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Abstract

Lithium sulfide (LkS) is a promising cathode material for lithitsulfur batteries (LSBs)
owing to its high theoretical capacity (1166 mA ) @nd potential for safer, scalable battery
architecturesin contrast tosulfur cathode Li,S enables direct pairing with commercial anode
materials, avoiding the safety risks of lithium metal. Despite these merits, practical application of
Li»S is challenged by its hygroscopic nature, which forms insulating LiQBI&urface layerthat
cause a large firsthargeoverpotential; its high melting point (~938 €), which prevents melt
infiltration into carbon frameworks; sluggish redox kinetics; severe polysulfide dissolution; poor
conductivity. Addressing these challenges requires integrated advances in binderetkxrsigale

engineering, and cathode nanostructuring.

The large firstcharge overpotentialue to theinsulating LIOH/LLO surface layer in L&
LSBs hinders activation and induces irreversible side reactrapter 3 proposes mitigating the
activation barrieby exploiting the reaction between polyvinylidene fluoride (PVDF) binder and
LiOH/Li 20 through dehydrofluorinatiofhe overpotential was successfully reduced from 3.74 V
with 30 min slurry grinding to 2.75 V by extending slurry stirring to 48bwever, PVDF was
also found to react with b$ itself, partially consuming active material and lowering discharge
capacity. Overall, this study provides mechanistic insights into the origin .8f agtivation
overpotential and demonstratéise dual role ofconvenional PVDF binders, whereslurry
processing with PVDF can effectively reduce the fitsarge barrier, while also highlighting the

limitations of PVDF as a binder for 4S electrodes

SincePVDF provedunsuitable for LiS electrodesChapter 4 investigates alternative binders
capable of enhancing the electrochemical performance,8fLISBs. A binder based on a zinc
acetate triethanolamine (Zn(OAEIEA) complex was developegwhichnot only provides strong
polysulfidetrapping ability but also exhibits redox catalytic activity, leading to markedly improved
capacity, rate capability, and cycling stability compared with PVDF. To further reinforce electrode
integrity and improve dispsion stability, polyethylenimine (PEI) was incorporated to form a
Zn(OAC)LTEA/PEI hybrid binder. Electrochemical testing showed thai3 cathodes emplayg
Zn(OAC)LTEA/PEI with 10 wt.% PEI achieved superior rate performance, high discharge capacity,
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and excellent longerm cycling stabilityAn additional advantage tiiesebinders is their fluorine
free composition, which aligns wiustainability goals and complying with emerging regulations,

including EU restrictions oper and polyfluoroalkylsubstance@PFAS.

In Chapter 5, an efficient precursor solution infiltratiaesecomposition strategy was invented
to synthesize LE@Carbon nanocomposites under mild conditions, overcoming the challenges of
Li.S6s high melting point, poor s ol ubJiS.linthisy , and
approach, LdS was first reacted with carbon disulfide B ethanol at ambient temperature to
form a highly soluble lithium trithiocarbonate §CiSs) precursor, which was readily infiltrated into
mesoporous Super P carbon (SP). Subsequent thermal decompositie@@L$P at 400 €
produced LiS@SP400 nanocomposites with a,BiSP mass ratio of 60:40, containing finely
dispersed LS particles (~11 nm) ufarmly confined within the Super P matrix. Electrochemical
testing demonstrated that these nanocomposites delivered a high discharge capacity of 821 mA h g
1(LioS)at 0.1 G equivalent to 1190 mA h'yS), and exhibited superior rate capability and cycling
stability compared to commercial .5, noninfiltrated LS nanoparticles, and maéiffiltrated

sulfur composites (S@SP).

The hermal decomposition of }€Ss precursorreleases a large amount of £&fas (~62 wt.%
of the precursor), which creates internal voids and limits tp®oia LiS loading. To address this,
Chapter 6 builds uponprecursor infiltratiordecompositiormethod witha multicycle stratey,
enabling higher Li2S content andjpore loading Using mesoporous Super P as the conductive
host and LiICS; as the precursor, repeated infiltratideacomposition cycles progressively increased
the pore filling factor (FF) and ipore L&S loading (IPL), from FF = 38% and IPL = 30% for
Li.S@SP1 (one cycle) to FF =91% and IPL = 73% fos3@ SP5 (five cycles), while also raising
the overall L3S content to 70 wt.%. Direct structural evidence from XRD and SEM confirmed
reduced crystallite size, suppressed external deposition, and unife@ndistribution in the
optimized LpS@SP5. Electrochemical testdemonstrated that 1S@SP5 delivered an initial
discharge capacity of 807 mA h ¢Li.S) at 0.1 C, 598 mA hy(LiS) in the first cyat at 1.0 C,

and retained 376 mA h'(Li,S) after 500 cycles at 1.0 C.
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To construct higiperformance cathodes, the functional binder f@mapter 4 was combined
with the high inpore loading LbS@SP from Chapter 6. This attempt failed because
Zn(OACLTEA/PEI -based binders exhibited limitations with highly reactive nanoscal, Li
resulting in diminished binding effectivenesShapter 7 therefore introducesa series of
polyethylenimineepoxy resin (PEER) binders, where higmolecularweight PEI anchors and
catalyzes polysulfides while epoxy crosslinking reinforces mechanical stalidliing this
strategy particularly effective for stabilizing nanoscalgSLéompositesThein-situ crosslinking
method further improved processing by removing the short crossliikisgvindow and enabling
uniform networks withoutalteting Li;S@SP morphology. Electrochemical tests showed the
optimizedin-situ crosslinkedPEFER:.1 binder achieved 928 mA h'aat 0.05 C, 688 mA h-gin
the first cycle at 0.5 C and retained 325 mAYaffer 1000 cycles at 0.5 C with stable Coulombic
efficiency. SEM confirmed its compact structure, establislingitu PEFER crosslinking as a

robust binder sttagy for nanoscale, higloading LS cathodes.

Chapter 8 serves as the culmination dfetse reearch projectscombining the optimized
Li.S@Carboncathodes fronChapter 6 and functional binders developed fradmapter 7 with
commercial Si/C anodds successfully assemble and evaluate lithamodefree full cells,with
PVP used as a baseline comparighrrebydemonstrating their practical feasibilitfhe in-situ
crosslinkedPEFER;.1-based full ell batteriesdelivered 670 mA h-gat 0.1 C and retained 304 mA
h gt after 100 cycles (~45% retention), outperforming P&Redull cell batterieg582 to 250 mA
h gt, ~43%). At 0.5 Cthein-situ crosslinkedPEFER;.1-based full ell batteriesachieved 564 mA
h g! after activation and maintaine@3 mA h g! after 500 cycles (66.8% retention), whilee
PVP counterparts fell from573t0 1776 mAh@3 0. 7%) . These results unde
in stabilizing cathodes and mark the successful assembly of lifinaeanode LiS full cells with

commercialSi/C anodes.

In summary, this thesis addresses the critical challenges®ththodesincludingthe large
first-charge overpotential, the drawback of PVDF consuming,Lihe large particle size of
commercial LiS, the high melting point and poor solubility that hinder convention&@&Carbon
compositdabrication, and the limitations of binders when applied to nanosc&leshich identified

in the process of resolving the preceding issue. By systematically investigating these problems, this
ix



thesis advances functional binder design, exploits precursor chemistry, and engineers
nanostructured compositesncluding withthe successful demonstration of lithitanodefree full

cell batteries Further improvements could be achieved by employing more efficient carbon hosts
with tailored structures, developing higrading electrodesntegrating soliestate electrolytes to
mitigate polysulfide dissolution, and incorporating catalytic components to accelef@tetdox

kinetics, thereby pushing 1S-LSBs closer to practical, higénergydensity applications.
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Chaptlert rloducti on

The demand for energy escalates daily, with fossil fuels such as coal, gasoline, and natural gas
remaining the primary sources of enetgyThe ongoing extraction and use of fossil fuels has led
to decreasing reserves while emitting significant quantities of greenhousée gesesibuting to
global warming and severe climate change. Consequently, the advancement of sustainable clean
energy technologies aimed at decreasing dependence on fossil fuels is recognized as the most
effective approach to attain a lesarbon economy, sare a healthy environment, and avert energy
crises®® Sunlight?°wind '*and tide& represent clean and renewable energy sources that can be
transformed into electricity and have seen extensive utilization in recent years. Nonetheless, these
energy sources exhibit an intermittent natdféTherefore the development of efficient, safe, and
reliable electrochemicaknergy storag€EES) systems, including grids and batteries, is essential

for the effective utilization of these energy sourtes.

Utilizing clean energy has emerged as a crucial approach for nations globally to address the
widespread challenges of energy scarcity and environmental degradatiom.the field of
emerging clean energy technologies, secondary batteries represent a crucial element of energy
storage system&:2>2*Rechargeabléthium-ion batteriegLIBs) are the preferred electrochemical
energy storage system in electric vehicles (EVs), due to their extended cycle life and elevated
energy density¥2° In recent years, there has been a pressing demahtBfewith higher energy
density to ensuran extendedlriving range for electric vehiclé$?® Consequentlyfbeyond

lithium-ion battery (BLIB) technologies may offer innovative solutions to tackle these ig%éfes.

1.1Lithium -lon Batteries (LIBS)

LIBs have significantly transformed contemporary society, energizing the devices and
technologies that characterize our everyday experiéh@é®ir impressive energy density, ability
to be recharged, and lightweight construction have facilitated remarkable progress in various
industries, including personal electronics, transportation, and renewable energy $téfage.

Renewable energy sources such as solar and wind power exhibit intermittent characteristics,



generating electricity solely during periods of sunlight or wind actigitglL IBs offer a dependable

method for energy storage, enabling the capture of surplus energy for latet*use.
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Figure 1.1 Schematic diagram of the structure of a typidailon battery!® Copyright© 2024
Elsevier Ltd. All rights are reserved, including those for text and data mining, Al training, and similar
technologies.

In 1817, Berzelius and Arfwedson identified lithium while studying LiAD®4,%% 3" but it was
not until 1821 that Brande and Davy successfully isolated the elahghium through the
electrolysis of lithium oxidé® A century later, Lewideganan exploration of its electrochemical
properties’® Given the remarkable physical characteristio$ lithium metal including its low
density (0.534 g cr¥), high specific capacity (3860 miAg?), and low redox potentiat3.04 Vvs.
SHE), it became evident that lithium could effectively function as a battery almotie early

1990s, Sony Corporation made the initial introduction of [4Bs.

Figure 1.1 illustrates the four essential components of LIBs: the cathode, anode, separator,
and electrolyté? The charging carriers involved in the energy storage and release of LIBs are
cathodes and anodes. The separator serves to physically divide the electrodes, thereby preventing
internal shorcircuits while allowing the flow of Liions“° The electrolyte facilitates the transport
of ions, such as Li** The anode, which serves as the negative electrode, consists of graphitic carbon

capable of housing Liwithin its layers? In contrast, the cathode, functioning as the positive

2



electrode, is typically a Lintercalation compound, often an oxide, chosen for its higher potential
and frequently arranged in stadk®8oth electrodes allow for the reversible insertion and extraction

of Li* from their respective structur&During the charging procesisi* ions are removed from

the layered oxide structure and inserted into the graphite layers. Upon discharge, the procedure is
inverted. The electrochemical reactions, exemplified by the Lifgp@phite battery, are outlined

as follows?*>46

The reaction in the cathode is:

Charge
LiCoQ. —1.i CoO_+xLit +xe”
2 Discharge  (1-x) 2 Equation 1.1
The reaction in the anode is:
. Charge
6C+xL1++Xe_W 1 6
! X )
pehatee Equation 1.2
The overall reaction is:
Charge .
LiCoO, + 6C Li, CoO +LiC Equation 1.3
Discharge (I-x) 2 x 6
g

LIBs come in four primary configuratioas shown irfrigure 1.2: cylindrical, coin, prismatic,
and pouch cell’ Each type presents unique benefits and limitations. Cylindrical cells, including
the commonly utilizesnodel18650and2170Q provide significant mechanical stability, effective
thermal management, and economical manufacturing processes, rendering them suitable for
applications in EVs, power tools, and consumer electréidenetheless, the inflexible structure
and reduced packing efficiency may constrain design adaptability. Coin cells, which are small and
buttonshaped, find widespread applications in watches, medical devices, and memory backup
systemg?*0 Their compact size, long lifespan, and low sk#fcharge rate make them ideal for
these uses; however, they do not possess high energy capacity and are not suitablpdevdrigh
applications. Prismatic cells, contained within sturdy rectangular emegysffer improved space
efficiency and enhanced energy density relative to cylindrical cells, which contributes to their
widespread adoption in electric vehicles and energy storage softittéN@netheless, the intricate
nature of their manufacturing processes and reduced mechanical stability cause them to become

increasingly susceptible to swelling as time progresses. Pouch cells, characterized by their flexible,

3



lightweight, and customizable design, provide the highest energy density relative to weight and
volume, making them particularly suitable for smartphones, drones, anderedation electric
vehicles>®5* While these benefits are notable, the absence of a sturdy casing makes them more
susceptible to swelling and physical harm. Each of these configurations is designed for particular
applications, optimizing energy density, safety, cost, and durabilitytisfysthe requirements of

contemporary technologdy.

a Liquid electrolyte c
="
N Cell can
-+ Separator T .;
Separa = 4 Liquid electrolyte
Carbon”_ Cu—% B
< Cell can
'y 341W -

2R A WY
3.8V /cu )l ar \Separator 1.1 Ah e @
1.5 Ah [ \M )

Carbon ~ Li,, ,Mn,0,
Separator
Al Mesh
b d /

#  +Plastic electrode

Liqud _  (Cathode)

electrolyte

Carbon Plastic electrolyte

- Plastic electrode

o N
e\ S
/ “
é’ L \ & . Separator - - (Anode)
% ) Cu mesh
: 37V +
3 ~
o+ \ ~ Li,, Mn,0, 4 0.58 Ah v =
O =

Cell can

Figure 1.2 Four types of Liion battery configurations: (a) cylindrical, (b) coin, (c) prismatic, and (d)
pouch cell” Copyright © 2001, Springer Nature Limited

LIBs rely on various cathode materials, each with distinct structural, electrochemical, and
performance characteristics that determine their suitability for different applicasiomsnarized
in Table 1.1. Lithium cobalt ox i-NheeQ étluctuee)offerswightehergy t s | a
density (~150200 W h kg?) but has a relatively short cycle life, makinggiod for consumer
electronics like smartphones and laptt$ Lithium iron phosphate (LFP), featuring an olivine
structure, provides excellent thermal stability and long cycle life (Z83@0 cycles) but has a lower
energy density (~9060 W h kg?), making it popular in electric vehicles and energy storage
systems’*8 Lithium nickel manganese cobalt oxide (NMC) and lithium nickel cobalt aluminum
oxide (NCA), both layered materials, balance high energy density i(2&80N h kg?) with a
moderate cycle life (1068000 cycles), making them the dominant choices for electric vehicles
(EVs) 58 Meanwhile, lithium manganese oxide (LMO), with its spinel structure, delivers good

thermal stability and fast charging capability but lower capacity (FI12® mAh g?), making it



suitable for hybrid electric vehicles and power té8f8As the demand for higherformance, cost
effective, and sustainable battery technologies grows, ongoing research is focused on optimizing

these cathode materials to enhance safety, lifespan, and energy efficiency.

Table 1.1 Electrochemical characteristics of typical cathode materials.

Cathode Material LiCoOz2 LiNixMnyCo/O2 LiFePOs LiMNn204 LiNixCoyAl:O2

(LCO) (NMC) (LFP) (LMO) (NCA)
Layered Layered o )
Structure - - Olivine Spinel Layered
UNaFeQ UNaFeQ
Theoretical Capacity
274 ~280 170 148 ~278
(mAhg?)
Available Capacity .. .. .. .. ..
) ~140 160 ~160l 220 ~1501 165 ~100I 120 ~1801 220
(mAhg?)
Operating Voltage . . . .. ..
A 3.71 3.9 3.61 3.8 32133 3.8141 3.61 3.9
(V vs.Li*/Li)
Energy Density .. .. . .. ..
~1501 200 ~1501 250 ~961 160 ~100 150 ~1801 260
(W hkg*)

Cycle Life (cycles) 500l 1000 10001 3000 2000 5000 5001 2000 1004 2000

Ref. 56 63,64 65,66 67,68 68,69

Although the actual energy density of commercial LIBs is approaching its theoretical limit, it
remains insufficient for many practical applicatidhsFurther significant improvements are
challenging due to the limited number of lattice sites availableLibrion intercalation and
deintercalatiori! This constraint hampers their ability to meet the growing demands of emerging
fields such as electric vehicles and smart grid energy storage. To address these limitations,
researchers are explorirfipeyond lithiumion battery (BLIBP technologies that offer higher

energy density, enhanced safety, lower costs, and greater sustaifability.

Among the most widely explored directions podyvalent metaion batterieswhich employ
elements such as magnesilimjuminum?’# calcium/® andzinc,’® are attractive for their low cost,
inherent safety, and potential meddiectron storag&. However, their progress remains limited:
polyvalent cations diffuse sluggishly through solid hosts, suitable cathode materials are scarce, and
electrodeelectrolyte compatibility is often podf.These fundamental challenges have so far

prevented them from achieving practical performance despite their theoretical pftomise.



Another major direction is metair batteries® such as lithiumair,”® zinc-air 2°and aluminum
air systems! By using oxygen from ambient air as the cathode active material, they can minimize
cell weight and theoretically deliver exceptionally high specific enefglegswever, their practical
development is severely constrained by poor reversibility of oxygen reactions, rapid degradation of

the air electrode, and instability of both liquid and solid electroKtes.

A third direction is sodiunion®2#3 and potassiunon batterie$? which offer costeffective
alternatives to lithiumon technology?® They operate through similar intercalation chemistry but
use more abundant and evenly distributed elements, making them attractive fescédege
stationary storag®. However, their significantly lower energy density compared with lithium
systems limits their suitability for applications where compactness and lightweight design are

essential.

Within this diverse landscape béyondlithium-ion systemslithium-sulfur (Li-S) batteries
have emerged as a particularly promising alternative, boasting arhigltraheoretical energy
density (~2600 Wh kg), the natural abundance of sulfur, and environmental bef&fitdnlike
conventional LIBs, which depend on expensive and resdimied metals like cobalt and nickel,
Li-S batteries utilizelementakulfur, a widely available and cosffective materigimaking them

a more sustainable and scalable solution for future energy storagéheeds.

1.2 Lithium -Sulfur (Li-S) Batteries

Figure 1.3 briefly describeghe timeline of development of 1S batteriesLi-S batteries were
first proposed in the 1966%Nonetheless, the investigation inta&ibatteries experienced limited
advancement in the subsequent decades, primarily attributed to their low actual specific capacity
and rapid capacity decline. In 2009, Nazar and colleagues achieved sigtifeakthroughdy
employing highly orderechesoporous nanostructureaibon as a carrier for encapsulating suitur.
This innovative approach effectively confines the active sulfur species within its conductive
channels, leading to enhanced specific capacity and cycle stability. Since then, a vast number of
researcherbavemade substantial contributions to their development and resulting in significant

advancement¥’ 92
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Sulfur, when utilized as a cathode materi@hdes a theoretical specific capacity of 1672 mA

h g, marking itasthe highest among the solidate cathode materials presently acceséible.
Figure 1.4 illustrates the comparison of capacity and energy density between commercialized
batteries and LB batteriesThe use of lithium metal as an anode, boasting a theoretical capacity of
3860 mAh g?, results in theoretical volumetric and mass energy densities of 280Q¥\and
2500 Wh kg?, respectively?’*3%*When considering inactive components such as current collectors,
electrolytes, and conductive agents, the actual energy density can achieve levei$00 400
kg?, approximately three times greater than that of culcés8”-° Sulfur is plentiful on Earth

usually the byproduatf oil refinery as shown irFigure 1.4 (b), and offers benefits such as low
7



cost, nortoxicity, and environmental friendline$sThe Li-S battery emerges as a compelling
candidate for the next generation of secondary batteries, boasting a high specific energy that is

anticipated to supplant the existing LIBs systém.

(a) --=- Organic electrolyte  --- Aqueous electrolyte (b)

3000 m Energy density Wh/kg = Thoretical capacity mAh/g
2500

2000
1500

1000 . L
500
am i B9

Li-S Li-ion Na-ion Zn-ion Zn-Air Fe-Air

Figure 1.4 Comparisorof (a) capacity density and energy densitiReproduced from ReP4.
Copyright© 2021 The Authors. Advanced Science published by WiHé&H GmbH under the
Creative Commons Attribution (CC BY) licengb) Massive stockpiles of sulfur at an oil refinery in
Vancouver, Canad®.Copyright© 2016Wiley VCH Verlag GmbH & Co. KGaA, Weinheim.
1.2.1Electrochemical Reactions in LiS Batteries
Figure 1.5 (a) illustratesa typicalstructure of LiS batterie§’ The cathode iri-S batteries
typically consists of a composite material made from elemental sulfuoswldictivecarbon, while
the anode is composed of lithium metat. ambient temperature, elemental sulfur exhibits an
orthorhombic crystal structure, where each sulfur molecule is interconnected with eight sulfur
atoms, resulting in the formation of a cycligrBolecule®’ In the discharge process, lithium metal
undergoes oxidation to generatéions while releasing electrons. These electrons are subsequently
transferred to the sulfur cathode through the external circuit. MeanwHilens move from the
anode to the cathode through Heparatowria electrolyte. Upon accepting electrons, sulfur reacts
with Li* ionsto produce lithiumpolysulfides and then lithium sulfideThe capacity of sulfur is
significantly greater than that of conventional materials usediBrs, as one sulfur atom can
accommodate two electrons, while typical materials tienited lattice sites for the deintercalation

of lithium ions?
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The reaction in the cathode is:

Discharge

Sg+16(:‘+16Li+

8Li S Equation 1.4
2

arge

The reaction in the anode is:

Discharge

16Li 16Li* + 16e~ Equation 1.5

Charge

The overall reaction is:

Discharge

S8 + 16Li 8Li_S Equation 1.6

arge

The aforementioned generic reaction serves as a basis for calculating the theoretical capacity
of Li-S batteries; however, the electrochemical process involved $atteries encompasses a
complex multistep and multphase transformation procefsgure 1.5 (b) illustrates the standard
discharge and charge curves observed-i8 batterie$® The discharge curves of-S batteries can
be divided into two parts, with each one representing distinct electrode reaction processes. The
solid-state & molecules experience a transition reaction & within the high plateau range of
2.152.40 V, followed by the transformation of-5s into Li»Ss, and subsequently intodS,. The
specific capacity of this plateau is 418 mAy?, with each sulfur atom receiving an average of 0.5
electrons. Lithium polysulfides (LPSs), including®d, Li>Ss, and LbSs, produced in this process
canbedissolval in the electrolyte, resulting in the formation of chain polysulfide ions, as the sulfur
cathode transitions from a solid phase to a liquid phase. At voltages lower than 2.15 V, }iguid Li

undergoes a transformation into solid3:j ultimately resulting in solid L& as the final dis@rged



product. During the second plateau, the sulfur cathode transitions from the liquid pivessolal
phase, theoretically providing a specific capacity of 1254 mg. Throughout the charging
process, the sulfur cathode experiences a transformation fronpkakse LiS to liquidphase LPSs

(Li»S., where & xU 8), and subsequently to sclthaseSs molecules.

To be noted,ite boundaries between the electrode processes are not entirely distinct, as these
polysulfide ions are susceptible to disproportionation and neutralization re&étiarsus sulfur
ions, such as polysulfide ions like?Sand S$%, canalsobe identified in each stage of the reaction

process, adding complexity to the electrode reaétfon.

1.2.2Effects of Soluble Lithium Polysulfides (LPSs)

Figure 1.6 illustrates the process by which lithium polysulfide is formed through the ring
opening 0fS.1% Typically, the conversion reaction during discharge at the sulfur cathode follows
a progressivésolid-liquid-solidotransition process 4 LioSsY LixSsY LioSyY LizS Y LioS).
TheselLPSsare highly soluble in commonly used organic electrolytes, such as dioxolane (DOL)
and dimethoxy ethane (DMEY However, he influence of solublePSson the performance of

Li-S batteries presents both advantageous and disadvantageous effects.

. S-S5 2Li+ 2¢" ; e—
S S e Li S S S S
@ Noegnl o wT O W W
& Sulfur (Sg) Li,Ss '

Figure 1.6 The formation ooluble lithium polysulfides (LPS$§* Copyright© 2022 The Korean

Society of Industrial and Engineering Chemistry. Published by Elsevier B.V. All rights reserved.

Viewing it positively: (1) The dissolution of LPSs as intermediate products ensures that
elemental sulfur remains unobstructed by reaction products, thereby allowing full exposure of the
sulfur to the electrolyte and enhancing the reduction process of the sulfur cEtfo@.
Polysulfide ions exhibit greater electrochemical activity compared to-stlidelementalsulfur,
resulting in an accelerated reaction maethe electrodé@® (3) The distribution of sulfuis uneven
on the conductive framework in newly prepared sulfur cathqaascularly those withhigh sulfur
content frequently. The dissolution and redeposition of LPSs within the cathode during the initial

cycles facilitate the redistribution of sulfur, resembling an activation process of the electrode, which
10



can enhance sulfur utilizatidf® (4) LPSs have the capability to lower the activation energy
required for the reaction of 13, thereby facilitating the oxidation process o&S.iduring

chargingt®

LPSs negatively impact battery performamsewell.(1) Due to the concentration gradient,
some of the dissolved LPSs will naturally move from the cathode region to the anode, where they
will react with lithium metal to produce 13, subsequently coverirthe surfaceof anode This
process leads to the depletion of elemental sulfur and the passivation of the lithium anode, resulting
in a decline in battery capacity and an increase in polariz&fi¢@) Throughout the charging
process, the lorghain LPSs produced by oxidationthe cathode can readily diffuse to the anode,
where they are reduced to shomain LPSs. Subsequently, the skarain LPSs will migrate back
due to the influence of the electric field force, undergoing oxidation and reformation intchaing
LPSs oncenore. The movement of polysulfide ions back and forth between the cathode and anode
i s referred to as fAshuttle effect, OficahselEh | ead
discharge issu€’§® (3) The continuous shuttle, dissolution, diffusion, and deposition processes of
LPSs lead to an uneven distribution of sulfur on the conductive framework of the cathode,
ultimately resulting in the accumulation of large sulfur particiegwhere else rather thamside
the frameworkSuchsulfurwithout doubts distanced from the conductive framewaorkl] exhibit

limited reactivity, and present challenges in recycling, ultimately leading to a decline in cdfacity.

Toattainahigper f or mance sul fur cathode, it I s ess:
effecto of LPSs while also strategically | evel
performanceé®®110

1.2.3Main Problems and Challenges in LiS Batteries

Although Li-S batteries exhibit high energy density, several notable challenges need to be
addressed to enhance their performance and achieve commercialiggime. 1.7 provides a
comprehensive summary of the key problems and challenges associated -@ithatteries,

detailing four major topics in deptf

11



Load / Charge

Operating voltage window
Cycling rate
Insulating nature : I Uneven lithium -
of sulfur : I : stripping/platting | %
Insulating nature I -\‘_.."
of sulfides
Irreversible relocation : I Polysu.lfides :
of polysulfides I reduction at
: anode
4 \\ : i I
'Volume change: : N :
L \_(/ : : Polysulfide shuttle g::;zti:?c?nsum
\ Carbon/binder TN : i
matrix collapse  * : | 2
- : . SEI layer colla
Current collector corrosion : : I
Low sulfur loading : Electrolyte : ! Lithium- :
X formula : : metal anode :
'\.l‘II!\!!.II\II\ll‘l‘-‘llllllt : s”‘t‘tjl 1”0(““ :
i Electrolyte/sulfur ratio % ... ...... .

