© Copyright 2019

Dion Hubble



From Solvate to Cell: A Molecular Engineering Approach to the Lithium-Sulfur
Battery

Dion Hubble

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington

2019

Reading Committee:
Alex Jen, Chair
Jihui Yang

Lilo Pozzo

Program Authorized to Offer Degree:

Molecular Engineering



University of Washington

Abstract

From Solvate to Cell: A Molecular Engineering Approach to the Lithium-Sulfur Battery

Dion Hubble

Chair of the Supervisory Committee:
Alex K-Y. Jen
Materials Science & Engineering

The lithium-sulfur (Li-S) battery system has been widely lauded as a candidate to replace
lithium-ion (Li-ion) technology in weight-critical applications such as electric vehicles,
aerospace missions, and personal electronics. The attractiveness of this design comes from its
titular active materials, which can theoretically store >2300 Wh/kg in comparison to ~400 Wh/kg
for Li-ion. Additionally, sulfur is cheap and earth-abundant, reducing the potential cost and
environmental impact of the system. However, despite decades of research, a commercially-
competitive Li-S battery remains elusive. This is largely due to functional challenges such as
poor conductivity, electrolyte-soluble reaction intermediates, and anode surface passivation,
which reduce the capacity, efficiency and cycle life of practical cells. Although many of these
issues are specific to Li-S chemistry, contemporary research often borrows heavily from Li-ion

conventions in attempting to address them (to varying degrees of success). Alternately, Li-S



battery design may be approached from a “bottom-up” or “rational molecular design”
perspective, in which the materials, fabrication techniques, and analytical methods are designed
de novo based on the unique functional demands of the system.

This doctoral dissertation broadly details my efforts to develop and study free-standing
gel electrolytes for the Li-S system, successfully integrate them into working devices, and
demonstrate their effect on cell performance. Chapter 1 introduces the motivating factors behind
this research, basic Li-S operating principles, and major functional challenges. Chapter 2 reviews
the existing literature on Li-S chemistry and cell designs, including common strategies to
improve cell performance. Chapter 3 presents the design, fabrication, and electrochemical
properties of solvate ionogel (SIG) electrolytes based on solvate ionic liquid Li(G4)TFSI and
functional poly(ethylene glycol) methacrylates. Chapter 4 explores the structure-property
relationships of SIGs with regards to solvent additives and polymer molecular structures.
Chapter 5 details the development of quasi-solid-state (QSS) Li-S battery designs through
integration of SIGs into sulfur/carbon composite cathodes and porous polypropylene separators,
the electrochemical performance of QSS cells, and the origin of their cycling characteristics.
Finally, Chapter 6 summarizes these results and their impact, concluding with suggestions for

future research that may build upon the work herein.
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G4 — tetraethylene glycol dimethyl ether, also known as tetraglyme
HCE — high-concentration electrolyte

LIB - lithium-ion battery

Li(G4)TFSI — LiTFSI and G4 mixed in a 1:1 molar ratio



LIQ — a liquid mixture of poly(ethylene glycol) dimethyl ether and Li(G4)TFSI

LSB — lithium-sulfur battery

MeCN — acetonitrile

M — number-average molecular weight

MW — molecular weight

NMR — nuclear magnetic resonance

OCP - open circuit potential vs Li/Li"

OE — organic electrolyte, specifically referring to a standard formulation containing 1M LiTFSI in
DOL:DME (1:1 v/v) with 1%wt LiNO3

OTf — trifluoromethanesulfonate, also known as triflate

P3s00 — poly(ethylene glycol) dimethacrylate (M,~3500Da)

P750 — poly(ethylene glycol) dimethacrylate (M,,~750Da)

PEG — poly(ethylene glycol)

PFs¢ — hexafluorophosphate

PGSE-NMR — pulsed gradient spin echo nuclear magnetic resonance

PIL — polymeric ionic liquid

PP1000 — poly(propylene glycol) dimethacrylate (My~1000Da)

PPG — poly(propylene glycol)

PTFE — poly(tetrafluoroethylene), also known as Teflon

PVDF — poly(vinylene difluoride)

PyrTFSIMA — N-[2-(2-(2-(methacryloyloxy)ethoxy)ethoxy)-ethyl]-N-methyl-pyrrolidinium
bis(trifluoromethanesulfonyl)imide

QSS — quasi-solid-state
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RTIL — room-temperature ionic liquid

SCE — saturated calomel electrode

SEI — solid-electrolyte interphase

SOC — state of charge

SIG — solvate ionogel

SIL — solvate ionic liquid

SS — stainless steel (SUS316L)

SSIP — solvent-separated ion pair

TEGMA — triethylene glycol methyl ether methacrylate

TFSI" — bis(trifluoromethanesulfonyl)imide

TGA — thermogravimetric analysis

THF — tetrahydrofuran

t1i+ - lithium transference number

Tsc — time-to-short-circuit

TTFE — 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether
VTF — Volgel-Tammann-Fulcher

XPS — x-ray photoelectron spectroscopy

XRD — x-ray diffraction

€ — relative dielectric permittivity

K — ionic conductivity, also known as electrolytic conductivity

o — electrical conductivity
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Chapter 1. INTRODUCTION

1.1  ENERGY STORAGE AND THE 215" CENTURY WORLD

In only fifteen short years from 2000-2015, worldwide energy consumption increased by
over 40%, from 118 to 168 PWh.[!l The U.S. Energy Information Administration expects this
figure to surpass 300 PWh by 2050.121 As the 21° century continues to unfold, both people and
information now travel faster than ever before, and we expect our energy to keep up with us. It’s
no wonder, then, that the 2019 Nobel Prize in Chemistry was awarded to the pioneers of the
lithium-ion battery (LIB), which now powers most electric vehicles (EVs) and portable electronic
devices. Lithium-ion cells in their various permutations are by far the fastest-growing secondary
(i.e. rechargeable) battery technology, and they are second only to lead-acid batteries in terms of
raw capacity produced annually.[*! Even with this current dominance, one of their most important
potential applications is still developing. The looming specter of global climate change has made
the need for grid-integrated renewable energy more apparent by the day. Yet many such sources
are available only intermittently i.e. when the sun is shining or wind is blowing. Deploying these
on a large scale requires networked storage capacity to soak up and release excess power during
times of varying demand. Naturally, LIBs are among the best candidates to meet this challenge.

However, while lithium-ion technology continues to build momentum in the business
sector, its technological momentum is slowing down. Designs based on the original “rocking
chair” concept described in 1985[*! are now approaching their theoretical limit in terms of energy
density and specific energy, and the production cost is dominated by raw materials,’*) making a
significant price drop unlikely. This is a particularly troubling prospect for grid applications, since

storage cost is the primary obstacle preventing large-scale deployment of renewable energy in the
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United States.’) Meanwhile, the U.S. Department of Energy has estimated in their “EV
Everywhere” blueprint that widespread adoption of electric vehicles (EVs) will require pack costs
at $125/kWh or below. As of 2017, EV pack cost remained at ~$225/kWh, nearly double the
target.’] There are other major concern concerns about LIBs as well, including their safety record!®
and the environmental impact of mining for cobalt and nickel, which are hazardous to extract and
limited in abundance.!”!

In response to these concerns, researchers have devoted increasing attention to “beyond-
lithium-ion” batteries in the past decade. These designs replace one or both traditional lithium-ion
electrodes, which store energy through a reversible intercalation reaction, with higher-capacity
materials based on alternative chemistry. This substitution, in theory, increases the total energy
density of the cell. Silicon-based anodes have recently grown to prominence for this reason, and
appear to be on the verge of replacing graphite as the anode du jour in commercial cells.®!
However, it is actually the cathode, not the anode, which contributes the majority of weight to a
typical LIB,”! as well as being the source of rare metal requirements. Therefore, the long-term
future of lithium-based energy storage depends significantly on the emergence of a viable cathode
replacement.

The lithium-sulfur (Li-S) battery, or LSB, is one possible candidate that may rise to this
challenge. Using only the titular elements as electrode materials, the LSB has a theoretical specific
energy of 2567 Wh/kg, nearly five times that of a state-of-the-art LIB. Its constituent materials are
also earth-abundant and quite cheap as of the time of this writing.'%!! These qualities make Li-S
one of the most attractive batteries for next-generation electric vehicles, with a driving range

>400km!"'?! and pack cost <$100/kWh!'¥] considered realistically achievable.



1.2  UNDERSTANDING THE LITHIUM-SULFUR BATTERY

In order to explain why LSBs possess so many appealing properties, it is necessary to
understand their basic operating principles, which share many characteristics with LIBs but also
differ in major ways. It is also helpful to define important performance metrics which describe

secondary battery performance and allow comparison amongst various designs.

1.2.1 Operating Principles

Although the detailed chemistry of LSBs can be quite complex (see section 1.2.2), their
basic principle of charge storage is quite simple. The battery consists of a lithium metal anode
(negative terminal) and sulfur cathode (positive terminal), which are directly responsible for
storing energy i.e. the “active materials.” Upon discharge, electrons (e”) are driven from anode to
cathode by a difference in electrochemical potential, which manifests as a voltage (~2.2V). This
current may be directed through a load to produce work. Internally, loss of electrons by lithium
metal produces lithium ions (Li"), which dissolve into an electrolyte medium contacting the anode.
Meanwhile, electrons are absorbed by sulfur, producing sulfide (S**) which attracts nearby Li*
from the electrolyte to form lithium sulfide (Li,S). Charge neutrality is preserved overall by a net
flux of Li" through the electrolyte, often traversing a porous separator that prevents physical
contact of the active materials. The battery may be recharged by applying an external bias in the
opposite direction to reverse these processes, ultimately regenerating elemental sulfur and lithium.

Chemically, the overall discharge process may be represented as follows:

(Anode Half-Reaction) Li—> Li"+e”

(Cathode Half-Reaction) S +16Li" +16e¢” — 8Li,S

(Overall Reaction) 16Li+S; —8Li,S
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The anode half-reaction may be calculated to store 3861 mAh/gri, where a mAh is equal to
3.6 coulombs, or the charge passed by a milliamp of current in one hour. Alternately, this may be
expressed as 2062 mAh/cm®. Similarly, the cathode half-reaction stores 1672 mAh/gs or 3460
mAh/cm?’. Combining these values and assuming an average discharge voltage of 2.2V yields the
theoretical specific energy and theoretical energy density for the LSB: 2567 Wh/kg and 2842
WH/L, respectively.

Of course, a functioning battery requires more than just active materials, and
weight/volume are added by each additional component. The most important of these is the
electrolyte, which in LSBs typically consists of a 1M solution of lithium salt — usually lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) — dissolved in an etheric solvent or mixture of
solvents - often 1,3-dioxolane (DOL) and 1,2-dimethoxyethane (DME). This electrolyte must
thoroughly wet the surface of both electrodes, as well as the aforementioned porous separator,
often made of polypropylene and/or polyethylene. Each electrode requires an easy path for current
to flow into and out of the battery, and thus metal foils are included as current collectors — copper
at the anode and aluminum at the cathode. The latter requires more than just aluminum foil for
efficient charge transport, however, as both Sg and Li,S are highly insulating materials. Therefore,
the cathode is typically formulated as a composite of sulfur particles and conductive carbon
additives, which allows current to reach to the electrode surface more easily. This composite also
requires a polymer binder to hold individual particles together in a dimensionally stable form.
Finally, some exterior packaging is required, although its contribution to the total weight and

volume of the battery will vary significantly depending on end-application.



1.2.2  Mechanism of Sulfur Conversion

The transformation of sulfur into Li>S, and vice versa, is referred to in battery parlance as
a “conversion” reaction, since the (non-metallic) chemical bonds within each material are
completely rearranged during the process. In reality, this conversion does not occur in one step as
written above, but instead proceeds through a series of steps in which the Sg ring is opened and
then shortened into chain-like molecules known as lithium polysulfides (Li2Sx), eventually
reaching Li>S. The longer such variants (4<x<8) are well-known for their solubility in polar aprotic
solvents such as DOL/DME,!'¥ and all polysulfides tend to exchange sulfur atoms with one
another continuously, a process known as disproportionation.!!>) Therefore, at any intermediate
state-of-charge (SOC) in an LSB, sulfur atoms may exist simultaneously as a mixture of solid or
dissolved Ss, Li>S, and Li>Sx of various lengths. The conversion does, however, follow a few
identifiable stages, summarized below. Note that the reactions written below are meant to represent

general processes rather than suggest or exclude particular species or mechanisms.

(Stage 1) S +2Li" +2¢” — Li,S,
Li,S, +2Li" +2¢” — 2Li,S,

Li,S, +Li,S; — 2Li,S,
In the first stage, solid sulfur is converted into long-chain lithium polysulfides, primarily
Li,Sg and Li2Se. Usually these species will dissolve at least partially into the electrolyte, a process
that is driven by lithium exchange between polysulfide and solvent molecules.!'s! Because these
reactions involve a phase change from solid to liquid (dissolved), the Gibbs phase rule dictates that
the equilibrium or open-circuit voltage (OCV) of this process is fixed for a given temperature and

pressure. Therefore, stage one can be identified on a plot of voltage vs. capacity as a plateau at

~2.4V.



(Stage 2) 2Li,S, +2Li" +2e” — 3Li,S,

Once elemental sulfur has been exhausted, stage two begins and long-chain polysulfides
are further reduced to intermediate lengths, collectively represented here as Li»S4. At this point,
nearly all sulfur is present as dissolved polysulfides. Therefore, OCV decreases with average sulfur
oxidation state, and stage two appears as a sloping region between ~2.1-2.4V. However, this stage
is short-lived, as medium-chain polysulfides generally have much lower solubility in non-aqueous

electrolytes than the longer variants.

(Stage 3) Li,S, +2Li" +2¢” — 2Li,S,
Li,S, +Li,S, = 2L1,S,
LS, +Li,S, — Li,S+14,S,

Stage three marks the end of liquid-liquid conversion as poorly-soluble short-chain
polysulfides begin to precipitate out of the electrolyte. Metastable solid Li>S: is the first product to
appear, but significant amounts of Li>S may also form via disproportionation reactions, as shown
above. An overall phase change is once again occurring, and therefore stage 3 is identified by

another, longer plateau at ~2.1V.

(Stage 4) Li,S, +2Li" +2¢” — Li,S

Finally, as soluble species are no longer available for reaction, a solid-solid conversion of
LiS; into LizS occurs. The kinetics of this reaction are much poorer, however, since neither species
is very conductive, and disproportionation is much slower in the solid state. Thus, only Li>S>
immediately adjacent to conductive surfaces may be converted. This final stage appears as an
additional sloping region below 2.1V.

The same basic processes occur in reverse during charge. However, curiously, the voltage

behavior of each stage less clearly identifiable, and often only a single long plateau is observed



7

until near the end of charge. This is because the solid-state conversion of LiS into Li»Sx is quite
slow, and once higher-order species are formed, the reaction proceeds almost entirely through a
liquid-solid mechanism where medium-length polysulfides are oxidized to longer chains, which
then disproportionate with Li>S to regenerate the medium chains again. This means that Li>S is
present for almost the entire charge process, and the overall conversion involves two phases,
restricting the OCV to a fixed value.

LSB mechanism of operation is graphically summarized in Figure 1.1.
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Figure 1.1. Schematic overview of the lithium-sulfur battery.



1.2.3 Comparison to Lithium-Ion

The basic construction and overall operation of a LIB is quite similar to a LSB, but the
underlying chemistry is very different. The anode active material almost always consists of
graphitic carbon, while the cathode active material may be any number of ceramic materials
containing lithium. The first-described LIB used LiCoO; as the cathode, which is still commonly
used in consumer electronic batteries, although many other oxides (LiNixMnyCo1.x.yO2, LiMn204,
LiNixCoyAli1xyO2) may be employed for various applications. Additionally, LiFePO4 is popular
in rechargeable power tool batteries where high currents and/or extended longevity are required.
All of these cathode materials share two major characteristics: they have redox potentials in the
3.5-4.5V range, along with layered or tunnel-like crystal structures which allow Li" to reversibly
enter and leave the material in order to balance charge without affecting its structural integrity.
This type of charge-storage mechanism is referred to as “intercalation.” Charging a LIB forces Li"
out of the cathode structure and into the electrolyte, where it diffuses to the anode (again through
a porous separator) and re-inserts between graphitic carbon layers, now carrying excess negative
charge. Graphite can only fit one lithium ion per every hexagonal carbon ring, and only a fraction
of total lithium can be removed from the cathode structure without inducing a phase change that
destroys the material. The overall chemical reaction” is represented below, with LiCoO> used as
an example. Discharging the battery reverses this reaction, as Li" de-intercalates from graphite and

re-intercalates into the cathode, releasing the stored energy of the reaction as external current.

(Anode Half-Reaction) 6C+Li" +e — LiC,

(Cathode Half-Reaction) LiCoO, — 0.5Li" +0.5¢” +Li,;CoO,

* As written, LiCoO> acts as the anode rather than the cathode, since (positive) current is flowing towards it, and
vice-versa for graphite. However, battery materials are generally referred to as “cathode” or “anode” materials based
on the direction of current flow during discharge.



(Overall Reaction) 6C+2LiCoO, — LiC, +2Li, ,CoO,

A little bit of calculation shows that the anode and cathode can store 372 mAh/gc (841
mAh/cm?) and 137 mAh/gLco (691 mAh/cm?), respectively. Assuming a potential difference of
3.8V, this LIB has a theoretical specific energy and energy density of 380 Wh/kg and 1441 Wh/L,
respectively. Of course, just like in the case of an LSB, a real battery must also include the weight
and volume of current collectors, electrolyte, separator, conductive additives, binders, and casings.
Nonetheless, the optimization ceiling for LIBs is considerably more limited.

However, LIBs have a major advantage in that the intercalation reactions described above
occur in a single step, rather than the complicated multi-step conversion described in Section 1.2.2.
Also, unlike elemental sulfur and lithium, LIB active materials are dimensionally-stable
throughout battery operation, and therefore the majority of redox-active species are never directly
exposed to electrolyte. However, because graphite and LiCoO; are both semiconductors and solid-
state lithium-ion conductors, surface reactive sites are continually refreshed by diffusion, and thus
complete utilization is possible. This fundamental difference in reaction mechanism largely
explains why the “conventional wisdom” of LIB design i.e. fabrication techniques, additives used,

interpretation of electrochemical data, efc. does not always apply for sulfur-based cell designs.

1.2.4  Relevant Performance Metrics

Optimizing battery performance requires a solid definition of what “performance” may
entail, and which definition is most relevant to a given situation. For instance, a grid storage
application may value longevity over specific energy, since weight is less important to a stationary
system, but it must perform predictably for years of continuous use. On the other hand, an

aerospace application would likely value these characteristics in the opposite order. Table 1.1
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contains brief definitions of metrics used to describe LIBs/LSBs and their constituent materials,

which will be used hereafter without further explanation.

Table 1.1. Important performance metrics for LIBs/LSBs and their materials, by category.

Active Material/Electrode

Name

Units

Definition/Explanation

Specific capacity

mAh/g

Electric charge stored per unit mass. Measured between an
upper and lower voltage. Usually shortened to “specific
capacity.”

Volumetric capacity

mAh/cm?

Specific capacity multiplied by density.

Open-circuit potential

Determined by the electrochemical potentials of redox-
involved species at the electrode/electrolyte interface. Often
given vs. Li/Li*. Usually changes with state-of-charge.
Anode materials decrease in potential during charge while
cathode materials increase, and vice-versa for discharge.
Measured potential may differ from this value due to
overpotential.

Overpotential

v

Difference between open-circuit potential and potential
measured while current is flowing. May be caused by
internal  resistance  (“ohmic”), reaction  kinetics
(“activation”), or diffusion (“concentration”).

Mass loading

mg/cm?

Mass of electrode material coated onto the current collector
per unit area. Higher values reduce the total inactive
weight/volume percentage.

Areal capacity

mAh/cm?

Mass loading multiplied by specific capacity.

Electrical conductivity

S/cm

Inverse of electrical resistivity. Describes the ease with
which electric charge passes through a medium.

Electrolyte

Ionic conductivity

S/cm

Inverse of ionic or electrolytic resistivity. Describes the
ease with which charged particles move through a medium.
Related to ion diffusion coefficient.

Lithium transference
number

unitless

The percentage of total current through an electrolyte that
is attributable to the movement of lithium ions.

Full Cell

Voltage

Difference between measured cathode and anode potentials.
Current is stopped when voltage exceeds certain limits to
prevent side reactions.

Specific energy

Wh/kg

Energy stored per unit weight. Obtained by integrating
voltage over specific capacity.

Energy density

Wh/L

Energy stored per unit volume. Obtained by integrating
voltage over volumetric capacity

Specific power

W/kg

Specific energy multiplied by C-rate.

Power density

W/L

Energy density multiplied by C-rate.

C-rate

Current divided by total capacity i.e. fully discharging at a
C/5 rate would take 5 h, whereas a 5C discharge would take
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12 min. When total capacity is unknown beforehand, C-rate
is calculated based on theoretical capacity.

Cycle unitless One full charge, followed by one full discharge.
Coulombic efficiency unitless (%) | Ratio of charge to discharge capacity for a particular cycle.
Capacity retention unitless (%) Ratio of discharge capacity for a particular cycle to that of

an earlier cycle, usually the first.

Cvele lif unitless The number of cycles completed before capacity retention
ycle life cveles drops below a target value, often 80%.
y

1.3  MAJOR CHALLENGES IN LITHIUM-SULFUR CELL OPERATION

Despite their theoretical promise, commercial development of LSBs has been hampered by
the high percentage of inactive materials required for most designs, as well as their notoriously
poor cycle life compared to LIBs. These problems can be traced primarily to the complexity of the
cathode processes detailed in Section 1.2.2, which introduce design constraints and
interdependencies that are not present in LIBs. Lithium metal anodes also present their own set of
challenges, both separately and in combination with sulfur cathodes. A successful Li-S cell design

must consider all of these challenges and, sooner or later, address them.

1.3.1 Poor Cathode Conductivity

As previously mentioned, sulfur and lithium sulfide are electrically insulating and therefore
require direct contact with a conductive surface for redox to occur, as opposed to intercalation
cathodes which can transport charge through their interiors. This conductive surface must also
remain in electrical contact with the current collector i.e. an electrical percolation network must
be present throughout the cathode. This means that, in practice, sulfur particles must be blended
with a large amount of conductive carbon additive, often >50% by weight, for the cathode to
function efficiently. High-surface-area carbons such as Ketjen Black are usually preferred. Many

designs include carbon nanotubes (CNTs), which help to maintain percolation due to their high
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aspect ratio but are quite costly. In contrast, LIB cathodes usually contain <10wt% total additives,
including polymer binder.

Even with a large amount of conductive carbon, full electrochemical conversion of Sg or
LixS would nearly impossible at room temperature if not for the fact that the lithium polysulfides
initially formed are highly soluble (up to 8M atomic sulfur) in typical electrolytes. Once dissolved,
they are free to diffuse to the nearest conductive surface for further reaction. They also
disproportionate with solid species to bring additional sulfur into solution, thus activating
otherwise inactive surfaces. In this way, polysulfides act as a sort of “redox mediator” for Sg, LizS,
and themselves, transporting electrical charge directly through solution rather than solely through
the carbon network (see Section 2.1.2). Of course, having a large concentration of electroactive

species in the electrolyte causes major problems of its own, as detailed in Section 1.3.4 below.

1.3.2  Polysulfide Reactivity

Thiolate functional groups (R-S°) are well-known in organic chemistry for being excellent
nucleophiles,'” and polysulfides [S-(S)x-S7] share this reactivity. Thus, organic solvents
containing electrophilic sites, such as the carbonates widely used in LIBs, are degraded during
sulfur cathode operation.!'8) Even species that are normally considered “stable,” such as fluorinated
anions PF¢ and BF4", may be decomposed in a similar fashion,!'” possibly due to the favorable
formation of LiF. The covalent bonds in polysulfides are also relatively weak and dissociate
easily,?” leading to the formation of radical anions such as LiSs™ during sulfur cathode
operation,?!! which may also participate in side reactions. This multifaceted reactivity of Li>Sx

severely limits the choice of electrolyte solvents, salts, and additives appropriate for LSBs.
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1.3.3  Active Material Loss
Polysulfide dissolution into the electrolyte, although helpful in some respects, also plays a
major role in capacity fading for this system. Electrolyte is present not only in the cathode, but
throughout the cell, and some Li>Sx will naturally diffuse away from conductive surfaces where it
can no longer contribute to charge storage. This results in a net loss of capacity from the cathode
each cycle until an quasi-equilibrium is established, which may not occur until the electrolyte is
nearly saturated with polysulfide. Even worse, disproportionation will naturally produce small
amounts of insoluble Li>S and Li>S2, which may deposit within the pores of the separator or other

non-conductive surfaces, where it is unlikely to be recovered.

