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Abstract

Abstract

Developing and exploiting environmentally renewable and sustainable
energy resources (e.g., solar, tidal and wind energy) the has been considered as
the most feasible way to solve the environmental pollution and global warning
issues generated from the over-consumption of the fossil fuels. However, most
of these renewable and sustainable energy sources are typically periodic or
intermittent and unevenly distributed in nature. Therefore, reliable and large-
scale energy storage systems with high efficiency have been regarded as the
most promising method to store and accumulate the energy produced from these
noncontinuous energy resources, and could transform the energy back at peak

times when needed.

Among all the existing technologies, rechargeable lithium-ion batteries
(L1Bs) have become the most dominant power source for portable electronic,
and have become attractive for electrical vehicles (EVs) and stationary energy
storage systems due to their higher energy density and efficiency. However,
conventional LIBs containing organic liquid electrolytes suffer from safety
concerns such as flammability, thermal runaway and even explosion under
abusive conditions. In addition, LIBs composed of graphite anodes and lithium
transition metal oxide cathodes have more or less reached their theoretical limits

in terms of specific and gravimetric energy densities.
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Solid polymer electrolytes (SPEs) with high safety have attracted great
attention in the development of practical lithium batteries ever since the
perceptive proposal of using SPEs for rechargeable batteries by Armand in 1978.
More importantly, lithium metal (Li<) could be used as anode material in SPEs-
based batteries because of the good interfacial compatibility between Li<and
SPEs, which might enhance the energy density of current LIBs. Amongst the
various polymer matrices suggested, poly(ethylene oxide) (PEO) possesses
flexibility, processability, and excellent solvating ability toward a wide variety
of salts, and has therefore been abundantly used as host material. The
technological feasibility of PEO-based SPEs has been demonstrated by the
implementation of Bluecar® and Bluebus® powered by Li<| SPEs | LiFePO4
batteries in different cities and countries (i.e. Lyon, Bordeaux, Indianapolis, and

Singapore).

Indeed, the chemistry of the lithium salt employed plays a pivotal role in
dictating the physico-chemical and electrochemical performance of any SPE,
and thus also influences the performance of solid-state lithium metal batteries
(SSLMBSs). The lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, first
suggested as salt for SPEs in 1986, possesses low lattice energy and the TFSI™
anion has a large structural flexibility, both due to the anion’s highly delocalized
negative charge and flexible center [e.g., -SO>~N©-S0--] and has therefore
been commonly used for SPE-based SSLMBs. However, low lithium-ion

transference number (T.i") and poor solid electrolyte interphase (SEI) creating
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properties result in severe cell polarization and simultaneously notorious

dendritic growth on the Li<anode.

Therefore, in this thesis, several novel lithium salts were designed and
synthesized to suppress anionic mobility and enhance T.i*, but without
sacrificing significantly the ionic conductivity, and simultaneously with the aim
of forming excellent SEI layers at the Li< anode to improve interfacial

compatibility and stability towards Li“anode.

In the first work of this thesis, a trifluoromethyl-free anion,
bis(difluoromethanesulfonyl)imide (DFSI™), as an environmentally benign and
interfacially favorable anion for high-performance SSLMB is reported. In
contrast to LiTFSI, the -CHF> moieties of LiDFSI-based salt shows a more
rapid chemical degradation under a mild basic solution. In addition, a high
lithium-ion transference number resulted from H-bonding interactions between
—CF2H moieties and EO units as well as the better SEI layers formed by the
decomposition of DFSI™ synergistically enhanced stability against Li<electrode,

showing a better cell performance of SSRLMB batteries.

In another work, a benzene-based salt, lithium
benzenesulfonyl(trifluoromethanesulfonyl)imide (LiBTFSI), was synthesized
for high-performance PEO-based SPE with aim of further improving the
lithium-ion conductivity. In contrast to the abundantly used LiTFSI-based SPEs,

the LiBTFSI-based SPEs exhibited extremely high lithium-ion transference
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number due to the intermolecular interactions (e.g., n-r stacking bonds) among
the benzene-based anions, which was demonstrated by computational
calculations. In addition, the LiFePOs || Licells assembled with the LiBTFSI-
based SPEs showed a superior long-term cyclability with excellent Coulombic

efficiencies as well as high discharge capacities.

In the last work, we reported a new type of chiral salts built from
commercially available camphorsulfonic acid and their use as electrolyte salts
for PEO-based SPEs. We demonstrated that the resulting SPEs exhibited decent
ionic conductivities (ca. 10 S cm™) accompanied by high cation transference
numbers (ca. 0.5) at 70 °C. Whether either the R or the S enantiomers were used
the ion transport properties were the same, as expected, but rather surprisingly
the artificial racemic mixture was within the errors of the measurements just as

conductive.

All these results demonstrate the importance of the molecular structure of
anions in SPEs and shed light on ways for future anion design to advance and

develop high-performance SPEs-based SSLMBs.
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Resumen

El desarrollo y la explotacicn de recursos energéicos sostenibles y
renovables para el medio ambiente (tales como, energ & solar, mareomotriz y
edica) se considera la forma m& factible de resolver la contaminacicn
ambiental y los problemas de calentamiento global generados por el excesivo
consumo de combustibles f&iles. Sin embargo, la mayor R de estas fuentes de
energ B renovables y sostenibles suelen ser periGlicas o intermitentes y estén
distribuidas de manera irregular en la naturaleza. Por lo tanto, los sistemas de
almacenamiento energéico con alta eficiencia y a gran escala se han
considerado como el méodo m& prometedor para almacenar y acumular la
energ B producida a partir de estos recursos energéicos intermitentes, ya que
podr &n transformar la energ® en las horas de mayor demanda cuando sea

necesario.

De todas las tecnolog Bs existentes, las bater &s recargables de iones de litio
(LIB, por sus siglas en inglés) se han convertido en la fuente de energ R m&
empleada en los dispositivos electrénicos portéiles y se han comenzado a
aplicar en los veh Tulos eléstricos y los sistemas de almacenamiento de energ &
estacionarios debido a su mayor densidad y eficiencia energéica. Sin embargo,
las LIB convencionales que contienen electrolitos | uidos organicos presentan
problemas de seguridad tales como inflamabilidad, fugas e incluso explosién en
condiciones extremas. Ademd&, las LIB compuestos por @odos de grafito y

caodos de &ido de metal de transicicn de litio estén cercanas a alcanzar sus
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| mites te&icos en té&minos de densidad de energ & espec fica y gravimérica,

sin llegar a alcanzar los rendimientos deseables.

Los electrolitos polimé&icos sdidos (SPEs, por sus siglas en inglés),
presentan mayor seguridad que los electrolitos | quidos, y han obtenido especial
atencicn en el desarrollo de LIB desde la propuesta de Armand en 1978 de usar
SPEs en bateris recargables. M& importante aln, el litio metdico
(Li 9 podr B usarse como &odo en bater Bs basadas en SPEs debido a la buena
compatibilidad interfacial existente entre Li <y SPEs, lo que podr & mejorar la
densidad energética de los LIBs actuales. Entre las diversas matrices
polimé&icas sugeridas, el &ido de polietileno (PEO, por sus siglas en inges)
posee gran flexibilidad, buena procesabilidad y excelente capacidad de
solvatacicn hacia una amplia variedad de sales y, por lo tanto, ha sido
ampliamente utilizado como material huésped. La viabilidad tecnolyica de las
SPEs basadas en PEO se ha podido demostrar al implementarlas en los coches
y autobuses Bluecar® y Bluebus® que emplean bater ks con tecnolog®
Li ©| SPEs | LiFePOs en diferentes ciudades y pa ses (tales como, Lyon, Burdeos,

Indiandpolis y Singapur).

La qu mica de la sal de litio juega un papel crucial dictando las propiedades
fisicoquimicas y electroqu micas en cualquier SPE y, en consecuencia, también
tiene una gran influencia en el rendimiento de las bater s de litio metal en
estado sdido (SSLMB, por sus siglas en ingles). De entre todas las sales de litio

empleadas en los electrolitos sdidos destaca el bis (trifluorometano)
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sulfonamida de litio (LiTFSI), sal sugerida por primera vez en 1986, debido a
poseer una baja energ & de disociacidn. Adem&, el anich TFSI™ se caracteriza
por una gran flexibilidad estructural principalmente debido al centro flexible [-
S0,-N©-S0,-] y a la deslocalizacién de la carga negativa por su estructura.
Por todo ello, esta sal ha sido ampliamente utilizada para las bater Bs
poliméicas en estado sdido. Sin embargo, el bajo nimero de transferencia del
ion litio (Ti™) y la pobre intercara creada entre el electrolito sdido y el &odo
(capa SEI, por sus siglas en inglés) resulta en la polarizacién del sistema y
simulténeamente en la generacid y crecimiento de incontroladas dendritas de

litio en el &nodo que pueden revertir en la muerte de la bater B.

Por todo ello, y con el fin de mejorar las prestaciones obtenidas por la sal
anteriormente mencionada, en esta tesis, diferentes sales de litio han sido
disefadas y sintetizadas. Los objetivos de estas nuevas sales son tratar de
suprimir la movilidad anicnica y aumentar el T.i* sin con ello sacrificar
significativamente la conductividad icnica del sistema. Simultéeamente, estas
sales también tienen como objetivo formar SEI protectoras en el &odo de Li®
de mayor calidad que las generadas por la sal de referencia para mejorar la

compatibilidad interfacial y la estabilidad del electrolito frente al &odo de litio.

En el primer cap iulo experimental de esta tesis se presenta la s mtesis y
caracterizacién una nueva sal formada por un anién libre de grupos
trifluorometanos, denominada bis (difluorometano) sulfonamida de litio

(LiDFSI). Este anicn se considera medioambientalmente benigno y favorable
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para bater Bs en estado sdido de alto rendimiento. En contraposicién con el
LiTFSI, las unidades —CHF. del LiDFSI muestran una mayor y m& veloz
degradacid qumica bajo un medio ligeramente b&ico. Adem&, el estudio
sobre esta nueva sal reporta un mayor valor de Tii* como resultado de las
interacciones de los enlaces H en las unidades —CHF. y los grupos EO. Por
dtimo, también se ha observado que la SEI protectora formada por la
descomposicidn de esta sal (LiDFSI) tiene una gran estabilidad frente al &odo
de litio. Todo esto deriva en un rendimiento en celda muy destacado para

tecnolog &s de bater &s en estado sdido.

En otro capiulo, una sal basada en benceno, la sal de
bencenosulfonil(trifluorometanosulfonil)imida de litio  (LiBTFI), fue
sintetizada para SPEs basados en PEO de alto con el objetivo de mejorar la
conductividad de iones de litio. En contraste con los SPEs comtCnmente basados
en LiTFSI, los SPEs basados en LiBTFSI pose &n un Ty;* extraordinariamente
elevado debido a las interacciones intermoleculares (enlace n-m) entre los
aniones basados en benceno, lo cual se demostrd mediante cdculos
computacionales. Adem&, las celdas
LiFePOg4 || Li<que contienen los SPEs basados en LiBTFSI demostraron una
mejor ciclabilidad a largo plazo, con una excelente eficiencia coulGnbica, asT

como una alta capacidad de descarga.

En el capiulo final, reportamos una nueva sal de tipo quiral sintetizada

mediante el reactivo comercial de &ido canforsulfnico y su uso para SPEs
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basados en PEO. As imismo, demostramos que los SPEs obtenidos presentaban
conductividades i¢nicas moderadas (ca. 10 S cm™) a la vez que un alto nimero
de transferencia de cationes (ca. T.i* = 0.5) a 70 €. Independientemente de usar
los enantiomeros R 0 S, las propiedades de transporte fueron las mismas, como
cab® esperar. De la misma manera los valores obtenidos con la muestra

racémica se situaban dentro del margen de error.

Todos estos resultados demuestran la importancia de la estructura
molecular de los aniones en los SPE y arrojaron luz sobre las posibles futuras
direcciones para el disefd de aniones para el desarrollo de SSLMBs de alto

rendimiento basadas en SPEs.
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Introduction

1.1. Energy overview

The development of society in the past few decades has mainly relied
on the consumption of non-renewable energy, such as oil, natural gas and
coal.12 With the development and prosperity of economy, along with the
expansion of human population, the energy demand will be continuously
increased. As shown in Figure 1.1, the global energy consumption is
expected to increase to more than 700 exajoules (1 exajoule = 10* joule) by
2050, which will definitely accelerate the consumption of non-renewable
energy although renewable energy consumption is expected to increase and
will reach about 170 exajoules.®

Indeed, the over-exploitation and consumption of the non-renewable
energy will not only cause the continuous depletion of resources, but also
significantly cause serious environmental problems due to the harmful
emissions of greenhouse gases [such as carbon dioxide, sulfur species
sulfides (SOx) and nitrogen oxides (NOx)] generated from the combustion of
these fossil fuels, which adversely hurts human health and results in global
warming.? #° Hence, developing and exploiting environmentally renewable
and sustainable energy resources, e.g., solar, tidal, wind, biomass,
geothermal and hydroelectric energy, are of significant importance and a
need. However, most of these renewable and sustainable energy sources are
typically periodic or intermittent and unevenly distributed on earth/Nature.’
Therefore, reliable and large-scale energy storage systems with high
efficiencies have been regarded as the most promising method to store and
accumulate the energy produced from these non-continuous energy resources,

and could restore the energy back at peak times when needed.’
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Energy consumption worldwide from 2000 to 2018, with a forecast until 2050* (in
exajoules)
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Figure 1.1. Energy consumption worldwide from 2000 to 2018, with a forecast
until 2050. Reproduced with permission from Ref. [*].

1.2. Energy storage systems

The widely used energy storage systems worldwide could be divided
into several categories, including: 1) magnetic energy storage systems, i.e.,
superconducting magnetic coils, 2) reversible dams, i.e., pumped hydro, 3)
pneumatic energy storage systems, i.e., air compressors, 4) mechanical
energy storage systems, i.e., flywheels, 5) thermal energy storage systems,
i.e., geothermal energy and 6) electrochemical energy storage systems, i.e.,
capacitors, fuel cells and batteries, according to different energy storage
mechanisms and distinct properties such as different energy densities,
charge/discharge rates, storage time, cost and efficiencies.®
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Among these different energy storage systems, the electrochemical
energy storage systems, which store energy under a chemical way, play an
important role in storing and accumulating sustainable and renewable energy.
This storage technique benefits from the fact that both electrical and
chemical energy shares the same carriers and the electrons. Based on the
working principles controlled by different electrochemical reactions,
charge/discharge mechanisms, chemistry as well as energy and power
densities, the electrochemical energy storage systems could be classified as
capacitors, fuel cells and batteries,® as mentioned above. The systematic
classification of electrochemical energy storage and conversion systems is

shown in Figure 1.2.1°

Electrochemical Energy Storage and
Conversion Systems
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Figure 1.2. The classification of electrochemical energy storage and conversion

systems. Reproduced with permission from Ref. [1°].

Figure 1.3 presents the comparison of these three electrochemical

energy storage systems, showing their specific energy and specific power

7
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energies. Electrochemical capacitors or supercapacitors have been known as
one of the electrochemical energy storage devices owing to their high power
density, long cycle-time and good capacity retention.!''? Nevertheless,
supercapacitors suffer from a lower energy density compared batteries and
fuel cells (Figure 1.3), which limits their applications in some scenarios
where higher energy density is needed.'** According to their different
working principles, electrochemical capacitors are mainly divided into three
categories: 1) electric double layer capacitors (EDLCs), 2) hybrid capacitors

(HCs) and 3) pseudo-capacitors (PCs).1°
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Figure 1.3. Comparison of the different electrochemical energy storage systems.

Reproduced with permission from Ref. [19].
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A fuel cell is mainly composed of a fuel (e.g., hydrogen) and an
oxidizing agent (e.g., oxygen), which can transform the chemical energy of
these two components into electricity though a pair of redox reactions.”® As
shown in Figure 1.4, electricity is created once the two chemical reactions
occur at the interfaces of the anode, electrolytes and cathode components.®
Fuel cells differ from batteries that they require a continuous source of fuel
and oxygen/air to sustain the chemical redox reactions, while for batteries,
all the active materials/ions are contained in the housing. However, fuel cells
can produce electricity continuously as long as fuel and oxygen are fully
added.!” Compared with batteries and supercapacitors, fuel cells deliver the
highest energy density, but much lower power density (as shown in Figure
1.3). Besides, the expensive catalyst/nydrogen, the lack of charging
infrastructure and immature technologies for now hinder their large-scale

application.

ions* .
ions* load
Electrolytes

Figure 1.4. Schematic diagram of a fuel cell.
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Batteries with high energy density and decent power density have been
widely employed as energy storage devices in portable electronics (such as
laptops, mobile phone and cameras) and electric vehicles (such as Tesla
electric vehicles) as well as stationary energy storage systems. A
conventional battery or a cell is made up of anode materials, cathode
materials and electrolytes, except for flow batteries. To prevent short-circuits
of batteries, separators immersed in electrolytes are used in liquid-based
batteries. A battery could convert chemical energy into electric energy
though the reactions occur at the interfaces of positive and negative sides.'®
20 The wider discussion of different batteries, especially lithium batteries, are

detailed in the following section.
1.3. Rechargeable batteries
1.3.1. Classification of batteries

Batteries are generally classified as two categories, 1) primary batteries
(i.e., single-use or "disposable™ batteries) and 2) secondary batteries. Primary
batteries are able to discharge only one time and a primary battery will be
discarded once the discharge process is finished because the electrode
materials are irreversibly changed/damaged and are not capable of being
recharged. Hence, the primary batteries cannot be used as electrochemical
energy storage systems/devices to power 3C electronics and electric vehicles,

and to store the energy generated from the sustainable energy resources.?

Secondary batteries, also known as rechargeable batteries, could be
charged/discharged reversibly and repeatedly. Upon the charging process,
cations are extracted from the positive materials and transported through the

10
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electrolytes to the negative electrode side. Inversely, during the discharge
process, the cations will migrate from the negative material and return back
to the positive electrode material, and the corresponding electrons transfer
from cathode sides to anode sides in external circuit. Rechargeable batteries
are produced in many different shapes and sizes, ranging from miniature
button cells to megawatt systems connected to stabilize an electrical
distribution network.?? Several different rechargeable batteries are
commercial and widely used in our social life, including lead-acid batteries,
nickel-cadmium batteries (Ni-Cd), nickel-metal hybrid batteries (Ni-MH) as
well as lithium-ion batteries (LIBs). Among these options, LIBs with high
energy density (Figure 1.5), long cycle life, fast charge and discharge rates
as well flexible and lightweight design are considered as one of the most

promising electrochemical energy storage system.??
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Figure 1.5. Comparison of the different rechargeable battery technologies in terms
of volumetric and gravimetric energy density. Reproduced with permission from
Ref. [].
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1.3.2. Rechargeable lithium-ion batteries (LIBS)

The research of lithium batteries has gone through a process from the
lithium metal (Li<) batteries (LMBs) with a Li“metal anode in the 1970-80’s
to LIBs using graphite as anodes material, and returns to revive the LMBs
due to their higher energy density compared to LIBs,? and a discussion of
LMBs will be presented in the following section of 1.4. The electrochemical
reduction potential of lithium was firstly explored by Kahlenberg in 1899
and then following by Lewis in 1912.* Latterly, Ridorff, Rouxel and co-
workers firstly revealed that the alkali metals could be chemically and
rapidly intercalated between the S-Ti-S slabs in a liquid ammonia solution.?
26 The dichalcogenide battery was then patented by Whittingham who also
firstly demonstrated battery performance of the Li<|| TiS: cells in 1976.%
This kind of cells were then commercialized by Exxon and exhibited at an
electric vehicle (EV) show in 1977.28 However, the high reactivity of Li<and
lithium dendrites growth in the flammable liquid electrolytes triggered off
repulsive safety issues (e.g., fire or even explosion), which inspired

researchers to explore safer electrode materials.

In 1979, Armand creatively proposed a novel battery design, ‘rocking
chair battery’, which was composed of two intercalation electrodes with
potential difference, allowing lithium ions forth and back reversibly between
these two electrodes.?® Based on this prospective seminal concept, applicable
intercalated electrodes such as lithium cobalt oxide (LiC002)* cathode and
carbonaceous anodes were revealed in 1980s, and the first commercial LIB
was successfully launched by Sony in 1991. After then, other high

voltage/capacity intercalated cathodes [e.g., ternary layered oxide LiNiix-

12
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yCoxMnyO2 (NCM)], conversion-type electrodes [e.g., sulfur (S) and O] as
well as environmentally friendly organic electrodes were also discovered and

exhibited excellent battery performance.?® 3

Seperator
Anode Electrolyte Cathode

Figure 1.6. Schematic diagram of a rechargeable lithium-ion battery.

A commercially rechargeable LIB is mainly made up of an anode
material (e.g., graphite), electrolyte comprising a lithium salt [e.g., lithium
hexafluorophosphate (LiPFg)] and organic solvents (e.g., carbonates), a
separator (e.g., polyolefin) and a cathode material (e.g., LiCoOy). Figure 1.6
shows the schematic diagram of a rechargeable LIB, during the charge step,
Li* is extracted from the cathode, and is embedded into the graphite
electrode through the electrolyte, separator and solid electrolyte interface
layer (SEI layer) on the surface of the graphite. Meanwhile, the electron
follows through external circuit into the anode side. During the discharge

process, an inverse behavior is observed.*?

The electrolyte, as an indispensable component of LIBs, plays an
important role in determining the working temperature, capacity, and cycle

performance, power density, energy density and safety performance of LIBs.

13
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To fulfill the practical application, an electrolyte in a rechargeable LIB
should necessarily meets several requirements, including: 1) excellent
thermal and chemical stability, 2) superior compatibility with both anode and
cathode, 3) high ionic conductivity, 4) wide electrochemical window, 5)
facile preparation and low cost and 6) environmental benignity, etc.
Electrolytes for lithium batteries are currently mainly divided into liquid

electrolytes and solid electrolytes.'81°

Organic liquid electrolytes consisting of lithium salts that are dissolved
in organic carbonate solvents [ethylene carbonate (EC), ethyl methyl
carbonate (EMC) and vinylene carbonate (VC)] have been abundantly used
in currently state-of-the-art LIBs owing to their high ionic conductivity and
excellent compatibility towards electrodes. Lithium salts are of importance
to dictate the properties of organic liquid electrolytes, for example, the
cathodic stability at anode side at low potential depends importantly on the
choice of the cation, while the stability of liquid electrolytes at high
potentials is mainly determined by the oxidation stability of anions.®® The
ion mobility and dissociation are highly dependent primarily on the
delocalization of the anion. Currently, LiPFs is the dominant lithium salt
used in commercially graphite anode-based rechargeable LIBs because
LiPFe-based electrolyte has high ionic conductivities and good
electrochemical stability. In addition, the LiPFe-based electrolyte could
protect the positive electrode Al< current collector against corrosion, and
simultaneously could form an excellent SEI on the surface of graphite.33-3*
Yet, LiPFs is not the ideal lithium salt for every LIBs due to its lower
thermal stability even at a moderate temperature (e.g., 60 °C) and its

moisture sensitivity.3>-3

14
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These limitations and drawbacks of LiPFe salt have motivated extensive
research on other salts. Early studies have found that lithium
hexafluoroarsenate  (LiAsFs), lithium perchlorate (LiClO4), lithium
tetrafluoroborate (LiBF4) and lithium trifluoromethanesulfonate (LiCF3SOs)
are good candidates for LIBs.>®*? Yet, further studies demonstrate that
LiAsFs and LiClO4 are inappropriate for commercial LIBs owing to their
toxicity and explosion proneness, respectively. The choice narrows further as
LiCFsSOz and LiBF4-based electrolytes exhibit relatively low conductivities

at room temperature, rendering these salts less popular.®*

Many other lithium salts are also considered, such as fluorinated
sulfonimide salts [lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) and
lithium bis(fluorosulfonyl)imide (LiFSI)] and lithium borate salts [lithium
bis(oxalato)borate  (LiBOB)*** and lithium difluoro(oxalato)borate
(LiDFOB)]. Fluorinated sulfonimide salts including a highly conjugated
anionic center [i.e., —SO>—N(—)—SO>—] are generally well dissociated
and soluble in carbonate solvents, presenting decent ionic conductivities and
thermal stability. The most popular sulfonimide salt, LiTFSI, is thermally
stable up to 380 °C, resistant towards hydrolysis, and conductive in
carbonates; yet, the LiTFSI-based carbonate electrolytes are corrosive
towards Al<current collector at a potential of > 3.8 V vs. Li/Li* % 4546
which is a common issue for these sulfonimide salts, but a proper electrolyte
solvent/additive or anions redesign can be facilitated to alleviate or even
eliminate the corrosion problem. The popular borate salts, LiBOB and
LiDFOB, which promote the formation of stable SEl/cathode electrode
interface (CEIl) layers on electrodes have been investigated.*” However,

these salts are extremely sensitive to water and undergo hydrolysis at

15
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ambient temperature, and being less soluble, provide insufficient ionic
conductivities (e.g., 4 x102 S cm™ at 20 °C for 0.7 M LiBOB in EC/EMC).

