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SUMMARY

As the world faces a growing need to electrify and reduce carbon emissions,
batteries offer much needed energy storage for electric cars, mobile devices, and the grid.
For transportation and mobile devices, ligaight batteries are key, while ntoxicity is
important for low environmental impact. The lithiesualfur (Li-S) battery combines low
weight, nontoxicity, low cost, and high capacity. With one of thgh@st theoretical
capacities (1675Ah/g-s) of any caversiontype cathode, the pursuit of low cost, leng
lasting LS batteries is a global research focus. However, it is difficult to achieve the
promised high theoretical capacity becaustepolysulfide dissolution in the electrolyte
and subsequenteadion at the Li anode surface, depleting the active material in the
cathode. Current electrolytes are not effective at managing the polysulfide dissolution and

have the negative side effects of high viscosity and high cost.

In this work,low concentratiomlectrolytesvereinvestigateds gpossiblesolution
to these challengelsow concentration electrolytes offer low viscositiehich ease access
to sulfur in tortuous cathodeBirst, the low concentration regime (<0.2Masapplied to
traditional electrolyte salts and solvents: LiTFSI, dimethoxyatid,dioxolane.The low
viscosity and enhanced wettabiliby such an electrolyte system enab$tbng cycling

performance as wedls better access &utivesulfur materials in high loading cathodes.

In order to further limit polysulfide dissolution in49 cells an electrolyte solvent
with  very low polysulfide solubility {,1,2,2Tetrafluoroethyl 2,2,3:3
tetrafluoropropylether (HE)) was explored. Sulfolangasusedas a cesolventto provide

Li* solvation and the sulfolane/HFE ratias systematicalljnvestigated By gradually

XV



alteringthe solvent ratio, we discovata changen discharge behavias the proportion

of HFE incrases.The analysis of experimental data suggests such a system to enable a
dramatic suppression of the leogain polysulfide formation shifting the discharge to a
guastsolid-state mechanismwith a major reduction of the cathode dissolution during the

first cycle.

This work demonstratespromising performance characteristics of low
concentration electrolytefer S cathodes and provides new scientific insights explaining
such favorable behavior features, thus showing multiple avenues for future practical
applications When paired with high loading cathodes and polysul§idepressing
solvents, low concentration electrolytesy enabldightweight batteries with high mass

loadings.

XVi



CHAPTER 1. INTRODUCTION

1.1 Introduction to Lithium -Sulfur Batteries

The demand for batteries in modern society is growimgidly.! Smartphone
ownership in the United States has grown from 35% in 2011 to 81% in* Zlddlarly,
battery electric vehiclehave grown to 1.3% of vehicle sales, with signs of increasing
demand This demand comes from individual choices and government regulations aiming
to decrease fossiluél consumption and abate the negative effects of climate change.
Secondaryrechargeablebattery demand exists primarily in three categories: stationary
energy storage, transportation, and consumer electronics. Each category comes with its
own technicaldemands and challenges; however, within transportatiere is a very
strong need for lover weight, higter energy, and loer cost batteries. While niche
applications may require specialty chemistries and designs, those three general

requirements can be gy the lithiumsulfur battery.

A Li-Sbattery (LiSB)is composed of the standard battery components (discussed in
detail below): a cathode, anode, electrolyte, and separator. Unlike most commercial
intercalationtype Li-ion batteries, LIS batteries cdain a conversioftype cathode. In a
conversion type cathodthe active material (5 charged state or £$1 discharged state)
changes its chemical bonding, physical properties, valantecrystal structure during the

battery charge and discharge

Intercalationtype Li-ion battery cathodes aneost commonlycomposed of lithium

metaloxide particles,where the metal is typically cobdl€o), manganeséMn), nickel



(Ni), or a combination of the threkthium cobalt oxide (LCO), lithium manganese axid
(LMO), lithium nickel manganese oxide (LMO) and lithium nickel cobalt aluminum oxide
(NCA).* However, these heavy metgfsarticularly Co and Nijre often mined in unsafe

and environmentally unfriendly conditioAd his in addition to the wght of the metals
themselves being a negative factor in their use in transportation or mobile electronics. In
contrast,many conversiontype cathodes are made of more abundantedi@est, and

environmentally friendér elements, includin.

While there are mangther types of conversion cathod#®e sulfur cathode offers
the highest theoretical capacitifigure 1* presents a comparison of the theoretical
performance of the @ith otherchalcogenidéasedcathodesA LiSB can be constructed
either in the charged state wittsa&athode or in the dischargethte with a LiS cathode.
Based on the weight difference these two starting materials have different theoretical
capacities.Eq. 2 gives the calculation of theoreticahmacity wher e F i s Far a
constant, n is the number of electrons involved in the rea@i6ris a conversion factor

and M is the molecular weigHg. 2 evaluateshe theoretical capacitipr the Scathode

(@) 5 30 (b) 5 30
% Chalcogens and Chalcogenides = Chalcogens and Chalcogenides
> %
>
=2 Li,S s 5 &5 Li,S/S
£ H.Te iise . . = e 2"
B \ Te 2 Se S . o S'.L|28e Se
=0 Gunis e § 20/L,TeMeclser wistoé- S
® Cutg oFES oMe S c Cu,S e§& oy es,
S 4 = |FeSt dos, " ® | Fad, COSE, Cc’,S,MnSs
215 ¢ Co.S, 815 FeSe b
- CoSe, ‘CuSe 2
3 MnSe g MQS
SR ) O G D P 210l . : :
250 500 750 1000 1250 1500 1750 = 1200 1400 1600 1800 2000
Theoretical Capacity (mAh g') Theoretical Capacity (mAh cm™)

Figure 1. Comparison of theoretical voltage and capacities of conversigagpe cathodes: (a)
gravimetric (b) volumetric. Reproduced with permission from the Royal Society of Chemistry.
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Seeingthat LiSBs offer sucha high theoretical capacity and low weight, they are
partiaularly suited to applications where weight is more important than size, such as electric
airplanes, trucks, and bus$els 2017, our group evaluatetle energy density of b$,
commercial, and several other conversigpe cathodes. This calculation was versus the
anode material (graphite, silicon, and lithiuang was done for a calculating unit of a given
thickness of each cell component. Rigure 2* shows the LS cathodepaired with a Li
metal anodgerformsbetter than the commercial cathodes and better than or on par with

the other conversioetype cathodes.
oI 00
— %2 of Al foil 9 pm Cathode-Lithium _ M

Cathode

Separator © 400t

Calculating Unit

N
o
o

o

FeF,-Li
FeF,Li

—> % of Cu foil 9um

L|ZS Li
Li,Se-Li
LiBr-Li
CuF,-Li
FeCl,-Li

Figure 2.Calculation of the energy densities of various cathodanode combinations showing(a) the
unit stack usedfor calculation, (b) cell level energy densities for different cathodes matched with &
lithium anode. Reproduced with permission from the Royal Society of Chemistry.

The following sections will describe in more detail the reactions within the LiISB
system, the cell components, the cathode microstructure, and the remaining challenges for

LiSBs. LiSBsare a promising chemistry; however, teads a considerable amount of



development left within their fundamentgberatiorbefore they can become commercially

viable.

1.1.1 Reaction Mechanism

The LiSBhas a complicated reaction mechanism with many intermediate reaction
steps. There is also considerable controversy of the specifics of the species produced during
discharge and their interactions. Fundamentally, the LiSB discharge follows the overall
readion in Eqg.3. However, there are many intermediate species involved in this reaction
in order to transform thes®ing into the small LIS molecule. These intermediate species
arecalled polysulfides (PSAnd they range from b$s to Li>S,. The discharge capacity
commonlycomes from the creation first of long chain polysulfides, then of their reduction
to shortchain polysulfides, and finally their reduction te%i This mechanism is laid out
graphically inFigure3 andin Egs.4-8. These PS species are problematic in that they can
dissolve into electrgte anddiffuse over to the anod®nce the PS made contact with the
Li metal, they are reducedimiting available active material. This is known as the PS

shuttle effect and will be discussed in considerably more detail in a later section.

2.8
2.6+
2.4+
2.2
2.0+
1.8

Sg

Li, S, Li,S,

Voltage (V)

1.6 Li,S |os,
0 300 600 900 1200 1500 1800

Capacity (mAh/g-S)
Figure 3. Schematic of discharge behavior of a standard LiSB.
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Overall, these reaction steps are separateda high voltage (~2.4V) and low
voltage (~2.1V) plateau. The reduction of lect@ain polysulfides occurs in thepper
plateau and the reduction of short chains occurs in the lower plateau. However, the scheme
presented above is just one interpretatibthe sequence of reaction stépa.the Li-S
electrochemical system, the reactions which occur are a mix of dissolution,
dissociation/association, electrochemical, afsproportionation. The stability of the
intermediates is dependent on the electrolyte chosen, cycling rate, and cycling®istory.
solubility of intermediate species is sensitive to the polarity of the solvent system, the salt

concentration, and the dorability of the solvents.

Many authors have proposed alternative reaction sequences, varying interpretations
on which species are staldevarious depths of discharge, and what the true end species
is&13 The scheme presented above is just one interpret&imnexampe, Assary et al

present a similar reaction sequence, given in B4hThere is still considerable room for



debate, especially considering the exact reaction intermediates are sensitive to electrolyte

and rate design.

(9)

Nevertheless, there is relative consensus that reduction e€haig PS contributes
to the capacity of the high voltage plateau and the reduction ofcairt PS contributes
to the capacity at the low voltage plateau. figeection finishes with the deposition of solid
and insulating LiS on the surface of the cathode, increasing resistance and blocking the

interfaces fromadditional reactants.

1.1.1.1 QuasiSolid State MechanismndNon-Traditional Discharg8ehavia

The reaction mechanism described above is the traditional discharge reaction
sequencdor liquid electrolytes. However, there is another reaction mechathiamis
prevalent in carbonateased electrolytes and some ionic liquids. This reaction follows a

guastsolid-state mechanism and exhgbonly one discharge platedtigure4). The single

2.8
2.6
2.4-
2.21
2.01
1.8+
1.6+

0 300 600 900 1200 1500 1800
Capacity (mAh/g-S)

Voltage (V)

Figure 4. Schematic of quasisolid state single plateat
reaction mechanism.



plateau occurs around 2V and follows a similar curve as in-stiig LiSBs-* There have
been many explanations for why this single plateau behaviour occurs indigaidolyte
LiSBs. Thethreedominant theories ar¢l) confinement of polysulfides in pores so small
that they cannot dissohait, (2) sulfur binding with the carboadditive causing an energy
barrier, and3) the growth of a anode solid electrolyte interphaS&() layerand a cathode
solid electrolyte interphase (CEI) laytbat limits the movement of polysulfidesceonly

Li* is able to travel througiv:®

The quasiolid-state mechanism is frequently seen in carbebased electrolytes.
Often the single discharge plateau occurs at or below 2V, which is lower than-th2\2.1
range where the low voltage plateau in the-phateau mechanism typically oceuwWang
et al.theorizal that the strong bon8l forms with C or O may require additional energy to
break, giving an energy barrier that causes polarization and depresses the plateatf voltage.
Zhang et al. proposiéhe low voltage comes from the affinity between S and the acetylene
black additive causes similarly strong binding and energy bafreng et al. argukfor
the naneconfinement of sulfuexplanation. They used a LITFSI/DME/DIOX electrolyte
and showed evidence of chemical bonding between the carbon and%Titier carbon
used in their study which exhibited the single plateau had micropores that wér&%6.8

in dimension, which they argue is so small as to confinel sulflir molecules.

Some authors disagree with the validity of the micropom@nd bonding
explanatios, arguing the effect truly comes from the electrofjtelarkevich et al strongly
arguel in favour of theCEI/SEI mechanism, referencing numerous studies where the
micropore mechanism was debunkédlhey also arguk that such quassolid state

reactions have been seen in many systems with varying sulfur infiltration methodst but tha



it does only seem to come up in ionic liquids and carbelased electrolytes, not the
traditional ethetbased onedn the work presented here, the electrode will be bahdtant,

and the electrolyte will be varigd avoid confounding variables

In one study Markevich et al. took electrodes cycled in an ionic liguiid
electrolyte that exhibited a single voltage plateau and cycled them in carbasatk
electrolytes and ethdrased electrolytes. In the carbonate case, the single discharge plateau
mechanism was maintained. In the DIOX/DME ethased case, the cell regained itstwo
plateau discharge characteristic. The authors attdlhis to the dissolution of th€EI
formed in thdlL in the ethetbased solveniglthough the impact of the butkectrolyte on
the interaction with the Based cathode cannot be excluedkPS studies further
confirmed that CEI formation induces the quasolid state mechanis. For example,
Rosenman et al. used a carbonate based electrolytes (hiR&orethylene carbonate and
dimethyl carbonate) which induced a qussliid state mechanisf.Thestudy confirmed
the pesencef LiF and compounds which could be part of polymeric specig3,(C=0,

C-F) produced from the reduction of the solvémtadditional two papers from the Aurbach
group, Markevich et al. attributed the single discharge plateau ©©Eh&ormed duing

the first discharge resulting from the electrolyte composition and low first discharge
voltage'® 1" They clainedthat theCEI forcedS to react with Li in the pores absent from

the solvent.

The discussion of this quasolid-state mechanisneveals that the electrolyteay
have asignificant impact on the discharge behavior and the shape of the discharge curve
(number of plateaus and reduction voltagds$)e creation and dissolution of polysulfide

intermediates can be suppressed. Based oration barriers, the voltages at which these



species appear can alsorbducedChoi et al. awthe conventional two plateaus, but with
the second plateau at a depressed voltage of?2 ®\another paper from the same group
using the same solverftsthe authors attributethe suppressed voltage to low electrolyte

volume, which could increase polarization.

Interestingly some groups havebservedthree or even four plateaus in a%i
discharge curve as the voltage at which each intermediate reaction occurs shifts differently.
For exampleYu et al. demonstrated an all solid state LiSB with three plateau regions and
reduction peaks at 2.42, 2.1, and 1.98\They propose that the low voltage plateau
comes from the funer reduction of LS, to Li>S, which does not always occur in liquid
electrolyte LiSBs.Throughout cycling, the middle voltage platesturinks thoughthe
authors do not provide an explanation for this phenomeleong et al observed four
plateaus in a LiSB with a PEO polymer electroRftd-hey propose that essentially
multiple of the intermediate reaction steps occur at separate plateaus. They dtinibute
effed to the better ionic conductivity of the PEO electrolyte which allowdd reach S
and LiS.. In another PE&based solid polymer electrolyte, Zhang et al. attrithtite single

plateau observed to reversible reaction intermediates.

In conclusion of theliterature reviewon the LiSB reaction mechanisrthe
discharge behavian a LiSB is not along one conclusive path. It is heavily depsrute
the electrolyte used and tB&I/SEI formed based on both that electrolyype of Sbased
cathode and the cyling history. There is the traditional two plateau discharge behavior
seen in the standard etHzased electrolyteand a range of numbers of plateaus and plateau
voltages seen in alternative electrolyt€se specific requirements for a LiSB electrolyte

and a review of LISB electrolyte literature willaddorate on this point in later sections.



1.2 Background on Li-S Battery Components

This section providea review of the components within the LiSB, including the
anode, cathode, separator, current collector, and coifrrite5 illustratesthe assembly
of the coin cell parts and images of their real components. For furtf@gmation,
Urbonaite et aland Manthiram et aprovide excellent revieswn this subject” 2 This
section acts as a review of the necessary properties of each component and common
architecturesThe rationale for much of LiSB component desigheavily influenced by
efforts to mitigate the PS shuttikdaptations to each component for PS shutikegation

are discussed in section 1.3.
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Figure 5. (a) Schematic of a LiSB coin celtonstriction and (b)
images of components.

1.2.1 Li-Metal Anode

Most LiSBs employ a L-metal anode because it affords high capacity, excess Li,
and low weightHavingLi excess is beneficial for isolating the effects of changes ntoade
other cell components sintesliminates issues of insufficient.lVhile there are cost and

weight limitations tathe Li metal anode approach at the commercial letved,the most
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suitablematerialfor the research level. Generally, when studying the anode, the interest
lies inthe CEI/SEI formed and the surface reactivity with polysulfiddethodsto tailor
the CEI will be discussed in the electrolytes section below as the &dfgetly involves
additives to electrolyter solvent changesiot a modification to the initial ade itself?®
Ultimately, the protection of the Li is vital to limieduction of PS and runaway the PS

shuttle.

Tao et al. reviewed strategies to improve the Leé#Bde and also concluded that
the surface stability is key to proper LiSB functiStiowever, they alsproposedhat this
could better beachieved through modifications to other cell components (electrolyte,
separator, interlayerjather than to theprotection ofLi metal anodeex-situ. These

improvements will be further reviewed when discussing the PS shuttle in the next section.

1.2.2 Cathode

The LiSB cathode can be based on eitBar Li>S. Sulfur is an advantageous
starting material because it is not air sensitive and thersforplifies processingas
cathodes can be produced outside the glovelanversely, LS has a much higher
melting point (>900C vs 116C for sulfur), opening up high temperature processing
routes such aschemical vapor depositionC{/D) techniquesthat can contributgo
attaning highly beneficial propertiessuch as formatn of protective surface layets? S
and LS are both insulating, meanistyategies of coatings or conductive additives are
necessary to give the cathode adequate electrical conductggydless of the starting
material During discharge there isa@nsiderable volume expansion whers lithiated.

When using d.i»S cathodethat volume expansion is already built in and there is less
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mechanical stress on the carbon encapsulakioefocus here will be on-$ased cathodes
as they are theaterial used irthe experimental section-t#sed cathodes were chosen
because of theifacile processing and ease of reproducibilfjgure 6 illustrates the
microstructure within a cathod€&he cathode is composed 8f typically encapsulated in
a condwtive carbon particle, mixed with an additional conductive additiveagudymer
binder. As in someother studies the S is simply mixed in with additional conductive

additive and nadditionalshell is included?®

Conductive carbon
additive

Polymer binder

S Core

Carbon
shell

Figure 6. lllustration of cathode components in a Shased cathode.