1.3.4  Redox Shuttling of Polysulfides

Perhaps the best-known performance issue in LSBs occurs when dissolved long-chain
polysulfides such as Li»Sg diffuse all the way across the cell to the anode surface. There they may
react directly with lithium to form insoluble sulfides along with shorter, still-soluble chains, which
diffuse back to the cathode and disproportionate to reform the original species. This process,
known as a redox shuttle, results in a net transfer of electrons across the cell i.e. an internal short-
circuit. This “polysulfide shuttle effect” famously results in lower-than-expected coulombic
efficiency in LSBs, as some of the current required to recharge the cell instead flows through the
short circuit and is lost as heat. Additionally, deposition of sulfides on the anode surface results in
permanent lost capacity. If left unchecked, polysulfide shuttling may even become the path of least
resistance, and attempting to recharge the cell at this point will result in current being applied

indefinitely without any significant change to voltage — the battery is nonfunctional.
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1.3.5 Cathode Passivation by Li>S
The LiS formed at the end of discharge has quite low solubility in common LSB
electrolyte solvents, and therefore precipitates out of solution very quickly. The rate at which this
occurs and the morphology of deposits are highly sensitive to current density, electrolyte
properties, and many other factors.!*?! Since the majority of Li»S is formed in the vicinity of
conductive surfaces, this results in the gradual “covering up” of conductive surface area as
discharge progresses. In fact, the transition from Stage 3 to Stage 4 of discharge is often triggered
by passivation of the conductive network, rather than the total exhaustion of soluble
polysulfides,[**! leaving a significant amount of capacity practically inaccessible. In extreme cases,
Li>S may build up to the point that the pores of the cathode are blocked and Li* diffusion becomes
physically hindered. This has been implicated as a major source of capacity fading in Li-S pouch

cells.[?4]

1.3.6 Volume Change During Conversion

Volume change of conversion is commonly overlooked in LSB designs. Transforming a
given amount of Sg to Li>S at room temperature produces a theoretical volume increase of 79%,
due to decreased molar density of the sulfide. If adequate pore space is not available for this
process, the expansion will force conductive particles apart and weaken the electron percolation
network. At best, this will produce increased internal resistance, which may not recover upon
recharging if plastic deformation has occurred. At worst, this leads to cracking of the electrode
composite and leaves portions of sulfur “stranded” without electrical contact, the associated

capacity permanently lost.
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Notably, although the cathode active material expands upon discharge, the overall cell
volume is actually predicted to decrease, due to the volume of lithium consumed. Cyclical volume

changes like this must be considered when packaging a commercial cell.

1.3.7  Lithium Surface Passivation

Using lithium metal as an anode material presents its own set of challenges independent
from cathode operation. Being the most electropositive element on the periodic table, lithium
reacts to some degree with nearly every conceivable electrolyte, resulting in a buildup of
decomposition products known as a solid-electrolyte interphase (SEI). This decomposition is self-
limiting in suitable electrolytes, as the growing SEI passivates the lithium surface and prevents
further reaction. An ideal SEI would be a thin, conformally-coated single-ion conductor and
electrical insulator, allowing easy diffusion of Li" and nothing else. In practice, however, the SEI
is often a porous, uneven layer with inhomogenous composition that does not fully passivate the
surface. Furthermore, the ionic nature of the SEI makes it quite brittle in most cases, leading to
cracking as lithium metal is stripped or deposited unevenly. The freshly-exposed surface generates
additional SEI and, over time, this layer may become quite thick and contribute significantly to
internal resistance.

Effective surface passivation becomes especially critical when lithium is paired with a
sulfur cathode. A porous/uneven SEI layer enables direct electron transfer to dissolved LizSx,
leading to redox shuttling as discussed in Section 1.3.4 above. Insoluble sulfides deposited from

this process are also poor ion conductors and contribute to ohmic resistance at the anode.
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1.3.8  Lithium Dendrite Growth

Dendrite growth is the biggest problem associated with secondary lithium metal batteries
and the major reason why alternative anodes like graphite are required for LIBs. The term
“dendrite” comes from the Greek word for “tree,” referring to the branching, tree-like morphology
formed by electroplated lithium during battery charge. Many different metals have been observed
to form dendrites under the right conditions, and the mechanism of this process was elucidated in
1990 by J.-N. Chazalviel.> In essence, electrodeposition of metal cations removes positive charge
from the vicinity of the metal surface faster than anions can migrate away from it. This leads to
the development of a local space charge, which favors deposition at highly-curved surfaces where
the local electric field is distorted. Unlike most metals, however, lithium surfaces are covered by
SEI as detailed above, which may be thinner and/or less resistive in certain spots compared to
others. This further concentrates the electric field and promotes dendrite growth.

Dendritic or “mossy” lithium is the source of many different problems in LSBs. For one,
growing dendrites may physically puncture the cell separator, creating a sudden short-circuit. This
instantly renders the battery useless and may even cause fire or explosion due to localized
heating.?®! The inherent safety risk posed by lithium dendrite growth is perhaps the biggest reason
why secondary lithium metal batteries have never become popular, despite commercialization as
early as the 1980s.[2"]

The high surface area of lithium dendrites also promotes additional breakdown of
electrolyte and subsequent capacity loss as SEI covers the growing surface. While lithium plating
is most favored at dendrite tips, lithium stripping has no such preference and is governed primarily
by the resistance of the SEIL This results in “branches” of the tree-like deposit being chopped off

at their thinnest points and the formation of so-called dead lithium, which is electrically insulated
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on all sides by SEI and excluded from any further reaction.*! This vicious cycle of dendrite growth
and SEI formation contributes to the poor coulombic efficiency and capacity loss than lithium

metal anodes are known for — yet another obstacle that impedes the performance of LSBs.
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Chapter 2. PROGRESS IN LITHIUM-SULFUR BATTERY

RESEARCH

The basic concept of the LSB predates the LIB by almost two decades,***%! although the
field did not receive sustained interest until the electrochemistry of non-aqueous polysulfide
solutions was clarified beginning in the late 1970s.!*3!1 By the late 1980s, the modern “standard”
Li-S design had taken shape,*?! but its myriad operating challenges allowed it to be overshadowed
by still-fledging Li-ion technology. Thus, LSBs were largely relegated to a research curiosity for
many years as the vast, untapped potential of LIBs dominated the attention of scientists and
engineers. However, due to the advancement of research techniques during the interim, LSBs

33341 which produced a variety of new,

began to enjoy a revival beginning in the mid-2000s,!
exciting results. This trickle of interest gradually gathered momentum until the field exploded into
a major area of research in the 2010s, with hundreds of new papers now published yearly.[*> This

chapter briefly reviews the major advancements of the past decade, including those which most-

directly inspired the original work presented in this dissertation.

2.1  IMPROVING SULFUR CATHODE PERFORMANCE

2.1.1 Lithium Polysulfide Trapping/Containment

Most of the obvious performance issues in LSBs originate from the dissolution of lithium
polysulfides into the electrolyte, as detailed in Chapter 1. Therefore, controlling their spatial
distribution in the cell, or “polysulfide trapping,” has been one of the most active areas of research.
Broadly speaking, strategies for polysulfide trapping fall into one of two categories: physical
trapping which aims to physically block or hinder the diffusion of polysulfides outside of the

cathode, and chemical trapping which uses reversible chemical interactions to accomplish the
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same. Both strategies were demonstrated quite effectively by Ji, Li, and Nazar in 2009, who
reversibly attained >75% of the theoretical capacity of sulfur (1320 mAh/g) by melting Ss into the
pores of a mesoporous carbon host matrix at 150°C, followed by coating this composite in a thin
layer of poly(ethylene glycol) (PEG).*®! Such host matrices not only function as a high-surface-
arca conductive additive, but also as a sulfur containment mechanism, since Li>Sx is formed
exclusively within the 3-4nm pore spaces of the carbon. Any Li>Sx which manages to escape this
miniature labyrinth encounters polar PEG functionality, which interacts strongly with the charged
polysulfides and slows their diffusion.

This early demonstration of polysulfide trapping spawned a huge body of work that has led
to many important advancements. Carbon in its various forms remains popular as a physical host

37-41]

matrix for sulfur,! although many other encapsulation materials such as metal oxides,!**! metal
g y p

43461 and metal-organic frameworks!*”!

sulfides,*¥ rigid polymers,* semiconducting polymers,
have given positive results. Alternately, single-ion-conducting membranes such as lithiated Nafion
have been employed as separators to physically block polysulfides, although this adds significant
ohmic resistance to the cell and selectivity is not perfect.**! However, physical trapping by itself
cannot prevent the escape of polysulfides from the cathode during prolonged cycling without total
encapsulation, which also blocks access of sulfur to the electrolyte. For this reason, chemical
trapping has ultimately proven to be more effective tool for improving the cycle life and capacity
of LSBs. PEG continues to enjoy popularity as a binder or additive due to its aforementioned ion-
dipole interactions with Li>Sx, which not only hinders diffusion but may also modify the
conversion pathway.*”] Other strongly-polar organic and inorganic functionalities can achieve

[50-54

similar effects by their inclusion in the cathode composite, I and there have been systematic
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55,56

studies of the adsorption of polysulfides onto various types of host materials.!>> Trapping agents

may also be coated onto the separator, creating a sort of “net” to prevent cross-cell diffusion.!

Instead of relying on dipole-type interactions, several pioneering strategies have taken
advantage of the chemical reactivity of lithium polysulfides to contain them within the cathode
structure. For instance, organic functional groups containing thiol, disulfide, or thiosulfate
functionality may participate in disproportionation reactions with dissolved Li>Sx, producing
covalently-tethered sulfur chains and/or insoluble Li»S/Li>S,. Such groups may be incorporated
via binders,*®! separators,[”] or direct functionalization onto a solid host matrix in order to
immobilize sulfur upon reaction.!®” Interestingly, the in-situ formation of thiosulfate by chemical
oxidation of Li>Sx at an MnO; surface has also been reported.!!]

Perhaps the simplest solution to polysulfide dissolution is to simply eliminate liquid
electrolyte. All-solid-state LSBs have been constructed using Li*-conducting ceramics,!®?! solid

[64] and comprehensive reviews of this field may be

polymer electrolytes,!%’] or pure lithium salts,
found elsewhere.[®>) However, these types of designs have three major drawbacks which have kept
them from serious commercial consideration. First, solid electrolytes in general tend to have much
lower ionic conductivity than liquids at a given temperature, which limits the current density that
can be supported by the cell.[®® Second, all-solid cells struggle with high interfacial resistance
between particles,'*”! which further limits rate and active material utilization. Third, and most
critically, the chemical conversion of Sg into Li>S proceeds through an entirely different, single-

[68.691 While this no doubt improves the coulombic efficiency of

step mechanism in the solid state.
the process, the kinetics of this reaction are much poorer than polysulfide-mediated conversion in

the liquid state due to poor electronic and ionic conductivity for both species. In practice, these

drawbacks limit all-solid-state LSBs to either elevated temperature or very slow C-rate operation.
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2.1.2 Conversion Reaction Catalysts / Redox Mediators
Sulfur utilization is heavily dependent on the ability of dissolved polysulfides to encounter
and react at conductive surfaces before diffusion carries them away from these surfaces (vide
supra). Polysulfide trapping strategies work to increase the timescale of the latter process, but
reducing the timescale of the former i.e. catalyzing the reaction can be just as effective at
improving total capacity, in addition to lowering total cell impedance. Many researchers have
therefore developed methods to speed up the rate of conversion at one or more stages.
Electrolyte composition has a large and well-studied effect on both reaction rate and
mechanism. For instance, the exchange current density of Li>Se redox is highest in diglyme

[79) although this advantage

(diethylene glycol dimethyl ether) out of all common etheric solvents,
is partially negated by its lower ionic conductivity compared to DOL:DME. Conversion pathway
may also be changed entirely by high-donor-number solvents such as dimethyl sulfoxide (DMSO)
or dimethyl formamide (DMF) that preferentially stabilize the radical anion LiS3™,["'7?! from
which the conversion to-and-from Li,S is faster. Unfortunately, these solvents tend to be unstable
to lithium metal, which complicates their use in LSBs.

True chemical catalysis — that is, lowering of the activation energy of reaction — is quite
difficult to achieve for Li»Sx redox because substances that bind polysulfides strongly enough to

3436 although recently-reported MgB2 may prove

weaken S-S bonds tend to degrade by doing so,!
to be an exception.!”> However, the observed rate of reaction can still be altered by so-called redox
mediators. These materials are not true catalysts, as they reversibly oxidize/reduce along with
polysulfides during charge/discharge. Instead, they carry charge between conductive surfaces and

dissolved sulfur species, effectively turning a heterogeneous reaction into a homogeneous one.

Only a catalytic amount of redox mediator is usually required to observe massive improvements
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in reaction rate. Substances reported to exhibit this effect include conjugated organic

74,75] 61] [76]

molecules,! inorganic solids,!®" and soluble lithium salts.”® Conjugated polymer
binders/additives!*>”778] could be viewed as an extension of this strategy due to the additional sites
for charge transfer that they provide.

It is worth noting that polysulfides act as their own redox mediators via disproportionation,
one of the key mechanisms that allows sulfur conversion to occur on a reasonable timescale.
Therefore, direct addition of Li>Sx to the electrolyte — prior to cell assembly — can be an effective
way to prevent capacity fading in LSBs. Not only does this contribute to the total capacity of the
cell and reduces round-trip loss of sulfur due to the principle of mass action,!”” but it also improves

411 However, this

the overall reaction kinetics, especially when the volume of electrolyte is limited.
strategy may only be employed if the lithium anode is sufficiently passivated to prevent redox

shuttling (see Section 2.2.2).

2.13 Controlling Insoluble Sulfide Deposition

As sulfur containment strategies have improved, the issue of cathode passivation by LizS
has received considerably more attention as a major remaining challenge to LSB
commercialization. Many researchers have noted that the Li»S, an ionic substance, deposits
preferentially on polar surfaces as opposed to non-polar carbon. Targeted addition of such surfaces
to the cathode can therefore be used to spatially direct Li>S and delay passivation. Semiconducting
oxides have used for this purpose,?’! along with amino-functionalized carbon.®”) The rates of
nucleation and growth on carbon may also be manipulated by adjusting the electrolyte polarity and
Li" diffusion coefficient. Using these principles to deposit an ideal Li»S architecture, Pan and

coworkers recently demonstrated an LSB with exceptional sulfur utilization (>1500 mAh/gs at C/5
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rate), capacity retention (>95% after 100 cycles), coloumbic efficiency (98.6% after 100 cycles),

and rate performance (>1300 mAh/gs at 1C).1?

Alternately, uncontrolled Li>S deposition may be avoided by either 1. increasing the
solubility of LizS in the electrolyte, or 2. providing a redox-mediator with appropriate energy
levels. Insoluble sulfides can be stabilized in solution by larger alkali metal cations such as K* or
Rb" (at the cost of long-chain polysulfide solubility)!®! or by ammonium additives that stabilize
Li>S through hydrogen bonding,'®? although the latter is notably unstable to lithium metal.
Increased solubility allows Li>S formed at the carbon surface to diffuse to the nearest existing
sulfide deposit before precipitating, which encourages three-dimensional growth rather than two-
dimensional surface coverage. Gerber and coworkers recently demonstrated an electrolyte
additive based on benzo[ghi]peryleneimide that achieves a similar effect via redox mediation.[””!
With a potential in the range 1.9-2V vs. Li/Li", the additive promotes Li>S formation in the bulk

of the electrolyte, where the sulfide is more likely to encounter an existing deposit and precipitate

there instead of on the remaining conductive surface.

2.1.4 Cathode Architecture and Electrolyte Wetting

Maintaining a robust and electrolyte-accessible percolation network is imperative to
maximize the capacity and cycle life of secondary batteries, especially when faced with a
mechanically dynamic redox system like in LSBs. Many researchers have therefore focused on
designing cathode architectures specifically well-suited to sulfur, as opposed to merely adapting
materials and fabrication techniques from commercial LIB cathodes. These design strategies

include layered cathodes*” and hierarchical nanostructures,*”!

as well as composites where sulfur
is formed in-situ from precursors.®*! An elegant example of this comes from Li and coworkers,

who synthesized a carbon-sulfur composite with 90wt% nanoparticulate sulfur using a bottom-up
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approach. Freeze-drying an aqueous solution of NaxS, NaCl, and glucose, followed by
carbonization under argon at 750°C yielded a mesoporous graphitic network uniformly doped with
sulfide. Subsequent treatment with a Fe(NO3)3 solution oxidized this sulfide into well-contained
nanoparticles of sulfur while simultaneously dissolving the NaCl to form macroporous channels
for electrolyte. This ideal architecture allowed the composite to produce 1115 mAh/gs at an
incredible 2C discharge rate, with a capacity decay rate of only 0.039% per cycle over 1000
cycles.®4 Alternately, instead of designing new carbon structures, cathode integrity may be
improved by advanced binders. Replacement of the standard poly(vinylene difluoride) (PVDF)

34.52.8586] can help to reinforce the cathode structure

with branched and/or highly-polar structures!
and resist plastic deformation, as well as distribute electrolyte more evenly to all surfaces. A
notable recent example was published by Chen and coworkers, who used high-molecular-weight
poly(ethylene oxide) (PEO) doped with a large concentration of LiTFSI as an ionically-

crosslinked, swellable binder.**

This minimized the volume of electrolyte required for
homogeneous wetting of active material — a critical aspect of LSB design that was mostly

overlooked until recently.

2.1.5 Sulfur Loading and E/S Ratio

As LSB performance has continued to improve over the past decade, the general focus of
research has gradually shifted from conceptual demonstrations to commercially-relevant cell
design. Most early reports focused solely on the chemical underpinnings of sulfur cathode
performance, disregarding total mass loading and the weight/volume of excess electrolyte and
lithium metal. The implicit assumption seemed to be that these quantities could be trivially
optimized in the future, once sulfur conversion was fully mastered. By the mid-2010s, however, it

was increasingly clear that this was not the case.”#® The weight and volume of electrolyte in
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LSBs tends to outweigh active material by several times, due to sulfur’s low density and the high
porosity required to accommodate conversion. This can negate the energy density and specific
energy advantages of Li-S chemistry unless managed properly. A similar mass balance must be
considered with the other inactive components of a real cell (current collectors, separator, and
casing), which are minimized at higher mass loadings of sulfur. The stark reality of this situation
went unnoticed until recently, since LIBs suffer much less seriously from this problem, given the
larger weight and density of their active materials.

A whole-cell mass balance suggests that LSB designs must reach an electrolyte/sulfur (E/S)
ratio of <3uL/mg in order to compete commercially with LIBs.[*!! Yet translating the results
obtained in low loading, high E/S designs has proven more difficult than previously assumed. As
many recent studies have pointed out, LSB operating mechanisms change significantly under high-
loading, lean-electrolyte conditions due to the higher concentrations of Li>Sx evolved, often
reaching saturation. Under these conditions, polysulfide containment takes a backseat to mass
transport limitations and electrode surface passivation as the most pressing research issues.[¥>"!

Any serious contender for a “practical” LSB design must therefore take these issues into account.

2.1.6 Alternative Cathodes

Faced with the challenges of LSB design, some researchers have chosen to “think outside
the box” by chemically modifying elemental sulfur into related compounds with similar reactivity.
Usually, sulfur is reacted at high temperature with an organic monomer or pre-polymer to form a
crosslinked network consisting primarily of S-S bonds. For instance, Chung and coworkers
reported the radical co-polymerization of molten sulfur with 10-50wt% 1,3-diisopropenylbenzene
to form products similar to polymeric sulfur, which were stable indefinitely under ambient

conditions.”!! The 10% composite delivered 1100 mAh/gs at a theoretical C/10 rate with very
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stable cycling behavior. Other researchers have reported similar composites of sulfur with
trithiocyanuric acid,? polyacrylonitrile,!”>) and many, many others.”* In a conceptually-related
strategy, several authors have reported that nanoconfined sulfur in microporous (<1 nm) carbon
displays substantially different redox behavior, indicative of a solid-state conversion mechanism.
This is due to the formation of a metastable S».4 allotrope, which exists as isolated chains that

[95.96] This mechanism completely bypasses lithium polysulfides

convert directly to and from Li>S.
and their associated design limitations, with solid-state Li" diffusion becoming the more pertinent
design challenge.

Other researchers, inspired by the high solubility of lithium polysulfides in many solvents,
have designed cells around a Li>Sx catholyte rather than solid sulfur. By limiting the voltage
window such that Li>S4is the final discharge product, the conductivity and kinetic issues associated

74,97,98

with solid Li»S can be avoided at the cost of reduced theoretical capacity.! 1 Several reports

have also proposed this reaction as part of a flow battery system.!

Sulfur is not the only chalcogen which undergoes electrochemical conversion to its lithium
salt. Selenium has been investigated as a cathode material due to its theoretical specific capacity
of 679 mAh/g, which is still much higher than LIB intercalation cathodes. It also has several major
advantages: unlike sulfur, selenium is a metalloid and conducts electrons readily in its pure state.
It is also less reactive in its reduced forms, allowing a wider range of electrolytes to be utilized
such as the carbonates developed for LIBs. Finally, selenium tends to form chain-like structures
upon electrochemical cycling rather than the discrete Sg rings common to sulfur, which promotes
lithiation in a single-step mechanism that avoids polyselenide formation.['® Although lithium-
selenium batteries fall outside the scope of this dissertation, there have been reports of sulfur-

selenium solid solutions being applied successfully as cathode active materials in LSBs.[!01:102]
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These compounds can maintain much of the theoretical capacity of sulfur but with some of the
added advantages of selenium, due to its chemical influence on solid structure and the overall

redox process.

2.2 IMPROVING LITHIUM METAL ANODE PERFORMANCE

Lithium metal batteries are one of the most active research fields in energy storage right
now due to serious commercial interest from LIB manufacturers. A comprehensive look at lithium
anodes could fill an entire book,*” and reviews on their various aspects abound.[?*!1031%4] Instead,
this chapter will focus primarily on the aspects of lithium metal anode performance that are most

relevant to LSBs.

2.2.1 Controlling Dendrite Growth

Any secondary lithium battery design must contend with dendrite growth, and LSBs are no
exception. As discussed in Section 1.3.8, lithium dendrites form due to a combination of cation
depletion and uneven SEI coverage. Dendritic growth leads to capacity fading, poor coulombic
efficiency, increased internal resistance, and even safety hazards. This process can be mitigated by
1. physically blocking lithium dendrite growth, 2. decreasing the local current density, 3. buffering
space-charge formation, and 4. improving SEI homogeneity. The most successful strategies often
include two or more of these elements.

In 2005, Monroe and Newman computationally demonstrated that lithium dendrite growth
is physically suppressed by a cell separator or solid electrolyte with shear modulus twice that of
metallic lithium (3.4 GPa).l'%! This is much larger than most polymers, but well within the range
of ion-conducting ceramics — one of the primary motivating factors for research in this field.

However, all-solid-state LSBs are largely impractical for the reasons discussed in Section 2.1.1,
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making the brute-force strategy less appealing. Of course, a hybrid-electrolyte cell design remains
tenable, in which the anode surface is covered by solid electrolyte that gradually gives way to

106-108

liquid electrolyte in the cathode.! 1 The success of these designs depends on facile Li* transfer

109

between the two electrolyte phases, ' and the absence of interfacial defects where lithium can

[110] aJong with the ever-present issues surrounding Li>S passivation and kinetics. More

penetrate,
recently, Barai and coworkers have recently demonstrated that the shear modulus requirement is
not absolute; dendrite growth can be still prevented if the current density at the lithium surface is
sufficiently lower than the limiting current density of the electrolyte.!'!] The definition of
“sufficiently” depends in a complex way on the electrolyte’s shear modulus and yield strength of
the electrolyte. This reignites hope for solid polymer and polymer gel electrolytes, consisting of
lithium salt (usually LiTFSI) dissolved into a polar, coordinating polymer such as PEO, with or

H2-16] These types of freestanding electrolytes

without added solvents to facilitate ion transport.!
have major processing advantages over ceramics and can conform to solid surfaces, reducing
interfacial resistance and adding toughness.

These results hint at another method of preventing dendrite growth: decreasing the current
density at the anode. While lowering the C-rate of the battery obviously accomplishes this, an
alternate approach is to increase the active surface area of the anode. Several researchers have
achieved this by depositing lithium onto porous conductive templates!!!”-!!®! or embedding lithium

[119.120] This also buffers the cyclic volume change associated with

into ion-conducting matrices.
stripping/plating, which is advantageous for long-term cycling stability. However, this strategy

must be applied cautiously to LSBs, since increased surface area also means increased opportunity

for dissolved Li>S to react at the anode.
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One of the most intriguing strategies to combat lithium dendrites is disincentivize space
charge formation. Dendrites grow when ionic concentration becomes depleted at the metal surface,
which causes large electric fields to develop. Spectator ions, if present, will naturally migrate to
areas of localized charge imbalance and build up, thereby neutralizing the space charge and
removing the driving force for dendrite growth. This was famously demonstrated by Ding and
coworkers using a CsPFs additive;!!?!! lithium halide additives (especially LiF) have also been
reported.['??) Similarly, immobilizing some fraction of ions at the lithium surface, using either

12371251 or polyelectrolytes,?%!27] has proven very effective at

surface-modified nanoparticles!
disincentivizing dendrite growth. Another successful approach has been to “superconcentrate” the
electrolyte solution so that Li* is perpentually in excess at the metal surface.!'?®! On the other hand,
a single-ion-conducting electrolyte with a lithium transference number of unity can never form
dendrites at all, since anionic species will be physically incapable of migrating away from the
metal surface.!!?’]

