, 53620 capillaryll and 53630 capillarylll) and ViscoSystem_AVS 370 were
employed.Theywere determinedn multiple parallelst each cheen temperatureKinematic
viscosity was later calculated aproduct ofthe viscometer constant aralverage flow time.
By multiplyinghis valuewith the determined density, dynamic viscosity &#ained

Conductivityof the electrolyteswas measured wh capillary celf€° with different cell
constants (D3 <B k ©«D85). Nine cellsin a custoramade housing were used and
calibrated with dilute potassium chlorigdelutions'®* The cells were connected to LCRt&te

Agilent4284A, which enables conductivity measurements at multiple frequencies.

Frequencies chosen were in 500 interval from 508z to 1kHz. The end value for
electrolyte conductivity was determined by extrapolation to infinite frequencies.ail b
temperature was maintained with calibrated -FX0 resistance thermometer
(MPMI1004/300Merz) connected to HB458A multimeter. Acustomdeveloped software

was used fordata acquisition andemperature contraf® Electrolyte solutions were
transferred to the cells in inert atmosphere.

3.4.2 U\Avisspectroscopy

The pouch cell manufacture and assembly was done the same as described in published

works® % The cells werlaced in aJ\tvis spectrometer PerkiBlmer Lambda 950. Cells
were galvanostatically cycled using3P200 potentiostat or in some cases left at OCV with
impedance spectroscopy measurements. During,thia U\vis spectra were recorded
operanddfrom 800nm to 250nm.

3.4.3 IR spectroscopy

For some electrolyte mixtureATRIR measurements were performed a BrukeVertex 80

instrument equipped withiquid nitrogen cooled mercury cadom telluride (MCT) detector
and a Specac Silver gatd'R with a Ge crystalhespectra weremeasuredin absorbance
mode with 256 scans at a resolution ofr&* in the range of 400¢500 cm*!. Processing

(automatic baseline correction and atmospheric compensation) of the spectra was performed

in OPUS version 7.0 software.
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3.4.4 Sanning electron microscgp

For scanning electron microscopy (SEM) analysis of the materials;-amigéibn scanning
electron microscope (FE SEM) Supra 35VP from Zeiss, Germany was used. If the samples
analysed were sensitive to the atmosphere, theyemgrepared insid the glovebox on a

custom made holder, which was vacuumed inside the glovebox antechamber and opened
when exposed to vacuum inside the SEM instrunf&EM micrographsere usually collected

with the electron gun accelerating voltage dkV, a low settingdue to instability of the
materials undethe electron beam.

Samples subjeet to FIB crossectional analysiwere attachedo Alstubs byusing carbon
tape, transferredrom the glovebox tdhe sputter coater PECS 682 (Precision Etcioaging
System¢ model 682, Gatan, USA) inert atmosphereand coated with 2@m layer of
Pt. After coating samples were transferreack tothe glovebox, vacuum sealed and
transferred tothe FIB instrument without exposittigemto air atmosphere.

Focts lon Beang Scanning electron Microscope was used for esessionanalyss. FIBSEM
Helios Nanolab 650i (FEI, U&quipped withenergy dispersive spectrometerMN¥AX 50
(Oxford, UK) anét gas injection systensince the sample wdsghy sensitie to the ion
beam, surface was protectelA G K Hnan yY &Ly aA.lAddition®Bwaza A (S
deposited ontop of the initial layerby using Gaion beam (3kV @ 0.23A). The final
thickness of thét surface protective layerag800nm. Crosssectbns weredone byfocused
Gad ions at 3&kV @ 9.4A withreducing currentso 0.23nA for final ion polishingmages of
the surface and crossections wereapturedusing low electron enerd? kV @ 5(@A)beam
and ETD detectoRPhase contrast imagesd detailed informationwere acquired usingre-
monochromated electron beam KV) and 25 pA beam current amColumn integrated
SE/BSE detectors
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3.4.5 Xray absorption spectroscopy

Operandosulfur kedge XANES measurements wdome at the XAFS beamline Bfettra
synchrotronin Basovizza, Trieste in fluorescemistection modé®. A S{111) double crystal
monochromator with 0.2V resolution at 2.keV was used Higherorder harmonics were
eliminated byplacinga doubleflat silica mirror at a grazing angle of 8 mrad. The irtten$i
the monochromatic Xay beam was measured by a@@-long ionization chamber detector,
which wasfilled with a mixture ofl970mbar of Heand 30mbar of N. The signain
fluorescence modevas detected with a KETEK GmbH AXAgicon drift detectowith an
area of 80mm?. The battery prepared ia Swagelok cell was mounted on the sample holder
and placed in a chambaiter the first ionization detectd” 3 The chamber was filled with
10% atmospheric overpressuretté.

To diminish selfbsorption effectsSulfur Kedge XANES measuremedtsiein fluorescace
detection mode require lowatio of sulfur in the cathode composité. The absorption
spectra were measurecelative to the S d€dge (2472eV) within the interval of¢150 to
+300eV. In the XANES regidap to 2490eV), energy steps of 0&V were usedFor higher
energies we adopteequidistant k steps of 0.03", with an integration time of . The
energy calibration wagstablished with an absorption measuremerit mative sulfur in
transmissiordetection mode. The maximufar the edge peak was set to 247203 The
absolute energy reproducibilityas®0.05eV or betterfor the measured gectra.

The XAS spectra were collecteda series of consequent scafs2 minutes of measuring

time) during discharge of the battery. The analysis of the spectra was performed with

Demeter program package ATHENAQuIfur kedge XANES fluorescence spectra were
normalized to a unit4édge jump and corrected for dead tirtfe"®

25



{ ' N 5NIBF NRG
Study of selected processes and parameters influencing the internal resistéticermgsulfur batteries

4 Results and discussion

For LS battery internal impedance response evaluatibmee batteries with different
electrolytes were prepared and tested. The electrolytes weid LiTFSI salt solutismn
[DEME][TFSI]:DOL 1:2, sulfolane:DOL 1:1 and TEG@BW&ethylene glycol dimethyl
ether).DOL 2:1 mixtureThe ratios were chosen so that thiscosities of the final electrolyte
solutiors were similar and close to 5 miaThe battery cells were constructed with an excess

of electrolyte (6L permgS) in order to remain freaf the phenomena that leads to battery
failure due to cells dryingp. To accommodate the excess of electrolyte, thick glassy fibre
separator (GF/D) was usethereasonwhy theseparatorand theelectrolyte amountvere
chosen wa also poor wettability shown when using sulfolane based electrolytes with Celgard
separators.Cathodes(1.5cn?) used were constructed ithe laboratoryaccording to the
procedure described in the experimental section and had an active mass loading of
approximately 1 mgcm?.

First, mpedance spectra were recorded on fresh céitsn 1MHz to 10 mHz with an
amplitude of 10.0 mV (rmsJhe batteries were then discharged at C/20 for a period of 1 hour
(Figure 10, green) before stopping the current and leaving them at OCV for 15 minutes
(FigurelO, red). Impedancspectrumwas recordedvith the same settings as were used on
fresh cell{Figurel0, blue)before C/20 current was applied again. After the voltage of 1.5 V

was reached, the current was reversed and the same measurement done through charge.

Voltage cuboff for charge was 3.0Ws. Li/Ll.
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FigurelO: Voltage curve during one cycle of impedance spectra measurement at different DOD. Insert
shows three parts of the progradiring discharge green ighe galvanostatiperiod, redrelaxation
time and blue PEIS measurement.
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50 cycles of galvanostatigating with intermittent impedance measurements were done. The
capacities and efficiencies the batteries reached are showFigurell. If we comparghe
three tested electrolytes, we can conclude tlmatterms of capacity reached and its fade,
sulfolane and TEGDME based electrolytek very similar, with the latter having better
efficiendes The ionic liquid electrolyte has poor capacity, but thé Geslombic efficiency.

= 1200 e 1.0
é 1000 & X}z@%@@‘éi?‘{ et %x%
E !@@éﬁ% * ¥ X * 10.9
> 800 *M
O b -
© ¥ -
§ = M Mﬁ% %KWW% -
© 400} o sufolans T
o |~ [DEME][TFSI] X 3K 0.7
] @ TEGDME .
-S 200+ sulfolane efficiency
b | % [DEME][TFSI| efficiency
o 0 * TEGDME efficiency : . : ) 0.6
0 10 20 30 40 50

cycle number

Coulombic efficiency

Figurell: Specific discharge capacities and Coulombic efficiencies through 50 cyeespériment
with intermittent impedance spectra measurements

The spectrameasured were then extractedha fitted in ZViewwith a simple equivalent
circuit model (Figure 12). The evolution of the four contributions was followethrough
different depths of dicharge and multiple cycles of battery ufbe sum of all resistances
was usually around-2 KK, which corresponds well with the internal impedance calculated

from galvalstatic experiments.
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FigurelZ A typical impedancspectrum of a L8 battery celfsulfolane based electrolyta) the first
cycleat app. 58DOD (white circles). Fit (red circles) withehfaivalent circuit model shown
Reprinted with permission from referent’& Copyrigh017 American Chemical Society.