Typically, Sis melt infiltrated into the carbon substrate to a desired S/C Tdie.
carbon particles and substratbat have been explorede extensive and include, but are
not limited to, acetylene bladR Ketjen Back3*3° carbon nanotube® activated carbor’
CMK -3, carboncloths®® 4° graphene/reduced graphene oxitiand various other carbon
nanoparticle$***Wang et al . 06s review proWWinhels exce
infiltration, the mixture ofS andC sitsat 157C, the lowest viscosity point f@,*® for 12
hours followed by & b ua fnétep a250°C toremove extra S from the outside of the

carbon particles andchieve the desired S/C ratibhis process is depicted Figure7.
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There are alternatives where tBes bonded to or infiltrated in a polymer; however, those

cathodes architectures are outside the scope of this work.

Figure 7. Steps in sulfur infiltration into ketjen black. (left) mix of S and C, (middle) melting
at high temperature, and (right) sulfur inside carbon particles.

This initial layer of carbon or carbon inclusion provides conductivity and a physical
barrier to PSliffusion butoffers no additional functionality. Many authors have built on
this coreshell particle approach and have added additional shells to the sulfur or S/C
composite’” Often these shells are metal oxides which help adsorb polysulfides. More

details on thisdpic will be given in a later section on mitigating the PS shuttle.

Once the&Sis infiltrated into or mixed with the carb@mnd coatings or other active
architectures are addedadditional conductive additives are needed to enhance

conductivity. Additive options range from conductive carbon nanoparticles to carbon
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nanotubes. Zhao et al. compared Super P and carbon nanotubes as additives and found that

CNTs gave a higher initial capacity, but decayed more over 20 &jcles.

In the LiSB cathode, the binder glues the disparate S/C particles and additives
together.In order to produce a stable slurry that casts, dries, and punches properly, the
molecular weight of the binder should also be considered when optimizing a cathode slurry.
Binders typically comprisérom 10% up to 20% of the cathode weigl&indersalso
provide mechanical stability to the cathode as it undergoes volume contraction and
expansion throughout charge and discharge. The bfodéer helps attach the cathode
components to the current collectordkeers the cathode particles in close contacthbo
of which enhance electrical conductivityWhile mechanical strength is key, so is stability

under sevezelectrochemical, analso potentiallythermal, conditionst” 48

There are many variations on the polymer binder, some multifunctional, but
polyacrylic acid (PAA) and its salts, polyvinylidene fluoride (PVDF),
polytetrafluoroethylendPTFE), and polyvinylpyrrolidone (PVP) are some of the more
commonin literature*® These onventional polymers are what is used if the binder is not
the subject of studyuntil a few years ago these linear binders were the bulk of binders
used in and investigated for LiSBs. These polymers have polar groups which help the
various cathode componts and cuent collector adhere togethehile Van der Waals
forces add strength and elastidifyNevertheless, these linear bindaray beexposed to
significant and repeated mechanical stress thiétathoe: volume changeandmay not
necessarily be the bestlutionfor all Scathods, particularly if such volume changes are

not compensated at thecBmposite particle level
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In the last several years it has become popular to add additional functionality to
binders, primarily to help adsorb PSchneider et al. compared Nafion, PAN, and PTFE
as binderé® While PTFE had the best performance of the three when used as a
conventional binder, the authors foundttb@ating an additional Nafion layer on top of the
cathode significantly improved performance. Liu recently reviewed functional binders in
Li-S batteries® They emphasizkthe need for binders to not contribute significantly to the
weight, cost, and environmental impact of a LiSB, inclgdhre solvent required to solvate
the binder and cast the cathode sluBi¥ydersare not the main focus of this study and an

extensive review of them is outside the scope of thiswork her ef or e Li uds

asfurther reference

The cathode desibed thus far includeS, a conductive additive, a binder, and
possibly additional P@bsorbing or adsorbing additives. However, these cathodes often
provide lowS loadings. High loading cathodes improve specific energy, pack more active
materialinto acell, andminimize the number of cells needed in a pack. Unfortunately, the
slurry method oftemesults incracks when it dries if it is castdahick. In addition, it is
difficult to access all th&in a high loading cathode within a tortuous electradé high
loading cathodes can suffer from low capaeltiProducing igh loading cathodes igery
important to the future success of LiSBs. What follows is an overview of strategies to create

high-loading cathodes.

The strategy obinderfree, or feestanding cathoddsasbecome popular enough
to merit reviews of their owff 52 In a freestandingathode, theS is melt or vapor
infiltrated in to a carbon cloth or fabric. This method allows for easy tailoring o% the

loading, creation of a higlnading cathode, and the removatlidexcess weight of binders
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and additivesElazari et al.Miao et al, and Zhacet al. allemployed this method for high
capacity, high loading cathod&s? >3 The experimental work presented in later chapters
in this thesis build on this method of producing kighding cathodesAerogels are

anothe example of a freestanding 3D cathode architefure.

Other methodsof producing high loading cathoddsclude neaiexcessive
infiltration of S into the carbon host. It is advantageous to leaitea porous space in a
hollow carbon particle when infiltratin§ to allow space for volume expansion during
lithiation. However, highe6l oadi ngs can be achieved by fu
Further efforts towards high loading cathodes focusoreasing the complexity of the
cathode architecture and adding hierarchy to the composite, which Peng et dlistigeie

future of high loading cathodes? 3’

Another approach is the assembly of carbon nanoparticles into rsierped
agglomerates. This can be done via emulgiotymerizatior?® spray drying?® and
templating>’ though that list is not exhaustive. Spray drying in particular is already an
industrial process in other industries; however, it can be a difficult process to optimize with

new maerials.

1.2.3 Separator

The purpose of the separator is to electrically insulate the anode and cathode from
each otherThis ensures thdhe electrons released in the hedll reactions go out to the
external circuitand do not short through the cell. A gosgbarator needs to be thin and
lightweight to not add unnecessary bulk to the astl to ease diffusion across the cell

The separator must have good wettability with the electrolyte and be porous enough to
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allow diffusion across it, but not so poroussiino longer a good insulating layer. Lastly,

the separator must be mechanically, thermally, and electrochemically stable. It cannot
break down during testing, cannot decompose, cannot be punctuaeldi boigndrite, and

cannot lose mechanical integriffypical separators are @i thick and are made of a
polypropylene membrane. Common examples are Celgard 2400 and g0 8°9)
because of their excellent wettability, Aaactivity, and light weigh Glass fiber
separators are also used in LiSBs, but they are less common. Modifications to the separator
are made to address the PS shuttle and therefore will be discussed in more depth later in

that section.

Figure 8. Image d Celgard 2500 microstructure
from company data sheet.

1.2.4 Electrolyte

The electrolyte is responsible for transporting species between the anode and
cathode, helping form interface layeasid wetting the cathode particlegeal dectrolytes
must balancea relatively low viscosity and a sufficiently high dielectric constant (to
dissociatethe Li salt) with relatively small Li solvation energyo enablehigh Li* ion

mobility and conductivity Additionally, electrolytes should ideally minimize
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flammability, offer small solvent vaporization at moderate temperatanes mitigate
thermal runaway. For the LiSB in particular, a good electrolyte needs a low-aloifityr

to limit dissolution of PS, high chemical stability against the PS speciedjtgtaliih

respect to the Li metal so only the desired SEI is formed, and adequate solubility with the
salt>® The electrolytedeally needs tmnly dissolvetheLi salt while not promotinghe PS
dissolution. In addition, all of the electrolyte componentsishbe stable in the voltage
window for testingTherefore, a discussion of the electrolyte is by necessity a discussion
of its components: the solvent(s), the salt, and the additive(s). Each component impacts the
interface layers formed on the anode aaithade. As this discussion overlaps considerably
with the next section on the PS shuttle and mitigation efforts, an overview of common
components and properties will be given here and a deeper discussion of their impact on

the PS shuttle will be given irestion 1.3.

1.2.4.1 Solvent

The electrolyte solvent exists to conduct btross the separator to the cathode
while having limited solubility for PS. Part of the function of the solvent is to partially
decompose on the anode and cathode, forming an SEI ance§fdctively. These layers
offer protection from the PS shuttle, Li dendrite formation, and loss of active material.
Such solvent decomposition is not only a factor of the solvent itself, but also of cycling
history, visosity, and salt interactiocf The solvents can decompose and effectively

polymerize on the interface, comtuting to mechanical stabilif}

While carbonatdased solvents are the most common Hohibatteries, they are

generally notompatible with most sulfur cathod®sTherefore, the majority of solvents
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used for LiSBs are ethdrased. In particular, the dimethoxyethane (DME) and dioxolane
(DIOX) blend is especially prevale®ME haslow viscosity(0.455 mPa*s at 2&%°), a

high donor numbef20 kcal/moft®), and amoderatalielectric constanf7.24%). This means

that DME hassufficienly sdvatesLi* andmostLi-salts®® DIOX hasa similar dielectric
constant of 7.% andlow viscosity 0f0.6 mPa*s at 25°€'. The reaction of DOX and Li

on the anode surface helps form an $£f_ ENREF_60The DME/DIOX blend offers

good kinetics and higB utilization, though often at the cost of the PS shutthed low
viscositywhen mixed with salts in high concentoati’® However, the DME/DIOX blend

does not limit the PS shuttle on its own and replacement solvents have been investigated

for this purpose.

Variations on this system includetraethylene glycol dimethyltetr (TEGDME)
and TEGDME/DIOX blends. Barchasz et al. evaluated TEGDME/DIOX ratios and found
that a 25:75 TEGDME:DIOX ratio gives the highest ionic conductifitiim et al
similarly concluded a ~1:3 ratio gives the highest ionic conducti#ievertheless, there
are studies which make use of many other DME/DIOX and TEGDME/DIOX r&tios.
Carbone et al. compared DME, DME/DIOX, TEGDMtigthylene glycol dimethyl ethe
(DEGDME), and polyethylene glycol REG for their physical properties and
electrochemical result&ME/DIOX and TEGDME have the lowest interfagesistance
andDME/DIOX has one of the highest conductivitiég®wever, DME and DME/DIOX

show a more significant PS shuttle than the lomtain ethers™

A promising new category of solvents that have minimal solubility for PS are
fluorinated ethers. Fluorinated ethers have low solubility forminimizing PS solubility

and elongating cycle lif¢. The mechanism and properties witlspect to the PS shuttle
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will be discussedurtherin section 1.3.3lLs and polymer electrolytes are also important

areas of research, but are outside the scope of this work.

1.2.4.2 Salt

The electrolyte salt adds ionic conductivity to the electrolyte. The salt must be
soluble in the chosen solvents asudfficiently stable in the voltage window desired for
testing or use. If the salt is designed to contribute to thea®&&ECE] it should dissociate
and decompose a desired amount for effectivefattes but not so much as to deplete the

electrolyte and grow excessly thick SEland CEllayers.

Han et al. compared anion options fof including TRO", FSI, TFSI, and TD1in
1:1 DME:DIOX.” They shovedthat DME plays a bigger role than DIOX in solvating the
Li*, but has a moderate stréngf interaction with the anioMFSI has the largest ionic
radius and second highest ionic conductivity. The anion also has an effect on the solvate
structure formedThey show that TFSparticipates along with the solvent in the solvate
structure of I, whereas FSlonsare less bound. They conclalieat wealerinteractions
with the catios and solventmay yield a thicker SEI, whereas strarginteractions
(particularly with PS) mayontribute to PS shuttling. Therefore, TFSits nicely in the
middle as a balance of properti&$m et al. performed a study in TEGDME/DIOX and
found that regardless of solvent ratio, the LiTFSI salt had a higher ionic conductivity than
LiTF or LiClO4.”2 Binary salt mixture®f LiTFSI/LIFSI have also been investigatéHu
et al. borrowed LiFSI from carbonab@sed electrolytes and applied it to the LigBtem.
They found that the composite had higher capacity over its cycle life than the salts on their

own.
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When consideringalt concentration for LiSBsmostwork has focused on high
concentration electrolyté8 Suo et alshowed that highly concentrated electrolytes enable
high capacity and long cycle lifé Wu et al showed that increasing salt conceiuraeads
to less degradation during extended cyclihiglan et al showed that at 3M, the clustering
of Li is because of a lack of solvent molecules to solvate all ions individuallg@wment
spheres overlap.When the solvent is occupied solvating thg there is less free solvent
to solvate the PS and their dissolution decreasing. However, this comes at the detriment of
conductivity, weight and costConversely, Hwang et al. studied the moderately low
concentration of 0.5M LIiTFSI and showed that the lowered viscosity led to better
wettability and higher capacity than the 1M LiTFSI electrolyté&/u et al further showed
the strong performance of low concentration electrolytes fremiw@iscosity and reduced

solubility for short chain P&

1.2.4.3 Additives

Additives are important for stabilizing the electrode surfaces, improving electrolyte
safety, and minimizing current collectaorrosion®® The most prevalent, and nearly
default, electrolyte additive for LiSBs using etliimsed electrolytes is litlam nitrate
(LINO3). Lithium nitrate is very effective at forming an SEI on the@node andherefore
minimizing the PS that can come into contact with the Li metal and be rethited.
addition ofLiNO3 creates a surface filstomposeaf LixNOy and LkSO, which passivates
the Limetal®3 Lithium nitrate does not impact the PS dissolution itself, the PS still dissolve
into the electrolyte and diffuse over to the anduold, the LINO3z providesthe surface
protection thagreatly minimizes PS reduction on the Li anode and ithpsoves cycling

efficiency and stability* Ebadi et al. modelled the interface of the Li anode wiisiD3
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is added® They found a complicated series of potentially stable compounds. However, the
small voltage window in whiclhiiNO3 is stable is a drawback on its use. Below 1.6V,
lithium nitrate undergoes an irreversible reaction, limiting its effectiveness in long term
cycling® Additionally, the SEI growth depends on the decompositiohiD3 on the
anode into the protective layer. Overtime, tH&lO3z is consumed andell capacity
decreases. The lifetime of a LiSB is heavily dependent on the amouN@©$ added to

the electrolyte. Kim et al. found an optimum of 0.2M LiN® a DOL/TEGDME

electrolyté? and 0.10.2M are the most common concentrations used in literature.

Wu et al., from our group, proposed Lil as a substitute for Lif¢Qil helps protect
the catlode particles and limits PS dissolution. They progeseeral mechanisms through
which Lil improves performance: Lil operates as a redox mediator, helping with electron
transfer between the electrolyed electrode, Lil forms an SEI on the Which aidsionic

conductivity, and Lil help catalyse the electrochemical reaction.

1.2.5 Current Collector

A LiSB current collector must be highly electrically conductive, have good
adhesion with the cathode particles, and not be prone to corrosion in the given
electrochemical systeand voltage rangé\s mentioned in the discussion of freestanding
cathodes, some ¢e&lesigns do not include an external current collector and it is implicit to
the conductive carbon substrate. In conventional cell designs, alumiAilurfoil is the
most common current collector, distantly followed by nidké). Both exist as foils and
foams, which provide higher interfacial area, but foils are overwhelmingly more common

because of ease of production and #das inexpensive, easy to work with, has good
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adhesion with most sulfdrased slurries, and does not induce side reattibhe surface
is modifiable with various coatings if this is not the case. However, Al foil current
collectors an corrode when the common LiTFSI salt is used, though coatings and

electrolyte additives can help mitigate tPfs.

1.3 Polysulfide Shuttle andMitigation Methods

The previous discussion concerned what reaction intermediates are present, at what
voltages, and what may induce the existence of some and absence ofldth@mncept
of polysulfides (PS) was introdedand the shuttle was briefly mentioned for introduction
However, PS play a considerably bigger role in LiSBs than simply as reaction
intermediates. The PS shuttle is the fundamental problem plaguing LiSBs, limiting their
cycle life, and driving new degs. Figure 9 shows the steps of the polysulfide shuttle
mechanism schematicallin the first stepSis present in the cathode and the electrolyte
is clear.The yellowS is embedded in a black carbon matrix. These cell components will
be discussed further in the next sectiorstep I, current is applied and discharge begins.
Sulfur is initially reduced to longhain PS and these PS start to dissolve ailteofathode
as they are soluble in the electroly&tep Il shows mor@Shave diffused out into the
electrolyte and have started to turn the electrolyte yellow. The PS are free to diffuse
unimpeded to the Li metal anodgtep IV shows the shuttle in fdffect. The PS that have
diffused over to the Li and are reduced. The PS can either be fully reduce8 tavhere
they deposit as an insulating later that increases cell resistance, or they can be partially
reduced to LdS.. and diffuse back towardse cathodé® In the latter case, thePScan
continuously shuttle back and forth from cathdasking reduced until they deposit asd.i

on one of the electroded/henS and PS are reduced on the cathode, the electrons flow to
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the appropriate current collector and contribute to cell cap&ctfyHowever, when the

reduction occurs on the Li, that active material is essentiallyRagpire 10a shows what

chargedischage behaviolooks like when the PS shuttle is actives the sulfur loading

increases, so does tR&shuttle aSdissolution increases.
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Figure 9. Schematic of the process of the polysulfide shuttle. Step I: cell as construc

Step II: S is reduced to longchain PS,

Step ll: PS diffuse across the separator

towards the Li anode, Step IV: PS reduce on the Li and diffuse back towards the

cathode.
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Mitigating thePSshuttle has beesamajorthrust of LiSBresearclas show irFigure
10b.2° Researchers have pursued a plethora of solutions to the PS shuttle problem. These

include but are not limited to

1 Electrolyte additives (salts & 1 Metal oxide additions (dispersion
solvents) & coating)

1 Separator coatings 1 Cathode/separator interlayers

{1 Cathode coatings 1 Carbon doping

Each of these strategies will be briefly reviewed and evaluated Geeeall, PS
mitigation comes in the form of chemical or physical confinement, or some combination.
In chemical confinement, the PS bind or are attracted to an additive. Usually the additive
it polar and therefore attracts the PS. In physical confinentenf$ are prevented from
diffusing out of the cathode by entrapment inside pores or other physical features.
Extensive review papers on this topic, and some specific ones on each strategy, are
available elsewher®.°>% The discussion here will centre on topics relevant to the research

subjects to follow.