Apart from the liquid electrolytes-based LIBs, solid-state electrolytes
(SSEs) have attracted extensively attention owing to their intrinsic safer
feature and better mechanical stability compared with liquid ones. Moreover,
SSEs could couple with high-capacity Li<anode and definitely enhance the
energy density of LIBs which are suffering from the so-called of ‘range
anxiety’ issue currently,*® the details regarding to solid electrolytes,

especially solid polymer electrolytes (SPEs), will be discussed in section 1.4.
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Figure 1.7. Evolution of research interest in batteries (i.e., number of
publications) over the past 20 years. The numbers were obtained by searching the
key words i.e., (a) “Batteries”; (b) “Lithium batteries”; (c) “Sodium batteries” and
(d) “Sodium batteries + Electrolyte” in Scopus database (last updated on the 13%"
February 2020). Reproduced with permission from Ref. [*].

1.3.3. Beyond LIBs
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As mentioned above, rechargeable LIBs have become one of the most
important power sources for a wide palette of energy storage scenarios, e.g.,
portable electronics, electric vehicles (EVs), stationary applications, etc....%
50 However, the LIBs technology built on the reversible intercalation of Li*
in the two electrodes has reached a global production of 316 gigawatt-hours
(GWh) in 2019 and is projected to be > 1200 GWh by 2025 due to the ever-
growing market of EVs and stationary energy storage.®® However, such
colossal production of LIBs faces tremendous challenges caused by the
shortage of lithium and cobalt sources. As an analogue of the widely known
LIBs, sodium batteries have captured intense attention from both academia
and industry owing to the higher natural abundance of sodium vs. lithium
sources [2.4 x10* ppm (Na) vs. 20 ppm (Li) in crust and 1.8 x<10* ppm (Na)
vs. 180 ppb (Li) in ocean*’].5>% As seen in Figure 1.7, the number of
publications per year related to sodium batteries has been increasing
dramatically in the past 10 years. In recent years, several innovative
companies dedicated to sodium battery technologies (e.g., HiNa battery,5® 7
Faradion,”* and Tiamat’?) have been founded, and in particular, sodium-ion
batteries (SIBs) have been successfully implemented as power sources for
low-speed EVs and a 500 kWh grid energy storage,® " strongly manifesting

the technological feasibility of sodium batteries.

To clarify the technical feasibility of sodium batteries, energy densities
of sodium and lithium batteries were estimated in terms of liquid electrolytes
(LEs) and SPEs, respectively. As seen in Figure 1.8, several interesting

conclusions could be drawn:

17
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1) The energy density of sodium-based cells is quite decent even with
~500 mV difference at the anode side, and this is certainly in favor of

achieving low cost for storing every kilo-watt-hour (kWh) of energy.

2) The incorporation of SE increases slightly the energy density (~10%
in gravimetric values), SPEs are the best candidate compared to glassy and
ceramic electrolytes due to the lower specific gravity of the former.

(a) Liquid electrolyte (b) Polymer electrolyte (c) Inorganic electrolyte
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Figure 1.8. Estimated gravimetric (E;) and volumetric (E,) energy densities of
lithium and sodium batteries with various kinds of electrolytes: (a) liquid
electrolyte; (b) polymer electrolyte; (¢) inorganic electrolyte. Graphite | LE |
LiFePO, and hard carbon | LE | NaFePOs cells are denoted as LIB and SIB,
respectively. Li® | SPE | LiFePO4 and Na° | SPE | NaFePO, are cells denoted as
LMB and SMB, respectively. Li° | glassy electrolyte (GE) or ceramic electrolyte
(CE) | LiFePOs4 and Na® | GE or CE | NaFePOj cells are denoted as GE (CE)-LMB
and GE (CE)-SMB, respectively. Noteworthily that the volumetric energy densities
of glassy and ceramic electrolyte-based cells are superimposed in Figure 1.8c.

Reproduced with permission from Ref. [*].
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3) The difference between sodium metal (Na<) anode and hard carbon is
not as obvious as Lielectrode vs. graphite anode, e.g., 350 Wh kg™ for Li<|
SPE | LiFePO4 cell vs. 250 Wh kg for graphite | LE | LiFePO4 cell at an
areal capacity of 4 mAh cm™2 (40% increase); 220 Wh kg™* for Na| SPE |
NaFePO4 cell vs. 200 Wh kg™ for hard carbon | LE | NaFePOs cell at an
areal capacity of 4 mAh cm™2 (~10% increase). Hence, low negative positive
(N/P) capacity ratio for Na<based solid sodium batteries is of vital

importance for attaining sufficient energy density.*°
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Figure 1.9. (a) The theoretical capacity of graphite and various metal anodes. (b)
Reduction potential of various metal anodes. (c) The elemental abundance in earth

crust. Reproduced with permission from Ref. [®].

Similar to sodium batteries, potassium batteries are also attracting
intense attention in scientific research due to its higher elemental abundance,
comparable reduction potential (see Figure 1.9) and lower cost of electrodes
materials compared with those of lithium. It is reported that the world

resource of potassium is about 250 billion tons, and in a sharp contrast to
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lithium, potassium resources are available all over the world. Furthermore, it
is well known that intercalation of K" cations into graphite electrode is
successfully feasible, whereas intercalation of Na* cations is not achieved. In
addition, aluminum foils can be employed as current collectors in potassium
batteries because potassium is not capable to form alloys with aluminum,
which can significantly decrease the cost and weight of potassium batteries.
However, with lower reversible capacity and rate performance as well as

inferior cyclability, potassium batteries necessitate much improvement.’83

Except for the monovalent cation’s batteries (Li, Na, K), multivalent
batteries have an advantage with respect to volumetric energy density
compared to LIBs (see Figure 1.9a), are regarded as promising alternatives
to monovalent batteries. Although it is unachievable to compete with the
gravimetric energy density of lithium metal batteries due to the lowest
weight of lithium, the gravimetric energy density of multivalent batteries is
much higher than that of the LIBs where graphite is used as anode material,
as shown in Figure 1.9a. Several multivalent rechargeable batteries, e.g., Mg,
Ca, Zn and even Al batteries, have been studied over the past decades;®*®’
however, all these multivalent batteries are beyond the scope of this thesis

and are not discussed here.
1.4. Rechargeable lithium metal batteries (RLMBS)
1.4.1. Challenges of lithium metal (Li<) anode

Since the inauguration in commodity market in the early 1990s, LIBs
have become the most dominant power source for portable electronics, and

have become attractive for electrical vehicles (EVs) and stationary energy
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storage systems which are of supreme importance to enable greener and
more sustainable societies. Differing from the evolution of computer science
where the memory of chips doubles every 18 months as indicated by
Moore’s law, the energy density of LIBs has been increasing in a low growth
rate in the last 60 years (ca. 3% per year),® which would not fulfil the
stringent requirements of next-generation rechargeable batteries for
emerging applications, in particular EVSs which requires a driving range

comparable to petrol-fuelled vehicles.

However, the actual energy density of state-of-the-art LIBs using
graphite as anode is gradually approaching its theoretical limit value due to
the lower capacity of graphite (372 mAh g* based on LiCe). With the extra-
high specific capacity (3860 mAhg™?) and the lowest negative
electrochemical potential (—3.040 V vs. the standard hydrogen electrode), Li<
has been considered as the “Holy Grail” electrode for batteries and received
extensive research attention. The replacement of conventional graphite
anode with higher capacity anodes is regarded as one of the most viable

approaches to tackle the “driving range anxiety”.8%-9

Lithium, ‘lithion/lithina’, with the symbol of ‘Li’ is located in IA group
in periodic table and atomic number is 3, is a soft, silvery-white and the
lightest alkali metal. It was firstly detected by Arfwedson and Berzelius in
1817 when they were analyzing petalite ore (LiAISis010).%3% In 1821, it was
isolated by Brande via the electrolysis of lithium oxide (Li2O), and the
commercial production of lithium was launched in 1923 by the German
company Metallgesellschaft AG, which performed an electrolysis of a liquid
mixture of lithium chloride (LiCl) and potassium chloride (KCI).?* Li<is one
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of the most favored anode choices for next-generation lithium batteries,
especially lithium—sulfur and lithium—air batteries. After falling into oblivion
for several decades owing to its safety issues (as mentioned in section 1.3.2
in this chapter), Li<is now ready for a revival, thanks to the development of

investigative tools and other modification strategies and methodologies.?
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Figure 1.10. (a) Scheme of dilemma for Li° anode in rechargeable batteries
Reproduced with permission from Ref. [*%]. (b). Correlations among the different
challenges in the Li<anode, originating from high reactivity and infinite relative
volume change. Reproduced with permission from Ref. [].

Similar to other alkali metals, lithium is a highly reactive metal that
tends to react with commonly used electrolytes such as carbonate solvents
and lithium salts in LMBs to form the SEI due to its low electrochemical
potential. It has been reported that the SEI is made up of a dual-layer
structure with an inner inorganic layer and an outer organic layer, which
could enable the LMBs with good cyclability and high Coulombic
efficiency.®¢*° However, the mechanically fragile and unstable SEI breaks
and regenerates during operation process, resulting in the consumption of
electrolytes as well as Li“anode, and thereby causing the premature failure
of LMBs. An ideal SEI for a safe and high-performance rechargeable LMB
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should possess the following properties: 1) proper thickness, 2) high ionic
conductivity and electron-insulating features, 3) strong mechanical

toughness, and 4) superior structural stability during long-term cycling.0%-107

Notoriously, lithium ions tend to deposit in a dendritic morphology and
the uncontrollable Li dendrites caused by uneven deposition of lithium may
detach from the lithium substrate to form “dead lithium’ or pierce the
separator, eventually resulting in short circuits of batteries, overheat and
even fires (see Figure 1.10a).%® In addition, the infinite volume change of Li®
anode is another challenge that prevents the achievement of long-term
cycling performance of LMBs compared with the conventional graphite
anode, whose volume change is about 10% during cycling processes.
Differing from the graphite anode, Li“anode is “hostless”, and the volume
change is almost infinite in theory during the charge and discharge operation
processes. The large volume change may easily destroy mechanically fragile
and unstable SEI, and thus forming holes or cracks on the surface of Li®
anode (see Figure 1.10b).2% In this case, the liquid electrolytes might go
through those cracks and react with the fresh lithium underneath to form new
SEI. The repeated destruction and repair of the SEI can endlessly consume
active lithium and liquid electrolytes, which can form a thick passivation
layer on the surface of Li® anode and thus significantly increase the

overpotential of the batteries.3 108-118

In order to overcome above challenges of Li<anode to suppress lithium
dendrites for a safe Li<anode and achieve a high-performance of RLMB,
multiple strategies and methodologies have been proposed and employed,
including: 1) introducing functional electrolyte additives (e.g., functional

23



Chapter 1

salts or solvents), 2) constructing an artificial SEI through electrochemical,
chemical or physical treatments, 3) utilizing a highly-concentrated/locally
high-concentrated or nanostructured electrolytes, 4) using solid state
electrolytes (e.g., SPEs, inorganic electrolytes or composite polymer
electrolytes), 4) designing structured anodes (e.g., 3D anodes), 5) modifying
separators and 6) optimizing cell operation programs through the Battery
Management System (BMS), etc.% 119126 Amongst all the strategies, the
solid polymer, ceramic and their intermediate composite solid-state
electrolytes are expected to provide a desirable mechanical property (high
shear modulus) that could efficiently suppress lithium dendrites growth.
More importantly, replacing the flammable organic liquid electrolytes with
solid-state electrolytes could significantly alleviate the safety issues of
RLMB such as leakage and fires, thus drastically enhancing the safety

performance of LMBs. 107 127-130
1.4.2. Polymer electrolytes for RLMBs

As mentioned above, apart from the widely used organic liquid
electrolytes, solid-state electrolytes with high safety and intrinsic feature of
lithium dendrites suppression have attracted extensively attention. The
research of solid ion conductor could be traced back to 1834 when Faraday
proposed the first example of Ag»S and PbF2. As early as 1957, Masdupuy
discovered a lithium ion conductor LisN with a high conductivity of 102 S
cm .38 Two decades later, in 1976, Hong reported the synthesis and
characterization of Nai+xZr2P;—~«SixO12 (0 < x < 3) compounds (known as
NASICON), of which the Na* could be ion-exchanged with Li* to prepare
LISICON.®*2 In 1993, Chen et al.}3 showed that the perovskite-type lithium
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ion conductor LioaslaosiTiO294 (LLTO), exhibiting a high ionic
conductivity (owora) of 2 x10° S cm™ at room temperature, indicating that
this conductor had a large amount of equivalent sites for Li* to occupy and
freely transport. Later, Murugan et al.'** revealed a garnet-like inorganic
conductor LizLasZr,01, which showed a high ionic conductivity (3.0 <10~
Scm at 25 <T) as well as good thermal and chemical stabilities, enabling it
as a promising SSE for all-solid-state rechargeable lithium batteries. In 2011,
Kanno et al.'® originally developed a three-dimensional-framework-
structure lithium superionic conductor, Li1oGeP2S12, which exhibited the
highest ionic conductivity of 1.2 <102 S cm™ at RT compared with those
inorganic SSEs reported from previous literature. After that, more
conductive inorganic solid-state electrolytes such as LizP3S11 (6 = 1.7 x 1072
S cm™ at RT)*®, Ligs4Si1.74P144S11.7Clos (6 = 2.5 x 102 S cm™* at RT)%¥'
were reported, but nonetheless, the poor interface stability and compatibility
as well as the brittleness of inorganic solid-state electrolytes should be
improved to meet the requirements of lithium batteries for large-format

application,38-140 141

In contrast to inorganic solid-state electrolytes, polymer electrolytes are
more flexible, processable, and possess superior interfacial compatibility as
well as stability towards electrodes, especially Li<anode.'*? In addition, the
molecular structures, mechanical properties, and ion transport of polymer
electrolytes could be finely designed and tuned to advance and improve
battery performance. In principle, polymer electrolytes for Li“batteries can
be divided into three major categories: dry SPEs, gel polymer electrolytes
(GPEs), and their hybrids with ceramic as composite polymer electrolytes

(CPEs). The protocol of solid polymetric ion conductor could be traced back
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to early 1970s when Wright et al. found that the poly(ethylene oxide) (PEO)
was a good conductive matrix for alkali-metal-ions, and simultaneously they
also found that the ionic conductivity of PEO/KSCN could be enhanced

significantly at high temperatures.*

Inspired by this work, Armand
proposed the employment of these ionic conductive materials as SPEs for
rechargeable lithium batteries. However, SPEs-based batteries suffer from
low ionic conductivity at RT, which hinders their application areas.
Therefore, considerable strategies and approaches have been developed, such
as polymeric matrix modifications, incorporation of inorganic
fillers/electrolytes to form composite electrolytes, novel lithium salts design
and doping with additives etc. to enhance the ionic conductivity of SPEs.1%
The practical feasibility of SPEs-based RLBs are testified by the worldwide
implementation of Bluecars® and Bluebuses® commercialized by the Bolloré
Group since 2011 (Figure 1.11). After that, new polymers and salts have
been designed and synthesized to further enhance the room-temperature
ionic conductivity and lithium-ion transference number (T.i*), which will be

presented in the following sections.?’

An ideal polymer electrolyte used in a high-performance lithium metal

battery ought to fulfill following some requirements,28-130. 145-146

1) Mechanical stability. As polymer electrolytes serve both as
electrolyte and separator in lithium metal batteries, polymer electrolytes need
to be able to deform elastically stable and relax when stress is applied in the
process of manufacture, cell assembly and operation process. More
significantly, a polymer electrolyte with high mechanical stability will
inhibit or suppress lithium dendrites.
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New polymers and salts
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Figure 1.11. Historical overview on the development of solid polymer electrolytes
(SPEs)-based solid-state lithium metal batteries. Reproduced with permission from
Ref. [*].

2) High ionic conductivity. lonic conductivity is a standard for
measuring the certain ability of ions conduction in electrolyte systems and
also a determining factor to dictate the electrochemical performance of
lithium metal batteries. Superior ionic conduction and electronic insulation
are needed for polymer electrolytes to achieve a rapid charge/discharge of

cells.

3) High chemical and thermal stability. The polymer electrolytes for

lithium metal batteries should be inert and unreactive towards electrodes

27



Chapter 1

(especially Li<anode) and other cell components when contact with them
even at high temperature. In addition, a high thermal stability of electrolyte
components is of vital importance to enable scalable processing of polymer

electrolytes, e.g., extrusion process, without detrimental decomposition.

4) Wide electrochemical window. The electrochemical window of one
electrolyte is the potential domain within which the material is stable, i.e.,
does not undergo destructive reduction or oxidation. The oxidation potential
SPEs for lithium metal batteries nominally should be higher than the
operating potential of the cathode and the corresponding reduction potential
must be lower than that of the Li<anode. To meet the practical application,
the polymer electrolytes for lithium metal batteries should possess a high
oxidation potential at least > 4.0 V vs. Li/Li* to appropriately and

compatibly incorporate with high-voltage cathode materials.

5) High lithium-ion transference number (T.i*). A high Ty" is prone to
reduce the salt concentration gradients and concentration polarization during
cell operation, which is beneficial to obtain higher power density and reduce

the nucleation reaction of dendrites.

6) Facile preparation and low cost. The methodologies to prepare
polymer electrolytes for lithium metal batteries are supposed to be as simple

as possible to reduce the preparation cost.

7) Environmental benignity. The elements and materials for the
preparation of polymer electrolytes should be non-toxic and sustainable.
Those materials possessing better chemical and biochemical degradability
are desirable to avoid the potential risks to environment and human health
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once the electrolytes or their decomposition products leak out of the battery

packs.

1.4.2.1 Solid polymer electrolytes (SPES)

Intrachain hopping Intrachain hopping via ion cluster
J &)
£ —
Interchain hopping Interchain hopping via ion cluster
O ; 3
)

N

Figure 1.12. Mechanism of ion transport in PEO-based polymers. Reproduced with

permission from Ref. [*%].

Solid polymer electrolytes (SPEs) are made up of polymer matrices and
lithium salts as solutes without any plasticizers (e.g., liquid
solvents/electrolytes or ceramic particles), which can be facilely prepared by
conventional casting and hot high-press process. In SPEs, the lithium ions
are generally solvated and complexed by the polar functional group, e.g., —
O-, -S—, -N—, -P—, C=0 and C=N, in the backbone of the matrices.!?
Indeed, ionic conductivity is proportional to the effective number of mobile
charge carries, multiplied by the ions mobility and the elementary electric
charge. Hence, the polymer matrices with high solvation power and
dielectric constant could enable the dissociation of lithium salts in SPEs, and

thereby enhance the ionic conductivity. Taking into consideration the ability
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to dissolve lithium salts, polyether appears to be the one of the best
candidates for serving as polymer matrices because of the good
solvation/complex between the ether oxygens and lithium ions.'?® Among
these, PEO is the earliest studied and most applied polymer matrix due to its
high donor number (ca. 22) and superior Li* solvation generated from its

flexible ethylene oxide segments and ether oxygen atoms.%2

In PEO-based SPEs, Li* ions transfer in the PEO matrix adopts a
commonly accepted mechanism. It was generally believed that ion transport
in PEO-based SPEs occurs only in amorphous regions above their glass
transition temperature (Tg). As shown in Figure 1.12, Li* ions are
coordinated by the ether oxygen atoms on the PEO chain. The local
segmental motion of the polymer chains stemmed from conformational
change of polymer segments leads to the appearance of free volume. With
the processes of breaking/forming lithium—oxygen (Li—O) bonds, lithium
ions transport by intrachain or interchain hopping in the PEO-based

electrolytes facilitated by a segmental motion of the PEO chains.?®

However, PEO-based SPEs present a low ionic conductivity at
temperatures below the melting point due to the semi-crystalline nature of
the PEO chains. Furthermore, the PEO-based SPEs also show a low anodic
stability (ca. 4.0 V Li/Li"), limiting their utilization as electrolytes in high
voltage lithium metal batteries [e.g., lithium cobalt oxide (LCO)-based cell)].
Therefore, other polymer matrices with specific properties have also been
investigated, including polycarbonates,**” polyesters'*® and polysiloxane,*3°
showing promise for lithium metal batteries. Recently, our group developed

a new family of comb-like polymer matrices comprising commercial
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polyetheramines (Jeffamine®) as side moiety and poly(ethylene-altmaleimide)
as backbone, showing nearly total amorphicity with a low glass transition
temperature and emerging as an appealing candidate for building robust

SPEs with high ionic conductivity at ambient temperatures.®?
1.4.2.2 Composite polymer electrolytes (CPES)

As mentioned above, SPEs have been considered as one of the most
promising candidates for high safe lithium batteries due to their shape
versatility, flexibility and thermodynamic stability. However, the low
mobility of cations in SPEs (e.g., PEO) at ambient temperature limits their
practical applications.#? Introducing inorganic fillers into polymer matrices
is treated as an elegant approach to enhance the ionic conductivity of
electrolytes for batteries considering that: 1) the crystallinity and glass
transition temperature (Tg) can be reduced after the addition of inorganic
fillers;*® and 2) the surface groups of inorganic fillers can interact with
polymer chains and salts, and that could facilitate faster ion conduction
throughout the conductive pathways on the inorganic surfaces.®1% |In
addition, the inorganic fillers could also help to enhance the mechanical
stability of the SPEs.

The inorganic filles are generally divided as two categories: 1) passive
inorganic fillers and 2) active fillers. The passive fillers are not ionically
conductive and different types of fillers have been studied and employed in
SPEs, such as ceramic oxides (e.g., Al,03,51%6 Sj0,, %7160 TjQ,,161-162
Zr0y, 163184 y,03,15 LiAlO,,% and Mg2B0s'%"), ferroelectric ceramic
fillers (e.g., BaTiOs, PbTiOs, LiNbO3)'%817" and clays.}’* For this kind of
CPE, the Li" ion transportation mainly occurs both in the amorphous phase
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of polymers (Figure 1.13a) and the interfacial phase (Figure 1.13b). In
contrast to the passive filler, active filles like garnet-based!’?"* perovskite-
structured-based,*®””  NASICON-based'’®1® and LISICON-based!8%-18!
inorganic solid electrolytes are Li* ion conductive. When the content of these
active fillers exceeds a threshold (i.e., > 50 wt%), the active fillers can form
an ionic conduction pathway to enhance the ionic conductivity of the CPEs
(Figure 1.13c).18%183

A B c
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o : Organic phase
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O Orgamc/lnorganlc Li* transportatio
n interphase pathway

Figure 1.13. Schematic view of organic/inorganic composites with different

microstructures and various Li" transportation pathways. Reproduced with

permission from Ref. [*8].
1.4.2.3 Gel polymer electrolytes (GPES)