PEEPP S SLPEPL S LS L L LSS

Figure 1.7 Main problems and challengisLi-S batteries!! Copyright© 2019 WILEY VCH Verlag

GmbH & Co. KGaA, Weinheim

1.2.3 a)Extremely L ow Conductivities of Sulfur and I nsulating Nature of Li thium Sulfide

To enable adequate electrode reactjvittys essential that electrode materials possess high
electrical conductivity. The electronic and ionic conductivitieslgimental sulfur $) and its
discharged product t$ are notably lowas listed inTable 1.2.2'2 The direct application of sulfur
as electrode materials results in sluggish electrode reaction kinetics and restricted active material
utilization, which has been reported to lead to incomplete conversion reactions within the battery.
Consequently, folloimg multiple cycles, there may still be unreacted sudpgciepresenbnthe
cathode. Theate performance is inadequate, and the specific capasiipsufficient While
incorporating conductive materials with sulfur can enhance the conductivity of the electrode, this
may lead to a decrease in sulfur content, which could ultimately diminish the overall energy density

of the electrode.

12



Table 1.2 Low electronic and ion conductivities of28 and $.112

Electronic Conductivity lonic Conductivity

Material s
(S cntd) (S cnt, at RT)
Lithium Sulfide (Li2S) ~1013 10~ 1010
Elemental Sulfur (Se) ~1028 -

Li2S: Poor electronic conductor but slightly better ionic conductor

Ss: Extremely poor electronic and ionic conductor in solid form.

1.2.3b)TheNo t o r iSwtllesEf fi e c $Solubleddlysulfide I ntermediates

While the aforementioned benefits of LPSs are noteworthy, their significant mobility and
electrochemical activity lead to the rapid and irreversible diffusion of dissolved polysulfides from
the cathode regioms shown inFigure 1.8.1' The uncontrolled diffusion of polysulfides can
compromise the electrochemical stability of batteries, leading to a significant capacity loss
exceeding 50% within merely 50 cyci¥8The disproportionation reaction involves lithium metal
reducing migrating polysulfides, leading to the formation of insolubl&,/Li,S.*** This process
contributes to the loss of active material and the passivation of the anode. The lithium metal anode
facilitates the reduction of certain migratory polysulfides during the charging process, resulting in
the formation of short chain polysuléd that are driven back to the cathode by the electric field
generated between the anode and cathode. The polysulfide shuttle that emerges is acknowledged as

the cause of the low electrochemical efficiency observed-f lhatteries.

) Insoluble
Soluble LiPSs {———mmp Li,S,/Li,S

Current collector
'-Y
06‘\\06
R
Li anode

Figure 1.8 Thefishuttle effea of soluble lithium polysulfides (LPSs}3 Copyright © 2020, The

Author(s), under exclusive license to Springer Nature Limited
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1.2.3 c)Dramatic Volume Expansionof the Sulfur Cathode

The volume change of the sulfur cathode during cycling is a significant factor contributing to
poor battery performance. The lithiation process leads to an increase in molar mass (4595 g mol
and a decrease in density (1.66 g%mf Li.S when compared to elemental sulfur (32.07 g’mol
and 2.07 g cn). This results in a significant volume expansion of up to 78%, which causes the
separation of elementadlfur or Li,S from the conductive frameworfk®>11°The cathode materials
undergo pulverization due to the significant volumetric changes that occur during cycling. When
the integrity of a sulfur cathode is compromised, the insulating sulfur disconnects from the
conductive agent8’ The isolated sulfur loses access df@ctrons rendering it an inactive
component of the cathode due to weak electricadedivity . This situation increases the battedies
impedance and leads to a decline in capabigyerthelesshe enhanced porosity of the electrode
can provide additional buffer space, effectively addressing this issue; however, it results in a
decrease in the volumetric energy density of the electrode. Consequently, achieving an improved

equilibrium between electrode porosity an@mgy density is essential.

Table 1.3 Molar mass and density bf,S and S

Molar Mass Density

Material s
(gmol?)  (gcm?)
Li2S 45,95 1.66
S 32.07 2.07

1.2.3 d)Issues with Lithium Metal Anode

The safety concerns associated with the use of lithium metal as a negative electrode must be
taken seriously. L5 battery anodes generally utilize lithium metal, which boasts a high specific
capacity of 3860 mA g?, in contrast to the more secure commercial graphite anode with a capacity
of 372 mAh g, in order to align with the sulfur cathot¥€ The ongoing processes of lithium metal
dissolution and deposition throughout the cycling contribute to the formation efhifdtearea
mosses and dendrites, as illustratedrigure 1.9.1'° The process of lithium metal plating and
stripping leads to cracking in the anode and the formation of inactive regions due to significant and
uneven volume changé¥.Short circuits resulting from lithium dendrites can arise under these
conditions, presenting both performance and safety challéfigésThe high reactivity of lithium

14



metal leads to its rapid interaction with organic electrolytes, resulting in the formation of a solid
electrolyte interphase (SEIl) on the surface of the reacted lithium &idde SEI layer passivates

the lithium metal, offering both electrochemical and chemical stability. The instability of the SEI
layer arises from the intectionof uneven lithium plating and stripping, along with the growth of
dendrites, which leads to the exposure of fresh lithium within the ct&dksth each reformation

of the SEI layer through repeated cycling, these processes lead to an irreversible loss of active
lithium and electrolyte, resulting in a decrease in Coulombic efficiency and cycle life of the
battery*?® The reaction also generates gas, which can result in safety concerns like flatulence and

potential battery damadé®

Positive Electrode I Positive Electrode I

Dead Li

P

NS

Negative Electrode

Figure 1.9 Schematic of the main issues with lithium metal anéaleshort circuit introduced by Li

Negative Electrode

Negative Electrode

dendrites(b) formation of hactive/dead Li, anft) development of thick and mechanically unstable
SEL° Copyright© 2020 Elsevier B.V. All rights reserved.
1.2.4Enhancement Strategies for LiS Batteries
To address these challenges in sulfur cathode, considerable efforts have been dedicated to

trapping sulfur and its derivative species within various porous ft¥fge.g., carbonaceous
materialst?® metal oxide$° and sulfides?' conductive polymers3?133etc.) or binding elemental
sulfur to create sulfurized polymers (e.g., sulfurized polyacryloritfilevarious approaches for
inhibiting the movement of LPSs between the cathode and anode have been investigated, including
the use of artificial interlayers and functionalized separadtérghe cycling stability of LiS

batteries has significantly improved due to these efforts, achieving thousands of cycles.
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Advancements have also been achieved in the rate performance and specific capacity of sulfur

cathodes.

To enhance the stability of the lithium metal anode, two main approaches have been put
forward: the first involves interfacial engineering of lithium metal to establish a stable solid
electrolyte interphase (SEI) ds surfacet** while the second focuses on distributing lithium metal
within hosts that have a large surface area to effectively manage the current’deAttitpugh
considerable advancements have been made, the lithium metal anode remains uncommercialized.
The incorporation of LIN®Iinto the electrolyte to establish a dynamically stable SEI on the lithium
metal surface remains the padling method for protecting the lithium metal anode inrSLi
batteries-*1%*However, LiNQ is progressively depleted during cycling, resulting in the release of

excessive gases that present a safety hazard.

To sum up the sulfur cathode in traditional 19 battery systems continues to face many
obstaclesAlthough sulfur remains stable in air, typical techniques for generating sulfur cathodes
require elevated temperatures and/or vacuum drying processes, which can readily result in the
vaporization and loss of sulfur because of its low melting géirfthis affects the actual sulfur
loading in the cathode and its practically available capacity, leading to uncertainties in experiments
and the investigation proce$3uring the discharge process, the significant expansion of the sulfur
cathode may lead to mechanical damage to the electrodes. The employment of lithium metal as
anodes is essential; however, it may result in dendrite growth and associated safety concerns.
Nonetheless, owing to its impressive theoretical specific capacity (11@6ghpand the usage of
lithium-metatfree anode, fully lithiated sulfur, lithium sulfide (A$), presents a favorable option
in this context*?143 Additionally, theextractionof lithium out ofthe structure of .5 leads to the
shrinkage of electrode during delithiation, which creates sufficient space for sulfur to expand during

lithiation, thereby enhancing the cycle performance & lbatteries.

1.3 Lithium Sulfide (Li2S)Based LS Batteries
The use of LiS as a cathode presents numerous advantages:$1¥ lthe fully lithiated form
of elemental sulfur and has the potential to serve as a litbantaining cathode in L$ batteries

as a viable alternative. (2)29 exhibits a substantial specific capacity up to 1166mgA. (3) In

16



contrast to elemental sulfur,2S cathode is compatible with nometallic anodes like graphité&*

133silicon 1541%9and tinl%% 63enabling it to circumvent the challenges associated with lithium metal.

(4) Additionally, in comparison to the density of elemental sulfur (2.07 §,con.S, which is the

least dense form of active sulfur species, exhibits a lower density of 1.68& Jlki® characteristic

helps to prevent structural collapse of the cathode during the volume expansion that occurs during

discharge and charge processes involving elemental sulfur. (5) Due to its high melting point

(938 €), Li.S exhibits remarkable thermadtability, enabling the synthesis of diverse

nanostructured L5 cathode composites at high temperatures (> 500 €), a process that is unsuitable

for elemental sulfur because of its thermal instability. Considering these benef8scduild

possess greater potential as the cathode for practiGbhiteries compared to elemental sulfur.
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Figure 1.10 The challenges faced by the sulfug)(&nd lithium sulfide (LiS) batterie$#° Copyright

© 2022 The Authors. Published by American Chemical Society

Employing LS as the starting material does not resolve ongoing issusisowrin Figure

1.10, including the low electrical and ionic conductivities of the active materials, along with the

infamous polysulfiddishuttle effect§, since the mechanism continues to rely on the conversion

between LiS and S#° The utilization of LS as thestartingcathode material presents a unique

array of challenges. (1) An inadequately constructed cathode structure presents a significant

challenge during the initial charging phase, as it leads to a substantial overpotential required for the

activation of LpS. The overpotential has been influenced by the particle size, morphology, and

crystallinity of the LS used. The commercially available&,j with a particle size in the range of
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tens of micrometers, exhibits weak electrochemical properties, making it an unsuitable candidate.
(2) Due to the high sensitivity of 1$ to moisture and its tendency to undergo hydrolysis, it is
necessary to modify the conventional slucasting method used for cathode production to avoid
exposing LiS to ambient airlt is noteworthy thatt remains unreactive with {at temperatures

below 300 €. Consequently, the production of unprotectestldathodes wouldnly require a

moisturefree environment.

To achieve higiperformance and cosffective LiS batteries, addressing the challenges
presented by LB necessitates a thoughtful approach to the design and fabricationSof Li
composites and cathode architectidté$he LiS-based cathode is expected to operate in a manner
akin to the sulfuibased cathode following the activation process, whef ikifully converted to

elemental sulfur.

1.3.1Activation of Li2S

The first study of LiS as a cathode occurred in 2@6howeverthedevelopment of LS has
been notably less rapid compared to that of the sulfur catBedpite LS exhibiting electrical
conductivity an order of magnitude greater than that of elemental &§lfuremains mostly an

insulator andpure LiS haslong beerregarded as electrochemically inactive.

The size of commercially available;S particles vaesfrom several micrometers to several
tens of micrometer$%1¢7|n the typical operating voltag&indow of Li-S batteries (1i2.8 V),
these LiS particles exhibit little capacity. A significant working potenti@2¥(V vs Li*/Li) is
required during the initial charge cycle dwercomeits charging overpotentia?*'54Such ahigh
overpotential isnaturally believed to be associated with the crystal structure and the delithiation
mechanism of LS. Figure 1.11 (a) illustrates aypical initial charging curve. The substantial

activation barrier restricts the charging depth, leading to inefficient utilization of active mét€rials.
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Figure 1.11 (a) A typical initial charging curve of b$ cathodes® Copyright © 2017, Springer
Nature Limited(b) Crystal structure and activation barrier 0f3.168 Copyright © 2020, American
Chemical Society

Figure 1.11 (b) illustrates that L5 possesses \&ry stable antifluorite (cubic) structure,
characterized by greater bond energy and a higher standard enthalpy of formation than the cyclic
molecular structure of elemental sultéf Thus, the delithiation of crystalline 43 is exceedingly
challengingt®®1’°The elevated oxidation overpotential of&iis largely ascribed to its distinctive
reaction pathwayn the first charge. Producing soluble polysulfides during the initial delithiation
of Li»S will be exceedingly challenging, unlike the lithiation of sulfur, which swiftly generates
soluble polysulfides, transforming the slow sedinlid (Sz Li.S) conversion into the more rapid

solid-liquid-solid (SZ LPSsz Li,S) reaction pathway/!

1.3.1 a)Factors Contributing to the Charging Barrier /Overpotential

The prolonged plateau and substantial charging batsgrvedn thetypicalinitial charging
curve of LbS (Figure 1.11(a)) signify that the first charging processuld bea twophase reaction,
with the barrier associated with phase nucleation, necessitating an extra drivingSiacbe.
phenomenoran also bebservedn other materials with a twphase reaction, such kigePQ.1"2
Therefore, i has been confirmed Byanget al.via adding polysulfide solution into the electrolyte
thatthe reaction in thelateau region in the initial charge is a tploase reaction betweengiand
polysulfidesand the origin of the initial barrier is phase nutitea becausehe initial barrier

disappeared as polysulfideiccleihad already been providét
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Kinetic factors such as ionic transport, electronic conductivity, and charge transdgralso
corcur duringthephasenucleation process in the overpotential spfk& o determine the variables
contributing to the barriefyang et al. also examined the correlation between charge rates and
barrier heightss illustrated irFigure 1.12 (a) and (b)!** The overpotential is almost constant and
small when the current is very low (C/20@500). At such extremely low current ra{®C/500,
nearlyapproachingerocurrent limit) where kinetic factors have little effect on the electrochemical
process, the appearance of the initial overpotential spike indicates its thermodynamic origin from
phase nucleationAccompanyingthe current rate increaséhe overpotential associated with
kinetics alsoincreasesxponentially andlominatesthe height of the total barrier. Sa,linear
relation between the overpotential height and the logarithm of the current rate at high current rate
(> C/200). In conclusion it is kinetics rather than thermodynamite&t govern the height of

overpotential at practical rates.
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Figure 1.12 (a) The initial potential barrier of LS cathode material at C/8, C/50, C/200, &it00.

Thermodynamics

(b) Relationship between thegarithm of thecurrent rate and the overpotential of%.icathode(c)
The model for the initial charging of 43 14 Adapted fromRef. 104 Copyright © 2012, American
Chemical Society
Subsequent research, especially that based on the-Botleer model, indicates that among

the three kinetic factodselectronic conductivity of LS, diffusivity of Li* in Li,S, and charge
transfer at the surface of J9 the latter two, particularly the charge transfer process,
predominantly influence the barrier height, whereas the impact of electronic conductivity is
minimal. To bespecific, tiarge transfer betweenB and polysulfides is much faster than between
Li2S and an electrolyte without polysulfides, and thus the initial charging barrier was dramatically
reduced or even eliminated when lithium polysulfides were introduced to the electrolyte as additives.
This rationale can also explain two additional observations: for sodfsed LiS batteries, there is
no visible first charging barrier, and for.5ibased cathodes, the barrier vanishes after initial
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chargingprocess LPSs emerge in the electrolyte onte sulfur- or Li;S-based cathodes are
discharged, promoting the charge transfer betweg® amd electrolyte, which is also one of the
aforementioned advantages of soluble LR$short, the inability to produce soluble LPSs was the
was the cause ahe high overpotential in the initial stagéherefore,Yang et al. proposed
finucleation of polysulfid@asshownin Figure 1.12 (c), wherethe crystal LiS isvery difficult to
transform to polysulfide owing to the huge differemtdoonding environment between the solid
Li2S and the liquid electrolytenlesghevoltage reaches a certain potentfaid these soluble LPSs
intermediates can act as redox mediators to facilitate charge transfer osstearface and reduce
the charging overpotentiah similar activation mechanism was also proposed by Wang and
colleagueswhich involves twestep electrochemical oxidation of.5i on the surfac€® The large
potential disappears when the surfacgslis oxidized to shotthain LPSsand then to longhain

LPSs which is due to the dissolved loghainLPSsthat can be directly oxidized to solid:6i
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Figure 1.13 (a) Proposed reaction mechanism ofS.initial charge byizintin et al’* Copyright©

2017 Elsevier B.V. All rights reserveth) In situS K-edge XAS spectrdc) Proposed reaction

scheme of the L8 electrode during the initial charge and discharge proceggdsmanget al'’®
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There are varying perspectives on the first cim@rgverpotential Vizintin et al. appliedtwo
independenbperandoanalyticaltools (UV/Vis and X-ray absorption spectroscgpysuggeshg
thata little proportion of L}S isdirectly transformed into elemental sulfur Bgaction |, as shown
in Figure 1.13 (a), and the requiredoverpotentialarises fromvariations in crystallization
enthalpy!’® Then, the resultant sulfursipartly solubilized in the electrolyte to generate a liquid
phasgReaction Il). The soluble sulfur interacts with43 via Reaction 1l to producdong-chain
LPSs The oxidation of soluble LPSs solidstate sulfutis much easiemwhich favorslong-chain
LPSsreducing back to elemental sulf(Reaction IV). Finally, the amount of elemental sulfur

dissolved in the electrolyte affects whether LPSs form during the initial charging stage.

Analogous to theactivation mechanism put forwaby Vizintin et al, Zhanget al.usel in situ
X-ray absorption spectroscopy (XAS) to reveal the presence of an isosbestic point in the stack plot
asshownin Figure 1.13(b), whichimpliesa two-phase transformatidn the first charghg process
and also proposed thatLi.S was directly converted to elemental sulfur without producing
polysulfidest’ The distinction between the initial two charging processes arises from the residual
LPSs remaining after the first discharging phaséllustrated irFigure 1.13 (c). These residuals
not only engage in chemical reactions withS,iserving as a facilitator for the electrochemical
oxidation of LS, but they also enhance charge transfer at #$¢dlectrolyte interfacen addition,
the findings ofTanet al, derived fromin situ synchrotron higkenergy Xray diffraction (XRD)
andex situx-ray absorption near edge structure spectros@OANES) in Figure 1.14, alsoagreed
with theory onthe directtransformation from LS to elemental sulfusince no polysulfides were
detected?® Furthermore, sulfur emerged promptly upon dimappearancef Li,S during the first

charging step.
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Diff erent viewson the initial overpotentialerealsobrought about whedunget al.examined
commercial LiS powders through -Xay photoelectron spectroscopy (XPS) measuremants
electrochemicadvaluations, believing that the largetential barrier of the initial charginocess
results from the contaminar(iasulting oxidized productsuch as LiSG; or Li.SQs) on the surface
and can balleviatedby washing its surfae!’® Bare samplesynthesized sample and acetonitrile
washed samplall have similar bulk structureut quite different potentiabarriers suggesting that

the bulk structure of LB has littleeffecton theheight of overpotential spike.

In summary, the elevated voltage barrier/overpotential observed duriingtiflephase of a

Li2S battery is mostly attributable to the following factors
(1) Theinsulationof Li,S (largeresistance to charge transfer betweef land the electrolyje

(2) The highly stable antifluorite (cubic) structucé Li,S with a strong bond energy and a high

standard enthalpy of formation
(3) The energyrequired for pase nucleatioprocess of polysulfides

(4) The energyequiredfor Li,S directlyconveredinto sulfur.
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(5) ContaminantgLiS0;, Li-SQu, Li20O, LIOH, etc) presenbn the surface of k5.

Certainexplanation®f the initial high overpotential are contradictoiyie paradox shown by

previousstudiesindicatesheexistence of potentially more complex charging process faBLi

1.3.1 b)Alleviation of the Charging Barrier

The high overpotential during the initial charge of3.cathodesgses several challenges for
battery performances it results in considerable energy loss and diminished efficighiby also
hastening adverse side reactions that cavarstbly deplete a significant quantity of active
electrode materials and/or electrolytAfthoughthe commerciamicroscale LiS particles can be
activated at elevated cutoff voltages (~4v¥. Li*/Li), such high potentials woultead tothe
decomposition of the ethéased electrolyt@rigure 1.15(a))}’”and the corrosion of the aluminum
current collector irLi-S battery systerFigure 1.15 (b)),"® ultimately causing rapid deriorion
of electrochemical performancé&onsequently lowering the initial charge overpotential is
therefore essential to improve energy efficienfagilitating completer and more uniforri >S
activation, and enhamg the reversibility of the redox process. Moreowereduceaverpotential
is particularly important in the context of practibakteryconfigurations involving lean electrolyte
and high sulfur loading, where energy losses and interfacial instability are further exacerbated.

Tackiing thisproblemis a key step toward advancing&ibatteries for commert applications.’®
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Figure 1.15 (a) Degradation region afommonetherbased electrolyta theinitial charging process
of LizS batteries'’” Copyright © 2014, American Chemical Sociefly) The corrosion mechanism of

Al as the current collector in the-S batteies!’® Copyright© 2023 Published by Elsevier Ltd.
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To address the challenges associated with the high initial charge overpotenti@lazthbdes,
various strategies have been developed to facilitat& lactivation and enhance overall
electrochemical performance. These approaches primarily aim to improve the conductivity of the
cathode, lower the energy barrier fos®ioxidation, and stabilize the electreglectrolyte interface
during cycling.Here several representativ@rategis are introduced and discussed, including

elementadoping, cathode electraedysts, electrolyte additivemndredox mediators

Elemental Doping. Early findingsby adding a small amount of transition mdétab.Co, F¢
into Li,S lattice demonstrated significanty redued activation potentidP*!8° Since then,
elemental doping has proven to be an efficient method for enhancing the ionic and electronic
transport characteristics of 25, which intrinsically exhibits low conductivity and slokr*
diffusion. Luo et al.first conducted dheoreticalinvestigationon thelithium storagepropertiesof
Li,S using DFT calculatios.’®* The effects of doping transition metals (Fe, Co, Ni, Cu) on the
lithiation/delithiation behavior and electrode potential ofSLhave been examined, revealing a
reduction in Li vacancy formation energy from 3.37 to 1.11 eV, indicating an incresasgzhcy
for defect generation following transition metal doptfigApart from cation doping the anion
doping of LiS canalsosignificantly improve its charggansfer kineticsAccording toHonget al,
the incorporation of Se and Te inta.&ican elongate and diminish the strength of th8 bond,
as evidenced by the redshift of&ibinding energy detected in X®3The Tedoped LiS exhibited
a reduced energy barrier for phase transition and accelerategtaddidransformation kinetics,
aligning with the mixing enthalpy values derived from DFT simulati@mnbining cation and
anion dopingGaoet al.reported &Cu', I' co-doped Li-S, which exhibitedenhanceaonductivity
and LI diffusion coefficientincreasingoy five and two orders of magnitudderiving advantages
from Cu* as a redox madtor.*®3 In summarydopingcangenerate structural defects, such lithium
vacancies or interstitials, facilitag Li* migration and loweng the energy barriers for diffusion.
Certain dopants have catalytic activity or enhance the polarizability of the host material, hence
promoting surface charge transfer and expediting the redox kinetics;®fanid polysulfide

intermediates.

Cathode Electrocatalysts. Electrocatalystscan enhance reaction kinetics by reducing

activation energy, offering active sites, modifying reaction routes, and stabilizing intermediates,
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which have been extensively investigatedLift batteries utilizing sulfur cathodeaccordingly,
with fast SLi.S conversionthe cyclability of the battergan be improvedly theacceleratedirect
solid-solid conversiorandthereducel dwelling time of soluble LPSfiencesuppressinthe shuttle
effectthat nonpolar carbon hosts aesceptible toEarly studyreportedby Babuet al. suggest
thatthe polysulfideshuttleeffectcan bemitigated by employing transition metal dichalcogenides
(TMDs) as electrocatalyst§? SubsequentlyZhouet al.carried ousystematidnvestigationinto a
series ofmetal sulfidesas polar hostgevealing thathe energy barrieshows a patteraccording
to the firstprinciple simulationsn termsof binding strengths betweenB5; and electrocatalysts:
NizS; < SnNS < FeS < Cos< TiS; < VS, which areconsistent with theneasuredoolysulfide
adsorption capability?®> Compared with TMDstransition metal phosphides (TMPppssess
notableadvantageservingas electrocatalystfor theycandemonstratenetallicpropertiesor even
superconductivitywhich are beneficiab theelectrochemicateaction in LiS batteries, antheir
fabricationis straightforwardandmild.'®® Yuanet al.devised a onepot chelaibn approacHor the
synthesisof ultrafine TMP nanoparticlesnodified with N- and Rdoped carbon nanoflakes
(TMPs@NPC).The overpotentiah the initial chargng process oLi.S has been reduced to 2.59,
2.5], and 2.44 V by employing HR@NPC CoP@NPC, and NP@NPCas hostmaterialsin
contrastith merelyactive carbor§3.50 V) or NPC (2.80 Vinvolved.The lower activatiotarriers
and theextendedvoltage plateausignify lesschargetransfer resistanceattributed to the high
reactivity of TMPs indecompogion of Li,S 1% Besides,ansition netalcarbideg TMCs) are also
studied a®lectrocatalysts for the activation of.8icathodeThe multi-layeredTisC,/Li .S applied
as cathoderoposed by Liangt al.reveabda decreased activatidrarrier of 2.85 V, which is 0.6
V lower than that of graphenefS composite cathodandadditionallythe fishuttle effea could
be effectively suppressetiroughboth chemsorgion and physisorptiof’ Overall, ntegrating
cathode electrocatalysts is an effective approach to reduce overpotential, mitigate the shuttle effect,

and enhance the energy efficiency and cycle stability & batteries.

Electrolyte Additives. Thestablecrystalstructure of LiSis one of the reasons that the high
activation barrier arisefrom.Enhancing the solvation of 13 in the electrolyteéhrough the use of
appropriate additives turned out to be an effective strafdggimproved solvation capartially

convert theoriginal solidsolid reactiorpathway into a solidiquid processthereby significantly
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accelerating reaction kinetics and loweringdkierpotential during the initial chargks previously
discussed, the incorporation IbPSsinto the electrolyte has emerged as an effective approach to
mitigate the initial overpotentiallhese polysulfide additives can undergo a comproportionation
reaction with LS, leading to partial dissolution of the&isurface and promotiregphase transition
that accelerates charge transpBtirthermore, the additional LPSs @socompensate for the loss

of active material caused by side reactions at the lithium metal anode, thereby improving sulfur
utilization and overalbatteryperformanceln addition to polysulfide additives, solvemtediated
dissolution of LiS offers another viable approach. For example, Lédrad as illustrated irFigure

1.16 (a) exploited the solubility of LS in ethanol and demonstrated that trace amounts of ethanol
in the electrolyte can effectively reduce the activation overpotéfitibihe introduction of 250 ppm
ethano] as shown irFigure 1.16 (b), led to a notable decrease in the overpotential spike from 3.4
V to 2.9 V. This effect is attributed to the transition to a ligeidid phase reaction that enhances
both electron and lithiurion transport. The optimal ethanol content was found to be 500 ppm,
achieving a high initial discharge capacity of 1144 mg! with a reduced overpotential of 3.1 V.
Similarly, Lin et al.found thatntroducingalittle quantityof P,Ss into the electrolyte coulénhance

the solubility of LS in thetetraethylene glycol dimethyl ethEFEGDME) solventby creatinga
soluble LbS-P,Ss complex in the electrolyt®® Building on this approactzu et al. appliedthe
strategy to LiS cathodsandobserved thathe chargingverpotentialvas minimizedo when the

molar ratio between kS and PSs wasoptimized af7:11%°
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Figure 1.16 (a) Schematic diagram of the activation process ¢ lfipsid§ without ethanol and
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Redox Mediators.Redox mediators (RMsrea specific type oélectrolyte additives, which
are substances that are electrochemically active andppliedto the electrolyte to help redox
processetake placdy moving electrons around in a roundabout way. Tbaskelp move charges
between current collectors aelgctrodanaterials by acting as a charge shuftlee firstapplication
of RMs todecrease the overpotential baroéLi.S batterywasreported by Meinet al, where the
additionof RMs into thenormally usectlectrolyte solutiomealized a lowered activation potential
at 2.9 Vusingdecamethylferrocenanda neastheoreticalcapacity!’’ Typically, whenanRM is
added to the electrolytet the electrode, theriginalform of RM (e.g., 1or Fc) is electrochemically
oxidized to its oxidized form (e.g.; lor F¢).1901% This oxidized form is soluble, so it diffuses
through the electrolytdt will reach LS particles that are not in direct electrical contact with the
electrodeThen it chemically reacts with 43 to extract lithium and oxidize sulfasEquation 1.7

demonstrates

RM' + Li,S — RM + 2Li" + S * Equation 1.7

It is a chemical redox reaction rather than an electrochemical redatibis way, LS is oxidized
without beng at the electrode surfade. summary the RMs selected for employment need to meet
severalcriteria 1) They should have lower oxidation potential than the onset potentiab®f Li
oxidation; 2) They should be soluble and mobile in the electrolyte; 3) They can undergo fast and
reversible redox reactions; 4) The oxidiZedn can chemically oxidize k$ without direct contact

with the electrode

Amorphization. Crystalline LS has a weltlefined cubic antifluorite structyrevhereas
amorphous LiS lacks longrange order, which maodifies its electronic structure, bonding, and
transport propertiesAmorphous LiS shows slightly better electronic conductivity than crystalline
Li-S, which has a very poor value of approximatEly® S cnl, enabling easier initial charge.
Through density functional theory (DFT) carried bytYe et al. on the relationship betweehe
crystallinity of Li,S and the initial activation potentighe delithiation energyor amorphous LiS
is significantly lower at 2.16 eV compared to 3.21 eV for crystallia8,leffectively reducing the
activation overpotentidP® Additionally, the amorphous form allows for conformal coating rather
than discrete particles, enhancing interfacial contact with conductive matrices and improving
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charge transfer efficiencyPreparing amorphous substances generally involves methods that
prevent crystallization or disrupt the longnge order of a materjasuch asapid quenching,
mechanical milling, segel processinghermal decomposition of precursors and vapor deposition
Meng et al. developed a vapgshase atomic layer deposition (ALD) method for the atomically
precise synthesisofi$, whi ch del i ver ed sht agbverglowcaatipationi t i e s
potential at ~2.38 Vnearly 100% Coulombic efficiency, and excellent rate capabffit¥his
approach utilizes vapor deposition to enable abgratom growth under controlled vacuum or
plasma conditionsHuanget al. developed a simple thermal decomposition approach using a
lithium trithiocarbonate (LICSs) precursor, which was easily synthesized at room temperature and
subsequently decomposed at 200to produce amorphous nargized LpS (Li2S-200) and
Li-.S@SP200 nanocompositéd> XRD analysis of both .5-200 and LiIS@SP200 revealed only
broad, weak diffraction peaks characteristic ofSl.iindicating their amorphous nature, while the

initial charging curves displayed significantly reduced activation voltages.