1.3.1 Cathode Modifications

Cathode modificationso chemically and physically trap PS primarily follow the
strategies otoatings, additives, and dopants. The most popular sulfur coating is a carbon
particle, which may be additionally coated or doped. Carbon particles provide needed
electronic conductivity as discussed previously. Dopants and additives are mostly based on

the inclusion of polar species to attract the PS.
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A large portion of the additions amdatings in literature are metal oxides. They
are either added as particles mixed into the slurry or coated onto the individual S or S/C
particles. Many studies have demstrated their benefits across oxide chemistry and
morphology?#1® Silica, alumina, and manganese, titanium, and vanadium oxides are
common choices. Mnfhas been used as nanoflakes, nanowires, and nanopatrticles, all of

which provide PS adsorption and enhance perform#rite?+104

Otherauthors have tried alternatives metal oxibggoating the S/C particles with
a functional polymer. Mukkabla et al. used a PEDOP coatihigh facilitated better
capacity retention than the uncoated cathi@ef€hey attributed the improved performance
to the interaction of the O in the polymer and the sulfur, trapping the PS. Zhou et al. used
a complex coreshell structure of a nitrogetioped carbon shell for the sulfur with an
additional polydopamine coatirtff This carefully constructed architecture employed the
N-doped carbon to provide conductivity and a polar site for the PS to beteadtta. The
polymer coating helped retain tlanside the shell instead of redepositing on the outside
of the shell. Zheng et al. apgdl a amphiphilic polymer to the carbon nanotubes which
house theS, providing a polar species to attract the!®Shis coating helped prevent the

detachment of thedS from the carbon during cycling.

1.3.2 Separator Modificationg: Interlayers

Separator modifications and interlayers are often a combined chemical and physical
confinement approach. The separator can be doped or coated. A similarly active interlayer
can be added as a physical barrier and dopants can provide additional chemical

confinement.
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Bauer et al. used a Nafiamoated Celgard separator and achieved high capacities,
claiming PS dissolution mitigatioff® Wei et al. coated their separator with PVDF and
carbon using a phasnversion proces¥® Their CV results indicate PS suppression, but
their explanation of the mechanism is not thorodgmultiple studiesChung et al. took
a similar approach of carbon coating their separatdi-! The carbon layer is a physical
barrier for polysulfidesSu et al .6s interlayer approach

separator alone and inserting a MWCNT interlayer for theeseiffect!!? The improved

electrical conductivity and physical barrier to PS diffusion improve performance.

Chang et al. used a nitegdoped interlayer to help chemically trap ¥%.
Nitrogen dging provides a polar site that can adsorb PS and minimize the shuttle effect
while the carbon interlayer is additional physical blocking. They shdamgl cycle life
and improved discharge capacity in their stublyimerous other studieggount the
chemical and physical trapping properties of interlayers and separators with dopants and

other additiveg14116

1.3.3 Electrolyte Modifications

Electrolyte modifications fall into two categories: additives and changes to solvent
composition. The goals of electrolyte modifications are (1) to lpuidtkective CEI 0ISEI
whichlimit reaction of the PS with the Li anednd (2) reduce solubility/diffusivity of the
PS in the electrolyte. These effects are producsitunas salts and solvents decompose or

interact with the PS, producing the desired effadditives will be discussed first.

Oneapproach focuses on ngtting PS dissolution ov&EI/SEI formation is the

addition ofPSthemselvesAgostini et al. dissolved PS of various lengths into ghbased
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electrolytes and found that the added PS limit their dissolution out of the cathdtey

also found that the added R8pact the SEI composition depending on the chain length

added with the longhain PS being the most favourable. Chen et al. addeeclmig PS

to the electrolyte in order to negate the loss in active material; however, they found the PS
addition had moreof a beneficial effect on kS formation'!® Their addition of PS

increased cell capacity and cycle life. Lee et al. showed that t8e dddition to the
electrolyte follows Le Chatlierds principl
cathode of there is already PStire electrolytél® They claim this aids the lorgrm

stability of their cells, which do in fact reach a very high capabity only for 50 cycles.

Pan et al investigated ammonium saltitentionallyhelp dissolve LiS?° Such
enhanced dissolution promotes reaction kinetics, likely because there is less deposition of
insulating LS on theelectrodesurface. However, the authors did not provide EIS data and
focused on the dissolved species in the electrolyte. By a siiméangt, Lin et al. proposed
a PSs additive to improve dissolution of 43 and produce an SEI on the Li andtlélhe
P>Ss forms a complex with the low solubility PS to aid their solubility while also forming
a LisPS layer on the anodthat limits contact of PS and the Li metal. Such combined

effects produced a cell withhigher capacity.

Secondly, changing solvents or addingsodventscan help limit the PS shuttle
effect. Solvents which limit PS dissolutiane typically based on nesolvent approaches.
Solvents which cannot solvate*Léommonlyhavea verylow solubility for PS®® These
solvents with low doneability typically fall into the categories dL s, fully fluorinated
solvents (mostly fluorinateether3, or their mixtureg® 122123 Ag previously noted ® et

al. also demonstrated that highatfelyte concentrations can suppress the PS sHttle.
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Their solveniin-salt method limited free molecules available to further solvate the PS

species.

The fluorinated ether approach is particularly relevant to this work and therefore
will be discussed in greater depth. In highly fluorinated etheesFthdditions provides
steric hindrance for the O, lowering its ability to act as a donor and solvaté* Li
Fluorinated ethers have low flammability and high oxidation potemtiaking them good
candidates for electrolyte solverdt8 Gu et al. balanced this lower soility for PS with
DME/DIOX co-solvents to provide adequate solubility for the salt and saw a suppressed
PS effect?® Cuisinier et al. suggest that the PS are formed, but theiiktlus so low
that they have low mobility and side reactions are suppréSselden et al. used PS
solubility tests to prove their low solubilit§’ In several key works, Azimi et al. hanede
significantcontributiongto the subject of highly fluorinated ethers for LiSB$28 12°They
evaluated blendwith DIOX and DME and saw higher capacity, coulombic efficiency
(CE), and cycle life. The high CE in particular indicates small PS loss. They showed that
the decomposition of thdubrinated ethers on the Li metal forms LiF, which produced a
strong SEI. The fluorinated ethers decreased the redox shuttle and limitdidcedirge.

Many other authors have investigated highly fluorinated ethers for LiSBs and found a
similar pattern ofow solvation for Li, depression of the PS shutiéedproduction of a

protective SEL3%132Wang et aloffer an instructive review on the subjégt.

However, fluorinated ethers generally require a cosolvent since they have such low
Li* solubility that they often cannot even dissolve the conductive electrolyté>MIE,
DIOX, and DME/DIOX mixtures are prevaléftsince they a the common solvents for

LiSBs as discussed previously. Lu et al. used this method with a DI&$leent and
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found the fluorinated ether helped limit PS dissolution, but the DIOX helped provide
adequate solubility for high capactt. Highly fluorinated ethers can contribute to SEI
formation even without the LiNgadditive, further protecting the Li metal anode from the

pS1%

1.4 Other Loss Mechanisms

While thePSshulttle is he primary cause of degradation in the LiSB system, it is
not the only process through which capacity can fade or be limited. First, upon lithiation,
the S experiencs significant volume expansion. If not properly accounted for, generally
via entrapment im porous carbon matrix, such volume expansion can cause mechanical
damage to the cathode structtéi@econd, througlCEl andSEI formation, electrolyte salt
and solvents can decompose, depleting the electréi§iien the Li metal reacts with the
electrolyte, an unstable Sklaybe formedNanda et al additionally propa$that dead Li
can be trappednder the growing SEI layer, causing degradatiSrLastly, LiSBs are
subject to selflischarge, particularly because of the instability of the Li metal with the

electrolyte!®’
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While electrolyte degradation and sdlscharge contribute to capacity fade, they
are also merely an extension of the necessary process of SEI formation that protects and
stablizes the Li metal anode. SEI formation comes from the decomposition of electrolyte
salts and solvents on the Li. Aurbach et al describe the variety of mechanisms and pathways
for surface species formation in an electrolyte made of LiTFSI, kjd&d DOL® Figure
11 demonstrates the possible species that doelldroduced from this simple salt solvent
system. Since similar species can be produced from multiple pathways, it is often difficult

to assign a degradation or Sililding mechanism to one particular salt or solvent.

LiTFSI

:.i'\l Fs

LisNSO:CFs

LisS0:CF,

LixSiry RCOOLE

Figure 11. Schematic of possible pathways of electrolyte decomposition on Li metal
anode. Reproduced with permission from the Journal of the Electrochemical Society.

1.5 Summary of Challenges in LiS Battey Development

The LiSB systensuffers from many challengegablel summarizes the challenges
and common solutionsThis list is by no means exhaustive, bather reflects the
challenges that are the most important and the most relevantwotkeéiscussedn the

following chapters.
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Table 1 Summary of challenges in the LiSB system and some of their solutions

Challenges

Solutions

Insulating nature of S and49

Air sensitivity of LS

PS shuttle

Production of high loading cathodes

Mix or encapsulate active material in conducti
additive (carboretc.)

Process the cathode in the charged state (sull

1 Chemical confinement (polar dopants
metal oxide coatings, functional
binders and separators, electrolyte
additivegsolvent change=tc.)

1 Physicalconfinement (interlayers,
coatings)

Freestanding cathode architecture, miesaed
particles, stronger binders
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CHAPTER 2. EXPERIMENTAL DESIGN

2.1 Research Objectives

The lower densitycost and viscosityof low-concentration electrolytes may offer
practical benefits tohe battery industry, if comparable or better cell performararebe
attained.The primary goal of this work is @gain deeper fundamentahderstanihg of the
interactions of S cathod&gth low concentration electroly$eand explore the potential of
such electrolytes for LiSB#ligh concentration electrolytes have been thoroughly studied,
but there is a lack of research on the opposite end of the concentration spectrum.
Additionally, while other works have focused on cathode modifications to build high
loading cathodes, there has been less focus on electrolyte access to this active material.
This work seeks to fill those gaps while building scientific understanding of the impact of

low sat concentration on battery performance.

Within this broad goal, this work has foResearch Objectives

1. Evaluatethe feasibility of usingow con@ntration electrolytesn practical LiSBs

High concentration electrolytdsave high conductivityand it is unclear whether
ultraclow concentration (0.1M) electrolytes have enough conductantyare capable of
establising thestable interphases (SEI/CH®Y) support stable cell cycling. Therefore, the
first objectiveof this work is toevaluate condlctivity and othephysicalproperties ofow
concentration electrolytes amstibsequentlynvestigate their behavior in battery cells to

establish whethaheseare suitablelectrolytedor basic battery operation.
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2. Investigate behavior ofhigh mass loadig cathodeswith low conentration

electrolytes

Once objective 1 is meta proof of concept is needed to understand if low
concentration electrolytasay bemore effective than high concentration electrolytes when
tested with high loading cathodes. The geab understand the impact of electrolgsdt
concentration on performanoé such cellsnot to evaluate best practices for producing

high loading cathodes.

3. Explore the impacts ofalternative salts and solvents for low coemtration

electrolytes

After initial evaluation low concentration electrolytes, the nelsfectiveis to
explore the opportunities to gain additionarformancebenefitsin that concentration
regime.The low salt concentration investigated here may allow the use of salte thatt d
conventionally dissolve in ethdrased electrolytes, but may at such a low concentration.
Additionally, new classes of electrolyte solvents explored at 1M and above have not been
investigated at lowoncentrationlt is the thirdobjectiveof this wak to studythebehavior
of themost promising salt and solvent candidates atdomcentrationnamely LiPk and

sulfolane/highly fluorinated ether systems.

4. Examine the impact of low corentration electrolytes on discharge behavior

The final objective othis work is to understand any impact operating in the low
concentration regime has on th&B discharge mechanisniihe LiSB chemistry has two

unique discharge plateaus corresponding to the multistep conversion reaction. Altering the
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electrolyte concendition and composition has the potential to alter the discharge
characteristics. It is the final objective of this work to understand the relationship among

salt concentration, electrolyte composition, and discharge mechanism.

2.2 Hypotheses

Since lowconcentrdon electrolytes are relatively unexplored, it is useful to put

forward several hypotheses on their performance.

1. Low conentrationelectrolytesmay interact with S cathodes differently, have a
different propensity for the PS formation and exhibit a difé solubility of PS,
thus affecting initially accessible capacity in S cathodes,

2. Low concentration electrolytemay induce different CEl on the cathode and
different SEI on the anode, thus affecting cell rate and cell stability,

3. Low concentration eleatlytes may likely have a lower viscosity which may
enable better access to e cathodend prevent formation of a blocking layer
on the S cathode, thus further maximizing capacity utilization and minimizing
resistance buildip, particularly for high loading cathodes,

4. LiPFe maybecome a viable salt for LiSBs at low concentragtion

5. The use ofhighly fluorinated ethebased electrolytes at low concentration
combined with a dilutent solventay suppress PS formation and dissolution, while

providing sufficient Li salt solubility and electrolyte conductivity for cell operation.

Throughot the following sections, these hypotheses will be evaluated and an
understanding of the performance of LiSBs with low concentration electrolytes will be

offered.
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2.3 Experimental Approaches

In order to complete the research objectives and evaluate the hsipdthd out
above, various experimental tools and techniqueseayeired The following sections
describe the equipment and experimental methods used in this work, ingudige of
analysis,experimental set up, and desired resultsese methods ageneral tools used
across the studies in this work. Sample preparation specific to each chapter topic is

described in detail in those sections.

The experimental methods used in this work fall into three categories:
electrochemical tests, characterizatioh physical properties, and tools for analysis

following electrochemical testing (peastortem analysis).

2.3.1 Electrochemical Tests

2.3.1.1 ChargeDischarge (C/D)

The goal of charge/discharge testing is to characterize the charge and discharge
capacities of a batterglischarge behavior, rate capability, and cycle Afeonstant current
is applied (negative for discharge, positive for charge) until the cell reaches the pre
determined charge or discharge voltage. For the purposes of the experiments discussed in
the fdlowing chapters, cellavere cycled between 1.6 and 2.8V. LihlGa common
electrolyte additive discussed above, decomposes below 1.5 V, limiting the voltage range
for cycling. During cycling, voltage and capacityere measuredin this experiment, the
metiics of interest are discharge capacity and discharge plateau shape, where the shape

corresponds to the discharge mechanism.
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The current applied determines the cycling rategt€) of the battery. In rate
capability tests, cellwerecycled across a ran@é C-rates to understand the effect of rate
on capacity. In cycle life testing, celgere discharged at a slow rate once to aid SEI
formation and then cycled at a faster rate for many cycles, in order to explore capacity
decay and cell stability. In lontgrm testing, the coulombic efficiency (Clere also
measured. CE is the percentage of charge capacity maintained by the subsequent discharge

and demonstrates active material loss.

Coin cell components and construction were described above. In this work, 2032
coin cells are used for all electrochemical testing. A S cathode, Celgard 2500 separator, Li
metal anode, and BQ of electrolyte are used unless otherwise noted. Cells ar&ectes!
in an Arfilled glovebox with water below 0.1pprin this study, an Arbin system is used

for rate and long term testing.

2.3.1.2 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical Impedance Spectroscopy (EIS) involves applying a sinusoidal
voltage and measuring the resulting sinusoidal current and phase shift between them. The
applied AC voltagend resulting current aggven byEquationslOand11, wherey is the
frequency and is the phase shiftmpedance ishe complex version of resistance and is
the ratio of voltage and current (Equatid?). By measuring the impedance across a broad
frequency range (0.01 10° Hz), electrochemical processes which occur at specific

frequencies can be probélthe experimental set up is showrFigurel2.
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Figure 12. Experimental set up for electrochemical impedance spectroscopy (EIS).

In analyzing impedance across a battery coin cell, a Nyquist pha reost useful.
A Nyquist plot(Figurel13), or a plot of the imaginary component of impedance versus the

real component of impedancg,i ves i nf or mat i coresistamce arghe c e |
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dominant processes contributing to cell resistakli¢eile a thorough discussion of EIS
theory is beyond the scope of this work, there are several key components of a Nyquist plot
that will be used later in this work to compare celiilatites.First, where the plot crosses

the xaxis is the Ohmiaesistance This is effectively the resistance across the liquid

Increasing Frequency
—

_Zim (Q)

Zreal (‘Q‘)
Figure 13. Nyquist plot schematic.
electrolyte.In Li/Li symmetric cells, he Ohmic resistance can also be used to roughly
calculate electrolyteonductivitythrough Equation13, where R is the Ohmic resistance, t

is thedistance (the thickness of the separator indage), and A is the electrode area.

0 (13)

A =
Yz 0

Second, the arc in a Nyquist plot can be modelled as a RC circuit element and
represents the resistance acrosselleetrode/electrolyte interface. The length of the arc
along the xaxis is the chargegansfer resistance. Lastly, many batteries display a long tail
in the low frequency regime. This feature comes from the slow diffusion processes

occurring in the battery.
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In this work, EISwasused to calculate and compare conductivities of symmetric
cdls with different electrolytes, characterize the change in interfacial resistance over long
term testing, and qualitatively compare cell procesSescific details are given in the

appropriate chapteré. Gamry system is used as the potentiostat invibik.

2.3.1.3 Cyclic Voltammetry (CV)

In CV, a constant current is applied and the corresponding voltage is measured. As
opposed to rate testing, in the case of CV, the plot of current versus voltage is of interest.
CV gives specific information on the voltagesaction occurs at and how this evolves with
cycle number or rate. In this study, @¥Asused to track the change in reaction voltage
over dozens of cycles to understand changes in discharge mechanism. For CV,<oin cell
weremade in the same way as forerédstingand the experimental set up is the same as

for EIS.

2.3.2 Characterization of Physical Properties

2.3.2.1 Viscosity Testing

Understanding electrolyte viscosity is critical to understanding wettability.
Viscosity measurements were taken with a RheoS&viseometer. Samples were stored

in septurmcapped vials and only momentarily exposed to air before testing.

2.3.2.2 Polysulfide Solubity (PS) Test

Polysulfide dissolution is one of the main challenges in LiSBs. It is vital to

understand the polysulfide solubility in alternative electrolytes and aim for electrolytes that
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help suppress polysulfide solubility and diffusion. In order token®S solutions,
stoichiometric ratios of S and 43 weremixed in the electrolyte, stirred at 4D for five

days, and then mixed at room temperature for another 5I[dapgsndihg on the PS chain
length and concentration, the solution presents as a racgs from green to red. Due

to this color change, UWis spectrometry can be used to characterize the produced PS

solutions.