The R1 contributionFigure12) was the only one we could unequivocally attribute to the

electrolyte (and contact resistance). The origin and significance of the other three semicircle

contributions were later investigated with symmetricabde&anode and cathodeathode

cells. We do not claim for this equivalent circuit model to be physically explainable and
directly linked to an electrolyte resistanceeljRand three different processes taking place
inside the cellRCIRC3. We used isince it was the simplest one that fit well with the

measurements and could enable us to follow the change each contribution goes through with

battery aging.
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4.1 High frequencyesistive interceptontribution (electrolyte investigation)

The resistive inteept Relin Figurel?) is, as explained, a sum of the electrolyte and contact
resistances. Since the cell setup is optimisexlhavelittle effect mn the latter.LicS batteries
exhibit a distinctive curve in their electrolyte resistance response through discharge and
charge of the cel”® The same shape can be seen in the three electrolytes teBigdré

13). The initial resistive intercept increases through the-taitage plateau and reaches a
maximum just before the precipitation og&istarts in the bottom voltage plateau. In charge

a simlar (reverse) thing happens, although the resistance never decreasksiown to its
starting value.

20+
—o [DEME][TFSI:DOL 1:2
15 sulfolane:DOL 1:1
S ~o— TEGDME:DOL 2:1 L
D:E
-
o 25
/2]
>
> 20}
-
1.5 \
0 20 40
time/h

Figurel3: Resistive intercept change through the first cycle for the three electrolytes tested.

The reason behind this carvs in polysulfide dissolution into the electrolyte, which makes it
more viscous and disables the ion transport. After the amount of dissolved polysulfides
decreases due to A3 precipitation, the resistance also decreases. Since the initial value is
neve reached, it is implied that some polysulfides that dissolve into the electrolyte never
precipitate.

This change was monitored through the 50 cycles of the experimeriigdrel4 you can

see the results for all three electrolytesaXs is for time, but the discharge and charge
duration was both normalized. This means that with further cycling, although less capacity
was reached, the data for discharge is always plotted betwessmd (L and data for charge
between 1 and 2.-#xis and its scale for resistance is the same in the cases of sulfolane and

29



{F' NI 5N NX G
Study of selected processes and parameters influencing the internal resistéticermgsulfur batteries
TEGDME based electrolytes, and stretched to larger values for the ionicBigeictolour
significates low resistances and red highesistancesCycle number increases wigoing
further into Zaxis.
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Figurel4: Resistive intercept change through 50 cycles at different DOD for three different electrolytes
¢ a) 1M LiTFSI in sulfolane:DOL 1:1, k) liTFSh TEGDME:DOL 2:1 and &) LiTFSI in
[DEME][TFSI]):DOL 1:2

Results for@folaneand TEGDME based electrolytes are again very sigidarel4a and b)
The characteristic shape describedrFigure13 is seen through the cycles. The values first
increase and level out from the startingk8o approximately 12X Sulfolane shows greater
increase in valuedzor [DEME][TFSI] the sharp inceeagen in the first cycl@-igure13)
continues with resistances aehing just abové&0 K by the end of the experimer(Figure
14c).

4.1.1 Influence of the electrolyte'shysica@hemical propertiesn battery performance

a) Determination of physicochemical properties of [DEME][TFSI]:DOL electrolyte system

To enable better understanding dhe electrolyte and its physicbemical properties
influence on the battery performance, the [DEME][TFSI]:DOL electrolyte system was chosen
for further study. Different physicochemical propertigg€onductivity, viscositydensity,
solubility of polysulfidesdf the electrolyte mixturesvere evaluatedand later their trends
compared to battery performanse(specific capacity reached, capacity fade, Coulombic
efficiency, overpotential and internal resistant®).
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Figure15: Physicochemical properties of [DEME][TFSI]:D&tures without LiTFSI salt at different
molar ratios and temperatures ednductivity, bplynamic viscosity, density.

First, thephysicochemical properties of the binary mixtures without the added salt were

measured. To do this, eight different molar mixtures of [DEME][TFSI] and DOL were prepared.

As evident fromFigurel5a, conductivity of binary mixtures without the added saitially
increases with increasing the molar ratio of the ionic liquid content. This happens tthee to
addition of more charge carriers. Afterwards, thvalues decline due to high viscosity.
Higher temperatures equal higher conductivities, with the peak conductivity remaining at the
same composition, which is aroungegeress 0.2.

Viscosity increases from (P49 to over 200 mAa and is a furion of both the
temperature and ionic liquid content. With high contents of [DEME][TFSK,tarbperature
increase causes a greater increase in viscosity, than it did at lower molarHigtimel’h).
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Density's increment is steeper at low ionic liquid contents and levels out at low dioxolane
content. Heating the mixtures changes the density for roughly the same amount at all the
molar atios tested Figurel5sc). Data from these measurements is showhahlel - Table3.

Tablel: Densities of [DEME][TFSI] and dioxoltneriouamolar ratios at temperatures between
278.15K and 313.1K.

X([DEME][TFS r (gem?®)
TIK] 278.15] 283.15] 288.15] 293.15] 298.15| 303.15| 308.15| 313.15
0.000 1.084| 1.078| 1.072| 1.066 | 1.060| 1.053 | 1.047 | 1.041
0.050 1.153| 1.147| 1.141| 1.136| 1.130| 1.124| 1.118| 1.112
0.101 1.202| 1.197| 1.191| 1.186| 1.180| 1.175| 1.169 | 1.164
0.199 1.273] 1.268| 1.263| 1.258 | 1.253| 1.247 | 1.242| 1.237
0.401 1.347| 1.342| 1.337| 1.332| 1.327| 1.322| 1.317| 1.312
0.602 1.387| 1.382| 1.377| 1.372| 1.367| 1.363| 1.358| 1.353
0.790 1.409| 1.404| 1.399] 1.395| 1.390| 1.385| 1.381| 1.376
1.000 1.426| 1.421| 1.417| 1.412| 1.408| 1.403| 1.398| 1.394

Table2: Dynamicviscosities of [DEME][TFSI] and dioxoddmnariougnolar ratios at temperatures
between 278.1K and 313.1K.

X([DEME][TFS a (mPad)
T [K] 278.15/283.15/288.15 293.15 298.15/ 303.15|308.15/313.15
0.000 075 | 0.71 | 0.66 | 0.63 | 0.59 | 0.56 | 0.53 | 0.51
0.050 131 | 1.22 | 1.14 | 1.07 | 0.99 | 0.94 | 0.88 | 0.83
0.101 206 | 191 | 1.78 | 1.67 | 156 | 1.45 | 1.37 | 1.30
0.199 463 | 409 | 369 | 334 | 3.09 | 2.84 | 259 | 2.41

0.401 16.60| 13.95| 11.87| 10.24 | 894 | 7.87 | 6.97 | 6.21
0.602 47.74| 37.54| 30.32| 24.96 | 20.81| 17.62| 15.01| 13.03
0.790 108.37| 80.70 | 62.22| 49.07 | 39.47| 32.18| 26.67| 22.44
1.000 225.00160.34{118.23] 89.70 | 69.59| 54.88 | 44.09 | 36.04
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Table3: Conductivities of [DEME][TFSI] and dioxcddnariousmolar ratios at temperatures between
278.15K and 313.1K.

X([DEME][TFS k (mScm?)
T K] 278.15/283.15/288.15] 293.15 |298.15|303.15| 308.15| 313.15
0.000 021|019 | 018 | 018 | 0.18 | 0.17 | 0.17 | 0.17
0.050 761 | 806 | 851 | 895 | 9.40 | 9.84 | 10.28] 10.72

0.101 12.16| 13.04| 13.93| 14.83 | 15.73| 16.63 | 17.53| 18.43
0.199 12.60| 13.87| 15.18| 16.51 | 17.88| 19.27| 20.68| 22.12

0.401 6.71 | 781 | 899 | 10.24 | 11.56| 12.95| 14.39| 15.90
0.602 3.19 | 3.93 | 4.77 5.70 6.71 | 7.81 | 8.99 | 10.26
0.790 166 | 2.15 | 2.74 3.40 416 | 501 | 594 | 6.97
1.000 0.87 | 1.19 | 1.59 2.06 261 | 3.25 | 3.97 | 4.78

b) Determination of physicochemical properties of LiTFSI:[DEME][TFSI]:DOL electrolyte system

Further tests were conducted onmixtures chosen around the maximum conductivity
(X=0.101, 0.199, 0.401Nine electrolytes were prepared witlree different concentrations
of LITFSI salt (OM, 0.5M, 1.0M). Its physicochemical properti@gere tested the same way
as describedor previous mixtureand are showiin Table4 - Table6. On Figurel6 only the
values at room temperatures (298.K% are showifior clarity. Values for edctrolytes wihout
LiTFSI addition are also depictedcomparison

At different salt concentrations, tr@nductivity change because of an increase in ionic liquid
content shows a different trend-igurel6a). This is coherent with the conductivity treoid

the electrolyte without the supporting salFigure15a). With low salt concentrations the
conductivity maximum is still at the same molar ratioXe0.199. An increase in LiTFSI
concentration produces a change similar to increasing the content of the ionic diguid
decrease in the conductivity. Thus, the electrolytes with higher LiTFSI concentrations have the
highest conductivities at highesttios of dioxolane. It should also be noted, that conductivity
values represented here are for both anion and cation migration.