A logical outgrowth of this concentrated electrolyte strategy takes the form of room-
temperature ionic liquid (RTIL) electrolytes, which may also be referred to simply as “ionic
liquids” for clarity. These unique solvents are non-volatile i.e. non-flammable, highly conductive
(>103 S/ecm at 30°C), electrochemically stable and, importantly, contain high ionic

concentrations.['3% Because of this, RTIL solutions of lithium salts have received intense research

attention as lithium metal battery electrolytes, both alone!'*!"13¢) and in combination with organic

[137,138] 139-141]

solvents, as well as catenated to form polymeric ionic liquids (PILs)! or immobilized
as ionogels.'*>"1% One of the major drawbacks of RTIL-based electrolytes is that their lithium
transference numbers tend to be much lower than traditional organic formulations,!!33-14%:14¢] which

limits the current density that they can support.['*”! True “lithium ionic liquids,” which are molten
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at room temperature and contains only Li" cations, has been reported, but their high viscosity and
resultant poor conductivity preclude use in practical cells.['**) The Watanabe group at Yokohama
National University in Japan has extensively characterized a series of “solvate ionic liquids” which
may address these issues; further discussion may be found in Section 2.3.2.

The above strategies may physically block dendrites or disincentivize their growth, but in
order to prevent their formation entirely, one must turn to their source: the lithium-electrolyte
interface. Dendrite growth depends on the preexistence of tip-like lithium deposits and other
electric-field-concentrating inhomogeneities. If the anode surface is covered with a smooth, dense,
high-conductivity SEI, then dendrite growth cannot be initiated. Because the SEI is typically
produced in-situ from electrolyte breakdown, its composition and morphology can be altered
through use of specific additives or lithium salts.!**~15] In particular, additives which form LiF
upon breakdown have been demonstrated as particularly beneficial, although the reasons for this
are not entirely clear.!'>*!3] Not all such additives are safe for LSBs, since dissolved polysulfides
react irreversibly with many of them, including the popular bis(fluorosulfonyl)imide (FSI).[!>®!
Some reports suggest, however, that there are ways to get around this limitation.[':!3 P,S5 was

139 but it did not receive much attention

first reported as an additive by Lin and coworkers in 2012,!
until a recent report by Pang and coworkers showing that, in combination with LizSe, it can react
with lithium metal to deposit a conformal coating of LisPSs, a well-known superionic
conductor.!'® Whether this coating can remain stable in the continual presence of excess Li»Sx
requires further investigation. Many others have chosen to deposit artificial SEIs onto lithium

metal prior to cell fabrication, which can act to prevent dendrite growth as well as passivate the

surface to reaction with polysulfides (see below).
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2.2.2  Surface Passivation
Even ignoring the implications for dendrite growth, lithium surface passivation is
absolutely critical for secondary LSBs to function (see Sections 1.3.4 and 1.3.7). In fact, a lack of
viable passivation strategies may have played a major role in the decline of LSB research during
the 1990s and early 2000s.°2] A major breakthrough occurred in 2004 when LiNO; was first
described as an electrolyte additive for LSBs.!'%!! This simple salt was already known as an additive
in LIBs, but proved exceptionally effective at preventing overcharge due to polysulfide redox
shuttle. Long-term cycling was now achievable, and LiNO3 quickly became a standard component

16211t’s mechanism of action was initially unclear,

of LSB electrolytes, which it remains to this day.!
although Zhang reported in 2012 that it was continuously and irreversibly reduced at the anode
surface.!!%3] This reduction could also occur in the cathode — to the detriment of cell performance
— at potentials below 1.6V vs. Li/Li*, which sets a practical limit on the operating window of LSBs
containing this additive. Subsequent work by Xiong and coworkers!!'®*!%] demonstrated that
LiNOs3 and LixSx work synergistically, co-depositing a smooth, dense layer of mixed oxynitrides
and oxysulfides which passivates the surface to further reaction. The nitrate anion may also play a
redox-mediator-like role in the cathode,!’®) although this is unconfirmed.

Unfortunately, LiNOs is not a panacea for anode problems, as the produced layer is quite
brittle and prone to cracking as the lithium surface shifts underneath, exposing fresh surface for
redox shuttling and additional resistive buildup. Moreover, its continuous decomposition generates
volatile gasses during cycling, which is a non-starter for vacuum-sealed commercial cells.['!
Therefore, finding a way to remove or replace it is of paramount importance to the future of the

field. P»Ss was originally reported as an electrolyte additive specifically for LSBs, and initial

results were promising, if somewhat superficial.'™ A unique hydrofluoroether (1,1,2,2-
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tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether, or TTFE) has been successfully applied as a
cosolvent in LSB electrolytes, and found to exert a beneficial effect on anode passivation.!!¢7-168]
This is a rare example of a LiF-forming additive that is unreactive with Li>Sx in solution.

Some researchers have turned to the “artificial SEI” strategy, quite popular in lithium anode
research,'% to design passivating layers specifically tailored for use in LSBs. For instance, benzo-
15-crown-5 has been reported as both an additive and pre-treatment with DOL to form a
passivating film with high Li" conductivity. Paired with a sulfur cathode, these pre-treated anodes
were demonstrated to improve both capacity and coulombic efficiency in the cell.l'*”] An exciting
recent report came from Li and coworkers,!'”" who prepared branched sulfur-containing polymers
through direct reaction of sulfur with triallylamine, then applied them to the lithium metal surface.
The resulting organic/inorganic SEI was smooth and homogeneous, as well as significantly
tougher than the salt-like layers formed by Li>Sx alone. The effect on lithium stripping/plating
efficiency was dramatic, with the modified anodes able to cycle indefinitely at 2 mA/cm? (with 1-
3 mAh/cm? total capacity passed per cycle) and an average coloumbic efficiency of 98.6% over

200 cycles. LSBs containing the pre-treated anodes displayed significantly-improved capacity

retention from the 10™ to 1000 cycles (1143 mAh/gs to 735 mAh/gs, or 64%) at 1C.

223 Alternative Anodes

Although lithium metal is foundational to the concept of LSBs, the possibility of alternate
anode materials remains a common line of inquiry. Eliminating lithium metal would obviously
quell the headache of dendrites and simplify the maintenance of a passivation layer. The major
question of such designs is then “Where will the lithium come from?”” Unlike LIB cathodes, sulfur
does not bring along its own lithium during cell fabrication, and therefore must either be paired

with a prelithiated anode, or itself be prelithiated in the form of Li.S. Indeed, both approaches are
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[171-1741 but as always, there is

viable, with silicon often being the anode of choice in these systems,
a loss of energy density with the added weight of the anode material. These strategies mostly fall

outside the scope of this dissertation.

2.3  ELECTROLYTE CONSIDERATIONS

As previously covered throughout the above sections, electrolyte composition (lithium salt,
additives, solvents and/or cosolvents, liquid or solid, efc.) can have a profound effect on nearly
every aspect of performance in LSBs. Additionally, the properties and desired distribution of the
electrolyte must be considered during fabrication of individual cell components. This section
briefly introduces several aspects of electrolyte design that play a major role in the motivation for,

and interpretation of, the original research presented in Chapters 3-7 of this dissertation.

2.3.1 “Sparingly-Solvating” Electrolytes

Throughout Chapters 1 and 2 so far, it has been assumed that lithium polysulfides must
form during charge/discharge and dissolve into the electrolyte, except where this is physically
prevented. Since the process is driven by solvation of Li* ions,'®! which is necessary ipso facto for
Li" transport through an electrolyte, it was naturally assumed that Li»Sx dissolution was inevitable
from a chemical point of view. However, Park and coworkers demonstrated in 2013 that certain
hydrophobic RTIL electrolytes are an exception to this rule, able to support stable cycling of an
LSB with 1000x lower solubility for Li»Ss than glymes.[!>¢!75] Understanding this phenomenon
first requires some background on electrolytes in general.

Thermodynamically, dissolution of a salt requires the total energy of its solvated ions, plus
their coordination shells, being lower than the total energy of unbound solvent, plus the salt’s

[176

lattice energy.l'’%! Lithium salts often have poor solubility because lithium’s small size (0.068nm)
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allows it to exert strong electrostatic forces (according to Coulomb’s Law), helping it to form
tightly-bound lattices. Lithium is also one of the most Lewis-acidic cations for this reason, as it
strongly perturbs nearby dipoles and polarizable bonds upon approach. Unlike aqueous solutions,
lithium electrolytes cannot depend on water’s large dielectric constant to promote charge
separation; therefore, in order to dissolve, the requisite lithium salts must contain large, “non-
coordinating” anions like hexafluorophosphate (PFs), trifluoromethanesulfonate (OTf), or
bis(trifluoromethanesulfonyl)imide (TFSI"), which are poor electron donors due to their extensive
charge delocalization, and exert only weak electrostatic forces due to their size. TFSI” has the
additional advantage of being awkwardly-shaped, reducing the packing density of its salts, and

1771 providing additional entropic

having a low barrier to rotation around its S-N bonds,
disincentive for crystallization. The resulting lattice structure is quite weak and may be separated
by a species more willing to coordinate the metal ion. Thus, lithium electrolyte solvents generally
possess high Lewis basicity i.e. electron-donating ability in order to stabilize solvated Li* through
ion-dipole interactions. This is what makes lithium battery chemistry possible, and also explains
why lithium polysulfides of the series Li>Ss dissolve so readily in electrolytes: long-chain
polysulfide dianions are charge-delocalized!!”®! and flexible, but also quite polarizable and
unhindered from close approach with Li*, leading them to form mixed-solvation contact ion pairs
such as [(solvent)xLi] [(solvent)x2Li(Sx)]” with large enthalpic driving force.['” Note that both
lithium ions must be well-stabilized by solvent coordination for this process to be favorable.
Room-temperature ionic liquids are salts with such low lattice energy that thermal motion
at room temperature is enough to destabilize their solid forms, causing them to melt. While

thousands of unique cation-anion combinations have been reported to display this behavior, the

variants that are relevant to lithium batteries tend to comprise a bulky quaternary ammonium cation
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paired with a delocalized anion such as TFSI. The solvent nature of these liquids is quite unusual,
as they lack the strong dipoles common to solvents like DME or DMSO. Instead, they are held
together almost entirely by weak coulombic forces and dispersion interactions, the balance of
which determines their physical properties.['®"! Because RTILs are themselves low-lattice-energy
salts, they can dissolve other low-lattice-energy salts like LiTFSI with mild exothermicity,!8!]
producing electrolytes with ionic conductivity 10-103 S/cm at 30°C — sufficient for most

applications. However, TFSI" is too bulky and weakly-donating!!%?!

to efficiently drive the
dissolution of LixSy, creating the unusual situation of a lithium electrolyte with poor polysulfide
solubility i.e. a “sparingly-solvating” electrolyte for LSBs.

In their initial report, Park et al. used an RTIL named N,N-diethyl-N-methyl-N-(2-
methoxyethyl)-ammonium bis(trifluoromethanesulfonyl)imide ([DEME][TFSI]) containing
0.64M LiTFSI as a non-solvating LSB electrolyte, achieving capacity retention of ~75% over 100
cycles at C/10 with >97% coulombic efficiency. This is remarkable, considering that no LiNOs3 or
other anode-passivating additive was required to prevent redox shuttling. Several of the same
authors published another report soon afterward, comparing and contrasting battery performance
with electrolytes based on several other types of RTILs.['**] They found that the choice of anion
played the largest role in battery performance, with FSI" and BF4™ ionic liquids causing rapid failure
due to side reactions, while TFSI" ionic liquids cycled stably. RTILs based on the related
bis(pentafluoroethylsulfonyl)imide (BETI") anion showed better coulombic efficiency but worse
capacity and retention, which the authors attributed to poor Li" transport caused by higher
viscosity. Interestingly, a OTf-based ionic liquid was found to have Li>Sx solubility roughly 1000x

higher than the other RTILs tested — similar to organic electrolytes. In fact, solubility correlated

strongly with Gutmann donor number (DN), a quantitative measure of Lewis basicity,!'*3 which
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is controlled primarily by anion structure in RTILs and is larger for those based on OTf.["**! This
provides additional strong evidence that Li" solvation is the driving force for polysulfide
dissolution, and that it may be suppressed by electrolytes of low DN. However, it should be noted
that Park and coworkers also observed poor rate performance in LSBs based on RTIL electrolytes,
even at low mass loadings of sulfur. The reasons are twofold: 1. the high viscosity and low lithium
transference number of these electrolytes produces large overpotentials, and 2. non-solvation of
LixSx forces conversion to occur primarily in the solid state, which has much poorer kinetics as
previously discussed. Additionally, RTILs are significantly more expensive than common organic
solvents, making cost a significant drawback to this strategy.

In the same year, another significant report was published on so-called “solvent-in-salt”
electrolytes, which contained up to 7 mol LiTFSI per liter solvent (DOL:DME).[!%] The
concentration of Li" in these blends is so high that virtually all of electron-donating oxygen atoms
are coordinated to lithium at any given moment. This gives rise to a number of favorable properties
including suppressed crystallization and high lithium transference number, in addition to poor
solubility for lithium polysulfides, similar to RTILs. Because the basic sites of the solvent are
completely “occupied” by existing Li', the overall basicity is correspondingly lowered and the
electrolyte becomes sparingly-solvating. The authors also noted improved lithium
stripping/plating performance, as expected for superconcentrated systems (see Section 2.2.1).
Naturally, LSBs with this electrolyte showed enhanced capacity retention and coulombic
efficiency, similar to RTIL-based systems. While rate performance was still limited, this report
suggested a generalized strategy to produce sparingly-solvating electrolytes without the high cost

of RTILs.
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Many other research groups took note of these results and developed their own high-
concentration electrolytes (HCEs) with other aprotic liquids, particularly observing an improved
electrochemical window that allowed otherwise-unsuitable solvents to form stable SEIs on lithium
metal.['8187] Additionally, it was found that HCEs could be diluted with non-basic solvents such
as hydrofluoroether TTFE to form “localized high-concentration electrolytes” (LHCEs) with
lowered viscosity. Since TTFE does not interact strongly with Li', the ion coordination
environment of the parent material (and its associated benefits) are mostly retained, meaning that
sparingly-solvating electrolytes for LSBs could be realized without the correspondingly-poor ion
transport.['® As an example, the 2:1 molar ratio blend of MeCN:LiTFSI with TTFE diluent has
been demonstrated as a high-conductivity, low-Li>Sx-solubility electrolyte by the Nazar and
Balasubramanian groups.!'3%!?l However, the best-studied (L)HCEs belong to a class of materials
known as “solvate ionic liquids,” which have developed into an independent field of their own

right (see below).

2.3.2  Solvate lonic Liquids

The concept of a solvate ionic liquid (SIL) can be traced to a 2004 report by Pappenfus and
coworkers, who noted that 1:1 molar combinations of LiTFSI or LiBETI with tetraglyme (G4)
yielded liquids with extraordinary thermal stability, indicating strongly-bound Li'-solvent
complexes.['*) Previous studies on tri- and tetraglyme for LIB applications had indicated
formation of solid, crystalline solvates with other non-coordinating lithium salts, where Li" is
chelated by the glymes similarly to crown ethers.['”!1%3] However, Li(G4)TFSI and Li(G4)BETI
were liquids at or near room temperature, with Li(G4)TFSI remaining liquid down to its glass
transition at -61°C. Furthermore, the ionic conductivity of this mix was measured to be >10~ S/cm

at 30°C, surprisingly large for such a concentrated solution. These properties, unusual for organic



38
electrolytes but typical for RTILs, led the authors to deem Li(G4)TFSI an ionic liquid for all intents

and purposes.

Tamura et al. from the Watanabe group at Yokohama National University confirmed that
this ionic-liquid-like behavior was also generalizable to 1:1 molar combinations of LiTFSI with
triglyme (G3) and a number of alkylated G3/G4 derivatives, all of which were liquids at 25°C.[1%%]
Thermal gravimetric analysis (TGA) experiments revealed negligible glyme evaporation up to
200°C, while differential scanning calorimetry (DSC) showed no discernable features at the
melting points of the pure solvents, suggesting that no “free” glyme was present in the mixtures.
Furthermore, measurement of self-diffusion coefficients revealed nearly identical values for both
Li" and solvent, suggesting that they exist entirely as a bound complex i.e. [Li(glyme)]" (Figure
2.1). Finally, the authors observed enhanced anodic stability of Li(G3/G4)TFSI (4.7V vs. Li/Li")
relative to Li(G3/G4)20TFSI (4V vs. Li/Li"), again suggesting that the oxygen atoms of the solvent
are completely occupied by coordination to Li" in the equimolar complex and therefore
comparatively electron-deficient. Inspired by a contemporary review of molten salt

electrolytes,!' researchers from this group popularized the term “solvate ionic liquid” to describe

196 196-200

such mixtures.!'”% Further experimentall I'and computational!?°*2%2l work has confirmed that
Li* forms long-lived (~10* s) 1:1 complexes with G3 or G4, driven by the chelate effect, which

are the preferred form of both species.
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Figure 2.1. Formation of solvate ionic liquid Li(G4)TFSI from equimolar G4 and LiTFSI.
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What makes SILs distinct from the broader class of HCEs? Fundamentally, in order to be
considered an SIL, the cation-solvent complex of an HCE must have well-defined stoichiometry
and be stable with respect to ligand exchange — simply put, the lifetime of individual solvates must

(197 If this condition is met, ion transport is best

be longer than the timescale of their diffusion.
described by the co-diffusion of solvates and counterions, rather than the diffusion of individual
ions through a neutral solvent medium. In this framework, the combination of LiTFSI with Lewis
base G4 to yield Li(G4)TFSI is analogous to the combination of 1-butyl-3-methylimidazolium
(BMIM) fluoride with Lewis acid phosphourous pentafluoride to yield BMIMPFg, both liquids at
room temperature that contain negligible uncharged species. SILs therefore display another
characteristic behavior of RTILs, which is high ionicity i.e. a large proportion of total ions
contribute to charge transport as opposed to being “locked away” as neutral ion pairs.?°*! When
RTILs are diluted with solvents, their ionicities tend to decrease rather than increase as expected
by concentrated solution theory.!?**! SILs display the same trend with concentration: the ionicity
of LiTFSI-G4 blends reaches a maximum at 2.75M, corresponding to 1:1 salt:solvent
stoichiometry.['”®! Notably, not all lithium salts that are soluble in G3/G4 up to a 1:1 molar ratio
produce SILs, even when above their melting temperatures; ionic-liquid-like properties only

196,205

emerge with counterions that are sufficiently non-coordinating.! 1 SILs are not limited to

lithium salts, as Na*- and K*-based,?*®! or even AI**-based systems have been reported which fit
the above criteria.[207-2%8]

Lithium SILs, which can provide the benefits of RTILs without their high cost, have been
investigated for a wide range of different battery roles, including but not limited to stand-alone

electrolytes in LIBs, 472092121 non-volatile solid electrolyte fillers,?!*! and of course, LSBs. Dokko

and coworkers found that, analogous to other RTILs based on TFSI", Li(G4)TFSI and Li(G3)TFSI
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possessed Li>Sg solubilities <100mMs (atomic sulfur concentration) at 30°C, and could support

(2141 In contrast, electrolytes containing a

stable cycling of LSBs with >97% coulombic efficiency.
4:1 molar ratio of glyme:Li" exhibited rapid capacity fading and severe overcharge behavior after
only 30 cycles. Importantly, these authors noted that addition of 4 molar equivalents TTFE diluent
to Li(G4)TFSI increased the ionic conductivity nearly four times to 5.2x10 S/cm while
decreasing Li»Ss solubility roughly six times. The ratio of Li* to G4 diffusion coefficients remained
unity, suggesting that the [Li(G4)]" solvate structure was unaffected by TTFE. Using this diluted
solvate ionic liquid (DSIL) in LSBs improved the specific capacity of LSBs by ~100mAh/gs and
their coulombic efficiency by ~0.5% relative to Li(G4)TFSI alone, as well as supporting improved
rate performance due to faster ion transport. Later work by the samel>®! and different!?'! labs
confirmed these results. Ueno and coworkers further reported that these findings could be
generalized to SILs based on LiBET], but that similar HCE mixtures based on LiNOs, LiOTF, and
LiBF4 were unsuitable and produced rapid capacity decay in LSBs.?!®) Finally, Zhang and
coworkers used Li(G4)TFSI to demonstrate an important design principle for LSBs with sparingly-
solvating electrolytes: conductive carbon matrices should be chosen with maximum specific pore
volume, rather than maximum specific surface area.*'”) Unlike with traditional ether-based
systems, where dissolved polysulfides must diffuse to conductive surfaces for reaction, sparingly-
solvating systems rely on solid-state, in-place conversion of sulfur deposited on carbon walls.
Since the transport of Li" through these layers can be quite slow, minimizing their thickness i.e.
increasing pore space allows better conversion of sulfur and thus, higher capacity. Clearly,
Li(G4)TFSI has potential to enable LSBs with competitive performance; however, as all of the

above results were obtained from cathodes with <I mgs/cm? loading, significant work remains to

be done in optimizing cell designs based on this electrolyte.
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Chapter 3. SOLVATE IONOGEL ELECTROLYTES WITH FAST

ROOM-TEMPERATURE LITHIUM TRANSPORT

Sections of this chapter were adapted or reproduced from the associated publication?!®! with

permission from the Royal Society of Chemistry.

3.1 INTRODUCTION

3.1.1 Motivation

As outlined in Chapter 2, solvate ionic liquids (SILs) possess a unique combination of
physical and electrochemical properties which make them imminently suited to tackle performance
issues in LSBs. In particular, Li(G4)TFSI — having an ionic conductivity 1.6x102 S/cm at
30°C,1" LixSx solubility <100mMs for all polysulfide lengths,?!'* thermal stability up to
200°C,1*® and liquid range down to -54°CH%¢) — appears especially promising for a sparingly-
soluble cathode design. This electrolyte may also help to mitigate dendrite growth at the lithium
metal anode, given the ability of HCEs to resist space-charge formation (see Section 2.2.1).
Finally, unlike traditional RTILs, Li(G4)TFSI can be produced cheaply and easily from tetraglyme
(G4) and LiTFSI, both of which are already manufactured at-scale.

However, despite a handful of reports on its use in LSBs, many questions remain to be
answered before a realistic assessment of Li(G4)TFSI can be made for this system. For instance,
many reports have touted a high lithium transference number (;+) of 0.5 in Li(G4)TFSI'®® as a
major advantage over traditional RTIL electrolytes. This number is produced from the self-
diffusion coefficients of individual ions (Equation 3.1), as measured by pulsed gradient spin echo

nuclear magnetic resonance (PGSE-NMR) experiments:
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This theoretical transference number provides insight into ion transport, but does not
predict real-life behavior as it assumes that every ion contributes to current flow. In reality, ion
motion in RTILs is highly correlated due to formation of ion pairs and/or aggregates, and it is
therefore vital to measure 7;+ directly, using electrochemical means. Only scant information on
this topic is available for Li(G4)TFSL 472! and conclusions are conflicting.

Additionally, although the reported ionic conductivity of Li(G4)TFSI meets the
“acceptable” standard for LIBs (>107* S/cm), high-energy-density batteries necessitate higher
currents, and it is therefore desirable to increase conductivity further. Ueno et al. have reported
immense changes to conductivity by diluting SILs with small amounts of inert solvents, which
lower viscosity but do not compete with G4 for Li*.[22Yl However, only a handful of solvents were
investigated, most of them incompatible with lithium metal anodes.

A major “hidden” challenge of RTIL electrolytes concerns their high viscosity and high
interfacial energy with nonpolar surfaces,??!] which can lead to poor wetting of porous cathodes

(2221 One method to address this problem is to replace the liquid electrolyte with a

and separators.
free-standing ionogel, where the RTIL is immobilized in a chemically-compatible, rigid network.
Gel networks provide an additional “molecular handle” with which to adjust electrolyte properties,
and they can also improve anode performance by adding mechanical strength to resist dendrite
growth. However, only a few ionogels based on Li(G4)TFSI — so-called solvate ionogels or SIGs
— have been reported,?>??° and their conductivities are uniformly lower than 10 S/cm.
Furthermore, these reports disagree regarding the effect of gel network on Li* transport. Research

from the Watanabe group has focused on “inert” polymers such as poly(methyl methacrylate) due

to their finding that poly(ethylene glycol) (PEG) decreases #;+ in the final material.[?*$! On the
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other hand, D’Angelo and Panzer measured the exact opposite effect: SIGs based on PEG were
found to have larger #7;+ than those based on poly(methyl methacrylate) or neat Li(G4)TFSI
itself.[?25] Notably, both studies compared transference numbers based solely on PGSE-NMR, and
the molecular weights of PEG used in both studies were vastly different (~10kDa vs. 450Da). It
would be beneficial to include PEG in an LSB electrolyte due to its effects on cathode chemistry
(see Section 2.1.1), but clearly, a better understanding of lithium transport in SIGs is required

before they may be successfully implemented.