However, the PS solubility question is further complicabgdthe fact that PS
species have a tendency to disproportionate in solution. The PS made via stoichiometric
addition of S and LS does not guarantee only the desired PS chain length is produced.
More likely, a ange of PS species are credt&drthermore, PS peaks in tests like Raman,
FTIR, andNMR overlap and are difficult to deconvolute. Thereforgthout in situ
methodsthe PS solubility test discussed here is more effective as a qualitative comparison

of PS color and concentration among different electrolytes.

Additionally, for electrolytes that have extremely low PS solubility, determining
the PS solubility limit requires an infeasible volume of solvent. Therefore, PS

characterization in this work compares concentration based on visual data.

2.3.2.3 ButlerEmmetTeller (BET) Isotherm

BET Isothermsal | ow characterization of a mater
characterization is very important in this work to understand the microstructure of the
sulfur/carbon cathode being uséghrbons are analyzed as received and sulfur carbon

composites areralyzed after melt infiltration.
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2.3.2.4 Raman Spectroscopy

In Raman spectroscopy, a laser of a specific wavelength interacts with a sample
and the inelastic scattering signal is collected. This corresponding Raman shift, plotted as
wavenumbers, is indicative gbacific vibrations in a molecule and therefore can be used
to identify species in a samplEor this study, Raman spectroscopy helps elucidate the

components of the electrolyte.

To complete the experiment, electrolytesresealed in septurnapped vialsrad a
high magnification lensvere used to focus on the liquid sample through the glass vial.

Appropriate carevastaken with focusing to eliminate the glass signal from data collection.

2.3.2.5 Nuclear Magneti&kesonance (NMR) Spectroscopy

In NMR, a sample is exgsed to an extremely high magnetic field. As certain atoms
are exposed to this field, they undergo a characteristic spin in resgoN84R is useful
to calculate the diffusion coefficients of
transference number (the ratio of current carried by the anion vs the chtoe).liquid
sampleswvereplaced in standard NMR tubes and sealed witiptn tape to ensure the

samplesverekept airfree.

2.3.3 Post Mortem Analysis

The purpose of post mortem analysis is to understand the difference in surface
morphology and composition before and after rate or long term testing. This involves a
visual analysisof cell components after disassembly, microscopy to determine if the

cathode or anode surface microstructure changed, and spectroscopy to identify any changes
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in surface and bulk composition. The four primary tools in post mortem analgsas
visual andysis, Scanning Electron Microscopl6EM), Energy Dispersive Spectroscopy

(EDS), andX-ray Photoelectron Spectrosco¥PS).

2.3.3.1 Visual Analysis

After cellswere disassembled, each cell componsas inspected. The cathode
and anode&vereinspected for surfadayers and structural integrity (i.e. any flaking off the
current collector or delamination of the SEI layer). The sepavesinspected for its
color. A yellowed separator indicates high polysulfide dissolution, whereas a separator that
is still its original white color indicates fewer polysulfides in the electrolyte. The
electrolytes start clear and the PS species have a yellow to red color, lending to a simple
visual identification of their existence in solutidrastly, the cels werecharacterized by
how wet or dry the components are. A wet cell indicates remaining electrolyte, whereas a
dryer cell indicates the degree of electrolyte consumption. This visual analysis is not
conclusive proof of cell mechanisms, degradation pathways, or performana;enpit

is a useful method to compare cell to cell.

2.3.3.2 Scanning Electron Microscopy

In SEM, a sample is hit with a focused electron beam at a specific voltage and
current. When the beam interacts with a sample, several different types of signals are
producedincluding: backscattered, secondary, and Auguer electrons and characteristic x
rays. Each signal gives unique information about the sample surface and composition. In
particular, secondary electrons yield topographic information and thus are used &mform

image of the sample at very high magnification.
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For this study, SEMwvas usedto analyze surface morphology before and after
electrochemical testing. Information about SEI formation and degradation mechanisms can

be obtained by identifying changes in surface features due to electrochemical testing.

Sampleswverepreparedy taking apart the coin cell as described above, washing
the cell components in DME to remove residual salt, and drying off the solnethis
work, a glovebag is used to keep a&ensitive samples in an inert Bnvironment while

transferring them tthe SEM.

2.3.3.3 Energy Dispersive Spectroscopy (EDS)

EDS is a tool to identify the chemical composition of a sanffilks is produced
during SEM operation; however, in the case of EDS the characteristigsXare detected.
The energy of a characteristicrdy is directly related to elemental composition. In this
study, EDSwasused to determine the chemical makeup of the anode and cathode after

long term electrochemical testing.

2.3.3.4 X-ray Photoelectron Spectroscopy (XPS)

In XPS, a sample is subjected to a bea -ohys and the energy of the electrons
emitted from the surface are measufedjure 14). In XPS, an incoming photon directly
knocks an electron out of the core levetidhe electron energy is measured diredthe
kinetic energy is directly related to the binding energy of the electron and thus the element
and chemical state it originated lBquationl4 describes the governing principle of XPS
wherel is the work functionA shift in energy is related to a shift in oxidation state of the

species the electron is emitted from and can therefore be used to identify bonding
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information.Since thee is a significant chaecof the electron scattering on the way out of

the materialXPS is a highly surface sensitive technique.

Flr Fre oty ¥ (14

Figure 14. Schematic of mechanism of Xay photoelectron
spectroscopy.
XPS is extremely important in this work to characterize the composition of the SEI.

While EDS gives bulk elemental composition, XPS gives bonding information, from which
surface species can be deduced. The surface species help indicate which electrolyte
comporents decomposed to form the S&ild can help inform understanding of cell
degradationXPS samplesvere prepared by the same washing and drying method as
described for SEMFor this work, an aifree sample holdewas used to transfer air

sensitive samples from the glovebox to the XPS.
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CHAPTER 3. EVALUATION OF L OW CONCENTRATION
LITESI - AND LIPF ¢-BASED ELECTROLYTES FOR LI -S

BATTERIES

The following is reproduced and refor maf
Journal of the Electrochemical Society, whictoat republishing for the purpose of use
in a dissertati on. TdnimgLow QohcentratiantEledrolytes fer e nt i
High Rate Performance in Lithin®ulfur Batterie6 and it s aRebebcar s i n
GlaserFeixiang WuEmily Register, Mara Tolksdorf, Billy Johnson, Jud Ready, Mohan
SanghadasandGleb YushinThis work was supported byS Army CCDC AvMC under

contract numbers W31P4Q18D000231P4Q18F0133.
3.1 Introduction

With the increasing adoption of electric vehicles, therddsr drones and electric
planes to travel longer distances, and the need for cheapscgia energy storage, the
demands for improved battery performance and reduced battery weight and cost will grow
rapidly. While commercial Lion batteries have beewry successful so far, they are still
too heavy, too costly, and are made of too many toxic materials to be the future of energy
storage longerm3%49 Lithjum-sulfur (Li-S) batteries provide a promising alternative in
that the cathodes are made of {toxic, earthabundant materials, which are both
inexpensive and lightweight. 1S batteriesnot only satisfy these suppbhain
requirements, but also provide the highest theoretical gravimetric capacity (and the second

highest gravimetric energy density) of conversigpe cathodes, far exceeding those of
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commercial cathode materials.?” 3742 141142 \wjjth a theoretical capacity of 1,675
mAh/surur, Sbased cathodes raise the bar of the achievable capacity for rechargeable

batteries

Unfortunately, corrosion of the aluminum foil current collector by the LIiTFSI
salt}*3high cost of the electrolyte saft**and polysulfide dissolution into the electriafi
ultimately limit attainable LiS battery capacity, rate performance and cell stability. Our
grougd?® and other§ demonstrated that higtoncentration electrolytes may suppress
lithium polysulfide dissolutiordue to the common ion effect and overall smaller fraction
of the solvent molecules that induce formation and dissolution of polysulfides. With certain
salts or salt additives, they may additionally form a favorable cathode solid electrolyte
interphase (CB4514614786 that protects the S cathode against such dissolutions. However,
high concentration electrolytes suffer from high viscd&ktgind typically decreased ionic
mobility,**° limiting active material utilization at high loadings and high rates. High
electrolyte viscosity also requires longer wetting (electrode stack infiltration) time, which
undesirably increases cell fabrication time and cost. Finally, high concentration electrolytes
also use large amounts of relatively expensive and heavy salt(s), which reduce the specific
energy of the cell and increase cell cost. Low concentration electrolytes, in contrast,
received very little attention with the expectation that they would offbstantially
inferior performance for L5 cells as they may enhance polysulfide dissolution.
Interestingly, a recent comparison of theS.iperformance in 1M and 0.5M LIiTFSI
electrolytes showed the improved performance of the lower concentration solution,
possibly due to the lower viscosity.Sun et al also showed a lowered concentration

improves sulfur utilizatiod®® Here we were interested to explore even lower molarity
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electrolytes with different salt and salt mixtures and investigate how their physical
properties (e.g., viscosity and internal resistance) may impagt ¢ell performance
(capacity, internal resistance, and lgegn stability). By limiting our salt concéations

to those below 0.1M per salt (and below 0.3M for the salt mixtures), we could explore the
impacts of salts which do not traditionally dissolve in etmesed electrolytes, such as

LiPFe.

3.2 Methods

3.2.1 S/KB Cathodes Preparation

As we wanted to highlighithe impact of electrolytes, we purposely selectéad$Sed
cathodes without any protective sh&lsr oxide additive®! that may improve cathode
stability. As such, we selected standard and -tasgproduce procedure: S/nanocarbon
electrodes are prepared by melt infiltration of S (99.5%n&igldrich, USA) into Ketjen
Black® (Lion Specialty Chemicals Co. LTD) at &7 for 12 h, thus making S/KB
composites. The specific surface area of the KB and siffilirated KB were analyzed
with the BraunelEmmettTeller (BET) isotherm method. The egs S was evaporated at
250°C until the desired S:C ratio (~50 wt.% S) was achieved. The S/KB patrticles were then
mixed with a polyacrylic acid (PAA) binder (450,000 MW, Aldrich, USA) and pure black
(Superior Graphite, USA) conductive additives in a 7@Q®B/KB:PAA:CB weight ratio.

To prepare electrodes, the solids were mixed with a solvent (ethanol:water = 1:1 by
volume), sonicated for 30 minutes and stirred in a vial-oignt. The produced slurry was
then cast on aluminum (Al) foil (MTI) and left toydin air at room temperature. The active

material loading was approximately 0.45 .ghg?. The dried electrodes were then
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punched into % inch diameter disks, dried in a vacuum oven°@t &0 12 h and then
assembled into 2032 coin cells with a Celgar@d®&eparator, a 0.75mm thick Li foil anode

(99.9%, Alfa Aessar) and 30puL of the prepared electrolyte.

3.2.2 Electrolyte Preparation & Characterization

All the electrolytes used in this study employed various combinations of LiTFSI
(SigmaAldrich, USA), LiPFs (Aldrich, battery grade), LiNg(Alfa Aesar, 99%) salts in
identical (commonly used) ethbased solvent mixture: a 1:1 ratio by volume of
dimethoxyethane (DME, 99%, Sigr#ddrich): dioxolane (DIOX, 99%, Sigmaldrich).

1 M LITFSI + 0.1M LING; and 3 M LIiTFS + 0.1M LIiNOs electrolytes were used as
references for standard and higbncentration electrolyte compositions. All the individual

salt components were kept at a concaidn at or below 0.1M.

Table2 shows the list of the experimental electrolytes investigated here.

Table 2. Experimental electrolyte compositions

Sample [LITFSI] [LiPFg] [LINO3]
A 0.1M = 0.1M
B 0.05M 0.05M 0.1M
C - 0.1M 0.1M
D M - 0.1M
E 3M - 0.1M
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Once the electrolytes were prepared, their resistances and viscosities were tested.
Resistance measurements were done by taking an EIS spectrum (Gamry Interface 1000,
USA) in Li/Li symmetric coin cells. Viscosity measurements were taken with a RheoSense
pnViscometer (RheoSense, USA) Contact angle measurements were done by taking a video
with a goniometer (Raé&hart Instrument co., USAand processing the frames with
ImageJ processing software to determine the contact angle and the time until the electrolyte

was fully wetted and soaked into the electrode substrate.

3.2.3 Electrochemical Measurements

All electrochemical experiments were done using an Arbin system (model
BT2X43, USA). For galvanostatic chargescharge testing, cells were cycled between 1.5
and 2.8 Vfor two cycles at C/20, followed by one cycle each at C/10, C/5, C/2, 1 C, and
2C rates. For long term tests cells were discharged at C/20 then charged and discharged at
C/5 rate for 200 cyclegach cell was characterized with EIS (Gamry Interface 1088,)U
in the frequency range 1 MHz 0.01 Hz before testing and after long term testing to

investigate the change in impedance after cycling.

3.2.4 PostMortem Analysis

After testing, the coin cells were disassembled and inspected. The electrodes,
separators, anti foil anodes were visually examined for their color changes and any
surface deposits. The color of the remaining electrolyte was also examined as a qualitative

indication of the concentration of the polysulfides in the electrolyte. The electrodes were
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rinsed in DME before analysis with scanning electron microscopy (SEM) using Hitachi
8030 (Japan) and-kay photoelectron spectroscopy (XPS) using Therraigha (USA)

to investigate their microstructural changes and the CEIl composition. The Li foil was
washed in DME before SEM and energy dispersive spectroscopy (EDS) analyses on the

Hitachi 8230.

3.3 Results & Discussion

3.3.1 Physical Properties

For the electrolytes tested, the viscosities expectedly increase with increasing salt
concentration. All the low concentration electrolytes have a 0.2M of total salt concentration
and show similar viscosities of ~0.5 mPa-s, regardless of their salt coimpd@Bigure
15a). Increasing LITFSI salt concentration to 1M tripled the viscosity to ~1.5 mPa-s and
3M LiTFSI showed the most dramatic increase to 42.5 mPa-s. Théase in viscosity is
enough to impact wetting of the separatoridg coin cell preparatiorkzigure 15b shows
that while the use of higher concentration of 1M givekggntly lower ohmic cell resistance
than the low concentration electrolytes, the overall interfacial resistance with the Li foll
was noticeably higher. While low electrolyte resistance is important, low resistance and
fast kinetics at the Li anode intecfacould be more impactful to the overall cell behavior.
The 3M LIiTFSI gives a higher ohmic resistandgg(re 15¢), but lower interfacial
resistance than many otherTESkbased electrolytes, while the 0.1M LiP&lectrolyte

gives the lowest interfacial resistan€aggure15d).
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Figure 15. Physical properties of electrolytes (a) viscosity,
(b) EIS from Li/Li symmetric cells, (c) ohmic resistance,
(d) Li interfacial resistance. All electrolyte concentrations
in 1:1 (v:v) DME:DIOX.

Contact angle measuremerfisgure 15) showed results for 0.1M LIiTFSI, 1M
LiTFSI, and 3M LiTFSI samples (A, D, and E). The remaining electrolytes (samples B and
C) were too volatile to form a drop. While the higher angle 1M LiTiw&$ only slightly
higher than the 0.1M LiTFSI, the 3M LiTFSI was more than double the contact angle of
both. Samples A, D, and E took 1.5, 3, and 10 respectively to soak into the electrodes,
matching with the viscosity data. The lower contact angle atdrfime to absorb make
these low concentration electrolytes more attractive than their high concentration

counterparts from the cell fabrication point of view.
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The sorption isotherms and the pore size distribution are givEegime 16 and

clearly indicate that sulfur is filling the pores in the KB samples. The BET specific surface

area of the KB is 1303 fy and the surface are of the sulfcarbon compate is 227 ni/g.
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Figure 16. Contact angle measurements revealing wetting of 0.1M, 1M and 3M LiTFSI electrolyte
(all with 0.1M LiNO 3) on the identically produced electrodes.

(a)

3.3.2

Figure 17. Characterization of pristine Ketjen Black and sulfur-infiltrated
Ketjen Black with N2 sorption: (a) isotherms, (b) pore size distributions.
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Figure 18 shows the electrochemical performance of the low concentration

electrolytes. Of the low concentration electrolytes and 1M LiTFSI, the performance of the

low concentration electrolytes acrossdtes is similar, with the 0.1M LiTFSI electrolyte
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on average grforming the worstiFigure18b displays the C/10 charge/discharge cycle for
each electrolyte. All low concentration electrolytes exhibit flat plateaus, low hysteresis,
and low polarization. Similarly, at 2d~igure 18c), the reaction still proceeds along the

correct pathway, with higher hysteresis, but no evidence of significanickiinetations.
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Figure 18. Electrochemical results for low concentration electrolytes (a)-cate testing, (b) charge
discharge at C/10, (c) chargelischarge at 2C, (d) cycle stability at C/5, (e) Chargdischarge change
through long term test with 0.05M LIiTFSI + 0.05M LiPFs eledrolyte. All with 0.1M LIiNO 3in 1:1
DME:DIOX.

A comparison of londgerm testing Figure18d) shows the lowest decay in capacity for the
mixed LiTFSI/LiPFs electrolyte. The 0.1M LiTFSI electrolyte hasigher initial capacity,

but is less stable, as is the 0.1M LiPthe combination proves the most stable at this rate.

Low concentration electrolyte samples A, B, and C show similar capacity and
hysteresis to the 1M LIiTFSI eleotyte, indicating that the salt concentration above 0.1
0.2M (to around 1M) may be unnecessary additions to the electrolyte weight and cost.