Various strategies have been developed to reduce the high initial charge overpotenial of Li
cathodes. Elemental doping improves conductivity and ion transport; electrocatalysts lower
activation energy by enhancing redox kinetics; electrolyte additives and redox mediators facilitate
Li2S oxidation via solvation and remote redox pathways; and amorphization reduces the delithiation
energy by disrupting crystallinity. While each method offers unique berefted on different

mechanismschallenges remaimiterms of complexity, scalability, and loitgym stability

Among the strategies explored, nanostructure enginéeesgecially in the form of
Li.S@Carbon nanocompositesffers a more comprehensive solution to overcome the intrinsic
drawbacks of LEiS'? By integrating nanosized 43 with conductive carbon frameworks, these
composites simultaneously address electronic insulation, sluggish kinetics, and interfacial
instability. The nanoconfinement effect, enhanced surface contact, and synergistic interactions
between LiS and carbon significantly lower the activation energy for delithiation and improve

electrochemical reversibility.
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1.3.2Nanostructure Engineering: Li2S@Carbon Nanocomposites

Cathodes made from commercially availableSLioften suffer from high initial charge
overpotentials, limited rate capability, and poor cycling stability, primarily due to the large particle
size of LbS (102 0 €%y which hampers Lli diffusion and charge transport. In contrast,
nanostructured kLb-based cathodésparticularly LeS@Carbon nanocompositesiave shown
significantly improved electrochemical performance. This enhancement arises from the nanoscale
dispersion of LiS within a conductive carbon matrix, which not only increases surface area and
shortens ion diffusion pathways but also ensures intimate interfacial contact for efficient charge
transfert'2 Uniform distribution and strong connectivity betweeaS.and carbon are critical for
lowering activation overpotentials, accelerating redox kinetics, and maximizing active material
utilization. To achieve such structures, a variety of synthetic strategies have been developed,
including solidstate methods like higanergy ball milling, carbothermal reduction, and thermal
decomposition, as well as ligughase approaches involving chemical precipitation, infiltration,
and subsequent conversid@ontinued mnovation in these synthesis routes is essential to further
improve the structural and electrochemical characteristice8fQCarbon nanocomposites and to

advance their practical implementation in hjggrformancd.SBs.

The following section presents an overviewlsd synthesis strategies, structural designs, and
electrochemical advantages ot&i@Carbon nanocomposites, highlighting their pivotal role as the

most promising approach for realizing higarformance and commercially viable &ibatteries.

1.3.2 a)High-Energy Ball Milling

High-energy ball milling is a mechanical technique that utilizes repeated collisions between
powder particles and milling media to induce structural changes and reduce partitfe'$izais
solventfree (or usingvery small amountmethod facilitates uniform mixing, sohstate reactions,
and defect formation, while also breaking theSLcrystal lattice to enhance its electrochemical
reactivity. Ball milling has been widely employed in the early development ¢ kcathodes,
primarily to reduce the particle size of commercialSL(typically 162 0 & m) and enhan
electrochemical performance by improving contact with conductive carbon materials such as
carbon black and muitivalled @rbon nanotubes (MWCNTSY High-energy ball milling typically

reduces the particle size to the submicron rangéZ0.2e m) , i mpr ovi ng Li di f
31



transport. For example, Catli al. prepaed a nanostructured4S-carbon composite by ball milling
commercial LS with carbon black at 1060 rpm for 2 hours, resulting in particles ranging from 200

t o 5 @HshawmirFigure 1.17 (a).2%° This composite exhibited a reduced activation potential

of 2.6V ; however, full charging stild!l rectua.red vo
(Figure 1.17 (b)) used higkenergy ball milling to combine $ and carbon black, followed by
carbonization with pyrrole to form$$/ C composi te particles (~400
nitrogendoped carbon shelt® This coré shell structure retained a capacity of 66& h ! gfter

100 cycles, indicating improved cycling stabilit§.Additionally, some studieby Li et al. in

Figure 1.17 (c) employed ball milling not on commercial,S directly but on precursors, enabling

the synthesis of nanosized.8iparticle$® These were subsequently embedded into mesoporous
carbon matrices by milling with carbonizable polymers such as polyacrylonitrile (PAN), followed

by hightemperature carbonization (~10@), forming robust nanocomposites with enhanced
conductivity and structural stabilitit.is important to note that hydrogen gas)(generation during

the ball milling process can lead to a significant increase in internal pressure and must be carefully
vented to ensure safetyhe major limitation of high-energyball milling is the lack of precise

control over particle size and morphology, ofteading tobroad size distributions and structural
nonuniformities?® Furthermore, this technique is prone to inducing undesired particle
agglomeration, which can negatively affect the dispersion and electrochemical performance of the

resulting composité?
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Figure 1.17 (a) Schematic ohigh-energy ball millingprocess for preparing 43-C
nanocomposite¥° Copyright© 2012 AmericarChemical Society(b) Schematic of the approach for

synthesizing the LB/C composite particles encapsulated by a nitrafpged carbon shelf®

32



Copyright© 2013 Royal Society of Chemistryc) Schematic illustration of the fabrications op&i

and the LiS/C hybrid?® Copyright© 2013 Royal Society of Chemistry.

1.3.2 b)Carbothermal Reduction
Carbothermal reduction is a higlgmperature process where carbon serves as a reducing agent
to convert metal oxides, sulfates, or similar precursors into lealence products like metals,
sulfides, or carbide¥? Typically conducted under inert or reducing atmospheres (e.g.,2AorN
H) , the method exploits carbonés strong affini
graphite or carbon black, carbooh polymers such as glucospolyvinyl alcohol (PVA),
polyvinylpyrrolidone(PVP), andpolyacrylonitrile (PAN) can also be use#t*?**These decompose
during heating to generate carbimsitu, promoting effective reductiorin 2013, Yanget al.
pioneered a cogffective carbothermal technique for synthesizing@ Carboncompositegrom

Li.SQ, via the following mechanisrasEquation 1.8:2°6

Li,SO, (s) + xC (s) — Li,S (s) +xCO, (g) ((x,) = (1,1) or (4,2)) Equation 1.8

As shown inFigure 1.18 (a), the carbon framework is formed by pyrolyzing a resoreinol
formaldehyde (RF) gel, which is synthesized via condensation polymeriz¥%tue to its high
surface area, porosity, and conductivibe abundant oxygen groups in the RF gel may coordinate

wi t h L$0, aiding its uniform distribution in the carbon matrix.

The temperature used in carbothermal reduction plays a crucial role in determining the
crystallinity and particle size of $$. As indicated by the Ellingham diagramFigure 1.18 (b),
the reductionof ,SO,by car bon becomes ther mod¥ havevercal | y f
many studies conduct this process at around 80
to larger, highly crystalline particles. In contrast, &teal. demonstratedh Figure 1.18 (c) that
conducting the reactionsing PVA as carbon sourtelow the melting point of LEO, (635 €C)
helps preserve its original morphology and yields small&$ particles (102 0 nm) due to gt
oxygen removat® The use of unsaturated carbon bo(@sC and C=OYerived from partially
carbonized polymers allows the carbothermal reduction &Quito take place at a considerably

low temperatureNotably, LbS@ Carbonsynthesized at this lower temperature exhibited a reduced
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activation potential (2.68) and a higher initial discharge capacity (808 h Y)gcompared to 3.2
V and 760mA h - fpr material produced at 9@D.
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One limitation of the carbothermal reduction method for-tmst LiS-carbon composite

synthesis is the formation of excessive porosity in the carbon matrix, caused by the evolution of CO

and CQ gaseg2%"This increased porosity can lower the volumetric capacity b lcathodes.
Additionally, the process may release toxic byproducts such asS88) and HS 2% Furthermore,

controlling the morphology of kL& produced at high temperatures remains challenging.
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1.3.2 c)Carbothermal Reduction-Derived Method

PVP serves as both a carbon source and structural template in the carbothermal reduction of
Li.SOQu to LisS, forming LiS@Carbon composites. However, conventional sedtéite mixing
yields poor dispersion and irregular morphology. To address this, electrospiagisgown in
Figure 1.19 (a), is used to fabricate uniform 43Q/PVP nanofibers as structured precurgéts.
These fibers enable nanoscale dispersion and form an interconnected architecture. After annealing
under a reducing atmosphere; 3@ is converted into finely distributed 4S within conductive
carbon nanofibers. The resulting&@ CGarbonfibers can be collected as fre@nding, bindefree
electrodesHowever, he resulting fiber mats often suffer from low mass loading, which restricts
their areal capacity unless multiple layers are stacked. Scaling up the process remains challenging
due to the limited throughput of traditional electrospinning setups. Addityjorthkk choice of
solvent is constrained by the need to balance PVRb#ity, Li,SQ: dispersion, and
electrospinnability!® The final fiber morphology is highly sensitive to processing parameters and

ambient conditions, requiring precise confféf!?

Alsoinspired by the traditional carbothermal reduction mettimagnesothermal synthesis
of Li.S replaces carbon with magnesi(vtg) as the reducing ageas shown irFigure 1.19 (b).?*3
While both approaches aim to reduce lithioontaining precursors such as3@ to Li.S, Mg
offers a significantly stronger reduction potential and enables the reaction to proceed at lower
temperatures with greater thermodynamic favorability. Unlike carbothermal methods, which often
generate gaseous byproducts like CO and, @ad leave behind porous carbon residues,
magnesothermal synthesis produces solid MgOwaduablebyproductwith zerogreenhous-gas
emissionsTo obtain highpurity Li>S after reduction and purification, the resulting product is often
dissolved in ethanol, where S is moderately soluble, and then recrystallized to achieve uniform
particle size and improved purityan essential step for achieving consistent electrochemical
performance in battery applicationslagnesothermal synthesis, while effective, faces several
drawbacks. Highly exothermic reaction poses challenges in heat control and scalatpiiopdiér
is pyrophoric and requires careful handling under inert ¢immdi. Posteaction, MgO byproducts
must be fully removed, and an additional ethavaded recrystallization step is often needed to

purify Li»S. The method also offelistle control over morphology and uniformity.
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Figure 1.19 (a) Schematic illustration of the production of freestanding flexib}&@NCNF paper
electrodes via Aprotected carbothermal reduction 0s&Os@PVP fabrics made by electrospinning
at ambient condition®°© 2017 WILEY VCH Verlag GmbH & Co. KGaA, Weinheirfb) lllustrative
process of magnesothermal synthesis ¢ laind purificatiorf*® Copyright© 2022 American

Chemical Society.

1.3.2 d)Chemical Lithiation of Sulfur-Rich Precursors

The sulfur cathode has been extensively studied, and the synthesis of S@Carbon
nanocomposites is how a welstablished technique. Therefore, a logical approach is to first utilize
sulfur to prepare either sulfur nanoparticlesS@ Carbomanaomposites, and then chemically
lithiate them to obtain LE@Carbon nanostructureBhe most commonly used lithiation agents
include organolithium compounds such as lithium triethylborohydride BHBE*4?*°and lithium
napht hal eni d &% Redresdntative] examples gnd their corresponding synthesis

reactionsare summarized in the followinbable 1.4.

Table 1.4 Chemical Lithiation Agents for Elemental Sulfur.

Lithiation Agent  Formula Conditions Reaction Ref.

o . 50-70 €, inert gas, . . 153
Lithium metal Li S+2L i LNMS
dry ether solvent
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Room temp dry

n-Butyllithium C4HoLi THF or hexane, S+ 2GHoLi Y Li»S + GHe-CaHo 157
inert atmosphere
High-energy ball .

Lithium hydride  LiH gh-energy S+ 2LIHY LisS + Hb 200

milling
Lithium , . -
. LiC10Hs In THF, under Ar S + 2LIGoHg Y Li2S + 2GoHsg 216

naphthalenide

Anhydrous ether
LiBEtsH  solvents, ambient S+ 2LIBEgH Y Li,S + Hh+ 2BEg 214215

conditions

Lithium
triethylborohydride

In 2010, Yanget al. utilized the wellstudied CMKk3 mesoporous carbon as a host matrix and
infiltrated its nanoscale pores with molten sulfur at £58°’ The resulting S/ICMK3 composite
was lithiated withn-butyllithium at 65€ for 2 hours and theat 105€ for 18 hours XRD was
carried out toward samples before and after treatase@xhibited ifrigure 1.20 (a). XRD analysis
showed no detectable peaks of sulfur efl.attributed to the confinement of.&iwithin the sub
5 nm por e3swhigh limit@ddtystallite size. To confirm 43 formation, lithiation was
repeated using macroporous carbon (F2000 nm por e s) .S diffdcteom peake | ear
appeared, supporting that,&i also formed in S/ICMI but remained XRbnvisible due to its
nanoscale dimension®ther reagents, such as LiBH, have also been explored for lithiation, as
shown inFigure 1.20 (b).2** Sulfur was first dissolved in toluene and then combined with a
dispersion of singlayer graphene oxide (SLGO) in tetrahydrofuran (THF) to obtain a
homogeneous S/SLGO mixture. This mixture was subsequently introduced into a THF solution of
LiEtsBH and gently heated under stirring to evaporate the solvent, leading to the formation of well

defined LbS/GO spherical structures.

The chemical lithiation method offers the advantage oftiemperature synthesi®mpared
to carbothermahpproachesnd improved dispersion of 43 within a conductive carbon matrix,
especially when using nanostructured carbon Héstdowever, the major drawbacks of this
approach stem from the highly reactive and unstable nature of the dithgegents. Common
reagents liken-butyllithium and LiEtBH are hazardowds n-butyllithium is pyrophoric, while
LiEtsBH is highly flammable, and both are corrosive or decompose into corrosive byproducts.
These safety concerns make handling difficult and pose significant challenges for scalability and

commercial applicationAdditionally, the degree of lithiation and crystallinity of,8i can be
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difficult to verify via XRD in highly porous or nanoscale systems due to peak broadening or

suppression.

(a) (b) oo
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Figure 1.20 (a) X-ray diffraction characterization of 13/mesoporous carbon nanocomposite
particlest®’ Copyright© 2010 American Chemical Societfh) Schematic illustration of the synthesis

of Li,S/IGO@C nanospherés Copyright© 2015 American Chemical Society.

1.3.2 e)Sulfuration of Lithium -Rich Precursors

The sulfuration method, primarily based on vapbase reactions, has emerged as a versatile
and scalable approach for synthesizingSLfrom various lithiurcontaining precursors. This
method leverages the high reactivity of suontaining gasés including hydrogen sulfide (1$),
carbon disulfide (C8, and sulfur vapdr to transform solid, liquid, or vapgrhase lithium

precursors into L5 under controlled thermal and atmospheric conditions.

Air-stable lithium salts such as LiOH,,CO; LINOs, and LIOEt are attractive starting
materials due to their ease of handling and ambient staB3fiymilarly, the relatively low melting
points(MP) of certain lithium sal® such as lithium nitrite (LIN@Q MP 222€) and lithium acetate
(CH:COOL i , MR make thenAgDijable fowidely-applied meltinfiltration into carbon
matrix to form Li-salt@Q@rbnoncomposites, which can then btansforned to LbS@Carbon
compositeshrough subsequent sulfurizatidrne convesion mechanisro Li.S through reactions
is shown inTable 1.5. Thereactingtemperature depends on the lithium precursor: strong Brensted
base salts (e.g., LiOH, LiH, LiNM begin reacting at ~10€, while Li ,.CO; and CHCOOLI
require higher temperatures of ~40@5 €. Lower conversion temperatures are generally
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preferred as they help preserve the original morphology, minimi&: darticle coarsening, and
reduce energy consumptidProcessing methodsay include ball milling and recrystallization to
tailor particle size prior to sulfuratiomresselet al first used higkenergy ball milling to reduce

the particle size of LiOH crystals, then blended the resulting powder with carborablslckwn in

Figure 1.21 (a).?!® This LIOH/C mixture, combined with a binder, was cast onto an aluminum

current collector to form the electrode. Sulfuration vimsilly carried out by exposing the
electrodes to a continuous;$ gas flow at 100 or 15€. Due to the generation of ;B,
temperatures above 1@ are recommended he batteries based on sulfurized LIOH/Ce(
Li»S/C) showdischarge capacities of up to 770 rhAg* and retained %410 mAh g after 100

cycles aD.2C.

CS can be used as an alternative B Hh gassolid reactions for synthesizing-8 and its
composites. For examplas shown irFigure 1.21 (b), combustion of lithiunfoils in CS vapor
carried outby Tan et al. produced LiS nanocrystal®of 50080 nm encapsulated in felayer
graphendLi.S@grapheneNotably, at d.i,Sloading of 10mg % tire electrodéelivers a high
reversible capacity of , 1 6 h g'ifAIn Figure 1.21 (c) Liang et al. alsousedCS; to convert
LiH to Li,S at temperatures below 280.22° The resulting LiS particles, sizedid 5 n m,
embedded in porous carbon and interconnected by a CNT network, enhancing condAstiaity.
result, the electrode delivers a high specific capacity of8&th g* at 0.1A g* after 10 cycles,

along with excellent cycling stability, retaining 562 h gta t 0 1 ater 200 gycles.

Table 1.5 Chemical Sulfuration Agents for LithiwRich Precursors.

Sulfuration Agent Reaction Ref.
2ROLi (sol) + HS (g)¥ 2Li;S (s) + H (g) 2
S 2LiX (s) + HeS (g)V 2LizS (s) + 2HX (g) 219
4Li () + CS (g) Y 2LisS (s) + C (s) 145
CS; 2LiOH (s)+ CS (9) Y LizS (s) + CQ(g) + H:S (g) 22t
4LiH (s) + CS (g) Y 2LizS (s) + C (s) + 2ki(g) 220
2Li+ S (9)Y LizS (s) 22
S (gas)

BLIOH (s)+ 3S (g)V 2LizS (s) +Li»S0s (g) +3H.0 (g) 208
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Figure 1.21 (a) Schematics of routes to prepare3/C composite and electrodé&$ Copyright © 2016
Elsevier B.V. All rights reservedb) Li.S@graphene capsuleg burninglithium in C$.24% Copyright
© 2017, Springer Nature Limitec) Schematic illustration of the synthesis procedure 8@ PC
CNT .20 Copyright © 208 Royal Society of Chemistry.
Thereaction betweerithium andsulfur would bethe direct methodo obtainLi,S. Though
less commonly used due to handling difficulty and low product yield, sulfur gas can react with Li
metal in a sealed vacuum vessel at ~800 produce LS. The resulting materials can inherit the

precursods morphology but suffer from lower purity apiglding.??

The sulfuration method offers certain advantages, such as compatibility wstalai lithium
precursors, tunable synthesis conditions, and the ability to prodeSenith controlled particle
size and crystal structure. It also supports integration with conductive carbon frameworks and shows
potential for scalaip. Howeverthe use of toxic and flammable gases likStdnd Cgintroduces
serious safety and environmental hazards, demanding complex and costly reactor setups with
rigorous gas handling systs. Hightemperature processing is often required, which can lead to
particle agglomeration and coarsening, compromising electrochemical performance. Incomplete
conversion and the presence of unreacted precursors or byproducts can further reduce material

quality and sulfur utilization. Additionally, pogirocessing steps are often necessary to purify the
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product and address structural instability during cycling. These limitations pose significant barriers

to commercialization, despites synthetic flexibility.

1.3.2 f)Li ,S-Ethanol Solution-Assisted Infiltration

Crystalline LS, with its high melting point of 938, is incompatible with the conventional
meltinfiltration technique widely used to produ&@@Carboncomposites. This fundamental
limitation hinders the direct application of sulbased infiltration strategies to.S cathodes.
Nonetheless, incorporating S into conductive carbon matriemains a critical objective, as it
could help overcome key challenges such as its large particle size, poor conductivity, and high
activation overpotentialdnlike sulfur, LS doe not suffer from severe volume expansion upon
cyclingd in fact, it undergoes volume contraction during delithiation, which can help maintain the
structural integrity of the electrodd.o address its processing limitations, a solutissisted
infiltration method has emerged as a viable alternative. Leveraging the fact.thé kbluble in
solvents like absolute ethanol, this technique involves dissolving commergsalirLiethanol,
infiltrating the solution into porous carbon hosts, and then recrystgllire LbS through solvent
evaporation.This process enables uniform distribution ofS.within the conductive matrix and
has led to the successful development of a range.8f@.Carbonnanocomposites with improved

electrochemical performance.

= 9r,a_p_h_e_n,e_ S _P_Z_S_%_Ei?%g_r??'f'f? 3 nano-Li,S/graphene composite
; ~ v - from graphene
\/ suspension ‘&%
D . — ‘%’
locooioo Lo ethanol
evaporation
\ dispersion by sonication Ultrasonic Bath Jj frompure
Li,S solution /

Li,S solution in anhydrous ethanol
nanostructured Li,S powder

Figure 1.22 Schematic of the k& and LiS-graphene composite synthesis procé&s€opyright©
2014 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim
Wu et al.in 2014 were the first to report a simple and versatile solutiased method for
synthesizing nanosized 23 and graphenrki.S composite$* This approach is environmentally
friendly and does not generate any hazardous gases, making it a green and safe process. As

illustrated inFigure 1.22, commercial LiS powders can be dissolved or uniformly dispersed in
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anhydrous ethanol. By introducing graphene powitiéo the suspension and allowing the solvent

to evaporate under continuous mixingz;3.iparticles are effectively deposited onto the graphene
sheets, forming weihtegrated composites. XRD analysis confirmed that no chemical reaction
occurs between b$ and ethanol during this process, ensuring the chemical integrity of the active

material is preserved.
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Figure 1.23 (a) Schematic illustration of the material preparation processes of the. &It O
paper and structure changes during cycling of Adap8/rGO papef2® Copyright © 2015, American
Chemical Society(b) Synthetic procedure of the 3DCE,S composit&2® Copyright © 2016,
American Chemical Society
Building on the LiS-ethanol solutiorassisted infiltration method, the development of
Li.S@Grbon nanocomposités particularly LpS-graphene systershas progressed rapidly.
Wanget al.employed reduced graphene oxide (rGO) as a flexible and conductivé&hogheir
approactas shown irfrigure 1.23(a), a LbS-ethanol solution was dregast onto rGO paper, which
exhibited strong solvent absorbency. This allowed th® &olution to thoroughly infiltrate the rGO
structure. Upon vacuwassisted solvent evaporation, nanosizedS Lparticles precipitated
uniformly throughout the rGO matrix. The flexibility of the rGO paper not only prevented particle

agglomeration but also helped accommodate volume changes during cycling, thereby enhancing
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structural stability and electrochemical performaria@econstruct a thredimensional conductive
network and enhance interlayer connectivity,dl@l.incorporated carbon nanotubes (CNTS) into
a graphene oxide (GO) suspensi#hin this designas exhibited inFigure 1.23 (b), the one
dimensional CNTs acted as nanoscale pillars, supporting and spacing-ttimensional graphene
sheets to formobust3D architecture with improved electrical conductivity and mechanical stability.
Li»S nanoparticles were then introduced into this framework by infiltratingSagithanol solution,
followed by vacuurrassisted solvent evaporation, which enabled uniform recrystallizationSf Li

within the interlayer spaces of the 3D structure.
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Figure 1.24 (a) Cycling stability of the graphergano LiS@C electrode at 0G and its
morphological characterizatidA” Copyright © 2016, American Chemical Sociefy) Cycling
stability offreestanding LiS electrodeat 0.5C and itsschematic illustratiofby using infiltration of
active materials into porous carbonized biomass sk&&epyright© 2016 WILEY VCH Verlag
GmbH & Co. KGaA, Weinheim.

Beyond twaedimensional graphergased structures, a variety ob&ibased nanocomposites
with diverse morphologies have been developed using this sehggisted approach. Wat al.
advanced the method by applying carbon chemical vapor deposition (CVD) to eBat Li
nanoparticles supported on graphene, successfully producing shlitestructured LI C
nanocompositéFigure 1.24 (a)).??’ The highly conductive graphene framework enhanced the rate
capability of the cell, while the combination of a vapleposited carbon shell andiarsituformed
surface passivation layer provided robust protection during cycling. As a result, the composite
cathode retained approximately 97% of its initial capacity (~10At g at0.5 Cin terms of $
after more than 700 cycles, demonstrating exceptional-tenmg stability. Wu et al. further

extended this method to fabricate freestanding eiectrodeas shown irFigure 1.24 (b).222 One
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of the key advantages of this approach is its versatility, allowing a wide range of conductive carbon
matrices to be employed. In this case, porous cellulose sheets were selected as the structural
framework and subsequently carbonized at 80This carbonization step not only prevented the
hydrolysis of LS during processing but also introduced additional porosity, enhancing the overall
surface area and facilitating bettes®ioading and ion transpoMlinimal capacity degradation per

cycle was observkin the battery tested at 005

Among the various synthesis strategies faiSthased cathodes, the.&tethanol solution
assisted infiltration method is arguably the closest analogue to thenfilelition approach
commonly used in LB batteries. Both techniques share the fundamental objective of uniformly
embedding the active mateBakither sulfur or LiSO into a conductive carbon matrix to enhance
electrical contact and overall electrochemical performance. They similarly depend on capillary
action and pore wetting to facilitate deigfiltration of the active material into the porous host
structure. In the melnfiltration method, sulfur is infused in its molten state and solidifies upon
cooling, whereas in the etharedsisted approach, 29 is introduced via a solution and
subsequently recrystallizes as the solvent evapotgtesacuuming Owi ng t o t hi s me
simplicity and effectiveness, a wide variety of;3@Carbon nanocomposites with diverse
architectures have been successfully developed, significantly advancing the design and

performance of L5 cathodes.