Viscosity Figure 16b) and density Figure 16c) of the electrolyte solutions increase with
higher ionic ligid contents and higher LITFSI molarities. Comparing the change due to
increasing the lithium salt concentration at the same molar content of the ionic liquichgives
increase irdensity, which is approximately the same at all the different ionic liquitkicts

that were tested. For viscosity, the difference in that same scenario increases with decreasing
the dioxolane content.
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Figurel6: Physicochemical properties of [DEME][TFSI]:DOL:LITFSI mixtures at 29 a8ucta)ity,
b) dynamic viscosity, c) density.

Table4: Densities of [DEME][TFSI] and dioxolane at various molar ratios and different LiTFSI salt
concentrationsat temperatures between 278.1¥6and 313.15.

c(LiTFSI] X([DEME][TFSI] r (gemd)

T K] 278.15) 283.15] 288.15] 293.15 298.15] 303.15/ 308.15] 313.15
0.1 0.101 1.219| 1.213] 1.207| 1.202| 1.196| 1.191| 1.185| 1.180
0.5 0.101 1.267| 1.261| 1.255| 1.250| 1.244| 1.239| 1.233| 1.227
1.0 0.101 1.328] 1.322| 1.317| 1.311] 1.305| 1.300| 1.294 | 1.288
0.1 0.199 1.289| 1.284| 1.279| 1.274| 1.268| 1.263| 1.258| 1.253
0.5 0.199 1.330| 1.324| 1.319| 1.314| 1.309] 1.303| 1.298| 1.293
1.0 0.199 1.385| 1.380 1.374| 1.369| 1.364| 1.358 | 1.353| 1.347
0.1 0.401 1.358| 1.353| 1.348| 1.343| 1.338] 1.333] 1.328| 1.323
0.5 0.401 1.395] 1.390| 1.385| 1.380| 1.375| 1.370| 1.365| 1.360
1.0 0.401 1.443] 1.438[ 1.432| 1.427] 1.422] 1.417| 1.412| 1.407
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Table5: Kinematic viscosities of [DEME][TFSI] and dioxolane at various molar ratios and different LiTFSI

saltconcentrationsat temperatures between 278.36and 313.15.

c(LITFSI) X([DEME][TFSI] A (mP)

T K] 278.15] 283.15] 288.15] 293.15| 298.15] 303.15] 308.15| 313.15
0.1 0.101 2.26 | 2.08 | 1.93 | 1.80 | 1.69 | 1.57 | 1.46 | 1.39
0.5 0.101 334 | 3.02 | 277 | 256 | 2.35 | 2.16 | 2.00 | 1.87
1.0 0.101 6.04 | 540 | 476 | 428 | 3.92 | 358 | 3.30 | 2.94
0.1 0.199 571 | 494 | 445 | 400 | 3.77 | 3.43 | 323 | 2.01
0.5 0.199 8.05 | 6.98 | 6.15 | 545 | 4.88 | 4.40 | 3.99 | 3.64
1.0 0.199 15.85| 13.31| 11.44| 9.88 | 8.76 | 7.72 | 6.85 | 6.20
0.1 0.401 19.03] 15.86| 13.49| 11.52| 9.98 | 8.72 | 7.70 | 6.87
0.5 0.401 33.69| 27.13| 22.45| 18.75| 15.88| 13.53 | 11.80| 10.29
1.0 0.401 80.50 | 61.93| 48.75| 39.01| 31.80 | 26.33| 22.08 | 18.76

Table6: Conductivities of [DEMEJSI] and dioxolane at various molar ratios and different LiTFSI salt
concentrationsat temperatures between 278.36and 313.15

c(LiTFS| X([DEME][TFS k (mScm?)

T K] 278.15] 283.15| 288.15] 293.15| 298.15| 303.15| 308.15| 313.15
0.1 0.101 12.07| 12.96 | 13.87| 14.79| 15.70| 16.63| 17.55| 18.48
0.5 0.101 10.63| 11.50| 12.38| 13.26 | 14.16 | 15.06 | 15.96 | 16.85
1.0 0.101 8.08 | 8.88 | 9.68 | 10.49| 11.29| 12.02| 12.57 | 12.94
0.1 0.199 11.70| 12.93| 14.21| 15.51| 16.84| 18.20| 19.58 | 20.98
0.5 0.199 8.74 | 9.79 | 10.87| 12.00| 13.15| 14.33| 15.54 | 16.77
1.0 0.199 544 | 623 | 7.07 | 794 | 8.85 | 9.80 | 10.78] 11.78
0.1 0.401 591 | 6.93 | 803 | 9.20 | 10.44| 11.74| 13.11| 14.52
0.5 0.401 3.67 | 442 | 524 | 6.13 | 7.09 | 811 | 9.19 | 10.34
1.0 0.401 176 | 221 | 272 | 329 | 393 | 462 | 538 | 6.19

c) Polysulfide solubilityeterminaton with impedance spectroscopy

As explained in Sectidnl, the polysulfides change the electrolyte's properties during battery
operation. A technique to characterize the polysulfide solubility in different electrolyte
mixtures was consequentljeeded for better understanding. To test this, impedance
spectroscopy was usefipectra were measured in PEIS mode with the amplitude ofri0.0
between the frequencies of MIHz and 10nHz. Measurenents were doneon freshly
assembled cells and also on charged cells after 10 cycles of battemy Q&EO rate The
inverse valueddr conductance) are plotted igurel?.
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If we compare tie resistive intercepts dfesh battery cellg§Figurel7a)to the conductivity
measurements of the electrolyteBigurel6a), we see that the trendse in good agreement
Values cannot be compared directly, since the cell constant was not determined and the
coffee bagsetup is not advanced enough to exclude the measurement disturbance’&tfect.
The small deviatianfrom the conductivity data seen for electrolytes wilewe)ress 0.2 is
attributed to poor temperature regulation during pouch cell measurements. Differentiation
between the resistance of the electrolyte in the separator and the cathode pores was no
made.

After 10 cycles of battery use, a change in resistance for electrolytes with lower LiTFSI salt
concentrations and high dioxolane content can be obserfégluie 17b). This indicates
higher polysulfide solubility. The least difference is shown when 1.0 M electrolyte was used.
That is supported by findings in the literature, which show high salt concentrations in
electrolytes can suppress polysigfidissolutiod®’ 1% Smallest changes are also evident for
high ionic liquid contents, which is supported by claifrmoor polysulfide solubilities in ionic

liquid based electrolyte¥.

08 o o a) 08} _.0.1MLTFSI b)

0.5 M LiTFSI
0.6 0.6} 1.0 MLIiTFSI

"o 04l F'g 04f — """+
® g2l o2l
-2-0.1 M LiTFSI
0.5 M LiTFSI
0.0 1.0 M LiTFSI . . 0.0 . . . .
0.1 0.2 0.3 0.4 0.1 0.2 0.3 0.4
X ([IDEME][TFSI)) X ([IDEME][TFSI))

Figurel7: Conductance dhe electrolyte mixtures determined from resistive intercept measurements
a) freshly assembled battery cells with no polysufides dissolved, theft€l" charge Concentration
of the LiTFSI salt varied from 0.1 to 1.0 M and the X([DEME][TFSI]) betw@e) arid 0.4.

d) Gonnectionof physicochemical propertiesth electrochemical performance

Comparison othe electrochemical performance of thdifferent mixtures of electrolytes was
done by comparinghe change due to the difference of ionic liquid content at the ssalte
concentration and the oppositey evaluatinghe influence of changing the concentration of
LITFSIh the same [DEME][TFSI]:DOL mixtéddéthe batteries in this study were constted

with 20 L of electrolyte per mg of sulfur in the cathode and Celgard 2400 separator. Cells
were cycled at C/10 rate between M5and 3.0v vs. LLi" for 100 cyclesElectrode size was

1.5¢cn?.
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Figurel8: Coulombic effienciesover100 cycles.& shovea comparison ahixtureswith the same
ionic liquid molar content and different concentrations of LiTFSI salt with a) X=0.101, b) X=0.199, c)
X=0.401. d show the comparison of performance of electrolytes with the safi#SlLiconcentration
with d)0.1M LiTFSI, €.5M LiTFSI, §.0M LiTFSIX represents the molar ratio of [DEME][TFSI] in its
mixture with DOL.

Coulombic efficienciesinge from 90% (electrolytes with low LiTFSI concentratiorainost

100 (1.0M LiTFSI)Hgurel18a-c). They also differ with changing the ionic liegot/ent
ratios. Higher dioxolane content results in lower efficiendtegu(el8d-f). These trends can

be connected with polysulfide solubilittyigure17). The electrolytes with poor polysulfide
solubility show a smaller polysulfide shuttle extent and better charging efficiencies. We
suspect that the difference in passivation of lithium between the mixtures is minimal.