3.1.2 Rationale and Overview

In order to better understand Li" transport mechanisms in SIGs and evaluate their suitability
for LSBs, here I report a series of novel SIG designs, each prepared from Li(G4)TFSI immobilized
in chemically-crosslinked poly(ethylene gycol) dimethacrylate (PEGDMA). In order to probe the
relationship between structural motifs and cell-relevant properties, the design was iteratively
altered through variation of PEG length and addition of functionalized co-monomers, as well as
slight dilution with an appropriate solvent to produce a “diluted solvate ionogel” (DSIG). Not only
do these alterations produce amongst the highest room-temperature conductivities and lithium
transference numbers ever reported for ionogel electrolytes — in addition to excellent Li
stripping/plating performance — but they also suggest a mechanistic rationale for transport behavior
in PEG/Li(G4)TFSI systems which could resolve seeming contradictions in literature. Hence, this
report represents a first step towards free-standing electrolytes for lithium secondary cells,

including LSBs, with truly competitive performance.
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3.2 EXPERIMENTAL METHODS

3.2.1 Materials

Poly(ethylene glycol) dimethacrylate (P7s0, average Mun~750Da, Sigma-Aldrich),
triethylene glycol monomethyl ether methacrylate (TEGMA, Sigma-Aldrich), poly(ethylene
glycol) (6 mmol hydroxyl end groups, M, ~3350, Sigma-Aldrich), benzyol peroxide (BPO, reagent
grade, >98%, Sigma-Aldrich), azobisisobutyronitrile (AIBN, 98%, Sigma-Aldrich), acetonitrile
(99.9%, extra dry, anhydrous, Fisher), methanol (HPLC, Fisher), hexanes (99%, mixture of
isomers, Fisher) and dichloromethane (>99%, Fisher) were used as-recieved. Methacryloyl
chloride (97%, Sigma-Aldrich) was stored in a freezer with an airtight seal and distilled over CaH»
under N> before use. Tetracthylene glycol dimethyl ether (G4, >99%, Aldrich) and 1,4-dioxane
(>99%, Fisher) were dried with 4A molecular sieves and stored in an argon-atmosphere glovebox
(Vacuum Technology Inc, <0.01ppm H20 and O2) prior to use. LiTFSI was purchased from 3M
and dried at 120°C under Ar, then stored/used in an argon-atmosphere glovebox. Lithium chips
(99.9%, 15.6mm diameter, 0.45mm thickness) were purchased from MTI Corp and stored/used in
an argon atmosphere glove box. N-[2-(2-(2-(Methacryloyloxy)ethoxy)ethoxy)-ethyl]-N-methyl-
pyrrolidium bis(trifluoromethanesulfonyl)imide (PyrTFSIMA) was synthesized according to

[143

literature on similar analogs.['*! All methacrylates and radical initiators were stored in a freezer

between uses.

3.2.2  Preparation of Li(G4)TFSI

LiTFSI was weighed into a glass beaker inside of an argon-atmosphere glove box, then an
equimolar amount of G4 was gradually added with stirring and mild heating. Complete dissolution

occurred within several hours, resulting in a clear, viscous liquid, which was subsequently dried
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under Ar at 120°C for 12 hours, then under vacuum for an additional 12 hours, then stored in an

argon-atmosphere glovebox.

323 Synthesis of PEGDMA 35007

To a stirred solution of poly(ethylene glycol) (10.05 g, 6 mmol hydroxyl end groups, M,
~3350) dissolved in 40 mL anhydrous acetonitrile was dropwise added freshly distilled
methacryloyl chloride (1.76 mL, 18 mmol) at 0°C under an argon atmosphere. The mixture was
left stirring at 0°C for 30 min, then gently heated at 40°C for 8 hours. The excess methacryloyl
chloride was quenched by addition of methanol and the volatiles were removed by rotary
evaporation to give the crude product, which was then dissolved in dichloromethane and
precipitated by addition of hexanes. The solid was collected by filtration and again dissolved in
dichloromethane, followed by addition of activated carbon. The mixture was stirred at room
temperature under nitrogen atmosphere for 2 hours. After removal of activated carbon, the solution
was again precipitated by addition of hexanes, and filtered to give an off-white powder of P3s00

(8.72 g). The product was stored in a freezer and used within 1 month of synthesis.

324 Gel Fabrication

BPO powder was dissolved in 1,4-dioxane in the amount of 3-5%mol relative to the
methacrylate content of the desired gel formula; alternately, an identical concentration of AIBN
was dissolved in dichloromethane. Polymerizable molecules, Li(G4)TFSI, and initiator solution
(BPO/dioxane for SIG 1, AIBN/DCM for SIGs 2-5) were sequentially added in appropriate
amounts to a glass vial followed by vigorous stirring to ensure homogeneity. The resulting solution

was then vacuum dried with stirring at room temperature for 2-3 hours, in order to remove solvent.

T The synthesis and purification of PEGDMA 3500 was performed by Francis Lin.
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For DSIG 5, an appropriate amount of 1,4-dioxane was then re-added under argon. This precursor
solution was transferred to a mold consisting of soda-lime glass plates (Colorado Concept
Coatings) treated with siliconizing agent (Aquaphobe CM, Gelest) and separated by two hollow
rectangular Kapton films measuring 5 mils (~128um) each. The mold was sealed shut using
permanent magnets over both ends, then transferred into an oven at 80°C for 6 hours to cure the
ionogel, followed by cooling overnight. For all gels except DSIG 5, the top plate of the mold was
then removed, and the exposed gel was vacuum dried for a minimum of 48 hours to remove any
traces of solvent remaining. Finally, circular samples of varying diameter were cut from the gel
using stainless steel hollow punches and stored in clean glass petri dishes. All of the above
operations were performed in an argon-atmosphere glove box. All ionogels appeared as
transparent, flexible films of approximately 0.25mm thickness. Average film height for each batch

of gel was measured using an optical laser microscope (Olympus OLS41).

3.2.5 Electrochemical Property Measurements

In order to measure ionic conductivity, 7mm diameter gel samples were sandwiched
between 15.5mm diameter stainless steel discs and connected to a Gamry 5000E Interface
potentiostat/galvanostat via flat clip. Galvanostatic electrochemical impedance spectroscopy was
performed (RMS 10pA) at frequencies ranging from 100kHz to 100Hz, with output voltage
measured by the instrument. Resulting data (Figure 3.1) were fitted to an appropriate equivalent
circuit (Figure 3.2) using Gamry EChem Analyst software, and the limiting resistance at high
frequency (Rpu) converted to bulk ionic conductivity using the thickness (/) and cross-sectional

area (4) of the sample (Equation 3.2).

(3.2)
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Several independent measurements were averaged to produce the reported values (Table
3.1). Small air bubbles, trapped between the samples and electrodes, were a frequent source of
error despite efforts to eliminate them. Other sources of error may include: slight deviations from
average height for individual samples, slight contractions in height due to the pressure necessary
for electrical contact, slight temperature variation between measurements, and (for DSIG 5)

variations in dioxane content between samples.
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Figure 3.1. Nyquist plot of impedance data (10kHz-100Hz) for a SIG 2 sample.
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Figure 3.2. Equivalent circuit used to fit impedance data for conductivity measurements.
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In order to measure lithium transference number (#7;+), lithium symmetric cells were
assembled. Lithium chips were gently polished inside of an argon-atmosphere glovebox using
320 grit followed by 600 grit sandpaper (Norton T414 Blue-Bak) to remove excessive surface
oxidation and ensure consistency between samples. The lithium chips were then pressed onto
stainless steel discs. A 19mm diameter gel separator (or Whatman GF/C separator with 80uL
liquid electrolyte) was inserted between the chips, and the whole assembly placed into CR2032
coin cells (Pred Materials) which were sealed using an electric crimping machine (MTI Corp). In
order to measure #2;+ of gels, the Evans-Vincent-Bruce method was followed,??”! with
galvanostatic impedance spectra (100kHz-0.1Hz, RMS 10pA) collected before and after a
potentiostatic polarization of SmV for 6 hours performed on a Gamry 5000E Interface
potentiostat/galvanostat. Polarization and impedance spectroscopy was performed again
following this to ensure reproduceability, and this second set of data was used for calculations.
Impedance spectra were fitted to a two-semicircle Randles model (with constant phase elements
modeling non-ideal capacitive processes) in series with a constant phase element to model the

low-frequency diffusive region (Figure 3.3).
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Figure 3.3. Equivalent circuit used to fit symmetric cell impedance data.

For each spectrum, high-frequency real intercept was subtracted from low-frequency real

intercept to obtain total interfacial resistance (R;). The polarization voltage (4V), initial



49

interfacial resistance (R;,), interfacial resistance after steady-state current was attained (R;s),

initial current (i,), and steady-state current (iss) were plugged into Equation 3.3 to determine #1;+.

i, (BV=R.i)
L (AV =R, i)

1,55°8S

(3.3)

3.2.6  Lithium Stripping/Plating Experiments

Lithium symmetric cells were prepared as above, then either galvanostatically polarized at
0.1 mA/cm? (time-to-short-circuit) or cycled between +0.1 mA/cm? at 3-hour intervals
(stripping/plating) using an Arbin LBT +£5V-200mA battery testing system, and data collected
using the included MITS Pro software. A short circuit was considered to have formed when an

abrupt, sustained (>5hrs) drop in voltage was observed.

3.2.7  Physical Property Measurements

TGA experiments were performed under flowing N> gas (50mL/min) using a Shimadzu
TGA-50 Thermogravimetric Analyzer. Samples (8-10mg) were transferred into pre-weighed
aluminum pans in an argon-atmosphere glove box, then weighed on a microbalance and loaded
into the instrument within ~1 minute. Samples were then heated at 10°C/min to 80°C, held for 15
minutes to drive off any superficial moisture absorbed during transfer, then heated at 10°C/min to
120°C and held for two hours while weight loss was recorded. DSC thermograms were recorded
under flowing N> gas (50mL/min) using a liquid-nitrogen-cooled Shimadzu DSC-60 Plus
Differential Scanning Calorimeter. Samples (3-5mg) were transferred into aluminum pans and
covered, then cooled to below -110°C at -10°C/min. Samples were held at this temperature for 10
minutes, then warmed to 100°C at 10°C/min, resulting in the reported curves.

Uniaxial compression testing was performed using an Instron 5585H test frame equipped

with a SON load cell. 14mm diameter gel samples (thickness determined by a micrometer) were
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placed between PTFE platens and compressed to 1N applied force at a strain rate of Spm/min.
Response was linear (elastic) for all samples and compression was repeated until slopes converged,
the final measurement being reported as elastic modulus. Then, samples were compressed to SON

at 25pum/min and the resulting stress-strain curves plotted.

3.2.8 Raman Spectroscopy

1

Raman spectra were collected at ~23°C between 500-1600cm™ on a Renishaw InVia

Raman Microscope (785nm laser, 0.5cm™!

resolution), and data analysis was performed with
Renishaw WiRE 3.4 software. Samples of Li(G4)TFSI (“SIL”), dioxane, and 5:1 + 1:1 volumetric
combinations of the two, respectively, were analyzed on a cleaned silicon substrate. In order to
normalize signals to Li(G4)TFSI concentration, the 1125-1150cm™ region was fit with two curves
(~1139cm™ and ~1128cm™) to represent signals from G4 and dioxane, respectively, neither of

which show much dependence on Li* coordination state.[*282%°1 The intensity of the peak at
P y p

1139cm™! was then normalized between all samples, and the resulting data plotted.
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3.3 RESULTS AND DISCUSSION

3.3.1 Comparison Between Formulas

Five unique compositions of ionogel were fabricated (SIGs 1-5), each containing 80 vol%
of liquid electrolyte with 20 vol% polymerizable components (~17 wt% polymer). This ratio was
chosen to be well above the minimum gelation point®®! and provides a good balance of
mechanical integrity with ionic concentration. The formula-specific constituents (Figure 3.4) were
stirred together with a small amount of radical initiator to form transparent, homogeneous
solutions, which were then cured at 80°C for 6h in a glass mold, causing methacrylate groups to
polymerize and form a crosslinked network (Figure 3.5). This process produced thin, freestanding
gel films which could be handled and die-cut into circular samples of any desired diameter (Figure
3.6), which were used to test ionic conductivity k, potentiostatic-polarization-based #1;+, and
compressive elastic modulus £ of SIGs 1-5 in a climate controlled (23+£1°C) laboratory room.

Results are summarized in Table 3.1.

PEGDMA Li(G4)TFSI  PyrTFSIMA

T
n~14 (P750) O 00 O o 00 O
n~76 (p ) N\YZRR\YZ N7/ A\
3500 S S NN
CF3 N CF3 CF3 CF;

TEGMA 1,4-dioxane

o]

g ()

Figure 3.4. Structures/abbreviations of molecules used to form SIGs.
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Figure 3.5. Schematic snapshot of SIG molecular structure, showcasing the interplay between

Figure 3.6. Photograph of a typical 19mm diameter x 0.25mm thick SIG sample.

solid and liquid components.
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Table 3.1. Composition of five novel SIGs and their measured properties at room temperature

(23°C), along with neat SIL for comparison.

Formula Composition [vol % added] Properties
P75y P3soo TEGMA PyrTFSIMA Li(G4)TFSI Dioxane | E [kKPa] #;+ k [mS/cm]

SIL 0% 0% 0% 0% 100% 0% n/a 0.13 1.08
SIG 1 20% 0% 0% 0% 80% 0% 369 0.21 0.73
SIG 2 0% 20% 0% 0% 80% 0% 254 0.28 1.05
SIG 3 0% 10% 10% 0% 80% 0% 249 0.24 0.92
SIG 4 0% 10% 0% 10% 80% 0% 401 0.16 1.07
MD)SIGS5 | 0% 20% 0% 0% 66.6% 13.3% 228 0.57 2.15

Elastic modulus, important for cell integrity and also linked directly to lithium deposition

(2301 ranged 228-401 kPa for our materials, similar to other PEG-based gel electrolytes.

morphology,
While variation between formulas is relatively minor, the differences are simple to correlate with
composition. Elongation of polymer chain length from PEGDMA M;~750 (P750) to PEGDMA
Mn~3500 (P3s00) produces a decrease in stiffness between SIGs 1 and 2, consistent with larger
molecular weight between crosslinks.[?*!) Replacing half of this P3soo with chemically-similar
tri(ethylene glycol) methyl ether methacrylate (TEGMA) in SIG 3 does not appear to significantly
alter the modulus, while incorporating a small amount of cyclic ether 1,4-dioxane (DSIG 5)
produces only a minor decrease. This can be explained by a slight reduction in overall solvent
quality for PEG[?*2233] for which dioxane is a theta solvent!?*#! while Li(G4)TFSI is a theta-good
solvent.”3 The introduction of ionic-liquid-like pendant group PyrTFSIMA (N-[2-(2-(2-
(methacryloyloxy)ethoxy)ethoxy)-ethyl]-N-methyl-pyrrolidium

bis(trifluoromethanesulfonyl)imide), as in SIG 4, confers a noticeable increase in modulus,
consistent with electrostatic interactions between RTIL and polymer network that resist

deformation.[236:237]
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Figure 3.7. Stress-strain curves for SIGs under uniaxial compression. Curve end points
correspond to the pressure limit of the experiment (325kPa), not sample failure.
Interestingly, the trend in resistance to deformation at high stress (SIG 1 < SIG 3 ~ SIG 4
< DSIG 5 ~ SIG 2) — inferred by the strain evolved at maximum pressure — is very different than
the trend in resistance to deformation at low stress i.e. elastic modulus (DSIG 5 ~ SIG 2 ~ SIG 3
< SIG 1 <SIG 4) (Figure 3.7). This is likely a product of increased chain entanglement for gels
based on P3s00 as opposed to P7so, the latter being below PEG’s entanglement molecular weight of
~2kDa,**® as well as decreased entanglement in samples with a lower overall number of
crosslinking chains (SIGs 3 and 4).1**] In a simplified way, entanglement may be thought of as

1,124 which only occurs in

restricted chain motion caused by adjacent chains crossing one anothe
sufficiently-concentrated polymer solutions above a structure-dependent molecular weight (the
entanglement molecular weight Me). I was unable to quantitatively measure toughness in these
samples, as none of them failed catastrophically up to the maximum pressure achievable in the

load cell (325 kPa), but the ability of SIGs to withstand this compressive stress bodes well for their

applicability to pouch cells and other non-rigid battery designs.
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The lithium transport properties of these SIGs exhibit more significant variation; data used
to determine #.;+ are plotted in Figure 3.8. While “baseline” SIG 1 displayed a room-temperature
ionic conductivity of 0.79 mS/cm — slightly higher than, but similar to, SIGs with related
designs!?* — increasing PEG molecular weight from P75 to P3so0 produced a nearly 50% increase
in conductivity, elevating SIG 2 to near Li(G4)TFSI itself at >1 mS/cm. Critically, this occurs
without any change to overall polymer volume fraction. Lithium transference number also
increased between samples by 33%, from 0.21 to 0.28. Note that while these 7.;+ values are higher
than most RTIL-based materials, including Li(G4)TFSI itself (measured here as 0.13), all three
electrochemically-derived values fall significantly below previous reports of #;+>0.5 for
Li(G4)TFSI, a product of differing measurement technique. This highlights the importance of
obtaining #7;+ electrochemically for SIL-based materials, as PGSE-NMR-derived self-diffusion
coefficients do not reflect transport under applied electric fields for non-ideal
electrolytes.[129-203219.241] Reoardless, the properties of SIG 2 are exciting but anomalous, defying

the conventional wisdom that gelation of an electrolyte solution reduces its conductivity.
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Figure 3.8. Chronoamperometry data (inset: Nyquist plots of impedance data) used to determine

11+ for a) Li(G4)TFSL b) SIG 1, ¢) SIG 2, d) SIG 3, ¢) SIG 4, f) DSIG 5.

Further variation of the SIG formula provides clues to the transport mechanism. Co-

polymerization of monofunctional groups with crosslinkers has previously proven effective at

manipulating gel properties,['4*237-242] and this was done here using either neutral (TEGMA) or

ionic (PyrTFSIMA) groups of similar structure, while maintaining a constant total volume of

polymer. In the neutral case (SIG 3), both « (0.92 mS/cm) and #.;+ (0.24) were slightly worsened.
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The astute reader will note that the molar volume ratio of PEG functionality to methacrylate
functionality is greatly decreased in TEGMA (3 repeat units per methacrylate) as opposed to P3s0o
(~38 repeat units per methacrylate). Methacrylate functionality has been previously indicated as
electrochemically inactive towards Li(G4)TFSL!?2#22¢l The fact that « and #,;+ decrease
concurrently with total volume of PEG suggests a volume-dependent effect of the polymer on ion
mobility, although this effect cannot be fully decoupled from associated minor changes to the
network structure. SIG 4, in contrast to its neutral counterpart, displays nearly identical
conductivity to SIG 2, but significantly worsened #7;+. This may be attributed to the additional,
mobile anions contributed by ionic-liquid-like PyrTFSIMA, which increases the number of charge
carriers but imbalances the ratio away from [Li(G4)]". This effect can be helpful for dendrite

[123-125] byt must be weighed against the subsequent decrease in #;+ which limits current

prevention,
density in practical cells.

In contrast to SIGs 3 and 4, where polymer structure is altered, replacing a small volume
of the liquid SIL with solvent diluent as in DSIG 5 more than doubled both conductivity (2.15
mS/cm) and #2;+ (0.57) compared to SIG 2. To my knowledge, this is the first demonstration of an
electrochemically-measured #,+>0.5 in a SIG-based material, as well the first demonstration of
solvent dilution applied to an immobilized SIL and of 1,4-dioxane as a diluent for Li(G4)TFSI in
general. The beneficial effect of diluents on SIL properties are well-documented,!'?%2!142201 and
dioxane is an ideal choice for this system: it is a low-molecular-weight solvent that is miscible
with all other components, unreactive towards methacrylate radicals, and boils well above the
curing temperature of the gel (101°C vs. 80°C); however, its dielectric constant and Gutmann DN

are too low to interfere with [Li(G4)]" structure.[*?"] The “innocence” of dioxane in this system is

further supported by Raman spectroscopy (Figure 3.9). The breathing mode peak at 869cm™,
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corresponding to Li*-G4 interaction, appears to intensify upon initial dilution with dioxane. This
peak intensity decreases with additional dioxane content but remains above that of the neat SIL.
Such behavior contrasts with “non-innocent” diluents like water, in which a monotonic decrease
of the breathing mode peak is observed with increasing dilution due to competition with G4 for

coordination of Li*.[?2%]
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Figure 3.9. a) Raman spectra of Li(G4)TFSI (“SIL”), 1,4-dioxane, and their 5:1 + 1:1

volumetric combinations between 800-900cm™!. b) Raman spectra for the above samples
between 500-1500cm™. The intensity of the peaks at 1139cm™ (deconvoluted from the nearby

1128cm™! peaks) were used to normalize the data.
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The exact mechanism by which solvent dilution affects electrochemical, rather than
diffusion-based, 72+ in SILs has yet to be clarified. This effect seems highly volume-dependent: at
least one prior study has indicated a large 7;+ increase for a diluted SIL when solvent volume
fraction becomes ~23-33% of the total,l*'?! similar to the combined volume of P3soo/dioxane in

DSIG 5. Altogether, this hints at a “diluent-like” effect of PEG.

3.3.2  PEG “Diluent-Like” Effect

To further explore the idea of PEG-as-diluent, I prepared non-crosslinked versions of SIGs
1 and 2, referred to as LIQ 1 and LIQ 2, which differed only in absence of a crosslinking initiator.
However, counterintuitively, I found that room-temperature conductivity decreased in the liquid
state, and that the trend with molecular weight is reversed (LIQ 1: 0.72 mS/cm, LIQ 2: 0.57
mS/cm), indicating that transport in PEG/Li(G4)TFSI mixtures depends significantly on whether
the polymer is crosslinked or not. Notably, PEO/LiTFSI solid electrolytes show the same trend in
conductivity vs. molecular weight when My<4kDa i.e. from below to just above Me. This has been
ascribed to vanishing mobility of polymer/Li" complexes (as opposed to interchain Li* transport

243

via segmental motion) above the entanglement limit.**}! In point of fact, it has been previously

shown that PEG can compete with G4 for Li" binding in Li(G4)TFSI i.e. it is a “non-innocent”

(224,226
t,

diluen I which induces formation of polymer/Li* complexes.
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Figure 3.10. Schematic diagram of PEG/Li(G4)TFSI interactions under an applied field,

conceptually depicting competitive binding of Li* and diluent-like mobility enhancement.

With all of the above information it is possible to rationalize the transport behavior of
PEG/Li(G4)TFSI mixtures, including SIGs. I posit that competitive binding of Li" and “diluent-
like” mobility enhancement are simultaneous-but-competing effects which depress or enhance Li*
transport, respectively (Figure 3.10). Because the stability of [Li(polyether)]” complexes depends
strongly on change in entropy upon binding i.e. the chelate effect,l!*>>*! the ability of PEG to
effectively compete with G4 for Li" must be dependent on polymer conformational freedom.
Chemical crosslinking results in a significant loss of freedom, especially for chain segments near
the crosslinking sites,[>***1 which should therefore shift the competitive equilibrium more
strongly towards G4. Competitive Li* binding by PEG in SILs is indirectly detectable through
thermogravimetry,[??*! as the liberated G4 molecules are slightly volatile at 120°C. Indeed, greater
weight loss is observed at 120°C for the liquid vs. crosslinked samples (Figure 3.11), suggesting
that the stability of the [Li(G4)]" complex is affected by PEG crosslinking status. One might expect
the shorter, un-entangled P75 to displace G4 more readily than P3500 in the solution state; however,
the difference in weight loss with crosslinking is actually smaller for the smaller chain, which may
point towards some fundamental difference in PEG/Li(G4)TFSI interaction below the Me.

Alternately, it is possible that chain-end effects play a role.
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Figure 3.11. Weight loss of SIGs/LIQs 1 and 2, compared to Li(G4)TFSI, over 2 hours at
120°C.
PEG chain segments that do not compete for Li" may instead exert a diluent-like effect.
Solvent dilution of RTILs tends to greatly reduce their viscosity and thus improve ion mobility,
albeit with a concurrent, dielectric-dependent reduction of ionicity as well.[2%4246:247] In lithium

(201] diluents can additionally affect the

SILs, where cation molecular structure may also fluctuate,
structure and balance of Li*-G4 complexes./*?") Regardless, PEG fits the criteria for an effective
SIL diluent, possessing a moderate dielectric constant of ~4 and a donor number similar to glymes.
In fact, studies which report lowered Dz;+ in PEG/Li(G4)TFSI systems also report improved bulk

[224.226] These effects could only occur

conductivity relative to other polymer choices.
simultaneously if the depressed mobility of bound Li* is outweighed, on average, by enhanced
mobility for the remaining ions i.e. a diluent-like effect. Furthermore, our own results lead us to
postulate that this enhancement is influenced by 1) the volume fraction of PEG relative to total

SIL-swelled polymer, and, for crosslinked systems, 2) whether the molecular weight between

crosslinks is above or below PEG’s M. (~2kDa).
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Figure 3.12. DSC thermograms and glass transition temperature (Tg) values for (D)SIGs 1-5.