Despite its advantages, the&iethanol solutiorassisted infiltration method also faces several
notable limitations that constrain its broader applicability. One major drawback is the very limited
solubility of Li.S in ethanol. According to reported studies, the concentration®filLiethanol is
typically maintained at around 06 . 5% gMii val ent t @oLY)r2&8%8HRThis 25 mg
low solubility significantly restricts the amount of active material that can be introduced into the
carbon host in a single infiltration step, often requiring large volumes of solvent to achieve
meaningful L3S loading. Moreover, even trace amounts of water in the ethanol can trigger
undesirable side reactions, primarily the formation of LiOH, which compromises the purity and
electrochemical activity of the final product. As such, the ethanol must be smicitgiraus, adding
to the handling compléty and costAnother limitation lies in the structural compatibility between

Li»S and the carbon matrix. Most&i@Carbon nanocomposites prepared via this method rely on
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two-dimensional materials like graphene as the #3sté This is likely due to the tendency of,&i
to recrystallize into nanepherical particles that are more easily dispersed on flat,-ldkeset
surfaces. As a result, the method appears biased toward specific carbon architectures, potentially

limiting its adaptability to other morphologies such Bsgdrous frameworks or bulk structures.

In Chapter 5 andChapter 6 of this thesiswe introduce a novel approach tiasmarkedly
improved the solubility of LbS-based compounds in ethanol, even achieving a fully miscible
solution. Building upon the conventional.giethanol solutiorassisted infiltration method, we
developed alLi.S-precursor solution infiltration strategy. In this method, aSldontaining
compoundis both formedand fully dissolved in ethanol and then infiltrated into a carbon host,
followed by vacuum drying. Subsequent thermal decomposition of the resuliu®y
precursor@Carbon composite leads to the formation of unitag®@Carbon nanostructures.
Compared to the traditional method, this strafegliich will be elaboratedn Chapter 5 and
Chapter 6, significantly reduces ethanol consumption whaleabling much highein-pore Li.S
loadingin compositesimproved dispersion, and enhanced scalabilityaking it more suitable for

practical battery applications.

1.3.3Binder Materials in Li 2S-Based Batteries

To overcome the inherent challenges associated Vi8s Lsignificant research efforts have
been devoted to optimizing various battery components, including the c&tRédeode?®237
separatof?3241 and electrolyté® However, many of these modifications involve the introduction
of inactive materials, which increase the overall mass and volume of the electrode. This not only
reduces the proportion of active material but also compromises the energy density oBthe cell

posing a critical tradeff between enhanced performance and practical implementation

In addition to the active materials in the cathode, the sol | e d finacdi veo c
especially bindefs have emerged as important contributors to the structural and electrochemical
stability of Li-S batteries. While active materials are directly responsible for storing and releasing
Li* ions during cycling, binders play a pivotal role in maintaining electrode integrity by physically
securing the active material and conductive additives to the current collector. To support the

structural cohesion and emswa percolated conductive network during repeated chdisgpdarge
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cycles, a small amount of binder (typically2D wt%) is incorporated into the cathode sluit3.
245 Among the available binder candidates, polyvinylidene fluoride (PVDF) remains the most
widely used and traditional optiawith its widespread adoption iiB s, LSBs, andLi-air batteries
owing to its favorable electrochemical and thermal stability and decent adhesion to current

collectors??246.247

Despite its widespread use, PVDF exhibits several critical drawbacks that limit its suitability
for practical highperformance €.SBs. Its interaction with active materials and polysulfides is
governed mainly by weak van der Waals forces due to the catimelof its dipole moment from
the symmetricCF- groups?*®249This results in poor adhesion to polar LPSs, weak binding with
sulfur and carbon particles, and limited ability to suppress shnttieed losse®¥%2%1In addition,

PVDF is brittle and lacks sufficient elasticity to accommodate the severe volume expansion (~80%)
that occurs during sulfur lithiation, especially in cathodes with high sulfur loading. Its high
crystallinity also contributes to the aggloméatof active materials and uneven dispersion within

the electrodé®? Moreover, PVDF is electronically and ionically insulating, increasing the internal

resistance of the cathode and impeding charge trarfSport.

Although traditionally viewed as electrochemically inert, recent studies have demonstrated
that binders can serve multifunctional roles irSLbatterieg>¥2¢ By introducing polar functional
groups or redoactive moieties, functional binders can provide strong mechanical support, improve
ionic or electronic conductivity, and chemically anchor polysulfides through hydrogen bonding or
electrostatic interactiorf§! These multifunctional effects help buffer mechanical strain, accelerate
reaction kinetics, and mitigate polysulfide shuttling. As showrrigure 1.25, the design of
advanced binder systems foiLSBs has generally focused on three critical properties: (i) strong
mechanical strength to withstand structural stress and volume change, (ii) ionic or electronic
conductivity to overcome the insulating natofeelementakulfur and LiS, and (iii) high affinity

or redox activity toward LPSs to suppress shuttle effects.
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Figure 1.25The functions opolymer binders in -5 batterie$>® Adapted fromRef. 253 Copyright
© 2023 WileyVCH GmbH
First, strong mechanical properties are vital because sulfur cathodes undergo significant

volume changes during cycling, which can cause electrode cracking and delamination from the
current collectad especially in higHoading designg>® Binders with robust mechanical strength

and elasticity are essential for maintaining structural integrity and prolonging the cycle life of such
electrodeg®®2¢0 Second, enhancing electronic and/or ionic conductivity is equally important, as
both elemental sulfur and 43 are insulators. Functional binders can be tailored with conductive
backbones or ionically active groups that facilitate charge transport, enabling better rate
performance and utilization of active materi®&fsThird, the notorious polysulfide shuttle effect
leads to capacity fading, lithium anode corrosion, and poor Coulombic effidi®Reyctional
binders that can chemically trap or catalytically convert LPSs are highly beneficial for stabilizing

the cathodelectrolyte interface and suppressing side reactins.

Based on these critical roles, a broad range of binder materials have been reported, and they

can be categorized by their dominant function (mechanical support, conductivity enhancement, or
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shuttle suppression) as well as their processability (aqueous or organic solvents). Representative

examples of functional binders and their associated properties are summafiabtih.6.

Table 1.6 A summary of commonly used binders basedhair primary roles in 9. SBs 262

Adapted fromRef. 262 Copyright© 2018 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim
Function

Nonaqueous Binders Aqueous Binders
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The development of binder materials fot.SBs has been significantly more advanced than
for LioS-LSB systems, due to differences in material properties, cell chemistry, and processing
requirements. In £SBs, binders play a wetkcognized role in addressing challenges such as
polysulfide shuttling and large volume expansion, and a wide range of aquecassable binders
(e.g., CMC, SBR, PEO) can be readily used in slurry preparation, enabling safeffexiste, and
environmentally friendly electrode fabrication. In contrastSlis highly reactive, particularly with
moisture, and must be processethert atmospheres with neagueous solvents suchMsnethyt
2-pyrrolidone (NMP). This constraint means that only binders soluble or dispersible in organic
solvents can be used for.8i cathode fabrication, excluding many wateluble candidates that
have shown promise in sulfur cathodes. AdditionallySLig an ionic and highly polar compound,
requiring strong interfacial binding and high conductivity to overcome its insulating nature and high
activation overpotential. Despite its growing relevaricdy e b i n d e pSASBs remdine i n L |
underexplored, as research has traditionally focused more on conductive host design and redox
catalysts. These combined factors highlight the need for tailored binder development specifically

designed to operate inJS systems and compatible with organic processing environments.

As summarized iffable 1.7, the development of binder materials fosS.icathodes remains
relatively underexplored compared to the extensive progress madeSBsS The majority of
reported LiS-based studies continue to rely on PVDF as the primary binder, followed by occasional
use of polyvinylpyrrolidone (PVP). This limited diversity in binder selection highlights the early
stage of binder research in&ibattery systems. In contrast td. SBs, where numerous functional
and aqueouprocessable binders have been developed to address issymsylidfide shuttling
and mechanical instability, similar advancements have not yet been translatef &ydtems.
Notably, a few studies report theauof poly(acrylic acid) (PAA) as a binder for,&icathodes;
however, this is an exceptional case. In those instances, 4Bephiticles were coated with a
protective layer such as lithium ethyl xanthate (LIEX), which isolates the active material from direct
contact with PAAZ3Without such surface modification, PAA is chemically incompatible witB Li
due to its reactivity with the ionic surface of the sulfide particles. Therefore, PAA should not be

considered a generplrpose binder for LS electrodes. Overall, these observations reinforce the
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need for dedicated binder design tailored specifically to the unique chemical and processing

constraints of LiS-based cathodes.

Table 1.7 Binder materials applied in $$-LSBs and theirepresentativeatteryperformances

Binder Li2S Materials Initial Capacity Stability Ref.
PVDF Ball-milled LizS 950 mAh g'@0.1C 85% @40 104
PVDF C-LizS nanopatrticles 1069mA h g'@0.05C ~90% @100  22°
PVDF Carboncoated LiS 1029mA h g*@0.2C ~63%@100  1%°
PVDF Li»S-graphene 759mA h g*@0.05C 92% @200 4
PVDF Li.S@GCoN 1137.1 mAh g'@0.2C 81.7%@300
PVDF Li»S/N-doped graphene 801mA h g*@0.3C 79%@100 =0
PVDF Li,S-graphene 812mA h g'@1/12C ~71%@20 144
PVDF Li,S@Ni-P-S@G cage 980mA h g'@0.1C 77.3%@s00 232
PVDF Li,S@graphene 1104mA h g'@0.1C 60%@200 145
PVDF LiZS/FV,\\/INB-II;S@rGO 975mA h g'@0.2C ~85%@300 264
PVDF CosSo/Li-S@G 739mA h g’@2C ~65%@900s 25
PVDF Li»S-C ~700mA h g'@0.1C ~54%@200 212
PVP Li»S/C ~880mMA h g'@0.05C 73% @100 266
PVP Holey-Li,S 712mA h g'@0.2C 75.6%@100 257
PVP Li,S/HNG 1067mA h g'@0.05C ~45.8% @500 28
PVP Ball-milled Li>S 760 mAh g'@0.2C 69% @500 257
PVP Li,S@Super P 821 mAh g'@0.1C 82.5%@400 1%
PVP KB-LizS 693mA h g'@1/12C 73.3% @40 269
PTFE KB-Li2S ~545mA h g'@0.1C ~55%@L00 207
PTFE Commercial LiS ~500 mAh g'@0.1C N/A 176
PIB, BASF Carboncoated LiS ~82%5 mAh g'@0.1C ~35%@100 ?7°
PEQLICF3S0s Li,S-C 600mA h g*@0.05C ~100%@80 161
PAA Li,S-LIEX 1100mA hg'@0.2 mAcm?  73%@1400 2%
CMC Li»S-PAN 675.4 mAh g'@100 mA g¢  90.6% @250 2™
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Our own findings, as presentedGmapter 3 of this thesis, further demonstrate that PVDF is
a poor choice foLi>S-based systems. While PVDF may reduce the charging overpotential by
reacting with L{O or LIOH on the surface dfi.S particles, it also causes irreversible consumption
of active material, leading to significant capacity loss. These reactions are associated with
dehydrofluorination, where PVDF loses fluorine atoms and forms reaefiv€- species,
generating HF and compromising electrode stability. This degradation not only reduces
electrochemical performance but also creates corrosive environmentsrthet deteriorate the
electrodeelectrolyte interface. Moreover, this issue is not confined.it® cathodes; similar
dehydrofluorination has been observed twSBs under high voltage and high sulfur loading,

indicating that PVDF may be intrinsically unstable across both systems.

In addition to these electrochemical concerns, broader environmental and regulatory issues are
beginning to cast doubt on the letegm viability of PVDF. As a fluorinated polymer, PVDF
belongs to the class of materials often grouped under PFASafpémlyfluoroalkyl substances),
which are currently under scrutiny due to their environmental persistence and potential health
risks2’? Emerging regulations in multiple countries are proposing restrictions or outright bans on
PFAScontaining substances, further emphasizing the urgency for the battery community to
develop fluorinefree alternatived’® Taking together, these chemical, electrochemical, and
regulatory challenges strongly motivate the search for more stable, rezmtipatible, and

environmentally benign binder materials foS cathodes.

To address these challenges, this thesis preaeigigelopment of novel fluorinfree binder
systems specifically designed foiS-based cathodes. Bhapter 4, a new functional binder is
introduced, which demonstrates strong adhesion, polysulfide anchoring capability, and
electrochemical compatibility withi,S cathodes. Building upon thi€hapter 7 describes the
further advancement of fluorirfeee binder strategies fdrigh in-pore Li;S loading Li.S@SP
nanocomposite cathode®cusing on achieving robust electrode stability, improved capacity
retention, and enhanced reaction kinetics. These binder systems offer promising pathways toward

scalable, higiperformance, and environmentally responsibis battery technologies.
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1.3.4Li2S-Based Full Cells

Traditional SLSBs typically employ elemental sulfur as the cathode and lithium metal as the
anode. This configuration offers extremely high theoretical energy density due to the high capacity
of both sulfur (1672 mA g*) and lithium metal (3860 mA g'), making it attractive for advanced
energy storage applications. However, the use of lithium metal introduces significant challenges
that hinder practical deployment. Lithium tends to form dendrites during repeated charge/discharge
cycles, which can penate the separator and lead to internal short circuits and thermal runaway.
Mor eover, ' it hi umods high reactivity with con\
breakdown and regeneration of the solid electrolyte interphase (SEI), consumingjthitiimeand
electrolyte and leading to low Coulombic efficiency, poor cycle life, and safety risks. These issues
are compounded by Ilithiumés | ow melting point

which complicate manufacturing and storage.

To overcome these limitations,B:LSBs have gained increasing attention. Unlike sulfur,
Li>S is a fully lithiated cathode material, enabling the use of lithiuetalfree anodes such as
graphite, silicon, or tin. This not only improves safety by eliminating lithium dendrite formation
but also enhances compatibility with existid@ manufacturing infrastructure. Furthermore,3.i
can be processed under inert or even ambient conditions, offering better material stability and
scalability. As a result, k&-based full cells represent a promising path toward safersdmrigtgy

densityLSBssuitable for practical applications.

To construct a practical and safeSbased full cell, careful selection of a suitable lithium
free anode is essential. Among the available options, graphite, silicon, and tin are three of the most
widely studied anode materials due to their high theoretical capacities and compatibilityBvith

technology.

1.3.4 a)with Graphite Anode

The commercially mature graphite anode is widely used in LIBs due to its excellent structural
stability, low volume expansion (approximatelyl3%), and long cycle life. It accommodate$ Li
ion intercalation and deintercalation reversibly, making it a stable and reliable anode material. In

LSBs, graphite also presents a safer and more stable alternative to lithium metal, reducing the risk
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of dendrite formation and enhancing cycling stability. However, graphite is highly sensitive to
electrolyte composition, and its compatibility is largely limited to carbebased electrolytes,
such as ethylene carbonate (EC) and dimethyl carbonate (Ddd@monly used in commercial
LIBs. In such electrolytes, graphite can form a stable solid electrolyte interphase (SEI) during initial
cycling, which protects the graphite structure from continuous solventerezalation and prevents

exfoliation of graphee layers.

While graphite exhibits excellent performance in &l configurations using carbonate
electrolytes, its application in9Bfull cells is severely limited by electrolyte incompatibility. When
graphite is paired with k5 cathode in a carbonabased electrolyte, severe side reactions occur.
This is due to the formation of reactive LPSs during discharge, which can chemically react with
carbonate solvents. In particular, sulfur radicals’oadons generated during the redox processes
can attack alkyl gdonates like EC, leading to the formation of irreversible byproducts that degrade
both the electrolyte and active materials. These side reactions render the batreghaogeable,
making carbonate electrolytes fundamentally incompatible with convahtld®B chemistry.

These approaches remain challenging and are not yet viable for commercial applications.

In contrast, ethebased electrolytes (e.g., DOL/DME mixtures) are widely used in LSBs due
to their chemical stability with polysulfides, high ionic conductivity, and favorable solvation
properties. However, ether solvents moé verysuitablebut stillin usefor graphite anodes because
they tend to céntercalate into the graphite structure, causing exfoliation and structural breakdown.
This mutual exclusivity between graphite and ether electrolytes creates a fundamental challenge in

designing LSB full ells with graphite anodes.

Therefore, while graphite is an ideal anode for conventional LIB systems, its application in
LioSLSBs is severely constrained by electrolyte incompatibility, motivating the search for

alternative anodes such as silicon and tin that are better suited to ether electrolyte environments.
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Figure 1.26 Schematic of the architectuoéthe LS-LSB full cell composed of Cu foil/Li
metal/organic electrolyt&/ceramicseparator (LATP)/organic electroly®Li,S cathode/carbon/Ti
foil. 13 Copyright © 2@8 Royal Society of Chemistry.

To address the fundamental incompatibility between graphite anodes anebatber
electrolytes, as well as the chemical instability between polysulfide species antbasettr
electrolytes, Wangt al. proposed an innovative twghase electrolyte system for.&iLSB full
cellsas shown irFigure 1.26.173In this design, a ceramic lithium superionic conductor (LISICON)
separatowas employed to spatially divide the electrolyte environment within the cell. On the anode
side, a carbonatikased ester electrolyt@hich is compatible with graphite and supports stable SEI
formation was used. On the cathode side, an eblased electrolytechemically stable against
polysulfides and sulfur radicalsvas selected to support,5i redox reactions. The LISICON
ceramic acts as a lithison-conducting but solvertlocking membrane, allowing onlyi* ions to
pass between the two compartmemltsle preventing the direct interaction of incompatible species
(e.g.,LPSs and carbonatesyhe cell demonstrated a reversible specific capacity of 70hrgA

(based org) at 0.05 Cafter 20 cycles under a voltage window of-3.6 V.

The performance of k5-SLB full cells can be significantly enhanced through electrolyte
optimization, particularly by modifying ethdiased electrolytes, which are widely used due to their
compatibility with sulfur species and high ionic conductivity. One effective strateglves
increasing the salt concentration to suppté3Sdissolution and stabilize interfacial reactions. For
example, in the absence of any additives, increasing the concentration of LiTFSI to 5 M in pure
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DOL resulted in notable improvements: a full cell assembled with -ditpiged graphite anode
and a sulfur cathode delivered a high reversible specific capacity of 980ghat 0.1 C, with a
capacity retention of 81.3% after 100 cycl&sThis is becausehe superconcentrated ether
electrolyte forms a unique network structure of, 0iIFSI, and solvating solvents, distinct from
conventional dilute systems. This structure promotes the formation of a stablejér@d SEI

on the graphite surface, preventing graphite exfoliation and solventeroalation. As a result, it
enables reversig lithium intercalation and suppresses continuous electrolyte decomposition.
Similarly, Lv et al. developed a sup@oncentrated ether electrolyte composed of 5 M LiTFSI in
DME/DOL (viv, 1:1)2"°The full cell using a sulfur cathode and a lithipneloaded graphite anode
exhibited a stable cycling performance, maintaining a specific capacity of 686 ghAfter 105
cycles at 0.1 C. These results demonstrate thatdugbentration ether electrolytes not only
improve the reversibility and stability &fSB full cells but also facilitate their integration with

graphite anodes by enhancing interfacial compatibility and suppressing parasitic reactions.

Table 1.8 RepresentativeiS-LSB full cell performancevith graphite asnodes

Cathode Electrolyte Voltage Range Initial Capacity Stability Ref.
1M LIiTFSlin
LioS/CNT DOL/DME (vlv, 1:1) 1328V 900 mAh g'@0.1C 67%@150 %0
+ 1wt.% LING;
1M LIiTFSIin
Li.S@PC DOL/DME (vlv, 1:1) 1328V 772 mAh g'@0.05C 4% @252 1%t
+ 1wt.% LING;
Li.S@graphene LM LITFSTn 0l 3.5V 1047 mAh g'@0.1C 57%@200 1%
D2/DME (viv, 2:1)
2.5 MLIiTFSlin
Li.S/Gr/CNT  DOL/DME (v/v, 1:1) 1628V 5.3 mAh cnm?@0.2C ~50%@800 152
+ 0.4 M LiNGs
Li.S/MC L MLIPFsin 0.011 25V ~700 mAh g'@0.1C ~84% @150 #7
EC/DEC ¢lv, 1:1)
) LITFSI in G1/G3 .
I-Li>S/KB 1.013.3V ~600 mAh g'@0.1C ~100%@30 148
(viv, 1:1)
Li.S/KB LMLITFSHn 0.5/3.0V 700 mAh g'@0.1C N/A 153
DOL/DME (vlv, 1:1)
Li»S/Graphene LM LITFSAn 0.5/3.5V 809 mAh g'@1/12C 50%@100 14
TEGDME/HFE
, 5 M LIiTFSlin N
Li.S-Cu 1.213.0V 870 mAh g*@100 mA ¢ ~1006@800 46

DOL/DME (viv, 1:1)
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1 M LiTFESI in
Lis@lisns COPMEOMID o hasy 634 mAh gl@0.05C N/A 149
| n . . m .
2>l + 1Wt.% LiNOs + g

AN + TTE

A variety of LibS-based cathodgsairedwith graphite anodelsave been investigated in full
cell configurationss listed inrable 1.8, with performance largely influenced by cathode structure,
electrolyte composition, and cycling conditions. Most studies utilize -etsd electrolytes such
as 1 M LiTFSI in DOL/DME ¥/v, 1:1), often with LINQ as an additive. These systems commonly
deliver high initial specific capacities in the range of IGO0 mAh g at low Grates, with
materials such as 1S@graphené® and LiS-Cut#® reaching up to 1047 and 870 mAg?,
respectively. In terms of cycling stability, 5 Cut*® and|-Li,S/KB8 exhibit excellent capacity
retention close to 100%, though over different cycling windows (800 and 30 cycles, respectively),
indicating room for further improvement in logrm durability. Notably, a LS/MC cathod&’
using a carbonateased electrolyte (1 M LiRFn EC/DEC) achieved ~700 miAg? at 0.1C with
~84% capacity retention after 150 cycles, suggesting that under certain conditions, carbonate
electrolytes may be made compatible withShased systems. Advanced formulations such as
high-concentration electrolytes, mixed solvents, and functional interfacial layers (e®nSLi
coatings$*®) are increasingly employed to enhance ionic conductivity, suppress polysulfide
dissolution, and stabilize cycling. These findings underscore the critical role of electrolyte
engineering and cathode design in enabling Hpigifiormance, lithiummetatfree Li,S-LSB full

cells suitable for practical applications.

1.3.4 b)with Silicon (Si) Anode

Silicon (Si) has beenvidely regarded as one of the most promising anode materials fer next
generatiorLIBs due to its extraordinarily high theoretical specific capacity, reported to be between
3,579 and 4,200 mA g?, which is nearly an order of magnitude greater than that of commercial
graphite (372 mA g?). In addition to its high capacity, silicon offers several advantages, including
resourceabundance, low cost, and a low lithiation potential (~0.&sVLi*/Li), all of which

contribute to achieving high energy densityull-cell configurations.
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However, the practical application of silicon is significantly hindered by its extreme volume
expansion, which can reach up to B8R0%. This drastic change in volume induces severe
mechanical stress, leading to cracking, pulverization, and delamination of the active material from
the current collector, thereby disrupting electrical contact. Additionally, the continuous formation
andrupture of the solid electrolyte interphase (SEI) on newly exposed silicon surfaces consume
large amounts of lithium and etealyte, resulting in irreversible capacity loss and poor initial

Coulombic efficiency.

To address these challenges, strategies such as nanostructuring silicon, reserving internal free
volume, and surface engineering have been developed to accommodate volume changes, reduce
mechanical degradation, and improve the cycling stabilii-blased anodes in higierformance

LIB systems.

Table 1.9 summarizes recent advancements uSILISB full cells incorporating variouSi-
based anodes, including bulk silicon, silicon thin films, nanowires, nanoparticles, andi silicon
oxygeri carbon composites. Across these studies, most full etdls employed ethebased
electrolytes (typically 1 M LiTFSI in DOL/DME with LiN@additives). The reportefiill cell
performancedemonstrated a wide range of initial discharge capacities, from 428 gA(Si
nanowiré®) to as high as 953.3 mA g* (bulk Si with LbS-PDTe cathod€&?, depending on
electrode structure, electrolyte formulation, and testing conditions. In terms of cycling stability,
performance varied considerably: while the-L&S-MCMB cell using a TEGDMEbased
electrolyte retained ~89% of its capacity after 50 cy&fasther systems showed moderate to poor
retentior® for example, only ~20% capacity retention was observed after 200 cycles in the Si
TiIN/PHC@LLS systent® Several studies utilized nanoengineered silicon, such as Si nanowires or
nanoparticles embedded in porous carbon frameworks, to alleviate mechanical degradation and
accommodate volume changes, though improvements intéongcycling remain a challenge.
Overall, the results highlight the potential of silicon anodes for-bagacity, lithiummetatfree
Li.S-LSB full cells, but also underscore the importance of electrode design, electrolyte

compatibility, and interfacial engineering to ensure stable aratgile cycling.
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Table 1.9 Representativei S-LSB full cell performance with different types of Si anodes.

_ Voltage . . .
Si Anode Cathode Electrolyte Initial Capacity Stability Ref.
Range
1 MLIiTFSIlin
Si Li,S-PDTe DOL/DME (viv, 1:1) 1.5/25V 953.3 mAh g'@0.2C  80@100 154
+ 1wt.% LING;
1 MLIiTFSIlin
Si TiN/PHC@LL,S DOL/DME (viv,1:1) 1.3(3.8V 702 mAh g'@0.5C  20%@200 '
+ 2wt.% LING;
Si thin 1 MLIiTFSIlin
film insituTG-Li,S DOL/DME (v/v,1:1) 1.2/2.5V 900 mAh g'@0.05C N/A 156
+ LPSs + LINQ
Sl Li.S/C L MLITFSTn 17126V 423 mAh g'@0.1C ~59%@20 17
nanowire DOL/DME (viv, 1:1)
) 1 MLIiTFSIlin
NP(Z)I-HCF Li2SZnS@NC DOL/DME (viv, 1:1) 12125V 710 mAh g'@0.2C  57.7%@200 *°®
+ 2wt.% LING;
LiICFsSGsin
Si-O-C Li,.SSMCMB TEGDME (1:4 molar 0.112.8V ~490 mAh g'@0.2C  ~89@50 159
ratio)
1 MLIiTFSIlin
Gt-SiNW  Li;S-CoFePCN DOL/DME (vlv, 1:1) 1.5/2.8V 805.6 mAh g'@0.1C  64%@80
+ 0.2 M LING;

1.3.4 c)with Tin (Sn) Anode

Tin (Sn) is considered a promising anode material for LIBs due to its high theoretical specific
capacity of 994 mA g, which is also substantially higher than that of commercial graphite (372
mA h gb). Tin stores Li ions by forming Li.Sn alloy during lithiation and offers additional
advantages, including good electrical conductivity, a moderate lithiation potential (~0s6 V
Li*/Li), and abundant natural reserves, making it both-efiettive and scalable. However, like
silicon, tin undergoes laegvolume expansion (~260%) during lithiation and delithiation, leading
to mechanical degradation, pulverization, and instability of the SEI. These effects cause capacity
fading and poor cycling stability, limiting its practical application. To overcomgetbhallenges,
several strategies have been explored. One common approach is to reduce the particle size to the

nanoscale, which helps accommodate volume changes; howevettiméemds to agglomerate
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over repeated cycles, diminishing its effectiveness. Designing hollow or porous structures or

reserving internal buffer space can further alleviate mechanical stress. Among these strategies,
incorporating an inert buffer matrix, particularly conductiveboar, has proven highly effective.

The carbon matrix not only buffers volume expansion but also enhances electrical conductivity and

structural integrity.

Table 1.10 Representativéi>S-LSB full cell performance with different types of Sn anodes.