Sample B performs comparably or better than sample D acroate€ Figure 19a-c).
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Within error, the difference between 1M and the low concentration electrolytes is not
significant and thus the lighter, cheaper {o@ncentration electrolytes can likely replace
the 1M LiTFSI standar without sacrificing performance. Even for the relatively thin
electrodes tested here, the highly concentrated electrolyte (3M LiTge®hple E) enables

the highest capacity, it does so with higher polarization, higher resistance, and an
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Figure 19. Comparison of electrochemical results for best low
concentration electrolyte and high concentration electrolytes (a)@ate
testing, (b) chargedischarge at C/10, (c) cycle stability at C/5. All
electrolytes with 0.1M LiNOs in 1:1 DME:DIOX.

inefficient conwersion reaction illustrated by the curved plateau. And, as previously
discussed, it suffers from undesirably high viscosity and increased cost. In contrast, cheaper
and less viscous electrolytes@\offer much flatter plateaus, significantly lower hysteres

and capacity similar to or better than the conventional 1M LiTFSI (sample D).
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Comparing EIS results from before and after kbeigm testing [figure20) reveals

the reduction in impedance for the 0.1M electrolyte to be the greatest. Note that for all the
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Figure 20. (a) Comparison of EIS results for 0.05M LiTFSI + 0.05M LiPFs electrolyte
with 1M and 3M LIiTFSI electrolytes (all with 0.1M LINO zin 1:1 DME:DIOX); (b)
zoom into a high-frequency region.

electrolytes shown, the major arc decreased in size during testing, indicating a lower
interfacial resistances. Yet, the concentrated 3M electrolyte exhibits the largest impedance

and the largest interfacial resistance after cycling.
3.3.3 Post Mortem SEM/EDS Results

Postmortem SEM analysis of the testedK8 cathodes shows very small changes
in the microstructures for all sampl@sgure21). Individual carbon particles are visible
without a change in morphology and no thick surface layer (e.g., CEraepasited
(poly)sulfides or S), likely related to the very high externalesie area of the porous KB
particles and relatively small electrode loadingg@re21). This may be beneficial as it
should allow conductive carbon of KB to remainngeavailable for charge transfer, but
may also explain small differences in the electrochemical performance between cells

(Figurel8). The Li anodeKigure22a, b, c), on the other hand, showed significant changes
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after cycling. We can observe distinct new features that exhibit four additional elements
segregated together: S, C, Fdad. All Li foil samples were mostly bare Li in the center,
with the intensity and size of features increasing towards the eiggee22d, e show EDS
results from the.i foil at the end of a 2C discharge. The 1M electrolyte produced the
greatest (normalized) intensity of N, F, and S, as compared with both the low concentration
and high concentration electrolytes, indicating the largest S dissolution and the thickest
SEl formation. The LiTFSI, LiPEmixed electrolytes has a greater F intensity than the
0.1M LIiTFSI electrolyte, which follows from the additional F available from the
decomposition of the LiREF Mapping of the mixed low concentration LITFSI, LEPPF
electrolyteshows that the features are mostly composed of O, S, and F, with C being more

uniform across the surface.

Figure 21. (a) Pristine cathode and postmortem SEM of cathode
after C-rate testing of (b) 0.1M LiTFSI (c) Li foil. 0.05M LITFSI +
0.05M LiPFe, (d) 1M LIiTFSI
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Figure 22. Postmortem SEM of Li foil after C -rate testing of (a) 0.1M LiTFSI, (b) 0.05M LiTFSI +
0.05M LiPFs, (c) 1M LiTFSI cells, (d) EDS spectra on Li foil, () EDS mapping on Li foil testedith
0.05M LIiTFSI + 0.05M LiPFe (i- O, ii-S, iii-F, iv-C).
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3.3.4 XPS Results

Postmortem XPS analysis of thin testedtltodes Kigure 23 and Figure 24)
indicates decomposition of the LiTFS&lt and electrolyte solvents with the formation of
slightly different CEl in the case of all electrolyte compositibh&2153117 For the low
concentration electrolytes, CEl species mostly include:, AHF, N-containing
compounds, sulfites, and sulfate®verall, even 1/11/3 salt concentration in the
electrolyte may apparently be enough to reproduce the composition of the protective CEl
formed in 1M and 3M electrolyte compositions. Electrolytes containing@I4 LiPFs
show lower intensities of GEhan the majorityLiTFSI electrolytes while having a higher
ratio of LiF to Ch, Since LiF can be created by the decomposition of botlr&ITand
LiPFs®* the multiple pathways to LiF make it the more dominacbftaining compound

on the surface. Interestingly, only the electrolyte comprised of 0.05MelaRdé 0.05M
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LiTFSI contains the most noticeable amount ofN,ia conpound very important for
favorable electrode protectidf’. The low concentration electrolytes have moreéON
containing canpounds than Montaining organic compounds, relatively, as compared to
the 1 and 3M electrolytes. This is likely due to the higher relative proportion ofaliiNO

the low M electrolytes since all five electrolytes comprised 0.1M LiNR@rhaps with less
LiTFSI to break down, there are moreQNcontaining species leftover to deposit and
favorably protect the cathode. Only 0.1M LiTFSI exhibits both &t Ck bords, while

all electrolytes show €, GH, C-O, and C=0 bonds consistent with the decomposition
and polymerization of the dioxolane solvérft. Another interesting observation
electrodes from the 1M LiTFSI, 3M LiTFSI and 0.1M LifR#Hectrolyte cellslid not show

any LiS on the surface, suggesting the incomplete reduction of polysulfides (tiedds

were examined at the end of discharge, thus mostly comprisi8grithe bulk). The low
concentration LITFSI samples A and B cells showed mostly colorless electrolytes during
the postmortem analysis, further supporting the minimum content of qoutfiges
remaining in the bulk of the electrolyte. The lack of yellowing of the low concentration
electrolyte also goes against the theory that high concentration electrolytes are necessary
to minimize polysulfide dissolution. Low concentrations of LiTEBbwed higher surface
intensities of sulfites over sulfates, with the opposite true for high concentrations of
LiTFSI. This may indicate a less thorough oxidation of S after the decomposition of the
LITFSI. While increasing electrolyte concentration unddy increases cell

polymerizationt>* the low concentration electrolytes are clearly adequate to achieve
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similar or better rate performanfeigurel8, Figure19) and may have more favorable CEI

protection.
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Figure 23. XPS results and peak deconvolution of S cathodes for all electrolytes (all with 0.1M LiN@
1:1 DME:DIOX): (a) F, (b), N, (c) C, (d) S spectra.
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Figure 24. Quantification of XPS peaks of post mortem S cathodes with electrolytes A (0.1M LiTFSI),
(0.05M LiTFSI + 0.05M LiPFe), C (0.1M LiPFe), D (1M LiTFSI), and E (3M LiTFSI) for (a) S
compounds, (b), F compounds, (c) by element. All electrolytes have 0.1M LiN@nd are in 1:1 (v:v)
DME:DIOX.
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3.4 Conclusion

This work reports on the first exploration of extremely low (<0.3M) salt
concentrations in L5 batteries. This study combined two common electrolyte salts,
LiTFSI, and LiPFk, at low concentration and showedthheir combination produced
capacities comparable to the conventional 1M LIiTFSI electrolyte. In contrast to our initial
expectations, reducing electrolyte concentration from 1M to 0.2M did not incR&se
dissolution and LS precipitation on the Li aned In fact, both the €ate and longerm
cycling tests reveal low concentration electrolytes perform similarly or better than the
standard 1M electrolyte. Pastortem SEM and XPS analysis illustrate that the low salt
concentrations maintain the same cdthamicrostructure after cycling with no-re
precipitated active material visible, while the Li anode showed smaller S content than 1M
electrolyte. Low concentration electrolytes enable lightweight batteries at lower cost while
offering similar or better ratperformance and better stability to than the more traditionally
used 1M LiTFSI or 3M LiTFSI electrolytes. Based on such promising results, our future
studies on low concentrated electrolytes will be focused on increasing mass loadings,
conducting testsipouch cells (thus with minimum content of electrolyte excess) and using
more advanced surfaqgeotected S cathodes that exhibit substantially reduegd

formation and dissolution.
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CHAPTER 4. APPLICATION OF LOW CONCENTRATION

ELECTROLYTES TO HIGH -LOADING CATHO DES

4.1 Introduction

As previously discussedhe Li-S battery icommonlycomposed of &composite
cathode, a liquid organic electrolyte, a polymer separator, and a Li metal @adolenis
the most common inactive material in the@nposite cathode asaffsets the insulating
nature ofS. Significant progress on the carbon host has been madein yeees, allowing
increasing amounts of sulfur loadi?fy®® 52 excellent conductivity, facile processabifity
and high capacify. However, processing such nanoparticles into high hggdcathodes
(>5mgs/cn?) and providing electrolyte accessaibthe active material are still significant
challenges. Sun et @nd many otherdemonstrated that increasing the mass loading leads
to lower performance. They attribute this too poor idnémsport in thick electrodgs$
particularly if the redeposited LiS blocks access to the cathode or andtereforgthere
are two main challergg: (1) producing cathodes with adequately high loadings and (2)

finding appropriate electrolytes that can access all the active material.

Some work has begmerformedon using carbon cloths to produce high loading
cathodes via melt or vapor infiltratigh 2% 3" Miao et al. infiltrated carbon fiber up to 8
mg-S/cn? with an optmal loading of 6.7mg-S/cnt.*® Such methods allow facile
infiltration of S up to extremely high mass loadings in an electrode free of binder or
conductive additive. However, most studies just consider one type of carbon cloth and little

comparative work has been done among different types of carbon cloths.
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To address the challeng# tortuosity our group has recently proposed low
concentration electrolytes as a solution to poor access to active makemianstrated in
the previous chapté?® Sun et alalsoshowed that lowr concentration electrolytes can
give high capacity while having low viscostf. Hwang et al. also showed that low
concentration electrolytes in 43 batteries have better ttability than their high
concentration counterpart$. As the previous chapter showed, low concentration

electrolytes have strong performance and low viscosity.

In this study, weanvestigatethe application of low concentration electrolytes to
high-loading cathodes made &infiltrated carbon fabrics. The effects of electrolyte

concentrationS infiltration method, and carbon fabric typereevaluated

4.2 Experimental Details

4.2.1 Carbon substrates and infiltration

In this study,three carbon fabric materials were screened as sulfur suéstrat
Carbon felt ACF 1600,CeaMateial9, AvCarb fabric Plain Carbon Cloth 107Euel Cell
Store),and Flexorb fabric KM30K, Chemvirol. Industrial carbon fabrics are more
commonly used in fuel cell or filtration applications; however, here they anepeged as
sulfur hosts. Figure 25 shows SEM images of all the fabrics as received and
characterization of fiber width§hese activated carbon fabrics represent a range of weave

types and fiber sizes, which may affect theitigtto absorb sulfur.
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Three types oS infiltration were attempted on these fabri@¥:melt, (i) vapor in
a furnace, andiii) vapor in a desiccator. Procedures for each infiltration metrend as

follows:

Felt AvCarb  Flexorb
Fabric Type

Figure 25. SEM images of (a) felt, (b) AvCarb, and (c) Flexorb as
received (d) average fiber width for eachsample

Melt: Carbon was buriednder a bed of sulfur powder, placed in a box furnace, and heated

at 157C for 12 hourgFigure26). This allows thes to melt into the fabric.
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Carbon fabric

Sulfur powder

Al foil base

Figure 26. Schematic of melt infiltration of sulfur into carbon fabric.

Vapor (furnace): A bed of S was made on top of a sheet of Al foil. A table made of
stainlesssteelmesh was placed on tis$powde and the carbon fabric was placed on the
stainless steel. This mesh allows the carbon fabric to be suspended approximately 1mm
above thes powder. The assembly was thglaced in a box furnacand heated at 157°C

for up to12 hours.The infiltration timewaslowered to achieve lowes loadings.In this

case, the slight vapor pressureSét its melting point allows to evaporate and then
condense onto the outside of the carbon fibers. This setup is shown schematiegilyan

27.

Vapor (desiccator): This procedurgvasthe same as the vapor (furnace) method; however,
instead of placing th&/steel mesh/carbon assembly in a box furnaceagplaced in a
desiccator. The desiccatmasthen placed on a hotplate and heated until the base of the
desiccator reachek57°C The setup wasleft to heat and infiltrate for up to 12 hours,

depending onhe desired sulfur loading.
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Carbon fabric
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Al foil base

Stainless steel mesh
suspending carbon fabric
over sulfur powder

Figure 27. Schematic of set up for vapor infiltration of carbon fabrics.

4.2.2 Electrolytes

In this study, 0.1, 1, and 3M LiTF$6igmaAldrich, USA)) were mixed in 0.1M
LiINOsz + 1:1 DME:DIOX (DME, 99%, $gma-Aldrich, dioxolane 99%, SigmaAldrich)
in order to assess the impact of electrolyte concentrati®utlization in the high loading

electrodes discussed in the previous section.

4.2.3 Cell assembly and testing

Once infiltrated withS, the carbon fabrics were used without further modification.
Since the carbon substrate is conductive, the cathedaised ass without a current
collector. 203Zcoin cells were assembled with tBenfiltrated carbon cloth, a Celgard
2500 separator, aralLi metal anode. 48 of electrolyte was used, i of which was

dropped on the cathode and the remaining-Mas dropped on the separator.

4.3 Results and Discussion
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4.3.1 Comparison of infiltration methods

In this study we evaluated melt and vapor infiltratidor various carbon fabrics.
Table 3 describes the merits and problems with each infiltration tiyfedt infiltration
provides fairly uniform mass loadings, but thessibading is difficult to tailor to a given
amount. Additionally, the SENIFigure28) shows thatS does not always coat tlibers
but can sit in between them. Wheédisi t s between the fibers,

effectiveness as conductive additive and current collector.

Table 3. Pros and cons of sulfur infiltration methods for carbon fabrics.

Method Pros Cons
A Easy tdailor sulfur amount A Sulfur site in chunks between fibers
Melt A Uniform infiltration A Timeintensive process to burn exces:
sulfur off
infiltration
A Sulfur coats fibers directly A Not perfectly uniformmassloading
Vapor | A Produce high loadings (~10mg/cm”2)
A Tailor mass loadings ligfiltration
infiltration time
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Figure 28. Example SEM images of vapoiinfiltrated carbon felt (a - S, b-
C) and meltinfiltrated AvCarb cloth (¢ - S, d- C).

Sulfur coats the fibers more evenly in vapor infiltration, but the mass loading can
be variable across the sample. It is easier to tHimMmass loading based on infiltration
time. Varying the heating time from 4 to 12 hours was an effective method to produce a
desired range of mass loadingspor infiltration in a desiccator has the same advantages

and disadvantages as infiltration ifuanace; however, the furnace is a simpler process.

Additionally, not all fabrics were compatible with all infiltration methods. Vapor
infiltrating the AvCarbfabric did not result in any significant sulfur loadiniglelt
infiltration of the carbon felt sticks to the substrate when burning off excess sulfur

achieve the desired loading
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4.3.2 Electrochemical Testing

Given the variety of infiltration methods andbfa types, not all combinations
performed equally in testing. In order to investigate the impact of mass loading and
electrolyte concentration on performance, the carbon fabric and infiltration mibidtod
offers the best performance and mass loadingtaldility wasneededThe AvCarb was
not a candidate because Bdid not attach to it in vapanfiltration. Melt infiltration does
not give the range of necessary mass loadings. The Flexorbifdiltriated well under all
methods; however, initial aterochemical tests reveal@dor capacity from the material.

Therefore, the vapenfiltrated (in a furnace) carbon felt was chosen for further tests.

Figure 29 demongrates the proof of concept that low concentration electrolytes
mayyield superior performance with low concentration electrolytes. The lower viscosity,
as shown in the previous chapter improves wetting and permeation through the dense,
tortuous cathodeJlawing access to more of the active material. This effect is particularly
pronounced in high loading cathodes, palttidy those made of dense fisein the
previous chapter, low concentration electrolytes were shown to perform well, but the low

loading, low density cathodes were thin enough for the high viscosity 3M electrolyte to
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still wet. However, in the more practical and commercial case of hayting cathodes,

this effect dsappears and the benefits of the low concentration electrolyte are clear.
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Figure 29. Charge/discharge results of carbon felt cells with ~2.5m§/electrode tested
with (a) 0.1M, (b) 1M, and (c) 3M LiTFSI in 1:1 DME:DIOX electrolyte, (d) comparison
of discharge capacities.

4.4 Conclusion

In this study we evaluated several carbon fabricssnfiltration methods for their
merits at producing highapacity high mass loading cathodes. The carbon felt pitoved
be the most effective substrate in terms of ease of sulfur infiltration to various loadings and
electrochemicgberformanceThe vapor infiltration method proved to be the most versatile
in terms of tailoring sulfur loading based on infiltration tinrethe case of high loading
cathodes, the low concentration electrolyte strongly outperformed the standard 1M and

high concentration 3M.
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CHAPTER 5. PERFORMANCE OF LI -S BATTERIES WITH
LOW CONCENTRATION, FLUORINATED E THER-BASED

SOLVENTS

The following is reproduced dn r ef or matted from the aut
Journal of Mat eri al s Che mi Minimizng llongChHaime ma nt
Polysulfide Formation in L5 Batteries by Using Localized Low Concentration Highly
Fluorinated Electrolytes a n d olis indudedRabedea Glase@leg Borodin Johnson,

Samik Jhulk, anleb Yushin Small changes between this chapter and the published paper
may exist as this thesis was submitted before adjustments to reviewer comments were
made. Differences between the anuscript and this chapter include inclusion of the
supplemental information directly in the main t&Xdmputational work was performed by

our collaborator Dr. Oleg Borodin at theS. Army Research Laboratory

5.1 Introduction

For the last few decades, the&ichemistry has promised lightweight and high
energy density batteries for loweost electric transptationl4¢ 159160 j_S patteries have
the potential to help electrify bus fleets, trucks, drones, airpladesther electric vehicles,
an important step to lowering G@missions and combatting climate change. However,
Li-S batteries face several significant challenges: formation and high solubility of
intermediate polysulfide species in traditional ethasedelectrolytes and the resulting

difficulty in producing highloading cathode¥® The polysulfide dissolution causes the
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shuttle effect, los of active material in the cathode, low cycle life, loss of cell capacity,
and an increase in anode resistance from the deposition of insulattgri_the surface.
Long-chain polysulfides are particularly soluble in ethased electrolyte solutiod&® 161

The use of solid electrolytes may overcome some of such challenges, but at the expense of
poor low temperature performance, increased electrolyte weight and mareatdadnd
expensive cell fabrication proceduré$Developing lightweight liquid electrolytes that

may dramatically reduce lorghain polysulfide formatio and cathode dissolution is thus
critically important for practical applications of-S cell chemistry%3 154 Such electrolytes

may complement significant efforts in the development of advandeaks&d cathodes,

where S is encapsulated within carBfotf 42 44 45 165106 or metal oxides %> 96 101 104 166

167in order to physically or chemically trap polysulfides.