Theoverpotentialis usually consideredn indicator forthe internal impedance of the battery
and it consists of the ohmic, concentration and activation polariz&tidie values wshow
here werecalculated as half the differenagepotentials betweerdischarge and charge curves
at approximately S&%DOD. They range from @mV to50 mV. The trend is differenfrom
the one shown for cycling efficiencies. The smallesverpotentials are exhibited for
electrolytes withhigh lithium salt concentrationsF{gure 19a-c) and with lowionic liquid
content Figurel9d-f), which we attribute to viscosity differences
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Figurel9: Overpotentials over 100 cyclesc ahow a comparison ofixtureswith the same ionic liquid

molar content and different concentrations of LiTFSI salt with a) X=0.101, b) X=0.199, c) X#0.401; d

show the comparison of performee of electrolytes with the same LiTFSI concentration with
d)0.1MLIiTFSI, €).5M LiTFSI, §.0M LiTFSIX represents the molar ratio of [DEME][TFSI] in its

mixture with DOL.

To better understandthe reasons behind thesealues,a comparison othe impedance
spectra after 10 cyclesas also made-{gure20). From that, maller resistances are seen for
lower salt concentrations. Thishowed that the concentrationpolarization contribution
shouldbe takeninto account when assessing overpotestir electrolytes with low lithium

salt concentrations.

500
a)
400} 4 £

300

200

m(2)/ 0

. - 0.1MX=0.101
100 ;¢ - 05MX=0.101
$ 9 1.0 M X=0.101

200 300

Re(Z)/ O

500
b)
400 0.1 M X=0.199
I 0.5 M X=0.199
/ 1.0 M X=0.199
o 300¢ / ;
= 6
S f
E 200t i 4 /
1 r 5 ;.
7
100f if % g/ I
jf 10 mHz
o =R . ! .
0 100 200 300
Re(Z)/Q

500
c)
400 - 0.1 M X=0.401
-~ 0.5 M X=0.401
1.0 M X=0.401
o 300}
N
E 200}
100 +
0

Figure20: Impedance spectra for charged battery cells after 10 cycleseofomparison of different
lithium salt concentrations in the same compositions of dioxolanéaialiquid a)X=0.101,

b) X=0.199, cX=0.401 (Insets show the high frequency regions of the speCtepresents the molar

ratio of [DEME][TFSI] in its mixture with DOL.
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Specific capacitiesend (Figure21) follows a reverse trend dhat shown for overpotentials

(Figurel9).
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Figure21: Specific discharge capacities trend over 100 cycteshaw a comparison ofixtureswith
the same ionic liquid molar content and different concentrations of LiTFSI salt with a) X=0.101, b)
X=0.199, c) X=0.401f dhow the comparison of performance of electrolytes with the same LiTFSI
concentration with dp.1M LiTFSI, €).5M LiTFSF) 1.0M LiTFSK represents the molar ratio of
[DEME][TFSI] in its mixture with DOL.

The highest capacities wereachedfor the 1.0M LiTFSI in pemeresi 0.101. Additional
capacity fadevas expectedor electrolytes with highredioxolane conters, which is to some
extentvisible in the comparison falectrolytes with the same ‘lsalt concentratior(Figure
21d-f). Larger capacity fadesre shown for higher dioxolane contents. The tremdald most
likely result in lower capacities of the currently best performing electrdlyte cells would
be cycled further.

The density and conductivity of the electrolyte do not show a clear caandotany of the
battery performance parameters determined in our study. The reason is probably in the fact
that an ionic liquid electrolyte was used. In this case many charged species contribute to the
determined conductivity with the case being eventHer complicated by dissolution of
polysulfides, while only the'libn charge is important for battery operation.

If comparing electrolytes with the samé $alt molaritiesa connection between viscosities
(Figurel6b), overpotentialsKigurel9d-f), ohmic resistance valueBigure20) and discharge
capacities Figure21d-f) is visible Thiscould be interpreted as hampering of the diffusion of
polysulfide species, which consequently increases the low frequency segment of the
impedance spectraWith dectrolytes with different LITFSI concentrations, the link is more
complicated, since theverpotential is influenced by both thehmicresistance as well as the
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concentration polarizatiaff® When employing electrolytes with low’ kalt concentrations,
the concentration polarization is an important contribution, which affects the specific
capacity Figurel9a-c, Figure21a-c).

For our electrolyte system, the polysulfide solubility is a function of the amount of ionic
species present in the electrolyt&igure 17). Higher salt concentrations or ionic liquid
content slow the dissolution of polysulfide species. In binary solvent electrolyte, this
correlation would depend upon the solubility of polysulfidesoith lkthosen components. The
polysulfide solubility shows an impact on Coulombic efficienEigaré18) and can be in
some cases connected to an ingse in capacity fad&igure2l).

In terms of stability and specific capacity retention, the best performance was shown for
1.0M LiTFSI inptmeyresi 0.19%lectrolyte In the first cycles, it did exhibit capacities slightly
lower than 1.0M LiTFSI inpgvegresi 0.101, which we ascribe to higher viscosity and high
ionic liquid content.

In general, for the bestlectrolyte performanceegnough Lisalt should be dissolved the
electrolyte so there is no concentration polarizatioesue. In order to achieve good
efficiencies and minimum capacity fade, polysulfide solubility should be low. Capacity fade
due to loss of contact in the cattie and anode stabilitywas notinvestigated although we
speculate it can playnamportantrole in the electrolyte performance.

4.1.2 Hectrolyteswith poor polysulfide solubility

a) LicS battery performance of TFEE:DOL electrolyte system

As evident from thestudy of the influence of electrolyte's physicochemical properties, low
polysulfide solubility can be beneficial. It is therefore no surprise tleabbthe novel waysfo
reducing polysulfide shuttle issuevolves the use of electrolyteshich sparinglysolute
polysulfide$' ™4 Wwith the use of thoseelectrolytes, fgh-energy LGS batteres can be
constructed witHower electrolyte amounts anaigher sulfur loadings.

These type of "sparingly solublelectrolytes were investigated by determining the
performance of TFEE(1,2(1,1,2,2tetrafluoroethoxy)¢hane) based electrolyted=or the
experiment, batteries were constructed with 20 of electrolyte per mg of sulfur and Celgard
2400 separatorElectrode size was 1.5 &r@ycling was done as a rate capability test (settings
described in Sectiof). If we compare the battery performance of a standard electrolyte
mixture of IM LiTFSI in TEGDME:DOL 1:1 (v:v) with thaMoLITFSI iTFEEDOL 1:1(v:v),

we see a small improvement in discharge capacity in the first cycles and a remarkable
increasein Coulombic efficiency, which changes from approximately 82% for THzBME
electrolyte to around 9% forTFEBNne Figure22a).
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A difference between the two electrolytes is also visible in their voltage préiidese22b).
The highvoltage plateau in the fluorinated ether based electrolyte is ardls@dmV lower
than the voltage plateau in TEGDME one. The low voltage plateau is at a similar potential
close to the thermodynamic one in both syss. This shift is attributed to be
thermodynamic, not kinetic, since a shift to lower potentials is also visible in the charge
profile of the battery.
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Figure22 Electrochemical performance BFEBased electrolyte compared to a conventionally used
TEGDME based one a) capacity and coulombic efficiency at diffeates ®) voltage profile in the
50" cycle.Solvent ratio was kept to 1:1 (v:v).

This reasoning was tested with GITT experiment lnighasulfur loading ¢$ cell(Figure23).

GITT was performed at C/20 with stopping the current every 60 minutes and waiting until the
potential stabized to dE/dt < 15 mi'® C2NJ GKS GiGNI RAGAZ2YI & ¢
electrolytevolume was increased to ¥6[  m#ESNand GITT experiment modified to stop
every 30 minutes. High voltage plateau OCYV for the fluorinated ether electralyticated
tobe2.25V vs. Lillir YR F2NJ 0KS adNI RAVMvA Rifil £ ¢ St SOGNR T
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Figure23: GITT experiment comparison &3.¢ell with 1 M LiTFSI TFEE:DOL 1:1Heefrode loading
was 3.8 mg 81’ ¢ @ plectroyte @effmg® was used and one layer of Celgard 2400 sepayafor.
¢{ O8ff HAGK GKS &GN RMLXESYH TESDMEDGLAN NE®)f Setipivasd 2 Y
AAYAEENI A 6AGK O 6AGK GKS SE @Sdeiimy S)HandBHT St SO
setting (current stopped every 30 minutes).
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To check the influence of the two electrolyte componeiitsEEand DOL), three different
mixtures were tested. Mixtures with volume ratios of 1:1, 1:2 and 2:1 were tested with the
same battery cell setup by cycling them at C/10 for 100 cy€igaré24). The electrolyte
mixture with highest DOL content showed best capacities, but as expected exhibited poor
cycling efficiencies due to high polysulfide solubility. The trend continued with intermediate
cycling effi@ncies and specific capacities for 1:1 (v:v) mixture and best Coulombic efficiencies
for the TFEEDOL 2:1 electrolyte.
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Figure24: Cycling behavior at for electrolytes prepared from different mixtur@&Btand DOIc1:2;
1:1; 21 (all v:v mixtures with M LiTFSI) aischarge capacity and coulombic efficiency during 100
cycles of use, b) charge and discharge voltage profile¥'f66™ and 104" cycle of use.

As it is evident from discharge and charge profile of the electrolytes showigome24b,
higher contents offFEENcrease the overpotential. We attute this to an increase in the
viscosity of the electrolyte, whiahangeswith the addition ofTFEErom 0.0027 Pa*s for the
1:2 mixture, 0.0035 Pa*s for the 1:1 mixttoe0.0045 Pa*s for the M LITFSI inFEBDOL 2:1
mixture. From this experiment we concluded that the best mixture for-biggrgy L-iS cell
experiment would be the 1 M LITFSTFEBDOL 1:1 (v:v)lhe optimized electrolyte mixture
was used to construct a higimergy L4S battery cell.