The dashed vertical lines are a visual aid to mark Tg.

Plasticization of the polymer network, often invoked to explain transport in solid polymer

5,121 does not seem to be a major factor, as differential scanning calorimetry data

electrolyte
indicates a slight increase, rather than decrease, of T, for samples with P3s5o0 (Figure 3.12), perhaps
aresult of more [Li(polyether)]" complex formation. Instead, the observed dependence on polymer
molecular weight is likely caused by specific chemical interactions. It is possible that, rather than
being directly related to entanglement itself, enhanced mobility at higher My, is related to the radius
of gyration of the polymer in comparison to the bulky sizes of [Li(G4)]", TFSI, and their
aggregates. Further study is needed to clarify the origin of this effect. Notably, no melting peak
for 1,4-dioxane (lit. 11.8°C) was observed in DSIG 5, indicating strong interactions between the
solvent and SIL/polymer that prevent crystallization.

The dual action of PEG (binding vs. diluency) on Li(G4)TFSI also accounts for behavior

in previously-reported SIG materials. In SIG 1, as well the ionogels reported by D’ Angelo et al.,

competitive Li" binding by PEG is rendered unfavorable due to low molecular weight and/or
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chemical crosslinking; hence, the volume-dependent diluent-like effect dominates, and both k and
t1i+ are observed to increase compared to similar materials lacking PEG. However, the
improvement is minor, again due to low molecular weight between crosslinks. On the other hand,
the PEG chain in the block copolymer reported by Kitazawa et al. is much longer (My>10kDa)
and also processed at higher temperature, creating opportunities for coiled PEG segments to bind
Li" and liberate G4. The resulting SIG displays reduced #;;+ compared to a methacrylate analog,

although « is still observed to increase overall due to the diluent-like effect.

Influence of PEG M, on Li(G4)TFSI lonogels

Diluent-Like Effect Competitive Li* Binding

This Work
This Work « 1.1 mS/cm

0.8 mS/cm
N
Kitazawa et al.

- ,r
D'Angelo et al.

Room-Temp
Transport Properties

M.

'

0.1 1 10 100
PEG M,, (kDa)
Figure 3.13. Expected dependence of Li" transport on PEG My, in SIGs. The curve is a guide for

the eye, demonstrating the interplay between mechanistic effects above and below Me.

This study’s P3so0-based SIGs apparently occupy a “sweet spot” between these cases, where
molecular weight between crosslinks is large enough to maximize the diluent effect, but not so

large that competitive binding of Li" overshadows it. This mechanistic view also suggests that
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further improvement might be achieved through rational design of the polymer matrix and/or liquid
composition to minimize/eliminate competitive binding while maximizing diluent-like properties.

This concept will be explored further in Chapter 4.

3.3.3  Lithium Stripping/Plating Performance
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Figure 3.14. Symmetric cell voltage vs. time elapsed in time-to-short-circuit experiments at 0.1
mA/cm? for a) Li(G4)TFSI, b) SIG 1, ¢) SIG 2, d) SIG 3, e) SIG 4, f) DSIG 5.
In order to confirm that favorable SIG properties translate into good performance with
lithium metal, I constructed Li|Li symmetric cells containing SIG separators and performed

galvanostatic (0.1 mA/cm?) polarization experiments at room temperature until lasting short
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circuits were observed (Figure 3.14). Time-to-short-circuit (Ts) values are summarized in
comparison to neat Li(G4)TFSI contained in a large-pore glass fiber separator (Figure 3.15).
While no major advantage over the SIL is observed for SIG 1, SIGs 2-5 show excellent dendrite
resistance. Best-performers SIG 2 and DSIG 5, which have the highest concentration of P35,
resisted short-circuit for longer than 100h of continuous current application — competitive with
other high-performing gel electrolytes.®! Using my newfound structural insight to analyze these
results, it is clear that Ty is related to chain entanglement, which should act to dissipate the force
of a protruding dendrite more evenly throughout the network. Elastic modulus does not directly
reflect this structural detail. High-stress behavior, however, seems to correlate better (vide supra),
and we suggest that more future efforts be dedicated to studying and correlating non-elastic
mechanical properties with dendrite resistance. We also note that SIG 4 performs much better than
SIG 3 despite similar network structures, confirming that anion concentration and other chemical

details also play a role.
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Figure 3.15. Time-to-short-circuit (0.1 mA/cm?) for Li|Li symmetric cells with SIG separators

vs. Li(G4)TFSI in glass fiber.
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Cyclic stripping/plating in symmetric cells, as opposed to static polarization, more
accurately mimics real device conditions. Hence the best-performing SIG 2 and DSIG 5 were
compared to Li(G4)TFSI/glass fiber over 100 6h cycles at 0.1 mA/cm? (Figure 3.16). All cells
exhibited an initial SEI formation period with slightly higher overpotential and irregular voltage
profile shape, followed by minimum overpotential around the 50 cycle (30h) mark. Continued
cycling out to 600 hours results in a very slight increase for all cells, most likely due to gradual
SEI buildup, however, no signs of short-circuit were observed, and the shapes of the stabilized
profiles was smooth and monotonically increasing, suggesting non-dendritic morphology.[**”]
Furthermore, both SIGs required significantly less overpotential for stripping/plating than neat
Li(G4)TFSI, possibly due to porosity/tortuosity effects in the glass fiber separator.!*>°! However,
comparing SIG 2 with DSIG 5, it is clear that overpotential does not correlate linearly with
transport properties. Interfacial resistance likely plays a limiting role in this system, which might

be selectively improved through compositional engineering.

|  — LiGyTFsl SIG2  — DSIG5

Hours
24 48 312 336 576 600

Normalized Voltage (mV)

2 4 6 8 50 52 54 5 94 96 98 100
Cycles
Figure 3.16. Symmetric cell cycling data for best-performing SIGs, which demonstrate
consistent and lower overpotential vs. Li(G4)TFSI/glass fiber. Voltage data is normalized to
Li(G4)TFSI based on sample/separator thickness to account for batch-to-batch variation and

allow a head-to-head comparison.
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3.4 CONCLUSION

In summary, I fabricated a series of free-standing solvate ionogel (SIGs) electrolytes based
on low-cost Li(G4)TFSI immobilized in a chemically-crosslinked poly(ethylene glycol)
dimethacrylate (PEGDMA) network. Through careful design of both polymer structure and liquid
composition, I have demonstrated the potential to control properties such as conductivity (k) and
lithium transference number (#2;+) to exceed 2x107 S/cm and 0.5, respectively. Additionally, I
uncovered a significant dependence of lithium transport on PEG chain length and crosslinking
status in SIGs, which may be due to an interplay between competitive Li* binding and “diluent-
like” mobility enhancement that changes for PEG above the entanglement limit (~2kDa). These
novel SIGs may be used in lithium metal batteries, with best-performing formulas able to
strip/plate lithium for >600h (100 cycles) at 0.1 mA/cm? without short-circuiting. My results also
suggest future areas for SIG optimization, such as reduction of competitive Li" binding, reduction
of lithium interfacial resistance, and improved toughness. The combination of simple fabrication,
excellent Li" transport, and metallic lithium compatibility makes SIGs attractive for “beyond Li-

ion” battery designs, including LSBs.
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Chapter 4. PROBING THE EFFECT OF POLYMER STRUCTURE

AND LIQUID COMPOSITION ON SOLVATE
IONOGEL ELECTROLYTES

4.1 INTRODUCTION

4.1.1 Motivation

During the course of my prior work on Li(G4)TFSI-based solvate ionogels (SIGs), as
detailed in Chapter 3, I found an unexpected dependence of transport properties on the molecular
weight My, of poly(ethylene glycol) (PEG) between crosslinks. This led me to propose a dual effect
of PEG on Li" transport in SIGs: competitive binding of lithium and a diluent-like enhancement
of'ion mobility. The former mechanism acts to reduce ionic conductivity «k and lithium transference
number #;+ but does not become significant until above the entanglement molecular weight Me,
which is ~2kDa in PEG.[?**] The latter mechanism has the opposite effect but seems to level off
above M.. Additionally, I demonstrated the first-ever diluted solvate ionogel (DSIG) using 1,4-
dioxane as a solvent diluent in a 1:5 volume ratio [dioxane:Li(G4)TFSI], and measured a
quadrupling of total Li" conductivity in the resulting SIG as compared to an identical formula
lacking dioxane.

These results caused me to wonder whether performance could be additionally improved
without significantly altering the design or fabrication process. Two molecular “handles” have
emerged with which to tweak SIG properties: solid polymer structure and liquid diluent
composition. The polymer structure may be altered by 1. adjusting network properties such as My
between crosslinks and density of crosslinks, 2. adding/removing molecular functionality, or 3.

changing the polymer backbone structure. Since my previous work focused primarily on the first
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two strategies, it seemed prudent to investigate the third, especially in regards to the question “Can
competitive Li" binding be minimized without sacrificing the beneficial diluent effect?”
Additionally, while 1,4-dioxane was selected for my initial study based on a limited survey of
common solvents, it is by no means the best possible choice for DSIGs. Dioxane’s low dielectric
permittivity of 2.3 does not encourage efficient charge separation, and permittivity has been linked
to conductivity in diluted RTILs, including Li(G4)TFSI. Dioxane also has a low-medium boiling
point of 101°C, which is not ideal given that curing step of SIG fabrication involves a temperature

hold at 80°C. Increasing both of these parameters should lead to a DSIG with better properties.

4.1.2 Rationale and Overview

In order to further explore and optimize the design of (D)SIGs, here I report the fabrication
and properties of a free-standing gel electrolyte based on Li(G4)TFSI and poly(propylene glycol)
dimethacrylate (PPGDMA). This polymer crosslinker shares many characteristics with PEGDMA
but contains an additional methyl group in its repeat unit, which makes it considerably more

hydrophobic and totally suppresses crystallization.?!!

Importantly, this methyl group also
introduces tacticity and raises the barrier to bond rotation, 232233 which has significant implications
for polymer interactions with [Li(G4)]". Additionally, I report a heretofore-unexplored solvent
diluent for Li(G4)TFSI: methoxybenzene, or anisole. This solvent has an excellent combination of

properties for use in DSIGs and is demonstrated to increase the conductivity of Li(G4)TFSI by up

to seven times.
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4.2  EXPERIMENTAL METHODS

4.2.1 Materials

Poly(ethylene glycol) dimethacrylate (P750, Mn~750Da, Sigma-Aldrich), poly(ethylene
glycol) (6 mmol hydroxyl end groups, M, ~3350, Sigma-Aldrich), poly(propylene glycol) (Mx
~1000, Sigma-Aldrich), benzyol peroxide (BPO, reagent grade, >98%, Sigma-Aldrich), ethyl
acetate (HPLC, Fisher) and dichloromethane (>99%, Fisher) were used as-recieved. Methacryloyl
chloride (97%, Sigma-Aldrich) was stored in a freezer with an airtight seal and distilled over CaH»
under N, before use. Tetracthylene glycol dimethyl ether (G4, >99%, Aldrich), 1,4-dioxane
(>99%, Fisher), 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl ether (TTFE, 98+%, Oakwood)
and methoxybenzene (anhydrous, 99.7%, Sigma-Aldrich) were dried over 4A molecular sieves
and stored in an argon-atmosphere glovebox (Vacuum Technology Inc, <0.01ppm H>O and O»)
prior to use. LiTFSI was purchased from 3M and dried at 120°C under Ar, then stored/used in an
argon-atmosphere glovebox. Li(G4)TFSI and P3so0 were prepared as detailed in Section 3.2.
Diluted solvate ionic liquids (DSILs) were prepared by mixing appropriate volumes of Li(G4)TFSI
and solvent in a 4mL glass vial. Lithium chips (99.9%, 15.6mm diameter, 0.45mm thickness) were
purchased from MTI Corp and stored/used in an argon atmosphere glove box. CR2032 coin cell
kits were purchased from Pred Materials International. PTFE unthreaded spacers (3/4“ OD, 1/4*

long) were purchased from McMaster-Carr and cleaned thoroughly prior to each use.

422  Synthesis of PPGDMA 1150*

Poly(propylene glycol) dimethacrylate (Pp11so, Ma~1kDa) was synthesized by adding 2.4

ml of freshly distilled methacryloyl chloride (25 mmol) dropwise to a mixture of 10g poly

 The synthesis and purification of PPGDMA 1000 was performed by Jiaxu Qin and Sei-Hum Jang.
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(propylene glycol) (Ms ~1,000, 10 mmol) and 4 ml of triethylamine (30 mmol) dissolved in 120

ml of dichloromethane. The reaction mixture was stirred for 12 hours at room temperature under
argon. Then, the reaction mixture was filtered to remove triethylamine hydrochloride and solvent
evaporated. The crude polymer was purified by column chromatography using 50% ethyl acetate

in dichloromethane as an eluent to give 4 g of product (33% yield).

423 Gel Fabrication

An amount of BPO powder corresponding to 2wt% of polymer was added to a glass vial
and dissolved in either ~50x its weight of dichloromethane (for SIG 1, 2, and 1P) or the appropriate
volume of anisole (for DSIG-C). Then the appropriate amounts of polymer (Pp1150 for SIG 1P, P750
for SIG 1, 2, and DSIG-C) and Li(G4)TFSI were added and vigorously stirred; in the case of SIG
1, 2, and 1P, the resulting clear solution was then vacuum dried with stirring at room temperature
for 2-3 hours, in order to fully remove dichloromethane. This precursor solution was transferred
to a mold consisting of soda-lime glass plates (Colorado Concept Coatings) treated with
siliconizing agent (Aquaphobe CM, Gelest) and separated by two hollow rectangular Kapton films
measuring 5 mils (~128um) each, and the mold was sealed shut using permanent magnets over
both ends. Alternately, homemade conductivity cells (see below) were filled with 480uL each of
solution and capped. Filled gel templates were transferred to a pre-heated glovebox antechamber
80°C for 6 hours to cure the ionogel, followed by cooling overnight. The top plates of the glass
molds were then removed, and circular samples of varying diameter were cut from the gel using
stainless steel hollow punches and stored in clean glass petri dishes. Gel-filled conductivity cells
were stored as-is until measurement. All of the above operations were performed in an argon-

atmosphere glove box. All cured SIGs were optically transparent and flexible.
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42.4 Conductivity Measurements
Temperature-dependent SIG ionic conductivity was measured using homemade primary
conductivity cells consisting of PTFE unthreaded spacers (3/4* OD, 1/4* long) with stainless steel
discs as blocking electrodes. Each cell was assembled by 1. placing a large CR2032 coin cell cap
flat-side-down onto a stable, level surface, 2. centering a clean stainless steel (SUS316L) spacer
disc in the cap, followed by a PTFE spacer, 3. dispensing 480uL of SIG precursor resin into the
PTFE spacer with a micropipette, and 4. gently placing another SUS316L spacer, centered, on top
of the PTFE, followed by a flat-side-up large coin cell cap. The filled conductivity cells were then
cured and stored as above. For measurement, each cell was placed in a re-sealable plastic bag with
electrical leads connected via insulated kelvin clip (Cal Test Electronics), then removed from the
glove box and placed into a convection oven (Thermo Scientific Heratherm OMH100) where it
was connected via four-probe lead to a potentiostat (Gamry 5000E Interface). Potentiostatic
electrochemical impedance spectroscopy (100mV) was performed from 100kHz-100Hz at 30-
80°C. Resulting data were fitted to an appropriate equivalent circuit (Figure 3.2) using Gamry
EChem Analyst software, and the limiting resistance at high frequency (Rpuix) converted to bulk
ionic conductivity using the thickness (/=6.35mm) and cross-sectional area (4=9.65) of the sample
(Equation 3.2). Two or three samples were measured simultaneously for each SIG formula, and
their conductivities at each temperature averaged to obtain the reported values. Opening the cells
after measurement revealed the presence of small air bubbles trapped in the gels, which were
impossible to completely eliminate, despite my best efforts. This likely caused measured
conductivities to systematically err towards lower conductivity than actual.
(D)SIL conductivities were measured using a low-volume liquid conductivity cell (HTCC,

Bio-Logic) with non-platinized Pt electrodes, filled with 750uL of liquid electrolyte in an argon-
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atmosphere glovebox. The cell was sealed, taken out, and potentiostatic electrochemical
impedance spectroscopy (100mV) was performed from 100kHz-100Hz. Resulting data were fitted
to an appropriate equivalent circuit (Figure 4.1) using Gamry EChem Analyst software, and the
limiting resistance at high frequency (Rpux) converted to bulk ionic conductivity using Equation
4.4, where K..; was determined by calibrating with 0.01m KCI solution beforehand.**' The

Warburg element in the equivalent circuit accounts for surface roughness effects.!>5

K.,
K:—Ce 4.4
2 (4.4)

bulk

Rbuk W Qdl s

B ‘ adl

Figure 4.1. Equivalent circuit used to fit impedance data for liquid conductivity measurements.

All temperature-dependent conductivities were fitted to a Vogel-Tammann-Fulcher (VTF)

model for ionic conductivity k (Equation 4.5) using Microsoft Excel’s Solver tool, where R is the

gas constant (8.3145 Jemol'eK™"), T is temperature (K), and «,, E

a,ion’

and T, are material-

dependent constants.

EA,ion :| (45)

k=% l{R(T—T)
0

4.2.5  Lithium Symmetric Cell Measurements

For symmetric cell fabrication, lithium chips were gently polished inside of an argon-
atmosphere glovebox using 320 grit followed by 600 grit sandpaper (Norton T414 Blue-Bak) to

remove excessive surface oxidation and ensure consistency between samples. The lithium chips
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were then pressed onto roughened SUS316L discs. A 19mm diameter SIG separator was inserted
between the chips, and the whole assembly placed into CR2032 coin cells which were sealed
using an electric crimping machine (MTI Corp). Alternately, the separator consisted of a 19mm
diameter Whatman GF/C separator sandwiched between two sheets of porous polypropylene
(Celgard 2500), all thoroughly saturated with Li(G4)TFSI. The Celgard was used to preclude any
effect of the glass fiber on lithium interfacial processes.

The lithium transference number (#,+) of SIG 1P was measured according to the
procedure described in Section 3.2.5. In order to measure temperature-dependent interfacial
resistance (Rin), symmetric cells were first pre-conditioned at 30 °C by applying 0.05 mA/cm?
for 10h, followed by -0.05 mA/cm? for 10h. Cells were then placed in a convection oven and
connected to a potentiostat (vide supra), and potentiostatic electrochemical impedance
spectroscopy (10mV) was performed from 100kHz-1Hz at 30-80°C. Resulting data were fitted to
an appropriate equivalent circuit (Figure 4.2) using Gamry EChem Analyst software. Rszr and

R were summed to obtain Rix:.

T— ey W
- Rbuk__| Rsei | Rct wW__| e
Qsei Qint
asel ; aint

Figure 4.2. Equivalent circuit used to fit impedance data for R;, measurements.
4.2.6 Thermal Measurements

TGA was performed under flowing N2> gas (50mL/min) using a Shimadzu TGA-50
Thermogravimetric Analyzer. A SIG 1P sample (9.02mg) was transferred into pre-weighed

aluminum pans in an argon-atmosphere glove box, then weighed on a microbalance and loaded



75

into the instrument within ~1 minute. The sample was then heated at 10°C/min to 80°C, held for
15 minutes to drive off any superficial moisture absorbed during transfer, then heated at 10°C/min
to 120°C and held for 2h while weight loss was recorded. The DSC thermogram was recorded
under flowing N> gas (50mL/min) using a liquid-nitrogen-cooled Shimadzu DSC-60 Plus
Differential Scanning Calorimeter. A SIG 1P sample (9.15mg) was transferred into an aluminum
pan and covered, then cooled to below -110°C at -10°C/min. The sample was held at this

temperature for 10 minutes, then warmed to 100°C at 10°C/min, resulting in the reported curve.
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4.3 RESULTS AND DISCUSSION

4.3.1 Discussion of PPG-SIL Interaction

While poly(ethylene oxide) a.k.a. poly(ethylene glycol) has been studied extensively for
its ability to form solid polymer electrolytes by dissolution of alkali metal salts, poly(propylene
oxide) a.k.a. poly(propylene glycol) (PPG) has received much less attention for this purpose. A
1999 report by Doeff and coworkers found that the ionic conductivity was lower for PPG:LiOTf
solid electrolytes compared to PEG:LiOTf; additionally, microphase separation was observed,

2561 This characteristic, while undesirable

indicating comparatively poor solvation of Li* by PPG.!
for solid electrolytes, may actually be quite useful in SIGs, since PPG should be unable to compete
effectively with G4 for solvation of Li".
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Figure 4.3. Depiction of the two predominant conformations of [Li(G4)]" in Li(G4)TFSL

To understand why this would be the case, consider lithium solvation structure in this
system (Figure 4.3). The predominant conformation of G4 in Li(G4)TFSI is crown-ether-like,
with tetraglyme wrapping three-dimensionally around Li* to form an ellipsoidal-shaped [Li(G4)]*
complex. On average, each cation is coordinated by 4.5 oxygen atoms from the glyme and 0.5
oxygen atoms from TFSI", as there exists both contact ion pair (CIP) and solvent-separated ion

257

pair (SSIP) geometries with similar energy.>>” In order to fully displace a tetraglyme molecule
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from the complex, a polyether would need to provide a similar number of coordination bonds
(Figure 4.4). A single PEG chain can potentially do this, or multiple chains may participate.
Regardless, since PEG and G4 share the same repeat unit, the energetics of coordination are
similar. On the other hand, PPG coordination of Li" is more awkward: atacticity of the chain can
result in unfavorable gauche interactions, and coordination by multiple polymer chains leads to
steric crowding. Additionally, the higher rotational barrier in PPG means that a larger activation
energy is required to maneuver chains into the required position.

Although the competitive binding effect is suppressed in PPG compared to PEG, the
diluent-like effect should still be present. Reflecting their similar structure, both polymers have
similar dielectric permittivity,[>>>> indicating that they should promote charge separation in SILs
to a nearly equal degree. Additionally, while the origin of diluent-like #;+ enhancement in PEG-
based SIGs is still unknown, Chen et al. have proposed that PEG may interact with Li(G4)TFSI
by replacing TFSI in the solvate’s CIP form,[?*>) which would naturally lead to better ion
separation and enhanced #7;+. Since this type of interaction only involves a single polymer repeat
unit, PPG should be capable of it, although steric hindrance may still cause problems (Figure 4.5).
Hence, replacing PEGDMA with PPGDMA in SIGs may reduce the undesirable competitive

binding effect while retaining the desirable diluent-like effect.
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Competitive Li* Binding vs. G4

o
o) ~ je

PEG [O\ﬁiliiiiﬁ/o] [Z:I:Lii:i' )

v  J g) (o] g)

Figure 4.4. Example conformations of PEG/PPG after successfully unbinding the [Li(G4)]"

complex. Atacticity and steric hindrance makes this process less favorable in PPG.

Displacement of TFSI-
\<\O
KOL jowo,)f o)

N A~

Lo”/l_l\t\‘o) LOLHO’
L0, J Lo, J

PEG
v

Figure 4.5. Example conformations of PEG/PPG after successfully displacing TFSI" from the
[Li(G4)]'[TFSI] ion pair. Steric hindrance makes this process less favorable in PPG.
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I tested this hypothesis by fabricating a modified version of SIG 1 from my previous study

(see Chapter 3). “SIG 1P” contained 20vol% Ppi11s0o, which has nearly the same degree of
polymerization as P7s0, and 80vol% Li(G4)TFSI. The only substantial difference between SIGs 1
and 1P is that the latter contains methyl groups on the polymer backbone. Competitive binding of
Li" was probed by TGA (see Section 3.3.2) with a 2h temperature hold at 120°C, as well as by
DSC. As can be seen in Figure 4.6, SIG 1P loses substantially less G4 to evaporation than SIG 1,
and only slightly more than neat Li(G4)TFSI itself (6.8wt% vs. 3.9wt%). This is strong evidence
that PPG cannot compete effectively for Li" solvation, leaving more [Li(G4)]" complexes intact.
The T, of SIG 1P was found to be -59°C (Figure 4.7), much lower than SIGs 1 or 2 and slightly
higher than the literature value for Li(G4)TFSI (-54°C).'¥ This is yet more evidence that PPG

interacts with Li(G4)TFSI only weakly.

100%

95% :
S T
= 90% { — Li(G4)TFSI T I
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= 85% | - SIG1

- .- SIG2
80% T ' . : . . .
0 30 60 90 120

Time Elapsed (min)
Figure 4.6. Weight loss of SIGs 1, 1P, and 2 compared to Li(G4)TFSI, over 2 hours at 120°C.
Data for Li(G4)TFSI and SIGs 1 and 2 reproduced from Chapter 3 for ease of comparison to SIG
1P.
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Figure 4.7. DSC thermograms and glass transition temperature (Tg) values for SIGs 1, 1P, and 2.
The dashed vertical lines are a visual aid to mark Tg. Data for SIGs 1 and 2 reproduced from
Chapter 3 for ease of comparison to SIG 1P.