DME/DIOX blends are traditionally used as electrolyte solvents #8 tells due
to their good solvation of Lj favorable SEI formatioff,and low viscosity. However, these
solvents induce formation and rapid dissolution of polysulfides. Two other solvents for Li
S battery electrolytes have recently been explored: highly fluorinated ethers and sulfones.
Highly fluorinated ethers have emerged as a okass of electrolytes that have limited
solubility for polysulfides, thus limiting their dissolution and reducing the shuttle éffect.
126,153 168 Flyorinated electrolytes have poor dotadility®* 128 133 \which minimizes their
ability to dissolve Li and polysulfides, making them promising for& batteriebut often
atthe expense of reduced rate capabtfiySeveral studies have shown that fluorinated
ether cesolvents are beneficial at limiting selischarge?” 129168 170171 Azimi et al. have
made significant contributions toward the study of fluorinated ethers in tBesistem.

Fluorinated ethers also have lower viscosities and melting points than traditional ether
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based solvents> At the same time, iphly fluorinated etheralso have low solubility for

Li salts and thus require emlvents in the electrolyte systemar®ersely, slfones, and
sulfolane(SL) in particular, have been predominantly investigated as a high voltage Li

battery electrolyte because of their high oxidative stabititgh dielectric constarand

high Li transference numhéf?1’® For Li-S batteriesSL was recently evaluates a co

solvent with the traditional DIOX and DME ethéesenhance cell rate performarfée’®

181 Interestingly the additionof highly fluorinated ether® highly concentrate8L-based

electrolytes was also fourtd improve their rate performance by decreasing polysulfide
solubility®2®sSych el ectrolytes are often ter med i
at the norfluorinated cesolvent!®* 18 Most commonly, the local concentration of Li at

such cesol vent (s) i s very high and t hus el e
concentration e @heserLdCEy manwin the higlE E&padity from a

high concentration electrolyte while preserving low viscosity and cost.

An additionalchallenge to the commercialization of&ibatteries is the difficulty
accessing material in high loading cathodle®ur group previously reported a new class
of low concentration electrolytes (0.1M) with a significantly lower viscosity that could
enable fuller access to active material within the sulfur cathdde. this study, we
systematically investigate the discharge behavior as we combine the approaches of
fluorinatedelectrolytes and low concentration electrolytes. We explore the ratio between
1,1,2,2Tetrafluoroethyl 2,2,3;3etrafluoropropylethe(HFE) and the sulfolane (SL) €o
solvent, evaluate the discharge reaction mechanism, and analyze the SEI formation. Based
on the previously used notation, we call such electrolytes localized low caataantr

electrolytes (LLCE). LLCHnay offer unique behavidrsuppression of the formation and
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dissolution of the longhain polysulfides, thus dramatically enhancing accessble

capacity.

5.2 Experimental Details

5.2.1 S/C Cathode and Coin Cell Preparation

The Sbased cathodes are composed of bulk S (99.5%, Siddnzh, USA) and
Ketjen Black®(Lion Specialty Chemicals Co. LTD, Japan). The S was-méltrated
into the Ketjen Black (KBat 157C for 12h then the excess S was burned off at@%0
create a sulfur:KB composite with approximately 50 wt.% S. The S/KB composite was
mixed with polyacrylic acid (PAA)(450,000 MW, Aldrich, USA)and PureBlack®
(Superior GraphitdJSA) as bindeand conductive additive, respectively. The components
are mixed in a 70:20:10 S/KB:PAA:PB weight ratio. A 1:1 ethanol:water mixture was used
as the slurrybés solvent. The mixture was
viscous slurry. The sty was cast on aluminum (Al) foil (MTI, USA), dried in air,
punched into disks, and then dried in a vacuum overd r 12 h. The electrodes
produced had a sulfur loading of approximately@dgS/cnt. The S/KB electrodes were
assembled into 2032 couells using a Celgard 2500 separator, Li f0il75mm thick,

99.9%,Alfa Aessar) and 3QL of electrolyte.

5.2.2 Electrolytes

Electrolytes consisting of 0.1Mthium bis(trifluoromethanesulfonyl)imidéLiTFSI,
SigmaAldrich, USA), sulfolane (SL, >99%purity, SigmaAldrich), and 11,2,2

Tetrafluoroethyl 2,2,3;8etrafluoropropylethe(HFE, >95% purity, TCI Chemicals) were
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mixed with SL:HFE molar ratios of 1:1, 1:2, 1:3, 1:4, 1.5, 1:6, and 1:10. The comparison
0.1M LIiTFSI + 0.1M LING in 1:1 1,2 DME:1,3DIOX (DME - 99.5%, Sigma Aldrich,

DIOX T 99.8&, Sigma Aldrich) electrolytes were also prepafedadditional 1M LiTFSI

in 1:2 SL:HFE was also made for comparison. Unless otherwise noted, all data shown are
for 0.1M electrolytes For characterization measunents (viscosity, conductivity,
polysulfide tests), sulfolane was used as received. For electrochemical tests, sulfolane was

further purified via vacuum sublimation followed by 3A molecular sieves.

The chemical structure amsimplified schematics of theolvents used in this work
and theLLCE system are given ifrigure 30. A RheoSense pViscometer (RheoSense,
USA) was used for viscosity measuremeidsic conductivitymeasurements were done
usingelectrochemical impedance spectroscdfiys(Gamry Interface 1000, USA) on Li/Li
symmetric ceB. The ohmic resistance and the cell dimensions were used to calculate the
ionic conductivity.Raman spectra of all electrolytes weaaken with a Renishaw Raman
Spectrometer\(is / nearlR, USA) using a 785nm laser. Samples were sealed-tighir
septum vials for analysig:or the pulsedield gradient (PFG) NMR measurements all
samples were prepared in standard 5 mm (0.d.) NMRsturséde an Adfilled glovebox
and sealed with Teflon tap&ll samples were allowed to equilibrate for 30 min inside the
spectrometer before analysis to minimize the effects of convection in the diffusion
measurements. A Bruker Avance Il NMR spectrometpripped with a Dif60 diffusion
accessory was used to measurediffision coefficients of each component across a range
of compositions: SL/TFE'H, 399.9 MHz), TFE/TFSK*°F, 376.3 MHz), and L ("Li,
155.4 MHz). A stimulated echo sequence (Brukati f f St e0) was wused to

data and the diffusion coefficients were computed with the T1/T2 relaxation module of
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Brukerds TopSpin software package. A gradi

experiments. The gradient strengtwasvaried between 268 0 0  &Gakd the diffusion

ti me o v ar i-18@mshependirey emthe 2uklei being measured.

Polysulfide stability in each electrolyte composition was analyzed by mixing
stoichibmetric amounts of S and Li2S in 0.1M LiTFSI, 1.y SL:HFE fory =1, 2, 3, 4, 5, 6,
and 10 to create 0.01M polysulfide solutions. LITFSI was first dissolved in the SL. Then
the S and Li=2S were dissolved in the solution to ensure the reaction to formifEgsu
Lastly, the HFE was added to produce the desired solvent ratio. Solutions were then stirred
at 40°C for 5 days and at room temperature for another 5 days to ensure the reaction went
to completion. Solutions dfi>S,, Li2S, LizSs, Li2Se, were maddor each SL:HFE ratio,
centrifuged to separate precipitates, and analyzed withVI$V(Avantes, AvaSpec
ULS2048CL-EVO-RS, Netherlands). Reference samples were also made with 0.1M
LITFSI + 0.1M LINO3 in 1:1 DME:DIOX. Analysis of solution color was used to

gualitatively compare polysulfide concentration in solution

(b)o\\ L @ Salt \\_ \
S -~~~ Solvent _~~ >%( -‘{:/\/
_ \_ Dilutent =L M _/&

Figure 30. Chemical structures of (a) 1,1,2,Z etrafluoroethyl 2,2,3,3
tetrafluoropropylether (HFE) (b) sulfolane, and (c) localized low
concentration electrolyte (LLCE), where green circles indicate localized
salt/solvent regions, SL is the solvent, and HFE i&i¢ dilutent.

5.2.3 Electrochemical Testing
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Chargedischarge testing was done on an Arbin system (BT2X43, USA). Samples
were cycled between 1.6 and 2.8V vs. Li/LAll samples underwent a first discharge at
C/20. Inrate testing, this was followed by chaigjecharge cycles at C/20, C/10, C/5, and
1C. For long term tests, cells were discharged at C/50, then cycled at C/5 for 200 cycles.
EIS spectra were taken in the frequency range 1 MBD1 Hz before and afterding.

For the 1:2 SL:HFE ratio, cyclic voltammetry (CV) testing was done for 100 cycles at a

rate of 0.1mV/s. EIS was done before testing and &ycles during cycling.

5.2.4 PostMortem Analysis

After testing, cells cycled for 200 cycles were disassembiegshed with
dimethoxyethane (DME), and dried in a desiccator under vacuum for 12 hours to remove
residual solvent. Scanning electron microscopy (SEM) and energy dispersive spectroscopy
(EDS) were used to analyze surface features of the S/KB cathodesaandes. A Hitachi
8200 SEM microscope (Japan) was used in this studgpy>photoelectron spectroscopy
(ThermoeK Alpha, USA) was used to evaluate surface species for the tested cathode and

Li SEI.

5.2.5 Molecular Dynamics Simulations

Molecular dynamics (MD)imulations were performed dhe~0.1M LiTFSI SL-
HFE electrolytesat SL:HFE ratios of 2 and With LioS and 1M LiTFSI S-:2HFE doped
with 0.37M LS4 added to examinéhe influence of electrolyte composition of the
polysulfide aggregationCompositions of MD simulation cells are given in Table §1.
manybody polarizable force field (APPLE&P) was used for simulations withShe

LiITFSI and LS4 parameters taken froprevious worki’" 187 188 while HFE force field
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was derived for this work. Partial charges were determined by fitting eleaticoysbtential

on a grid of points around the molecule for multiple conformers from MP2iapygTz
calculations. Torsional parameters were fit to MP2/axtgvTz energies at wB97XD/6
311+G(2df,p) geometriesMD simulation methodology is given in Suppogin
Information. In order to speedup ion transport and aggregation, MD simulations were
performed at 363 K with first 40 ns discarded as equilibration. Statistics was collected over

the last 17 ns of simulations.

The Ewald summation method was used for feeteostatic interactions between
permanent charges with permanent charges and permanent charges with induced dipole
moments with k = 63 vectors. Multiple timestep integration was employed with an inner
timestep of 0.5 fs (bonded interactions); a centmaétstep of 1.5 fs for all nonbonded
interactions within a truncation distance of-8.0 A and an outer timestep of 3.0 fs for all
nonbonded interactions between 7.0 A and the nonbonded truncation distance of the
smaller of 11 A. The reciprocal part of Bld was updated only at the largest of the multiple
time steps. A Noseloover thermostat and a barostat were used to control the temperature
and pressure with the associated frequencies €2 a8d 0.1 x 18} fs. The atomic

coordinates were saved every2fpr postanalysis.

Solvent and ion seMiffusion coefficients and conductivity extracted from MD
simulations are given iffable4. They show that increasing fraction of HFE increases
dynamics of all species but conductivity decreases due to increased salt aggregation and

localization of the SLLITFSI-rich domains as shawin Figure30(a-b).
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Table 4 Solvent and ion seHdiffusion coefficients (D) in (1010 m2 s1) and ion conductivity from MD
simulations at 363 K

HFE:SL=2 HFE:SL=5  HFE:SL=2

c(M) LiTFSI 0.09 0.12 1.0
Number of SL 390 182 80
Number of HFE 780 912 160
Number of LiTFSI 16 16 42
Number of LpS4 8 8 16
D(SL) 14.5 17.1 1.8
D(HFE) 17.7 24.1 9.3
D(TESI) 7.4 6.1 0.68
D(&) 2.3 5.2 0.54
D(Li) 3.6 5.3 0.57
conductivity (mS cr) 0.98 0.52 1.1
lonicity 0.18 0.07 0.15

5.3 Results and Discussion
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5.3.1 Computational Results

(a) HFE:SL=2 (b) HFE:SL=5
% z N @

——8-S, HFE:SL=2
104 ——SL-SL, HFE:SL=2
' — =8-S, HFE:SL=5
{ — — SL-SL HFE:SL=5
’

g(r)

5 10 15 20 25 30 2 »
rA) M

Figure 31 (a-b) MD simulation boxes of SL-LITFSI -Li2S4 electrolytes for
HFE:Li=2 (a) and HFE:Li=5 (b) with HFE shown as wireframe the SL-
LiTFSI -Li2S4 are highlighted by purple isosurface; (c) radial distribution
functions of the terminal sulfur of S4 (S-S) andand SL for electrolytes
shown in (a) and (b), (d) a representative cluster.

Snapshots of MD simulations cells are showRigure31a,b fortwo compositions
HFE:SL ratios 2 and 5, they confirm that HFE behaves as antisolvent with*taed.i
anions being localized in the Slch domains. Purple regions repres8htLiTFSI-Li2S4
domains.Figure 32 shows that Li has the highest probability of being coordinated by
anions following by oxygens of SL, while no oxygens of HFE contribute tdithérst
coordination shell. Increasing the ratioHfFE to SL from 2 to 5 decreases available SL

for solvating Lf resulting in higher salt aggregation as reflected by high€(IIFSI) and
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Li-S(S4) peaks showhigure 32. Importantly, the nanodomain structure of SL solvents
modulates a dramatic increase of ®calization and aggregation in SHFE electrolyte
compared to SI2ZHFE electrolyte as shown figure31(c-d). Such location is consistent
with the reduced solubility of k&4 is SL-5HFE electrolyte and is expected to facilitate

conversim of longer polysulfides into shorter sulfides.
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Figure 32. Radial distribution functions g(r) and running coordination numbers n(r) from
MD simulations of SL-xHFE (x=2,5) electrolytes doped with LiTFSI and Li2S4.

5.3.2 Electrolyte Characterization

The viscosity, conductivity, and component diffusivities of all the electrolytes
considered are compared Hror! Reference source not found. Since SL is more v
iscous than HFE, as the HFE content increases, the viscosity decreases. All the SL:HFE
electrolytes are more viscous than the low concentration DME/DIOX electrolyte.
Conductivity, calclated from the ohmic resistance of a Li/Li symmetric cell after EIS,
similarly shows decreasing conductivity as HFE content increases. HFE has much lower
solubility for Li*than SL, explaining the decrease in conductivity with the decrease in SL
content. Al SL:HFE electrolytes have lower conductivity than the DME/DIOX
electrolyte!®® For testing, the DME/DIOX electrolyte required additional 0.1M L§N®

produce high capacity at low concentration, whereas the SL&tHeE olytes did not. The
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higher concentration and the higher solubility fof in the DME/DIOX electrolyte may
account for the difference in conductivities. The transference number also increases with
HFE content. Diffusion coefficients, from NMR, (Tadlgof Li* and TFS1both increase

with HFE content. Raman spect@dure 34) of pure solvents and electrolytes shows a
clear transition between SL and HFE as thesathange with no visible additional peaks

attributable to LiTFSI due to the low concentration.

lonicity (Figure 33d) is calculated by taking the ratio of the molar conductivity
calculated from NMR results to the molar conductivity calculated from symmetric cell EIS.

lonicity clearly decreases with increagi HFE content and values are in line with the
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Figure 33. (a) Viscosities, (b) conductivities, (cand transference numbers of electrolytes at 0.1M LiTFSI
in given ratios of SL:HFE (+0.1M LiNOz for DME/DIOX), (d) lonicity - ratio of molar conductivity
calculated from NMR to molar conductivity calculated from symmetric cell EIS

computational results above. The decrease in iconicity with increasing fltEter
confirms higherionic aggregatiorwith higher HFE content. The lower iconicity at high
SL:HFE ratios also explains the deciagsonductivity, as fewer species are participating
in conductivity when there is higher aggregation. Significant deviation from ideal in the

Walden plot Figure35) aso indicates a high degree of iaggregation.
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Table 5 Diffusion coefficients of electrolyte components.

D- Li
SL:HFE

1:1 1.2
1:2 1.5
1:3 17
1:4 2.0
1:5 2.2
1:6 2.3
1:10 2.5

D-SL D - TFSI- D - HFE 19F
m2/S (x10-10)
2.5 2.5 1.6
3.1 3.4 1.9
3.8 43 2.0
4.1 4.9 2.1
4.4 5.3 2.1
4.5 5.6 2.1
4.6 6.4 2.3
5
e 11
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Figure 35. Walden plot of molar conductivity vs. inverse

viscosity for all electrolyte solutions.
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Figure 34. (a) Raman spectra of all electrolyte
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5.3.3 Electrochemical Testing

Electrochemical performance 0fLIM LiTFSI + 0.1M LING; in DME/DIOX was
compared withithat of0.1M LITFSI in SL:HFE ratios of 1:1:10. Figure 36a shows the
comparison ofl:2 and 1:5 ratioby rate(additional results of the other ratios are given in
Figure37). The SL/HFEbased electrolyte consistently produces higher capacity than the
DME/DIOX electrolyte across all SL:HFE ratios, suggesting reduced dissolution of the
active material. The DME/DIOX electrolyte shows the conventional two plateawadjgch
behaviori the first plateau at ~2.4 V vs. Li/Li+ corresponding to the formation of-long
chain polysulfides and the second one at ~2.1 V vs. Li/Li+ corresponding to the lithiation
of long-chain polysulfides and their transformation to shorter chapuygsulfides, and

1500
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(a) 51%2t:§§ 281 — 12 SLHFE ,(b) 28 DME/ , | | (¢)
[ 11 DMEDIOX 15 SLHFE i DIOX || / f
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Figure 36. Electrochemical results showing (a) comparison of rate performance of 0.1M LiTFSI in
DME/DIOX and all fluorinated electrolytes, (b) discharge curves at C/10 representative discharge
curves by rate for 0.1M LiTFSI in (¢) DME/DIOX, (d) 1:2 SL:HFE, (e) 1: 5 S.:HFE.

eventually LpS? Interestingly, in the SL/HFE electrolytes, a third lower vgdtappears
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at ~1.9 V vs. Li/LT, which we assign to a higher overpotential direct transformation of S

to short chain polysulfides and.S, as often observed in quasilid state reactiond.As

the proportion of HFE increases, the cells discharge behavior changes between 1:3 and 1:4
SL:HFE Figure38b, Figure37), where the second plateau nearly completely disappears.
Figure 36d-e comparethe shape of the discharge profiles (br2) and (1:5yatios The

change irthe discharge behaviaan be seen particularly clearkigure 36b, where we
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Figure 37. (a)Full charge and discharge capacity across-@ates for all SL:HFE ratios evaluated,
charge/discharge curves for (b) 1:1, (c) 1:2, (c) 1:3, (e) 1:4, (f) 1:5, (g) 1:6, and (h) 1:10 showing tl
evolution in discharge behavior.

compae bothcharge and discharge curves at C/1these two electrolytes with that of

conventional DME/DIOX mixture

85



The change in reduction mechanism has two compsnél) the appearance of a
3 Jow voltage plateau and (2) the shrinkage and near disappearance Hfplae2u as
the HFE proportion increases. Increasing the HFE content clearly increases the fraction of
capacity that is borne by the third platekig(ire38). This is consistent across aHr@tes
for the solvent compositions where tHgBateau appear§igure38c-d). We propose that
as the proportion of HFE increases, the ability to form Homgin polysulfides from S in
such an electrolyte system noticeably decreases. As a positive outcome, tléiathissb
the polysulfides is reducedignificantly, leading to higher capacityFigure 36a).
Effectively, at SL:HFE > 1:4 we observe a shift of the reaction pathwaigtiassolid-
state reaction largely reducing S te$dand eventually to L5 on the cathodé-{gure38).