Higher sulfurdading cathdes with 4ngof S percn? (Fraunhofer ISIT, &) were used and
6.5kL of electrolyte per mg of S. With only one layer of Celgard 2400 separator used at C/10
cycling, the battery showed great performance for the first 25 cycles, widzbviered over

1000 mAh g with efficiencies just under?s Figure25). After 25 cyclesell dry outcaused
lithium dendrites and an internal short circulthe liniting factor for sulfur utilization was
tested by increasing the electrolyte amount with performances delivered as depicted on
Figure25. Besidesncreasing the first discharge capacity (to 80% sulfur utilization), increasing
the amount of electrolyte compromises the Coulombic efficiencies, since a higher amount of
DOL is present in the cell. The extent of capacity fade is similar in bothTdesesll with

higher electrolyte amount could be cycled for longer, supporting the hypothesis that Li metal
anode consumes the electrolyte and causes the cell failure.
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Figure25: Discharge capacity and Coulomddiiciency for a higenergy IS cell witt6.5nm_permgS
and 10nLpermgSof 1M LiTFSTFEEDOL1:1 electrolyteSulfur loading was 4 nogni”.

Lithium metal stability was investigated with disassembly of the high energlyigefeR5).

Color of the separator remained unchanged and close to white as it can be sedfiguoen

26. There are visible dendrites going through the polyolefin separator and the surface of the
anode is drastically changed to almost black color, mossy and fragule=p6b).

Figure26: Post mortem analysis on the high energ$ battery cell, a) side of the anode which was
facing away from the separator, bslrface after cycling, c) Celgard 2400 separator with the cathode
facing side, d) Celgard 2400 separator with the anode facing side
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Another important indicator of poor lithium stability is impedance spectroscopy analysis on
symmetrical Il Li cells at OCVIwo 2cn? Li electrodes were separated with one layer of
Celgard®2400 separator and wetted with 20][ 2T GKS OK2 MSWTFSEt SO
TEGDME:DOL 1:1 oMILITFSI TFEE:DOL 1:1). The spectra were measured over a period of
50 hours from 2&Hz to 10nHz with an amplitude of 10V (rms). Orrigure27, spectra at
1h,15h,25h,35hand45K | NB aK2g6y ® C2NJ G§KS & deNdydRadni A 2 v |
[ A &48Sya (2 068 O02YLX SE ¢6AGK NBaradlyoOoSa NB
other hand, the resistive intercept, which indicates the electrolyte conductivity, does not
drastically change and stays close to its initial valuetof¥8Bith TFEE:DOL electrolyte, the
high frequency arc seems to be more stable (values aroutl6@® 2 KI 0 A a A YL2N
is that the resistive intercept for the TFEE electrolyte changes frokn 1@zLJ Kid2 ¢oKpA &
accompanied with larger diffusionakrstances (seen from the low frequency contribution on
the last red spectrum oRigure27), which indicates that Li reacts with the fluorinated ether
b aSR SftSOGUNRfedisSQa O2YLRYSydazr YI1Ay3d GKS
electrolyte and diffusion resistances. All of this adds an additional proof that Li instability is
the reason behind capacity fade, although it is also important to notethtbatability of Li in
full LS cell setup is also influenced by the presence of polysulfide species.
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Figure27: Impedance spectra of||LLi symmetrical cells (2 cm2) measured at OCV over the course of 50
hours. Spectra were measured consecutively in the range of 20&khHz with the amplitude of 10
mV (rms), while measurements at 1 h, 15 h, 25 h, 35 h and 45 h are shown on the fighsholas
the high frequency part of the spectra maiearly;all arrows indicate change with time. Cells were
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b) Mechanism investigationf TFEE:DOL electrolyte

The open questions about the reason for a difference in plateau voltages were explored
further with different analytical techniques and modelling.

If the reaction, which governs the higbltage plateau, is one where,%i polysulfide is
formed fromdissolvedsulfur, the Nernst equation suggests that theen circuitpotential will
depend upon the activity of the polysulfide and sulfur species dissolved in the electrolyte
(Equationsl1-13). If we compare this with experimentally observed relationship betwleen
potentials in the electrolytes tested3), we can speculate that the reason for the difference

in potentials is in the ratio of solubility of polysulfides and suffhese statements were
further investigated withCOSMERS modelling donby dr. Ste#n Jeschke and dr. Patrik
Johanssomt Chalmers University of Technology in Gothenbtrg.

Y% cOQfE Y b Q (11)
YV O O

0 O ,—,‘Y E——— (12)
a ()

0 0 (13)

Through DFT computation of surface charge density, statistical thermodynamics are used for

the calculation of chemical potentials of species in a solution with a method called Conductor
like-Screening Model for Real Solvents (CORSDP*''°. The relative difference in solubility
of LpS; species was calculated to be 1000x smaller inTtEebased solvent as agpared to

the more conventionally used TEGDME based one. This calculation is in good agreement with

data obtained experimentallyfhe solubility of L& in 1M LiTFSI in TEGDME:DOL 1:1i6/:v)
over 1.0M ard in the 1M LiTFSI iTFEBOL 1:1 (v:iv) betwae2 mM and 5 mM. ForgS
molecules, the solubility through COSIRS could be calculated as an absolute value with the
concentration of 1.2 mM in TEGDME electrolyte anar®Min TFEBnNe.

The Equationl3 was investigated with calculating the difference in chemical potentials
between two solvents (TEGDMET®EBased ones) for both of the two species of interest
(S% and ). The resultxonfirmed the validity of the experimentally observed relationship.
Furthermore, he calculated chemical potential of tt&* speciesis more negative iTFEE
based electrolyte than in the TEGDME one, suggesting higher preference foFEHke
electrolyte, but the chemical potential of i more positive. This means thhe reason for

the decrease in 4% solubility in fluorinated solvents is in the poor solvation oiohis. The
chemical potential difference was calculated to be rough@mV, which is qualitatively
consistent with the experimentally observ@90mV.

Solvation of Liions was investigated withTRIR by measuring the spectraT®EEDOL and
TFEEOL 1:1 solvents as well as 8ohs of LIiTFSI in all of thefigure 28). The
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concentration of Liwas chosen so that the molar ratio of LiITFSIFEBr in DOL would be
the same as in W LiTFSI iTFEEDOL 1:1 (v:v), which is &.7. LiTFSI could not be dissolved
in that concentration iNTFEEwhich is a sign of the poor solvatidémr this mixture, ta IR
spectrum of the saturated solution alvhe precipitate was measured. Nevertheless, no
additional peaks were seen in that spectrum as compared to the one of the pure solvent,
corroboratingthe hypothesisKigure28a).
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Figure28: ATRIR spectra of DOL améEpure solvents, their 1:1 (v:v) mixture and thalutions with
LiTFSI saMorizontal lines indicate additional bands due to LiTFSI

In the LiTFSI solution in DOL a few additional prominent absorption peaks are visible in the IR
spectrum:1353cmi* (TFSIAP SQ), 1330cm™ (TFSIAP SQ), 1195cm™ (TFSI), 616m™ (TFSI:

1°? SQ) and 574m? (1 , CR)*° (Figure28b). The samdands are also present in the LiTFSI
solutionin TFEE:DOL mixtuféiqure28c ¢ dashed lines), supporting the claim that solvation

of lithium ions in this electrolyte system is based on DOL.
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To deermine whether the mechanism of operation really does follow the conventional one
through polysulfide dissolution and3.iprecipitation, the formation of intermediate species
was followed withoperandosulfur kedge Xray absorption spectroscopy (XASY amtvis
measurements.

Operandosulfur kedge XANES spectra were measutedugh the first discharggFigure

29) of the batteryby using the M LITFSTFEEOOL 1:1 (v:v) electrolyt&he spectra are
shown inFigure29b. The measurementsetup andthe cell configuration werghe same as
presented irpublications:’**To limit selabsorption effect¥, electrodes with lower sulfur
amount were usedSince selabsorption correction is not reliable due to the composition of
the cathode constantly changing during the experiment, neassibrption correction was
applied. Although the calculated solubility of sulfur in TFEE electrolyte-tisné® smakr

than the determined solubility of,&, the relative amount of sulfur and polysulfide species
after 100mAh g is the same, which is a consequence of the mode of detection in XANES,
where both solid phase and dissolved species are detected.
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Figure29: Sulphur kedge XANESperandcexperiment a) electrochemical discharge profile measured,
b) relative amounts of determined compoundspp@randosulfur kedge XANES spectra of th&Li
battery during the first discharge.

PCA (principle component analysi8} on the acquired set of spectra shows a linear
combination of the four mainomponents (electrolyte, sulfur, lithium polysulfidgsbS, and

lithium sulfideg LbS) to be sufficient to describe each XANES spectrum. The reference spectra

for the electrolyte was measured diluted with BN beforehand, while the spectra of the other
three components were measwteind extracted from a set operandospectra in a similar
battery in a different stud3®
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The relative amounts for the four sulfur species present in the battery (three before
mentioned ones a the sulfonate group from the LIiTFSI salt in the electrolyte) were
determined with a linear combinatidiit (LCF Figure30). The main characterisscof the
spectra (absorption edges and grdge resonances) in the spectra are at different energies,
which allows for low uncertainty in the LCF. The fit is performed in the energy region from
245 eV to 2502 eV.