SPEs and CPEs are promising alternatives of conventional liquid
electrolytes for highly safe and structurally flexible lithium metal batteries;
however, their utilization in practical cells/batteries is hindered by the still
low room-temperature ionic conductivity and unsatisfactory interfacial

compatibility with electrodes (in particular, when no liquid solvent is added
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in CPEs). In this regard, GPEs, containing a fraction of liquid phases/
plasticizers (normally the content of liquid phase/plasticizers exceeds 50
wt%), have attracted increasing attention owing to their higher ionic
conductivity, better interfacial contact with the electrodes, etc. Therefore,
flammable or volatile liquids, such as ether solvents and carbonate solvents
were introduced into SPEs or CPEs to enhance the performance of lithium
metal batteries despite a possible loss in safety. Besides, non-flammable and
less-volatile ionic liquids (ILs) were also investigated as plasticizers for

lithium metal batteries, 1% 184-18>

In the GPEs, Li" ions are mainly transported in the liquid plasticizers
containing dissolved lithium salts, and the plasticizers also react with
electrodes to form SEI and CEI films.}*® Several polymer matrices such as
PEO,® poly(vinyl chloride) (PVC),'87-18 poly(acrylonitrile) (PAN),18%-1%0
poly(vinylidene fluoride) (PVDF)'®* and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP)'®? have been extensively used in GPEs
and provided the GPEs with mechanical strength. The introduction of liquid
phases into polymer electrolytes might reduce mechanical stability of GPEs
membranes, thus supporting materials such as glass fibers, polymers or non-
woven fibers including cellulose were applied as scaffolds to reinforce

mechanical strength of GPEs.1931%
1.5. Lithium salts for SPEs

The anion chemistry of lithium salts plays a pivotal role in dictating the
physicochemical and electrochemical performance of SPEs, thereby
influencing the cyclability of all-solid-state RLMBs. In addition, tuning the
chemical structures of salt anions could regulate the reduction potential of
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the salts and the SEI components as well, hence, the choice of the salt is very
crucial to achieving a high-performance SPEs-based RLMBs. To realize
these good properties, several criteria need to be considered for screening
suitable lithium salts for SPEs-based RLMBs: 1) weak interaction between
lithium cation and anion, which is beneficial for dissociation and dissolution
of lithium salts in SPEs; 2) superior anionic flexibility with sufficient
plasticizing effect, which is of significance to lower the glass transition
temperatures and decrease the crystallinity of polymer matrices; 3) high
anodic stability, which is critical for SPEs to be coupled with high-voltage
cathode materials; 4) excellent SEI formation ability, which could facilitate
to prevent the SPEs from excess consumption and 5) low reactivity against
other electro-active species in order to minimize degradation processes.'% In
the early stages of SPEs-based lithium metal batteries, several lithium salts
such as, lithium bis(trifluoromethanesulfonyl)imide (LiTFSI),'*" lithium
thiocyanate (LiSCN),%% [ithium perchlorate (LiClO4),2°%2% [ithium
hexafluoroarsenate  (LiAsFe),2%2"  lithium  hexafluoroantimonate
(LiSbFe),2%  lithium tetrafluoroborate  (LiBF4),2%2° and lithium
trifluoromethanesulfonate (LiTf)2%0: 204 208-215 \yere studied with the aim of
completely dissociating the salts in polymer matrices and studying the
complex/solvation between Li* and polymer matrices as well as the Li*
transport in SPEs, thus realizing high Li* availability and ionic conductivity.
To date, various lithium salts have been investigated for SPEs-based lithium
batteries, according to the structures of the salt anions, the lithium salts are
generally classified into several categories in this chapter, including 1)
lithium borates, 2) lithium phosphates, 3) lithium sulfonates, 4) lithium
imides and 5) other promising lithium salts. The chemical structures of the

lithium salts for SPEs are summarized in Scheme 1.1. It should be noted that
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the polymeric lithium salts (e.g., single-ion conducting lithium salts) have
also been well studied and have attracted significant attention due to their
several excellent properties such as super high Tvi*,**? 216 but those salts are
not included here because this thesis is focusing on the lithium salts with

simple anionic structures and small molecule weight.
1.5.1. Lithium borates

For lithium borate-based polymer electrolytes, the LiBF4 salt featured
with a good thermal stability, low sensitivity towards environmental
moisture,?’ low lattice energy is widely used as conducting lithium salt in
different polymer matrices in the early days, like PEO,?*8 poly(vinyl alcohol)
(PVA)?*® and blended PVC/poly(methylmethacrylate) (PMMA),2%° etc.??°
However, the electrolytes consisted of LiBFs show a relatively low ionic
conductivity and the it is unable to form a stable SEI layer at anode side.?%
Lithium bis(oxalato) borate (LiBOB) has been in the spotlight owing to its
good thermal stability (200 °C), no risk of production of harmful gases, low
cost, and ability to form stable and protective SEI layers on graphite
electrodes since Xu et al. introduced it as a lithium conductive salt for LIBs
in 2002.44 124.222-223 | ater, Scrosati et al. introduced LiBOB into PEO-based
SPEs and expected that the large BOB™ anion could interfere with the
crystallization process of the PEO chains, possibly resulting in an increase of
its amorphous regions and improving lithium-ion transport throughout the
electrolyte. As a result, the LiBOB/PEO showed conductivity values varying
from 10° to 102 S cm in a temperature range from 30 to 80 <T and T.i*
values ranging from 0.25 to 0.30.2%* Recent studies have demonstrated that
the ionic conductivities of the LiBOB-based electrolytes were able to be
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enhanced by introduction of plasticizes and/or inorganic fillers, e.g.,

succinonitrile,?® glutaronitrile?® and SiO,.2%’
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Scheme 1.1. Structures of the lithium salts for polymer electrolytes.
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Another lithium borate, lithium difluoro(oxalato)borate (LiDFOB),
combining advantages of LiBOB and the low temperature performance of
LiBFs because its structure is made up of half LiBOB and half LiBFa4,
exhibiting better performances than the other two lithium borate salts.??® The
PEO-based SPEs complexed LiDFOB demonstrated an ionic conductivity of
3.2 x107° S cm™ at room temperature (23 <C) attributed to decrease in the
degree of crystallinity and increase of amorphous region of the PEO
chains.??® Very recently, Cui et al. reported a SPE comprising a novel
highly-fluorinated-anion based lithium salt, lithium trifluoro(perfluoro-
tertbutyloxyl)borate (LiTFPFB), and an amorphous comb polymer of
poly[propylene  oxide-co-2-(2-methoxyethoxy)ethyl  glycidyl  ether]
[P(PO/EM)], showing a high Ty* of 0.59 due to the supramolecular
interaction between the highly fluorinated LiTFPFB and polymeric skeleton
of P(PO/EM).2

1.5.2. Lithium phosphates

As mentioned above, it is generally accepted that LiPFs is the largely
used lithium salt in commercially graphite anode-based rechargeable LIBs
due to its high ionic conductivity, good electrochemical stability, AlI°
corrosion inhibition and good SEI formation property.®*34 Yet, LiPFs
displays lower thermal stability even at a moderate temperature (e.g., 60 °C),
which excluding its utilization in PEO-based SPEs where a high operation
temperature of 70 °C is needed. As an alternative to LiPFe, lithium
tris(perfluoroethyl)trifluorophosphate (LiFAP) has been proposed by
Schmidt et al. through a partial replacement of the fluorine atoms in LiPFe
by perfluoroalkyl groups. The electron-withdrawing and hydrophobic nature
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of the perfluoroalkyl groups not only improve the stability towards
hydrolysis but also delocalize of the negative charge, leading to a weak
coordination between the Li* and FAP~ anion.?®12%2 |n 2008, the LiFAP salt
was incorporated in a PVDF-HFP based polymer electrolyte, which
exhibited an ionic conductivity of 6.7 <107° at room temperature, though EC
and diethyl carbonate (DEC) were also introduced in that electrolyte as

plasticizers.12% 231 233
1.5.3. Lithium sulfonates

Lithium sulfonates are another type of salts that are applied in SPEs in
the early stage, LiTf was widely used in different polymer matrices, e.g.,
PEQ,200. 208, 210212 nolyacrylonitrile  (PAN),2*24 PVCZ* and blended
PVC/PMMA.?® The replacement of CFs— group with longer perfluorinated
alkyl chains might not only effectively enhance the solvating and/or
plasticizing effect of the salts but also may result in a good combination of
ionic conductivity and Tii*. Hence, some other lithium sulfonates, lithium
perfluoroethanesulfonate (LiC2FsSOs), lithium perfluorobutanesulfonate
(LiC4F9S0O3) and a family of aryl-substituted lithium perfluorosulfonates
(LiS1-S7; see Scheme 1.1) have been proposed and used as electrolytes salts
in polymer electrolytes, exhibiting high anodic stability and thermal
stability.?35-2% Unfortunately, those lithium sulfonates-based SPEs show

poor ionic conductivities, which impedes their application.'?
1.5.4. Lithium sulfonimides

Significant advancements and developments have been achieved by
designing lithium sulfonimides salts with expected low dissociation energy,
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high dissolution capability and superior oxidation stability. LiTFSI with
excellent physicochemical/electrochemical properties and good plasticizing
effect generated from its outstanding anionic flexibility has been regarded as
the dominate salt to be used in SPEs and ionic liquids filed since Armand
introduced it into SPEs in 1989.1%7 Yet, the LiTFSI-based SPEs suffer from a
low Tii*, which could lead to the concentration gradient issue and further
increase cell overpotentials or even premature of lithium cells.?*® In addition,
the SEI formed at Li<anode in LiTFSI/PEO-based electrolytes is not stable
enough to inhibit lithium dendrites growth, and this phenomenon is much
more serious when high current densities or high areal capacity of cathodes
are performed. As an alternative salt to LiTFSI, LiFSI was incorporated into
the PEO-based SPEs by Zhou et al.,?* it shows superior electrochemical
performance compared with the LiTFSI-based counterpart in both Li<|| Li®
and Li<|| LiFePOg4 cells because a more stable LiF-rich SEI film could be
formed at Li<anode, which benefits from the relatively easier cleavage of S—
F bond than the C—F bond in LiTFSI. Nevertheless, the extremely thick SEI
generated from LiFSI decomposition may unfortunately cause a high
resistance of the SEI because of the low ionic conductivity of the LiF species,
resulting in a high overpotential and fast capacity decay.’? 241242 Another
lithium sulfonimide salt, lithium
(fluorosulfonyl)(trifluoromethanesulfonyl)imide (LiFTFSI) (see Scheme
1.1), combining the advantages of LiTFSI and LiFSI, was investigated in
PEO-based Li-S cells, showing the best interfacial compatibility with Li<
anode and cyclability profited from the balanced mechanical stability and
interfacial resistance of the SEI.2*® Recently, Zhou et al.?** investigated the
impact of anionic structure of lithium salt on the performances of PEO-based

RLMBs through a comparison of their fundamental physical properties,
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including ionic conductivity, anodic stability and electrochemical
performances utilizing LiTFSI, LiFSI, LiFTFSI, lithium
(fluorosulfonyl)(pentafluoroethanesulfonyl)imide  (LiFPFSI),2*24  and
lithium (fluorosulfonyl)(n-nonafluorobutanesulfonyl)imide (LiFNFSI)246-248
as conducting salts (see Scheme 1.1). Specifically, LiIFNFSI-based Li<|| Li<
and Li || LiFePOg cells display the best electrochemical performance, which
could be explained by the best Li“anode compatibility due to the formation
of insoluble organofluoride species at Li<anode and displaying strongest
anodic stability of LiIFNFSI.

Indeed, it is generally known that replacing the —CFs moiety with
perfluorinated alkyl chains in TFSI™ anion could not only enhance anionic
flexibility, anodic stability and T.i* but also enable to protect Al<current
collector from corrosion.?*® Hence, several lithium analogues with longer
perfluorinated alkyl chains were proposed, like lithium bis
(perfluoroethanesulfonyl)imide (LiBETI),250-2%3 lithium
(trifluoromethanesulfonyl)(n-nonafluorobutanesulfonyl)imide  (LiTNFSI)?4
and lithium [trifluoromethane(S-trifluoromethanesulfonylimino)sulfonyl]-
(trifluoromethanesulfonyl)imide ~ (LisTFSI),>®  showing  promising
application in PEO-based RLMBs. For example, the LisTFSI/PEO-based
SPE exhibited a higher Tpi* (0.29) and lithium-ion only conductivity (ovi*;
ouit = 2.5 x10* S cm™) compared to the LiTFSI-based one (T.i* = 0.14 and
oLit =2.0 X104 S cm™) at 80 °C.

Apart from introducing the perfluorinated alkyl group to enhance Ty,
our group suggested an ether-functionalized anion (EFA; see in Scheme 1.1)

to be used as a counter-charge in a lithium salt, achieving a low anionic
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diffusivity but sufficient oLi*. The ethylene oxide (EO) unit in EFA anion
endows nanosized self-agglomeration of anions and dipole—dipole trapping
interactions between the anions and PEO matrix, hindering the mobility of
negative charges.*** In another work, one of the —CFs moiety in LiTFSI was
substituted by a —-CFH moiety to obtain the lithium
(difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide (LiDFTFSI),
benefiting from the strong electron-withdrawing ability of F atoms and SO;
group, the H hydrogen atom in —CFH moiety showed a good H-donicity,
enabling to form strong H-O bonds between LIiDFTFSI and PEO, thus,
giving a high Ty* of 0.35 at 70 °C. Moreover, SEM and XPS results
indicated that a homogenous SEI composed of mechanically stable LiF and
ionically conductive LiH was formed at Li anode, leading to an enhanced

interfacial stability between the SPE and Li<anode.?3% 26

In addition to the single-lithium salts, di-lithium salts that possess two
lithium ions per molecule were also studied as conducting salt for SPEs but
using low concentration of salts.*?® Similar to LiTFSI where the negative
charges on the nitrogen atom are delocalized by the —CFz moiety and two
sulfonyl groups, the interaction between the anion and lithium cation of the
di-lithium sulfonimides is expected to be not high. PEO-based SPEs with a
kind of di-lithium salts (DL-1, DL-2 and DL-3; see Scheme 1.1) were
reported by Chakrabarti et al.,?” but showed decent ionic conductivities (e.g.,
2.19 x10° S cm™ at 30 °C for the DL-1/PEO-based SPE). Creager et al.?*®
260 demonstrated a series of di-lithium sulfonimides salts with the structure
of [(perfluoroalkyl)sulfonyl]diimide dianions
[CF3SO2N(L1)SO2(CF2)nSO2N(LI)SO2CF3, n = 2, 4, 6, 8]. However, the
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super long length of the perfluoroalkylene exhibited a low transportation
kinetics, decreasing the total ionic conductivity of the PEO-based SPEs.!?®

1.5.5. Other promising lithium salts

A designer salt anion should possess the ability to form a robust SEI
and CEI layers at the anode and cathodes, respectively, facilitating to a better
electrode wettability and acting as an important component to get a high
ionic conductivity, as mentioned above. The aforementioned fluorinated salt
anion may lead to a robust and efficient SEI layer benefited from the
formation of LiF as SEI-building material. However, the LiF is a two-sided
sword, when becoming a thick layer at Li<electrode, the SEI film is prone to
be more resistive because of the low Li* conductivity of LiF (about 1073 S
cm 1.2 Hence, a fluorine-free noble salt lithium tricyanomethanide
(LITCM) with a fairly stable structure of a triple C= N group was
investigated in our group in PEO-based SPEs. The LizN-rich SEI layer with
a high oLi* generated from the reduction of C=N group imparts the Li<|| Li®
cell an extremely low overpotential of 10 mV at 0.2 mAh cm= at 70 °C.2%2
Further research demonstrated that the introduction of a small fraction of
LITCM into the LiFSI or LiTFSI-based SPEs could synergistically form a
homogeneous and stable SEI layer, endowing the Li-S cells with superior

cyclability.263-264

Other salts, such as lithium 2-trifluoromethyl-4,5-dicyanoimidazolate
(LiTDI), lithium-4,5-dicyano-2-(pentafluoroethyl)imidazole (LiPDI) and
lithium-4,5-dicyano-1,2,3-triazolate (LIDCTA) have been studied in PEO-
based SPEs, but with a main focus on their physicochemical properties, such

as ionic conductivities rather than electrochemical performance,33 128. 265-266
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1.6. Objectives of this thesis

Solid-state based RLMBs (SSRLMBs) are considered as the most
promising alternatives to improve the energy density and safety of state-of-
the-art liquid-based LIBs. SPEs have been investigated as important
candidates for enhancing the energy density and safety of the next-
generation rechargeable batteries, due to their good flexibility, no-leakage,
less-flammability, light weight, and good compatibility with Li<electrode.
PEO chains containing ether oxygen coordination sites show a superior salt
dissociation capability, which have been widely used as polymer matrices in
SPEs.

It is generally accepted that the chemistry of lithium salts plays a
pivotal role in dictating the physicochemical and electrochemical
performance of SPEs, thus influencing the cyclability of SSRLMBs. To date,
LiTFSI has attracted the most attention among all the lithium salts evaluated
for SSLSBs due to its good thermal and chemical stability, structural
flexibility, and plasticizing effect when coupled with the PEO matrix.
However, the LITFSI/PEO based SPEs suffer from low lithium-ion
transference number (i.e., Tii*'= 0.2) and poor SEI creating properties,
resulting in severe cell polarization and simultaneously notorious dendritic
growth at the Li<anode at 70 °C.

Within this scope, the main objective of this work is to design and
synthesize new lithium salts with suppressed anionic mobility to enhance
lithium-ion transference number (T.i*) without sacrificing significantly the
ionic conductivity, and simultaneously with the aim of forming excellent SEI
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layers at the Li®anode to improve interfacial compatibility and stability
towards Li<anode.

In Chapter 3, a trifluoromethyl-free anion,
bis(difluoromethanesulfonyl)imide (DFSI™), as an environmentally benign
and interfacially favorable anion for high-performance SSRLMB is reported.
The widely used LiTFSI salt generally contains the trifluoromethyl (—CFs)
group which has very low chemical and biochemical degradability, despite
its strong electron-withdrawing ability which is essential for the dissolution
and transport of ions in SPEs. In contrast to LiTFSI, the —-CHF, moieties of
LiDFSI-based salt shows a more rapid chemical degradation under a mild
basic solution. In addition, a high lithium-ion transference number (Ti")
resulted from H-bonding interactions between —CF>H moieties and EO units
as well as the better SEI layers formed by the decomposition of DFSI™
synergistically enhanced stability against Li“electrode, showing a better cell

performance of SSRLMB batteries.

In Chapter 4, a benzene-based salt, lithium
benzenesulfonyl(trifluoromethanesulfonyl)imide (LiBTFSI), was
synthesized for high-performance PEO-based SPE with aim of further
improving the lithium-ion conductivity. In contrast to the abundantly used
LiTFSI-based SPEs, the LiBTFSI-based SPEs exhibited extremely high
lithium-ion transference number (TLi*) due to the intermolecular interactions
(e.g., n-m stacking bonds) among the benzene-based anions, which was
demonstrated by computational calculations. In addition, the LiFePOg || Li®
cells assembled with the LiBTFSI-based SPEs showed a superior long-term
cyclability with excellent Coulombic efficiencies as well as high discharge
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capacities. These results demonstrate the importance of the molecular
structure of anions in SPEs and shed light on a way for future advancement
and development high-performance SPEs-based LMBs.

In Chapter 5, we report a new type of chiral salts built from
commercially available camphorsulfonic acid and their use as electrolyte
salts for PEO-based SPEs. The fundamental properties of the neat salts and
PEO-based electrolytes are comprehensively characterized, in terms of
surface morphology, thermal stability, phase transition, ionic conductivity,
and electrochemical stability... We demonstrate that the resulting SPEs
exhibit decent ionic conductivities (ca. 10* S cm™) accompanied by high
cation transference numbers (ca. 0.5) at 70 °C. Whether either the R or the S
enantiomers are used the ion transport properties are the same, as expected,
but rather surprisingly the artificial racemic mixture is within the errors of
the measurements just as conductive. The role of chirality on the properties
of the PEO-based electrolytes is thus intensively revealed. We discuss how
this opens a new avenue to design novel salts for reaching high-performance
SSRLMB:s.
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Experiment section

2.1. Introduction

The proposal of this chapter is to detail the experimental techniques,
samples preparation and characterization as well the cell assembly,
characterization that have been used for this thesis work. Firstly, the
characterization techniques for the synthesized neat salts including nuclear
magnetic resonance spectroscopy (NMR), Fourier-transform infrared
spectroscopy (FTIR) and Raman spectroscopy are briefly provided. Yet, the
experimental details for the synthesis of the neat salts are not included in this

chapter and those will be discussed in their respective chapters.

Secondly, the preparation process of the solid polymer electrolytes
(SPEs) for their use in batteries, especially the characterization of the SPEs
is emphasized in this part. At first, a description of the chemical,
morphological techniques that allow for providing the chemical stability,
phase behaviours (e.g., glass transition temperature, crystallinity) as well as
the morphological properties of the SPEs are presented. And, then, the
techniques required for showing the physicochemical properties in terms of
ionic conductivities and lithium-ion transference number of the SPEs are
given. Finally, electrochemical methodologies such as linear sweeping
voltammogram (LSV), cyclic voltammogram (CV) for measuring the anodic

and cathodic stability of the electrolytes are described.

Thirdly, the LiFePOs electrodes preparation, cell assembly and cells
testing are detailed presented with respect to different cell configurations,
e.g., Li<|| Li<S Li<|| Cu=and Li<|| LiFePOs cells.

2.2. Structural characterization of the synthesized salts
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2.2.1. Nuclear magnetic resonance spectroscopy (NMR)

To confirm the successful synthesis of the targeted salts in this thesis,
nuclear magnetic resonance spectroscopy [NMR, Bruker 300 Ultrashield
(300 MHz for 'H, 75.5 MHz for 3C, and 283 MHz for °F)] is used to
characterize the chemical structure of synthesized salts. NMR is known as a
spectroscopic technique to probe local magnetic fields around atomic nuclei,
such as proton (*H), carbon (*3C) and fluorine (*°F). The sample is sealed in
an NMR tube and placed in a magnetic field and the NMR signal is produced
by excitation of the nuclei sample with radio frequency waves into nuclear
magnetic resonance, which is detected with sensitive radio receivers. The
different intra-molecular magnetic fields around an atom in a molecule could
change the resonance frequencies, thereby giving information about of the

electronic structure of a molecule and its functional groups.*

To further detail the structures of the synthesized salts, correlation
spectroscopy heteronuclear single quantum coherence spectroscopy (HSQC)
is also employed in this thesis. The obtained spectrum from the HSQC
experiments is two-dimensional (2D) with one axis for proton (‘H,
horizontal axis) and the other for a 3C (vertical axis), which provides more

information of the synthesized salts.
2.2.2. Fourier-transform infrared spectroscopy (FTIR)

Except for the NMR technique, Fourier-transform infrared spectroscopy
(FTIR, Bruker vertex 70) is used to clarify the structures of the synthesized
salts. This is a technique that used to obtain an infrared spectrum of
absorption or emission of a solid, liquid or even gas, which could identify the
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presence of organic and inorganic information in the sample.? During the
measurements, the equipment releases a beam containing many frequencies
of light at once and measures how much of that beam is absorbed by the
sample. Afterwards, a computer not only takes all this data and works
backward to infer what the absorption is at each wavelength but also makes
the Fourier transform algorithm to translate the raw data to spectra.® In
addition to the synthesized salts, the FTIR was also used to characterize the

SPEs with different salts, which will be discussed in Chapter 5.
2.2.3. Raman spectroscopy

Raman spectroscopy is a non-destructive chemical analysis technique
based also on interaction of light with the chemical bonds within a material.
An incident beam is shifted in wavelength through inelastic scattering. This
technique is used to determine vibrational, rotational and other low-
frequency modes of molecules, which provides detailed information about
chemical structure, phase and polymorphism, crystallinity and molecular
interactions.* Raman spectra feature a number of peaks showing the intensity
and wavelength positions, which are related to the specific molecular bond
vibrations, including individual bonds such as C-C, C=C, N=0O, C-H,
0=S=0 and C-F etc., and groups of bonds such as benzene ring breathing
mode, polymer chain vibrations, lattice modes, etc.® In this thesis, Raman
spectroscopy was employed as complementary technique to characterize the
salts as well as the SPEs. Raman spectra of the salts or SPEs were recorded
with a Renishaw inVia confocal Raman spectrometer (serial number
16H981). Incident laser has wavelength of 532 nm and microscope

configurations were typically used with a 50>/0.75 focusing objective. The
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laser spot size is about 0.8 pm and spatial resolution is around 0.4 pm. In an
argon-filled glovebox, the sample was sealed in a home-made cell with a
Raman-inactive glass window for avoiding the direct contact between the

sample and air/moisture.
2.3. SPEs preparation and characterization
2.3.1. SPEs preparation

SPEs comprising of the synthesized salts and poly (ethylene oxide)
(PEO) matrix were prepared by the conventional solvent casting method
using acetonitrile (ACN) as secondary solvent. After solvent evaporation,
membranes were prepared by hot-pressing (high temperature film maker
controller, Specac®) with a final average thickness of 70 pm. The
preparation process for SPEs is schematically shown Figure 2.1. SPEs with
different EO/Li™ ratios, e.g., EO/Li* = 64, 32, 20, 12 and 8, were prepared,

respectively.

i
na

Salt + PEO Evaporation of SPE
in ACN ACN membrane

Figure 2.1. Schematic illustration of SPEs preparation by conventional solvent

casting method.
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2.3.2. Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a method of thermal analysis
where the mass of a sample is measured as the temperature changes over
time. The mass changes of the samples are measured by TGA while its
temperature is increasing. There will be no observed mass change if a
species is thermally stable.® In this thesis, thermal stabilities of the salts and
SPEs were measured using a TGA 209 F1 Libra (Netzsch) equipment. The
samples were heated from room temperature (RT) to 600 °C at a heating rate
of 10 °C min~t under Argon flow and the decomposition temperatures (Tq)
are defined as 5wt% mass loss.

2.3.3. Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is a widely used thermo-
analytical technigue, which in our case we use to examine polymeric
materials to determine their thermal transitions, e.g., glass transition
temperature (Tg), crystallization temperature (T¢), and melting temperature
(Tm).” The neat salts and the SPEs obtained in this thesis are carefully tested
by DSC instrument (Q2000, TA Instruments) in different temperature range
(e.g., —80 T to 300 T for neat salts; —80 T to 150 <T for SPEs). Samples
were hermetically sealed in an aluminum pan in an argon-filled glovebox
(the content of Oz and H2O is less than 0.1 ppm) with an average mass of ca.
10-15 mg. Each sample was measured for two consecutive scans at a
cooling and heating process at a rate of 10 <€ mint. The T4 (onset of the
heat capacity change), Tm (maximum of the endothermic peak) as well as
melting enthalpy (AHm, area below the endothermic peak) are taken from the
first heating scan for the neat salts and second heating scan for the SPEs,
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respectively. The crystalline fraction (yc) of the SPEs was calculated by
Equation [2.1]:

AHp,
AHpgo X fPEO

Xe = [2.1]

where AHn, is the melting enthalpy of electrolyte, AHpeo IS the value of
196.4 J g for PEO perfect crystals reported in literature® for the melting
enthalpy of 100% crystalline PEO, and fpeo is the PEO weight fraction in the
electrolyte.