Voltage N ) .
Cathode Electrolyte Initial Capacity Stability Ref.
Anode Range

1 M LITFSIl in
Cabonized DOL/DME (V/V, 1:1) +
wipes/LbS  1wt.% LINOs; + 150 mM
Lil + 50 mMInl3
PEQLICF3S0:-10%S
. ZrO; membrane 4 M N
snC Li.S-C o 1.5/4.1V 600mAh g'@0.05C N/A 161
LiPFe in EC/DMC VIV,
1:1)
PEQLICF3;S0:-10%S
. ZrO; membrane + 1 M .. 600mAh g
sn'C Li,S/C . 0214V 66%0@32 163
LiPFs in EC/DMC (/v 1@0003C

1:1)

SnG 0.5/3.0V 983mAh gl@02C N/A 162

Table 1.10 summarizes representative studies of&ILSB full cells incorporating various
Snbased anodes, including S SnC compositess! and Sn/C materiaf$® These systems
employed both liquid and sokstate hybrid electrolytes, combining ether carbonatdased
solutions with polymer or ceramic membranes to enhance stability and suppress polysulfide
migration. The reported initial capacities range from &083 mAh g?, with the highest value
achieved by a SnOanode paired with a carbonized wipefiicathode and an etHeased
electrolyte containing multiple additives (LiINQLil, Inl3) designed to stabilize the SEI and inhibit
shuttle effect$%2Sn-C and Sn/C composite anodes demonstrated initial capacities of 660yhA
at low rates, using hybrid electrolytes with polymer membranes -f#s@d) and carbonate
solvents'®11%3|n terms of cycling stability, limited data are available, though one Sn/C system
retained 66% of its capacity after 32 cycl&Overall, these results highlight the potential of Sn

based anodes to deliver high capacity ubliull cells, while also emphasizing the need for further
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optimization of electrolyte design, interfacial stability, and cycling durability to realize their full

potential in practical applications.

In summary, the successful commercialization e&lLiSB full cells requires careful matching
of the anode and cathode materials, along with the selection of electrolytes compatible with both
electrodes and polysulfide species. The comparativanpeterof the three most studied anode
material® graphite, silicon, and téh are summarized inTable 1.11. As shown, graphite offers
excellent structural stability and minimal volume change during cycling, but its low theoretical
specific capacity limits the overall energy density of the full cell. In contrast, silicon and tin exhibit
much higher theoreticalapacities, which can significantly boost cell energy density. However,
their practical application is severely hindered by large volume expansion during lithiation, leading
to mechanical degradation, loss of electrical contact, unstable SEI formatiorapichadapacity

fading over cycling.

Table 1.11 Paraneter comparison of anode materials.

Anode Material Graphite Silicon Tin
Density (g cm®) ~2.26 ~2.33 ~7.31
Theoretical Capacity (mAh g?) 372 35794200 994
Voltage Flat (V vs.Li*/Li) ~0.1 ~0.4 ~0.6
Volume Change (%) 9~13 ~300420 ~260
Fully Alloyed Material LiCs Lia4Si Lis4Sn

Notes:

Density values are approximate for the bulk material.

Theoretical Capacity is calculated based on the full lithiation prod(feally Alloyed Material ).

VoltageFlatr ef er s t o the average | ithiation potenti e
Volume Changereflects expansion upon full lithiation.

To address these challenges, research has increasingly focused on composite and engineered
anode materials that combine high capacity with improved structural resilience. Among these,

silicor/carbon (Si/C) composites have emerged as a particularly promising solution, as the carbon
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matrix helps buffer silicondéds volume <change w
stability. In addition to Si/C, other advanced anode designs, such as Sn/C, metal oxide compaosites,
and novel nano materials, are being explored to enable staghleadpacity, lithiummetatfree full

cells.

1.3.4 d)with Silicon/Carbon (Si/C) and Other Anodes

Si/C composites combine the high theoretical capacity of silicon with the excellent electrical
conductivity, mechanical flexibility, and structural stability of carbon. The carbon matrix acts as a
conductive network that not only facilitates electron tpansbut also serves as a mechanical buffer,
effectively accommodating siliconés | arge volu
design significantly reduces the risk of particle pulverization, loss of electrical contact, and
continuous SElupture. Additionally, the carbon component helps suppress silicon nanoparticle
agglomeration during cycling and contributes to forming a more stable SEI layer, improving

Coulombic efficiency and cycle life.

The representative studies on&iLSB full cells employing Si/C composite anodase
presented imMable 1.12, highlighting the versatility and potential of these materials in lithium
metatfree configurations. The reported full cell systems utilize electrolytes predominantly based
on ether solvents (DOL/DME) with LiTFSI and LiN@dditives, although carbonate electrolytes
(e.g., LiPkin EC/DMC) have also been explored. Initial specific capacities vary across the studies,
ranging from approximately 540 miAg? (Li.S+C cathod®9 to as high as 1100 mig? (Li.S
LIEX cathodé®d) at low to moderate rates (DL C). In terms of cycling stability, the Ma >S-
graphene cathode coupled with a Si/C anode demonstrated excellent durability, retaining 82.4% of
its capacity after 500 cycles at 1°CSimilarly, the LbS-LIEX system achieved 73% capacity
retention over 1400 cycles, indicating remarkable {t@rgy stability2®® By contrast, cells with
conventional LiS+C or Mo/LbS cathodes typically exhibited more modest capacity retention
(~50161%) over 76150 cycles’®?76 These results underscore the significant promise of Si/C
anodes for enabling higtapacity, longife Li»S full cells, while also highlighting the importance
of cathode architecture, electrolyte formulation, and electrode interface engineering in achieving

optimal performance.
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Table 1.12 Representativei.S-LSB full cell performance with Si/C as anodes.

Cathode Electrolyte Voltage Range Initial Capacity Stability Ref.
i 1 M LiPFRsin .
Mol/Li S 02125V 788mA h g'@0.1C 52% @150 278
EC/DMC (v, 1:1)
1 M LiTFSl in
Li.S+C DOL/DME (VIV, 13128V ~540mA h g'@0.1C ~509%@70 %76
1:1) + 0.5 M LING
1 M LiTFSl in
Li.S/CIG DOL/DME (VIV, 1.2/35V 593mAh g'@100 mA gt 61%@30 27
1:1) + 1wt.% LINQ
1 M LITFSl in
Li S-LIEX DOL/DME (V/V, 1.83.0V 1100mA h g‘l@O.l?C 73%@1400 263
1:1) + 0.2 M LINQ
. 1 M LiTFSI in
Mo-Li,S ..
DOL/DME (VIV, 15135V 815mA h g'@1C 82.4%@500 277
graphene

1:1) + 1wt.% LINQ

Beyond graphite, silicon, and tin, alternative anode materials have also been utiliz& in Li
LSB full cells as listed inTable 1.13. These include metallic current collectors (e.g., Cu,
Cu/Auy®z8l gs bare or modified substratesifositu lithium plating, as well as conversiaype or
composite anodes such as®£%2 and MnQ-rGO 2% |nitial capacities reported for these systems
vary widely, with values ranging from approximately 576 mAg* (Fe&;O4/CNs anodey°® to 919
mA h g! (Cu anode paired with £3/MWCNT cathodé’° at low rates (typically 0i10.2 C). In
terms of cycling stability, performance remains mixed: while some systems, such as MnO
rGO|Li.S-rGO, achieved capacity retention of over 80% after 150 cy€leshers, particularly

bare Cubased anodes, showed more rapid capacity decay (e.g., ~51.5% after 10G%€ycles).

Table 1.13 Representativei S-LSB full cell performance witlothertypes of anodes.

Anode Cathode Electrolyte Voltage Initial Capacity Stability Ref.
Range
2 M LiICF:SQ; in
Cu Li,S/IMWCNT DOL/DME (1:1) 1.812.8V 919 mAh g'@0.1C 51.5%@100 280
+0.2 M LiNO;
1M LIiTFSlin
Cu Li,S/CFs DOL/DME (1:1) 1.712.8V 639 mAh g'@0.1C 40%@150 281
+0.75 M LiNGy
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1 M LiTFSlin
Cu/Au Li,SICFs DOL/DME (1:1) 1.712.8V 770 mAh g’@0.1C 53%@150 281
+0.75 M LiNG
1 M LiTFSlin
FeO, Li,S@MXenel/graphene DOL/DME (1:1) 1.72.8V 600 mAh g'@0.2C 78%@50 282
+ 2Wt.% LiNO;
1 M LiTFSlin
Fes;0J/CNs Li,S@NCNF DOL/DME (1:1) 1.52.8V 576 mAh g'@0.2C 60%@50 209
+ 2Wt.% LiNO;
1 M LiTFSlin

MnO,-rGO Li,SrGO 0.212.6V 587.5 mAh g'@0.2C 80.5%@150 283
DOL/DME (1:1)

Considering the need to balance high capacity, structural integrity, cycle life, and compatibility
with Li.S cathodes, this thesis focuses on the use of commercial Si/C composite anodes as the most
promising candidate for k$-LSB full cells. Specifically Chapter 8 presents a detailed evaluation
of full-cell performance based on the pairing of commercial Si/C anodeswrilesignedighin-
pore loadind.i.S@SP nanocomposites (develope@lvapter 6) and optimized functional binders
(developed inChapter 7). This integrated design not only addresses the key challengesSof Li
cathode activation, polysulfide management, and anode stability but also demonstrates significant
potential for the commercial application ob&iLSBs. The fullcell systems explored in this work
provide a pathway toward safe, highergydensity, and scalablé,S-LSB technologies suited for

practical use in fields such as electric vehicles and grid energy storage.

1.4 Objective and Structure of This Thesis

The overarchingobjective of this thesis is to investigate the design and optimization of
functional binders and k$@ Carbonnana@ompositeengineering strategies to address critical
challenges in LS batteres. These challengeaaclude the large firsicharge overpotentiandthe
drawback of PVDF consuming 4S. In addition,the large particle size of commerciab®; the
high melting point and poor solubility hinder conventionalS@Carboncompositefabrication,
while the limitations of binderalso appeawhen applied to nanoscale;&i Eachof these issues is
identified and addressegequentially in the course of this research, ultimately paving the way
toward the realization of practical lithiuamodefree full cells This thesis is organized intoine

chapters, each progressively building towadbjective
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Chapter 1 introduces the background of lithiusulfur batteries, the uniqgue advantages of
Li»S cathodes, and the fundamental challenges associated with their development. It also reviews
stateof-the-art strategies for mitigating these challenges, with emphasis on binder maaeals,
nanostructured.i S composite while also considering different anode materials as examples to

illustrate the feasibility of fulcell configurations.

Chapter 2 summarizes the materials, chemicals, and equipment used in this research, and

outlines the general experimental methods.

Chapter 3 proposes mitigating the activation barrikere to the insulating LIOH/kO surface
layer by exploiting the reaction between polyvinylidene fluoride (PVDF) binder and Li@bi/Li
through dehydrofluorinatiorHHowever, PVDF was also found to react withS,iproviding new

insights into its dual rola Li.S cathode

Chapter 4 investigates alternative bindersapable of enhancing the electrochemical
performance of LiIS-LSBs. A binder based on a zinc acetate triethanolamine (Zn{UA&)
complex was developeéxhibitingsuperiorperformance to PVDFTo further reinforce electrode
integrity and improve dispersion stability, polyethylenimine (PEI) was incorporated to form a

Zn(OAC)TEA/PEI hybrid binder.

In Chapter 5, an efficient precursor solution infiltratieslecomposition strategy was invented
to synthesize lLE@Carbon nanocomposites under mild conditions, overcoming the challenges of

Li;S6s high melting point, poor solubSility, and

The thermal decomposition of X3S precursolin Chapter 5releases a large amount of CS
gas (~62 wt.% of the precursor), which creates internal voids and limits-gleedari_iS loading.
To address thisChapter 6 builds upon precursor infiltratiedecomposition method with a multi

cycle strategy, enabling higher.&i content and ipore loading.

An attemptto combine thefunctional binder fromChapter 4 and optimizedLi.S@SP
nanocompositeBom Chapter 6 manifesed the limitations oZn(OAc)TEA/PEI -based binders
on highly reactive nanoscale A3. Chapter 7 therefore introduces a series of polyethylenimine

epoxy resin (PEER) binderswith applicability to nanostructured 4S materials The in-situ
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crosslinking method further improved processing by removing the short crosslimk@wgindow

and enabling uniform networks without altering2@ SP morphology.

Chapter 8 serves as the culmination ofetle research projectsntegraing the optimized
Li.S@SP cathodes and functional binders developed in earlier chapters to successfully assemble
and evaluate lithiuranodefree full cells.Using PVP as a benchmark binder and a commercial
Si/C composite as the anode, this chapter demonstrates the practical feasibility of the proposed

strategies.

Chapter 9 provides the overatlonclusions andutlook, reflecting on the mechanistic insights,
scalable strategies, and device demonstrations developed in this work, and highlighting future

directions toward practical $$-based LSBs.
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ChaptkExper i Mabhteal Llasr aacntder i zati on

This chapter begins by presenting a comprehensive table of the chemicals and materials used
for experimental designs, followed by a summary table of the required equipment. These resources
provide a clear overview of the essential components and toolsoysdplkthroughout the
experimental work. Subsequently, the chapter introduces the fundamental principles and key
instrumentation of the primary characterization techniques used to evaluate the physical, chemical,

and electrochemical properties of electrodgenals.

2.1 Chemicals and Materials

A variety of chemicals and materials were employed in the experimental work described in
this thesis, ranging from precursors and solvents to conductive additives and binders. The selection
of these substances was based on their compatibility Mis®based LSBsystems and their
functional roles in material synthesis, electrode fabricationpattdryassemblyTable 2.1 below
provides a detailed list of all chemicals and materials used, including their fiarmesgar, purities

andsuppliers

Table 2.1 Chemicas and Materials for ExperimeaitDesigns

Chemicals/Materials Formula/Structure Purity (%) Supplier
L . . 99.98%trace ) )
Lithium sulfide Li.S . SigmaAldrich
metals basis
U 0.003% _
Reagentlcohol CH3CHsOH SigmaAldrich
water
Carbon disulfide CS 0 99.9%  SigmaAldrich
Sulfur S 0 99.0%  SigmaAldrich
N-Methyl-2-pyrrolidone(NMP) CsHoNO 0 995% SigmaAldrich
Polyvinylpyrrolidone(PVP) (CsHoNO)n Mw~1,300,000 SigmaAldrich
i . . 99.95% trace . )
Lithium hydroxide monohydrate LiOH-H.0 . SigmaAldrich
metals basis
_ . ) 99.5% metals
Lithium oxide LioO . Alfa Aesar
basis
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Poly(vinylidene fluorideYPVDF) (CHCR)n
Carbon black$uper B C

Zinc acetate dihydrate Zn(CH3CO0)2-2H:0

Diethanolamine (DEA) NH(CH,CH,OH);
Triethanolamine (TEA N(CH.CH-OH)s
PolyethylenimingbranchedPEI) H(NHCH,CH_)sNH>
PolyethylenimingPEI) solutio
yethylenimine(PEl) N H(NHCHCH)NH:
~50% in HO
1,2-DimethoxyethanéDME) CH;OCH,CH,OCH;z
1,3-Dioxolane(DOL) C3HeO:
Lithium
bis(trifluoromethanesulfonyl)imide =~ CRSONLISO.CF;
(LITFSI)
Si/C Anode SiandC
Compressed argon gas Ar
Battery gradeithium chips Li
Double Sides Conductive Carboil
. . Aland C
Coated Aluminum FoilCCAL-18u
KnNa]_Z_

Molecular sieves3 A .
n[(AlO2)12(Si0y)12] - xH20

Polypropylene separat¢Celgard

CsHg)n
2400) (CsHe)

CR2032 coin cells N/A

Mw~1,000,000

> 96%

098%

098.5%

099.5%

Mw~25,000

M; 600,000
1,000,000

99.5%

99.8%

99.9% trace
metals basis

GS60

100%

0999%

Al Foil
Purity >99.9%

N/A

N/A

N/A

Kynar

IMERYS

SigmaAldrich

SigmaAldrich

SigmaAldrich

SigmaAldrich

SigmaAldrich

SigmaAldrich

SigmaAldrich

SigmaAldrich

Shanshan
Technology
Linde Canada
Inc.
China Energy
Lithium Co.,
Ltd
MTI
Corporation

SigmaAldrich

Celgard LLC.

MTI
Corporation
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2.2 Experimental I nstruments and Equipment

The successful execution of the experimental procedures in this thesis required the use of a
wide range of laboratory equipment, encompassing synthesis tools, material processing instruments,
and electrochemical workstations. Each piece of equipment vesteskto meet the specific
requirements of material preparatiobattery fabrication, and performance evaluation. The

following Table 2.2 summarizes the key equipment used, along with their model nurabérs

manufacturers.
Table 2.2 Experimenal Instruments and Equipment
Instr ument/Equipment Model/Specification Manufacturer
Analytical balance VWRU10204966 VWR International
Doctor blade coater 250/ 500/ 75 MTI Corporation
Blast oven EDO056 Binder Inc
Vacuum oven Model 281A Fisher Scientific
Ultrasonic cleaner 97043964 VWR International
Standard Dual Module . .
Glovebox Virgo Technologies Inc
4 ports
_ Wuhan Land Electronics
Battery testing system Land 2001A
Co., Ltd.
Electrochemical workstation Biologic VMP-3 BioLogic
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2.3 Phase and Elemental Analysis
2.3.1Powder X-ray Diffraction (XRD)

X-ray diffraction (XRD) is one of the most powerful and widely used techniques for
determining the crystal structure of materidlise most commonly applied XRD technique, known
as powder X-ray diffraction, uses a monochromaticray beam to examine specimerihe
principle of XRD is based on wave interferemseshown irFigure 2.1: when two waves with the
same wavelength travel in the same direction, they can constructively interfpreagi@n por

destructively interfere (ottf-phaseg /2) depending on their phase difference.

Figure 2.1 Schematic of Baggs Law.?8* Copyright © 2010 Elsevier Ltd. All rights reserved.

In crystalline materials, this interference leads to diffraction patterns that are characteristic of
the atomic arrangemenwhich meetswith B r a gLgwd (Equation 2.1). The diffraction patterns
are then compared to standard reference data, such as the Powder Diffraction File (PDF) cards

provided by the International Centre for Diffraction Data (ICDD).
nee=2ds idr Equation 2.1

Where
2= wavelength of the Xay sources
d = distance between planes
d = the incident angl¢Bragg anglg

n=an integer
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In theory, diffraction peak8 a c c or d i n gLahdoareBhrarp gngl Hasrow; however, in
real samples, the peaks exhibit finite widths. These broadened peaks arise from instrumental factors
and, importantly, from the finite size of crystallites in the sample. Smaller crystal domains cause
broader peaks du® incomplete destructive interference, with peak width inversely related to
crystal size. ThusScherrerequationis introducedto estimate the average size of crystalline
domains (also referred to as crystallite size) in a matéti@his method is particularly valuable
for analyzing nanostructured or figgained materials, where peak broadening in the diffraction

pattern occurs due to small crystallite dimensions.
Scherrerequationis expressedsin Equation 2.2

KA

D= m Equation 2.2

Where:
D = crystallite size (m)
K = 0.89(Scherrerconstantshape factofor spherical partie9
2= 0.154184 nmwavelength of the Xay sourceusedin this thesis)
b = FWHM (full width at half maximum of the diffraction plean radian}
d= Bragg angle

The Scherrerequation is applicablehen thecrystallite sizes below ~100 nmandbased on
XRD peak broadening. lsoassumes that the observed broadening is caused solely by small
crystallite size with contributions such as lattice strain and instrumental effectgligible or

corrected for.

Particularlyfor Li.S research in this theslsapton tape has beapplied in the XRD analysis
to prote¢ materials from moisture in the air or humidity during measureméaton tapeis
chemically inert, thermally stable, andr&y transparent, making it ideal for sealing samples
without affecting data quality. Importantly, the weak and broad background peaks from Kapton
shown inFigure 2.2 (a) do not overlap with the characteristic diffraction peaks g (frigure 2.2

(b)), allowing accurate phase identification in%iresearch.
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Figure 2.2 XRD patterns of (a) Kapton tape and (b) Kapton tegeeredcommerciali»S powders
obtainedby Bruker D8 Discover Xray Diffraction Spectrometer

In this thesisthe XRD patterns were collected Byuker D8 Discover Xay Diffraction

Spectrometeusing Cu KJradiation with a wavelength of 0.154184 nm. All sampmestaining

Li2S were placed onto the sample holded covered with Kapton tape to avoid air.

2.3.2Fourier Transform Infrared Spectroscopy (FTIR)

Fourier transforminfrared (FTIR) spectroscopy is a widely used analytical technique for
identifying organic, polymeric, and some inorganic materials by measuring how they absorb
infrared (IR) light?® Molecules naturally vibrate in specific modes, such as stretching or bending,
and absorb IR radiatioat specific frequencies that correspond to the vibrational modes of their
chemical bonddlike C=C, Gi H, or Q H. In FTIR, the IR beam interacts with the sandp&ither
passing through or reflecting offitand the absorbed wavelengths are recordeerdw data is
then mathematically converted using a Fourier Transform into a spectrum that plots absorbance or
transmittanc€%) versusvavenumbe(cn?). The esulting spectrum, with its characteristic peaks,
serves as a molecular fingerprint for identifying chemlmahds by comparison with reference

datdase.
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(a) Transmission FTIR spectroscopy (b) ATR-FTIR spectroscopy

Sample
IR source Detector — — — —
———————————————————— » },‘ r \\\.‘,l, \\\ ’I" \\\u’/‘ \H\)l
“w IRE e
IR source Detector

KBr pellet containing sample

Figure 2.3 Schematics of (afransmission FTIRind(b) Attenuatedotal reflectanc ATR)-FTIR.26
Adapted fromRef. 286. Copyright© 2015 by the authors, licensed under CC. BY

FTIR analysis can be conducted using two main approaches: Transmission FTIR and
Attenuatedotal reflectance FTIR (ATRFTIR). In the transmission setup, illustratedrigure 2.3
(a), infrared light is directed through a sample that is usually prepared as a thin film or compressed
into a pellet, such as with KBr. This technique captures spectral information reflective of the
mat erial 6s overall bul k ¢ oreparatisn and is suscéptibte tod e ma n
moisture interference. Alternatively, ATRTIR, shown inFigure 2.3 (b), employs a specialized
crystal that internally reflects the IR beam, generating an evanescent wave that interacts with only
the surface layer of the sam@leypically a few microns deep. Due to its ease of use, fast
measurement capability, and suitailfor various sample forms (including solids, liquids, and
semisolids), ATRFTIR has become a preferred method in many practical applications.

In this thesis,attenuated total reflectance Fourier transform infrared (ATHRR)

spectroscopy measurements were performed on a Bruker VERTEXIRO$dectrometer.

2.3.3Ultraviolet -Visible Spectroscopy

UV-Vis spectroscopy has been extensively employed in the study of liulfar batteries
(LSBs) due to its capability to probe soluble species and track dynamic electrochemical processes.
A major application lies in the identification and quantification of lithium polysulfides (LPS) in the
electrolyte, which is essential folueidating reaction pathways and understanding the underlying
degradation mechanismgV-Vis absorption spectra were measured on a Cary 7000 universal

measurement spectrophotometer (UMS)
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2.4 Morphological and Structural Analysis
2.4.1Scanning Electron Microscope(SEM)

Scanning electron microscopy (SEM) is an effective analytical method for examining a
material 6s surface morphology and composition
sample.When a sample is bombarded with a focused electron beam, a variety of signals are
generated as a result of interactions between the incident electrons and the atoms in the sample.
These signals includeecondary electrondackscattered electrons, absorbed electrons, Auger
electrons, transmitted or projected -electronstha@oluminescence (cathode rays), and
characteristic Xays.Each si gnal provides distinct i nf or m:
subsurface properties. Among thesegondary electrorsse most commonly used to produce high
resolution images of the sampleds surface morp

In this thesisall the LbS samples for SEMere prepared in Afilled glovebox andsamples were
transferred to the sample chambery swiftly to avoid themoisturecontaminationThe SEM images

were taken using Aeiss Sigma HD microscope.

2.4.2High-Resolution Transmission Electron Microscopy HRTEM)

High-resolution transmission electron microscopy (HRTEM) is an advanced characterization
technique capable of achieving magnifications up to several million times. Unlike SEM, which
primarily reveals surface morphology, HRTEM enables direct visualizatitrednternal atomic
structure of materials. It operates by directing a {@ghrgy electron beathrough an ultrathin
sample. As the electrons transmit through the material, they interact with the atomic lattice, and the
resulting phase contrast allowsetformation of latticeesolved images. In addition to imaging,
HRTEM can capture electron diffraction patterns, which offer complementary information on the

mat erial 6s crystal symuergstaling, ori entation, and

The dropcasting method was useafirepare TEM samples from powdered materfalsmall
amount of the sample is typically dispersed in a volatile,-boiling-point solvent using
ultrasonication to achieve a uniform suspension and minimize particle agglomeration. However,
ethanol, commonly used for dispersion, is unsuitable becauSean partially dissolve in ethanol,
potentially altering its composition and morphology. To address thiglith@hoxyethane (DME)

is preferred due to its compatibility withS and its ability to evaporate cleanly. After dispersion,
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a small droplet of the suspension is carefully deposited onto a TEM grid. The sample is then dried
under vacuum conditions to remove residual solvent and to minimize hydrdtyisigritical to
transfer the dried grid rapidly into the TEM sample chamber, preferably using a sealed or4inert gas
transfer holder

In this thesisDME was used as the solvent to dispersgS lsamplesTransfermg procedures

should befastto avoid themoisturecontaminationThe TEM images wer@btained by JEM-20Q

2.5 Electrochemical Peformance Analysis

Electrochemical performanamnalysisplays a vital role in battery research, as they provide
direct insight into the practical behavior and efficiency of battery materials under operating
conditions. These tests not only validate the structural and chemical advantages of the designed
components Hualso reveal critical parameters suchoagrpotentigl specific capacity, cycling
stability, and rate capability. To accurately evaluate the performance of the developed electrode
materials, a systematic and rnigas approach is required. In the following sections, the entire
proces8 from electrode processing various battery testing meth@dsvill be introduced in detail.
2.5.1Electrode Processing

In laboratoryscale coin cell fabrication, electrode processing is a crucial step that significantly
influences cell performance and reproducibilifhe general procedwséor electrode preparation

involve the following key steps:

Slurry Preparation. A homogeneous slurry is prepared by mixing active masetiad.,
commercialli,S or Li.S@Carbomanocompositgs conductive additivese(g., Super P), and a
bindermaterial(e.g., PVDF, PVP, astherfunctional binders) inmappropriatsolvent(e.g.,NMP).
The typical weight ratio is 70:20:10 (active materiaitenductivecarbon: bindermaterial$, but it

varies depending on thab design.

Coating. The prepared slurry is uniformly coated onto a current coll¢etgr,carboncoated
Al foil or carbon paperlsing a doctor blade. The coating thickness and uniformity must be well

controlled.

Drying. The coated electrodetisendried followed by vacuum drying at elevated temperature

(e.9.,50120 AC) for several hours to ensure compl e
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Punching. After drying, the electrode film isutinto circular discs€.g.,12 mm in diameter)

using a coin cell punch.

Weighing. The punched electrodes are weighedcaéiculate theactive material loading

(controlled atl.0i 1.2 mg cn?).

In this thesisthewholeelectrode processingas carried out in an Aflled glovebox withO; and
H>O < 0.5 ppm
2.5.2Coin Cell Assembly
Coin cell assembly is a critical step in evaluating electrochemical performance of battery

materials Figure 2.4 illustratesthe componentsequired for a coin cell constructété

Cathode. A composite of active material (e.d.i>S or Li,S@Carbonnanocompositgs

conductive carbon (e.g., Super P), and binder (e.g., PVDF, &\Rg carboitoated Al foildiscs.
Separator. Commonly Celgard 2400 or polypropyleti@P)membranés used

Electrolyte. Etherbasedelectrolyte(e.g.,1 M LiTFSI in DOL/DME v/v=1:1 with 2 wt.%

LiNO3 as an additiveis employed in LiS batteries
Anode. Lithium metal foik or Si/Ccomposites on Cu foil disc

Cell casing.CR2032 stainless steel coin cell casesti{iodeand anod, spacers, andone
spring

The assembly of a coin cell is conducted imasfilled glovebox(O; and HO < 0.5 ppmto
prevent moisture and oxygen contamination, which is especially critical for messmséive
materials likeLi,S and lithium metal The process begins by placing #tainlesssteelcathode
casing of a CR2032 coin cell, followed by the prepared cathode disc compose&-baded
composite A precise volume of electrolytis then added to fully wet the cathode. A separator
(Celgard 240pis placed on top, and more electrolyte is added to ensure complete saturation. A
lithium metal foil (or Si/C compose on Cu foil)is then carefully placed as the anode, followed by
a stainlesssteelspacerand a conespring Finally, the cell is capped with ttenodecasing and

sealed using a crimping machine to ensure tight contact and prevent leakage. The assembled cell
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are normallyrested forseveralhours to allow thorough wetting before electrochemical testing

begins.

w—‘ Anode Case

— Cone Spring

Spacer

Anode

Separator

aEH» Canod
’ Cathode Case

Figure 2.4 Schematiof the assembly o coin cell?®” Adapted fronmRef. 287. Copyright © 2023,
The Author(s), under exclusivieenseto SpringetVerlag GmbH Germany, part of Springer Nature
2.5.3Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) is a powerful andestrudive analytical
technique frequently used to explore the charge transfer and ion transport in electrochemical devices
such as batteries and fuel cellhedata are commonlinterpreted by fitting with an equivalent

electrical circuit mode{Figure 2.5 (a)) andplotted in a Nyquist plotFigure 2.5 (b)).