SIG 1P’s #2;+ was also determined using the potentiostatic polarization method; a value of
0.17 was obtained, lower than SIG 1 (#:+=0.21) and only slightly higher than Li(G4)TFSI
(22i+=0.16). While disappointing from a practical point of view, this does support the conclusion
that PPG interacts less-strongly with SILs than PEG does. It also lends credence to the idea that
enhanced #7;+ in PEG/SIL electrolytes originates from non-destructive coordination of [Li(G4)]"

by polymer chains, leading to separation of ion pairs. The more-sterically-hindered oxygen atoms

of PPG may be unable to approach Li" closely enough for this process to occur efficiently.

4.3.2 Temperature-Dependent Conductivity of SIGs

In order to further probe the transport behavior of PEG/PPG-based SIGs, I measured

temperature-dependent ionic conductivity for SIGs 1, 1P, and 2, as well as neat Li(G4)TFSI
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between 30-80°C. The resulting data and VTF curve fits are plotted in Figure 4.8. The obtained

VTF parameters, along with conductivities at 30°C, are reported in Table 4.1.
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Figure 4.8. Temperature-dependent ionic conductivity (points) and VTF curve fits (lines) for
Li(G4)TFSI and SIGs 1, 1P, and 2 between 30-80°C.
The VTF equation (Equation 4.5) is a phenomenological modification of the Arrhenius
equation, modeling properties related to dielectric relaxation in glass-forming materials near their
T,. This equation has been found to accurately describe ionic conductivity in a wide range of

262

polymer?®” and RTIL?®! electrolytes, including ionogels.[?%?! There are three material-dependent

parameters in this equation: 1. the limiting conductivity X,, which is related to charge carrier

concentration, 2. the activation energy of ion transport £

a,ion’

and 3. the Vogel temperature To at

which configurational entropy disappears, which is related to Tg although the exact relationship is

not perfectly clear.l*3 Based on Figure 4.8, this model appears to fit SIG conductivity very well.
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Table 4.1. Conductivity at 30°C and VTF parameters obtained for Li(G4)TFSI, SIG 1, SIG 2,
and SIG 1P. Data for Li(G4)TFSI agrees well with literature.l'*®!

Kee [S/em] | «, [S/em] | Egion [J/mol]| To [K]
Li(G4)TFSI | 1.60x10° | 2.30x10"! 4.32x10° 198
SIG 1 7.24x10* | 2.49x10"! 5.20x103 196
SIG 2 8.50x10* | 2.82x10" 5.06x103 198
SIG 1P 7.90x10* | 1.93x10"! 4.93x103 195

Examining Table 4.1 reveals several interesting trends. As expected, all SIGs have a larger

E

a,ion

than Li(G4)TFSI itself, since polymer chains make up a significant fraction of the overall
medium and must “move out of the way” for ions to pass. Surprisingly, however, PEG-based SIGs
1 and 2 have higher ¥, than the neat ionic liquid, despite containing a lower overall salt
concentration. This strongly indicates that PEG promotes separation of [Li(G4)] [TFSI] ion pairs.

SIG 2 possess both higher ¥, and lower E

.ion than SIG 1, demonstrating that both the diluent-
like effect and polymer configurational entropy increase with increasing My between crosslinks,
as I have proposed (see Section 3.3.2).28) The trend in overall room-temperature conductivity
with My, is similar to my previously report, although individual values are slightly lower, likely
due to the differing measurement technique. No clear trend is present for To, although these values
are uniformly lower and less-variable than the corresponding T values.

This

Notably, substituting Pp11s0 for P750 causes a decrease to K, but an increase to £

correlates well with the trends observed for thermal properties and #.:+: PPG does not separate ion
pairs as efficiently as PEG, nor does it slow down Li" transport via competitive binding. The

practical outcome is apparent in Figure 4.8: substituting Pp1150 for P7s50 causes an increase to low-
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temperature conductivity, which is almost 10% higher for SIG 1P than SIG 1 at 30°C. However,
this advantage gradually disappears with increasing temperature until SIG 1 overtakes SIG 1P at
80°C. In other words, this is the point at which the negative relative influence of PEG on ion

mobility is outweighed by its positive relative influence on charge carrier concentration.

Solid/gel polymer electrolytes often exhibit a “compensation effect,” causing £ ., and

a,ion

Ink, to be directly related. This results from coupling between ion transport and segmental
motion: stronger Li*-polymer coordination results in better charge separation, increasing ¥, , but

also stiffens the chain, increasing E_, .1*)! In order to optimize the ionic conductivity of

freestanding electrolytes, these processes must be decoupled. In contrast to the trend for polymer

electrolytes correlated by Diederichsen ef al. in the above reference, E

a,ion

and Inx, are virtually

unrelated amongst the SIGs reported here (Figure 4.9). Additionally, the £

a,ion

range is remarkably

low compared to other electrolytes of similar K, ; in other words, transport is “liquid-like.”
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Figure 4.9. Activation energy of ion transport vs. limiting conductivity for Li(G4)TFSI and SIG

electrolytes.



84
433 Charge Transfer at the SIG-Li Interface

While the effect of PPG/PEG on bulk ion transport in SIGs has been clarified, it is unknown
how this translates to cell performance, since both transport and charge transfer kinetics may
contribute to overpotential. Heterogeneous charge transfer at the lithium metal/electrolyte interface
depends on many factors, including the solvation structure of Li" in both the electrolyte and SEI.
Due to the stability of the [Li(G4)]" complex, the activation energy of charge transfer is slightly
larger for SILs than many other liquid electrolytes: Yoshida and coworkers reported a value of 67
kJ/mol for Li(G4)TFSLU®®! In my previous report, I noted that lithium stripping/plating
overpotential was lower in SIGs than in Li(G4)TFSI itself, and postulated that this may be due to
the influence of PEG (see Section 3.3.3). In order to better clarify the effect of polyethers on
processes at the Li metal interface, impedance spectroscopy was performed on Li|SIG/SIL|Li

symmetric cells to measure the values of R, over the temperature range 30-80°C. From this data,

the activation energy of charge transfer E, , and the exchange current density i, were extracted.

To derive the relationship between these parameters, we start with the Butler-Volmer
equation and assume that 1. the symmetry factor of charge transfer is equal to 0.5, 2. all
overpotential is related to charge transfer i.e. activation overpotential, and 3. activation

[264] The second assumption is justified by the

overpotential is small enough to justify linearization.
fact that we will ultimately separate R;,; from other resistances using impedance spectroscopy. This
produces Equation 4.6 below, where i is the current density (mA/cm?), i, is the exchange current
density (mA/cm?), n is the number of electrons transferred during reaction, F is the Faraday

constant (96,485 C/mol), R is the gas constant (8.3145 Jemol'sK™"), T is temperature in K, and #

is the overpotential (mV).
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i=in— 4.6
M (4.6)
The number of electrons transferred is one (Li" + ¢© — Li%), and in a symmetric cell, the
open-circuit voltage is zero; therefore, measured voltage is equal to overpotential. Rearranging and

using Ohm’s Law yields Equation 4.7, where R;, is the interfacial resistance () and A is

electrode area.

L _, AF
()RT

R

nt

4.7)

Exchange current density i, can be expressed in terms of the reaction rate constant &, (s™'),
the activity coefficient of Li" at the interface 7, » the (dimensionless) concentration of Li" at the
interface ¢, ., the activity of Li° at the interface (equal to unity), and the Faraday constant F
(Equation 4.8):(264]

io = Fk0(7 i+CLi+ )0-5 (48)

If we assume that the charge-transfer reaction follows Arrhenius kinetics, then the equation

above may be rewritten as Equation 4.9, where A/ is the frequency factor (s™!) and E, ., is the
activation energy of charge transfer (J/mol):
. _FA 0.5 _Ea,ct (4 9)
ly = f(yu* CLi") eXp RT )

Plugging this result into Equation 4.7 and taking the natural logarithm yields Equations

4.10 and 4.11:
1 E
In| — |=In[{]-—2& 4.10
{Rmt } [5] RT ( )
— FzA,f(}/Li+ cu* )OVSA

4 (4.11)

RT
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With the above relationship between R;,; and E

a,ct

established, we may plot In(R,, ") vs.

T! (Figure 4.10) and perform linear regression, extracting E, ., from the slope of the line and i,

from its intercept as per Equation 4.12 below.

. CRT E,
=2 —exp| ——=- 4.12
“T7AF P TRT (4.12)
2
n Li(G4)TFSI
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Figure 4.10. Plot of In(R ") vs. 1000/T for Li(G4)TFSI and SIG electrolytes.

All electrolytes showed good agreement with this model for interfacial resistance, as
evidenced by the linearity of the above plot. At 30°C, SIG 2 had the lowest interfacial resistance
of 37 Q, followed by the similar values for SIG 1P (50 Q) and SIG 1 (51 Q). Li(G4)TFSI had the

largest interfacial resistance of 79 Q. These trends agree well with my previous report on

stripping/plating overpotential (see Section 3.3.3). Calculated values for £, , and temperature-

t

dependent i, are plotted in Figure 4.11; a value of 74 kJ/mol was obtained for Li(G4)TFSI, slightly

larger than the literature value.
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Surprisingly, activation energy of charge transfer doesn’t correlate with interfacial

resistance, as SIG 2 possesses the largest £, , (81 kJ/mol), followed by SIG 1 (76 kJ/mol),

Li(G4)TFSI, and SIG 1P (73 kJ/mol). In fact, it would appear that PEG increases £, which

a,ct
ought to produce larger resistance. PPG has comparatively little effect on £, , however, lowering

it slightly comparing to the neat SIL. On the other hand, exchange current density correlates quite
well with interfacial resistance, showing the same trends with material and temperature (at 30°C,
SIG 2: 0.34 mA/cm?, SIG 1P: 0.27 mA/cm?, SIG 1: 0.26 mA/cm?, Li(G4)TFSI: 0.17 mA/cm?).
Apparently, the improved Li stripping/plating performance of SIGs relative to Li(G4)TFSI

originates from exchange current density, rather than activation energy.
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Figure 4.11. Calculated values of i, (mA/cm?) and E, ., for all electrolytes. Exchange current

density is plotted on a log scale to better demonstrate the trend among materials.

Notably, the data for SIGs 1 and 1P cross each other in Figures Figure 4.10 and Figure
4.11, exactly the same as in Figure 4.8. This suggests that the mechanistic underpinnings for the

all of these trends are similar. Examining Equation 4.9, it is clear that polymer-ion interactions
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might potentially influence i, through four variables: y, ., ¢, ., 4, ,and E, . While activation

energy could possibly explain the minor differences between SIG 1 and 1P, it certainly cannot

explain the performance of SIG 2. Similarly, c, . is identical for each SIG as they all contain

80vol% Li(G4)TFSL. This leaves y,. and 4, as the only possible culprits. While a detailed study

of either parameter falls outside the scope of this work, it should be noted that frequency factor is
commonly interpreted in terms of the probability that colliding reactants (in this case, Li" and the
charged lithium surface) occupy the correct orientation to proceed. In light of the relative abilities
of PEG/PPG to participate in either competitive binding of Li" or diluent-like charge separation,
both of which involve changes to Li" coordination environment, it seems likely that polyethers
play a role in solvating Li" at the electrode surface. Further study on this topic is required.

One final note concerns the validity of the model used to derive E, , and i, and the

‘
discrepancy in activation energies obtained for Li(G4)TFSI. While I assume here that R, can be
entirely attributed to charge transfer, this may not necessarily be the case. Example Nyquist plots
of SIG 1 impedance data are shown in Figure 4.12, along with their equivalent circuit fits. At
30°C, the data appear to consist of two overlapping semicircles: one at high frequency with a small
real component, and one at lower frequency with a large real component. This necessitated a more-
complex equivalent circuit to obtain an accurate value for R, (Figure 4.2). One of these features
may be representative of ion transport through the SEI, and it should be possible to separate charge-
transfer resistance R from SEI resistance Rsg;, which ought to be excluded from further
calculations. However, the time constants of these processes become increasingly similar at higher

temperatures and the semicircles become impossible to distinguish. Therefore, the total

R, =R, +R, was used instead. Since my symmetric cells were preconditioned before testing,
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while Yoshida er al.’s were not, this may explain the slightly larger £, value reported here for

a,ct
Li(G4)TFSI. However, the discrepancy (5 kJ/mol) is very small, and any error related to this effect

is unlikely to have affected the overall conclusions.
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Figure 4.12. Nyquist plots of Li|SIG 1|Li impedance data and their equivalent circuit fits at a)
30°C and b) 80°C.

4.3.4  Diluent Effects on Li(G4)TFSI and SIGs

While polymer network structure clearly has a strong effect on transport and charge transfer
in SIGs, liquid composition may also be used to tailor properties. Previously, I reported the use of
1,4-dioxane as a solvent diluent (13.3vol%), which dramatically improved k and #;+ of SIGs;
however, dioxane’s low boiling point (101°C) and dielectric permittivity (2.3) make it less-than-
ideal. A better diluent ought to further improve SIG transport properties.

Very few solvent classes are appropriate for LSBs, considering their stability constraints
(see Sections 1.3.2 and 1.3.7). Ketones, esters, sulfones, nitriles, alcohols, and halogenated
solvents are ruled out due to their reactivity with lithium metal; amides, sulfones, and phosphates
are questionable at best. Some aromatic solvents could be appropriate, but they usually have poor

solubility for lithium salts. Carbonates are additionally ruled out due to their reactivity with Li>Sx



90
species, leaving only ethers to be generally suitable. In fact, besides RTILs and a few isolated

exceptions,|152:190.265.266]

ethers make up the vast majority of reported solvents. While many ethers
have better permittivity than dioxane (DOL: 7.1, DME: 7.2), their boiling points tend to be quite
low (DOL: 76°C, DME: 85°C), which raises flammability concerns and leads to bubble
formation/evaporation during SIG cure.

Li(G4)TFSI also introduces stability constraints of its own. Ueno and coworkers have
found that molecular solvents with a permittivity and/or DN much larger than G4 (¢=7.7, DN=17)
will unbind the [Li(G4)]* complex, which ruins its ionic-liquid-like properties.?>"! These authors
demonstrated a handful of solvents that can successfully increase k while maintaining solvate
integrity, but only two of them (toluene and 1,1,2,2-tetrafluoroethyl-2,2,3,3-tetrafluoropropyl
ether, or TTFE) meet LSB stability criteria. Based on the above report, an ideal solvent diluent
would possess the highest-possible €<40, the highest-possible DN<17, and the lowest-possible
viscosity.

After a thorough literature search, I have identified a new diluent candidate for Li(G4)TFSI
which satisfies all constraints: anisole a.k.a. methoxybenzene (Figure 4.13). Anisole is both an
ether and an aromatic solvent, possessing a higher boiling point (154°C) than most members of
either class. It has been previously reported as an additive for lithium-ion batteries!**”! and, due to
the m-donating effect of the -OCHj3 substituent, it is stable to reduction by lithium metal.l?*8! Its
permittivity (4.7)2%1 and DN (9)127%! are within the acceptable range for Li(G4)TFSI, and it
contains no functional groups likely to react with Li>Sx under LSB conditions. Finally, it has
extremely low viscosity (0.9cP at 30°C)!?’!l comparable to DOL (0.6¢P at 25°C)?’?) and DME

(0.4¢cP at 20°C).273]
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Figure 4.13. Molecular structures and relevant reported properties of three molecular solvents
investigated as diluents for Li(G4)TFSI. References given in text.

To investigate the effect of anisole on Li(G4)TFSI, a series of DSILs were prepared with
anisole, TTFE, and dioxane for comparison. Conductivity at lab temperature (23+£1°C) was then
measured for each blend as detailed in Section 4.2.4, and the results plotted in Figure 4.14 below.
The measured values of « for Li(G4)TFSI and Li(G4)TFSI: TTFE agree with previous reports, 22"
confirming the accuracy of the method. The hydrofluoroether TTFE (¢=6.2 and DN=1.9, viscosity
1.3cP at 30°C2™)) is found to moderately improve ionic conductivity, with a maximum of 5.0
mS/cm observed at 1:2 mixing ratio. At the 5:1 dilution previously used in DSIG 5, TTFE and
dioxane produce identical k values of 1.8 mS/cm; notably, this is still less than the measured
conductivity of DSIG 5, suggesting an additional improvement from PEG diluent-like effect.
Dioxane slightly surpasses TTFE at 1:1 mixing ratio (4.8 vs. 4.4 mS/cm), suggesting that its lower

viscosity (1.1cP at 30°C)2"> and/or higher DN (14.8)27% become more relevant at higher dilutions.
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Figure 4.14. Room temperature ionic conductivity of Li(G4)TFSI diluted with anisole, 1,4-
dioxane, or TTFE in varying ratios. Lines are guides for the eye. Molarity is approximate since
volume change of mixing was not measured.

Anisole, on the other hand, easily surpasses both solvents, producing a conductivity of 2.9
mS/cm at 5:1 dilution and a maximum of 7.8 mS/cm at 1:1 dilution. To my knowledge, this exceeds
any other reported diluent which is thermodynamically stable to the [Li(G4)]" complex and to
lithium metal. The >700% conductivity boost achievable with anisole is a product of its unique
combination of moderate € and DN with low viscosity.

A new DSIG formula was developed with this diluent: 20vol% P7s0, 66.6vol% Li(G4)TFSI,
and 13.3vol% anisole. This material was termed “DSIG-C1” due to its later use in sulfur cathodes
(see Chapter 5) and parent material SIG 1. Short-chain P75, liquid at room temperature, was used
rather than P3s00 to simplify processing. The temperature-dependent ionic conductivity of DSIG-

C was measured as described above, with resulting data plotted in Figure 4.15.



93

-2.0
n Li(G4)TFSI
e DSIG Cf
+ SIG1

'E-25 -

9

2

x

3-3.0 A

'3.5 T T T

2.8 29 3j0 3j1 3.2 3.3
1000/T [K]

Figure 4.15. Temperature-dependent ionic conductivity (points) and VTF curve fits (lines) for
DSIG C1 between 30-80°C. Data for Li(G4)TFSI and SIG 1 reproduced from Figure 4.8 for

comparison.

Table 4.2. Conductivity at 30°C and VTF parameters obtained for DSIG C1. Data for
Li(G4)TFSI and SIG 1 reproduced from Table 4.1 for comparison.

K [S/em] |, [S/em] | Egion [J/mol] | T, [K]
Li(G4)TFSI | 1.60x10° | 2.30x10’! 4.32x10° 198
SIG 1 7.24x10* | 2.49x10’! 5.20x103 196
DSIG C1 1.44x10° | 1.95x10’! 4.67x10° 188

As with other SIGs, DSIG C1’s conductivity is modeled very well by VTF behavior; the
parameters obtained from fitting are presented in Table 4.2 above. Dilution with anisole is found
to roughly double the room-temperature ionic conductivity of SIG 1, despite producing a decrease
in limiting conductivity. This behavior is quite common for RTILs, as solvent dilution tends to

[204]

introduce nanoinhomogeneities that reduce ionicity, although PEG is an exception to this rule
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for SILs. Anisole, however, does not appear to effectively displace TFSI™ from the Li" coordination

shell, likely due to its lower € and DN compared to G4. The reduced K, is more than compensated

for by reduced local viscosity, measured here as reduced E_,,. Vogel temperature To also

decreases significantly, indicating an increase in conformational entropy which also improves

transport.

4.4 CONCLUSION

In summary, the temperature-dependent ion transport and charge transfer properties of
PEG- and PPG-based SIGs were measured in comparison to Li(G4)TFSI. Due to atacticity and/or

steric hindrance, PPG was found to interact less-strongly with Li(G4)TFSI, as evidenced by lower

values for ¥,, E

wion» and #z;+, in addition to thermal measurements. Overall, slightly-improved
room-temperature conductivity was observed for PPG-based SIG 1P (0.79 mS/cm) as compared
to otherwise-identical, PEG-based SIG 1 (0.72 mS/cm). Additionally, measurement of
temperature-dependent R;,; in Li symmetric cells revealed that the reduced stripping/plating
overpotential in SIGs compared to SILs originates from improved exchange current density i,.
However, all measured values of i, at 30°C (0.16-0.34 mA/cm?) were still 1-2 orders of magnitude
below traditional organic electrolytes (>1 mA/cm?).*’62771 While impedance spectroscopy has
been known to underestimate i, in some cases, the highlighting the need for additional research on
the mechanism of charge transfer in SIL-based electrolytes and how the kinetics of this process
may be further improved. Finally, methoxybenzene a.k.a. anisole was demonstrated as a superior
solvent diluent for Li(G4)TFSI, enhancing room-temperature conductivity by >700% at 1:1

dilution. Anisole was incorporated into the SIG 1 formula at 13.3vol% to produce DSIG C1, and

the solvent was found to significantly decrease £, and To resulting in a doubling of room-

n
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temperature conductivity (1.44 mS/cm). DSIG C1 shows tremendous promise as an electrolyte for

LSBs.
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Chapter 5. QUASI-SOLID-STATE LITHIUM-SULFUR BATTERIES

BASED ON SOLVATE IONOGEL
ELECTROLYTES

The experiments discussed in this chapter were designed, performed, and analyzed

collaboratively by myself and colleagues Yun (April) Li and Jiaxu Qin.

5.1 INTRODUCTION

5.1.1 Motivation

All-solid-state designs are generally desirable for lithium secondary batteries, including
LSBs, since they may improve safety, simplify fabrication, and eliminate structural “dead
weight.”1%® Additionally, the previous chapters of this dissertation have discussed at-length the
myriad specific advantages of Li(G4)TFSI-based solvate ionogels (SIGs) for LSBs, including
spatial control of LirSx diffusion, Li dendrite prevention, and elimination of flammable/gas-
generating organic electrolytes. While SIGs have demonstrated to possess good lithium transport
properties and acceptable Li stripping/plating performance, I am unaware of any existing literature
on the use of SIGs in an LSB system. In fact, there have been very few reports on LSBs with

278271 This may be due to the inherent challenge of

ionogel electrolytes of any kind.!
cathode/separator wetting, as mentioned previously in Section 3.1.1. The difficulty of wetting
nonpolar surfaces with RTILs is further compounded by the introduction of a solid matrix or its
precursors, which may further inhibit electrolyte penetration into highly-porous carbon
composites. Baloch and coworkers directly acknowledged this challenge in their report on gel

polymer electrolytes based on polymeric ionic liquids (GPE-PIL); ultimately, they were forced to

include an organic electrolyte to achieve reasonable LSB performance, with GPE-PIL relegated to
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a cathode binder role. Ogawa and coworkers took a different approach, blending their RTIL/fumed
silica ionogel directly with a C/S composite during cathode fabrication. This allowed their LSB to
achieve >1300 mAh/gs initial capacity without requiring organic electrolyte. However, these cells
exhibited rapid capacity fading (<800 mAh/gs after 10 cycles), even at a low rate of C/20. They
attributed this to rapid passivation of cathode surfaces by Li>S, which may be due to the near-total
immobility of sulfur species in their design.

On the other hand, the SIG design strategy demonstrated in Chapters 3 and 4 may provide
a route around these problems. PEGDMA-based SIGs are not fabricated as gels, but rather as
crosslinkable liquid resins which gelate upon radical initiation. Furthermore, unlike the SIGs
reported by D’ Angelo and coworkers,!??] initiation is triggered by heat rather than UV light, which
allows for opaque substrates i.e. carbon to be integrated into SIGs without compromising curing
efficiency. An 80°C heating step is already included in most LIB/LSB electrode fabrication
processes, which start from a viscous slurry of active material, additives, and binders in low-
volatility solvent (NMP). This suggests that SIG precursors might be added directly to a cathode
slurry, coated onto a substrate, then cured, forming an in-situ crosslinked composite with S/C
particles evenly distributed and wetted with electrolyte. Such a process would simultaneously
bypass most of practical challenges associated with ionogels in LSBs, allowing better long-term

evaluation of the electrochemistry in such a device.