2.3.4. X-ray diffraction analysis

X-Ray diffraction (XRD) is a rapid analytical technique widely used for
phase and molecular structure identification of a crystalline material, which
allows to provide information on unit cell dimensions.® In addition, XRD is
also a fundamental tool to ascertain the crystallinity of crystalline
polymers.i® In this regard, XRD (Bruker D8 Discover X-ray diffractometer
was used in this thesis to characterize the prepared SPEs suing Acuko =
1.54056 A radiation in the 20 range from 2° to 80° with a step width of
0.0198< Samples were assembled inside an argon-filled glovebox into a

sensitive sample holder to avoid contact with moisture.
2.3.5. Morphological characterization of SPEs

The optical microscope is a type of microscope that commonly utilizes
visible light and a system of lenses to generate magnified images of small
samples. Atomic force microscopy (AFM) consisting of a cantilever with a
sharp tip (probe) at its end is a powerful tool that allows a variety of surfaces
to be imaged and characterized at the atomic level.!! A scanning electron
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microscope (SEM) is another surface morphology characterization technique
that generates images of a sample by scanning the surface with a focused
beam of electrons. The electrons interact with atoms in the sample surface,
producing various signals that contain information about the surface
topography of the sample. The surface morphologies of the SPEs prepared in
this thesis are observed by AFM (AFM, Agilent 5500), optical microscope
(Micro Scope Axio Carl Zeiss) and SEM (SEM, Quanta 200 FEG, FEI),

respectively.
2.3.6. lonic conductivity

The ionic conductivities of the as-prepared SPEs were obtained by
electrochemical impedance spectroscopy (EIS) on a VMP3 potentiostat
(Biologic). CR2032 type coin cells (SS | SPEs | SS) comprising two stainless
steel (SS) blocking electrodes and Teflon O-ring (see Figure 2.2 for
schematic illustration) were assembled in an argon filled glovebox (M Braun,
H20 < 0.1 ppm, O2 < 0.1 ppm) for ionic conductivity tests. The cells were
subjected to EIS in a frequency range 10* to 10~ Hz from 30 to 100 °C and
the temperature was controlled by using an electro-thermostatic oven (x1 °C,
Lan Technics, Model DHG). The ionic conductivities were obtained by
Equation [2.2]:

L
S X Rpulk

[2.2]

Ototal —

wherein, owotal (in S cm™?) is the total ionic conductivity of the SPE, L (in
cm) is the thickness of the SPE, S (in cm?) is the contact area between the
SPE and the electrode and Rouik (in Q) is the bulk resistance of the SPE.
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Spacer
@ =16 mm
SPE

T=330um = Teflon separator

\ T=275um;
J ——— .= 16 mm,

@ =3 mm

Spacer
—
) T=1mm;

© =16 mm

Figure 2.2. Schematic illustration of the coin cell used for ionic conductivity
measurements.

2.3.7. Lithium-ion transference number

Electrochemical lithium-ion transference numbers (Tvi*, dimensionless)
of the SPEs were obtained using a VMP3 potentiostat (Biologic) and a
combination of alternating-current (AC) EIS and direct-current (DC)
polarization methods suggested by Hu et al.? First, AC EIS was used to
determine the total resistance (Rcei, in ) of the symmetric Li° | SPEs | Li°
cells. Subsequently, DC polarization was performed using a polarization
voltage of 10 mV (Vpc, in mV) to obtain the stable current (Ipc, in mA). The
Tui" were calculated by Equation [2.3]:

T = e [2.3]

Ipc X Reell

The temperature was accurately controlled and set to 70 °C (%1 °C) for
all measurements using an electro-thermostatic oven (Lan technics, Model
DHG).

2.3.8. Lithium-ion conductivity
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The lithium-ion conductivity (oLi") of PEO-based SPEs was calculated
by the measured total conductivity and lithium-ion transference number

followed by Equation [2.4]:
O-L-.'-i = Ototal X TL-.IE [2.4]

As mentioned above, the oLi*, oww, and Tui* are the lithium-ion
conductivity, total ionic conductivity and lithium-ion transference number of

a SPE, respectively.
2.3.9. Electrochemical stability

Anodic stability: anodic stability of the electrolytes in this thesis was
determined by linear sweep voltammogram (LSV) measurement using a
VMP3 potentiostat (Biologic). To determine the anodic stability of the salts,
LSV experiments were performed in both liquid-based electrolyte at 25 °C
and PEO-based electrolytes at 70 °C. For the liquid electrolytes of 0.1 M
lithium salts in propylene carbonate (PC), a three-electrode cell with
platinum (surface area: 0.0314 cm) as working electrode, Li<disks as both
counter and reference electrodes were used. For PEO-based SPEs, a two-
electrode cell using Li<| SPEs | SS (surface area: 0.0707 cm™2) was adopted.
All the LSV measurements were performed between the open circuit
potential (OCP) and 6.5 V vs. Li/Li* at a scan rate of 1 mV s2.

Cathodic Stability: Electrochemical cathodic stability of the SPEs was
determined by cyclic voltammetry (CV) in a VMP3 potentiostat (Biologic).
A CR2032 type Li ||°Cu coin cell was used comprising copper disk (surface
area: 0.0707 cm™) as working electrode and Li<disk as both counter and
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reference electrodes. All the CV measurements were performed between the
open-circuit voltage and —0.2 V vs. Li/Li* at a scan rate of 1 mV st at 70 <C.

2.4. Cell preparation and characterization
2.4.1. Electrode preparation

LiFePO4 (LFP) cathodes comprising 63 wt% active material, 7 wt%
C65 conductive carbon and 30 wt% polymer binders (i.e., Li salt/PEO at
EO/Li* = 20) are prepared by conventional casting method using doctor-
blade, and the areal loading of active material was ca. 4.0 mg cm™2. To
enhance the electronic of the LFP cathodes, carbon-coated aluminum current
collector is used for the cathode preparation.

2.4.2. Li<|| Li<cells

For the SPEs-based Li< || Li< cells, galvanostatic cycling of Li°
symmetrical cells (areal of Li< disk: 1.54 cm™2) are carried out using
Neware® battery testers at a current density of 0.1 mA cm™2. The duration of
each half-cycle is 3 h for the measurement. Electrochemical impedance
spectra (EIS) of the cells are recorded before and after cycling in the range
from 10° to 1072 Hz at 70 °C. 1,2-dimethoxyethane (DME) was used as the
solvent to prepare the liquid electrolytes and cycling tests of liquid-based Li<
|| Li<cells are performed using the same program for the SPEs-based cells at

room temperature.

2.4.3. Li<|| Cu cells
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To explore the different surface morphologies, microstructures and
components of the Li<deposits in different salt electrolytes, Li“deposits are
obtained by the galvanostatic deposition of Li<on Cu substrates using Li<||
Cu cells with DME-based liquid electrolyte at a current density of 0.1 mA
cm 2 for 25 h. Afterwards, the surface morphologies and microstructures of
the Li deposits are observed by SEM (Quanta 200 FEG, FEI), and the
chemical composition of the surface layer is measured by a Phoibos 150
XPS with a non-monochromatic Mg K, source (hv = 1253.6 ¢V) and Raman
spectra. The XPS spectra were recorded with high resolution scans at low
power (100 W, 20 eV pass energy, and 0.1 eV energy step). The Ar*
sputtering process was carried out using ion energy of 1 keV (Ar partial
pressure: 10—8 Torr; ion beam current density: 1 mA mm~2). The calibration
of the binding energy was performed taking into account as reference the
Auger parameter of LiF at 1340 eV.'® The samples for the SEM, XPS and
Raman measurements were gently rinsed with DME and dried thoroughly

under vacuum before being transferred to the corresponding equipments.
2.4.4. Li®|| LFP cells

All the Li<|| LFP cells are assembled in an argon-filled glovebox.
Afterwards, these cells are subjected to three formation cycles at a rate of
C/5 and then charged and discharged with a constant C-rate of C/3 for
constant cycling, and the corresponding charge/discharge voltage range is
between 2.5 and 3.7 V. EIS of the cells are recorded before and after cycling
by using a VMP3 potentiostat (Biologic) in the range from 108 to 102 Hz.
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Trifluoromethyl-free anion for highly stable lithium metal polymer batteries

3.1. Introduction

Stemming from the solid-solution electrodes and rocking-chair battery
concepts conceived in the 1970s,12 lithium-ion batteries (LIBs) have become
one of the most representative life-impacting technologies, powering a wide
gallery of energy-related applications, from untethered internet of things
(IoTs) devices, to e-mobility (electric vehicles, EVs), and grid energy
storage.> Conventional LIBs encompass two intercalation electrodes with
different redox potentials [i.e., graphitized carbon (0.05 V vs. Li/Li*) and
layered oxide materials (4.1 V vs. Li/Li*) as the respective negative and
positive electrodes] and a Li-ion conducting liquid electrolyte (LE) of
lithium hexafluorophosphate (LiPFe) dissolved in a mixture of linear and
cyclic carbonate solvents [e.g., dimethyl carbonate (DMC), ethyl methyl
carbonate (EMC), ethylene carbonate (EC), etc...].*> The four-volt class
LIBs provide now gravimetric and volumetric energy densities of ~250 Wh
kgt and ~700 Wh L, respectively, outperforming traditional battery
technologies such as lead-acid battery (=40 Wh kg™ and ~90 Wh L) or,
nickel metal hydride battery (~80 Wh kg™ and ~300 Wh L ™).

With a high ionic conductivity of ~1072 S cm™ at room temperature,
good electrochemical stability against electrodes and current collectors, and
excellent wettability, the commercial LE 1 M LiPFe-EC/EMC (30/70, by
volume), confers on the liquid LIBs good rate-capability (> 2C) and
acceptable calendar life (> 5 years).* However, the flammability, the ease of
leakage of LEs, and the plating of lithium dendrite on charging arise due
safety concerns (e.g., cascading thermal runaway), handicapping the massive
deployment of current LIB technology in the application domains where
large-format batteries [e.g., EVs or grid storage (GS)] are required.”® More
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than a dozen of 1 MWh-class GS containers were destroyed by spontaneous
fire in the last two years, in USA and South Korea. Moreover, the high
chemical reactivity of carbonate solvents further amplifies the potential risks
when replacing the state-of-the-art graphite electrode with the “holy grail”
lithium metal electrode which has lower redox potential [-3.04 V (Li°) vs.
—2.84 V (graphite) vs. standard hydrogen electrode (SHE)] and a remarkably
higher capacity [3860 mAh g~* (Li9 vs. 372 mAh g (graphite)].%*° Hence,
moving from liquid to full solid battery is essential for enhancing the
inherent safety and energy density of rechargeable batteries. Solid polymer
electrolytes (SPEs), which simply comprise a lithium salt and an elastic
polymer matrix, are solid-state Li-ion conductors with excellent structural
conformability, processability, and cost-effectiveness.!*** Since the early
findings of the ionic transport behaviour in salt/poly(ethylene oxide) (PEO)
complexes by Wright et al.?® and the perceptive suggestions of their use in
solid-state batteries (SSBs) by Armand in the 1970s,'® SPEs have been long
deemed as a promising solution to safe and high-performance rechargeable
batteries and their technological effectiveness has been testified by the
successful implementation of lithium metal polymer (LMP) batteries as
power sources for commercial EVs (Bluecar® and Bluebus®) by Bollore

group.t’

Though SPEs are generally less reactive towards Li“compared to LEs,

0

notorious “dead Li°®” and “dendritic Li°®” have also been observed in LMP
batteries, accounting for the low cycling efficiency and abrupt cell failure.®
19 The regulation of electrolyte recipes including the polymer matrix, salt,
and electrolyte additives has proven to be effective. For example,

incorporating rigid polystyrene (PS) blocks in PEO?*?! or using porous and
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high modulus polyimide (PI) substrates'® could enhance the mechanical
strength of SPEs, thereby suppressing the growth of dendritic Li< Adding
inorganic fillers, in particular, nano-sized particles?® or well-aligned

nanowires23-24

could largely promote the Li-ion transport in electrolyte bulk
and decrease the resistance of Li<electrode/SPE interphase, leading to an
improved cycle life of the Li<electrode. Affixing the salt anion to a polymer
or inorganic particle restricts the mobility of anionic species and avoids the
concentration gradient appearing during the charge/discharge process,
preventing the anion depletion at the vicinity of Li< electrode and the
formation of dendritic Li< Nevertheless, long-term cycling of Li< by
modifying single electrolyte component, being of prime importance to

understand the intertwined chemistry behind cell performance, has yet to be

demonstrated.
Exterior Cell'interior Exterior
w ‘“‘X g g)
. Sli
H-bonding * +F L
Leakage & H O OH 1. Leakage
P &
) LiH Less LiF
: SEI / LiF SEI & &
High , # Y Low
degradability Li° electrode degradability

Figure 3.1. Comparison between the chemistry of CF;H- and CFs-containing
compounds inside and outside a lithium metal cell. The light grey, grey, red, and
light blue balls represent H, C, O, and F atoms, respectively. Reproduced with

permission from Ref. [*°].

The bis(trifluoromethanesulfonyl)imide anion {[N(SO2CFs)2]-, TFSI'}

was firstly brought into SPEs by Armand et al.?® in 1986 and soon became
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the most popular anion during the past 35 years in light of its intrinsic
flexibility and low binding energy attributed to strong delocalization of the
negative charge via the sulfonimide center and electron-withdrawing
trifluoromethyl (—CF3) group. TFSI™ has then been widely used as the
anionic component of alkali metal salts and ionic liquids. Recently, we
demonstrated that replacing TFSI™ with a hydrogen-containing anion,
(difluoromethanesulfonyl)-(trifluoromethanesulfonyl)imide

{[N(SO2CF2H)(SO2CF3)]", DFTFSI"} anion, could sufficiently improve the
Li-ion conductivity (ovi*) of the classic PEO-based SPEs via hydrogen
bonding interaction with the backbone and the interfacial stability of Li<
electrode/SPE due to the formation of solid-electrolyte-interphase (SEI)
building species (e.g., LiF, LiH, see Figure 3.1), enabling a prolonged
cycling of solid-state lithium sulfur cells.?” However, CFs-containing
substances are known to be resistive towards chemical and biochemical
degradation.?®2° For instance, Neumann et al.?® observed a negligible
concentration loss of LiTFSI in a biologically active inoculum over 58 days.
This raises considerable risks to environment and human health once the
salts or their decomposition products leak out of the battery pack or are
poorly disposed of. However, in addition to the aforementioned
advantageous electrochemical properties of —CF2H vs. —CF3 group, the de-
fluorinated —CF>H moieties generally possess better chemical and
biochemical degradability.®® Hence, we herein propose a CFs-free anion,
bis(difluoromethanesulfonyl)imide {[N(SO2CF2H).]", DFSI", Figure 3.1} as
an environmentally benign and SEI-favourable anion for high-performance
solid-state lithium metal batteries (SSLMBs). With a wide palette of
characterization techniques, the fundamental chemical, physical, and
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electrochemical properties of the neat salt and LiDFSI/PEO SPEs are
examined and intensively discussed, in hope of shedding light on the
peculiar properties of the DFSI-based electrolyte such higher Li-ion
conductivity, largely enhanced stability against Li<electrode, and better cell

performance of LMP batteries.
3.2. Experimental
3.2.1 Materials

Potassium hydroxide (KOH, Scharlab), poly(ethylene oxide) (PEO, Mw
=5 x10° g mol?, Sigma-Aldrich), propylene carbonate (anhydrous, 99.7%,
Sigma-Aldrich), tert-butyl methyl ether (TBME, anhydrous, 99.8%, Sigma-
Aldrich), deuterium oxide (DO, Eurisotop, 99.9% D) and deuterated
acetone (acetone-ds, Eurisotop, 99.8% D) were used as purchased. Lithium
perchlorate (LiClO4, Sigma-Aldrich), lithium hydroxide (LiOH, Sigma-
Aldrich), and lithium bis(trifluoromethanesulfonyl)imide (LiTFSI, battery
grade, Sigma-Aldrich) were dried before use. Difluoromethanesulfonamide
(CF2HSO2NH2) and difluoromethanesulfonyl chloride (CF,HSO.CI) were
generous gifts from Solvay.

3.2.2 Theoretical approaches

The Fritz Haber Institute ab initio molecular simulations (FHI-aims)
software®'2 was used for DFT calculations. The Becke’s three parameters
(B3) exchange functional together with the Lee—Yang—Parr (LYP) nonlocal
correlation functional (B3LYP)**3* was adopted with the “tier2” standard
basis set in the FHI-aims code. The optimized geometries of DFSI™ and
TFSI~ were taken from our previous calculations.®® The highest occupied
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molecular orbital (HOMO) and the lowest unoccupied molecular orbital
(LUMO) obtained from frontier molecular orbital theory for both anions and
their reduced form were computed by FHI-aims and visualized by VESTA
(visualization for electronic and structural analysis) software.®® Molecular
dynamic simulations were conducted on LiDFSI/PEO and LIiTFSI/PEO
systems using Gromacs.®” The simulation box consisted of 40 PEO chains
with 20 repeat EO units in each chain, and 40 LiDFSI or LiTFSI ion pairs.
The initial configuration of these molecules box was generated randomly by
Gromacs, using large simulation cubic box (6 nm <6 nm =<6 nm) with a low
density. The structure was then compressed at 10 K under hydrostatic
pressure of 10 atm until reaching a value close to the experimental density
(3.28 g cm™®) and a box size of 3.99 nm > 3.99 nm % 3.99 nm for
LIDFSI/PEO and 4.03 nm = 4.03 nm % 4.03 nm for LiTFSI/PEO. The
motion equations were integrated in steps of 1fs using a leap-frog algorithm,
together with a Berendsen thermostat and a Parrinello-Rahman barostat
(relaxation times of 1.0 ps for both). Then the system was heated up
gradually to 343 K and 1 atm at a rate of 5 K ps™* (with relaxation times of
20.0 ps). The final structure was further equilibrated during 1 ns at the same
temperature and pressure. The production simulation was carried out for 200
ns in the NVT ensemble to ensure that the system reached diffusion regime.
The cutoffs for van der Waals force and the real space of Ewald summation
were 10 A. The fast smooth Particle-Mesh Ewald (PME) electrostatics
method was used to treat Coulomb interaction in the periodic system. The
energy potential of PEO, TFSI, DFSI, and Li* was described by the
OPLS_AA force field.3** The charges were obtained from DFT calculations

of isolated ions with the electro-static potential (ESP) method, and a uniform
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factor of 0.7 was applied to scale down all the atomic charges during the

molecular dynamics simulation.
3.2.3. Structural characterization

(@ Nuclear magnetic resonance spectroscopy [NMR, Bruker 300
Ultrashield (300 MHz for *H, 75.5 MHz for $3C, and 283 MHz for 1°F)] was
used to characterize the chemical structure of synthetized salts. Chemical
shifts (J) are reported in ppm relative to residual solvent signals (acetone-ds,
2.05 ppm for *H-NMR). (b) Raman spectra of samples were recorded with a
Renishaw inVia confocal Raman spectrometer (serial number 16H981).
Incident laser has wavelength of 532 nm and microscope configurations
were typically used with a 50X/0.75 focusing objective. Standard procedures

of the measurements described in our previous work were followed.*
3.2.4. Synthesis and characterization of the neat salt

Potassium  difluoromethanesulfonamide  (CF,HSO:NHK)  was
synthesized by equivalent reaction between KOH and CF,HSO2NH> in H20.
To a solution of imidazole (27.2 g, 400 mmol) and CF,HSO>NHK (33.8 g,
200 mmol) in 150 mL acetonitrile, a solution of CF,HSO.CI (30.1 g, 200
mmol) in 50 mL acetonitrile was added dropwise at 0 € and then heated at
reflux temperature for 24 h. The precipitates were filtered off and the solvent
in the liquid phase was removed wusing rotary evaporator.
Bis(difluoromethanesulfonyl)imide acid {H[N(SO2CF:H),;], HDFSI} was
easily obtained by the acidification of the above residue and subsequent
extraction with TBME. Then, KOH (1 eq., 7.9 g, 140 mmol) was used to

neutralize HDFSI in H20O, and a yellowish solid was obtained after removal
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of solvent under reduced pressure. Recrystallization of the crude from
(1/1,
bis(difluoromethanesulfonyl)imide (KDFSI) as a white powder (19.0 g, yield:
34%).'H NMR (300 MHz, acetone-ds, TMS, ppm): § = 6.41 (t, J = 54.8 Hz,
1H). F NMR (282 MHz, acetone-ds, CCIsF, ppm): 6 = -125.63 (d, J = 53.4
Hz, 2F).

ethanol/toluene vol/vol) gave potassium
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Figure. 3.2. NMR spectra of the as-prepared LiDFSI salt: (a) *H NMR, (b) F
NMR without decoupling, (c) °F NMR decoupling, (d) **C NMR, and (e) edited
2D correlation heteronuclear single quantum coherence spectroscopy (HSQC).

Reproduced with permission from Ref. [*°].
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LiDFSI was prepared by the cation exchange of KDFSI (19.0 g, 67
mmol) with LiClO4 (7.1 g, 67 mmol) in anhydrous acetonitrile as described
in our previous work.>® As a result, 11.8 g (yield: 70%) of LiDFSI as a white
powder was obtained. *H NMR (300 MHz, acetone-ds, TMS, ppm): 6 = 6.41
(t, J =54.7 Hz, 1H). C NMR (75 MHz, acetone-ds, TMS, ppm): § = 115.05
(t, J=277.2 Hz). *%F NMR (282 MHz, acetone-ds, CCIsF, ppm): § = —125.58
(d, J = 54.7 Hz, 2F). The NMR and Raman spectra of LiDFSI are shown
respectively in Figures 3.2 and 3.3, the corresponding assignment of typical

Raman peaks is shown in Table 3.1.
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Figure 3.3. Raman spectrum of the LiDFSI salt. Reproduced with permission from
Ref. [Z].

3.2.5. Chemical degradability

The solutions of 0.02 M LiX (X = DFSI or TFSI) with or without 0.1 M
LiOH were prepared in D20 to screen the chemical degradability of the salts.
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The hydrolysis evolution of the salts over time from 0 h to 30 days was
monitored by NMR spectra. Chemical shifts (o) are reported in ppm relative
to deuterated solvent (e.g., D20, 4.80 ppm for *H-NMR).

Table 3.1. Assignment of typical peaks observed in Raman spectrum of the LiDFSI
salt. Reproduced with permission from Ref. [%].

Raman shift / cm™ Assignment

326 CF; rocking vibration

378 SO, rocking vibration

422 SO, wagging vibration

513 SO, bending vibration

703 S—N-S bending vibration

1143 CF; anti-symmetrical stretching vibration
1185 CF, symmetrical stretching vibration
1293 SO, out-of-phase rocking vibration
1325 SO, in-phase rocking vibration

3011 C—H stretching vibration

3.2.6. Chemical reduction of lithium salts

The stability of salt anion towards chemical reduction was performed in
an argon-filled glovebox. The experimental details are available in our
previous work.*® In brief, the naphthalene radical was prepared by reacting
Li< with naphthalene in dry tetrahydrofuran (THF) solution. Afterwards,
LiDFSI or LiTFSI was added to the naphthalene radical solution and the

colour change was monitored.

3.3. Results and discussion
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3.3.1 Hydrolysis of LiDFSI and LiTFSI
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Figure 3.4. Hydrolysis tests of the lithium salts. (a) *H NMR and (b) °F NMR
spectra of LiDFSI/D,0, and (c) °F NMR spectra of LiTFSI/D,O after different
storage times under neutral condition. (d) *H NMR and (e) **F NMR spectra of
LiDFSI/D,0, and (f) **F NMR spectra of LiTFSI/D,O after different storage times
under basic condition. Reproduced with permission from Ref. [*].

The CFs-free lithium salt LiDFSI is prepared via the cation exchange of
the corresponding potassium salt [i.e., potassium  bis(difluoro
methanesulfonyl) imide, KDFSI] with a stoichiometric amount of lithium

perchlorate (LiClOs) in an argon-filled glovebox [see experimental section
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for more details and nuclear magnetic resonance (NMR) (Figure 3.2) and
Raman (Figure 3.3, Table 3.1) characterizations].
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Figure 3.5. Hydrolysis of lithium salts under basic condition. (a-c) **F NMR
spectra of LiDFSI/D,0 and LiTFSI/D;0: (a) 0 h, (b) 3 h, and (c) 720 h. (d) Molar

percentage of residual lithium salt vs. storage time. Reproduced with permission
from Ref. [*°].

To mimic chemical degradation of lithium salts when the electrolyte
leaks out of the cells during thermal runaway, hydrolysis tests of LiDFSI and
LITFSI in aqueous solution under neutral and basic condition were
performed. As seen in Figure 3.4a and b, under neutral condition, the
LiDFSI-based solution shows only a triplet at ~6.63 ppm (CF2H, DFSI") in
'H NMR spectra and a singlet at —123.34 ppm (CF.H, DFSI") in °F NMR
spectra (H-decoupled), irrespective of the variation of storage time. Similarly,
in Figure 3.4c, the 1°F NMR spectra of the LiTFSI-based solution retain the
single peak at —79.16 ppm assigned to the —CF3 moieties over 30 days.
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These clearly indicate that LiDFSI and LiTFSI remain chemically stable in
neutral aqueous solutions, which is beneficial for the electrolyte preparation,

processing, and recycling.