This leads to an experimentally observed higher overpateWe also cannot exclude a
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Figure 38. (a) Discharge curvedor 1:2 SL:HFE showing three distinct
plateaus; breakdowns of percent of capacity per platea(b) for all
SL/HFE electrolytes at C/10c) for SL:HFE = 1:2 for all rates, (d) for
SL:HFE = 1:5 for all rates.
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possibility of developing anode SEI resistance, which may further lower the plateau

voltage.

Figure 38c,d break this down by rate for 1:2 and 1:5 SL:HFE electrolyte
compositions and show the stark difference in proportion of capacity coming frorfi the 1
and 29 plateaus for a high and low SL:HFE ratio. Importantly for the 1:5 SL:HFE case,
the capacity in the firshnd second plateau is relatively constant as the rate increases;
however, the total capacity decreases, making their proportion in¢Fégaee 37). This
means that # capacity loss is coming off th& Blateau most likely as the kinetics of the
guastsolid-state reaction is the slowest. Other contributions to the reduced rate may
include a buildup of polysulfides on the separai®and the gowing, resistive SEI on the

anode.

5.3.4 Polysulfide Solubility Tests

To explain the surprising discharge behaviotusons ofLi»S,, Li»S4, Li2Ss, and
Li»Ss for each SL:HFE rativere madeKigure39a). Asthe LixS, chain length increases,
the solution color lightens, indicating a lower concentration of polysulfides and a decreased
solubility. Similarly, as the HFE content increases, ttwygulfide solubility also
decreases. Additionally, theaS in the 1:1 SL:HFE solution was the only solution where
the polysulfides fully dissolved; all other polysulfide solutions formed precipitates upon
addition of the HFE and throughout the sevesagisbf heating and stirring. Uwis (Figure
3%-f) demonstrates the decreased intensity with increased amount of HFE. 1:1 and 1:2
SL:HFE show a broader color spectrunmareas higher SL:HFE ratios show one narrower

peak that decreases in intensity with more HFBure 39f compareghe different chain
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lengths for 1:2 SL:HFE. There id@crease in intensity and loss of the higher wavelength
peak with the increasing polysulfide chain length. While stoichiometric solutions®f Li
and S are intended to yield specific polysulfide chain lengths in solution, realistically,
disproportionatiomeactions occur and a range of polysulfide chain lengths emerge, which
UV-vis cannot separate out. However, the lightening color is an indication of change in

overall concentration.

(a) DME/ (b) Li,s,| [SL:HFE
SL:HFE 11 1:2 1:3 1:4 1:5 1:6 1:10 DIOX 3 — 1:4
—_—1:2 1:5
i . . .' .' 21 —1:3 16
Li,S, i ~11 \-\ 1:10
l ' =] 0 DME/DIOX
. ‘ -ﬁ- oA \Q - C 5 ) LS| fe) Li,S,
HR 3
Li,S, ' { | l % 27
n o O
L — — ‘, g 1- ~—
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a.‘ilﬂi ,
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Figure 39. (a) Optical images of supernatant of polysulfide solutions (0.01M Li2Sx in 0.1M LiTFSI,
given SL:HFE) after preparation and centrifugation; (b-f) UV-Vis of polysulfide solutions for (b)
Li2S2, (c) Li2S4, (d) Li2S6, and (e) Li2S8 for all SL:HFE ratiosand (f) all Li2Sx chain lengths for the
1:2 SL:HFE ratio.

Raman and FTIR spectra of the polysulfide solutiéghigure40) do not show any
additional polysulfide peaks, likely due to the extremely low concentration. The
polysulfide tests show that shorter polysulfide chain lengths are more soluble in the
SL/HFEbased electrolytes and that polysulfides are not staliese electrolytes at high
concentration. 10x dilution with the given ratio of SL:HFE to determine the solubility limit
of each polysulfide did not dissolve the precipitates, indicating an extremely low

polysulfide solubility.
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Figure 40. (a) Raman spectra of polysulfide solutions of all chain lengths for the 1:
solvent ratio, (b) FTIR spectra of polysulfide solutions of all chain lengths for the
1:1-1:3 solvent ratios.

5.3.5 Comparison to 1M

In order to more deeply understand thepatt of solvent ratio and salt
concentration on electrochemical performance, 1:2 SL:HFE was evaluated BigLixé (
41). AsFigure4lashows, the discharge capacities acrosat€s for the 1M 1:2 electrolyte
is very similar to the 0.1M 1:2 electrolyte; however, there are some noticeable differences.
Primarily, in the 1M case, the 2.1V discharge plateau is missing and the reaction largel
follows the single low voltage platedtigure41b offers some insight into this difference.
Since the LiTFSI is solvated by the SL and the HFE Igrgets as a nesolvent, it is
useful to calculate the concentration of LITFSI in just the SL and not the whole electrolyte.
This indicates that the 0.1M LiTFSI in 1:2 SL:HFE is closer to 0.5M in the concentrated
regions and the 1M is closer to 4M. At sudlgh concentration, more SL molecules are
used to solvate the LiTFSI and fewer remain to solvate the PS, pushing the reaction into
the quassolid-state regime formerly only seen at the higher SL:HFE ratios. MD
simulations confirm that k&4 are localizednly in the highly concentrated 4M LiTFSI SL
nanodomain as shown figure4lc. Most of SL molecules (80%) are bound to one or two

Li* as expected for the localized tsial-solvent electrolytePrevious MD simulations of
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electric double layer for saib-solvent electrolytes showed that anions preferentially
adsorb on the positive electrode pushing the solvent complexed ittd_the outer part

of Helmholtz layet® We expect similar deavior for the localized sailh-solvent
electrolyte where the majority of 1S4 will be partitioned to the inner part of the Helmholtz

layer at the positive etérode making it readily available for redox reactions.

Voltage (V)
in SL (M)

LiTFSI Concentration

0 300 600 900 1200 1500 1:1 1:2 1:3 1:4 1:5 1:61:101:2
Capacity (mAh/gg) SL:HFE

Figure 41. (a) Rate testing results for 1M LiTFSIin 1:2 SL:HFE, (b)
concentration of LiTFSI in just SL for each SL:HFE ratio, (c) MD
simulation box for 1M LiTFSI in SL:HFE=1:2 with 0.37Li2S4, van der
Waals surface around SL molecules is shown in red, HFE are shown as
wireframe.

5.3.6 Long Term Testing

The electrochemical stability of S cathodes in 1:2 and 1:5 SL:HFE electrolytes was
evaluated for 200 cycles at the C/5 rate after an initial discharge atFigbded2). The
coulombic efficiency (CE) of the 1:5 electrolyte is higher than that of the 1:2 as the higher
HFE content leads to stronger suppression of the formation otlwig polysuides and
leads to reduced cathode capacity losses from their dissolbtgur€42a), side reactions,
and the shuttle effect. The SL/HFE electrolytes show substgrdigderior capacity to the

DME/DIOX electrolyte, as might be expected from high solubility of polysulfides in

9C



DME/DIOX (Figured42a). Somewhat to our initial surprisegpite suppressing polysulfide
dissolution the SL/HFE electrolytes suffered from faster degradation over the course of
200 cycles. The capacity losses correlated with steadily rising polarization and resistance
in such cells Figure 42). The diffusioncontrolled tail in EIS also becomes dominant,
indicating the difficulty of transporting Li Additionally, the midvoltage plateau in 1:2
electrolyte shrinks as the cyclamber increases and the discharge profile becomes similar
to that of the 1:5 electrolyte (compdfeyure42c and d). This may potentially indicate a
reduction in the SIHFE ratio as a result of SL consumption to side reactions, such as solid
electrolyte interphase (SEI) formation, or a from the resistive layer on the Li increasing

cell resistance and suppressing the plateau voltage.
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Cyclic-voltammetry (CV) of the 1:2 SL:HFE cell demonstrates the shift in
discharge plateaus with increasing cycle numbagufe42). EIS, taken every 25 cycles,
also shows a clear increase in resistance throughout the course of the test, after initial
equilibration with the first cycle. The increase in resistance may come from the SEI layer

as it grovs o the Li metal throughout cycling.
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Figure 42. (a) Longterm cycling of all electrolytes, (b) EIS before (top) and after (bottom) long
term cycling, (¢-d) charge/discharge curves during long term cycling for (c) 1:2 anfl) 1:5
SL:HFE electrolytes. (§ EIS at 10 cycles and every 25 clgs throughout CV cycling and () CV
scan at 0.1mV/S.

5.4 PostMortem Analysis
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In order to gain insights into a possible degradation mechanism, we conducted post
mortem analyses followinfpng-term testing on both sulfur cathodes and Li foil anodes
(Figure43). The separator in the 1:2 SL:HFE cell was more yellow than for the cell tested
with 1:5. This hdicates polysulfide suppression was greater with the higher HFE content,
consistent with previous measuremenisgre 39). The most important result that
explained theobserved lack of cycling stabilityrigure 42) was the formation of a very
thick and brittle SEI layer on the Li anode foil in cells with 1:2 SL:HFEre43). This

effect has also been seen in high concentration electrolytes with similar séN&RS

Voltage (V)

L - - Y e e

Figure 43. Post mortem of cells tested for 200 cycles with 0.1M LiTFSI in 1:2 and 1:5
SL:HFE electrolytes. Disassembled cell components for{a e) 1:2 and (ed, f) 1:5. SEM
images of 1:2 (a) cathode and (b) anode, 1:5 (c) cathode and (d) anode. (g) EDS
comparison of electrode and Li for 1:2 and 1:5 electrolytes.

indicates this SEI layer is primarily composed of oxygen (O), with S, C, and F also being
present. Though the component species forming the SEI are similee ®ME/DIOX
electrolyte, the effect on degradation is more extreme. The increase in resistance
throughout testing, as shown with the CV experiment, combined with the visible SEI layer,

support the theory of the thick SEI limiting access to the activerrabof the underlying
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Li metal electrode and trapping species at the surface. Such a thick layer may explain much
fastercapacity loss in the Shased electrolyteAlthough small Figure39) such a gradual
dissolution of the short chain polysulfides into electrolyte and their subsequent
precipitation on the anode would contribute to SEI buildup and some loss of active material
from the cathode. Ahick SEI would limitLi* diffusion to the metal surface, deplete the
electrolyte, and cover the Li metal available to re@tearly, diminating long-chain
polysulfide formation inLi-S cells is important, but not sufficient to eliminate cell
degradation. The formation of bta SEI is equally important. SL in particular is especially

prone to dissociation on the Li metal andgfet®?

Nevertheless, no observable changes to the cathode morphology or structure were
observed, compared to the DME/DIOX caBgy(re44). According to EDS measurements
on the cathode, O and F, common cathode electrolyte interphase (CEI) components,
accompany the expected S and C peé&lgufe 43). The surface composition was also
investigated further with Xay photoelectron spectroscopy (XP&)glre 46). On the
cathode sideHigure46a-d), the two electrolytes show similar surface species. The 1:2 case
shows slightly more polysulfide spesiand LiS on the surface than the 1:5 case. A blend
of carbon species is present on the electrodes tested with both electrolytes. Nefably C
and many @0 species are identifiable. These species are produced via electrolyte
decomposition. Interestinglyo significant N peak was visible in EDS or the XPS survey

scan, indicating a preferential decomposition of SL over TFSI
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Figure 44. SEM of cathode tested with 0.1M LiTFSI +
0.1M LiNOS3, 1:1 DME:DIOX for 200 cycles

On the anode side, SEM reveals dense surface features of varying sfifigtune
45). The thick SEI layer on the anode may contribute to the cgmiessay throughout long
term testing and the high surface area features provide a large area for furtheil Bag
reactions®® EDS indicates this layer is primarily composed of O, with S, C, and F also
being present. From XP&igure46e-h), sulfites and sulfatare present in the 1:2 and 1:5
cases as reaction products of electrolyte decomposition. The cell tested with the 1:5
electrolyte shows less intensity of»&i and sulfur atoms in a central position in a
polysulfide chain. Sulfur in terminal positions steavsimilar intensity to the 1:2 cell. This
may mean there are more short chain polysulfide species on the anode side in the 1:5 case,
either from fewer species dissolving and diffusing to the anode or frora complete
reduction. LiF Figure4b5, Figure47) is also an important component of the anode SEI.
The carbon species on theode are varied in both the 1:2 and 1:5 electrolyte cases, though
similar species are seen on the anode as on the catheOe.fe@tures indicate

decomposition of the HFE or a more complicated decomposition of SL or LiTK3I. S
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species may come from decompios of SL or LiTFSI and LiF and CF species may

come from HFE oLiTFSI.

.‘.“ v
. ; C Kol 2

1:5

N Kal_2

f 10pum ' 10pm 10pm ¥

Figure 45. EDS results (S, O, F, C, N) for Li anode for (d) 1:2 and (g1) 1:5 SL:HFE.

Figure 46 displays the relative proportion of elements on the cathode and anode
surface for the 1:2 and 1:5 electrolytes. For the cathode, there is less O and S and more C
and F in the 1:2 than the 1or the anode SEI, the 1:2 electrolyte has more O, slightly

more S tharthe 1:5 electrolytepotentially indicating higher SL reduction in the 1:2 case.
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Figure 46. S and C XPS spectra of cathodéa-d) and Li (e-h) surfaces after long term testing(i)
Quantitative breakdown in elements on SEI and cathode surface. Li, O, and F spectra given in

supplemental information.
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Figure 47. XPS spectra of the cathode and anode for Li, F, and @fter testing for 200 cycles at C/5
with the (a-f) 1:2 and (gl) 1:5 SL:HFE electrolytes

5.5 Purification of Sulfolane

Sulfolane ageceived contains a small percentage of impurities. While a small
amount of impurities is expected in a commercial solvestliimlanebased electrolytes

they can have a particularly deleterious effect. This section focuses on a brief discussion

of the effect of sulfolane purification on performance.
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Sulfolane was purified by vacuum sublimation and 3A molecular sieves. As
received sulfolane appears anywHheeénveen clear and slightly yellow. Upon purification,
the sulfolane appeared clear and a slight yellow residue was left behhel remaining
unpurified solventThe previous section discussed the strong results of a Stisds&d
electrolyte; however,raunpurified solvent negatively impacts capacity and stab#illy.
previous electrochemical results utilized purified SL, what follows is a discussion of the

rationale for the extra purification step.

1800 _
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Figure 48. (a) discharge capacity of 1:2 SL:HFE célsing asreceived SL, (b)Comparison of
discharge capacities of cells tested with SL as received (solid columns) vs purified SL (dashed
columns).
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Purified and aseceived Skbased electrolytes display the same discharge behavior
across SL:HFE ratios. The change in discharge curve shape and transsti@pé as the
proportion of HFE increases is consistent between the purified aneceised SL.
However, the discharge capacity is significantly lower in the case of ttex@ised SL
(Figure48). In long term testing, while both Shased electrolytes decay and have similar
CE, the overall capacity of the purifie&L is higher(Figure 49). Based on these
electrochemical results, the purification of SL is shown to be extremely important in

achieving high capacity, but is not the deciding factor in discharge mechanism.
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Figure 49. Comparison of bng term cycling of cells with are
received and purified SL. Three example cells per SL:HFE ratic

5.6 Conclusion

In this study we investigated the application lotalized low concentration
electrolytes (LLE, ~0.1M in lithium-sulfur (Li-S) batteries. In particular, we explored

the effect of SL:HFE electrolyte solvent ratios on attainab!® battery capacity operagjn
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in the low concentration electrolyte regime. These studied LLCEs enabled dramatically
higher capacity than the DME/DIOX electrolyte for all SL:HFE ratios. This is due to the
polysulfide suppression of the HFE and a decreased loss of active materigltderiinst

cycle with the greatly reduced formation of ledggain polysulfides and the accompanied
shrinkage of the 2.1V discharge plateau with higher HFE content, as insglidsitate
reactions:’* Despite suppression of the polysulfide shuttle, gradual increase in the anode
SEI thickness and continuous electrolyte and polysulfide consumption on the anode was
cauwsing increasing resistance and capacity decay during cycling. While further tuning
LLCE is needed to attain the desired anode SEI stability, the low concentration SL/HFE
electrolyte system shows great promise for the combination of polysulfide suppression,

low electrolyte viscosity, and high capacity in rate testing.
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CHAPTER 6. SCOPE FOR FUTURE WORK

This work has demonstrated the benefits of low concentration electrolytes for
lithium sulfur batteries and the effect of solvent composition on performance. However,
the study of low concentration electrolytes in LiSBs and sulfolane/fluorinatedhetbed
electrolytes in particular is far from complete. The work presented here has ofpstuni
for optimization and serves as inspiration for new directions of Widrise directions can
be summarized ifour categories: advancements in high loading cathodes, new directions

in highly fluorinated ethers, in situ experimergadinvestigation imo used Li anodes

6.1 High Loading Cathodes

The high loading cathodes presented here are carbon cloths, which show the proof
of concept of low concentration electrolytes, but do not include the polysulfide trapping
and other optimization strategies that easenmon in low loading cathodes. In particular,
employing metal oxide coatings can help trap polysulfides when such a large amount of
sulfur is present. Cathodes with advanced nanostructures of precisely formed carbon
nanoparticles that are specialties tfier research groups could be combined with the

electrolytes investigated here to form a more robust system.