With this measurement, polysulfide presence during battery operation was confitged.

was also detected from the beginning of the low discharge plateau on. From this we conclude
that the mechanism of operation imMFEEbased solvent is the same as inditenal
electrolytes nevertheless solubility of polysulfides is much Id\Wer
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Figure30: Linear combination fit of the sulfurddge XANES specinghe intermediate states during
discharge(a) as prepared, (b) 220 mgh (c) 440 mAly”, and (d) 660 mAf™. Open cycles
experiment; black lindit with linear combination of the four reference XANES profiles plotted below.
The uncertainty of each component in the linear combinatioa fil# or lower.

For further insight on the length and concentration of polysulfides foraneldtheir diffusion
through the separatqroperandoU\tvisspectroscopy was used. The configuration of the cell
and the measurement settisgised were the same as previous reports from our research
group®® A relatively high amount of electrolytwas usedfor battery operation (60xL per
mgs).
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The wavelengths of absorption peaks depend upon the chain length of the polysulfides, their
concentration and the interaction between them and the electrolyteFi@uare31, the U\vis
spectra during discharge of a battery wittMILITFSI iTFEEBDOL 1:1 (v:v) electrolyte are
shown. Theattery reached a specific capacity df@mAhg” (Figure31a). The formation of
polysulfides was detectefdom the highvoltage plateawn. The peaks are shifted ghorter
wavelengths compared to theonventional electrolyt®® with an absorbance edge around

400nm. Its intensity changes during battery operatismggestingariations in concentration
(Figure31b).

For information on speciatior, mM standard solutions ofbSs, LpSs and LiS, polysulfides
were prepared in M LITFSI infFEBDOL 1:1 (v:v). The positions of the absorption peaks are
shown on Figure31c. Longchain polysulfides show absorbancetlie region of 40 nm
(Figure31c ¢ blue line). With shortening the chain length, a second absorption band appears
in the region of 500 nmF{gure31c). Since no absorption in that region was detected during
battery operation, we conclude that only leagained polysulfides ffiised through the
separator to bedetected with theoperandoexperiment Semiquantitative analysis suggests
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Figure31: U\Vvisspectroscopy experiment f&fM LiTFSTFEEDOLL:1 electrolyte a)dischargeand
charge profile at C/2®) spectra change during discharge argpectraof standard solutions inFEE
electrolyte,
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¢ KA a aiddzRe SylFof SR dza A YL NI AY &S Batdry Ay 0
performance.We were also successful in preparing a high energy battery cell with low
electrolyte content by employing fluorinated ether solvent based electrolyte, where
a2fdzo At AGASE 2F LIRfeadzZ FARS &LISOASdglymdlE wmn
based electrolytes.

As evident fromFigure 12, besides the resistive intercept contributiaiiR), other
contributions present in the impedance spectrinhk 3y A FAOF y it & O2y i NA o6 dz
resistanceWe were curious as to wh are the other contributions or in other words which
process most significantly determines the voltage and capacity the cell achieves during
operation. In order to answer th& questions, a more detailed impedance spestopy
evaluationof LS batterycells at different DOyas conducted in continuation.

4.2 Reaction and diffusion contributions in theSimpedance spectra

If we move towards lower frequencies in the impedance spectrum aSabhitery cell, the
contributionsoriginatefrom the charge transfer reactions on the electrodesl diffusionof
electroactive speciesTheresponse idurther complicated by passivating films and other
unwanted side reactiong-rom the spectra along is difficult toextract usefuinformation

For example without further experiments, one cannot state even if the contribution seen in
the spectrum is coming from processes occurring on the anode or on the caWdehis
aim,we employed arapproachwhere symmetrical cells were buift*#

Anode-anode and cathodeathode cells werassembledto simulate various DOD. Their
impedance speca down to 10mHz were measuredand the arithmetic mean of each
frequency point calculated y 2 NRSNJ (2 @AadzrtAasS | aO02YLRa&.
A8 YYSUNROIf OSthe somposi&lspedaiday Sghdompared to the one
measured on @& actual battery cell. For a fresh battery, the symmetrical cells were easy to
construct out of unused electrodes. To have reliable data for other DOD, two battery cells as
identical as possible were constructed, discharged, their battery spectra measuré¢den
disassemblednside the glove boxOut of thér parts, two symmetrical cells were made
(Figure32) and the spectra of those were used in the study.
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Figure32: A schematic representation of symmetrical cells apprqoasb very similar discharged
batteries (topwere disassembled and their parts used to construct two symmetrical cells (bottom).

The analysis of those spectieigure33) gave us the informatio about which part of the
battery spectra belongs to the anode contributions and which to the cathode. With fresh
cells, the cathode contribution @locking Ay (Fidui@3Ba\Brange) since sulfur is a
non-conductivesubstance, none of it is dissolvget and the resistances for redox reactson

are big. Lithium on the other hand has a characteristic spactif one larger depressed
semicircle and amsmallercontribution at lower frequenciegFigure33a, red)®>*1#The
averagespectrumof the cathode and anodspectra gives one very similar to the measured
LicS batteryspectrum(Figure33a, greyand blackspectrg. Fromthis, we can conclude that

the semicircle contribution in the fresh battery spectrum is from the anode and the blocking
character from the cathode parn general, the measured and calculated spectra matched
remarkably wellany detecteddifferences in the hidn frequency resistive interceptene
attributed to unwanted electrolyte evaporation during pouch cell assenithlis difference

was disregarded in this study, since we were mostly interested in determining whether a
feature in the spectrum comes from theopesses on the anode iom the cathode side of

the cell.
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Figure33: Impedance spectra of symmetrical (orange for catileadbode and red for anodanode
cells) and battery cells (measured spectra in grey and calculatecasipdaiixck). a) fresh battery, b)
battery at approximately 50% DOD, c) fully discharged baBattery cells were constructed with

1.5¢n? size, glassy fibre GF/D separator andt §0 rhd® NIIM LiTFSI in TEGDME:DOL 2:1.

With discharginghe batteryto approximately 5% DODKigure33b), the anode contribution
decreases in size to almost a half, while still maintaining its shape. The cathahseapgts
a less blocking nature with a small semicircle at high frequencies and a large contribution in
the low frequency part. The calculated and measured spectra are again in good agreement
with the anode dominating the two high frequency semmiles ad cathode the low

frequency responsd-{gure33b, grey spectra).

Complete dischargé-igure33c) only minimally changes the anode response, while increasing
the cathode contributions in the high frequency region. The positive electrode still dominates
the overall response with the low frequency paging the most significanimpedance

contribution.
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4.3 Anodés contribution

The high frequencyesponseR1, which we attributed to the anodyy the symmetrical cells
experimentwas followed through0 cyclegexplained in Sectiof) and is depicted ofigure
34. The representation is similar dsetone for the resistive intercept, although here, the z
axis (cycle number) is reverded better clarity
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Figure34: R1 (lithium anode contribution) change through 50 cycles at different DOD for three different
electrolytes; a) 1M LiTFSI in sulfolane:DOL 1:1, b) liTFSI in TEGDME:DOL 2:1 andMd)iTIFSlI in
[DEME][TFSI]:DOL 1:2.

The size of the anode resistance through the first discharge is a fé{ct@sistent with half

the resistance of a|LiLi cell fromFigure33). Afterwards it decreases in all three electrolytes
tested (albeit with different rates) and by the end of thd' &§cle measures onlyfaw K.
Expanation of this phenomenon is imgh surface areai deposit§HSAL)Since the surface
area of the electrode gradually increases, the resistance gets sridligralso implies, that

the anode resistances insignificant ampared to the cathode contribisinsafter a few cycles

The double layer capacitance for this feature remains relatively constant through different
DOD and further cycling and is of approximate valdexo€ = O 2 with litefiatui® yeports

for charge transfer contribution'$> This degree of size reduction is only the case when excess
of electrolyte is present in the cell. If the cell dries out due to side reactions of Li anode with
the electrolyte, the decrease in tlamode contributionss not that pronounced.

4.3.1 Lithium reacthn with polysulfides

a) Influence of polysulfide species on Li anode performance

The anode response was further studied by incorporating polysulfides into the separator
symmetrical anode cells. V&med to understand how polysulfides change the Ledapce
response. Since the experiment on battery cells was done with an excess of electrolyte, the
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polysulfide concentration durinigattery operation was relatively low. Tests on symmetrical
cells were conducted with higher molarities of polysulfides tmienthe conditions of low
electrolyte amourg.

Li| Li cells were prepared withc®? electrodeswith 10k [ 2 gonvankiohalelectrolyte
1MLITFSI in TEGDME:DOL 1:1 (v:v) and with different nominal concentratigRsrofHat
same solution (0.084, 0.1M, 1.0M). The impedance spectra of the batteriesremeasured
to 1 mHz and followed through several days until the response stalffigede35a).