Notably, a distinct difference between two salts occurs when adjusting
the aqueous solution to a mild basic condition. In Figure 3.4d, 'H NMR
spectra of the newly prepared LiDFSI-based solution which was kept at pH =
13 (i.e., 0.1 M LiOH/D0) for less than 10 minutes shows a minor triplet at
~6.26 ppm in addition to the main peak assigned to the CF2H moiety at
~6.63 ppm (CF2H, DFSI"). This foreign peak at ~6.26 ppm becomes more
pronounced when extending the storage time to 1.5 h and finally
predominates over the peak at ~6.63 ppm (i.e., CF2H in DFSI") after 3 h of
storage under basic condition, indicating the formation of other CFH-
containing compounds (e.g., CF2HSOLi, CF2HSO>NHLIi) originated from
the chemical decomposition of DFSI™. More evidently, as seen in Figure 3.5,
associated with the changes in *H NMR spectra, new peaks at —123.03 ppm
and —124.03 ppm are observed in °F NMR spectra (Figure 3.5a-c, Figure
3.4e), and the peak at —123.34 ppm (CF2H, DFSI") fully disappears after 3 h.
The triplet at —124.03 ppm might be associated with the deprotonation of
CF2H moiety via the strong base OH™. In Figure 3.5d, the molar percentage
of LIDFSI dramatically decreases to nearly zero after few hours, suggesting
that LiDFSI could be easily hydrolyzed under a mild basic condition. In
stark contrast, LITFSI remains intact under the same condition and no extra
peaks are observable in °F NMR spectra (see Figure 3.4f). All these
experimental proofs reinforce our central hypothesis that the LiDFSI is
significantly more degradable compared to LiTFSI, which corroborates well

the previous studies on the degradation of CFs-based salts or ionic liquids.?®
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3.3.2 Physical and electrochemical properties of SPEs

In the first place, the fundamental physical and electrochemical
properties of LiX/PEO (X = DFSI or TFSI) are characterized in terms of
surface morphology, phase identification and thermal transition, and ion
transport behaviour. At a molar ratio of ethylene oxide/Li = 20, the
electrolytes of LIDFSI/PEO and LIiTFSI/PEO obtained via solvent-
casting/hot-pressing techniques are self-standing and ductile membranes (ca.
70 pm in thickness, as shown in Figure 3.6a and b). However, a polymer
electrolyte with sticky property was obtained when increased the salt
concentration to EO/Li* = 8, see Figure 3.6e.

16 mm

Figure 3.6. The digital camera images (scale bar: 16 mm) of LiDFSI/PEO and
LiTFSI/PEO electrolytes. (a) LiDFSI/PEO (EO/Li* = 20), (b) LiTFSI/PEO
(EO/Li* = 20), (c) LiDFSI/PEO (EO/Li* = 64), (d) LiDFSI/PEO (EO/Li* = 32) and
(e) LiDFSI/PEO (EOQ/Li* = 8). Reproduced with permission from Ref. [*].

In addition, scanning electron microscopy (SEM) and optical
microscope images show that all of the SPE membranes are uniform and
homogenous at the micro-scale (see Figure 3.7), indicating the absence of
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salt precipitation and the good solubility of the partially H-substituted imide
salt. When shifting from micro to nano-scale, atomic force microscopy
(AFM) phase images (Figure 3.8a and b) and topography images (Figure
3.8c and d) show that the outermost surface of both membranes are
sculptured with fiber-like textures, which belong to the crystalline PEO
phase in the electrolytes.’ It is interesting to note that the average widths of
those ‘fibers’ are thinner for LIDFSI/PEO than those for LiTFSI/PEO (e.g.,
~100 nm vs. ~130 nm; Figure 3.9), suggesting the presence of larger crystal

size in the latter electrolyte.

Figure 3.7. Scanning electron microscopy (SEM) and optical microscope images of
the (a,c) LIDFSI/PEO (EO/Li* = 20), and (b,d) LiTFSI/PEO (EO/Li* = 20)
electrolytes. (a,b) SEM images and (c,d) optical microscope images. Reproduced

with permission from Ref. [%°].
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10.9 deg
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Figure 3.8. Atomic force microscopy (AFM) images of the (a,c) LiDFSI/PEO
and (b,d) LIiTFSI/PEO electrolytes. (a,b) phase images and (c,d) topography
images. (EO/Li* = 20). Reproduced with permission from Ref. [%°].
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Figure 3.9. AFM phase images of the (a) LIDFSI/PEO and (b) LiTFSI/PEO
electrolytes, as well as (c) the dependence of phase on a given axis indicated by
cyan lines. EO/Li* = 20. Reproduced with permission from Ref. [*].
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The neat salt LiDFSI shows significantly lower melting point (Tm) and
decomposition temperature (Tq) as compared to LiTFSI (Figure 3.10), e.g.,
Tm =117 °C (LiDFSI) vs. Tm = 233 °C (LiTFSI),*® and Tq = 273 °C (LiDFSI)
vs. Tq = 384 °C (LiTFSI),*® indicating that the partial replacement of fluorine
atoms in TFSI™ with hydrogen atoms increases the asymmetry of the
sulfonimide and thereby decreases the lattice energy, but, meanwhile, the
newly introduced C—H bond tends to be more thermally fragile (i.e., bond
energy: 431 kJ mol™ for C—H vs. 483 kJ mol™ for C—F). However, after
dissolving LiDFSI in PEO, the Tq value increases substantially from 273 °C
to 327 °C (see Figure 3.10c for TGA traces) due to the solvation and
stabilization of hard Lewis acid lithium cation (Li*) in the presence of
electron-donating EO group though slightly lower than that of the LiTFSI-
based one (Tq = 381 °C). Both electrolytes show Tq values higher than 300 °C,
which are well acceptable for all LMP batteries since the lithium anode melts
at 180 °C.*° Industrial preparation of membranes by extrusion, used with
LiTFSI by Blue Solutions®, remains possible, what provides a major

technological advantage.

At a standard EO/Li* molar ratio of 20, the glass transition temperature
(Tg) of the LiDFSI-based SPE is slightly higher than that of the LiTFSI-
based one [i.e., Tg = —27 °C (LiDFSI/PEO) vs. Tg = =35 °C (LiTFSI/PEO),
see Figure 3.1la for differential scanning calorimeter (DSC) traces],
attributed to stronger inter/intra-molecular interactions via the hydrogen
bonds formed between acidic H atoms of the anion and Lewis base O atoms
of either salt or polymer matrix. However, the melting transitions and the
crystallinities (yc) of both electrolytes are quite comparable and lower than

other PEO electrolytes using small inorganic anions (e.g., LiPFe).>° This
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implies that DFSI™ and TFSI™ possess similar structural flexibility and
sulfonimide anions, in general, are better plasticizers for PEO. The semi-
crystalline nature of LIiDFSI/PEO and LiTFSI/PEO are further characterized
by X-ray diffraction (XRD, see Figure 3.11b), where two diffraction peaks
at 20 = 19.3<and 23.7 <assigned to the crystalline PEO phase are observed.
As seen in Figure 3.13a the total ionic conductivity (owta) Of both
electrolytes increases substantially at approximately 60 <T upon the heating

scan, testifying the occurrence of melting transitions of semi-crystalline PEO

phases.
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Figure 3.10. (a) Thermogravimetric analysis (TGA) and (b) differential scanning
calorimetry analysis (DSC) of the neat LiDFSI salt. (c) TGA of the PEO-based
SPEs. Reproduced with permission from Ref. [*].
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Figure 3.11. (a) DSC and (b) X-Ray diffraction (XRD) of the PEO-based SPEs.

Reproduced with permission from Ref. [%].

Table 3.2. Characterization data for the phase behaviours of the LiX/PEO (X =

DFSI or TFSI) electrolytes. Reproduced with permission from Ref. [%].

Samples T¥/°C Tn2/°C AH,9/)g™? 291 %
LiDFSI/PEO (64) -38 70 115 64
LiDFSI/PEO (32) -33 66 96 58
LiDFSI/PEO (20) =27 60 71 47
LiDFSI/PEO (8) -32 69 53 46
LiTFSI/PEO (20) -35 62 65 44

3 Glass transition temperature (°C); ® melting point (°C); @ enthalpy of melting (J
g h); 9 the crystallinity of the polymer electrolytes is calculated by (AHm/AHpeofpeo)
% 100%, where AHp is the melting enthalpy of the electrolytes, and AHpeo is the
value of 196.4 J g'* for PEO perfect crystals reported in literature® for the melting
enthalpy of 100% crystalline PEO, and freo is the PEO weight fraction of the

electrolyte samples.
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Figure 3.12. (a) DSC and (b) XRD of these two PEO-based SPEs at different ratios.

Reproduced with permission from Ref. [*°].

Increasing the salt concentration from EO/Li = 64 to EO/Li = 20 for
LIDFSI/PEO, the Tg value progressively increases from —38 °C to —27 °C
and the yc values decrease from 64% to 47%; however, further increase in
salt concentration results in marginal changes in both Tg and yc, as seen in
Table 3.2 and Figure 3.12a. The XRD pattern of LiDFSI/PEO (EO/Li = 8)
displays multiple new diffraction peaks originated neither from un-dissolved
LiDFSI nor crystalline PEO phase (Figure 3.12b), which might indicate the
formation of LIiDFSI-PEO complexes [e.g., P(EO)sLIDFSI]. As a result of
the trade-off between the charge carriers number and their ionic diffusivity,
the LiDFSI-based SPEs show the highest ot at the ratio of EO/Li = 20
(Figure 3.13b).35 %2

112



Trifluoromethyl-free anion for highly stable lithium metal polymer batteries

TI°C
a 1?0 9|0 8.0 7'0 6|0 59 4|0 3.0 b =
ROT g i = 70°C
s0] B A L0 S 50
£ s O )« St O S ‘ i ~ 4.5
=354 ; — e | 1
e 0 .\K N 0k i P
Baol |1 RGN TN o 40;
LAPTS B A 4\:\‘5 X 351
L o NS Y > 3.0
SLBERERE & W g
S 5] —0—LIDFSIPEO (64) ! ﬁ\; N\ F 2.5 .
= —o—LDFSIPEO(32) | | Ny & 3 20 /
-6.01 —A—LiDFSIfPEO (20) | ! ; ' Es S
5] —G-LPFSIPEO(8) | | \u 3 1.5
¥ —CO—LiTFSIPEO (20) @ ! i ‘ S aal o
-7.0 - - - - 9.

10 20 30 40 50 60 70
EO/Li ratio

O 4L

2?7 2?8 2?9 3?0 3?1 3?2 3?3
(1000/T) / K"

Figure 3.13. (a) Arrhenius plots of ionic conductivity of the electrolytes. (b)
Concentration dependence of total ionic conductivity for the LiDFSI/PEO

electrolytes at 70 °C. Reproduced with permission from Ref. [].

Throughout the measured temperature range, the owta Vvalues of
LiDFSI/PEO are lower than that of LiTFSI/PEO (Figure 3.13a), due to
slightly lower segmental mobility in the former electrolyte, as indicated by
its higher Ty value observed in Figure 3.11a. However, the Li-ion
transference number (T.i*) of LiDFSI/PEO is 0.39 (EO/Li = 20 at 70 <T),
which is higher than that of the LiTFSI-based one (i.e., T.i* = 0.20; Figure
3.14 and Table 3.3), suggesting that the hydrogen-bond interactions
stemming from the selective replacement of F atoms with H atoms in TFSI™
could effectively restrict the mobility of anionic species. Consequently, the
LiDFSI-based SPE exhibits a slightly higher Li-ion conductivity (oLi*= ototal
x TLi*) as compared to that of the LiTFSI-based one (i.e., 1.8 x10™#S cm™
vs. 1.4 x10# Scm™t at 70 <T, EO/Li = 20; Table 3.4). The higher Li-ion
conductivity reduces the concentration gradient and the internal cell
polarization, and thus enhancing the cyclability of LMP batteries.®®
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Figure 3.14. Polarization profiles and impedance before polarization (inset) of the Li<
symmetric cells using the (a) LiDFSI/PEO (20) and (b) LiTFSI/PEO (20) electrolytes at
70 °C. Reproduced with permission from Ref. [%].

Table 3.3. Calculated values of lithium-ion transference numbers (T.*) of the
LiDFSI- and LiTFSI-based SPEs at 70 °C. Reproduced with permission from Ref.
[25].

Samples I ¥/ pA Reen 2/ Q AV O/ mV T
LiDFSI/PEO (20) 20 196 10 0.39
LiTFSI/PEO (20) 32 63 10 0.20

3 Steady-state current obtained from the DC polarization; ® total resistances of Li®
symmetric cell; © the DC voltage subjected to the polarization; 9 calculated by T.i*
= Rcell / (AV/ Iss).53

Table 3.4. Calculated Li-ion conductivities of the LiDFSI- and LiTFSI-based SPEs
at 70 °C. Reproduced with permission from Ref. [%°].

Samples Ot 2/ S cm? Tt ot P /Scm?
LiDFSI/PEO (20) 4.6 <10 0.39 1.8 <10
LiTFSI/PEO (20) 6.8 x10* 0.20 1.4 <10

3 Total ionic conductivity;  Li-ion conductivity calculated by o1i* = ot < TLi".
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Figure 3.15. (a) Radial distribution function (RDF, solid line) between Li and O
from either anions or PEO, as well as their coordination number (CN, dotted line).
(b) RDF between H and O from either anions or PEO. Reproduced with permission
from Ref. [?].

To shed further light on the ionic transport differences between the
LiDFSI- and LiTFSI-based SPEs, molecular dynamic (MD) simulations
were carried out. As depicted in the radial distribution function (RDF) and
distance-dependent coordination number (CN) in Figure 3.15a, the Li*
cations closely interact with oxygen atoms of PEO as usually observed in
PEO-based SPEs.>* As shown in Figure 3.15b, both DFSI~ and TFSI~
interact with the hydrogen atoms of PEO through the fluorine atoms (RDF
peak within the range 2-3 A), yet the average distance in the case of DFSI™
is slightly shorter (i.e., stronger interaction) than in TFSI™. More importantly,
when spotlighting on the oxygen atoms of PEO an additional RDF peak
around 2-3 A appears in the case of DFSI~, which clearly indicates the
formation of hydrogen-bonding between DFSI™ and oxygens in PEO. This
additional attractive interaction is directly reflected in the mean square

displacement (MSD) shown in Figure 3.16. MSD is a proxy of ion motion
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and reveals that the mobility of F-containing species (i.e., anions) drops
remarkably when replacing —CFz with —CF.H, indicating a lower
diffusivity of DFSI™ than that of TFSI". Yet, the mobility decrease of Li
species tends to be less pronounced. These results further reinforce the
conclusion that hydrogen-bonding interaction between DFSI™ and PEO-
based SPEs benefits the selective transport of Li* cations by hindering the

anions motion.
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Figure 3.16. Mean-square displacement (MSD) of Li* and F atoms in anions
zoomed in the first 80 ns of the whole simulation. Reproduced with permission
from Ref. [*°].

In addition, to access the intrinsic anodic stability of the H-containing
anion, a diluted solution of 0.1 M LIiDFSI in propylene carbonate (PC,
known to be electrochemically stable up to ca. 6 V vs. Li/Li*)* was
investigated by linear sweep voltammetry (LSV) using Pt as a working
electrode, and the LIiTFSI/PC solution was analyzed under the same
condition for comparison (Figure 3.17a). The LiDFSI-based electrolyte
exhibits a lower anodic stability than that of the LiTFSI-based one [i.e., 5.4
V (LiDFSI/PC) vs. 5.9 V (LIiTFSI/PC) vs. Li/Li*], ascribed to the
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replacement of two strong electron-withdrawing F atoms with the electron-
donating H atoms. Yet such stability above 5 V would be amply enough for
pairing the LiDFSI-based liquid solution with most of the reported electrode
materials. Shifting from the PC-based liquid electrolyte to the PEO-based
SPEs, the oxidation currents assigned to the decomposition of PEO at ca. 4.0
V vs. Li/Li* are observed prior to the breakdown of both anions (Figure
3.17b); a fortiori, both SPEs are acceptable for < 4 V LMP batteries such as

LiFePOq4 or sulfur cathode materials.
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Figure 3.17. (a) Linear sweep voltammetry (LSV) profiles of the 0.1 M LiX/PC (X
= DFSI or TFSI) solutions measured on a Pt electrode at room temperature. (b) LSV
profiles of the LiX/PEO (X = DFSI or TFSI, EO/Li* = 20) SPEs measured on

stainless steel (SS) electrode at 70 °C. Reproduced with permission from Ref. [*].

3.3.3. Interfacial compatibility with Li“electrode

Dendrite-free and highly reversible cycling of Li< electrode, being
largely determined by the quality of Li“electrode/SPE interphase layer, is a
prerequisite for attaining LMP batteries with prolonged cycle life and good

rate capability. Figure 3.18a shows the cyclic voltammetry (CV) profiles
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Figure 3.18. (a) Cyclic voltammetry (CV) and (b) Coulombic efficiencies (CEs) of
LiX/PEO (X= DFSI or TFSI) based cells measured on Cu electrode using a scan
rate of 1 mV st at 70 °C. Zoomed-in CV plots of different electrolytes: (c)
LiDFSI/PEO, and (d) LiTFSI/PEO. Reproduced with permission from Ref. [*°].

measured on Cu electrode using LIDFSI/PEO and LIiTFSI/PEO. In the
potential range of —0.5 to 0.5 V vs. Li/Li*, characteristic redox peaks of Li
deposition and dissolution are observed. Interestingly, the cumulative
Coulombic charges of Li deposition processes are closer to those of Li
dissolution ones for the LiDFSI-based system (Figure 3.18b), suggesting
higher Coulombic efficiencies (CEs) and better electrochemical reversibility

of Li redox reaction in such electrolyte. Taking a closer look on the CV
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profiles (Figure 3.18c and d), one may note that the LiDFSI-based
electrolyte shows minor reductive currents at ca. 1.6-2.0 V at the first
downwards scan before a second reduction step at ca. 0.5 V (vs. Li/Li*). This
first event may be related to the reduction of DFSI™ due to the presence of

acidic C—H bonds in the anionic structure.
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Figure 3.19. (a) Galvanostatic cycling of Li<anode in PEO-based electrolytes at 70
°C (current density: 0.1 mA cm2; duration of half-cycle: 3 h). (b-d) Zoomed-in
plots of the Li<symmetric cells in the range of (b) 50-100 h, (¢) 1500—1550 h, and
(d) 3000-3050 h. Reproduced with permission from Ref. [*].

The interfacial stabilities with Li< electrode were characterized by
galvanostatic cycling of Li<symmetric cells using both PEO-based SPEs
(Figure 3.19a) and 1,2-dimethoxyethane (DME)-based LEs (Figure 3.20).

Despite the difference in molecular weight, DME and PEO are chemical
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analogues with very similar coordinating/solvating abilities to Li* cations;

while DME-based LEs allow the reliable recovery of cycled Li“electrode for

post-mortem analyses [e.g., SEM, Raman, X-ray photoelectron spectroscopy

(XPS)] which are particularly necessary for unrevealing the alluring anion

chemistry on the interphases of Li“electrode.

Table 3.5. Performance of state-of-the-art of the SPE-based Li<symmetric cells.

Reproduced with permission from Ref. [*°].

Current Areal capacity Ca®l Overpotential
Entry  Electrolyte ¥ dernjlty / mA I mAh em-2 mA:r; I mv Ref.
cm cm

1 Rfi‘;‘;ség'a"’ 0.01 0.04 12 100 5

2 LiFTFSI/PEO 0.1 0.2 20 30 57

3 LIEFA/PEO 01 03 25 30 =

4 LiCIO/PVA-UPY-PEG  0.05 0.15 25 200 5

5 E:\;)F PFB/P(PO-co- 0.1 0.05 50 e 0

6 CL(;TPFS)'/ POSSIPEO- ¢ 01 50 250 o

7 LiTFSI/GP 01 01 60 40 &

8 LiDFOB/PEO/CPTFBC 0.2 0.2 60 90 &

9 hbPS-star-PPEGMA  0.05 0.05 70 100 o
10 LiTFSI/PEO 0.2 0.2 3 160 &
11 LiTFSICSCIOJPEO 0.2 0.2 100 185 &
12 LiTFSIPEO 0.2 0.2 10 138 &
13 LiFSIFPE/PEO 0.1 0.2 100 40 o
14 LiTFSI/BCP 0.2 0.4 140 120 “
15 LiFSI/PVDF 0.1 0.05 200 50 &
16 LiTFSIPEO 0.1 0.1 05 50 &
17 LiDFSIPEO 0.1 03 330 48 VTvgirSk

3 The abbreviations are listed as below: BCP (Jeffamine-based block copolymer),
CPTFBC [poly(2,2,3,3-tetrafluoro butyl
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(Jeffamine®-based flowable polymer electrolyte), GP (grafted polyrotaxanes), hbPS
(hyperbranched polystyrene), LiDFSI [lithium bis(difluoromethanesulfonyl)imide],
LiEFA [lithium (trifluoromethanesulfonyl)(N-bis(methoxyethyl)sulfonyl)imide],
LiDFOB [lithium difluoro(oxalato)borate], LiFSI [lithium bis(fluorosulfonyl)imide],
LiFTFSI  [lithium  (fluorosulfonyl)(trifluoromethanesulfonyl)imide], LiTFPFB
[lithium trifluoro(perfluoro-tert-butyloxyl)borate], LiTFSI [lithium
bis(trifluoromethanesulfonyl)imide], PEO  [poly(ethylene  oxide)], PEG
[poly(ethylene glycol)], P(EO-co-PO) [poly(ethylene oxide-co-polypropylene
oxide)], POSS  (polyhedral  oligomeric  silsesquioxane), PPEGMA
{poly[poly(ethylene glycol) methyl ether methacrylate]}, P(PO-co-EM)
{poly[propylene oxide-co-2-(2-methoxyethoxy)ethyl]}, PVA [poly(vinyl alcohol)],
PVDF [poly(vinylidene difluoride)], UPy (ureidopyrimidinone), P(SSPSILi-alt-MA)
{poly[lithium 4-styrenesulfonyl(phenylsulfonyl)imide-alt-maleic anhydride]}; ©
areal capacity of half cycle; © the reported charge that had passed through the cell.

As seen in Figure 3.19a, the Li<symmetric cell using LIiTFSI/PEO
encounters internal short-circuit after only ca. 100 h (Figure 3.19b), being
close to those reported in literature (see Entry 10% and Entry 12 in Table
3.5). In sharp contrast, the LiDFSI/PEO-based one significantly improves the
cycle life, sustaining more than 3300 h and simultaneously allowing the
passage of 330 mAh cm2 of charges before encountering an internal short-
circuit (see Figure 3.19b-d for the zoomed-in plots). Indeed, the CFs-free
anion, DFSI™, outperforms most of the reported anions in terms of cycle life
of Li<symmetric cells (Table 3.5). In the liquid configuration, the cells with
LiDFSI/DME present a stable and lower voltage profile (45 mV) for more
than 4200 h; however, the LiTFSI-based cell shows erratic voltage
oscillations only after 200 h (Figure 3.20a-c) and a drastically increased
overvoltage (e.g., 109 mV at 700 h, Figure 3.20d). In addition, it can be
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found from Figure 3.21 that the interfacial resistance (Ri) of the LiDFSI-
based cell is much lower than that of the LiTFSI-based one [e.g., Ri = 60 Q
cm? (LiDFSI) vs. Rj = 457 Q cm? (LiTFSI)] after galvanostatic cycling as
shown in Figure 19a. The markedly improved cyclability and reduced
overvoltage for the LiDFSI-based liquid and solid cells strongly suggest the
formation of more stable and conductive SEI layers on the Li“electrodes.

a120

60 — LiDFSI/DME
90 — LITFSI/DME
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45 451 45
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-9 - ; 2-90 - - r .90
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Figure 3.20. (a) Galvanostatic cycling of Li<anode in the DME-based electrolytes
at room temperature, and (b-d) zoomed-in plots of the Li<symmetric cells in the

range of (b) 200—250 h, (c) 450-500 h, (d) 700—750 h. Reproduced with permission
from Ref. [*].
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a 125 b so0
= LiDFSIPEC ® LITFSIIPEO
—— LIDFSI/PEQ fitted result LITFSIPEQ fitted result
500
100
& o~
£ Ry, R; £ 400
(3] 754 Q
e it e T |-
o~ >> > [¢3 =~ 3004
s 3 ; N
N 50- o & N
200+
25 m 1004 m
0 ‘ - ‘ : 04, : : : - :
0 25 50 75 100 12! 0 100 200 300 400 500 600
Z'/Qcem? 7'/ Qem?

Figure 3.21. Impedance spectra of the Li<symmetric cells in Figure 3.19a after
cycling. The inset shows the equivalent circuit adapted from Ref.”® for fitting the
raw EIS spectra and the fitted results are plotted as lines. Reproduced with

permission from Ref. [%°].

To unravel the unique role of anionic structure on the properties of SEI
layers, the morphology of Li<deposits and the chemical compositions of SEI
layers were investigated by SEM, XPS, and Raman spectroscopy, possible
decomposition mechanism of salt anions is assessed by computational
approaches and chemical simulations using organic radicals. Figure 3.22a
shows the physical appearances and micro-sized morphologies of Li®
deposits on a Cu substrate using the LiDFSI and LiTFSI-based LEs. Li®
deposits formed in the LiDFSI-based LE show better coverage and
homogeneity, in marked contrast to those formed in the LiTFSI-based one
(Figure 3.22a, i and ii), accompanied by a much lesser extent of voids and
needle-like Li<dendrites, as shown in the top view (Figure 3.22a, iii and iv)
and cross-sectional SEM images (Figure 3.22a, v and vi). As noted in
previous work,”* controlling the morphology of Li<deposits by reducing the
amount of dead lithium (i.e., non-electrochemically active Li<) and dendritic
lithium could largely ameliorate the cycling efficiency and cycle life of
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SSLMBs. Our results suggest that the hydrogen-containing salt LiDFSI
favors the formation of energetically stable and less reactive Li“deposits.

Fi1s
LiDFSI

LiDFSI

Intensity / a.u.