5.1.2 Rationale and Overview

Herein I report the fabrication of separator and S/C cathode composites containing solvate
ionogels, both of which demonstrate excellent bulk conductivity due to intimate contact between
components. These composites are combined with a Li metal anode to produce, for the first time,

a quasi-solid-state (QSS) LSB based on SIG electrolyte. The electrochemical performance of this
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design is explored in detail, including its galvanostatic cycling performance and the origin of
various overpotentials. A QSS design is found to outperform traditionally-constructed LSBs with
both organic and SIL-based electrolytes, retaining 774 mAh/gs (66% of initial capacity) after 100
cycles at C/10 and maintaining an average coulombic efficiency of 96.5% without any passivating
additives. These results demonstrate the viability of ionogel-based LSBs and suggest a path to

high-performance using integrated molecular design.
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5.2 EXPERIMENTAL METHODS

5.2.1 Materials

Poly(ethylene glycol) dimethacrylate (P750, Mn~750Da, Sigma-Aldrich), poly(ethylene
glycol) (6 mmol hydroxyl end groups, M, ~3350, Sigma-Aldrich), azobisisobutyronitrile (AIBN,
98%, Sigma-Aldrich), HCl (ACS reagent, 37%, Sigma-Aldrich) ethyl acetate (HPLC, Fisher),
ethanol (200 proof, Decon Labs), and dichloromethane (>99%, Fisher) were used as-recieved.
Methacryloyl chloride (97%, Sigma-Aldrich) was stored in a freezer with an airtight seal and
distilled over CaH» under N; before use. Tetraethylene glycol dimethyl ether (G4, >99%, Aldrich),
1,4-dioxane (>99%, Fisher), and anisole (anhydrous, 99.7%, Sigma-Aldrich) were dried over 4A
molecular sieves and stored in an argon-atmosphere glovebox (Vacuum Technology Inc,
<0.01ppm H>0 and O») prior to use. LiTFSI was purchased from 3M and dried at 120°C under Ar,
then stored/used in an argon-atmosphere glovebox. Li(G4)TFSI and P3so0 were prepared as
detailed in Section 3.2.

Sulfur (Ss, powder, 99.98% trace metals basis, Sigma-Aldrich), Li>S (99.98% trace metals
basis, Sigma-Aldrich), LiNO3 (anhydrous, 99.98% metals basis, Alfa-Aesar), poly(vinylene
difluoride) (PVDF, 600kDa, MTI Corp), 1-methyl-2-pyrrolidinone (NMP, 99%, Sigma-Aldrich),
1,3-dioxolane (DOL, anhydrous, contains ~75 ppm BHT as inhibitor, 99.8%, Sigma-Aldrich), and
1,2-dimethoxyethane (DME, anhydrous, 99.5%, inhibitor-free, Sigma-Aldrich) were stored/used
as-received in an argon-atmosphere glovebox (Vacuum Technology Inc, <0.01ppm H>O and O5).
Carbon black (C-NERGY™ Super C65, Imerys) and multi-wall carbon nanotubes (MWCNT,
<S5nm diam, SES Research) were stored in a 70°C drying oven and removed only when needed.
MJ430 (Porous Carbon CNovel™, Toyo Tanso USA) was purified by acid wash with 2 M HCl in

ethanol, then rinsed thoroughly with ethanol, vacuum dried, and stored in a sealed glass vial prior
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to use. Lithium chips (99.9%, 15.6mm diameter, 0.45mm thickness) were purchased from MTI
Corp and stored/used in an argon atmosphere glove box. CR2032 coin cell kits were purchased
from Pred Materials International. Celgard 2500 (85mm x 60m roll) was purchased from AME
Energy Co., Ltd and used as-received. Aluminum foil (280mm x 350m x 15 pm roll) and carbon-

coated aluminum foil (260mm x 80m x 18um roll) were purchased from MTI Corp.

5.2.2  Synthesis of S/C Composites®

Solid Sg and purified MJ430 were added in the desired weight ratio to an agate
mortar/pestle and ground together until visually homogeneous, then added to a quartz vacuum
tube. The tube was evacuated and refilled with argon (UHP, 99.999%) three times, then sealed
under vacuum with an oxy-acetylene torch and heated at 155°C for 24 h to produce melt-diffused

S/C composites.

523 Fabrication of SIG/Celgard Composite Separators

Inside of an argon-atmosphere glovebox, AIBN powder corresponding to 2wt% of polymer
was added to a glass vial and dissolved in ~50x its weight of dry dichloromethane. Then,
appropriate amounts of P75 and Li(G4)TFSI were added and magnetically stirred for 10 minutes
to produce a clear, transparent solvate ionogel (SIG) precursor resin. 200uL precursor was slowly
micropipetted onto the center of a porous polypropylene (Celgard 2500, or simply “Celgard”)
sheet, which was wrapped tightly around and taped to the underside of a soda-lime glass plate
(Colorado Concept Coatings) treated with siliconizing agent (Aquaphobe CM, Gelest). After
allowing a few minutes for the resin to thoroughly soak the separator, another siliconized plate

was gradually placed on top of the assembly to evenly distribute resin across/through the sheet.

$ This procedure was performed by Yun Li and Jiaxu Qin.
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Rare-earth magnets were then affixed to top and bottom of the plates to secure the assembly
together; the Celgard functioned as its own spacer in this gel mold, limiting the height of the total
composite. Finally, the mold was transferred into a preheated antechamber at 80°C for 3 h,
followed by a 24 h rest to ensure full cure. After this, the SIG 1/Celgard composite film was gently
removed from the mold and cut into 19mm diameter separators using a compact disc cutter (MSK-
T-07, MTI Corp). The separators were stored in a glass jar inside the glovebox. Thickness was

measured with a micrometer and found to be 40um on average.

5.2.4  Fabrication of S/C/SIG Composite Cathodes

Exact weights of S/C composite and Super C65 carbon black (typically a 265:35 ratio)
were added to an agate mortar/pestle and ground together until mixed thoroughly. The mixture of
solids was then added to a clean glass vial and transferred into an argon-atmosphere glovebox.
Meanwhile, in the glovebox, appropriate amounts of P7s0, AIBN (2%wt of polymer), Li(G4)TFSI,
and anisole (+10% additional anisole to account for evaporation) were added to a glass vial and
magnetically stirred for 10 minutes to produce a clear, transparent solvate ionogel (SIG) precursor
resin. Then, the solids mixture and resin mixture (typically 1:9 weight ratio) were sequentially
added to a 12mL polypropylene ointment container (Umano UG), along with three zirconia
grinding balls (2mm). The container was closed and sealed with Parafilm M™, then allowed to
rest for 3 h to ensure full wetting of the resin into the solid powder. The container was then removed
the glovebox and mixed three times for 5 min at 2000rpm in a Thinky SR-500 planetary centrifugal
mixer to create an S/C/SIG cathode slurry. Finally, the container was transferred back into the
glovebox.

Meanwhile, a conductive substrate was prepared by tightly wrapping a smooth sheet of

battery-grade aluminum foil around a soda-lime glass plate (9 x 15 cm), then affixing it to the
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underside with tape. This was transferred into the glovebox along with a 9 x 15 cm piece of EPDM
rubber (1/16” thick, 60A, Grainger) cut into a hollow rectangular gasket with interior 7 x 13 cm, a
second glass plate, and several rare-earth magnets. The S/C/SIG slurry was manually blade-coated
onto the foil using a micrometer-adjustable film applicator (150 mm width, MTI Corp), then the
mold was closed/sealed using the rubber gasket and second glass plate with rare earth magnets
affixed to the top and bottom. The entire assembly was transferred into a preheated antechamber
at 80°C for 3 h, followed by a 24 h rest to ensure full cure. The assembly was kept sealed in the

glovebox until the day of cell fabrication.

5.2.5 Fabrication of Quasi-Solid-State Li-S Batteries

Inside of an argon-atmosphere glovebox, S/C/SIG-coated Al foil was gently removed from
its mold and cut into 15mm electrodes using a compact disc cutter (MSK-T-07, MTI Corp). These
were weighed and then immediately stored inside individually-labeled 20mL glass scintillation
vials. Areal loadings ranged 0.9-1.3 mgs/cm? Thickness was measured with a micrometer and
found to be about 150um on average. Lithium chips were gently polished using 320 grit followed
by 600 grit sandpaper (Norton T414 Blue-Bak) to remove excessive surface oxidation and ensure
consistency between samples, then pressed onto roughened stainless steel (SUS316L or “SS”)
discs. QSS LSBs were assembled into CR2032 coin cells by sequentially placing S/C/SIG
cathodes, SIG 1/Celgard separators, and Li/SS anodes on top of one another. Cells were closed

with an electric coin cell crimping machine (MSK-160D, MTI Corp).

5.2.6  Fabrication of Traditionally-Constructed Li-S Batteries

In a typical procedure, PVDF and NMP were added to a 12mL ointment jar and mixed to

form a solution, followed by addition of S/C composite and Super C65 (80:10:10 [S/C:PVDF:C65]
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weight ratio) and mixing for 15 min at 2000rpm in a Thinky SR-500 planetary centrifugal mixer
to produce a slurry. The slurry was coated onto smooth Al foil using an automatic film coater
(MSK-AFA-II-VC-H, MTI Corp) with a micrometer-adjustable film applicator (150 mm width,
MTI Corp), then superficially dried using a heated cover. The cathode-coated foil was then dried
under active vacuum for 12 h at 50°C. Finally, 15mm diameter cathodes were punched using a
heavy-duty disc cutter (EQ-T06-Disc, MTI Corp), then individually weighed and transferred inside
an argon-atmosphere glovebox for storage. Typical areal loadings were 0.8-1.1 mgs/cm?. Celgard
2500 separators (19mm diameter) were cut and stored similarly. CR2032 coin cells were fabricated
in the glovebox by adding 30 pL of either organic electrolyte (“OE,” 1M LiTFSI in DOL:DME
[1:1 v/v] + 1wt% LiNO3) or Li(G4)TFSI to a separator/cathode stack, followed by a Li/SS anode
prepared as described above, then closing the cell with an electric coin cell crimping machine

(MSK-160D, MTI Corp).

5.2.7  Fabrication of Symmetric Cells

For Li symmetric cell fabrication, lithium chips were polished and pressed onto roughened
SS discs, as described previously. 19mm diameter separators (SIG 1/Celgard or Li(G4)TFSI
prewetted into Celgard) were inserted between the chips, and the whole assembly placed into
CR2032 coin cells which were sealed using an electric crimping machine. SS symmetric cells were
fabricated by sandwiching either an S/C/SIG cathode or a SIG 1/Celgard separator between
smooth, clean SS discs, then placing whole assembly into CR2032 coin cells which were sealed

using an electric crimping machine.
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5.2.8  Electrochemical Measurements
All C-rates were calculated based on the theoretical gravimetric specific capacity of sulfur
(1C=1.672 mA/gs). Galvanostatic cycling tests were performed at 30°C using an Arbin BT-2043
battery tester connected to an environmental chamber; typically, cells were preconditioned at C/20
for the first discharge and second cycle, followed by sustained cycling at C/10. Voltage limits were
set 1.9-2.8V for cells with organic electrolyte, and 1.5-3V for all others. The reported cell data was
selected to be generally representative of behavior for many different cells of the same design.
Galvanostatic intermittent titration technique (GITT) data was collected on preconditioned cells
during the 3™ cycle. Charge/discharge was interrupted every 20 min with a 1 h rest, allowing the
cell to relax to its open circuit voltage (OCV); this continued until voltage limits were reached.
Temperature-dependent electrochemical impedance spectroscopy (EIS) of cells was performed
from 7MHz-100mHz in an environmental chamber using a CH Instruments Model 660E
Electrochemical Workstation. Temperature-dependent ionic conductivity of SIG 1/Celgard was
measured by sandwiching a 15mm diameter sample between smooth, clean SS discs, then

performing impedance spectroscopy as described in Section 4.2.4.
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5.3 RESULTS AND DISCUSSION

5.3.1 SIG/Celgard Composite Separators

Although the previously-demonstrated SIGs are all free-standing solids with relatively high
compressive toughness, their elastic moduli are <500kPa (see section 3.3.1) and I have found them
to be poorly tolerant of tensile stress. This necessitates the fabrication of thick films (~250um) to
allow a reasonable amount of handling. However, LIB/LSB battery separators are typically limited
to <50um thickness to both minimize ohmic resistance and reduce cell volume, which begs the

question of how to best utilize SIG electrolyte chemistry while limiting through-cell distance.

Li (MY TFS)

Figure 5.1. Photograph of Celgard 2500 films against a patterned background, with i(G4)TFSI
(left) or a ternary RTIL blend (right) added on top.

Commercial LIBs generally use porous polyethylene (PE) or polypropylene (PP) films as
separators, which are readily wetted by organic electrolyte solvents. Celgard® 2500 (hereafter
referred to as “Celgard”) is a representative example, being a 25um thick monolayer PP film with
55% porosity and 0.064pum pore size.?*”! Notoriously, most RTILs appropriate for lithium battery
usage cannot penetrate such separators, which has driven research into alternatives.??2l However,
solvate ionic liquid Li(G4)TFSI does, in fact, wet Celgard, albeit slowly due to its high viscosity
(94.6 cP at 30°C).!"¥ This is illustrated in Figure 5.1 below; porous PP is largely opaque when
dry due to light scattering, but becomes transparent when soaked with organic liquids. Upon
adding a drop of Li(G4)TFSI to Celgard, a piece of orange polyimide underneath becomes clearly

visible, indicating full penetration of the SIL through porous PP. In comparison, a drop of ternary
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RTIL electrolyte (10mol% LiTFSI in 1-butyl-1-methylpyrrolidinium TFSI) fails to cause any

optical change, indicating no penetration of this liquid.

In light of this information, I fabricated novel composites by thoroughly wetting SIG 1
precursor resin into a Celgard film, then heating between non-stick glass plates to cure the gel in-
situ within the pores of the PP (Figure 5.2). SIG 1 was chosen due to its comparatively lower
viscosity, commercially-available precursors, and ease of fabrication. Solvent diluents were
avoided so as to discourage through-diffusion of Li>Sx in LSBs. The resulting separator films
possess the chemical characteristics of SIG 1 but the mechanical toughness of porous PP, allowing

them to be easily handled despite only 40um average thickness.

a) SIG Precursor

wetting
—_—
Celgard 2500
S cure 180“0
S1G/Celgard
) punch
Composite -—
Separator

Figure 5.2.a) Schematic of the fabrication process for SIG/Celgard composite separators. b)

Image of a cured SIG 1/Celgard composite, with red tape underneath to show its transparency.
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Temperature-dependent ionic conductivity of the composite separators was measured
between 30-80°C (Figure 5.3) and the corresponding VTF parameters presented in Table 5.1 (see
Section 4.3.2). SIG 1/Celgard has a bulk ionic conductivity of 0.38 mS/cm at 30°C, roughly half
that of SIG 1 itself. This is an expected effect of the porosity/tortuosity introduced by Celgard, in

agreement with previous reports,?®! and still acceptable for room-temperature battery operation.
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Figure 5.3. Temperature-dependent ionic conductivity (points) and VTF curve fits (dotted line)
for SIG 1/Celgard between 30-80°C. Data for Li(G4)TFSI and SIG 1 reproduced from Figure 4.8

for comparison.

Table 5.1. Conductivity at 30°C and VTF parameters obtained for SIG1/Celgard. Data for
Li(G4)TFSI and SIG 1 reproduced from Table 4.1 for comparison.

Kspec [S/cm] Ko [S/cm] Eion [J/mol] T, [K]

Li(G4)TFSI | 1.60x10° | 2.30x10" 4.32x10° 198

SIG 1 7.24x10% | 2.49x10°! 5.20x103 196

SIG 1/Celgard| 3.76x10* | 9.00x107 6.33x10° 164
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In fact, a quick calculation reveals that anode interfacial resistance still outweighs bulk
ohmic resistance by far. Using previously-determined parameters for Li(G4)TFSI and SIG 1, Rix
for Li|SIG 1/Celgard is predicted to be a full order of magnitude larger than Rpux at 0.1 mA/cm?.
However, Ry is still reduced by 30% compared to Li(G4)TFSI/Celgard or 19% compared to
freestanding SIG 1, demonstrating the utility of this composite approach. Notably, this calculation
does not include polarization a.k.a. concentration overpotential, which is more difficult to predict
from basic material properties, [*** but since this parameter is related to transference number
through Dy;+, it is expected that SIG 1/Celgard should benefit from the improved #.;+ of SIGs

relative to Li(G4)TFSI (see Section 3.3.1).

Table 5.2. Expected overpotential of Li anode + separator (excluding polarization) at 0.1
mA/cm? for three electrolyte/separator systems: Li(G4)TFSI wetted into Celgard 2500, a
freestanding film of SIG 1, and SIG 1 wetted into Celgard 2500. The conductivity of
Li(G4)TFSI/Celgard was estimated as 2.5x less than the SIL itself.[?3!]

Li(G4)TFSIl/ SIG 1 SIG 1/

Celgard (freestanding) Celgard

Kypec [S/cm] 6.4x10* 7.24x10* 3.76x10*
A [em?] 1.911 1.911 1.911

/ [pm] 25 256 40

Rpuik [€2] 2.04 18.5 5.57
Rint [€2] 79.4 51.0 51.0
Riot [2] 814 69.5 56.6
Nan+sep [MV] 15.33 13.3 10.8
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In order to directly test the suitability of SIG 1/Celgard for real systems, Li symmetric cells

were fabricated and cycled at £0.1 mA/cm? (Figure 5.4a). After an initial induction period, the
overpotential of SIG 1/Celgard stabilizes at 55mV, in comparison to 90mV for
Li(G4)TFSI/Celgard. Quite a large percentage of this may be attributable to polarization effects,
since the combined overpotentials predicted by Table 5.2 are 11mV and 16mV, respectively.
Clearly, SIGs with higher 7;+ must be developed to minimize polarization; however, the improved
Li" transport characteristics of SIG 1 still generate a major reduction in overpotential compared to
neat Li(G4)TFSI. Furthermore, the overpotential of Li(G4)TFSI/Celgard increases rapidly with
continued cycling, eventually becoming erratic and then dropping rapidly, indicating a dendrite-
related short-circuit. On the other hand, SIG 1/Celgard continues to cycle stably with only

moderately-increased overpotential (90 mV) after 400 h, probably attributable to SEI growth.
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Figure 5.4. a) Cycling behavior of Li symmetric cells (30°C, 0.1 mA/cm?, £0.3 mAh/cm?)
containing Celgard 2500 prewetted with Li(G4)TFSI vs. a SIG1/Celgard separator, and b)
comparison of their performance from 0.05-1.0 mA/cm?.
To compare performance at other current densities, Li symmetric cells with both types of

separator underwent cycling at +0.1-1 mA/cm?, with £1 mAh/cm? total charge passed in each case.

A 24h preconditioning cycle at £0.05 mA/cm? was performed for both cells in order to establish a



110

stable SEI layer and Li morphology. However, the overpotential becomes erratic for both materials
starting at 0.2 mA/cm?, a behavior which has been linked to rapid growth of a highly-resistive
SEL?# although the voltage “spikes” are less severe in SIG 1/Celgard at 0.5 and 1.0 mA/cm?.

Further work is required to better understand this behavior.

5.3.2  Rational Design of OSS LSBs with Integrated SIG Electrolyte

Despite the improved wetting behavior of Li(G4)TFSI compared to other RTILs, its high
viscosity still poses a significant challenge to cell integration. This is especially true in LSBs using
mesoporous S/C composites, where electrolyte must thoroughly penetrate the highly-tortuous
cathode, coat a large amount of surface area, and navigate pores as small as 2nm. Gelating agents
further complicate the picture, and I have noted increased viscosity even in SIG precursor resins
containing only “pre-polymer” P7so.

Prompted by these challenges, I have developed a novel electrode fabrication method
which relies on existing, scalable manufacturing techniques but produces a fully-integrated,
mechanically-stable cathode composite containing an intimate mixture of S/C composite and SIG
electrolyte (Figure 5.6). This S/C/SIG cathode can be “dropped in” to existing cell fabrication
processes, but requires no additional electrolyte to function.

Traditional cathode manufacturing processes start from a slurry of the desired materials in
a carrier solvent, usually NMP. This slurry is blade-coated, slot-die-coated, etc. onto an aluminum
foil substrate, and the solvent is gradually removed by heating to produce a porous composite.
During cell fabrication, the cathode must then be re-wetted, this time with electrolyte. My process
instead replaces carrier solvent with the electrolyte itself — a SIG precursor resin. This liquid
becomes intimately mixed with all solid particles during the slurry mixing process, bypassing the

need for re-wetting later on. Since Li(G4)TFSI and PEGDMA are non-volatile under ambient
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a)  SIG Precursor S/C/SIG Slurry
mix .
S/C Composite t:!?:? 1
-
(S/C/SIG\ / \
Cathode cure 1 80°C

a cured C/S/SIG film. This early trial used glass spacers, which were later replaced by an EPDM

rubber spacer.
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conditions, the resulting slurry may be processed with minimal risk of drying out. Once coated
onto a foil substrate, heating the S/C/SIG slurry initiates crosslinking of PEGDMA in-situ around
the percolation network of particles, forming a bi-continuous transport network for electrons and
Li" ions. This cathode design is also “binderless,” since the crosslinked SIG functions as both an
electrolyte and a mechanical support network.

The resulting S/C/SIG cathodes may combined with SIG/Celgard composite separators (as
described above) and Li metal to produce quasi-solid-state lithium-sulfur batteries (QSS LSBs,
Figure 5.6). Since the cathode and separator both contain high concentrations of mobile
Li(G4)TFSI, they laminate together readily, in comparison to many solid-state designs where
interfacial contact is a major challenge.!**°! No additional electrolyte is required, eliminating the
electrolyte addition/wetting step of cell fabrication. This cell can only be considered “quasi-solid-
state” since the majority of electrolyte volume still consists of liquid, albeit macroscopically
immobilized as a gel. Nonetheless, every component is entirely free-standing with minimal volatile
content, making it functionally near-identical to a true solid-state battery. To my knowledge, this

represents the first-ever report of an LSB containing SIG electrolyte.

Carbon-Sulfur
Composite

SIG/Celgard Separator
Li Anode

Figure 5.6. Overview of the quasi-solid-state (QSS) Li-S cell design, consisting of SIG-
impregnated composites laminated together with Li metal. Close-up schematic depicts internal

cathode structure with bi-continuous electron and ion transport pathways.
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Practically-speaking, I found it helpful to add a small amount of organic solvent diluent to
the cathode slurry. This diluent reduces resin viscosity to speed infiltration into the solid powder,
promotes even dispersion of carbon particles during mixing, and (if not removed prior to cure)
improves ion transport in the final SIG composite. Hypothetically, a solvent may also influence
electrochemical behavior of the cell due to effects on Li»Sx conversion (see Section 2.1.2). Initially,
Iinvestigated 1,4-dioxane for this role, and successfully produced functioning cells. However, the
volatility of dioxane caused visible, time-dependent changes during both slurry processing and
thermal cure, leading to poor reproducibility. This led me to investigate lower-volatility anisole as
a diluent (see Section 4.3.4), culminating in the design of DSIG-C1, which was used thereafter to

produce the results reported below, which were easily reproduceable between batches.

533 Cycling Results and Comparison to Other Designs

In order to assess the viability of my design strategy, I fabricated S/C/DSIG-C1 composite
cathodes using a composite of 50wt% Sg melt-diffused into mesoporous carbon MJ430, as
previously described by myself and coworkers, ! along with a small amount of Super C65 carbon
black as a conducting additive. Excluding aluminum, the total sulfur content was ~5wt%; however,
this calculation also includes the weight of electrolyte and “binder” due to the unique design and
fabrication process. The sulfur content corresponds to a typical design with 50% inactive solids
and an electrolyte/sulfur (E/S) ratio of 15 mL/mg. The composite cathodes were then laminated
together with a SIG 1/Celgard separator and Li metal to produce QSS cells.

For comparison, | fabricated “traditional” sulfur cathodes using 50%S/MJ430, Super C65,
and PVDF binder (see Section 5.2.6). To these cathodes were added either a standard organic

electrolyte (“OE,” 1M LiTFSI in DOL:DME [1:1 v/v] + Iwt% LiNO3) or neat Li(G4)TFSI,
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followed by a PP separator (Celgard) and Li metal to form a complete LSB. All cells were then

cycled at 30°C, with the results plotted in Figure 5.7 below.
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Figure 5.7. a) Cycling performance of a QSS cell at C/10, compared to cells with traditional
S/C/PVdF cathodes and OE or Li(G4)TFSI liquid electrolyte. b,c) 2" cycle voltage traces of all
three cell designs at C/20 and C/10, respectively.

All three designs produced initial capacities >1000 mAh/gs, decreasing in the order OE >
> QSS > Li(G4)TFSI. However, the cell with organic electrolyte exhibited rapid capacity fading
within the first ten cycles, as expected due to irreversible dissolution of highly-soluble Li>Sx into
the electrolyte. Capacity continued to decline at a slower rate long-term, with the cell retaining
661 mAh/gs of its 2" cycle capacity after 100 cycles (average 0.44% loss/cycle). The coulombic

efficiency of this cell averaged 98.7% over this period — the best out of all designs. This is due to
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the inclusion of LiNOj passivating additive, which mostly prevents redox shuttling in this case. It
should be noted that, as seen above, coulombic efficiency often correlates poorly with capacity
fade rate in LSBs. This is because a large portion of the efficiency loss comes from redox shuttling,
which is a non-destructive process, and much of the remaining loss can be attributed to the anode,
which is provided in large excess here. In contrast, nearly all processes that reduce coloumbic
efficiency in LIBs result from irreversible capacity losses.