As expected, the resistive intercept changeows with the increase inpolysulfide
concentration and consequetmcrease in viscosityn the cellsefore cyclingthe internal
resistance () F 2 NJ & & ( | dnkréakeb BoRB KJf6rfthe aute electrolyte and lowest
polysulfide concentration) up ®Kfor 0.1 M LiS and44 Kfor 1.0M LS solution.
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Figure35: a) EIS spectra fromMIHz to ImHz of symmetrical |LiLi cells withdifferent catholyte
compositionsefore stripping and depositioh) EIS spectra for the same cells after 50 cycles of
stripping and depositionin all the figures]®, 50" and 1®™ spectra are showwhich corresponds to 1
h, 66 h and 130 h after ceksembly on a) and 1 h, 66 h and 130 h after the end of stripping and
deposition experiment on b). @hlirection of the arrowpoints to the increase with timénsets on b)
show magnification of the first measured spectrum after stripping and depositieriregpt.

The high frequency arc does not change much with low polysulfide concentration. With
KAIKSNI O2yOSy (N GA2ya AlGa AyAlGAlft @I f dzSa
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similar. The size evolution is in turn a mixed effect of aedser due to higher Li
concentration and an increase due to passive layer formation, Wkéhhappens because
of reduction and deposition of polysulfide species on the lithium metal surface.

The increased viscosity of the solution with the higher pbilgle concentration also changes

the low frequency diffusion part, which increases fromKID Kmpl YR Hn K 0 7F 2N
electrolyte, lowest polysulfide concentration and 0.1 M polysulfide concentration,
respectively) up to 258 T 2 NUJLpks®otution. This increases the overall impedance
response fromafew10R (12 2WSWN2MIN@G2y OSY G NI SR L2t @&adzA ¥

Those same cells were then galvanostatically cycled using the program described in section
3.3.1 As evident fronfrigure36, lower polysulfide concentrations (0.01 M and 0.1 M) do not
significantly alter the overpotentials and performance of the cells, while high concentrations
of polysulfide species increatiee potentials up to 0.8 vs. Li/LCiFigure36d). With 1.0M
polysulfide solution, the cell showed signs of innesrtskircuits evident from the sharp
decrease of potentials during stripping and deposition experiment-8830 t>180 h, etc.).
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Figure36. Galvanostatic stripping and deposition study {jrLi symmetric cells with variopslysulfide
concentrations

After the stripping and deposition study, the impedance spectra of th&ilgells were
measured again under the same settingigre35b). After the current was stopped, the cell

was left to rest for 15 minutes before the impedance measurement was stdttedinitial
resistance was low and comparable to the spectra before cyuis®fs onFigure35b), while

with time, the G 2 0 | f NEaAradlyo0S AyONBFaSR dzJ G2 I
concentrations produced results similar to each other, while th&11L@S concentration, as
mentioned, resulted in internal short circuit, so the impedance spectra is not shown. The
resistance contributions grew more complex with multiple arcs in the high frequency and low
frequency region. The size increased up to ajfeliideelectrolyte contribution capacitance
increased, which merged the arcs together, suggesting severe electrolyte decomposition
when in contact with Li.

CNRY G(GKS&aS NBadzZ 6a Ad Aa OfSIN GKIG GKS LR
does not hag a large effect up to the concentration of M1LpSs. When the concentration
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was increased further (1M LpS in 1M LITFSI TEGDME:DOL (i), the diffusion
contribution for the fresh cell increased due to viscosity, while the cell performanicey dur
stripping and deposition of Li was podhe overpotentials increaseahd internal short
circuits were evident early during the measurement.

b) Influence of Li metal on polysulfide species

Thereverse caselLi metal influence on thsulfur speciegas catholyte soaked separatavas
studied by measuring the impedance respons$d.j| Li cells with 0.M LpS, solution in
TEGDME:DOL (1:1) mixture without the added LBUpPorting saltWe suspected Li metal
surface reacts with the polysulfides peasin its vicinity, although this could not be detected

in previously assembled cells with catholyte solutigigure35). The reason lies in thecta

that the impedance response is sensitive to the concentration of tHeris, which are in
excess due to the addition of a supporting salt in the electrolyte. By omitting this additive in
the catholyte preparation, the reaction of Li metal with thieiditn polysulfide species could

be detected since it would also cause depletion’abhs from the solution.
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Figure37: L|| Li impedance response evolution when no supportingpltiwas sed for catholyte
preparation (€lgard 2400 separator, 1. of electrolyte spectra measured with 10 mV amplitude from
1 MHz to 1 mHexcept for the first spectrum where the measurement was done aH#).

As seen fronfrigure37, a rapid increase in the resistive intercept is seen, which confirms the
fast reaction of polysulfides with Li metali reduces the polysulfides present to short
chained species, which are poorly solul8ece they precipitate out of the solution, the
concentration of dissolved’libns decreases and impoverishes the electrolyte of its charge
carriers, increasing its resistance.

The chemical reactivity of polysulfides withwlas evaluatedwith U\tvis spedroscopy. The
electrodes were beforehand treated by electrochemical Li stripping/deposition to ensure a
more active and larger surface area and to enhance the reaction with polysulfides. In one of
the 2 cn? electrodes, an 8 mm hole was made prior to as$gn®F/D glassy fibre separator
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g1 & dzaSR | YR H3inTEGDPDMEDEL]L (v:d./The maasured)\Lvisspectra is
shown inFigure38. Theindividualspectra were measuredvery 10 minutes and the total
time elapsed from the cell assembly to the last measurement was 6 h.

The spectra show an initial rapid increase in reflectance at around 610 nm, which can be
attributed to a rapiddecrease otoncentration of polysulfides present at theginning. The
changeproceedsncreasingly slower. The separator is discoloured from an initial green colour

(Figure38Db) to almost colourlessFH{gure38c), indicating a decrease in the concentratafn
dissolved polysulfides

—— 1% hour

reflectance / %

5 1 1 1
400 500 600 700 800
wavelength / nm

c)

Figure38: U\Vtvisspectra measured on||L cell (a) andte corresponding discoloration of the separator
from the initial state before measurements (b, green) to the final state (c, almost colourless).
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4.4 Cathode's contribution

R1 contribution to the spectra was attributed to the anode side of the battery a=ell
explained in sectiod.2 Since the cathode part clearly domigdhthe low frequency region,

we assiged the R3 part to thepositive electrode Assignation of te middle frequency
contribution is a little more comple¥rom the symmetrical cells experiment through the first
discharge it was determined that that sigmalmixed with contributions from both sides
(Figure33). Nevertheless, since the anode surface drastically increases with further,cycling
we specula that the majority of the R2 respongdter the battery was discharged and
charged a few timeis cathode dominated.

The change of R2 contribution through cycling in different electrolytes is shdugure39.

Similar as orother 3D graphs shown before, theaXis is for time, but the discharge and
charge duration was both normalized. This means that with further cycling, although less
capacity was reached, the data for discharge is always plotted between 0 and 1 and data for
chaige between 1 and 2.-&is and its scale for resistance is the same in the cases of
sulfolane and ionic liquid based electrolytes, and reduced to smaller values for TEGDME. Blue
colour significates low resistances and red higher resistances. Cycle noonbases with

going further into &xis.The response is differemthen changing theolvent Contibution in
TEGDME baseslectrolyteis maximuml5K in size while te resistances irhe other two
electrolytes reactover 500K. Its shape through differerDOD is also marginally different.

With sulfolane and TEGDME electrolyte, it exhibits peaks in the middle of both discharge and
charge, while the resistance for the [DEME][TFSI]:DOL electrolyte increases at the end of
discharge.
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Figure39: R2 (middle frequency cathodesistancg change through 50 cycles at different DOD for
three different electrolyteg a) 1M LiTFSI in sulfolane:DOL 1:1, B) LiTFSI in TEGDME:DOL 2:1 and c)
1M LITFSI in [DEME][TFSI]:DOL 1:2.

The lowestrequency contribution is similar in size in all the electrolytes, reaching oder a k
and dominating thenternal impedanceHigure40). With the ionic liquid electrolyte, the
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values are incomplete since at the beginning and end of discharge, the spectra showed a
more blocking response and the equivalent circuit choserm&ofit was not adequate.

. 1 . 1
time / arb|1lrary units time / arbitrary units

time / arbitrary units

Figured40: R3 (low frequency cathodesistancg change through 50 cycles at different DOD for three
different electrolytes; a) 1M LiTFSI in sulfolane:DOL 1:1, B) LiTFSI in TEGDME:DOL 2:1 andiic) 1
LiTFSI in [DEME][TFSI:DOL 1:2.

Determination of the physical background of the analysed contributions cannot be made at
this point, since, as stated in the beginning, the chosen equivalent circuit was arbitrary and
used only to gather some generalamhation of the evolution of impedanc&rom this
experiment it is evident thahe maincontributionin the impedance response isadthodic

origin, which is why the main focus of further studies waslectrochemistry of polysulfides

on carbon surfaces

4.4.1 Investigation of plysulfide electrochemistry on carbon surfaces

To understand the fundamental response of the polysulfide sysienpler geometry cells

were employed. Instead of the porous carbon electrode, a placar glassy carbon disc

(GC) was used and the Li metal was omitted. In turn, symmetrical cell with planar electrodes
was constructed with thactive specieadded as stoichiometric mixtures of different lengths

of polysulfides dissolved in various concentragian the 1LiTFSI in TEGDME:DOL 1:1 (v:v)
electrolyte.The concentrations ranged from 0.BLLLS to 0.5M LbS, while LiS, LbS, LS

and LiS polysulfides have been employetince polysulfides are knowm disproportionate,

the concentrations gen should be considered as nominal. The properties of sthe
assembled>GGC cells areinvestigated with impedance spectroscdf.