LiTFSI

296 292 288 284 692 688 684
Binding energy / eV
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Inorganic @ A
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Atomic percentage / % Binding energy / eV LiTFSI »

Cracks

Figure 3.22. The role of salt anion on the surface of Li“electrode. (a) Optical
and SEM images of Li<deposits on a Cu substrate recovered from the LiDFSI- and
LiTFSI-based solutions. The scale bars in optical (left), top view (middle), cross-
sectional (right) images are 10 mm, 20 pm, and 50 pm, respectively. (b) XPS
spectra of C1s and F1s collected from the surface of Li<deposits. (¢) The evolution
of atomic percentage vs. sputtering time for the LiDFSI- and LiTFSI-based samples.
(d) F1s spectra after various sputtering times for the LiDFSI- and LiTFSI-based
samples. In Figure 3.22b and d, the purple and black lines represent the raw data
and fitted results. () Schematic illustration of SEI formed in the LiDFSI- and
LiTFSI-based electrolytes. Reproduced with permission from Ref. [].
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Figure 3.22b shows the XPS C1s and F1s spectra gathered from the
outer surface of Li<deposits, the survey spectra and assignment of the peaks
are provided Figure 3.23 and Table 3.6. As seen in the Cls spectra of
Figure 3.22b, non-fluorine containing organic species such as R1C—O (e.g.,
CH3—0—, ~286 eV) and R.C—O (e.g., —HC—O—CHs, ~287 eV)
resulting from the decomposition of the solvent DME are found to be
predominant SEI components, in addition to the C—F containing
compounds engendered from the chemical and electrochemical reduction of
salt anions on electronegative Li<deposits (e.g., CFs at ~295 eV, CF, at
~294 eV, CFy_at ~290 eV). Besides confirming the presence of these C—F
containing compounds (e.g., CEz at ~691 eV, CFE> at ~689 eV, CFEx at 688—
687 eV), the F1s spectra (Figure 3.22b) also shows that the amount of LiF
(~685 eV) in the LiDFSI-based LE weighs over that in the LiTFSI-based one,
implying the formation of LiF-richer SEI layers in the former electrolyte
possibly due to the facile decomposition of —CF2H group in DFSI™ vs. —
CFz group in TFSI™.
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Figure 3.23. XPS survey spectra for the Li“deposits obtained from the Li<|| Cu
cell using 1 M LiX/DME [X = DFSI (a) or TFSI (b)] at different sputtering times.

Reproduced with permission from Ref. [*].
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Table 3.6. XPS data of main SEI components as reported in literature.® Reproduced

with permission from Ref. [*°].

Compound Lils Cls O1s Fls S2p3/2 N1s
Li 52.3
Li,O 54.0 528.7
LiF 56.0, 686.5
56.4
685—686
686.4—686.8
LiH 55.5 531.9
LiOH 55.5
R-CH,OLi 288 532
290.1
286.3
286
ROCO,Li 55 289-291 532.5

288-292 532.2

287.6 531.8
290.1, 533
286.7

PEO (C-0-C) 286.2, 532.8
286.5

(CH,0CO,Li), 553
286-287

LiTFSI 566 289 533 688.6 169.4 399.6
293 5339  689.9 170.2
295 168.5-170

LiDFSI (this work) 566 294 5332 6885 170 399.7
290
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3 For comparison, the values of binding energy of some typical SEI components

summarized in Ref.*8 are shown.

By subjecting Li< deposits to Ar" ion sputtering, the elemental
information of SEI layers beneath the outmost surface could be further
exposed by XPS measurement. Figure 3.22c presents the atomic percentage
of each element with the variation of sputtering time. For both LiDFSI- and
LiTFSI-based electrolytes, the Li and F contents gradually increase and the
C and O contents progressively decrease by extending the sputtering times,
e.g., 12.7% (540s sputtering) vs. 6.9% (pristine) in the LiDFSI-based system
and 19.5% (540s) vs. 7.4% (pristine) in the LiTFSI-based system in the case
of F content. This suggests that the inner parts of SEI layers formed in both
cases are mainly composed of thermodynamically stable inorganic species
(e.g., LiF, Li2O, etc...). Figure 3.22d compares the F1s spectra of Li<
deposits obtained from the LiDFSI- and LiTFSI-based electrolytes. The peak
intensity of LiF (~685 eV) substantially increases with prolonged Ar*
sputtering for Li<deposits recovered from the LiDFSI-based LE [e.g., 42%
(pristine) vs. 84% (120s sputtering)]; however, for the TFSI-based one, the
CFy content becomes predominant SEI specie under the same condition (e.g.,
57% after 120s sputtering), in spite of a steady increase of the LiF content
[e.g., 13% (pristine) vs. 18% (120s sputtering)]. This implies that the
reduction of DFSI™ tends to be more complete compared to that of TFSI™
after the replacement of one fluorine atom in —CF3 group with hydrogen

atom.

Interesting to note is that the decomposition of —CF;H group might
result in the formation of lithium hydride (LiH) which has a moderate Li*

conductivity of 107° S cm™ at room temperature, as reported by lkeya.”
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The de-convolution of Lils spectra tends to be relatively difficult due to the
presence of a large number of Li-containing species originating from the
complete/incomplete decomposition of salt and solvent on Li“electrode, and
H1s is too light to be determined by XPS. Hence, Raman spectroscopy was
employed to monitor the chemical composition of SEI layers. As seen in
Figure 3.24, the broad peak located at ca. 500 cm™ is assigned to LiH, as
evidenced in previous reports.”® The intensity of LiH increases more
significantly after being cycled in the LiDFSI-based electrolyte than in the
LiTFSI-based one, indicating the likely formation of LiH via the

decomposition of DFSI".

——LIiDFSI
——LiTFSI

LiH

Intensity

T T T T T T T T T T
200 400 600 800 1000 1200
Wavenumber / cm™

Figure 3.24. XPS survey spectra for the Li<deposits obtained from the Li®|| Cu
cell using 1 M LiX/DME [X = DFSI (a) or TFSI (b)] at different sputtering times.

Reproduced with permission from Ref. [*].
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To substantiate the above observations and anticipations, a series of
computational models and chemical simulations via organic radicals which
are analogous to Li/Li* redox were carried out. As shown in Figure 3.25,
DFT calculation shows that the lowest unoccupied molecular orbital (LUMO)
of DFSI" is located at a lower energy than that of TFSI™ [i.e., 3.17 eV (DFSI")
vs. 3.68 eV (TFSI"), see Figure 3.25a], and the injection of one electron in
DFSI™ requires less energy compared to TFSI™ [-68 kJ mol?, see Figure
3.25b), which suggests that the reduction of DFSI™ is more energetically
favourable. In addition, the LUMO of DFSI" is centered on the C—H bond
which is occupied by the newly added electron in DFSI*", as shown in
Figure 3.25c of the molecular orbital analysis. This is clearly consistent with
the electron affinity of the Lewis acid H in DFSI~, which may be subjected
to subsequent decomposition during electrochemical processes.

On the other side, chemical simulations (Figure 3.26) show that DFSI™
is chemically reduced in the presence of naphthalene radical anion which
possesses a potential of ~1 V (vs. Li/Li*)*, while TFSI” remains stable
under the same conditions, further reinforcing the hypothesis that DFSI™ is
less resistive against reduction. On the basis of the above experimental
evidences and fundamental principles of imide chemistry, we tentatively
suggest the decomposition mechanism of LiDFSI via three potential routes:
1) the cleavage of labile C—H bond, leading to the formation of Li-ion
conducive LiH and thermodynamically unstable COF2LiSO,NSO,CF2H,
which decomposes further to LiF and other Li-containing species (Scheme
3.1a); 2) the breakdown of S—N bond, yielding —SO>NLi and —SOL.i
(Scheme 3.1b).
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Figure 3.25. (a-c) DFT calculation on DFSI~ and TFSI™. (a) Energy of HOMO and
LUMO. (b) Energy difference between two anions when injecting one electron. (c)
Visualized HOMO and LUMO of DFSI™ and TFSI™ and their reduced form (i.e.,
DFSI?, TFSI*). The light pink, grey, blue, red, green, and yellow balls signify H,

C, N, O, F, and S atoms, respectively. Reproduced with permission from Ref. [*°].

To sum up, the SEI layers covering the surface of Li<deposits mainly
comprise the native layer, inorganic-rich and organic-rich layers as
schematically shown in Figure 3.22e. With respect to the LiDFSI-based
system, the complete reduction of DFSI™ results in a compact and dense
inner layer with Li-ion conductive LisN and LiH. In comparison, for the
LiTFSI-based system, the incomplete decomposition of TFSI™ causes a poor
coverage of inner layer with bulky RrLi (e.g., CFsSO.Li, CF3SO2NLi2)
species with lesser Li-ion conductivity. The remaining exposed Li“which is
highly chemically/electrochemically reactive induces the aggressive

decomposition of ether-based solvents (e.g., DME), generating a thicker
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organic layer. Therefore, the SEI layers formed in LiDFSI-based electrolyte

are less resistive, more stable and robust, enabling the long-term cycling of
“electrode as shown in Figure 3.19 and Figure 3.20.

+ LiDFSI

Naphthalene radical + LiDFSIin THF

- ‘
—_—

Naphthalene in THF solution Naphthalene radical in THF solution Naphthalene radical + LiTFSI in THF

Naphthalene in THF solution Naphthalene radical in THF solution

Figure 3.26. Chemical stabilities of LiDFSI and LiTFSI towards chemical

reduction in the presence of naphthalene radical in tetrahydrofuran (THF) solutions.
Reproduced with permission from Ref. [].

(a) Patial reduction (2 electrons)
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Li O O H
(b) Patial reduction (2 electrons)
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(c) Complete reduction (20 electrons)
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Scheme 3.1. Possible reduction mechanism of the DFSI~ anion on the surface of Li
electrode. Reproduced with permission from Ref. [%].

132



Trifluoromethyl-free anion for highly stable lithium metal polymer batteries

3.3.4. Cell performance

To explore the potential application of the DFSI-based SPEs, long-term
cycling performance of Li<|| LiFePO4 cells with LiX/PEO (X = DFSI or
TFSI, EO/Li = 20) were evaluated at 70 <. As shown in Figure 3.27a-c, the
LiDFSI-based cell shows a stable charge/discharge profile with lower
internal polarization for more than 140 cycles; however, the LiTFSI-based
cell presents prolonged charging process beyond the 12" cycles, which is
attributed to the formation of soft dendrites on Li<anode.t” ™ The poor
cyclability of LiTFSI-based cells was also observed by other groups using
bare Li< anode without any protection and conventional PEO-based
electrolytes, e.g., 5 cycles for Li | LITFSI/PEO | LiFePO4 at 60 °C reported
by Sun et al.®® (see Entry 1, Table 3.7); and 30 cycles for Li | LiTFSI/PEO |
LiFePO4 at 60 °C reported by Yao et al.” (see Entry 2, Table 3.7). Figure
3.27c shows the specific capacity and Coulombic efficiency (CE) vs. cycle
number for both LiDFSI- and LiTFSI-based cells at 70 <C. It is found that
the initial discharge capacities of the cells using LiDFSI/PEO and
LiTFSI/PEO at a current rate of C/5 are 104 and 129 mAh g2, respectively.
The lower initial capacities of the both cells might be due to the poor contact
between the SPEs and electrodes. After several formation cycles, this
LiTFSI-based cell shows a higher capacity of ca. 170 mAh g~! compared to
that of LiDFSI-based one (e.g., ca. 120-130 mAh g), which might be
associated with inferior wettability of the LiDFSI-based electrolyte
compared to that of LiTFSI-based one in the composite LiFePO4 cathode, as
discussed in previous work for FSl-based electrolytes which tend to show
poor wettability towards LiFePO, cathode.”® More importantly, the LiDFSI-
based cell could deliver a high capacity of 123 mAh g even after 140
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Figure 3.27. Cycling performance of solid-state lithium metal polymer cells
using LiX/PEO (X = DFSI or TFSI, EO/Li = 20). (a, b) Discharge/charge profiles
of the Li<|| LiFePO4 cells at 70 <C: (a) LiTFSI/PEO, and (b) LiDFSI/PEO. (c)

Long-term cycling performance of the Li|| LiFePOs cells (three formation cycles

at rate of C/5 and then constant cycling at C/3). (d, €) The impedance plots of the
cells before and after cycling: (d) LiDFSI/PEO, and (e) LiTFSI/PEO. The

equivalent circuit (inset in Figure 3.27d) adapted from Ref.” is used for fitting the

raw EIS spectra, and the fitted results are plotted as lines. Reproduced with

permission from Ref. [%].
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Table 3.7. Performance of the state-of-the-art of conventional PEO-based Li<||

LiFePO; cells. Reproduced with permission from Ref. [%°].

Entry

Electrolyte ®

M, (PEO) /
g mol™*

CD"/
mAg?

T9
/°C

AML 9/
mg cm 2

Cycling performance

Ref.

1

10

11

12

13

LiTFSI/PEO

LiTFSI/PEO

LiTFSI/PEO
LiClO./PEO/L
AGP

LiTFSI/PEO

LiTFSI/PEO

LiFSI/PEO

LiEFA/PEO

LiTNFSI/PEO

LiTFSI/PEO

LiBOB/PEO/S
i0;

LiTFSI/PEO

LiDFSI/PEO

1000000

600000

1000000

200000

500000

Not
reported

Not
reported
5000000

6000000

Not
reported

Not
reported

600000

5000000

85

17

85

34

170

57

170

170

85

57

60

60

60

55

60

70

70

70

60

60

60

60

70

Not
reported

2.0

Not
reported

3.6

15

59

5.9

Not
reported

15

1.2

15

3.2

4.0

~130 mAh g* at the 51"
cycle (short circuit)
Capacity retention of
76% and areal capacity
of 0.26 mAh cm2 at
30" cycle (short circuit)
~130 mAh gt at the
10" cycle (short circuit)
Capacity retention of
92% and areal capacity
of 0.44 mAh cm2 at the
100" cycle

Capacity retention of
29% and areal capacity
of 0.06 mAh cm™ at the
20" cycle

Capacity retention of
93% and areal capacity
of 0.74 mAh cm at the
18" cycle (short circuit)
Avreal capacity of 0.89
mAh cm™2 at 15" cycle
(short circuit)

~140 mAh g* at the
25" cycle

Capacity retention of
64% and areal capacity
of 0.14 mAh cm2 at the
300" cycle

Capacity retention of
43% and areal capacity
of 0.07 mAh cm™ at the
200" cycle

Capacity retention of
83% and areal capacity
of 0.19 mAh cm2 at the
75" cycle

Capacity retention of
10% and areal capacity
of 0.04 mAh cm™ at the
50" cycle

Capacity retention of
96% and areal
capacity of 0.49 mAh
cm~2 at the 140™ cycle

65

75

66

7

78

79

79

58

80

62

81

82

This
work

9 The abbreviations are listed as below: LAGP [lithium aluminium germanium
phosphate (Lii+xAlxGe2x(PO4)3)], LIBOB [lithium bis(oxalate) borate], LiTNFSI
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[lithium (trifluoromethanesulfonyl)(N-nonafluorobutanesulfonyl)imide]; ® current

density; © temperature; 9 active material loading.

cycles, strongly suggesting the excellent interfacial compatibility of the
LiDFSI-based SPE towards to the Li“and LiFePO4 electrodes (see Table 3.7
for detailed comparison with the state-of-the-art results of conventional
PEO-based Li<|| LiFePO4 cells).

To better understand the enhanced performance of the LiDFSI-based
cell, the electrochemical impedance spectra (EIS) of both cells were
collected before and after cycling (see Figure 3.27d and e). Generally, the
high-frequency intercept of the spectra is associated to the bulk resistance
(Ro), and the medium-frequency semicircles corresponds to interfacial
resistance (Ri). The equivalent circuit of the spectra is shown as an inset in
Figure 3.27d and the fitted values of EIS spectra are collected in Table 3.8.
The initial Ry of the LiDFSI-based cell is higher than that of the LiTFSI-
based cells (e.g., 24 Q cm? vs. 13 Q cm?) which is due to the relatively lower
ionic conductivity of the former one. However, the R; of the LiTFSI-based
cell increases substantially after 24 cycles [i.e., 53 Q cm? (after 24 cycles) vs.
19 Q cm? (before), Table 3.8] while the R; of the LiDFSI-based one remains
relatively stable even after 140 cycles [i.e., 26 Q cm? (after 140 cycles) vs.
19 Q cm? (before), Table 3.8]. The minimal increase of R; for the LiDFSI-
based cell compared to the LiTFSI-based one indicates again that an
excellent SEI layer is formed on Li“electrode due to the reduction of DFSI™
during cycling, as supported by the in-depth investigations on the Li®

symmetric cells (Figure 3.22).
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Table 3.8. The fitted Ry and R; results of the Li<|| LiFePO4 cells based on different

SPEs. Reproduced with permission from Ref. [%].

Rp/ Q cm? Ri/Qcm?
Electrolyte

Before After Before After
LiDFSI/PEO (20) 24 13 19 26
LiTFSI/PEO (20) 13 19 19 53

3.4. Conclusion

Weakly-coordinating nature of anions is prerequisite for facilely
dissociating Li* cation and thereby offering sufficient Li-ion mobility, this is
generally attained by introducing strong electron-withdrawing perfluorinated
groups (e.g., —CFs, —C2Fs, —C4F9). Yet, perfluorinated groups could not
be easily degraded via chemical and/or biochemical routes and possess
negligible interactions with PEO-based polymer matrices (i.e., “slippery”
anion), thus moving much faster than the counter-charges. Inheriting the
flexible sulfonimide center from TFSI™ but eliminating the poorly
degradable —CFg3, the newly conceived DFSI™ is adaptive and pliable after
dissolving in PEOQ, as shown by very close values of Tq for LIiDFSI/PEO and
LITFSI/PEO. Very interestingly, DFSI™ with two defluorinated —CF2H
moieties could be easily hydrolyzed under mild basic conditions, and is
likely non-persistent in the environment. However, the stability in
neutral/acidic aqueous environment is sufficient for an easy reclaiming of the

salts when recycling the batteries, contributing to the circular economy.

Experimental and computational results suggest that the H-bonding
interactions originated from —CF;H moieties and EO units slow down the

migration of the anions under electric field, leading to a remarkable
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improvement in Ti*. Though —CF2H moiety slightly decreases the anodic
stability (~0.5 V lower than TFSI™), DFSI™ remains stable towards oxidation
in contact with the quasi totality of the commercial electrode materials. The
superior electrochemical performance of Li<electrode in LiDFSI-based cells
Is associated with the unique chemistry of the salt anion, leading to the likely
formation of ionically conductive LiH and mechanically stable LiF as SEI-
building species on Li<electrode. As a result, the prototype Li<|| LiFePO4
cell using LiDFSI/PEO could be cycled for more than 140 cycles with
minimal capacity decay, suggesting the feasibility of DFSI™ as conducting
salt for SPE-based SSLMBs.

To conclude, the innovative chemistry of —CF,H moiety demonstrated
in this work could not only provide promising electrolyte candidates to
SSLMBs but also inspire the design of suitable battery materials for other
kind of batteries such as sodium and potassium batteries.
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4.1. Introduction

With the increasing demand of energy storage devices for utilization in
portable electronics, electric vehicles (EVs) and large-format grid storage
systems, the existing state-of-the-art lithium-ion batteries (LIBs) have fallen
far behind the drastic requirements owing to their relatively low energy
storage (e.g., 250 Wh kg1).12 On the other hand, the intrinsic flammability
and instability of organic liquid electrolytes for current LIBs may trigger
safety concerns such as fire or even exploration under abuse conditions,
impeding their combination with high-capacity lithium metal (Li<) anode,
which possesses nearly 10 times higher theoretical capacity compared with
widely used graphite anode [e.g., 3860 mAh g (Li9 versus 372 mAh g*
(graphite)].>®

Solid polymer electrolytes (SPEs) with flexibility, processability and
excellent interfacial compatibility with the Li“anode have been regarded as
a promising alternative to enhance the energy density and safety of current
LIBs from both academic and industrial aspects.”® The practical feasibility
of SPEs-based Li< metal batteries (LMBs) have been demonstrated
successfully via the implementation of the Bluecar® or Bluebus® launched
by Bollore in several cities.® However, most of the SPEs-based LMBs
exhibit low lithium transference number (oLi*) due to the utilization of the
dual-ion conducting salts [e.g., lithium bis(trifluoromethanesulfonyl)imide
(LiTFSI)] as Li* sources, which could lead to concentration polarization and

premature failure of the cells.©

To suppress the mobility of the anionic species and enhance the

lithium-ion conductivity for minimizing cell polarization and eliminating cell

151



Chapter 4

premature failures in SPEs, currently, several strategies have been employed
during the past decades, including 1) tethering salt anions to organic long-
chain backbone; 2) introducing anionic traps to confine anions movement
and 3) incorporation of inorganic particles to retard the anions mobility.1%*
However, all these methods mentioned above are either involved in arduous

modifications or with the sacrifice of the total ionic conductivities.

The structural modification of the salt anions has been proposed as a
facile and efficient strategy to tune the electrochemical properties of the
SPEs. Several new salts have been proposed in our previous works to
improve the physicochemical and electrochemical properties of the SPEs,
i.g., lithium  (difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide
(LiDFTFSI),>13 lithium (trifluoromethanesulfonyl)(N-
bis(methoxyethyl)sulfonyl)imide (LiEFA),' which resulted in significant
improvement of lithium-ion conductivities in PEO-based SPEs. In this
Chapter, a benzene-based salt lithium benzenesulfonyl
(trifluoromethanesulfonyl)imide (abbreviated as LiBTFSI) was synthesized
for high-performance PEO-based SPEs with aim of further improving the
lithium-ion conductivity. In contrast to the abundantly used lithium LiTFSI,
LiBTFSI-based SPEs present good interfacial stability toward Li< anode,
extremely high lithium-ion transference number, very high discharge
capacities, high Coulombic efficiencies as well as excellent long-term
cyclability. These results demonstrate the importance of the molecular
structure of anions in SPEs and shed light on a way for future advancement

and development high-performance SPEs-based LMBs.

4.2. Materials
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Benzenesulfonyl chloride (98%, Sigma-Aldrich), lithium
bis(trifluoromethanesulfonyl)imide  (LiTFSI,  99%,  Sigma-Aldrich),
deuterium oxide (D20, Eurisotop, 99.8 wt% D), potasium hydroxide (KOH,
reagent grade, Scharlab), hydrochloric acid (37%, extra pure, Scharlab),
acetonitrile (ACN, 99%, Scharlab), toluene (99.3%, Scharlab), triethylamine
(99.5%, Sigma-Aldrich), and poly(ethylene oxide) (PEO, Mw = 5 % 10° g
mol, Sigma-Aldrich) were used as purchased. Lithium perchlorate (LiClO4,
99.5%, Sigma-Aldrich) was dried at 50 <T under vacuum overnight before
use. Trifluoromethanesulfonamide (CFsSO2NH.) was a generous gift from

Solvay.
4.3. Synthesis and characterization of the neat salt
4.3.1. Synthesis of the neat salt

The synthetic route for the potassium benzenesulfonyl
(trifluoromethanesulfonyl)imide (KBTFSI) and lithium benzenesulfonyl
(trifluoromethanesulfonyl)imide (LiBTFSI) is shown in Scheme 4.1, and
detailed synthesis process of the salts is given as below. Firstly, the staring
material benzenesulfonyl chloride (17.67 g, 100 mmol) was dissolved in 150
mL ACN and then the stoichiometric potassium
trifluoromethanesulfonamide (18.67g, 100 mol) in 100 mL ACN was added
slowly into the benzenesulfonyl chloride/ACN solution under Argon flow.
After that, triethylamine (15 mL, 200 mmol) was added and the solution was
left for stirring and refluxing at room temperature overnight with Argon

protection.
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Scheme 4.1. Synthetic route of the potassium and lithium salt.

Then, ACN solvent was removed under vacuum and the obtained crude
product was acidified by dilute (ca. 5 wt%) HCI aqueous solution and
extracted with toluene. The removal of solvents gave benzenesulfonyl
(trifluoromethanesulfonyl)imide acid as a viscous liquid. Lastly, this acid
was readily transformed by slow neutralization procedure with KOH in
water. The recrystallization of the crude product using toluene/acetone
mixture afforded KBTFSI as a white powder (15.6 g; yield: 54%). The
LiIBTFSI was synthesized by cation exchange via the reaction between
KBTFSI and LiClIO4 in ACN (Scheme 4.1). Nuclear magnetic resonance
(NMR) was used to characterize the structure of the lithium salt, and some
abbreviations (e.g., s, singlet; d, doublet; m, multiplet) are used to describe
the multiplicity in NMR spectra. *H NMR (300 MHz, D,0, ppm): 6 = 7.97
(d, 2H), 6 = 7.72 (m, 1H), 6 = 7.76 (m, 2H). °F NMR (282 MHz, D20, ppm):
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Figure 4.1. Nuclear magnetic resonance (NMR) spectra of the synthesized
LiBTFSI salt: (a) 'H NMR, (b) **F NMR, (c) ®*C NMR and (c) edited 2D
heteronuclear single quantum coherence (HSQC).

= 7855 (3F). 3C NMR (75.5 MHz, D0, ppm): = 121.65 (t, 1C), d =
126.02 (s, 1C), 0 = 129.22 (s, 1C), & = 133.14 (s, 1C), & = 141.81 (s, 1C).