() < (b)

> Re(2)

Figure 2.5 (a) Representation of Randles circaitd (b) its characteristic Nyquigbt. (c) Randles
circuit with Warburg element and (d) its characteristygjuist plot?88 Reproduced fronRef. 288

used under the Creative Commons Attribution (CC BY) license.
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In this study, an AC voltage signal with a small amplitude (10 mV) was applied to thélsatter
and the corresponding current response was monitored to construct impedance $pectra.
generated Nyquist plots, which were fitted using an equivalent circuit model as illustraigaran
2.5 (c), commonly display one or two semicircles in the Higimid frequency region, representing
charge transfer resistance and interfacial behavior. At lower frequencies, the plots show an inclined
line, depicted inFigure 2.5 (d), which corresponds to the Warburg impedance associated with

lithium-ion diffusion within the electrode structure.

The measurements were conducted using a Biologic-8MRctrochemical workstation, and
the collected impedance data were analyzed and fitted usirgaEGoftware to extract key

parameters such as solution resistanggg®icharge transfer resistance{R

2.5.4Cyclic Voltammetry (CV)
Cyclic voltammetry (CV) is a widely used electrochemical technique for evaluaax
behavior, reversibility, and reaction kinetics of battery electrode matdti@soperated based on

the Nernst equation and observed as a peaked dyrotential curve.

A representative CV curve of a simple reversible process is shdvigire 2.6 (a). A linearly
swept potentialtheincentive) at a scan rate wfs applied to the electrode, and the redox reactions
at the electrode/electrolyte interface are detected by measuring the resultant current (response).
When the set potential is reached, the applied potemilidbe swept in the opposite directi@s
shown in inset oFigure 2.6 (a). At the start of the cathodic scan (usually beginning from the open
circuit voltage, OCV), the voltage is still higher than the reduction potential, so no real redox
reaction occu only a small capacitive (nelRaradaic) current flows. As the voltage mogleser
to the reduction potentighereduction reaction begins. The reactant species at the electrode surface
are consumed, creating a concentration gradient between the surface and the bulk whiiation
drives diffusion toward the electrode and produces a cathodic cussdhie voltage becomes more
negative, morgeactains areconsumed at the surfadeading to thancreagd diffusion flux and
current. When the surface concentrationr@dctantis nearly depleted, the current reaches a
maximum(the cathodic peak current and potentiafter that, the current drops because treeee

not enoughreactars left onthe surfaceWhen the scan direction reverses (anodic scan), oxidation
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reactions occur. This leads to an increase in current again, forming an anodic peak current and its

corresponding potentigror an electrochemical reversible system, the cu(reist proportional to

vi2
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Figure 2.6 (a) A schematic CV curve for a simple reversiblectém, with the inserted showirte
voltage change during the CV scén). CV curves of a typical -5 battery at a scanning rate of 0.1
mV s1.289 Copyright®© 2019 WILEY VCH Verlag GmbH & Co. KGaA, Weinheim
Figure 2.6 (b) exhibitsa typical CV curve of LS batteriesThe first reduction peak, typically

observed between 2.2.2V, corresponds to the conversioneémentalsulfur (S) into soluble
lithium polysulfides (LiS,, where4 0 x U 8). The second reduction peak, appearing atl29,
is associated with the further reduction of these polysulfides into insolu8edrid LbS. This
two-step reduction is also evident in the discharge profile, which shows two distinct voltage
plateaus. During the anodic scan, the oxidation g8 biack into polysulfides or sulfur produces a

broad peak, often overlappinginthei22 6 V r ange.

CV measurements in this thesis were performed using a Biologic-¥MIctrochemical
workstation. For LiS-based batteries, the scan began with an anodic sweep from OCV up'to 4.0
foll owed by a cathodic sweep down to i2.B W¥, ani
In contrast, forsulfubased batteri es, the scan started wit
foll owed by an anodi c s weyelgs alsomgonfined tozhe 87 .V8 Mvi t h

window. The scan rate was adjustaidsed on specific experimental designs.
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2.5.5Galvanostatic Charge andDischarge

Galvanostaticharge andlischarge (GCD) is a pivotal electrochemical method extensively
employed in battery research to assess the capacity, cycle stability, and rate performance of
electrode materialdn GCD, a constant current is applied to charge and discharge the battery or
half-cell, and the voltage response is recorded over fueng charging current flows to drive
Li* ionsfrom the cathode to the anqdlecreasing théatteryvoltage until a set upper voltage limit
is reachedln the discharging proceg$e current direction is reversdd; ions flow back, and the

voltage drops until the lower cutoff voltage is reached.

Figure 2.7 illustratesa typicaldischarge/charge curve of-Bi batteriesln the initial stage of
discharge, Sreacts withLi* ions and acceptselectrons to formsoluble long-chain lithium
polysulfides. This phase consists of multiple stepwise redox reactions that collectively transfer 4
electrons per Smolecule. As a result, the corresponding voltage plateau is gradually sloping and
accounts for approximately 25% of Isghlinfther 6s t h
subsequent stage,.Bi undergoes further lithiation to produce shangtin species such as;&i
and LpS. This transformation involves raore direct reaction that transfers the remaining 12
electrons per§ resulting in a flat voltage plateau

theoretical capacity125 mA h g?).
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Figure 2.7 The typicaldischarge/charge curve of-6i batteies?*° Copyright© The Royal Society of

Chemistry. Licensed under CC BY 3.0

The galvanostatic charge and dischaegsin this thesiswere carried on the Lar2D01A

battery test systenfor Li.S-based batteries, 1 C = 1166 mA fpr Li-S batteries, 1 C = 1672 mA
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gl. Additionally, evaluating rate performance at different cuséaiyg., 0.1 Cp.2 C,0.5C,1.0C
and 2.0 C) using this type of plot enables assessment of how the capacity responds to varying

charge/discharge speeds over repeated cycles.
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ChaptMirti3gating First Ch&8Bgee®verp
LithSwimfur Batteries by Leveraging

Li OHOLLayer

This chapter is based on the following publication:

Z.Huang, X. Gaq Y. Wang, Y. Li, Journal of Power Source2023 582: 233530

3.1Introduction

Lithium-ion batteries (LIBs) have been widely used since their commercial introduction in the
1990s?°and their demand has grown exponentially over the past decade as they entered the electric
vehicle and smart grid markefs-However, the low energy density and high cost of LIBs limit their
further application$®? Therefore, other batteries with higher potential energy density and lower
cost have been vigorously explored in recent y&asmong them, lithiurssulfur batteries (LSBs)
have a theoretical specific energy of 2,600 W , kghich is about five times that of LIB% and

are inexpensivé®* making them a promising negeneration battery technologf:235-295297

The most widely investigated LSBs use elemental sulfur cathodes and lithium metal anodes,
namely SLSBs, which tend to form lithium dendrites that cause short circuits, a common problem
associated with all types of lithium metal battef#3.0 address this issue, efforts have been made
to use the discharge product&ias the cathode material in conjunction with more stable anode
host materials such as grapHitesilicon,'*® and tin% This approach eliminates the requirement
for lithium metal, thus enabling the development of safet-based LSBs, or k&LSBs. LS
LSBs are also more compatible with the existing manufacturing processes for conventional LIBs.
An additional advantage of using.6ias the starting material is that the volume of active material
does not increase further during charge/discharge. This property enables the active material to
remain confined within the carbon host, leading to a more stable cycling perforooamgared to

SLSBs?®

Nonetheless, the development 06LSBs has proven to be ndrivial.1®>1%8Li,S has a

theoretical redox potential @2.4 V (vs.Li*/Li) and the electrochemical behavior ob&ILSBs
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was expected to be similar to that of SBs1%* However, when using the same operating voltage
window between 1.7 and 2.8 V applicable tdEBSs, no appreciable battery performance was
observed for LiS-LSBs since LiS could not be chargéé To make a LiS-LSB work, a potential
higher than 2.8 V (up tB4 V) is usually needed in the first charging pro¢€s&°and the entire

first charge curve appears to be dramatically different from that of a typic@BSas shown in

Figure 3.1.
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Figure 3.1 The first cycle galvanostatic charge/discharge characteristics of a typ6dl$B and the
first dischargecharge cycle of a typical-5SB, where the specific capacities were normalized to be
based on sulfur for a clearer compariddata for the 9.SB are reproduced with permissi¢f.

Copyright © 2021 American Chemical Society.

First, the LyS-LSB shows an overpotential spike (typicdllg.6 4 V at a rate of 0.C) at the
very beginning of the first charging process, whereas a typic&BSonly requires a low potential
of D2.21 2.3 V at this stage. After the overpotential spike, the charging potential drops rapidly, but
remains much higher than the charging potential of the&SB. Then, the potential increases
gradually over a prolonged period. If the battery is not forcetbip, the first charging process can
often exceed théneoretical specific capacity ofdS due to the occurrence of some irreversible side
reactions under excessively high charging voltages. For instancepati®st electrolytes would
decompose at working voltages3> V (vs. Li*/Li).1""3%03%The subsequent first discharge curve
and charge/discharge cycles become similar to thoseL&BS although the specific capacity is

generally lower.
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The anomalous first charge cycle observed feELiSBs has been the subject of extensive
research and numerous theories have been proff53&d°22°+or example, the high crystallinity
of the starting material k% has been thought to be responsible for the overpotential becasise Li
has an antifluorite crystal structure with strong bond energy and high standard enthalpy of formation,
which makes the delithiation of 43 very difficult!®®17°On the other hand, the 49 formed in
typical SLSBs after the first discharge is of poor crystallinity, because the discharge is often
incomplete, and the discharge products contaif;land some polysulfides besides,i so the
first charging process of-5SBs is less energetically demandifd$®*“The size of LiS particles is
also considered to be related to the height of the potential barrier, that is, the smaller particles, the
larger surface area, the shortet diffusion length, and the smaller overpotentt&f-*8The particle
size of commercially available 43 is usually large, which has been considered to be another reason
for the high overpotential of some,BiLSBs. Furthermore, during storage and/or processing of
Li2S, an insulating LIOH/LLO layer is inevitably formed on the surface otS.iparticles by
absorbing moisture, which is also responsible for the high potential, especially the initial spike,
during the first charg&>175176.200ccordingly, various approaches have been explored to address
this overpotential issue associated withBti SBs such as extensive ball milling to reduce th&Li
particle size'?® addition of additives such as lithium polysulfifégto destroy the LS crystal
structure to lower the charging barrtétdissolution of LiS to remove the LiOH/LO layer88305
in-situ preparation of LS 2% etc. Despite these efforts, the mechanism behind the high first charge
overpotential of LiSLSBs remains controversial, mainly due to the difficulty in handling Li
which is extremely sensitive to moisture, and effective and simple methods to solve this problem

are still lacking.

Polyvinylidene fluoride (PVDF) has been widely used as a binder for LIE5E and LS
LSB electrodes and is generally considered to be stable both chemically and electrochemically.
However, previous studies showed that PVDF can undergo dehydrofluorination in the presence of
strong bases such as LiOH, NaOH, and KOFt! and metal oxides such as@p, LizLasZr.012
(LLZO) and Lis7d-asZr1.7sTan 24012 (LLZTO).312315 |nspired by these studies, we decided to
intentionally exploit the reaction between PVDF and the basic LiQ&/layer on the surface of

the LbS particles to reduce the first charge overpotential ¢8-LEBs. This was achieved by
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simply stirring the cathode slurry consisting of;%iand PVDF in anhydroubl-methyl2-
pyrrolidone(NMP) at room temperature for a period of time (24 or 48 h). One of the products is
LiF, which has been reported to be able to effectively enhance the performant&B§3° As
expected, the first charge overpotential spike was significantly reduced from 3.74 V fofShe Li
LSB fabricated using the freshly prepared slurry to 3.37 V and 2.75 V for the batteries fabricated
using slurries stirred for 24 h and 48 h, respectively. Additionally, the charging potential after the
initial spike also decreased notably. Foutiansbrm infrared spectroscopy (FTIR) analysis of
PVDF treated with LiOH or 120 indicated that both LIOH and 40 can readily react with PVDF

in NMP, forming usaturated €C bonds through dehydrofluorination. Unexpectedly, it was found
that the subsequent first discharge capacity notably decreased from 576iéx thg LbS-LSB
fabricated using the freshly prepared slurry to 508 mAltamgd 479 mA h ¢ for the batteries
fabricated using slurries stirred for 24 h and 48 h, respectively. FTIR analysis revealed that PVDF
can react with LJiS at an even faster rate than with LIOH osQ.i which is responsible for the
reduced specific capacity of the batteries ritaied using the stirred slurries. In fact,
dehydrofluorination of PVDF also occurred notably during a typical cathode fabrication process
(30 min grinding of the slurry and 12 h vacuum drying of the slurry coated on a substrate at 50 €C),
leading to paral removal of the LIOH/LIO layer on the LS particle surface. This resulted in a
slight reduction in overpotential (to 3.74 V) of the%LSB battery using the freshly prepared
slurry containing PVDF binder compared to the high overpotential of 3@&as¥rved for the cell
using a polyvinylpyrrolidone (PVP) binder that is inert to LiIOHQ. This study provides new
insights into the origin of the overpotential during the first charging process®f. EBs and a
simple additional slurry stirring step could effectively reduce the first charge overpotentigd-of Li
LSBs using a commercial 13 and a PVDF binder through the removal of the LiOk3Layer on

the surface of the b$ particles.
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3.2 Experimental Section
3.2.1Materials

Lithium sulfide (LkS) (99.98 % trace metals basis) and lithium hydroxide monohydrate
(LiOHH »0) (99.95 % trace metals basis), polyvinylpyrrolidone (PVR,#1,300,000), anhydrous
N-methyt2-pyrrolidone (NMP, 99.5 %) were purchased from Sightdrich. Lithium oxide (LkO)
(99.5 % metals basis) was purchased from Alfa Aesar. Super P (SP) was purchased from IMERYS.
Polyvinylidene fluoride (PVDF, M ~1,000,000) was purchased from Kynar. Other chemicals were
obtained from various commercial sources. The antugdMMP was further dried usirghium
metal and filtered using a PTFE syringe filter. All other chemicals were used without further

purification.

3.2.2Reactions between Lithium Compounds and Binders
LIOHH -0, Li»0O, and LiS, were weighed and mixed with PVDF at a molar ratio (1iFng)
= 1:1 (LIOHH >0, Li2O or Li,S) or 10:1 (LiS) using anhydrous NMP as the solvent. The mixture
was stirred for 24 or 48 h. After NMP was removed under vacuum at room temperature, the treated
PVDF samples were washed three times with deionized water and once with acetone and then dried

under vacuumtaoom temperature.

3.2.3Fabrication of Lithium Sulfide Electrodes

Three slurries were prepared by grinding a mixture g6 5P, and PVDF at mass ratios of
Li2S:SP:PVDF = 70:20:10 in NMP for 30 min inside an argon-f#ied glove boxwith O, and
H-O concentrations below 0.5 pprone slurry was immediately coated on a carboated
aluminum current collector and dried, which was used to fabricate the electrode RYBIE®N.
Two other slurries were stirred in sealed vials with a magnetic stirrer for 24 and 48 h before being
used to fabricate electrodes labelRdDF-24h and PVDF-48h, respectively The PVP binder
based electrodd?VP-48h, was prepared in a similar manner to that usedP¥DF-48h, except
that PVP was used as the binder. The electi®d®F5%-48h5%, was fabricated using a slurry
prepared by grinding a mixture of;5, SP and PVDF at a mass ratio of 70:20:5 in anhydrous NMP
for 30 min, stirred in a vial for 48 h, followed by adding another 5 wt.% PVDF and stirring for an
additional 10 min. All the coated electrodes were vacuum dried at 50 € in an ovde the

glovebox overnight. The electrodes were finally cut into discs with a diameter of 12 Inem.
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average lithium sulfide loading on electrodes was 1.0 ~ 1.2 rfg Bhe punched electrodes were
stored in sealed vials inside the glovebox. Some electrodes were stored (aged) in the glovebox for

24 hprior to cell assemblgnd were labeleBVDF-0h-A, PVDF-24h-A andPVDF-48h-A.

3.2.4Electrochemical Measurements

2032 coin LiSLSBs with above LiS cathodes, lithium metal anodes, Celgard 2400 as
separators, and.@ M lithium bis(trifluoromethanesulfonyl)imide (LITFSI) in DOL/DME/{ =
1:1) containing 2 wt.% LiN@as the electrolyte were assembled in an afijled glovebox. The
electrochemical performance of batteries was measured galvanostatically on a Land 2001A battery
test system. Electrochemical impedance spectra (EIS) were recorded at tHoirapepotenial
(OCP) using a Bidogic electrochemical potetstat/galvanostat (VSP) in a frequency range from

1000 kHz to 0.1 Hz with an AC amplitude of 10 mV.

3.2.5Characterization

XRD measurements of i3 samples were carried out on a Bruker D8 DiscovanyX
diffractometer using Cu Kradiation 6=1.5418 A). XRD samples were covered with Kapton tape
to prevent them from absorbing moisture in the ambient air. Attenuated total reflectance Fourier
transform infrared (ATRFTIR) spectroscopy measurements were performed on a Bruker VERTEX

70 FT-IR Spectometer.
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3.3Results and Discussion
3.3.1Reaction between PVDF and LiOH or LO

Since this work aims to remove the LiOH/filayer on the surface of the commerciaS by
using the PVDF binder during the slurry preparation process, the reaction between PVDF and LiOH
or Li,O was first carried out in anhydrous NMP solvent. Similar reactions between PVDF and LiOH
or other bases under different conditions have been studied, which involve deloydrafion of
PVDF to form unsaturated=C bonds Figure 3.2 (a)).310317:3%8The formation of €C bonds can

be confirmed by measuring the FTIR spectra of the product.
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Figure 3.2 (a) Dehydrofluorination of PVDF in the presence of a base to form unsaturef=dddds.
FTIR spectra ofb) commercial PVDF(c) PVDF reacted with LiOHr(:n- = 1:1) in NMP for 24 and

48 h, andd) PVDF reacted with O (n.i:ne = 1:1) in NMP for 24 and 48 h.

Specifically, LiIOH or LyO was added to a PVDF solution in anhydrous NMP at a Li/F molar
ratio n.i:ne of 1:1 and stirred at room temperature for 24 h or 48 h in a sealed vial in arfilegion
glove box. The obtained reaction mixture was vacuum dried at room temperature to remove NMP,
washed with Diwater and then acetone to remove impurities, and thimdughly under vacuum
at room temperature. Then the sample was measured using attenuated total reflection Fourier
transform infrared (ATRFTIR) spectroscopy. As a comparison, the untreated commercial PVDF

was also measured.
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As shownFigure 3.2 (b), the commercial PVDF sample showed peaks at 762, 796, 873, 973,
1067,and 1181 cy whi ch ar e -phaserandmpeakseal278 and téitewhich
are characteristic of tHephase. There is also a peak at 84¢, which represents the amorphous
phase'®31’3Th e data indicate that the PVDF used in
The very weak band at 6Zm? can be attributed to the hetmthead and taito-tail linkages®®
More specifically, the bands at 1181 and 486' can be indexed to-€ stretching and wagging
vibration modes, respectively, while other bands at 140d 873cm? are ascribed to Ei

deformatiorn?!®

As shown inFigure S3.1, atthe beginning of the reaction, both PVDF/LIOH and PVDILi
mixtures were white. After stirring for 24 h, the mixtures turned dark purple and black, respectively,

indicating that some reaction had occurred.

As shown inFigure 3.2 (c) and (d) the PVDF samples treated with LiOH andQ.ifor 24 h
showed a new peak at 16gar! and 1674cm?, respectively. This peak intensified dramatically
after stirring for 48 h for both samples. The peak position remained atché7for the PVDF
sample treated with LiOH, and shifted slightly to 16%8' for the sample treated with Li20. It has
been reported that the characteristic bands=6f Gonds formed through dehydrofluorination in
PVDF appear in the range DL60Q 1700cn?.3%8310320|50]ated G-C bonds appear &1700cnm
1 while conjugated €C bonds (with two or more € bonds connected as showrFigure 3.2
(a) appear at a shorter wavenumber towapd$00 cm™.3%® Accordingly, it seems that the
conjugation length in both samples is rather short. Since the two samples appear dark due to their
absorption of visi bl e | i-gohjugated sdyraents with kelatively c on't
narrow band gaps. Their diffent colors, dark purple (LiOlteated)vs.black (LkO-treated), may
be due to their different average conjugation lengths. The differences inGheo@id peak position
and color of the LIOH and kO treated samples indicate that the dehydrofluorinatienhanism

of the two reactions may be different.

Changes also occurred in theFGtretching and wagging frequencies from 1181 toct86
for the commercial PVDF to lower wavenumbers of 1170 ana#?dor the LiOH or LpO treated

samples. On the other hand, thedGleformation bands remained at 1401 and &%3. As the
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reaction time increases, both th&@nd CH peaks are significantly weakened relative to th€C

bond peak.

The above results show that PVDF can significantly react with LIOH @ iti NMP when
stirred at room temperature fori28 h, suggesting that it seems feasible to simply stir tj# Li

cathode slurry in the presence of PVDF to activag8.Li

3.3.2First Charge/DischargeCycle of Li2S Cathodes

Next, three LiS cathode slurries were prepared by grinding LBiperP, and PVDF (at a
mass ratio of LiS:SP:PVDF = 70:20:10) in anhydrous NMP inside an afdied glove box for
30 min. One slurry was immediately coated on a caduated Al substrate and dried in a vacuum
oven at 50 € for 12 h inside the glove box. The cathode, naM&dF-0h, was used to assemble
a Li:S-LSB using a lithium foil as the anode an@ W LiTFSI in DOL/DME (v/v = 1:1) containing
2 wt% LiNOsz as an electrolyte. Two othdugies were stirred in sealed vials inside the glove box
for 24 h and 48 h, and subsequently used to fabricadathodesPVDF-24h and PVDF-48h,
and their LiS-LSBs, respectively. Since the,5i used in the work is highly pure (99.98%), the
amount of PVDF used (k$:PVDF mass ratio = 70:10) in the slurry should be adequate for the

removal of the trace amount of LIOHD on the surface of the 4S particles.
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Figure 3.3 First charge/discharge curves of RAJDF-0Oh, PVDF-24h andPVDF-48h, and (b)PVDF-
0Oh-A, PVDF-24h-A, andPVDF-48h-A batteries. Inserts are the zoomed initial charging stage of the
batteries. All the electrochemical tests were carried out at 0.1 C (1 C = 1168 (nia%)) with an
upper cuoff voltage of 3.6 V.

89



The first charge/discharge curves of the three electrodes &t(@Q.C = 1166 mA d¢ (Li2S))
are shown inFigure 3.3 (a). For thePVDF-0Oh cathode, a high overpotential spike at 3.74 V
appeared at a charging capacity of 2.5 ngt immediately after charging started, which is typical
for Li»S-LSBs using commercial k5 powes and is believed to be due to the presence of the
insulating LIOH/LEO layet’®and the low delithiation kinetics of pure;8it® The charging voltage
rapidly dropped and reached a low potential of 2.77 V at a capacity of 41.4giAThen, the
charging voltage gradually increased and reached-aftubltage of 3.6 V at a capacity of 990.8

mA h g, completing the first charging process.

The shape of the subsequent first discharge curve is comparable to that of tyyfstad,S
exhibiting a first plateau within the voltage rangeD@.4i 2.1 V, followed by a second plateau at
discharge voltages @i2.1 V. The appearance of these two distinct discharge regions are known to
be due to the formation of soluble polysulfidesS,i(y = 4i 8) from elemental sulfur gsand the
formation of shorter sulfides (4%, and LiS), which contribute 25% and 75% of the theoretical
capacity for a complete disatge reaction froms3o Li.S, respectively®® The discharge capacities
of these two regions of tHeVDF-0h cathode are 227.8 and 348.5 mAhwith a total discharge
capacity of 576.3 mA %, which is 49.4% of the theoretical specific capacity eSL{1166 mA h
g?). Since the capacity ratio of the second plateau to the first plateau is only 1.53, much lower than
the theoretical ratio of 3, it appears that only 26.5% g lwere converted to the final discharge
product LS in the second plateau, which is much lower compared to conventia88sS’¢ The
PVDF-0h cathode slurry was prepared by manually grinding the commereginith SuperP, so
the LiS particles and their charged product, elemental sulfur, would have a large size and stay
outside the carbon black particles, which would result in poor charge transfer. On the other hand,
the sulfur cathode in typicatiSSBs is prepared by thermal infdiion of sulfur into the nanopores
of mesoporous carbon, which can effectively improve the charge transfer. Based on the discharge
capacity of the fst plateau, the sulfur utilization is calculated to be 78.1% based on the theoretical
value of 291.5 mA lg* for a 100% sulfur utilization. This means that 78.1% eShiere converted
to sulfur in the first charging process, which would require a charging capacity of 910.@%A h

Because the actual capacity of the first charge is 990.8 A 81.9% of the charge in the first
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charging process was used to convesSlib elemental sulfur, indicating that 8.1% of the charge

was lost due to some irreversible side reactions occurred under high charging voltages.

For thePVDF-24h cell, a significant decrease in the initial overpotential spike to 3.37 V was
observed, followed by a low potential valley with a minimum voltage of 2.54 V at 80.8 g7A h
The voltages of the overpotential spike and the potential valley are much lower than those of the
PVDF-0h cell, which is most likely due to the removal of the LiOH®Qilayer on the surface of
the LS particles by PVDF during the 24 h stirring process according to the FTIRFdatee(3.2).
The charging voltage remained relatively low until reaching a capaci®B40 mA hg?, then
rapidly increased fror®2.8 V toD3.1 V. Then, the voltage increased at a slower rate and reached
a charge capacity of 835 mAght at the cutoff voltage of 3.6 V, which is lower than that (990.8

mA hg?) of thePVDF-0h cell.

The discharge capacity of ti/DF-24h cell is 508.2 mA hy?, which can be broken down
to capacities of 184.4 mAdt and 323.8 mA lg* for the first and the second plateaus, respectively.
The capacity ratio of the second plateau to the first plateau is 1.76, which indicates that conversion
of Li»S; to LizS is more efficient compared to tR&/DF-0h cell. However, the elemental sulfur
involved in the first discharge is only 63.3%, resulting in a lower overall discharge capacity of the
PVDF-24hcell compared to theVDF-0h cell. Since converting 63.3% of4d into sulfur requires
a charge capacity of 738.1 mAgH, 88.4%of the charge was used to conver3.to elemental
sulfur (capacity loss 11.6%) in ti/DF-24h cell during the first charge, which is slightly lower

than that (91.9%) of theVDF-0h cell.