The EIS response @symmetrical system with planar electrodes is well kiiéwwhich could
help us with identification of the physicochemical processes taking place in the dystem.
order to verify that polysulfides on the GC disctedele follow the same mechanism agh

the conventional electrodes, galvanostatic cycling was done or||d.iGell. The cell was
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constructed with Zn? electrodes, Celgard 2400 separator and K10 of 0.IM LbS; in
1M LITFSI in TEGDME:DOL 1:1 electroDnFigure4dl, the first three cycles at C/20 current
are shown. The potential of the constructed cell was 2.174 V which corresponds to a partially
discharged kjS battery. The initial discharge reached 230 mAile the charge was over
900 mAh @ (Figure4la). The second discharge reached below m3h g with slight
overcharge. With subsequent cycling the capduityer decreasedFigure41b).

a) 30— ; ; b) 3.0
cycle #1
< 3 25 ]
+: +:
2 - start 2
Z 20f ; = 20} ]
-] -]
cycle #3 cycle #2
']5 L L " L " | N | N 15 " L " 1 " 1
0 200 400 600 800 1000 0 50 100 150
Specific capacity / mAh g Specific capacity / mAh g'1

Figure4l: Galvanostatic cycling of a|[d®attery cell at C/20 current. 0.1 M Li2S4 M UITFSI in
TE®MEDOL1:1 (vv) was employed and the capacity calculated reitipect to the amount of sulfur
added in the initial catholyte solution.

Although the capacity obtained from this type of cell was low and faded fast, the voltage
profile exhibits the same features as typically seen in the conventiqB8abaftery celletup.

It also shows the issueg &ibatteries are facing with the sulfur species only partially utilized
due to their irreversible loss in the reaction with Li mé&dction4.3.1). By employing a
polysulfide blocking ceramic membrane the degree tldit chemical reaction was
controlled”® Commercially available glassramic Liion canductive membran&Li+x+AkTh.
xSiP3y012) was used (OHARA). The setup was similar as in {h&i@€ll described before

with the difference of the catholyte used (ML, AY GKS o6 asS St SOGNPR
OFraK2tedS | YR wmnn emeisedactsoaé twa GF/DgtasSyOribrsl BepagatorS &
on each side of the membranentérmittent galvanostatic dischargend charge
measurements at C/50 with 1 h current stejpgerrupted with 25 min of opencircuit
relaxatiors weredone figure4?).
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Figure42: C/50 cycles with OCV relaxation perimgsasured on a G&tholytdceramic
membrangelectrolytdLi cell. The capacity calculated is with respect to the amount of sulfur added with
the initial catholyte.

The cycling behaviour obtained with that type of cell sefigu¢e42) was much more stable
than the one without the ceramic membranEiqure4l). The initial voltage was 2.3¥4
(Figured?2, black dot), slightly higher than before due to lorgfeined polysulfides used. The
first few cytes overlap with around 2508Ahg™ capacity reached. The ®Ccycle shows
reasonably good retention of the capacity.

This data showed that the planar glassy carbon electrodes and the cektgeaised can
utilize about 150 of active mass present. Alettypical features of the ¢$ battery were
observed and the cycling stability improved with a selective membrane. Basaeguosd 1

and Figure42 we concluded that GC electrodes adequately replace the porous electrodes
used conventionally in thedS redox system.

a) G| GC cell impedance response

Figure43 shows an example of a Randlés system, which was measured for||G&C
symmetrical cell using a catholyte solutishere &> and $* were dissolvedgboth in 0.05M
concentraion). Other concentrations and polysulfides yielded similar results, although
sometimes the contributions were mergaddthe magnitude of the arcs varied significantly.
Here, the spectrum was measured in a wide frequency range frigitdz1lto 0.ImHz. For

fitting, the equivalent circuit as shown kigure43a was used. The double layer capacitance
from the Randles circuit was exchanged for a constant phase elemeith@RiEis very good

for the range used, although some of the lowest frequegmamts were excluded due to
stability. Two Warburg features could be expected since two species were present, but only
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one was detected (for the species with the higher value,f Rom the measurements
presented a speculatioron which of the speciedat is,could not be made.

30004 ) Cy/2 (CPE) < 40004 e Blcttns
- 2R, = 28230
2500 4 - -
3000 ) 2R, =669 |
2000 g 1, =337s
G | § et o
S 1500 § 20004 Aw)=048
1 FJ Cy=28x10°F |
1000 & 1000+
5004 45 ey -
g 04 = LD T -
0 v v v e T
1000 2000 3000 4000 1E4 1E3 001 01 1 10 100 100010000
Re(2)/02 Frequency/Hz

Figure43: Nyquist (a) and Bode plots (b) of impedance respons&&f%> redox pair(both in
concentration of 0.0%, Celgard 2400 separator was used andl16f electrolytejn the frequency
range of 1 MHz to 0.1 mHz in|{5GC cell (white circles). Fit using the equivalent cigslibwnin red.
Adapted with permission from referenté. Copyright 2017 American Chemical Society.

On Figure44, R, and P values for different solutions gfolysufides all of 0.Inolarity are
plotted. The error bars correspond to the highest and lowest values measured for each
system.In the whole polysulfide range tested, the values are in the similar order of
magnitude, vinich suggests that the kinetics for the various steps during polysulfide reduction
and oxidation are comparable and there is no strict-citiEermining step.
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Figure44: R, and f dependence upon the predominating polysulfidéhie system. Each point is an
average of at least 10 measuremeiRsprinted with permission from referencé Copyright 2017
American Chemical Society.
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b) Disproportionation of polysulfides

When doing successive measurements on the same cells, a variation in the magnitude of the
charge transfer resistances could be seen, sometimes for even a factoigidysulfides

tend to be unstable in solutions and are involved in series of couplelibeg>*'*> 0 we
attributed this drift to disproportionation of polysulfides to different chain length& Th
hypothesis was tested witbperandoU\tvis experiment Figure45), which could in principle

give information about the stoichiometry of polysulfides soakingéparator”

PY| Pt cell was assembled with a circular hole in one of the electrodes. This hole was also the
reason for exchanging the glassy carbon electrodes for platinum ones. The platinum
electrodes impedance response was tested to be similar to glassy carbon. $synfiplee
separator (GF/A) was used and ¥00of 0.0IM LpS, in TEGDME:DOL 1:1 (v:v) catholyte. The
cell was placed in the Uxs spectrophotometer, where a spectrum was measured every 80
minutes. In the same time interval, an impedance spectrum fraviHi to ImHz (10 mV
amplitude) was measuramperando The experiment lasted approximately 95 hours.

75000

S 50000} --52h f o= 0.05 Hz

»
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Figured5: a) Drift ofEISspectra of &{| Ptcell containing 0.0M LS, in TEGDME:DOL 1:1 (v:v)
measured fronl MHz to 1 mHz b) drift in WWsspectrameasured every 80 minutesflecting a
change of concentration of speciey colour of the separat®5 h after cell assemblg) a freshly

prepared cell with the same electrolyte composition.
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No global net chargyof the oxidation state was done during the measurement, so the same
manner of spectra analysis as on operating batteries could not be employed. We observed an
increase in reflectance above 60® and a decrease at shorter wavelengtRiyire45b,
arrows). This was attributed to a difference in the length of polysulfide chain, since a change
only in concentration would manifest as a decrease (or isejem the whole wavelength
range®*

The colour of the soaked separator changed from grEegue45d) to orange Figure45c),

which stands for elongation of chain length. Since the net oxidation state remained the same,
shorter polysulfides must also have been formed, although they have not been detected.
Shortening the chain lengtllso leads to decreased solubility, so it is possible they
precipitated out of the solution. One could argue that this phenomenon could be detected
through an increase in resistance, but it is also possible that the material precipitated inside
the separtor, where greater surface area is available compared t@kearglassy carbon
electrode(2 cnf).

The variation in the Ras seen orFigure45a wa sometimes to smaller resistances and
sometimes to greater oneand in a few casealso oscillatedFigure46a). An example of
spectra where the resistance first increased and then decreased is sho#gua46b.
Interestingly the drift not only depended upotthe type of polysulfides, but also on their
concentration. That can be seen from the comparison of data fovl LES, (Figure46a - red)
and 0.0IM LS, (Figure45a).

Figure46: @) Relative change of the charge transfer resistance for selected polysulfides and polysulfide
pairs (total nominal concentratiaf 0.1 M) during=lS measurementsr GJ] GC cells, bjrhe
evolution of the impedance spectra of the 0.09 pl0.01 M LiS pair in 1M LiTFSI in
TEGDME:DQAL1 (V:v)

Aninvestigationinto disproportionation was made by preparicgtholytesolutions of three
different molar ratios of & and $* (10:90, 50:50, 90:10p the supporting electrolyte and
measuring the impedance spectra of||[G&C cells using IKL of the solution and Celgard
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