The characterization spectra are shown in Figure 4.1.
4.3.2. Characterization of the neat salt
4.3.2.1. Nuclear magnetic resonance spectra

In this Chapter, the lithium salt LIBTFSI was synthesized by cation
exchange using the KBTFSI and LiClO4 in ACN, and the processes of the
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synthesis of the salts are presented in details in the synthesis part. The
structure of LIBTFSI salt was characterized by NMR spectra. As shown in
Figure 4.1a, characteristic peaks in the range of 6 = 7.63—7.99 ppm related
to the protons in the benzene ring are observed in the *H NMR spectrum.
Moreover, the characteristic peak of CF3z group is observed at 6 = —78.55
ppm in the F NMR, which is also detected in the 3C NMR spectrum at § =
121.65 ppm (Figure 4.1b, c), indicating that the CF3SO2N— moiety is
successfully grafted onto the benzene-based moiety. More importantly, the
heteronuclear single quantum coherence spectroscopy (HSQC, Figure 4.1d)
shows an unambiguous correlation between the carbon atoms and their
corresponding hydrogen atoms. All these results indicate that the LiBTFSI

salt is successful synthesized in this work.
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Figure 4.2. Thermogravimetric analysis (TGA) of the synthesized LiBTFSI salt.
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4.3.2.2. Thermal stability

Thermal stability of lithium salts is an important parameter that can
determine the safety of a battery. Thermogravimetric analysis (TGA) of the
synthesized LiBTFSI salt is shown in Figure 4.2, it can be seen from Figure
4.2 that although the decomposition temperature (Tq4) of the LiBTFSI salt is
slightly  lower than thar of the commonly wused lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt (i.e., 352 °C for LiBTFSI
vs. 384 °C for LiTFSI),** which still is capable to be used as a conducting
salt for poly (ethylene oxide) (PEO)-based lithium metal batteries whose
operating temperature is around 70 °C.

LIBTFSI/PEO LIBTFSI/PEO

LITFSI/PEO LITFSI/PEO

Figure 4.3. Digital and optical images of SPEs. (a,b) LiBTFSI-based SPEs. (c,d)
LiTFSI-based SPEs. (EO/Li* = 20)

4.4. SPEs characterization
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4.4.1. Morphological characterization of SPEs

SPEs comprising of the synthesized LiBTFSI or LiTFSI and PEO
matrix were prepared by the conventional solvent casting method using
acetonitrile (ACN) as secondary solvent, and the details of the electrolyte
preparation are described in the experimental section in Chapter 2. As shown
in Figure 4.3a and c, both the LIBTFSI and LiTFSI-based SPEs are self-
standing and transparent membranes with good toughness, which can
facilitate to suppress the notorious lithium dendrites growth on the lithium

metal anode upon repeated chare/discharge process.

LIBTESI/PEO LITFSI/PEO

Figure 4.4. Scanning electron microscope (SEM) images of SPEs. (a) LiBTFSI-
based SPEs, (b) LiTFSI-based SPEs. (EO/Li* = 20)

When subjected to micro scale, it can be seen from the optical images
(Figure 4.3b and d) that both of these two SPEs possess uniform and
homogenous surface morphology, which strongly demonstrates that both the
LiBTFSI and LiTFSI salts are facilely dissolved in PEO matrix. In addition,
surface morphology of these two PEO-based SPEs are also detected by the
scanning electron microscope (SEM), as displayed in Figure 4.4, uniform
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and smooth surfaces are observed although micro holes scatter on the

surfaces due to the electron impact when carrying out the measurements.
4.4.2. Thermogravimetric analysis (TGA)

The state-of-the-art lithium-ion batteries (LIBs) have been suffering
from the safety issue stemmed from the application of flammable organic
liquid electrolytes which can get fire or even explosion under abuse
conditions. Replacing liquid electrolytes with SPEs possessing better thermal
stability could definitely boost the safety of lithium batteries. In this chapter,
thermal stabilities of the PEO-based SPEs (i.e., LIiBTFSI/PEO and
LiTFSI/PEO) are evaluated by thermogravimetric analysis (TGA), the TGA
traces of these two SPEs are shown in Figure 4.5. The decomposition
temperature (Tq) of the LiTFSI/PEO-based SPE is 385 °C which is well
consistent previous reported literature.®® The LiBTFSI/PEO-based SPE
presents a slightly lower T4 of 378 °C compared with the LiTFSI/PEO-based
one, which could be explained by the lower Tq4 of the neat LiBTFSI salt than
that of the neat LiTFSI salt (see Figure 4.2). Indeed, both of these two SPEs
possess excellent thermal stability with high Tq > 300 °C, which are suitable
for the PEO-based all-solid-state lithium-metal batteries (ASSLMBSs) where

the operating temperatures are lower than 100 °C.
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Figure 4.5. Thermogravimetric analysis (TGA) of the PEO-based LiBTFSI and
LiTFSI SPEs (EO/Li* = 20).

4.4.3. Differential scanning calorimetry analysis (DSC)

The flexibility of SPEs is of great importance for facilitating the ionic
migration in AASLMBs, and the flexibility of a SPEs could be partially
revealed by the glass transition behaviour of the SPEs from differential
scanning calorimetry analysis (DSC) result. As shown in Figure 4.6,
obvious endothermic peaks in the DSC traces at ca. 60 <C, generating from
the melting transitions of PEO matrices, which clearly confirms the
existence of crystalline phases in these two PEO-based electrolytes. In
addition, the LiIBTFSI/PEO-based electrolyte displays higher glass transition
temperature (Tg; i.e., Tg = 21 T for LIBTFSI/PEO vs. Tg = 40 <T for
LIiTFSI/PEO) and higher crystallinities (xc; i.e., yc = 51 for LIBTFSI/PEO vs.
xc = 48 for LITFSI/PEO, Table 4.1) compared to LiTFSI/PEO-based
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electrolyte. This might be ascribed to the inferior plasticizing effect of

benzene moiety in the LIBTFSI salt.
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Figure 4.6. Differential scanning calorimetry analysis (DSC) of the PEO-based
LiBTFSI and LiTFSI SPEs (EO/Li* = 20).

Table 4.1. Characterization data for the phase behaviours of the LiX/PEO (X =
BTFSI or TFSI) electrolytes.

Samples Tg¥/°C Tm2/°C AHn9/Jg? 221 %
LiBTFSI/PEO (20) -21 60 75 51
LiTFSI/PEO (20) —40 60 71 48

3 Glass transition temperature (°C); ® melting point (°C); @ enthalpy of melting (J
gh); 9 the crystallinity of the polymer electrolytes is calculated by (AHm/AHpeofpeo)
% 100%, where AHp is the melting enthalpy of the electrolytes, and AHpeo is the
value of 196.4 J g for PEO perfect crystals reported in literature®® for the melting
enthalpy of 100% crystalline PEO, and feeo is the PEO weight fraction of the

electrolyte samples.

4.4.4. X-ray diffraction analysis (XRD)
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The crystallinities of these two SPEs are also evaluated by X-ray
diffractometer analysis (XRD). Normally, the neat PEO has two
characteristic diffraction peaks at 19.36 ©and 23.72 °with high density, which
reflects the crystalline chain structure of the PEO host (set of planes (120)
and (112)].1” The peaks of PEO shifted to lower 20 values after introducing
LiTFSI and LiBTFSI (e.g., 260 = 19.09, 23.41 for LiTFSI/PEO; 26 = 19.10,
23.50 23.41 for LIBTFSI/PEO; Figure 4.7), which indicates the interaction
between the Li* ions with ether oxygen of PEO. No other peaks appear in the
XRD spectra of the SPEs, which suggests that the complete dissolution of
lithium salt in the SPEs.’® This also further confirms the complex formation
between lithium salts and PEO matrices.*® Noticeably, the peak intensity of
the LiBTFSI/PEO is stronger compared to the LIiTFSI/PEO electrolyte,
meaning the stronger plasticizing effect of the two —SO2CFs moieties in the
TFSI™ than that of the BTFSI™ anion comprising only one —SO2CF3z moiety.
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Figure 4.7. XRD patterns of the PEO-based LiBTFSI and LiTFSI SPEs (EO/Li* =
20).
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4.4.5. lonic conductivity

lonic conductivities (owta) Of these two SPEs are measured using
symmetric stainless steel (SS | SPEs | SS) by the electrochemical impedance
spectroscopy (EIS) on a VMP3 potentiostat (Biologic), the cell configuration
and the experimental details of this measurement are displayed in Chapter 2.
The ionic conductivities values of these two SPEs change obviously at
around 60 °C due to the melting of the excess PEO matrices, which is well in
agreement with DSC results shown in Figure 4.6. Arrhenius plots of ionic
conductivities for these two SPEs are presented Figure 4.8, the ionic
conductivity of LIBTFSI/PEO is lower than that of the LiTFSI/PEO based
one over the whole temperature range, which might be due to its weaker
plasticizing effect of the BTFSI~ anion. Nevertheless, the LIBTFSI/PEO
shows an acceptable oot 0f 3.6 X107 S cm™ at 70 °C which is still suitable
for AASLMBs although the oot is lower compared with that of
LiTFSI/PEO (i.e., otota = 6.8 x10* S cm™ at 70 °C).
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Figure 4.8. Arrhenius plots of ionic conductivity for PEO-based LiBTFSI and
LiTFSI SPEs (EO/Li* = 20).
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4.4.6. Lithium-ion transference number

Li* conduction in polymer electrolytes is associated with the segmental
motion of the polymer matrix such as PEO in the amorphous phase, in which
the Li* ions interact with the ether oxygen atoms by the Lewis acid-base
interactions.?® However, the counter anions interact more weakly with the
ether oxygen atoms than that of Li* in the polymer, hence transporting much
easier compared to Li* ions.?* Consequently, a major problem of dual ionic
conduction in polymer electrolytes is the low Li* ion transference number
(TLi*) which can lead to deleterious salt concentration gradients.’® The
occurrence of salt concentration gradients can further trigger a concentration
polarization and thus bring about some poor performances of the lithium ion
batteries, such as voltage loss, high internal resistances, dendrites and
unexpected side reactions, which can cause premature failures of the
batteries.?? Electrochemical Tpi* of these two SPEs were obtained using a
VMP3 potentiostat (Biologic) and a combination of alternating-current (AC)
EIS and direct-current (DC) polarization methods suggested by Hu et al.?®
The Tui" were calculated by Equation [4.1]:

T = IDCVX#;H [4.1]

Where, Vpc is the DC polarization voltage (10 mV), Ipc is the stable
current (Ioc, in mA) after the polarization process and Rcen is the total
resistance of the Li°| SPEs | Li< The temperature was accurately controlled
and set to 70 °C (%1 °C) for all measurements using an electro-thermostatic
oven (Lan technics, Model DHG).
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Table 4.2. Calculated values of lithium-ion transference numbers (T.*) of the
LiBTFSI-based SPEs at 70 °C.

Samples (LiBTFSI/PEO) I/ pA Rean '/ ©Q AV 9 [ mV )
Cell A 28.16 244 10 0.687
Cell B 17.54 391 10 0.686
cellC 16.15 427 10 0.690
Cell D 17.58 391 10 0.687

3 Steady-state current obtained from the DC polarization;  total resistances of Li®
symmetric cell; © the DC voltage subjected to the polarization; 9 calculated by
Equation [4.1].

As shown in Table 4.2, the LiBTFSI/PEO exhibits a much higher T.i*
of 0.69 compared with that of the LiTFSI/PEO-based SPE (i.e., Ti* = 0.20
for LiTFSI/PEO at 70 °C),%* which might be due to the larger volume of the
BTFSI™ anion and stronger intermolecular/intramolecular interactions, e.g.,
intermolecular 7—n stacking of the BTFSI~ anion, intramolecular H bonds

between BTFSI~ anion and PEO matrix.

Enhancing the mobility of lithium cations in polymer electrolytes is
essential for mitigating the concentration gradient and internal cell
polarization, and thereby improving the stability and cycle life of
rechargeable lithium metal batteries. The lithium-ion conductivity (o.i*) of
the PEO-based SPE is calculated by Equation [4.2]:

O-L-,'-i = Ototal X TL-E [4-2]
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Wherein, the ovi*, owotal, and Tii™ are the lithium-ion conductivity, total
ionic conductivity and lithium-ion transference number of a SPE,

respectively.

Table 4.3. Calculated values of lithium-ion conductivity (ou*) for the
LiBTFSI/PEO and LiTFSI/PEO-based SPEs at 70 °C.

Samples Otoa ¥/ S cm? T ot 9/Scm?
LiBTFSI/PEO 3.60 x10* 0.69 2.48 <10
LiTFSI/PEO 6.80 <10 0.20 1.38 <10

3 Total ionic conductivity of the SPEs; ® lithium-ion transference number of the
SPEs; © lithium-ion conductivity of the SPEs, which is calculated by Equation [4.2].
The Tui* value of LiTFSI/PEQ is reproduced from our previous literature Ref.

[*]

Benefiting from its higher Tyi", the LIBTFSI/PEO-based SPE shows a
higher lithium-ion conductivity (o.i*) than that of the LiTFSI/PEO-based
SPE, e.g., oLi* = 2.48 104 S cm™* (LiBTFSI/PEO) vs. o1i* = 1.38 X104 S
cmt (LITFSI/PEO at 70 °C), as shown in Table 4.3.

4.4.7. Electrochemical stability

The electrochemical stability window (ESW) of an electrolyte is
measured as the voltage domain between the onset of reduction and that of
oxidation. The ESW is a fundamental parameter for choosing SPEs as solid
electrolytes in ASSLMBs. To meet the practical application, the SPEs for
ASSLMBs should possess a high oxidation potential to appropriately and
compatibly couple with high-voltage cathode materials.
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4.4.7.1. Anodic stability
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Figure 4.9. Linear sweep voltammogram (LSV) of the 0.1 M LiX/PC (X= BTFSI
or TFSI) electrolytes.

Anodic stabilities of the electrolytes in this chapter are determined by
linear sweep voltammogram (LSV) measurement using a VMP3 potentiostat
(Biologic). To determine the anodic stability of the salts, LSV experiments
were performed in both liquid-based electrolyte at 25 °C and PEO-based
electrolytes at 70 °C, respectively. For the liquid electrolytes, propylene
carbonate (PC) was used as the solvent for this measurement as it possesses
high anodic stability that can help to determine the stability of the anions of
dissolved lithium salts without the interference of solvent oxidation.® 2
Therefore, 0.1 M LiX/PC (X= BTFSI or TFSI) electrolytes were prepared in
an Argon-filled glove box with H2O and O content less than 0.1 ppm. In
addition, a three-electrode cell with platinum (surface area: 0.0314 cm2) as

working electrode, Li<disks as both counter and reference electrodes were
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used to perform this LSV measurement. The LSV of profiles of these two
0.1 M LiX/PC (X= BTFSI or TFSI) electrolytes are displayed in Figure 4.9,
the LIBTFSI/PC exhibits a slightly lower anodic stability compared to the
LiTFSI/PC electrolyte, e.g., 5.8 V Li/Li* for LiBTFSI/PC vs. 5.9 V Li/Li*
for LITFSI/PC, which might to due to the lower delocalized of the BTFSI~
anion compared to the TFSI~ anion.

For PEO-based SPEs, a two-electrode cell using Li| SPEs | SS (surface
area: 0.0707 cm~2) was adopted. Obvious onsets of current density at ca. 4.0
V Li/Li* attributed to the oxidation of PEO chains were observed for both
LIBTFSI/PEO and LiTFSI/PEO-based SPEs (see in Figure 4.10), which is
well consistent with previous reports.!* 26-2” Nevertheless, both of these two
PEO-based SPEs are suitable for < 4 V-class ASSLMBs, such as Li<||
LiFePO4 and Li°|| S batteries.
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Figure 4.10. LSV profiles of the PEO-based LiBTFSI and LiTFSI SPEs at 70 °C
(EO/LIT = 20).
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4.4.7.2. Cathodic stability

Electrochemical cathodic stability of the SPEs was determined by
cyclic voltammetry (CV) in a VMP3 potentiostat (Biologic). A CR2032 type
Li ||©Cu coin cell was used comprising copper disk (surface area: 0.0707
cm2) as working electrode and Li< disk as both counter and reference
electrodes. As shown in Figure 4.11, both electrolytes show clear redox
currents that are associated with Li* plating/stripping on Cu electrodes.
However, the current density of the LiTFSI/PEO-based cell is much higher
than that of the LiBTFSI/PEO, which might due to its higher ionic
conductivity as discussed above (e.g., owta = 6.8 x 10* S cm™ for
LiTFSI/PEO vs. ototal = 3.6 x10* S cm™* for LIBTFSI/PEO at 70 °C).
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Figure 4.11. Cyclic voltammetry (CV) profiles of the PEO-based LiBTFSI (a) and
LiTFSI SPEs (b) at 70 °C at a scan rate of 1 mV s,

4.5. Cell performance

4.5.1. Li<|| Li<cells
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Figure 4.12. (a) Galvanostatic cycling of Li<anode in PEO-based electrolytes at 70 °C
(current density: 0.1 mA cm~2; duration of half-cycle: 3 h). (d—f) Zoomed-in plots of
the Li©symmetric cells in the range of (d) 70-120 h, (e) 200-250 h, and (f) 500—
560 h.

For the SPEs-based Li< || Li“ cells, galvanostatic cycling of Li°
symmetrical cells (areal of Li® disk: 1.54 cm™2) are carried out using
Neware® battery testers at a current density of 0.1 mA cm™2. The duration of
each half-cycle is 3 h for the measurement. The lithium plating and stripping
performance of these two SPEs is shown in Figure 4.12, under an
electrochemical condition, the Li< || Li® symmetric cells using the
LIiTFSI/PEO SPE encounter short-circuit after around 100 h owing to the
generation of dendritic Li<(Figure 4.12b), which could penetrate through
the SPE membrane and cause cell premature failure.?® This result is well

consistent with our previous published works as well as literature published
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by other groups.?* 2230 As for comparison, the LiBTFSI/PEO-based cell
could stably operate for more than 540 h with absence of voltage fluctuation
under the same conditions (Figure 4.12), indicating that the solid electrolyte
interface (SEI) formed on the Li<anode in the LiBTFSI/PEO-based cell
seems to be more robust and compact, which could inhibit the continuous Li<
dendrites growth and thus enable the cell a long-life cycle. In addition, the
higher Tui* of the LiBTFSI/PEO based SPEs may also help to reduce the

nucleation of dendrites.3!
4.5.2. Li®|| LFP cells

On account of above-mentioned attractive physicochemical and
electrochemical of the LIBTFSI/PEO SPE, the feasibility of LIBTFSI/PEO
as an electrolyte for ASSLMBs is eventually evaluated in a full Li<|| LFP
cell configuration. The LFP electrodes with a high areal loading of 4.0 mg
cm~2 were prepared by conventional casting method, and all the Li®|| LFP
cells are assembled in an argon-filled glovebox. Afterwards, these cells are
subjected to three formation cycles at a rate of C/5 and then charged and
discharged with a constant C-rate of C/3 for constant cycling in a voltage
range (2.5-3.7 V), and the corresponding charge/discharge performance is
shown in Figure 4.13. It can be clearly seen that the LiBTFSI/PEO-based
cell displayed superior performance compared with that of the LITFSI/PEO-
based cell, as reflected by the initial capacity as well as cycle life. The
LiTFSI/PEO-based cell delivered an initial discharge capacity of 114 mAh
gt and showed a seriously overcharging process at 11" cycle (see Figure

4.13c) due to the formation of soft dendrites on Li“anode under a high LFP
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loading or high current density, which is well consistent with previous
reported literature.?%-30
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Figure 4.13. Cycling performance of solid-state lithium metal polymer cells
using LIBTFSI/PEO SPE. (a) Long-term cycling performance of the Li< ||
LiFePO4 (LFP) cells (three formation cycles at rate of C/5 and then constant cycling
at C/3). (b, c) Discharge/charge profiles of the Li° || LFP cells at 70 °C: (b)
LiBTFSI/PEO and (c) LiTFSI/PEO.

Notably, replacement of the high areal loading of LFP with a lower one
(e.g., decrease from 4.0 mg cm™ to 2.65 mg cm~2) can significantly improve

the cycling performance LiTFSI-based Li?|| LFP cells. As shown in Figure
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4.144a, the LiTFSI-based Li<|| LFP cell could be operated for 150 cycles with
a high discharge capacity of 146 mAh g without short-circuits phenomena.
In addition, the LiTFSI-based Li<|| LFP cell exhibits stable charge/discharge
profiles (Figure 4.14b), and more importantly, there is no overcharging
process is observed, which indicates that the overcharging phenomenon
happens in a high LFP areal capacity cell with the LiTFSI/PEO SPE is

attributed to the lithium dendrites growth under a high current density.
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Figure 4.14. Cycling performance of solid-state lithium metal polymer cells
using LiTFSI/PEO SPE with a low LFP areal loading of 2.65 mg cm=2 (EO/Li =
20). (a) Long-term cycling performance of the Li<| LiFePO4 (LFP) cell with
LiTFSI/PEO SPE. (b) Discharge/charge profiles of LiTFSI/PEO-based Li<|| LFP
cells with a low LFP areal loading.

The rate capability of these two PEO-based SPEs were evaluated at
different C-rate and the results are shown in Figure 4.15. The
LiBTFSI/PEO-based Li<|| LFP cell could be operated at different C-rate
(e.g., from C/5 to 1C) with good Coulombic efficiency close to 100% and
stable charge and discharge plateaus (Figure 4.15a and c). The discharge
capacities of the LiBTFSI/PEO-based Li || LFP cell at different C-rate are
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Figure 4.15. Rate performance of solid-state lithium metal polymer cells using
LiX/PEO (X = BTFSI or TFSI, EOQO/Li = 20). (a) Rate capability of these two
PEO-based Li<|| LFP cells under different currents. (b) Cyclability of these two
cells after C-rate tests. (c, d) Discharge/charge profiles of the Li<|| LFP cells at 70 °C
and different current densities: (¢) LiBTFSI/PEO and (d) LiTFSI/PEO.

148.8 mAh g (C/5), 142.6 mAh g (C/3), 134.7 mAh g! (C/2) and 84.5
mAh g (1C), respectively. In sharp contrast, the overcharge process occurs
in the LITFSI/PEO-based Li<|| LFP cell (see the overcharged profile in
Figure 4.15d) and the cell could be only cycled at C/5 under this higher
areal LFP loading. More importantly, the LiBTFSI/PEO-based Li<|| LFP
cells exbibit excellent cycling performance over 200 cycles when the current

density returns to C/3, as shown in Figure 4.15b. All these results mentioned
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above demonstrate that the BTFSI~ possesses superior compatibility with
both Li<anode and LFP cathode, which testifies that the anions play a
pivotal role in dictating the electrochemical properties of PEO-based Li<||
LFP cells.

4.6. Conclusion

In summary, we report a highly lithium-ion conductive PEO-based SPE
using a novel benzene-based lithium salt (LIBTFSI). As a result, the
LiBTFSI-based SPE shows three times higher lithium-ion transference
number and higher lithium-ion conductivity compared with the conventional
LiTFSI-based SPEs. This could be attributed to the strong intermolecular
and intramolecular interactions between the BTFSI™ anion and PEO matrices
and with itself. More importantly, the LIBTFSI/PEO-based SPE presents
excellent compatibility with lithium anode as shown in the prolonged cycled
Li<|| Li<cells, which also enables the solid-state Li<|| LiFePO4 cell with
superior cycling performance. This work provides an efficient and facile
strategy for attaining highly lithium-ion conductive and Li<° electrode
compatible SPEs, which sheds light on future exploration directions towards
high-performance solid-state lithium batteries and other rechargeable

batteries.
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5.1. Introduction

With an ever-increasing demand of portable electronics and electric
vehicles which both are essential elements for electrifying the modern
society, rechargeable batteries with high safety and long cycle life have been
highlighted in recent years.: Among all the existing technologies, lithium-ion
batteries (LIBs) have been widely employed as power sources owing to their
higher energy density and efficiency over traditional batteries (e.g., lead-acid,
nickel-metal hydride).>® However, conventional LIBs containing organic
liquid electrolytes suffer from safety concerns such as flammability, thermal
runaway and even explosion under abusive conditions.* In addition, LIBs
composed of graphite anodes and lithium transition metal oxide cathodes
have more or less reached their theoretical limits in terms of specific and

gravimetric energy densities.’

Solid polymer electrolytes (SPEs) have attracted great attention in the
development of practical solid-state lithium metal (Li< batteries (SSLMBSs)
ever since the perceptive proposal of using SPEs for rechargeable batteries
by Armand in 1978.%2% Amongst the various polymer matrices suggested,
poly(ethylene oxide) (PEO) possesses flexibility, processability, and
excellent solvating ability toward a wide variety of salts, and has therefore
been abundantly used as host material.® 1 The technological feasibility of
PEO-based SPEs has been demonstrated by the implementation of Bluecar®
and Bluebus® powered by Li| SPEs | LiFePO4 batteries in different cities
and countries (i.e. Lyon, Bordeaux, Indianapolis, and Singapore).'? Indeed,
the chemistry of the lithium salt employed plays a pivotal role in dictating
the physico-chemical and electrochemical performance of any SPE, and thus
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also influences the performance of SSLMBs. The lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, first suggested as salt for
SPEs in 1986, possesses low lattice energy and the TFSI anion has a large
structural flexibility, both due to the anion’s highly delocalized negative
charge and flexible center [e.g., ~SO2-N©-SO2-1* and has therefore been
commonly used for SPE-based SSLMBs.?® However, low lithium-ion
transference number (TLi") and poor solid electrolyte interphase (SEI)
creating properties result in severe cell polarization and simultaneously
notorious dendritic growth on the Li<anode.'® Therefore, several new salts
such as lithium (difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide
(LiDFTFSI)*® and lithium (trifluoromethanesulfonyl)[N-
bis(methoxyethyl)sulfonyl]imide (LiEFA)!" have recently been proposed for
SPE-based SSLMBs, both providing better transport numbers, cyclability,
and interfacial compatibility. Yet, these SPEs do not really meet the stringent
requirements for practical solid-state batteries, especially considering their
relatively low ionic conductivities at ambient temperatures (ca. 1004 S cm™
at 40 °C).