The PVDF-48h cell showed a further decrease in the overpotential spike to 2.75 V. After the
spike, the potential dropped to a very low level of 2.37 V and changed little until reaching a capacity
of D334 mA hg?, where the potential suddenly jumpedt®.6 V. Then the charging potential
experienced a slow increase periodD@.7 V (D334 500 mA hg?), a sharp increase 3.1 V
(D5001 580 mA hg?), and finally a slow increase period to the-offtvoltage of 3.6 V D580
786.3 mA hgt). Compared with th®VDF-24h cell, the overall charging potential of tR&/DF-
48h cell is further reduced, which is most likely due to the further removal of the Li@Bllayer

on the surface of kS particles by PVDF.
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The discharge capacities of the first and second discharge plateau®vXRet8h cell are
175.5 mA hg' and 303.1 mA ty?, respectively, with a capacity ratio of 1.73, reaching an overall
discharge capacity of 478.6 mAgh. The content of elemental sulfur involved in the first discharge
is calculated similarly based on the first discharge plateau to be 60.2% of the theoretical value,
indicating that a further decrease in the amount of sulfur formed R\B#--48h cell during the
first charging procss. The charge used to convedd.into sulfur in the first charging process for
thePVDF-48hcell is 702.0 mA gt based on the first discharge capacity (175.5 ng&)hSo the
charging efficiency is calculated to be 89.3% (with a capacity loss of 11.7%) according to the actual

first charge capacity (786.3 mAgt), which is similar to that of theVDF-24h cell.

The above first cycle curves of the threeSi SBs showed that simple stirring of the-&i
cathode slurry in the presence of PVDF could effectively reduce the overpotential spike as well as
the overall charging potential. The results showed that not only the initial overpotential spike, but
also the high charging voltages throughout the fitsirging process seem to be related to the
presence of a layer of LIOHA® on the surface of the 43 particles. To further validate this
hypothesis, the dried fre§fVDF-0h, PVDF-24h, andPVDF-48h cathodes were stored inside the
argonfilled glove box fo an additional 24 h and then assembled into cells, n&W&d--0h-A,
PDVF-24hA, andPVDF-48h-A, respectivel vy, where NAAO0O denotes
trace amount of moisture present in the glove box would be able to react with the exp®sed Li
thePVDF-24handPVDF-48 cathodes to form a new layer of LiOH/O on the surface of the S

particlest’®which would increase the charging potential of these aged cathodes.

As shown inFigure 3.3 (b), compared with th®VDF-0h cell, thePVDF-0h-A cell showed
higher overall charge voltages with an overpotential spike of 3.87 V and a potential valley of 2.94
V. For thePVDF-24hA cell, the first charge curve exhibited a significantly increased overpotential
spike (3.83 V) and a shortened peptke potential valley compared to tR®VF-24h cell. The
charge curve of this cell is very similar to that of BdDF-0Oh cell prepared with a nestirred
slurry. As for thePVDF-48h-A cell, the overpotential spike dramatically increased to 3.49 V and
the postspike potential region became an ascending slope starting from a minimum potential of
2.62 V, rather than a low potentiabptau observed for ti#®/DF-48h cell. The first charge curve

of thePVDF-48h-A is very similar to thé®VDF-24h cell, which indicates that the thickness of the
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LiOH/Li 20 layer on the LS particles in th€VDF-48-A cathode is similar to that of tH®/DF-

24h cell. All the cells using the aged cathodes showed lower charge and discharge capacities due
to the consumption of someJBi by the moisture inside the glovebox. The charge/discharge data
obtained for the cells using the cathodes aged in the glove box confirm that the presence of
LiIOH/Li 2O layer is the root cause of the observed high charging voltages throughout the first

charging process of £$-LSBs, and nojust the initial overpotential spike.

3.3.3Reaction of Li2S with PVDF

The above observed reduction in first discharge capacity d?\#i--24h and PVDF-48h
cathodes suggests that some of thei lthay be consumed. To confirm if reaction betweeS8 Li
and PVDF occurred during the slurry stirring, the commercig® Was mixed with PVDF at an
nii:ne of 1:1 in NMP and stirred in a sealed vial for 24 h at room temperature in-filledmglove
box. As shown irFigure S 3.1, the color of the sample changed from white before stirring to dark
purple after stirring for 24 h. The reaction mixture was dried under vacuum, washed with DI water
and acetone, and dried under vacuum at room temperature. TREHRRSpectrum of the sapte
showed an obvious peak at 1668cfRigure 3.4 (a)), which can be assigned to thebonds as
previously discussed. Compared to the PVDF sample treated with LiOkatrii:ne=1:1, the
Li.Streated PVDF showed a stronger=@ peak, indicating the higher degree of
dehydrofluorination of PVDF in the presence of3_{sed-igure S3.2 for a clearer comparison of
their FTIR spectra). Therefore, the order of reactivity with PVDF i§ 5 LIOH > LiO. The
smaller wavenumber (16@&81) of the G=C bond peak of the b$ treated PVDF sample compared
to the LIOH (1672m?) and LkO (1678cm?) treated samples indicates that the former contains
mor e e X-omjugdtierdsegments. No discernible peaks related to LiOH, Li@biHand
Li»O were detected in the FTIR specit&?® affirming that both LIOH and LD were effectively

washed away by DI water.

To simulate the preparation conditions of the cathode slurries, mixtures of commef®ial Li
and PVDF at a mass ratio of 70:10 (equivalent to a molar rati:ief = 10:1) were stirred in NMP
for 24 h and 48 h, respectively. After stirring for 24 h, the sample showed a very strong peak at a

shorter wavenumber of 1658 em(Figure 3.4 (b)), indicating a higher degree of
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dehydrofluorination of this sample compared to th&tieated PVDF atyi:ne = 1:1. After stirring

for 48 h, the €C peak became stronger, indicating that further dehydrofluorination occurred.
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Figure 3.4 ATR-FTIR spectra of (a) PVDF treated,&i (molar ration,i:ne =1:1) in in anhydrous NMP

by stirring for 24 h and (b) PVDF samples treated wits (molar ratian;i:ne = 10:1 or mass ratio

MLizs:Meyvpe=70:10) in anhydrous NMP by grinding for 30 min (and 12 h drying at 50 € under

Since the reaction betweenBiand PVDF seems to be very fast, it may also occur appreciably

vacuum) and stirring for 24 h and 48 h, respectively.

in the normal cathode fabrication process, which involvesnB0 slurry grinding at room

temperature and drying for 12 h at 50 € in vacuum. Therefore, we grinded a mixtureSadirhd

PVDF at a mass ratio of 70:10 (ar:ns = 10:1) in NMP in a mortar inside the glove box. The

mixture changed from white to light purple afteri®th grinding. After drying for 12 h at 50 € in

a vacuum oven to remove NMP, the migtusecame dark purple, indicating that the reaction

continued during dryingRigure S3.3). This sample showed a strong peak at 1673 @rginated

from the G=C bonds, indicating that notable dehydrofluorination also occurred with this sample

(Figure 3.4 (b)). Therefore, it is reasonable to assume that significant dehydrofluorination occurs

in the cathode composite having the sam8:HVDF ratio (LiS:SP:PVDF mass ratio = 70:20:10)
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under same processing conditions-(B8id grinding at room temperature and-H2rying under

vacuum at 50 C).

The above ATR-TIR results showed unambiguous evidence that commergiathi readily
react with PVDF, even more aggressively than LiOH an@® Lirhe reaction between LiOH and
PVDF in anhydrous NMP may proceed via a bimolecular eliminafi@ fiechanisnil® For the
reaction between kO and PVDF, LiO may directly initiate dehydrofarination through Reaction
B via anE2 mechanism similar to the proposed reactions between PVDF and other metal oxides
Li»O2, LLZO and LLZTO in polar organic solvents such as DMAc, NMP and DMF (Reaction A
in Scheme3.1).176:313315 The byproduct LiOH in Reaction B may undergo dehydrofluorination via
Reaction A, in which kD forms and reacts with 1@ to regenerate LiOH. It is also possible that
the trace amount of LIOH inevitably present inQLimay start dehydrofluorination and the entire
reaction proceeds without the direct reaction eOLwith PVDF shown in Reaction B. However,
the FTIR data showed that theC bond peak position (1672 dinof the LiOHtreated PVDF is
quite different from that (1678 cHhof the LLO-treated sample, which suggests that the formation
of a new GC bond to an existing=<€C bond is more preferred in the case of using LiOH. Because
the amount of LiOH present ind0 should be very small, it is more likely thatQidirectly reacts

with PVDF and largely contributes to the formation efGCbonds through Reaction B.

Li®
4+~
2 _LiXH_ m)\(m + HX + LiF (A)
\) F
F F lLiZX
@Li@ LXH
A~
H H XL|\\\\ H

% —LZX—'“AY“ C Lk UE @)
F

Scheme3.1 Possible reactions of PVDF with commerciald.i
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The reaction between the commercialS.and PVDF may be more complicated. Since the
commercial LiS inevitably absorbs some moisture, LiOH, LiSH, an®Dlare formed and present
on the surface of the 43 particles® LiOH and LiSH may dissociate into Gldnd SH anions in
the polar NMP solvent and initiate dehydrofluorination of PVDF via an E2 reaction (Reaction A in
Scheme3.1). The byproduct of kD or HS formed in Reaction A can react with,Qior Li;S to
regenerate LIOH or LiSH, which further reacts with PVDF to continue dehydrifation.
However, as mentioned above, the amounts of LIOH and LiSH present in the commeg&ial Li
should be very small, which cannot explain the very fast reaction betwggrahdl PVDF if
Reaction A is dominant. Hence, it is more reasonable to consider $Batdn directly involve in
dehydroflwrination through Reaction B and the formed product LiSH also reacts with PVDF via
Reaction A. Because the PVDF sample treated witd$ lis more conjugated, it seems that
dehydrofluorination in the presence ot&iis more regioselective to form &C bond next to an

existing G=C bond compared to the reaction in the presence of LiOHO. Li

3.3.4Effects of Stirring on the Crystallinity of the Li 2S Particles

Since the size of the 43 particles also influences the height of the charging potential
barrier’6¢168there is a possibility that stirring or the action of PVDF helps break down iBe Li
particles to improve the charge transfer and thus reduce the overpoteRti@i©f24handPVDF-

48h cells.

To examine the effect of stirring, a commerciadSLipowder sample was mixed with the
solvent NMP only and stirred for 24 h in an argidled glove box. Then, NMP was removed under
vacuum, and the dried sample was sealed with Kapton tape to prevent exposure of the highly
hygroscopic LiS to ambient air during sample transfer and XRD measurerftféAtsommercial

Li2S powder sample without treatment was also measured for comparison.

The XRD patterns of the commerciab&ipowder sample are shownHigure 3.5 (a). Three
broad peaks at 1422 7 and 26 °are originated from the Kapton tape, while other peaks can be

ascribed to the crystalline 43 with a cubic space grouj®dcd structure(JCPDS card No. 81
1173). The average crystal particle size of thisSLsample was calculated using theherrer

equatiori® to be 29 nm. The sample ground for 2 h exhibited a slightly smaller average particle
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size of 27 nm. The L& sample stirred in NMP for 24 h showed sharper diffraction peaks and the
average crystal particle size is 34 nm. The slight increase in particle size compared-tetbvad
commercial Li2S sample might be due to tstwaldripening effect caused by stirridé. The

results showed that stirring43 in NMP did not decrease but slightly increased the particle size of

Li 28.
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Figure 3.5 XRD patterns of (a) commercialdd powders, (b) commercialdS ground for 2 h, (c)
commercial LiS powders stirred in NMP for 24 h, dried electrode slurries based BV[R-0h, (e)

PVDF-24hand (f)PVDF-48h. The average k8 crystal sizeld) values of the samples calculated
using XRD data with th&cherrerequation are shown in the graphs. Peak (111) was excluded for the

average crystal size calculation since this peak overlaps with one of the peaks from the Kapton tape.

To investigate whether the reaction of PVDF witf8.¢hanges the $ particle size, the dried
electrode slurries dPVDF-0h, PVDF-24h and PVDF-48h were measured. As shown fingure
3.5(d), thePVDF-0h sample showed stronger and sharper peaks than the commercial sample. The
crystal size (32 nm) slightly increased probably due to the si@dawaldripening effect observed
for the sample stirred in NMP for 24 h. TR¥DF-24h sample showed a further increase in the
crystal size (36 nm). However, intensities of all the diffraction peaks decreased compared to the
PVDF-0h sample, indicating that stirring may reduce the amount 48.L0ihe crystal size of the

PVDF-48h sample with a longer stirring time (48i8)34 nm, which is a slightly smaller than that
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of the PVDF-24h sample, but still larger than that of tR&DF-0Oh sample. However, the 13
diffraction peak intensities of thBVDF-48h sample decreased further, suggesting a further

reduction in the amount of 43 in this sample.

Because the k$ crystal particle size of tHevVDF-24h andPVDF-48h samples is larger than
that of thePVDF-0h sample, the crystal particle size factor alone would make the charging of these
two cathodes more difficult. Therefore, the particle size change$diie to stirring or reaction

with PVDF is unlikely to cause the decrease of overpotential with increasing stirring time.

Since the commercial £$ particle aggregates are large (A.5 ¢ Mwhile the crystal particle
size of this commercial k$ is rather small¥29 nm), each aggregate may contain numeros Li
crystal particles. Therefore, the decrease in the first charge potential of the cathode with stirred
slurry may be due to better dispersion ofS_particles by stirring. Electrochemical impedance
spectroscopy (EIS) was used to probe this possibility. The EIS results showedDiak4h and
PVDF-48helectrodes had a similar charge transfer resistadge ( ( 2 5PVOF-24harnd 26
for PVDF-48h) compared t®®VDF-Oh( 2 7 Figure S@B.4 andTable S3.1), indicating that the
additional stirring step does not appear to improve the homogeneity of the slurry to the extent that
it leads to a significant reduction in overpotential. This was further verified by the battery fabricated
using a LiS slurry stirred for 48 h in the presence of a polyvinylpyrrolidone (PVP) binder, which

showed no reduction in the first charge potential (to be discussed later).

3.3.5Impacts of the Reaction of PVDF with Commercial Li2S on theFirst Cycle of
Li2S-LSBs

Since PVDF can significantly react with the commercialSLunder the normal cathode
fabrication conditions (30 min grinding and 12 h vacuum drying at 50Ryre 3.4 (b)), some
LiIOH/Li 20O on the surface of the 43 particles in thd®VDF-Oh cathode would be removed.
Therefore, the overpotential observed for MDF-0Oh cathode may not reflect the effect of the
pristine LIOH/LiO layer on the commercial 1S particle surface. Indeed, as mentioned earlier, the
initial overpotential spike for theVDF-0h cathode is 3.74 V, while this spike increased to 3.87 V
for thePVDF-0h-A with the aged®VDF-0h cathode due to the-growth of the LiOH/LyO layer

(Figure 3.3). Furthermore, as illustrated kigure S3.5 (d), the battery utilizing LidS ground for 2
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h without the presence of PVDF did not exhibit a decrease in the overpotential spike. This
observation indicates that grinding.&ifor 2 h or less has a minimal effect on reducing the

overpotential or, in other words, it could not remove the LiO¥Uayer.

To explore the effect of the pristine LIOHO layer, we used another binder, PVP, to
fabricate a cathodeVP-48husing the same conditions as for BDF-48h cathode. PVP is inert
to LiOH and LpO, so the original LiOH/LIO layer on the surface of4S particles will be preserved.
The PVDF-48h cell exhibited a high initial overpotential spike of 3.92 V and no obvious potential
valley after the spikeHigure 3.6 (a) andFigure S3.7 (a)). This first charge profile may reflect the
effect of the pristine LiOH/LLO layer on the first charge potential. On the other hand, it was
reported that a cathode using thesitu synthesized nanosphere&iand PVP binder showed a low
overpotential spike 0D2.9 V1 Therefore, it seems that the overpotential spike of the cathode

using the pristine commercialAS used in our study is about 3.92 V.
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Figure 3.6 First charge/discharge curves of RAJP-48hand (b)PVDF5%-48h-5% batteries. Inserts
are the zoomed initial charging stage of the batteries. The first charge/discharge cBWBE@fh
andPVDF-48h are incorporated for comparison. All the electrochemical tests were carried out at 0.1

C (1 C =1166 mA g (Li2S)) with an upper cff voltage of 3.6 V.

Based on the above experimental data, the effect of PVDF on.theaiiticles and the initial

charging of the battery under different slurry stirring times is described as follows.

1) The pristine commercial k$ particles in thd?VP-48h cathode are covered with a

relatively thick layer of LIOH/LiO (Figure 3.7). The very low electronic and ionic
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2)

conductivities of the LIOH/LJAO layer require a high voltage to initiate the oxidation
(charging) of LiS. Studies show that at a low electrolyte/sulfur ratio, a direct conversion
of Li»S to S occurs, which is kinetically largely hinder&d.1’#The presence of the
LiOH/Li 20 layer prevents the underlying.6i from contacting the electrolyte solution,

so direct conversion of £$ to S may occur in the solid state, which makes the reaction

of Li>S even harder. The combined effects of the LiO#@Layer and the inaccessibility

to electrolyte result in a high overpotential spike of 3.92 V forRW&-48h cathode.

Once some sformed, the crystal structure of.5 adjacent to s&hanges, which lowers

the activation energy of the further conversion gfliio §, and a small potential valley
appears, but the voltage remains high since the resistance of the LOHHer still

exists. As lhe reaction proceeds deeper into the core, the insulagitay& becomes
thicker, and the total resistance increases. Therefore, the charging voltage continues to
increase until reaching the eoff voltage of 3.6 V. Since oxidation of LIOHA® can

occur significantly at 8.5 V (vs.Li*/Li), 3?63?’the LiOH/LixO layer may crack at the later
stage of the first charge, which can facilitate the subsequent discharge. As shown in
Figure S3.7 (a), compared with the discharge curves of tHea@d subsequent discharge
curves, the late stage of thédischarge curve showed lower voltages, which may be due
to the presence of some LiOH40i on the surface of the Barticles at the end of the first
charging process.

For the LpS particles in théVDF-0h cathode, the LiOH/LO layer becomes slightly
thinner due to its reaction with PVDF during the grinding and drying processes, which
results in the lowering of the overpotential spike to 3.74 V. Some areas of$healkiicle
surface may be damaged and exposed to the electrolyte, which is caused either by the
reaction with PVDF during the slurry grinding and drying processes or under the high
potential at the spike. The direct contact of the exposg®l with the liquidelectrolyte
facilitates charge transfétt16814pringing the potential down to 2.77 V after the spike.
However, the areas with exposed3.iare limited, so the charging voltage gradually

increases until it reaches the -giit voltage of 3.6 V. This part of the charge curve
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3)

4)

resembles the cathode with,&idirectly exposed to low amounts of electrolyte, where
direct conversion of L5 to S is still dominant:’

For the LS particles in thd®VDF-24h cathode, the LIOH/LD layer becomes even
thinner and more underlying 43 is exposed in some regions due to the severe
dehydrofluorination with PVDF during stirring for 24 h. The overpotential spike
decreases further to 3.37 V, then a long voltage valley with a minimum charge voltage of
2.54 V appears and lasts upDd00 mA h ¢. The drop in overall charging potential is
attributed to the lower resistance of the thinned LiOpDLayer as well as the exposure

of more LizS to the electrolyte solutiofi*1%817*However, as some areas on the surface

of the LS particles are still covered with LIOHAD, diffusion of the electrolyte into the
particles becomes increasingly difficult and the charging potential increases as the
reaction proceeds. At the later stage of the potential vdllé9q@ mA h ¢'), the reaction
occurs through the direct conversion of3.to S due to the lack of electrolyte in a similar
manner as in th®VDF-0h cell and the charging voltage rises significantly. Since the
dehydrofluorination reactivity follows the order of,8&i > LIOH > LiO, some LiS
involves in dehydrofluorination of PVDF through the exposed regions. So, the charge and
discharge capacities of the first cycle of PiDF-24h cell are lower than those of the
PVDF-0h cell.

Prolonged stirring of the slurry for 48 h is able to completely eliminate LiQ8/tn the
surface of the LS particlesfigure 3.7). The overpotential spike of ti/DF-48h cell

is very low at 2.75 V and a long flat plateau at a very low voltage of 2.37 V lasts until
D334 mA h d@. This first charge profile is characteristic of the conversion of pure
activated LiS to S with the exposure of the surface of theS_particles to the sufficient
liguid electrolyte!04157.173176.200.301.328 The reaction is believed to involve (1) the
formation of lithium deficient solid LiS (s), which is kinetically hindered and results in

the overpotential spike, (2) the formation of soluble intermediate polysulfig8s(Li(y

< 8), and (3) the conversion of;5 (I) (y = 8) to S.1%* After the low potential plateau,

the charging voltage sharply rised18.6 V and then gradually increases until it reaches

the cutoff potential of 3.6 V. While this high charge potential tail usually appears on the
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first charge of cathodes using activatedS_having a fairly large particle siz&;*"*
176,200301.324 has not been observed for the cathodes using activatedanoparticle¥’
Therefore, this higipotential tail may be due to the sefitlase direct conversion of:5

to S at the particle core covered by a solid sulfur layer formed at the end of the low
potential plateau. Based on the overpotential spike (2.75 V) d?\i--48h cell and

the potential after the spike (2.37 V), the overpotential (or activation barrier) of the pure
crystalline LS without a LIOH/LO layer seems to be 0.38 V. It was found that the
difference of the overpotential spike and the potential aftespike for thePVP-48hcell

is D0.4 V, which can be accounted for the overpotential caused by the high crystallinity

of the pure LiS. Therefore, the overpotential contributed by the pristine LiGB/layer

of the commercial L5 in thePVP-48hcell is probablyD1.2 V (Figure 3.7).
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Figure 3.7 Schematic first charging processes o particles irdifferent LbS-LSBs at a rate of 0.1
C. DE (Li2S) andDE (LiOH/Li 20) are the overpotentials contributed by the pure crystally® (£0.4
V) and the LIOH/L{O layer (~1.2 V for th&VP-48h cell with the pristine commercial 43),

respectively.

Since PVDF can remove the WWILi»O layer but also consumes the exposestLive

modified the slurry preparation process to balance these two effects. E8sSuper P and PVDF

at a mass ratio of 70:20:5 were mixed in NMP and stirred for 48 h. The use of a smaller amount of

PVDF is intended to minimize the unwanted reaction of PVDF wii turing stirring. Then%

more parts of PVDF were added and the mixture was stirred briefly for 10 min. The resulting

PVDF5%-48h-5% slurry was used to make the cathode and the battery in the same manner as for

other batteries. As shown kigure 3.6 (b) andFigure S3.7 (b), the initial charging potential spike
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of this cathode was reduced to 3.23 V, which is lower than that d?Wi¥--0h (3.74 V) and
PVDF-24h(3.37 V) cathodes but higher than that of \éDF-48h cathode (2.75 V). This shows
that stirring with 5 w6 PVDF for 48 h is more effective in removing th®©H/Li.O layer than
stirring with 10% PVDF for 24 h. On the other hand, AMDF5%-48h-5% cathode achieved a
discharge capacity of 571.0 mA H,gvhich is much higher than that of tR¥DF-24h (508.2 mA

h g') andPVDF-48h (478.6 mA h d) cathodes ahvery close to that of theVDF-0Oh cathode
(576.3 mA h ¢) (Table S3.2).

As observed for other batteries discussed aboveRW#igF5%-48h-5% cell also suffers a
high potential tail and a relatively low first/second discharge capacity ratio (1.73) due to the large
particle size of the commercialAS. Techniques such as extensive ball mitfthéf®and formation

of Li»S nanocomposité¥ may be used to reduce theSiparticle size to solve these issues.
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3.4 Conclusiors

Lithium-sulfur batteries (LSBs) have potential as an alternative to lithiunbatteries (LIBS)
due to their higher energy density and lower cost. However, developing LSBs vdtlad ithe
cathode material faces certain challenges including the high overpotential required during the first
charging process. This study proposes a simple solution by allowing the PVDF binder to react with
the LiOH/Li-O layer on the surface of the,bi particles during the cathode slurry preparation
process, effectively reducing the first charge overpotential S ILEBs. The study shows that the
reaction between PVDF and LiIOHD in anhydrous NMP solvent can effectively activate th8 Li
particles in he cathode slurry when stirred for 48 h at room temperature. The HRWBfy-48h
made using this slurry exhibits a significantly reduced initial overpotential spike of 2.75 V and a
long low potential plateau of ~2.4 V, resembling fully activatesblhased LSBs. However, we
found that exposed $$ can also readily react with PVDF through dehydrofluorination, leading to
a decrease in capacity. Our results show that the LiQBIfayer on the surface of thexBiparticles
prevents direct contact with the efiolyte, resulting in the highly energetically demanding solid
phase direct conversion of 5 to S. This is the primary cause of the initial overpotential spike
(contributing up to ~1.2 V to the overpotential spike at 0.1 C) and overall high charging voltages
afterwards. The high crystallinity of 43 appears to only minimally contribute (~0.4 V at 0.1 C) to
the initial overpotential spike. Furthermore, the relatively large crystal size of commeg8al Li
makes latestage charging difficult, resulting ia gradual increase in charging voltage, even after
complete removal of the surface LiOH/Di layer. Overall, this study provides new insights into
the origin of the first charge overpotential 0f&LSBs and suggests a simple method to reduce it.
To improve the performance of S-LSBs, further optimization is required, including optimizing
dehydrofluorination conditions to address the issue of reduced specific capadgcesaking.i »S

particle size to reduce high latetage charging voltages.
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3.5 Supporting Information

—————
——

ign"

Li,O + PVDF LiS + PVDF

LiOH + PYDE B 1,0 - PVDF

Li,S + PVDF

Figure S3.1 The mixture of PVDF with (a and d) LiOH, (b and e)@iand (c and f) L5 in molar
ration nii:ne = 1:1 in NMP in the beginning and after 24 h. The white particles in (a), (b), and (c) are
the unreacted LiOH, kD, and L}S, respectively, while the unreacted PVDF dissolved in NMP is

colorless.
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Figure S3.2 Full ATR-FTIR spectra of (a) the commercial PVDF sample without treatment and
PVDF samples treated (b) LiOH, (c)0i, and (d) LiS (molar ration.i:ne=1:1) in anhydrous NMP by

stirring for 24 h.
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Vacuum Dried '~ =

Figure S3.3 Progress of the reaction betweerS powders and PVDR{i2s:mevor = 70:10
ornii:ng = 10:1) with NMP as the solvent by hand grinding for 30 min. Experiments were carried
out in an Arfilled glove box. (a) The mixture of $ and PVDF before being ground, (b) the
mixture after being ground for 30 min, and (c) the mixture after being vacuum dried for 12 h at

50C.
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Figure S3.4 The Nyquist plots of experimentally measured data (dots) and fitting results (lines) of (a)
PVDF-0h, (b) PVDF-24h, and (c)PVDF-48h. (d) shows the equivalent Randles circuit used for the
fitting, whereRe is the resistance of the electrolyte solutiBajs the charge transfer resistanC&E

is the capacitance, ami, is the Warburg impedance

Table S3.1 Resistances of cathodes calculated from the EIS d&igune S 3.4.
Resi sance

Cat hode

Re Re ¢
PVD-Bh 2.3 27.0
PVD-E4h 2.5 25. 7
PV D-ES8h 2.5 24. 9
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Figure S3.5 The charge/discharge curvafsthe first five cycles of (apVDF-0h, (b) PVDF-24h, (c)
PVDF-48hand (d) a battery usingdS ground for 2 h. All the electrochemical tests were carried out
at 0.1 C (1 C = 1166 mAyLi.S)) with upper cubff voltage of 3.6 V for the first charge process and

voltage window of 1.i72.8 V for the following cycles.
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Figure S3.6 Cycling performance of cathodes at 0.1 C over 100 cycleBMBF--0h, (b) PVDF-24h,

and (c)PVDF-48h.
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Table S3.2 Summary of first cycle capacity breakdown for different batteries

Theore
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pl atsépdw/tleau’l | r e q udimAe | oss

mA # b o
h g
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ChaptzZzirncd Ce8Bmpsleadx Mul ti functi onal

LithiumB&a8sktdi dulhfiwrm Batteri es

This chapter is based on the following publication:

Z. Huang, Y. Wang, Y. ZhapY. Li, Nanoscale2025 17, 1874418755

4.1 Introduction

The increasing demand for higimergydensity rechargeable batteries has driven significant
efforts to improve conventional lithiion batteries (LIBs) and to develop n&dneration battery
technologies*3393%7 Among emerging candidates, lithiusalfur batteries (LSBs) have attracted
considerable attention due to suinatural abundance and their exceptional theoretical specific

energy of 2600 W h kY which is approximately five times that of LIBs33

Conventional LSBs that use elemental sulfur as the cathode active material, referred to as S
LSBs, rely on metallic lithium or lithium alloy anod&$which are highly reactive with oxygen,
nitrogen, and moisture, posing serious safety concerns during manufacturing and raising the
production cost of these batteries. Moreover, lithium metal anodes are prone to dendrite formation,
which can lead to shodircuits, thermal runaway, and even explositfi$* To overcome these
limitations, LS has been explored as an alternative cathode material. Its use enables pairing with
safer Lifree anode hosts like graphit@silicon > and tin®3 while offering greater compatibility
with existing LIB manufacturing processes, makingsthhased LSBs (l.5-LSBs) more viable for

commercial applicatiof1:165343

Despite these advantages,3LSBs introduce new challenges. Notably,3.iis highly
sensitive to moisture and has a high melting point, which complicates electrode fabrication
compared to elemental sulfbased cathodeés?1%5340One critical component affected by these
constraints is the binder. Due to the hydrolytic reactivity and basicity-8f Wiater or acidbased
binders commonly used inlSSBs are unsuitable. Consequently, the number of binders reported
for Li»S-LSBs remains limited Table S 4.1) in contrast to the wide array available for S

LSBs 262345340y (vinylidene fluoride) (PVDF), the most widely used binder fuSBs?*3is also
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the most commonly adopted forELSBs due to its excellent electrochemical stability. However,

our recent findings revealed that PVDF undergoes dehydrofluorination when mixed y@th Li
during slurry processing. This reaction consumeS bnd degrades PVI@§-binding performance,

leading to poor electrochemical performafteFurthermore, growing environmental concerns

have prompted regulatory bodies, such as the European Union, to propose restrictions or bans on
fluorinated polymers including PVDF and PTFE2*’emphasizing the urgent need for fluorine

free binder alternatives for 1S-LSBs.