6.2 Highly Fluorinated Ether Electrolytes

The highly fluorinated ether electrolyte in this work displayed unique discharge
behavior and it is unknowt this discharge behavior across differbighly fluorinated
etherchemical structures. It would be beneficial to investidaggly fluorinated ethex

with different numbers of fluorine atoms as well as structures with the same number of
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fluorine atoms bt in different positions. Since the polysulfide suppression comes from the
presence of many fluorine atoms, altering their number and structure to determine if the
discharge behavior seen here is consistentld be an interesting investigatidfurther

study in this direction would help elucidate the nature of polysulfide/electrolyte

interactions and inform strategies for letggm use of lithiunsulfur batteries.

6.3 In Situ Experiments

The study of sulfolankighly fluorinated etherelectrolytes presentetiere
explored their viability in the low concentration regime. Now that their performance in that
regime isshown to be strong, there is an opportunity to more deeply explore the underlying
mechanism. Ex situ and post mortem measurement, like the palgstdfst and XPS
presented here, give useful information on solubility and species present, but do not give
real time understanding of cell mechanisms. Additionally, given the-digisitivity of
polysulfides, their tendency to disproportionate, and ttyve@rlapping peak positions in
many spectrometry experiments, measurements like Raman and FTIR are not especially
informative. However, in situ Raman andAS experimentscan help track polysulfide
species in solution at different depths of discharge. fifisration would help inform the

hypothesis of the discharge mechanism presented in this work.

Further using in situ methods could help track the pace of SEI growth. This
information would help in the design of surface improvements to the Li metal dradde t

would minimize long term capacity degradation.

6.4 Investigations into Lithium Anode
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As shown inChapter 5, the anode grows a thick SEI during testing with low
concentration SL/HFbased electrolytes. This SEI contributes to cell degradation and loss
of cgpacity. To separate the effects of SEI growth and electrolyte consumption, it would
be useful to cycle a cell (0.1M LiTFSI in SL/HFE) for 100 cycles, then disassemble the

cell and perform the following experiments:

1. Take the used Li foil and make a freshl egth a new cathode, separator, and
electrolyte

2. Replace the used Li foil in the tested cell with a fresh Li anode and reassemble

After these two cells are assembled, they could be cycled anoti®05®/cles. In (1), if

the cell starts at a low capac@nd continues to degrade, the SEI will be responsible for
the initially low capacity. In (2)the negative electrolyte consumption would be shdwn i
the cell does not recover capacity or camégito degrade at the same ratél post mortem

analysis orthese samples would also be necessary.

104



LIST OF PUBLICATIONS (2016-2021)

Glaser, R.; Wu, F.; Register, E.; Tolksdorf, M.; Johnson, B.; Ready, J.; Sanghadasa,
M.; Yushin, G., Tuning Low Concentration Electrolytes for High Rate Performance in

Lithium-Sulfur Batteries. Journal of The Electrochemical Society 2020, 167 (10).

Glaser, R.; Borodin, O.; Johnson, B.; Jhulki, S.; YushinM&imizing Long-Chain
Polysulfide Formation in 5 Batteries by Using Low Concentratiblighly Fluorinated

ElectrolytesSubmitted to Journal dflaterials Chemistry A ApriX, 2021 (to be subntted

after submission of this draft, but before completion of final dissertation)

10t



APPENDIX A. PERMISION LETTERS FOR COPYRIGHTED

MATERIAL

Start next page.

10¢



3/10/2021

Figures 1 and 2:

£ Copyright
Clearance
"(@ Center

Royal Society of Chemistry - License Terms and Conditions

This is a License Agreement between Rebecca Glaser ("You") and Royal Society of Chemistry ("Publisher") provided
by Copyright Clearance Center ("CCC"). The license consists of your order details, the terms and conditions
provided by Royal Society of Chemistry, and the CCC terms and conditions.

All payments must be made in full to CCC.

Order Date
Order license ID
ISSN

LICENSED CONTENT

Publication Title
Author/Editor

Date

Language

REQUEST DETAILS

Portion Type

Number of charts /
graphs / tables / figures
requested

Format (select all that
apply)

Who will republish the
content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

10-Mar-2021
1103253-1
1754-5706

Energy & environmental
science

Royal Society of Chemistry
(Great Britain)

01/01/2008
English

Chart/graph/table/figure
2

Electronic

Academic institution

Life of current edition
Up to 499

Main product

TUNING ACTIVE MATERIAL
MICROSTRUCTURE AND
ELECTROLYTE
COMPOSITION FOR
ENHANCED
PERFORMANCE OF HIGH-
LOADING CATHODES FOR
LITHIUM-SULFUR
BATTERIES

Type of Use

Publisher
Portion

Country

Rightsholder
Publication Type
URL

Distribution

Translation

Copies for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Institution name

Expected presentation
date

Republish in a
thesis/dissertation

RSC Publishing
Chart/graph/table/figure

United Kingdom of Great
Britain and Northern
Ireland

Royal Society of Chemistry
e-Journal

http://www.rsc.org/Publis
hing/Journals/EE/Index.as

P

Worldwide

Original language of
publication

Georgia Institute of
Technology

2021-04-30

https://marketplace.copyright.com/rs-ui-web/mp/icense/d61f896b-a258-407a-8639-791e997ca53b/261e8b3d-9973-4b0f-bbeb-b29e2¢ 191385

https://marketplace.copyright.com/rs-ui-web/mp/license/d61f896b-a258-407a-8639-791e997 ca53b/261e8b3d-997 3-4b0f-bbeb-b29e2¢19...

Marketplace™

1/4



3/10/2021

https://marketplace.copyright.com/rs-ui-web/mp/license/d61f896b-a258-407a-8639-791e997ca53b/261e8b3d-997 3-4b0f-bbeb-b29e2¢19...

Instructor name Rebecca Glaser

ADDITIONAL DETAILS

Order reference number N/A The requesting person / Rebecca Glaser

organization to appear
on the license

REUSE CONTENT DETAILS

Title, description or Figures 2 and 4 Title of the Conversion cathodes for
numeric reference of the article/chapter the rechargeable lithium and
portion(s) portion is from lithium-ion batteries
Editor of portion(s) Rebecca Glaser Author of portion(s) Wu, F.; Yushin, G
Volume of serial or 10 Issue, if republishing an N/A

monograph article from a serial

Page or page range of 438-439 Publication date of 2008-01-01

portion portion

CCC Republication Terms and Conditions

1. Description of Service; Defined Terms. This Republication License enables the User to obtain licenses for
republication of one or more copyrighted works as described in detail on the relevant Order Confirmation (the
"Work(s)"). Copyright Clearance Center, Inc. ("CCC") grants licenses through the Service on behalf of the

rightsh
means

older identified on the Order Confirmation (the "Rightsholder"). "Republication”, as used herein, generally
the inclusion of a Work, in whole or in part, in a new work or works, also as described on the Order

Confirmation. "User", as used herein, means the person or entity making such republication.

2. The terms set forth in the relevant Order Confirmation, and any terms set by the Rightsholder with respect to a

particu

lar Work, govern the terms of use of Works in connection with the Service. By using the Service, the person

transacting for a republication license on behalf of the User represents and warrants that he/she/it (a) has been
duly authorized by the User to accept, and hereby does accept, all such terms and conditions on behalf of User,
and (b) shall inform User of all such terms and conditions. In the event such person is a "freelancer" or other third
party independent of User and CCC, such party shall be deemed jointly a "User" for purposes of these terms and

conditi

ons. In any event, User shall be deemed to have accepted and agreed to all such terms and conditions if

User republishes the Work in any fashion.

3. Scope of License; Limitations and Obligations.

3:1:

3.2.

All Works and all rights therein, including copyright rights, remain the sole and exclusive property of the
Rightsholder. The license created by the exchange of an Order Confirmation (and/or any invoice) and
payment by User of the full amount set forth on that document includes only those rights expressly set
forth in the Order Confirmation and in these terms and conditions, and conveys no other rights in the
Work(s) to User. All rights not expressly granted are hereby reserved.

General Payment Terms: You may pay by credit card or through an account with us payable at the end of
the month. If you and we agree that you may establish a standing account with CCC, then the following
terms apply: Remit Payment to: Copyright Clearance Center, 29118 Network Place, Chicago, IL 60673-1291.
Payments Due: Invoices are payable upon their delivery to you (or upon our notice to you that they are
available to you for downloading). After 30 days, outstanding amounts will be subject to a service charge
of 1-1/2% per month or, if less, the maximum rate allowed by applicable law. Unless otherwise specifically
set forth in the Order Confirmation or in a separate written agreement signed by CCC, invoices are due
and payable on "net 30" terms. While User may exercise the rights licensed immediately upon issuance of
the Order Confirmation, the license is automatically revoked and is null and void, as if it had never been
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issued, if complete payment for the license is not received on a timely basis either from User directly or
through a payment agent, such as a credit card company.

3.3. Unless otherwise provided in the Order Confirmation, any grant of rights to User (i) is "one-time" (including
the editions and product family specified in the license), (ii) is non-exclusive and non-transferable and (jii)
is subject to any and all limitations and restrictions (such as, but not limited to, limitations on duration of
use or circulation) included in the Order Confirmation or invoice and/or in these terms and conditions.
Upon completion of the licensed use, User shall either secure a new permission for further use of the
Work(s) or immediately cease any new use of the Work(s) and shall render inaccessible (such as by
deleting or by removing or severing links or other locators) any further copies of the Work (except for
copies printed on paper in accordance with this license and still in User's stock at the end of such period).

3.4. In the event that the material for which a republication license is sought includes third party materials
(such as photographs, illustrations, graphs, inserts and similar materials) which are identified in such
material as having been used by permission, User is responsible for identifying, and seeking separate
licenses (under this Service or otherwise) for, any of such third party materials; without a separate license,
such third party materials may not be used.

3.5. Use of proper copyright notice for a Work is required as a condition of any license granted under the
Service. Unless otherwise provided in the Order Confirmation, a proper copyright notice will read
substantially as follows: "Republished with permission of [Rightsholder's name], from [Work's title, author,
volume, edition number and year of copyright]; permission conveyed through Copyright Clearance Center,
Inc. " Such notice must be provided in a reasonably legible font size and must be placed either
immediately adjacent to the Work as used (for example, as part of a by-line or footnote but not as a
separate electronic link) or in the place where substantially all other credits or notices for the new work
containing the republished Work are located. Failure to include the required notice results in loss to the
Rightsholder and CCC, and the User shall be liable to pay liquidated damages for each such failure equal
to twice the use fee specified in the Order Confirmation, in addition to the use fee itself and any other fees
and charges specified.

3.6. User may only make alterations to the Work if and as expressly set forth in the Order Confirmation. No
Work may be used in any way that is defamatory, violates the rights of third parties (including such third
parties' rights of copyright, privacy, publicity, or other tangible or intangible property), or is otherwise
illegal, sexually explicit or obscene. In addition, User may not conjoin a Work with any other material that
may result in damage to the reputation of the Rightsholder. User agrees to inform CCC if it becomes aware
of any infringement of any rights in a Work and to cooperate with any reasonable request of CCC or the
Rightsholder in connection therewith.

4. Indemnity. User hereby indemnifies and agrees to defend the Rightsholder and CCC, and their respective
employees and directors, against all claims, liability, damages, costs and expenses, including legal fees and
expenses, arising out of any use of a Work beyond the scope of the rights granted herein, or any use of a Work
which has been altered in any unauthorized way by User, including claims of defamation or infringement of rights
of copyright, publicity, privacy or other tangible or intangible property.

w

. Limitation of Liability. UNDER NO CIRCUMSTANCES WILL CCC OR THE RIGHTSHOLDER BE LIABLE FOR ANY DIRECT,

INDIRECT, CONSEQUENTIAL OR INCIDENTAL DAMAGES (INCLUDING WITHOUT LIMITATION DAMAGES FOR LOSS OF

BUSINESS PROFITS OR INFORMATION, OR FOR BUSINESS INTERRUPTION) ARISING OUT OF THE USE OR INABILITY

TO USE A WORK, EVEN IF ONE OF THEM HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES. In any event,

the total liability of the Rightsholder and CCC (including their respective employees and directors) shall not exceed
the total amount actually paid by User for this license. User assumes full liability for the actions and omissions of
its principals, employees, agents, affiliates, successors and assigns.

Limited Warranties. THE WORK(S) AND RIGHT(S) ARE PROVIDED "AS IS". CCC HAS THE RIGHT TO GRANT TO USER
THE RIGHTS GRANTED IN THE ORDER CONFIRMATION DOCUMENT. CCC AND THE RIGHTSHOLDER DISCLAIM ALL
OTHER WARRANTIES RELATING TO THE WORK(S) AND RIGHT(S), EITHER EXPRESS OR IMPLIED, INCLUDING
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WITHOUT LIMITATION IMPLIED WARRANTIES OF MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
ADDITIONAL RIGHTS MAY BE REQUIRED TO USE ILLUSTRATIONS, GRAPHS, PHOTOGRAPHS, ABSTRACTS, INSERTS
OR OTHER PORTIONS OF THE WORK (AS OPPOSED TO THE ENTIRE WORK) IN A MANNER CONTEMPLATED BY USER;
USER UNDERSTANDS AND AGREES THAT NEITHER CCC NOR THE RIGHTSHOLDER MAY HAVE SUCH ADDITIONAL
RIGHTS TO GRANT.

Effect of Breach. Any failure by User to pay any amount when due, or any use by User of a Work beyond the scope
of the license set forth in the Order Confirmation and/or these terms and conditions, shall be a material breach of
the license created by the Order Confirmation and these terms and conditions. Any breach not cured within 30
days of written notice thereof shall result in immediate termination of such license without further notice. Any
unauthorized (but licensable) use of a Work that is terminated immediately upon notice thereof may be liquidated
by payment of the Rightsholder's ordinary license price therefor; any unauthorized (and unlicensable) use that is
not terminated immediately for any reason (including, for example, because materials containing the Work cannot
reasonably be recalled) will be subject to all remedies available at law or in equity, but in no event to a payment of
less than three times the Rightsholder's ordinary license price for the most closely analogous licensable use plus
Rightsholder's and/or CCC's costs and expenses incurred in collecting such payment.

Miscellaneous.

8.1. User acknowledges that CCC may, from time to time, make changes or additions to the Service or to these
terms and conditions, and CCC reserves the right to send notice to the User by electronic mail or
otherwise for the purposes of notifying User of such changes or additions; provided that any such changes
or additions shall not apply to permissions already secured and paid for.

8.2. Use of User-related information collected through the Service is governed by CCC's privacy policy,
available online here:https://marketplace.copyright.com/rs-ui-web/mp/privacy-policy

8.3. The licensing transaction described in the Order Confirmation is personal to User. Therefore, User may
not assign or transfer to any other person (whether a natural person or an organization of any kind) the
license created by the Order Confirmation and these terms and conditions or any rights granted
hereunder; provided, however, that User may assign such license in its entirety on written notice to CCC in
the event of a transfer of all or substantially all of User's rights in the new material which includes the
Work(s) licensed under this Service.

8.4. No amendment or waiver of any terms is binding unless set forth in writing and signed by the parties. The
Rightsholder and CCC hereby object to any terms contained in any writing prepared by the User or its
principals, employees, agents or affiliates and purporting to govern or otherwise relate to the licensing
transaction described in the Order Confirmation, which terms are in any way inconsistent with any terms
set forth in the Order Confirmation and/or in these terms and conditions or CCC's standard operating
procedures, whether such writing is prepared prior to, simultaneously with or subsequent to the Order
Confirmation, and whether such writing appears on a copy of the Order Confirmation or in a separate
instrument.

8.5. The licensing transaction described in the Order Confirmation document shall be governed by and
construed under the law of the State of New York, USA, without regard to the principles thereof of conflicts
of law. Any case, controversy, suit, action, or proceeding arising out of, in connection with, or related to
such licensing transaction shall be brought, at CCC's sole discretion, in any federal or state court located in
the County of New York, State of New York, USA, or in any federal or state court whose geographical
jurisdiction covers the location of the Rightsholder set forth in the Order Confirmation. The parties
expressly submit to the personal jurisdiction and venue of each such federal or state court.If you have any
comments or questions about the Service or Copyright Clearance Center, please contact us at 978-750-
8400 or send an e-mail to support@copyright.com.
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Figurell

g Gemee Marketplace”

IOP Publishing, Ltd - License Terms and Conditions

This is a License Agreement between Rebecca Glaser ("You") and IOP Publishing, Ltd ("Publisher") provided by
Copyright Clearance Center ("CCC"). The license consists of your order details, the terms and conditions provided

by IOP Publishing, Ltd, and the CCC terms and conditions.

All payments must be made in full to CCC.

Order Date
Order license ID
ISSN

LICENSED CONTENT

Publication Title

Author/Editor
Date

Language

REQUEST DETAILS

Portion Type

Number of charts /
graphs / tables / figures
requested

Format (select all that
apply)

Who will republish the
content?

Duration of Use
Lifetime Unit Quantity
Rights Requested

NEW WORK DETAILS

Title

Instructor name

13-Mar-2021
1103944-1
1945-7111

Journal of the
Electrochemical Society

Electrochemical Society.
01/01/1948
English

Chart/graph/table/figure
1

Electronic
Academic institution

Life of current edition
Up to 499

Main product

TUNING ACTIVE MATERIAL
MICROSTRUCTURE AND
ELECTROLYTE
COMPOSITION FOR
ENHANCED
PERFORMANCE OF HIGH-
LOADING CATHODES FOR
LITHIUM-SULFUR
BATTERIES

Rebecca Glaser

Type of Use

Publisher
Portion

Country
Rightsholder
Publication Type
URL

Distribution

Translation

Copies for the disabled?
Minor editing privileges?

Incidental promotional
use?

Currency

Institution name

Expected presentation
date

111

Republish in a
thesis/dissertation

IOP Publishing
Chart/graph/table/figure

United States of America
I0OP Publishing, Ltd
e-Journal

http://www.scitation.org/J
ES

Worldwide

Original language of
publication

No
No
No

uUsD

Georgia Institute of
Technology

2021-04-30
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