The cell with Li(G4)TFSI electrolyte produced the least initial capacity but also the least-
rapid initial decline, a result of the reduced polysulfide solubility in this electrolyte. However,
capacity fade accelerated somewhat over time, with only 680 mAh/gs remaining after 100 cycles
(0.35% average loss from cycles 2-100). Average coulombic efficiency was found to be 98.5%
over this period, quite impressive for a cell lacking a specific anode-passivating element, which
again is a testament to the ability of Li(G4)TFSI to prevent crossover of sulfur species. Notably,
both “traditional” cells exhibited similar capacity fade rates after Cycle 60, possibly indicating that
they share a long-term degradation mechanism unrelated to polysulfide crossover. Cathode
passivation by Li»S buildup may play a role in this behavior, and/or mechanical degradation of the
electrical percolation network.

In contrast, the QSS cell exhibited both a large initial capacity (1173 mAh/gs) and reduced
capacity fading over 100 cycles (0.32% per cycle). Most of this loss occurs in the first 30 cycles,
as the 100™ cycle discharge capacity (774 mAh/gs) is noticeably higher than the other cells and
declining at a visibly slower rate. The S/C/DSIG-C1 cathode to found to enable efficient sulfur
conversion, likely enhanced by the polar PEG and/or anisole content of the SIG electrolyte as

compared to neat Li(G4)TFSL



116

The coulombic efficiency of the QSS cell averaged 96.1% over 100 cycles, somewhat less
than the other designs, despite its lower capacity fade rate. This points towards redox shuttling as
a likely culprit, caused by increased LixSx solubility in the QSS system as compared to
Li(G4)TFSI. Again, this is likely attributable to the PEG and/or anisole content of the SIG
electrolytes, which provide Lewis-basic sites to coordinate Li" arising from Li>Sx dissolution.
Further optimization of the separator and better anode passivation may be able to reduce this effect.

Comparing the 2™ cycle charge/discharge voltages of these cells, several major differences
are revealed. The OE cell exhibits classic four-stage discharge behavior (see Section 1.2.2), with
an upper Stage I plateau at 2.4V and a lower Stage III plateau at 2.1V. A characteristic “dip” in
voltage appears at the end of Stage I, which has been attributed to reduced electrolyte conductivity
during the point of maximum Li>Sx concentration.[**3) Charge voltage exhibits similar stages in
reverse, although the transitions between them are less well-defined due to the continuous presence
of Li>S. A voltage hysteresis of 150mV is evident between charge and discharge. Li(G4)TFSI
electrolyte produces voltage behavior that is staged similarly to OE, but shifted downward/upward
during discharge/charge by its much-larger internal resistance. The first discharge plateau also
loses some of its “flatness,” instead occurring over a range of 2.1-2.3V. This is a common feature
in sparingly-solvating electrolytes, indicating the presence of competing conversion pathways.! %]
The characteristic dip at the end of Stage II is more prominent and lasts longer, likely indicating a
significant viscosity increase and/or poor LizS nucleation kinetics. A large “bump” is also present
near the beginning of charge, indicating a large kinetic overpotential associated with re-oxidation
of deposited Li,S.

Once again, QSS cell behavior appears quite different: Stage I voltage is “smeared out”

like in Li(G4)TFSI, but shifted upwards to 2.3-2.4V. On the other hand, Stage III occurs at the
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same potential (~1.9V) as Li(G4)TFSI. These plateaus are connected by a long-lasting Stage II

which contributes a significant fraction of total capacity and transitions smoothly to Stage III

without a voltage minimum. This highly-unusual behavior is discussed in more detail below.
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Figure 5.8. a) Self-discharge test of QSS cells vs. traditional cells with OE. 7" cycle discharge
was interrupted at 300 mAh/g, and cells were rested for 100h before continuing. b,¢) Voltage
profiles during the 6™, 7, and 8™ cycles.

LSBs commonly struggle with self-discharge to a greater extent than LIBs, since dissolved
Li>Sx may gradually precipitate as insoluble Li>S/Li>S> via disproportionation and/or direct
reduction at the anode. In order to test the ability of a QSS design to control this phenomenon,

C/10 cycling of QSS and OE cells was interrupted with a 100 h rest during cycle 7, followed by
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continued cycling. As a result, the OE-based design lost 185 mAh/gs (18.3%) to self-discharge

relative to the previous cycle, while the QSS cell lost only 108 mAh/gs (8.9%). Interestingly, the
OE cell recovered 63 mAh/gs in the following cycle, bringing the total two-cycle loss to 12.1%,
while the QSS cell lost an additional 44 mAh/gs for a similar total of 12.5%. However, the OE
charge/discharge capacities rapidly diverged after this point, strongly suggesting an accelerated
redox shuttle effect. The QSS cell did not exhibit this behavior, instead cycling its remaining
capacity stably with a coulombic efficiency of ~98%. This result is especially encouraging given
the lack of anode-passivating additives in the QSS system. Hence, while we have observed that
both designs are similarly susceptible to irreversible capacity loss during self-discharge, we have
found that the QSS system is more resistant to continued degradation caused by the redistribution

of sulfur species during prolonged rest.

5.3.4 Origin of OSS Performance Characteristics

While QSS LSBs have been demonstrated to possess improved capacity and retention over
traditional designs, they also exhibit odd voltage profiles with henceforth-unseen characteristics.
The voltage behavior of batteries under current flow has two fundamental determining factors: 1.
the thermodynamic or open-circuit voltage (OCV) determined by the redox potentials of reactants
at the electrode surface, and 2. overpotential caused by fluctuating internal resistances. Therefore,
it was of-interest to determine whether the unique voltage profile of QSS cells results from the
overpotentials of individual novel components, or whether DSIG-C1 causes significant changes to

chemical pathway of sulfur conversion.
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Figure 5.9. a) Nyquist plot of SS|S/C/SIG|SS impedance data at 30-80°C, with inset depicting
the equivalent circuit model used for fitting and its expected shape. b) Nyquist plot of SS|SIG
1/Celgard|SS impedance data at 30-80°C. ¢) Summary of ionic/electronic conductivities
measured for S/C/SIG and SIG 1/Celgard at 30-80°C. d) Nyquist plot showing effect of
increased temperature and pressure on freshly-assembled QSS cell impedance.

As a first step, the ionic and electronic conductivities of S/C/DSIG-C1 cathodes and SIG
1/Celgard separators were separated and measured by EIS between blocking SS electrodes (Figure
5.9). Notably, the composite separator ionic conductivity was measured to be an order of
magnitude lower in this experiment than previously, raising the serious possibility that these
numbers are not quantitatively accurate, potentially due to poor interfacial contact with the SS

electrodes. However, the qualitative trends still reveal useful information — namely, that the

electronic conductivity of the cathode (10~ S/cm) is significantly lower than its ionic conductivity
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(1073 S/cm). This situation is the opposite of what is typically found in LSB cathodes, and indicates

a poorly-developed electron percolation network in S/C/DSIG-C1. More than likely, this is a side-
effect of the fabrication process, since particle-particle distance remains mostly unchanged
between the slurry and the final cathode. In contrast, a traditional cathode slurry densifies
significantly during solvent evaporation. This may represent an intrinsic drawback which will
require significant redevelopment of the cathode fabrication procedure to solve. However, some

success was found in addressing this problem by increasing cathode pressure (Figure 5.9d).
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Figure 5.10. a-f) Comparison of galvanostatic intermittent titration technique (GITT) data for
specified cell architectures — labeled with their Stage 3 discharge overpotential — demonstrating
the effect of different design elements on overall cell voltage profile.
In order to directly more-directly observe the relative contributions of OCV and

overpotential to QSS behavior, Galvanostatic Intermittent Titration Technique (GITT) tests were

performed on Li-S cells with individual components systematically varied (Figure 5.10a-f). This



121

experiment allows direct measurement of cell overpotential as a function of state-of-charge, and
from this, the shape of charge/discharge curves may be observed under open-circuit conditions.
Since OCV depends solely on the electrochemical activities of reactive species within the cell, this
provides insight into the chemistry of S/C/DSIG-C1 cathodes. For the sake of clear comparison,
the points of least overpotential during Stage III of discharge are marked and labeled with values.

Unsurprisingly, the OE control cell (Figure 5.10a) exhibits the least overpotential, while
the cell with a traditional cathode (S/C/PVDF) and a limited volume of SIL (Figure 5.10c) requires
the most overpotential. This is due to large charge transfer resistance at both the anode/cathode of
the latter cell and highlights the limitations of “dropping-in” electrolytes to cells that were not
designed around their characteristics. Adding a large excess of SIL electrolyte (Figure 5.10b)
alleviates overpotential slightly, most likely due to improved wetting of the cathode and a higher
total capacity of sulfur species soluble in the electrolyte, which alleviates cathode charge transfer
resistance somewhat. One the other hand, replacing the Li(G4)TFSI/Celgard separator with a SIG
1/Celgard separator (Figure 5.10d) gives a similar result without requiring an increase in total
electrolyte volume, due to decreased resistance at both the anode and separator. This highlights a
hidden utility of the integrated separator design: excess electrolyte is no longer required to ensure
thorough wetting of the separator and anode.

Cells containing S/C/DSIG-C1 cathodes outperform all cell designs based on S/C/PVDF
cathodes with Li(G4)TFSI electrolyte, with the lowest overpotential observed for the full QSS cell
(Figure 5.10f). This may be partially attributed to improved cathode wetting achieved during
fabrication, as well as the influence of polysulfide-solvating PEG and anisole, which may act to
reduce charge-transfer overpotential in the cathode and suppress passivation, as previously

postulated for PEG.[*’! Suspiciously, the total overpotential (138mV) during Stage III is less than
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that predicted from cathode electrical conductivity alone (142mV), further casting doubt on the
accuracy of the conductivity measurement. If the “real” value of electrical conductivity is assumed
to be an order of magnitude higher than measured (still quite low!) and combined with the expected
single-anode resistance at this current density (~0.2mA/cm?), it is possible to assert that cathode
electrical resistance and anode/separator resistance contribute roughly half of the total observed
overpotential (~70mV) in QSS cells. Since cathode ionic conductivity seems too large to be a
major contributor, the remaining overpotential must be due to charge-transfer processes associated
with sulfur conversion in an S/C/DSIG-C1 electrolyte.

Interestingly, OCV in cells with S/C/DSIG-C1 cathodes still exhibits the same unusual
features as current-applied voltage, including a poorly-differentiated, sloped Stage I + II region

which contributes ~400 mAh/gs to the total capacity. This value bears striking resemblance to the
theoretical capacity of the reaction S, +4Li" +4e” — Li,S, (418 mAh/gs), the predicted end-

product of Stage II. Comparing OCV regions between designs, it is clear that sulfur conversion
does indeed begin at a higher potential in DSIG-C1 (2.4V vs 2.35V) compared to Li(G4)TFSI and
end at a lower potential (2.075V vs 2.125V), indicating an altered conversion pathway. SIG
1/Celgard also has a subtle effect on OCV, shifting it upwards by ~25mV. This suggests an
increased activity coefficient of Li* in SIG 1 compared to Li(G4)TFSI.

The current-applied discharge overpotential of S/C/DSIG-C1 cells does not appear to
fluctuate until the end of Stage III (~800 mAh/gs), where the onset of growing overpotential due
to cathode passivation causes a broad downward slope. OCV continues to display a plateau,
however, until 1100 mAh/gs. In combination with the observance of near-theoretical Stage I + II

capacity, these results suggest that cathode passivation is the major capacity-limiting factor in QSS
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cells. Control of LixS morphology in SIG electrolytes may be an optimal target for future
development.

Without detailed in-situ chemical characterization, it is difficult to suggest any specific
changes to conversion pathway as the source of voltage behavior in S/C/DSIG-C1 cathodes.
However, the trend of higher first-plateau voltage concurrent with lower second-plateau voltage
would appear to indicate that medium-chain polysulfides i.e. Li>S4 are preferentially stabilized in
DSIG-C1 electrolyte. This might also explain why near-complete conversion between Sg and Li2S4
is observed. Regardless, the ability of QSS cells to approach total conversion of Sg into
intermediate products is a testament to the excellent integration of electrolyte and S/C composite
achieved with by the in-situ fabrication method. Clearly, it is possible to optimize the cell
performance of sparingly-solvating electrolytes by approaching LSB design from a molecular

engineering perspective.

5.4 CONCLUSION

In conclusion, I have demonstrated a novel quasi-solid-state (QSS) LSB design which
integrates solvate ionogel electrolyte (SIG) into the separator and cathode via an in-situ thermal
crosslinking method. These fabrication methods ensure near-ideal contact of electrolyte with
active materials while producing freestanding composites which can be laminated together to
produce working cells. These QSS cells are found to outperform traditionally-constructed cells —
with either organic electrolyte or Li(G4)TFSI electrolyte — over extended cycling at C/10 and
30°C, retaining 774 mAh/gs after 100 cycles with an average coulombic efficiency of 96.5%,
despite the absence of LiNO3 or other anode-passivating components. These results represent, to
my knowledge, the first-ever report of Li-S cell operation in a SIG electrolyte. Further work is

suggested to deduce the conversion mechanism and reduce overall cell impedance.
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Chapter 6. CONCLUSION

6.1 SUMMARY OF FINDINGS

This doctoral dissertation has focused on my efforts to develop and study free-standing
solvate ionogel (SIG) electrolytes, successfully integrate them into working batteries, and
demonstrate their effects on cell performance. I have focused in particular on aspects of SIG
fabrication and performance relevant to lithium-sulfur batteries (LSBs), such as basic Li"
transport properties and Li stripping/plating overpotential. Chapter 1 introduced the motivating
factors behind this research, basic Li-S operating principles, and major functional challenges in
the system. Chapter 2 reviewed the existing literature on Li-S chemistry and cell design,
including common strategies to improve cell performance. Chapters 3-5, which cover my own

research in detail, are summarized below.

6.1.1 Solvate lonogel Electrolytes with Fast Room-Temperature Lithium Transport

Lithium solvate ionic liquids (SILs), made from an equimolar mixture of a chelating
solvent (e.g. tetraglyme or “G4”) with a non-coordinating lithium salt (e.g. LiTFSI), possess a
unique combination of physical and electrochemical properties which make them imminently
suited to tackle performance issues in LSBs. In particular, Li(G4)TFSI — having an ionic
conductivity 1.6x1073 S/cm at 30°C,!!*# Li,Sx solubility <100mMs for all polysulfide lengths,!¥
thermal stability up to 200°C,1"*®! and liquid range down to -54°Cl'%%l — appears especially
promising for a sparingly-soluble cathode design. This electrolyte may also help to mitigate
dendrite growth at the lithium metal anode, given the ability of highly-concentrated electrolytes to

resist space-charge formation (see Section 2.2.1). Finally, unlike traditional RTILs, Li(G4)TFSI
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can be produced cheaply and easily from tetraglyme (G4) and LiTFSI, both of which are already

manufactured at-scale.

Li(G4)TFSI can be immobilized in a crosslinked polymer network to form a free-standing
electrolyte known as a solvate ionogel (SIG), which presents an opportunity to improve the safety
and energy density of devices, as well as introduce additional molecular functionality. However,
only a small number of SIGs have been reported,?>>22%! and the design rules in this system are

2181 T presented a series of SIGs

unclear. In Chapter 3, based on my previously-published report,
containing Li(G4)TFSI gelated by radical crosslinking of poly(ethylene glycol) dimethacrylate
(PEGDMA) in combination with functional methacrylates or an inert molecular solvent (1,4-
dioxane). Through careful design of both polymer structure and liquid composition, I demonstrated
the potential to control properties such as conductivity (k) and lithium transference number (#;+)
to exceed 2x107 S/cm and 0.5, respectively. Additionally, I uncovered a significant dependence
of lithium transport on PEG chain length and crosslinking status in SIGs, which may be due to an
interplay between competitive Li* binding and “diluent-like” mobility enhancement that changes
for PEG above the entanglement limit (~2kDa). These novel SIGs may be used in lithium metal
batteries, with best-performing formulas able to strip/plate lithium for >600h (100 cycles) at 0.1
mA/cm? without short-circuiting. My results also suggested future areas for SIG optimization, such
as reduction of competitive Li" binding, reduction of lithium interfacial resistance, and improved

toughness. The combination of simple fabrication, excellent Li" transport, and metallic lithium

compatibility make SIGs attractive for “beyond Li-ion” battery designs, including LSBs.
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6.1.2  Probing the Effect of Polymer Structure and Liquid Composition on Solvate lonogel
Electrolytes

Building upon my previous work, in Chapter 4 I further investigated the two molecular
“handles” with which to tweak SIG properties: solid polymer structure and liquid diluent
composition. The polymer structure may be altered by 1. adjusting network properties such as My
between crosslinks and density of crosslinks, 2. adding/removing molecular functionality, or 3.
changing the polymer backbone structure. Since my first reported focused primarily on the first
two strategies, it seemed prudent to investigate the third, especially in regards to the question “Can
competitive Li" binding be minimized without sacrificing the beneficial diluent effect?”
Additionally, while 1,4-dioxane was selected for my initial study based on a limited survey of
common solvents, it is by no means the best possible choice for DSIGs. Dioxane’s low dielectric
permittivity of 2.3 does not encourage efficient charge separation, and permittivity has been linked
to conductivity in diluted RTILs, including Li(G4)TFSI. Dioxane also has a low-medium boiling
point of 101°C, which is not ideal given that curing step of SIG fabrication involves a temperature
hold at 80°C. I postulated that increasing both of these parameters should lead to a DSIG with
better properties.

To these ends, I reported the fabrication and properties of a free-standing gel electrolyte
based on Li(G4)TFSI and poly(propylene glycol) dimethacrylate (PPGDMA). The temperature-
dependent ion transport and charge transfer properties of PEG- and PPG-based SIGs were
measured in comparison to Li(G4)TFSI. Due to atacticity and/or steric hindrance, PPG was found

to interact less-strongly with Li(G4)TFSI, as evidenced by lower values for the limiting

conductivity X,, activation energy of ion transport £ and lithium transference number #;;-+.

a,ion >

Additionally, thermal measurements indicated less free glyme in PPG-based SIG, as compared to
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PEG. Overall, slightly-improved room-temperature conductivity was observed for PPG-based SIG
IP (0.79 mS/cm) as compared to otherwise-identical, PEG-based SIG 1 (0.72 mS/cm).
Additionally, measurement of temperature-dependent R;,; in Li symmetric cells revealed that the
reduced stripping/plating overpotential in SIGs compared to SILs originates from improved
exchange current density io.

Finally, I made the first report of methoxybenzene a.k.a. anisole as a superior solvent
diluent for Li(G4)TFSI, enhancing room-temperature conductivity by >700% at 1:1 dilution.
Anisole was incorporated into the SIG 1 formula at 13.3vo0l% to produce DSIG C1, and the solvent

was found to significantly decrease E,;,, and Vogel temperature To, resulting in a doubling of

room-temperature conductivity from the original SIG 1 (1.44 mS/cm). Altogether, DSIG ClI

showed tremendous promise as an electrolyte for LSBs.

6.1.3 Quasi-Solid-State Lithium-Sulfur Batteries based on Solvate lonogel Electrolytes

All-solid-state designs are generally desirable for lithium secondary batteries, including
LSBs, since they may improve safety, simplify fabrication, and eliminate structural “dead
weight.”®®] Additionally, the previous chapters of this dissertation discussed at-length the myriad
specific advantages of Li(G4)TFSI-based solvate ionogels (SIGs) for LSBs, including spatial
control of Li>Sx diffusion, Li dendrite prevention, and elimination of flammable/gas-generating
organic electrolytes. While SIGs have been demonstrated to possess good lithium transport
properties and acceptable Li stripping/plating performance, I was unaware of any existing
literature on the use of SIGs in an LSB system, potentially due to the difficulty of wetting highly-
distributed sulfur in a S/C composite cathode with an ionogel electrolyte (by definition, immobile).

Therefore, in Chapter 5 I reported a novel fabrication method for separator and S/C cathode

composites containing solvate ionogels, both of which demonstrate excellent bulk conductivity
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due to intimate contact between components. These composites were combined with a Li metal
anode to produce, for the first time, a quasi-solid-state (QSS) LSB based on SIG electrolyte. The
electrochemical performance of this design was explored in detail, including its galvanostatic
cycling performance and the origin of various overpotentials. A QSS design was found to
outperform traditionally-constructed LSBs with both organic and SIL-based electrolytes, retaining
774 mAh/gs (66% of initial capacity) after 100 cycles at C/10 and maintaining an average
coulombic efficiency of 96.5% without any passivating additives. This design also resists self-
discharge and its after-effects. Unusual voltage profiles were observed in QSS cells and found to
originate from altered reaction pathways. The major sources of overpotential were found to be
cathode charge transfer resistance and poor electronic conductivity, as well as interfacial resistance
at lithium metal. These results demonstrate the viability of ionogel-based LSBs and suggest a path

to high-performance using integrated molecular design.

6.2  SUGGESTED EXTENSIONS OF THIS WORK

6.2.1  High-Loading, Low E/S QSS Cells

While the QSS cell results presented here demonstrate promising performance and serve
as an effective proof-of-concept, a commercially-viable LSB must possess a cathode mass loading
of >4 mgs/cm?, an E/S ratio of <3 mL/mgs, and minimal lithium metal beyond what is required to
match cathode capacity. My cathode fabrication strategy is certainly amenable to producing high
loadings, which I have done; however, the resulting film thicknesses can reach 0.6-1mm due to
low overall sulfur content in the slurry. Furthermore, due to the coupling of electrolyte composition
and slurry composition in my process, it is difficult to dramatically adjust electrolyte content while
maintaining a flowable slurry consistency. On the other hand, if processing challenges can be

solved, this in-situ fabrication approach may help to minimize the negative effects of low E/S ratio
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due to optimized electrolyte/sulfur contact. A “wet sand” approach may prove more successful

than a slurry-based approach; regardless, there is plenty of room for future QSS cell optimization.

6.2.2  Detailed Study of Conversion Chemistry in (D)SIGs

The chemical origin of S/C/DSIG-C1 cathode performance characteristics has not been
thoroughly characterized, due to a lack of readily-available techniques. Solid-state structures might
be probed by X-ray absorption near-edge spectroscopy (XANES) or X-ray diffraction (XRD),2%4
while more specialized electrochemical experiments may be able to extract parameters such as
cathode exchange current and Li>Sx solubility in DSIG-C1 for differing values of x. In particular,

Li>S formation and utilization must be studied in order to prevent early passivation of cathode

surfaces, which has been implicated as one of the major remaining hurdles in LSB research.**!

6.2.3  Alternate SIG Polymer/Crosslinker Structures

The results detailed in this dissertation suggest that SIG gelating agents can promote
efficient [Li(G4)]"[TFSI] charge separation by displacing TFSI" in the coordination shell of Li';
however, closely-spaced coordinating species on the polymer backbone may displace G4,
immobilizing Li" entirely. Therefore, an ideal gelating agent might contain strongly-polar moieties
which are nonetheless prevented from chelating Li" due to steric hindrance, atacticity, or limited
conformational freedom. As examples, poly(tetrahydrofuran)!!'%! or poly-N-[2,2-dimethyl-1,3-
dioxolane)methyl]acrylamide!?®*! might be good candidate materials for testing. Alternately, I have
observed that Li(G4)TFSI can be made miscible with perfluoropolyethers in the presence of a
partially-fluorinated polar solvent such as TTFE or 1,1,1-trifluorotoluene. These polymers are
almost totally nonpolar, but also quite flexible, and remain non-viscous liquids down to cryogenic

temperatures. A crosslinked, highly-fluorinated SIG could possess interesting properties.
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Additionally, I came up with the concept of a SIG 1/Celgard composite separator due to
the poor tensile toughness of SIGs, especially those based on P7so. If SIGs can be strengthened
significantly without sacrificing ionic conductivity >10" S/cm, this may eliminate the need for a
porous separator entirely. Multifunctional crosslinkers such as trimethylolpropane trimethacrylate
could present a possible route to achieving this, in addition to interpenetration of the crosslinked

SIG with a higher-My, chemically-compatible polymer.!*!

6.2.4  Single-lon-Conducting SIGs

In a similar fashion to the SIG 4 material reported in Chapter 3, it should be possible to
create SIGs with non-coordinating anions tethered to the polymer chain. When paired with a
[Li(G4)]", this would have the effect of discouraging Li dendrite growth while simultaneously
boosting #.;+. Taken to the extreme, a single-ion-conducting SIG could be imagined in which all

anions are tethered, but Li" maintains high mobility due to the shielding effect of G4 coordination.

6.2.5 Reduction of Li|SIG Overpotential

Combined results from Chapters 4 and 5 have implicated low exchange current density and
cell polarization as the two largest factors in the relatively high Li stripping/plating overpotential
observed for SIGs. While the latter may be improved by optimizing #;+, the route to improving
exchange current density is less clear, as it is unknown what its primary determining factors are in
SIG electrolytes. Reduced microviscosity and improved ionicity are almost certain to help,

277] Ina

although the impact of higher current density on Li morphology must also be considered.!
similar vein, SEI-improving additives or Li pretreatment strategies must be developed which are

compatible with SIG electrolytes. This would not only improve the coulombic efficiency of real

cells, but may also have the effect of decreasing SEI-related resistance at the Li|SIG interface.
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