Li>S-LSBs also face several challenges similar4dSBs, including the formation of soluble
lithium polysulfides (LPSs) that induce a shuttle effect and result in rapid capacity fading, as well
as the inherently poor electronic and ionic conductivities bfl sulfur species, which lead to
sluggish reaction kinetidd?34! Although various strategies, such as incorporating functional
additives into the cathode, have been developed to address these issu&8#) @any are not

directly applicable to L5-LSBs due to the abowaentioned high chemical reactivity of 6344

354

In recent years, the design and development of functional binders have been recognized as a
critical strategy to address the challenges of betlSBs and LiS-LSBs. Beyond providing
mechanical integrity, advanced binders play an active role in enhancing cathode performance by
improving electronic conductivity, immobilizing LPSs, and catalyzing redox reactions. Various
innovative approaches, such as chemicatfionalization, incorporation of polar or redagtive
groups, and the development of hybrid Endystems, have been explored to achieve these
goals?43355:3%Degpite these advances, current binder systems still face significant limitations such
as insufficient mechanical resilience at high sulfur loadings, limited-temg chemical stability,
and tradeoffs between adhesion strength and flexibility. Thesegn@sses and remaining
challenges have been thoroughly reviewed in a recent &fielbjch highlight the importance of
multifunctional binder design for improving the electrochemical stability and cycling lifd &ES

and LpS-LSBs.

Previously, our group demonstrated that zinc acetate diethanolamine (Z#)©AF)

complex can serve as a lamst, fluorinefree binder in both lithium iron phosphate (LFP) batteries
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and SLSBs2%>37|ts strong binding capability arises from the flexible DEA ligand and multiple
hydrogen bonding sites. Importantly, this complex can also function as a LPS trapper to suppress
shuttle effect and a catalyst to promote redox reactiond BB, enhancingyeling stability and

rate capability?®®

Motivated by these results, we explored the feasibility of applying Zn(#®&&) complex
as a binder in LE-LSBs. However, the hydrolytic nature of.8i necessitates strictly anhydrous
processing with dry reagents and solvents. Initially, we synthesized a ZApBAc¥olution in
anhydrous ethanol and used it to prepas8 klurries. This approach proved unsuitable, as partially
dissolved LiS in ethanol rapidly reacted with the Zn(O&xEA complex, leading to immediate
gelation. To resolve this, we attpted to use anhydroddsmethyt2-pyrrolidone (NMP), a widely
used battery processing solvent and is known for its stability wits34 However,
Zn(OAC)YDEA exhibited poor solubility in NMP. To address this, we substituted DEA with
triethanolamine (TEA), introducing an addition@H,CH.OH group. This modification enabled
successful synthesis of Zn(OAEEA directly in anhydrous NMP, and the resulting solution can
be used directly as a binder solution to prepare thte ¢athode composite. The Zn(OAEA -
based cathode demonstrated markedly improved cycling stability at 0.1 C upon initial activation

and high rate performance comparethe PVDFbased electrode.

To further improve the solution stability of Zn(OAEREA and mechanical robustness of the
Li.S-based electrodes, a small amount (1®a)tof polyethylenimine (PEI) was added into the
Zn(OAC)TEA solution. The resulting Zn(OAGTEA/PEI (10%) complex serves as an efficient,
fluorine-free binder for LiS-LSBs, enabling improved electrode integrity, excellent cycling

stability, and higkrate performance.
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4.2 Experimental Section
4.2.1Materials

Lithium sulfide (LLS, 99.98% trace metals basis), zinc acetate dihydrate (Zng&ZbAgD,
ACS reagent, 098%), diethanolamine (DEA, ACS
099. 5%) , pol yeMyh35]J0G0 My LBM,A-E0,0q0 BVEGPC, branched), anhydrous
et hanol (Et OH, 00 . 0 0 Nomethyl@-pyeraligone (NMP,d99.596) tvered r o u s
purchased from Sigmaldrich. Super P (SP) was purchased from IMERYS. Polyvinylidene
fluoride (PVDF, M, ~1,000,000) was from Kynar. The commercial anhydrous BEn@sl further
dried using3 A molecular sieves. Anhydrous NMP was further dried using lithium metal and
filtered through a PTFE syringe filter before use. All other chemicals were used as received without

further purification.

4.2.2Synthesis of Zn(OAC)EA, Zn(OAc) 2TEA and Zn(OAc) 2TEA/PEI Complex
Solution
Zinc acetate dihydrate (Zn(OA2H »0) was first vacuundried heated at 100 € for 12 h

under vacuum to remove coordinated water, yielding anhydrous Zn{OAc)

To prepare the Zn(OAE)EA complex, 459 mg (2.50 mmol) of Zn(OAg)was dissolved in
5 mL of anhydrous EtOH. Separately, a DEA solution was prepared by dissolving 263 mg (2.50
mmol) of DEA in 2 mL of EtOH, which was added dropwise to the Zn(@B&DH solution under
stirring at 50 €. After complete dissolution and formation of a clear, colorless solution, EtOH was

added to bring the final vol DBEfeconmplexsduwonmL, yi el

To prepare the Zn(OAZ)EA complex, 459 mg (2.50 mmol) of Zn(OAg)was dispersed in
5 mL of NMP (Zn(OAcj} is insoluble on NMP). Separately, a TEA solution was prepared by
dissolving 373 mg (2.50 mmol) of TEA in 2 mL of NMP, which was added dropwise to the
Zn(OAc) mixture under stirring at room temperature for 2 h. A clear, colorless Zn{UAk)
complex solution was obtained, which was then diluted with additional NMP to a total volume of

10 mL to achieve a concentration of 0.25 M.

To prepare Zn(OAgJ EA/PEI complex solutions with varying PEI conten(s, 10, 15, and

25 wt.% based on the total mass of Zn(QREA + PEI) , designated as Zn(OAGEA/PEI (5%),
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Zn(OACXTEA/PEI (10%), Zn(OAC).TEA/PEI (15%) and Zn(OACYEA/PEI (25%), the
appropriate amount of PEI solution in NMP was added to the Zn@DBA&)complex solution,

followed by stirring for 12 h.

All the procedures were carried out inside an afijed glove box with @ and HO

concentrations maintained below 0.5 ppm.

4.2.3Synthesis of LbSs
The LibSs solution was obtained by heating a mixture ofSLand elemental sulfur (S) with a
molar ratio of 1:5 in a mixture solvent of iginethoxyethane (DME) and t¢Boxolane (DOL)

(viv=1:1) at 80 € for 12 h under stirring. The S solution was diluted to 0.5 M for further use.

4.2 .4Fabrication of Lithium Sulfide Electrodes

A mixture of LS, SuperP, and Zn(OAGIEA or Zn(OAc) :TEA/PEI at a mass ratio of
70:20:10 in anhydrous NMP was manually ground using a mortar for 30 min inside asfikedon
glove box with @ and HO concentrations maintained below 0.5 ppm. The resulting slurry was
then applied to a carbesoated aluminum foil using bar coating and dried at 50 € under reduced
pressure for 12 h inside the glovebox. After
diameter discs with a diameter of 12 mm and stored in sealed vials inside the gloveboxSThe Li

loading wasl.0i 1.2 mg cn for typical cells and ~4 mg cffor high loading cells.

For comparison, control electrodes were fabricated using PVDF as the binder instead of

Zn(OACLTEA or Zn(OAc) 2TEA/PEL, following the same procedure.

4.2.5Electrochemical M easurements

2032 cointype LbS-LSBs were assembled using the above prepars&idathodes, lithium
metal anode§0.45mm thick foils with a diameter oil5.6 mm), Celgard 2400 separators, and an
electrolyte consisting of .@ M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in a 1:1
volume ratio of 1,3lioxolane (DOL) and dimethoxyethane (DME), containing 2 wt.% LdMH©®
the electrolyte inside an argdified glovebox. The electrolyte volume w24 L. For highloading
Li2S electrochemical performance tests, carbon paper was used as the substrate]ectbtine
volume wass0 |L. The batteries were assembled using a manual hydraulic press at 1000 psi for 5

seconds.The electrochemical performance of the batteries was assessed through galvanostatic
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measurements performed on a Land 2001A battery test sySllezapacities and cycling rates are
calculated based on the maddLi.S, with 1 C defined as 1166 mA’gbased on the theoretical
capacity of LS. Electrochemical impedance spectra (EIS) were recorded at theciopeih
potential (OCP) using a Bilmgic electrochemical potentiostat/galvanostat (VSP) over a frequency
range of 1000 kHz to 0.1 Hz, with an alternating current (AC) amplitude of 10 md#licCy
voltammetry (CV) tests were carried owtihitial charging between 1.7 and 4.0 V for the first cycle

and the following cycles between 1.7 and 2.8 V at a scan rate of 0.025.mV s

4.2.6Characterization

XRD measurements of i3 samples were carried out on a Bruker D8 DiscovanyX
diffractometer using Cu Kradiation 6=1.5418 A). XRD samples were covered with Kapton tape
to prevent them from absorbing moisture in the ambientlAi-Vis absorption spectra were
measured on a Cary 7000 universal measurement spectrophotometer 8BWS)mages were

taken using Zeiss Sigma HD microscope.
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4.3 Results and Discussion
4.3.1Preparation of Zn(OAc)z2TEA Complex

Previously, the Zn(OAdPEA complex, synthesized from Zn(OA&H >0 in a mixture of
ethanol and water, was utilized as a multifunctional binder4d8Bs, demonstrating superior LPS
trapping capability for maintaining loAgrm cycling stability and an effective catalytic effect on
the redox reactions of sulfur spectesachieve high specific capacity and high rate capacifity.
However, this binder solution cannot be directly applied 46 tathode preparation due to the high
moisture sensitivity of LS, which readily hydrolyzes to form LiOH. This necessitates the use of
an anhydrous solvent to make the binder solution. While the Zn@DB&) complex can be
dissolved in anhydrous ethanol at elevated temperatD&s €), its limited solubility at room
temperature presents practical difficulties. MoreovesS lexhibits partial solubility in ethanol, and
the resulting dissolvedpecies react rapidly with Zhin the complex, displacing acetate ligands
and forming insoluble&Zn-S specieg® This leads to immediate gelation of the slurry, severely

impairing electrode fabrication and processing.

To overcome these limitations, NMP was selected as the processing solvent due to its chemical
inertness toward L$3* However, Zn(OACPEA is insoluble in NMP, limiting its practical use
under these conditions. To address this issue, triethanolamine (TEA) was employed as an alternative
ligand. The presence of an additional hydroxyl group in TEA renders the resulting Zoi{BAC)
complex soluble in NMP, as showkigure 4.1 (a). The XRD pattern of the vacuudried
Zn(OACc)TEA sample displayed distinct diffraction peaks, indicating its high crystallirfiig(re
4.1 (b)). The XRD pattern of the k$/SP/Zn(OACTEA sample obtained by drying the slurry
(Figure 4.1 (c)) further confirms the homogeneous dispersion of Zn(@A&R) within the

composite.
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Figure 4.1 (a) Zn(OACYTEA prepared by mixing anhydrous Zn(OAgcand TEA mixed in NMP. (b)

XRD pattern of vacuundried Zn(OACYTEA. (c) XRD pattern of Kapton tape&overeddried

Li2S/SP/Zn(OAGQTEA mixture (d) Reaction between Zn(OACEA and lithium polysulfides
(Li>S,, wherex = 4i 8), with photographs showing axB solution before and after the addition of 0.5
molar equivalents of Zn(OAS)EA inside a glove box. The dark red £3s solution turned into a
suspension with brown precipitates, indicating complete reaction.

The reaction between Zn(OAPEA and LPSs has been documented in the previous study,
which demonstrated that two polysulfide chains can replace the two acetate groups coordinated to
Zn?* in Zn(OAC)DEA. 2% Given the close structural similarity between Zn(GAEA and
Zn(OACYDEA, it is reasonable to expect comparable polysulfitepping capability from
Zn(OACkLTEA. To confirm this, an LPS trapping experiment was conducted by adding 2 molar

equivalents of Zn(OAGJEA to 1 molar equivalent of LySs dissolved in a DOL/DMEWv=1:1)
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electrolyte solventKigure 4.1 (d)). Upon the addition of Zn(OA&)EA, the characteristic dark

color of Li2S6 quickly faded, accompanied by the formation of brown precipitates. This behavior
closely resembles the previously observed reaction between ZnfEXcand LPSs, suggesting

that Zn(OAC)YTEA readily captures LPSs through a similar mechanism. The formation of insoluble
Zn(SiLi) 2TEA species (x = 4i 8) is expected to effectively suppress the polysulfide shuttle effect.
The molar trapping capacity of Zn(OATEA toward LPS was determined via UVis
spectroscopy to be B9nol LPS per mol Zn(OAGJEA as detailed inFigure S4.1 andTable S

4.2 This result confirms the strong LR&pping capability of Zn(OAGJEA, with each binder

unit effectively coordinating with two LPS species via interactions with Zenter$ consistent

with previous findings for the Zn(OAE)EA system.2%

4.3.2Electrochemical Performance of Zn(OAC}yTEA -Based LS Electrode

The galvanostatic cycling performance of3.batteries employing Zn(OAGEA and PVDF
as binders is presented Figure 4.2 (ai e). During the initial activation process, the cells were
cycled at a current density of 0.05 C (1 C = 1166 miA(Bigure 4.2 (a)). Both electrodes exhibited
a pronounced overpotential spike at the onset of charging, followed by a gradual voltage decline, a
behavior characteristic of $$-LSBs3* The Zn(OAC)TEA -based electrode displayed a lower
activation spike of 3.55 V compared to that of the PMi2Bed electrode (3.69 V), indicating that
Zn(OACkLTEA catalyzes Li,S activation by lowering the energy barrier. Additionally, the
Zn(OACKLTEA -based electrode exhibited higher psgike voltages compared to the P\\bé&sed
counterpart. This is attributed to the strong HRpping ability of Zn(OAGIEA, which
immobilizes LPSs generated on the surface ¢ lparticles, preventing exposure of interiogdLi
to the electrolyte. As a result, further oxidation @i the particle interior is hindered. In contrast,
in the PVDFbased electrode, LPSs dissolve into the electrolyte, absorbing solvent to lower the
activation barriet® and diffuse away from the particle surface, thereby exposing freShfdui

continued oxidation.
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Figure 4.2 Electrochemical performance of;Si electrodes using PVDF and Zn(OA®GA as
binders. (a) Firstycle charge/discharge curves at 0Xb, c) Initial five charge/discharge cycles of
PVDF and Zn(OAC)TEA -based electrodes, respectively. (d) Cycling performance at 0.1 C. (e) Rate
performance at various current densit{sg) Cyclic voltammetry (CV) curves of PVBand
ZN(OACKLIEA -based el ectrodes, respectivel y. El ectrode:

cycle, and from 1.7 to 2.8 V forl subsequent

During the subsequent discharge, both electrodes delivered similar capacities in the first
plateau (208.1 and 213.3 mA H fpr Zn(OAcKTEA and PVDF, respectively), corresponding to
the reduction of Sinto long-chain polysulfides (LS., x = 4i 8). However, in the second plateau,
which involves the stepwise conversion ofSito Li>S; and finally LS, the Zn(OAGTEA -based
cathode exhibited a significantly shorter plateau and a lower overall discharge capacity (564.0 mA

h g*vs.618.5 mA h ¢ for PVDF). This lower capacity is attributed to the immobilization of long
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chain LPSs by Zn(OAgJEA, which restricts their diffusion and uniform distribution within the
cathode, thereby impeding the sedithte conversion of k% to Li;S. In contrast, in the PVDF

based cathode, the dissolved LPSs diffuse more freely, enabling better distribution and more
complete conversion of 1%, to Li>S. Unlike the thermally infiltrated S@SP nanocomposites used

in Zn(OAC)YDEA -based S.SBs, where sulfur is uniformly confined within mesoporous carbon,
facilitating the LpS,-to-Li>S conversior?® the present study uses,&ISP mixture made from
physically ground commercial 1$ powders and Uper P, resulting in micrometesized LS
particles located outside thes@erP network. In this case, the inability of PVDF to trap LPSs

incidentally assists in k$ particle size reduction and a more complete discharge.

Despite its lower initial discharge capacity, the Zn(QBREA -based cathode demonstrated
markedly improved cycling stability at 0.1 C in subsequent cyé&liggife 4.2 (b) and (c). While
the PVDFbased cathode experienced a sharp decline from 515.4 mAnhtlee second cycle to
235.8 mA h d¢ by the 108 cycle (45.8% retention), the Zn(OATEA -based electrode showed a
much slower decay, decreasing from 470.3 to 339.2 mA (Y21% retention), highlighting the

stabilizing effect of Zn(OAGYEA through effective LPS trapping.

Additionally, the Zn(OACJTEA -based electrode exhibited superior rate performance
compared to its PVDBased counterpart, as shownHigure 4.2 (g). Specifically, the capacity
retention at 2 C relative to 0.1 C was 51% for the Zn(QA&SA -based electrode, significantly
higher than the value of 33% observed for the P\iaBed electrode. This enhanced rate capability
suggests improved redox kinetics in the Zn(QREA -based system, likely attributed to the
catalytic effect of the complex, similar to the behavior previously reported for its analogue,

Zn(OAC)PEA. 2%

The cyclic voltammetry (CV) profiles of the Zn(OATEA -based and PVDbased LiS
electrodes are shown Figure 4.2 (f) and (g) Notably, their initial CV curves differ significantly
from those observed in subsequent cycles. In both cases, the first CV scan was performed from the
opencircuit voltage (OCV) up to 4.0 V to initiate the electrochemical activation of #sedathode.
Due to the presence of a passivatingdLiOH surface layer and the high crystallinity and purity

of Li»S, the initial charge process exhibits a distinct electrochemical signature characterized by a
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high overpotential®®>175176200This activation behavior is characteristic 063l SBs and is not
observed in conventionatSSBs. During the first charge, the PVibiased electrode exhibited an
onset potential of 3.45 V, followed by a broad peak at 3.63 V, and reached a maximum current at
3.86 V. In contrast, the Zn(OAGEA -based electrode showed a lower onset potential of 3.34 V
and a sharper oxidation peak at 3.76 V, indicating a reduced energy barrieBfactivation. This
improvement is likely due to the catalytic effect oZoenters in the Zn(OAgJEA complex,

which can accommodate LPS intermediates and facilitate their oxid&tidowever, unlike the
PVDF-based electrode, this electrode lacked a distinct first oxidation peak and instead displayed a
shoulder before the main peak, consistent with LPS immobilization raising the activation energy

for oxidation of LpS near the surface.

In the subsequent discharge process, the Zn({DBA&) -based electrode exhibited much
sharper and slightly highemltage reduction peaks (2.31 and 2.07 V) compared to the BéBéd
electrode (2.30 and 2.05 V), indicating lower polarization and enhanced redox kinetics. During the
second charge, the PVD#ectrode exhibited a broad, merged oxidation peak at 2.38 V, whereas
the Zn(OACYTEA -based electrode displayed two distinct peaks at lower potentials of 2.31 and
2.37 V. Notably, the first peak, correspamgito the oxidation of L5 to longchain polysulfides
(Li2Sy), was more prominent than the second, associated with the further conversie® ¢ Li
elemental sulfur (§, suggesting that the Zn(OAEEA binder effectively promotes the initial

oxidation step.

Overall, the CV results demonstrate that the Zn(QI&EA binder exhibits notable catalytic
effects, effectively lowering the activation barrier during the initial charge and accelerating the
redox reactions of sulfur species in subsequent cycles. Compared to the PVDF binder, it results in
reduced polarizatn and more weltlefined redox features, underscoring its superior ability to

facilitate conversion reactions of sulfur species.

To evaluate the redox catalytic activity of Zn(OA®&A, Tafel slope analysis was performed
using CV data. This technique is widely used to assess the kinetics of electrochemical reactions and
estimate charg&ansfer resistance by analyzing the relationship between overpotential and

logarithmic current dasity 382*°The second CV cycle was selected for analysis, as the first cycle
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in Li;S-based batteries typically involves an activation process that does not reflect stabilized
electrochemical behavior. Tafel slopes were extracted from the linear regions of the overpotential
versus log(current) plots near the major redox peaks, as shdvguie S4.2 and summarized in

Table S 4.3. The results clearly demonstrate that the Zn(GFeA -based electrode exhibits
significantly lower Tafel slopes compared to the control, indicating improved ctrargder

kinetics and enhanced redox catalytic activity.
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Figure 4.3 (a) Proposed polysulfide trapping cycles of Zn(QREA during the initial charge and
subsequent discharge/charge processes in the Zn{l@&Xc)based LiS electrode ([red]: reduction;
[0x]: oxidation). (b) Schematic representation of the structural evolution®fdarticles during the
first charge/discharge cycle, corresponding to the stages illustrated in (a).
These results collectively demonstrate that Zn(GQA&eA serves not only as a structural
binder but also as a multifunctional additive that enhances battery performance through LPS
trapping and redox catalysis. Its ability to immobilize LPSs helps suppress the shuttle effect and

improves cycling stabilitywhile its redoxactive Zrt* centers promote the initial activation ot8i
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and facilitate subsequent redox reactions. These combined effects provide significant advantages
over the conventional PVDF binder. The improved electrochemical behavior of Zn{BAc)

based electrodes is believed to follow a mechanism analogous to that previously proposed for
Zn(OAC)YDEA in S -LSBs*®* A modified version tailored to the Zn(OAEEA -based LiS

cathode is illustrated iRigure 4.3 (a), highlighting the trapping and release of sulfur species by

the Zrf* centers during the charge and discharge processes.

A key distinguishing feature of }$-based cells is the initial charging process, which requires
overcoming a high activation barrier due to the material's intrinsic crystallinity and the presence of
a passivating LiOH/L20 surface layerRigure 4.3 (b)). The Zn(OAc}TEA molecules in contact
with Li,S particles can react with nascent LPSs and catalyze their oxidation, thereby reducing the
overpotential compared to PVDF. However, because the trapped LPSs remain immobilized and do
not dissolve into the electrolyte, subsequent oxidation of interiGr hécomes difficult, leading to

elevated posspike charging voltages.

During discharge, particularly in the later stage of the second plateau, significant volume
expansion occurs as A5 is reduced to LS. The structural preservation effect of the
Zn(OAC)TEA binder inhibits this conversion near the particle core, where the intrinsically low
electronic and ionic conductivity of 43, limits charge transport. As a result, the full transformation

to Li;S is impeded, leading to a lower discharge capacity compared to the l[fAgo# electrode.

4.3.3Modification of Zn(OAc) 2TEA with PEI

Although Zn(OACYTEA exhibits significantly improved solubility in NMP compared to
Zn(OACYDEA, it was observed to crystallize upon standing for more than 1Bigufe S 4.3).
This instability presents challenges for practical application and may compromise cathode quality
due to potential aggregation of Zn(OAEA during electrode drying. In fact, at high current rates
(e.g., 2 C), the battery exhibited signs of overchargiigufe S 4.4), suggesting poor structural

integrity of the cathode.

To address this issue, polyethylenimine (PEI) was introduced into the Zn{@Ac3olution
in NMP at various wt.% relative to Zn(OAEEA/PEI (5%), Zn(OAC)-TEA/PEI (10%),
Zn(OAC)LTEA/PEI (15%), and Zn(OACX EA/PEI (25%). The rationale is that the nitrogen atoms
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in PEI can coordinate with Zhcenters in Zn(OAGJEA, analogous to the coordination observed
with the nitrogen atoms in TEA and DEA. Sinc&Zinns can accommodate up to six ligafti4,

is plausible that one or two PHerived nitrogen atoms can bind to?Zrin solution and during
electrode drying, PEI may inhibit the crystallization or aggregation of Zn({DB8&) In the solid
state, its polymeric structure can act as a elioksr, facilitating the formation of a robust three

dimensional binder network that reinforces the structural integrity and stability of the cathode

PEI e
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Figure 4.4 Schematic illustration of the formation of the Zn(OA&A/PEI binder, where the
addition of PEI enables the establishment of a tdeensional (3D) network through coordination
between Z# ions in Zn(OACYTEA and nitrogen atoms in PEI.
It was found that white precipitates still formed in the Zn(QREN/PEI (5%) solution after
12 h of storage, whereas solutions containing 10% or more PEI showed no visible precipitation

after 12 h, as shown Figure S4.3, and remained stable even upon storage for several months.

4.3.4Electrochemical Performance of Zn(OAC}TEA/PEI -Based LS Electrodes

Li,S electrodes were fabricated using three binder solutions with varying PEI content:
Zn(OAC)TEA/PEI (10%), Zn(OAC)TEA/PEI (15%), and Zn(OACYTEA/PEI (25%). Their
galvanostatic charge/discharge profiles are shoviigare 4.5 (a-c). During the initial activation
at 0.05 C, all three electrodes exhibited charge curves similar to that of the ZfilEAcpased
system Figure 4.2 (c)). However, in the subsequent discharge, they delivered specific capacities
of 596.7, 590.0, and 610.0 mA h.,gespectively, each exceeding the 564.0 mAltcapacity
observed for the Zn(OAZ)EA -based electrode. This improvement may be attributed to improved

contact between k$ and Super P patrticles in the presence of flexible PEI chains.
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Figure 4.5 Electrochemical performance of;5 electrodes using PVDF and various

Zn(OACLTEA/PEI binders. (a) Initial five charge/discharge curves of Zn(OAEA/PEI (10%) -
based electrode. (b) Initial five charge/discharge curves of ZngDRSIPEI (15%)-based electrode.
(c) Initial charge/discharge curves Zn(OA&A/PEI (25%) -based electrode. (d) Cycling
performance of the Zn(OAf)EA/PEI (10%)- and Zn(OACITEA/PEI (15%) -based electrodes at 0.1
C. (e) Rate performance of the Zn(OABGA/PEI (10%) - and Zn(OAJ:TEA/PEI (15%)-based
electrodes at various rates. (f) Letagm cycling performance of PVDFZN(OACYTEA -, and
Zn(OAC)TEA/PEI (10%)-based electrodes at 0.5 C, which were all activated at 0.05 C in the first

cycle.

At 0.1 C in the second cycle, the Zn(OAGA/PEI (10%) - and Zn(OACTEA/PEI (15%) -
based electrodes exhibited discharge profiles comparable to the Za{BAchased electrode.
However, the Zn(OAGJ EA/PEI (25%) -based electrode showed signs of overcharging, suggesting

mechanical or structural degradation within the cathode. A similar overcharging behavior was
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