Here we instead turn to investigate chiral Li-salts to create more
performant SPEs. Chirality at the molecular level is ubiquitous in the natural
world, e.g., chiral amino acids and some natural sugars. Additionally, chiral
compounds have attracted significant attention in a variety of fields such as
photonics, biosensing, catalysis, medicine, and nanotechnology.'®? For
example, Williams et al.?® reported that a spiroborate with a chiral anion
could be a promising candidate for chiral resolution. In addition, conducting
chiral polymers such as polypyrrole (PPy), polythiophene (PTh), and
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polyaniline (PAN) have demonstrated promise in electrochemical chiral

sensing and electrochemical asymmetric synthesis.*
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Scheme 5.1. Chemical structures of the chiral anions, RCTFSI and SCTFSI,
synthesized from camphorsulfonic acid. Reproduced with permission from Ref. [*1].

However, to date little attention has been paid to chiral salts and their
impact on fundamental physico-chemical properties, e.g., phase behavior,
ionic conductivity, Ty, etc., of SPEs. In 2002, Bé&anger et al.®? reported on
SPEs using camphor-based chiral potassium salts synthesized from a
commercially available camphorsulfonic acid i.e.,, (R,S)-(H-10-
camphorsulfonic acid. The authors observed a slight difference in the ionic
conductivities between the SPEs based on the R and the S enantiomers,
RCTFSI and SCTFSI, respectively (Scheme 5.1), which basically should be
impossible. Yet, PEO tends to adopt, both in pristine state and when
wrapping around a cation, as in many SPEs, helical structure® and helices
are chiral.3* The question thus arises whether a chiral salt may induce a net
chiral turn of the helices. In such a case, if the R and S enantiomers are
expected to give identical ionic conductivities, there may be an effect, either
enhancement or depression, when an artificial racemic mixture is used.>® 3 3¢
3738 39 To verify or dismiss this hypothesis is only possible using very
stringent ionic conductivity measurements — since the semi-crystalline PEO

may influence the physical contact between the electrolyte and the
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electrode(s), causing considerable experimental uncertainties.*®*! In this
work, we revisit this intriguing topic using the same anions but expand the
type of cation from potassium to lithium. The fundamental properties of the
neat salts and PEO-based SPEs are comprehensively investigated, aiming to

elucidate the impact of chirality — if any.
5.2. Experimental
5.2.1 Materials

(1R)-(—)-10-camphorsulfonic acid (98%, > 96% enantiomeric excess,
Sigma-Aldrich), (1S)-(+)-10-camphorsulfonic acid (98%, > 96%
enantiomeric excess, Sigma-Aldrich), thionyl chloride (SOCI2, 97%, Sigma-
Aldrich), deuterium oxide (D20, Eurisotop, 99.8 wt% D), potassium
carbonate (K2COs, 99%, Sigma-Aldrich), dichloromethane (CH2Clz, 99%,
Fisher Chemical), acetonitrile (ACN, 99%, Scharlab), toluene (99.3%,
Scharlab), triethylamine (99.5%, Sigma-Aldrich), and poly(ethylene oxide)
(PEO, Mw = 5 x 10°% g mol™?, Sigma-Aldrich) were used as purchased.
Lithium perchlorate (LiCIO4, 99.5%, Sigma-Aldrich) was dried at 50 °C
under vacuum overnight before wuse. Trifluoromethanesulfonamide

(CF3SO2NH>) was a generous gift from Solvay.
5.2.2. Structural characterization

Nuclear magnetic resonance (NMR) spectra of the chiral salts were
performed on Bruker (300 MHz for H, 75.5 MHz for 3C, and 282 MHz for
F NMR) using DO as deuterated solvent. Chemical shifts (5) of the

products are reported in ppm relative to residual solvent signals (D20, 4.80
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ppm for 'H-NMR). Some abbreviations (e.g., s, singlet; d, doublet; m,
multiplet) are used to describe the multiplicity in NMR spectra.
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Scheme 5.2. The synthesis route of chiral potassium salts. Reproduced with

permission from Ref. [*].

Raman and Fourier-transform infrared (FTIR) spectra of the neat salts
and SPEs were measured on a Renishaw inVia confocal Raman spectrometer
(serial number 16H981) and a Fourier-transform infrared spectrometer
(Bruker vertex 70), respectively. The abbreviations given below are used to
intensity of the bands in Raman and FTIR spectra: s, strong; m, medium; w,
weak. All the preparation and measurement procedures were followed

according to our previous works.” 42
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5.2.3. Synthesis and characterization of the neat salts

The synthesis route of chiral potassium salts is shown in Scheme 5.2.
The detailed procedures for synthesizing potassium [(1R)-(—)-10-camphor
sulfonyl](trifluoromethanesulfonyl)imide {K[N(SO2C10H150)(S0.CF3)],
KRCTFSI} are given as below. Firstly, to a solution of (1R)-(—)-10-
camphorsulfonic acid (RCSOszH, 23 g, 100 mmol) in 100 mL H20, K>CO3
(6.9 g, 50 mmol) was added slowly at 0 °C. The reaction was kept stirring at
ambient temperature for 4 h. The solvent was removed under vacuum and
potassium (1R)-(—)-10-camphorsulfonic (RCSOsK) was obtained as a white
solid (26 g; yield: 96 %). Secondly, SOCI, (27 mL, 384 mmol) was added
slowly to the as-prepared RCSO3K (26 g, 96 mmol) in a flask under argon
protection at 0 °C. The reaction was left stirring for 12 h at room temperature.
Excess of SOCI, was quenched with water/ice, and the resulting mixture was
extracted with CH2Cl> (3 < 100 mL) and the collected organic phase was
washed by deionized water for 3 times. The evaporation of CH2Cl, gave a
white, crystalline solid of (1R)-(—)-10-camphorsulfonyl chloride (RCSO.CI,
21 g; yield: 87 %). Thirdly, to a solution of RCSO.CI (21 g, 84 mmol) in
ACN (100 mL), a solution of potassium trifluoromethanesulfonamide (15.7
g, 84 mmol) and triethylamine (35 mL, 252 mmol) in ACN (150 mL) was
added dropwise under argon atmosphere at 0 °C. The reaction was stirred
and refluxed at 70 °C overnight under Argon flow. Then, ACN solvent was
removed under vacuum and the obtained crude product was acidified by
dilute (ca. 5 wt%) HCI aqueous solution and extracted with toluene. The
removal of solvents gave [(1R)-(—)-10-camphor
sulfonyl](trifluoromethanesulfonyl)imide acid (HRCTFSI) as a yellowish
viscous liquid. Lastly, KRCTFSI was readily obtained by the neutralization
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Figure 5.1. NMR spectra of the as-prepared KRCTFSI salt: (a) 'H NMR, (b) °F
NMR and (c) edited 2D HSQC. Reproduced with permission from Ref. [*1].

of HRCTFSI with KoCOs in water. The recrystallization of the crude product
using toluene/ethanol mixture afforded KRCTFSI as a white powder (18.6 g;
yield: 48%). *H NMR (300 MHz, D0, ppm): 6 = 3.72 (d, J = 15.1 Hz, 1H),
6=3.34(d, J =15.1 Hz, 1H), 6 = 2.51 (m, 17.0 Hz, 2H), § = 2.24 (m, 1H), &
=2.07 (m, 19.0 Hz, 2H), § = 1.74 (m, 1H), 6 = 1.54 (d, 1H), d = 1.11 (s, 3H),
5 =0.91 (s, 3H). °F NMR (282 MHz, D20, ppm): 6 = —78.44 (s, 3F). FTIR
(cm™): 1730 (s), 1332 (s), 1185 (w), 1078 (m), 807 (w), 764 (m), 729 (m),
604 (s), 518 (s). Raman (cm™): 1733 (w), 1470 (w), 1418 (w), 1236 (w), 734
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(s), 588 (m), 400 (w), 308 (s). The characterization spectra and assignments
of corresponding peaks are shown in Figures 5.1., 5.4., 5.5 and Table 5.1,
5.2.
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Figure 5.2. NMR spectra of the as-prepared KSCTFSI salt: (a) *H NMR, (b) °F
NMR and (c) edited 2D HSQC. Reproduced with permission from Ref. [*1].

The same synthetic procedures were followed for the potassium [(1S)-
(+)-10-camphor sulfonyl](trifluoromethanesulfonyl)imide salt
{K[N(SO2C10H150)(SO2CF3)], KSCTFSI; yield: 52%} except using (1S)-
(+)-10-camphorsulfonic acid as a starting material. *H NMR (300 MHz, D20,
ppm): 6 = 3.71 (d, J = 15.1 Hz, 1H), 6 = 3.34 (d, J = 15.1 Hz, 1H), 0 = 2.51
(m, J = 18.1 Hz, 2H), 6 = 2.24 (m, 1H), 6 = 2.07 (m, J = 19.0 Hz, 2H), J =
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1.74 (m, 1H), 5 = 1.54 (d, 1H), 6 = 1.11 (s, 3H), § = 0.91 (s, 3H). °F NMR
(282 MHz, D20, ppm): 6 = —78.44 (s, 3F). FTIR (cm™): 1730 (s), 1332 (s),
1185 (w), 1078 (m), 807 (w), 764 (m), 729 (m), 604 (s), 518 (s). Raman (cm~
1: 1733 (w), 1470 (w), 1418 (w), 1236 (w), 734 (s), 588 (m), 400 (w), 308
(S). The characterization spectra and assignments of corresponding peaks are
shown in Figures 5.2, 5.4, 5.5 and Tables 5.1, 5.2.
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Figure 5.3. NMR spectra of the as-prepared LiSCTFSI salt: (a) *H NMR, (b) °F
NMR and (c) edited 2D HSQC. Reproduced with permission from Ref. [3!].
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Scheme 5.3. The synthesis route of chiral lithium salts. Reproduced with

permission from Ref. [31].

The corresponding chiral lithium salts were prepared by cation
exchange of the as-prepared potassium salts with LiCIO4 in ACN according
to previous work® and the synthetic route is shown in Scheme 5.3
Consequently, a white solid of the lithium [(1R)-(—)-10-
camphorsulfonyl](trifluoromethanesulfonyl)imide salt
{Li[N(SO2C10H150)(SO2CF3)],LIRCTFSI} was obtained after
recrystallization in ACN (yield: 89%). 'H NMR (300 MHz, D;0, ppm): 6 =
3.71 (d, J = 54.3 Hz, 1H), 6 = 3.34 (d, J = 15.1 Hz, 1H), = 2.51 (m, J =
17.9 Hz, 2H), 6 = 2.24 (m, 1H), 6 = 2.06 (m, 2H), 6 = 1.74 (m, 1H), 6 = 1.54
(d, 1H), 5 = 1.11 (s, 3H), § = 0.91 (s, 3H). °F NMR (282 MHz, D20, ppm):
8 = —78.44 (s, 3F). FTIR (cm™): 1750 (m), 1332 (s), 1185 (s), 1078 (s), 807
(W), 764 (w), 729 (w), 604 (m), 518 (m). Raman (cm™2): 1757 (m), 1470 (w),
1418 (w), 1236 (w), 734 (s), 588 (m), 400 (w), 308 (w). The characterization
spectra and assignments of corresponding peaks are shown in Figure 5.4-6
and Tables 5.3, 5.4.
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Figure 5.4. FTIR spectra of the as-prepared chiral salts. Reproduced with

permission from Ref. [*1].

The same synthesis procedures were followed for the lithium [(1S)-(+)-
10-camphor sulfonyl](trifluoromethanesulfonyl)imide salt
{Li[N(SO2C10H150)(SO.CF3)], LIiSCTFSI} except using (1S)-(+)-10-
camphorsulfonic acid as a starting material, affording LISCTFSI as a white
solid (yield: 87%). 'H NMR (300 MHz, D20, ppm): 6 = 3.72 (d, J = 15.1 Hz,
1H), 6 = 3.35 (d, J = 15.1 Hz, 1H), 6 = 2.51 (m, J = 17.9 Hz, 2H), 6 = 2.25
(m, 1H), 6 =2.07 (m, J = 19.0 Hz, 2H), 6 = 1.74 (m, 1H), 6 = 1.54 (d, 1H), 6
=1.12 (s, 3H), 6 = 0.92 (s, 3H). 1°F NMR (282 MHz, D,0, ppm): § = —78.42
(s, 3F). FTIR (cm™): 1750 (m), 1332 (s), 1185 (s), 1078 (s), 807 (w), 764
(w), 729 (w), 604 (m), 518 (m). Raman (cm™?): 1757 (m), 1470 (w), 1418
(w), 1236 (w), 734 (s), 588 (m), 400 (w), 308 (w). The characterization
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spectra and assignments of corresponding bands are shown in Figures 5.3-
5.5, Tables 5.3 and 5.4.

1418 1470 1733 1757
308 400 588 734 1236 N\ J N L

(@)
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Intensity / a.u.

T - : ‘l T T T - I. . T ~ T
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Figure 5.5. Raman spectra of the as-prepared (a) KRSCTFSI, (b) KSCTFSI, (c)
LIRCTFSI and (d) LiSCTFSI salts, respectively. Reproduced with permission from
Ref. [*!].

5.2.4. lonic conductivity

The ionic conductivities of the as-prepared SPEs were obtained by
electrochemical impedance spectroscopy (EIS) on a VMP3 potentiostat
(Biologic). CR2032 type coin cells (SS | SPEs | SS) comprising two stainless
steel (SS) blocking electrodes and Teflon O-ring (see Figure 2.1 for
schematic illustration) were assembled in an argon filled glovebox (M Braun,

H20 < 0.1 ppm, O2 < 0.1 ppm) for ionic conductivity tests. The cells were
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subjected to EIS in a frequency range 10* to 10 Hz from 30 °C to 100 °C
and the temperature was controlled by using an electro-thermostatic oven (%
1 °C, Lan technics, Model DHG). The ionic conductivities were obtained by
Equation [5.1]:

Ototal = L/(S X Rpuik) [5.1]

wherein, owtal (in S cm™?) is the total ionic conductivity of the SPE, L (in
cm) is the thickness of the SPE, S (in cm?) is the contact area between the
SPE and the electrode and Rpuik (in Q) is the bulk resistance of the SPE. To
minimize experimental uncertainties at least four repetitions were made for
each SPE. The standard deviation (osp) and fractional uncertainty (fen) of
the ionic conductivities were calculated using Equation [5.2] and Equation

[5.3],%2 respectively:

osp = JZ(ai — 52 /(N -1) [5.2]

fen = osp/(VN X &) x 100% [5.3]

In Equation [5.2] and Equation [5.3], o; is the ionic conductivity of
sample i, & is the mean value of all the measured samples, and N is the
number of measurements. All the ionic conductivities herein are reported as

& + ogp, representing a 68% confidence limit.*3
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Table 5.1. Mode assignment of typical bands observed by FTIR spectroscopy of the

chiral potassium salts. Reproduced with permission from Ref. [31].

FTIR wavenumber / cm™ Assignment

1730 C=0 stretching vibration
1332 —SO,- stretching vibration
1185 —SO,- stretching vibration
1078 —SO,— bending vibration
604 —SO,— bending vibration
807 C—H bending vibration
764 C—H bending vibration
729 C—-H bending vibration
518 —CF; bending vibration

Table 5.2. Mode assignment of typical bands observed by Raman spectroscopy of
the chiral potassium salts. Reproduced with permission from Ref. [*!].

Raman shift / cm™ Assignment

1733 C=0 stretching vibration

1740 —CHa— or —CH; asymmetric bending vibration
1418 —CHa— or —CH; asymmetric bending vibration
1236 —CF3 symmetric stretching vibration

734 —CF3 symmetric bending vibration

588 —SO,- bending vibration

400 —SO,— wagging vibration

308 —SO,- rocking vibration
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Table 5.3. Mode assignment of typical bands observed by FTIR spectroscopy of the

chiral lithium salts. Reproduced with permission from Ref. [31].

FTIR wavenumber / cm™ Assignment

1750 C=0 stretching vibration
1332 —SO,- stretching vibration
1185 —SO,- stretching vibration
1078 —SO,-bending vibration
604 —SO,— bending vibration
807 C—H bending vibration
764 C—H bending vibration
729 C—H bending vibration
518 —CF; bending vibration

Table 5.4. Mode assignment of typical bands observed by Raman spectroscopy of
the chiral lithium salts. Reproduced with permission from Ref. [*!].

Raman shift / cm™ Assignment

1757 C=0 stretching vibration

1740 —CHx- or —CH; asymmetric bending vibration
1418 —CHx- or —CH; asymmetric bending vibration
1236 —CF5 symmetric stretching vibration

734 —CF; symmetric bending vibration

588 —SO,- bending vibration

400 —SO,— wagging vibration

308 —SO,- rocking vibration

5.3. Results and discussion

5.3.1 Synthesis and structural characterization
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The chirality of the as-prepared salts is inherited from the chiral
precursors (R,S)-(-10-camphorsulfonic acid and the synthetic routes only
modifies the anionic center from —SO3  to —SO>NSO,CFs, where the
latter’s negative charge is more delocalized, a critical feature for high SPE
ionic conductivity.> ** The chemical structures of the chiral salts have been
characterized by multiple techniques, enlisting NMR, FTIR, and Raman

spectroscopies.

As seen in Figure 5.6, taking LIRCTFSI as an example, the
characteristic peaks assigned to the camphor-based moiety in the range 3.73—
0.91 ppm are observed in the *H-NMR spectrum (Figure 5.6a) and a sharp
peak at around —78.4 ppm corresponding to the —CF3 group appears in the
F NMR spectrum (Figure 5.6b). The 2D heteronuclear single quantum
coherence spectroscopy (HSQC, Figure 5.6¢) shows an unambiguous
correlation between the carbon atoms and their corresponding hydrogen
atoms.  Altogether, these results clearly suggest that the
trifluoromethanesulfonamide group has been successfully grafted onto the
camphor-based moiety. This is further reinforced by the corresponding
signals in the FTIR and Raman spectra (Figures. 5.4, 5.5 and Tables 5.3-
5.4). For example, the band at 1750 cm™ characteristic of the asymmetric
stretching of C=0 in a camphor moiety concurrently appears together with
that at 518 cm™ belonging to the typical bending vibration of the —CF3 group
in the FTIR spectrum (Figure 5.4, Table 5.3). The band at 734 cm™, also
assigned to the symmetric bending vibration of the —CF3 group, is observed
in the corresponding Raman spectrum (Figure 5.5, Table 5.4). All these
spectroscopic results indicate that the LIRCTFSI salt with good purity has

been synthesized successfully. The chemical structures of the other three
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salts, i.e., KRCTFSI, KSCTFSI, and LiSCTFSI, are also confirmed by the
same characterization techniques (see Figures 5.1-5, Tables 5.1-4).
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Figure 5.6. NMR spectra of the as-prepared LiRCTFSI salt: (a) *H NMR, (b)
¥F NMR, and (c) edited 2D HSQC. Reproduced with permission from Ref. [*1].

5.3.2 Thermal stability

Thermal stability of electrolyte components is of vital importance to
enable scalable processing of SPEs, e.g., extrusion, without detrimental
decomposition.*® The neat salts (Figure 5.7a, b), for either K* or Li* as

cations, show TGA traces quasi-superimposed for the RCTFSI and SCTFSI
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enantiomers, without any differences in the decomposition temperatures, e.g.,
Tq = 360 °C for KRCTFSI and KSCTFSI and 318 °C for LiRCTFSI and
LiSCTFSI. Thus chirality has no measurable impact on the thermal stability
of the neat salts, but the potassium salts are more stable than the
corresponding lithium salts, likely related to the stronger affinity of the
lithium cation (hard acid) for the fluorine atoms (hard base) in the anions
according to the "Hard and Soft Acids and Bases (HSAB)" concept,*
promoting the formation of lithium fluoride (LiF) at relatively lower

temperatures by pyrolysis.*®
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Figure 5.7. Thermal stabilities of (a, b) the neat camphor-derived chiral salts and (c,
d) the PEO-based SPEs. Reproduced with permission from Ref. [*!].

For the SPEs (Figure 5.7c, d), for a given cation, there are slight
variations in the TGA traces between 200 °C to 400 °C observable for the
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three choices of anions i.e., RCTFSI, SCTFSI and CTFSI. The SCTFSI-
based SPEs tend to be slightly less thermally stable, e.g., KSCTFSI/PEO (Tq
= 356 °C) < KCTFSI/PEO (T4 = 364 °C) < KRCTFSI/PEO (Tq4 = 367 °C),
Figure 5.7c; LiISCTFSI/PEO (Tq = 338 °C) < LiICTFSI/PEO (Tq = 344 °C) <
LIRCTFSI/PEO (T4 = 348 °C), Figure 5.7d. This could be associated with
trace amounts of impurities which may trigger decomposition of PEO.*
Using the same data, we find that, just as for the neat salts — and in principle
controlled by their behavior as itself PEO decomposes at a temperature of no
less than ca. 360 °C,*® for a given anion, the SPEs based on the potassium
salts unquestionably present better resistance toward pyrolysis compared to
those based on the lithium salts. Notwithstanding, all the SPEs exhibit good
thermal stabilities, > 300 °C, and are thus more than stable enough to be

employed as electrolytes for SSLMBs.
5.3.3 Phase transition

The migration of ionic species in SPEs usually takes place in the
amorphous phase of these often semi-crystalline systems and a higher
segmental mobility of the polymer backbones allows for faster ionic
transport.® Therefore, the phase behavior including glass and melting
transitions are useful measures for SPEs and the DSC data are presented in
Figure 5.8 and Table 5.5.

In the series of neat salts, as shown in Figure 5.8a and b, for a given
cation, both the RCTFSI-based and SCTFSI-based salts exhibit the same
melting temperatures (Tm) and melting enthalpies (AHm), €.9., Tm = 272 °C
and AHm = 90 J gt for KRCTFSI vs. T = 272 °C and AHm =91 J g'* for
KSCTFSI; Tm = 234 °C and AHm = 7 J g for LIRCTFSI vs. Tm = 234 °C
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and AHm = 7 J gt for LiSCTFSI. Again, the chirality has as expected no

impact on the phase behavior of the neat salts, but also points to accurate

preparation and purity as well as sample preparation. The same has been

observed for other camphor-based derivatives; e.g., Tm = 225 °C for R-(—)/S-
(+)-10-(camphorsulfonyl)imine®® and Tm = 174 °C for R-(-)/S-(+)-[(8,8-
dichlorocamphoryl)sulfonyl]imine.*

(a) (b)
— 1
KRCTFSI AH, 290 Jg LIRCTFSI AH =7 Jg"
Exo.
Exo. *e
T =272°C T =254
KSCTFSI AH =91 Jg' LiSCTFSI AH =7 Jg"
Endo.
Endo.
T =272°C i
7,=234°C
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Figure 5.8. Differential scanning calorimetry (DSC) traces of the salts and
SPEs: (a) potassium salts, (b) lithium salts, (¢) K-based SPEs and (d) Li-based
SPEs. The DSC traces of the neat salts and SPEs are obtained from the first and

second heating scans, respectively. Reproduced with permission from Ref. [31].
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Figure 5.9. DSC traces of different SPEs during the first heating and cooling scans.

Reproduced with permission from Ref. [*].

Again, the same as the TGA Tq data, for a given anion, the lithium salts
possess lower Tm as compared to the corresponding potassium salts. This
diverges from the TFSI salts, where KTFSI has a lower T (199 °C) than
LiTFSI (233 °C)* and can be rationalized by the different lattice energies,
originating from the greatly complicated electrostatic interactions of these
bulky organic anions with different cations, as previously observed for other
sulfonimide salts, e.g., for salts of the
(fluorosulfonyl)(pentafluoroethanesulfonyl)imide (FPFSI) anion, where
LiFPFSI has a Tm = 152 °C and KFPFSI is more high melting (Tm = 173
°C) 51

In the series of SPEs, for a constant cation, both T4 and Tm are very
close for the RCTFSI, SCTFSI and CTFSI based, e.g., Tg=-36 °C and Tm =
53 °C for KRCTFSI/PEOQ vs. Tqg=—-35°C and Tm = 53 °C for KSCTFSI/PEO
vs. Tg=-35°C and Tm = 52 °C for KCTFSI/PEO; Tg=-17 °C and Tm = 59
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°C for LIRCTFSI/PEQO vs. Tg =—17 °C and Tm = 60 °C for LiSCTFSI/PEO
vs. Tg=—17 °C and Tm = 60 °C for LICTFSI/PEO (Figure 5.8 and Table
5.5). Once again this indicates that the chirality of the salt anion has no

impact.

Table 5.5. Physico-chemical data for phase behavior of the SPEs. Reproduced with

permission from Ref. [*1].

Samples Tg@/°C TnPl/°C AH,© /39t 79/ %
KRCTFSI/PEO -36 53 30 24
KSCTFSI/PEO =35 53 22 18
KCTFSI/PEO -25 52 14 11
LiRCTFSI/PEO =17 59 58 45
LiSCTFSI/PEO =17 60 55 43
LiCTFSI/PEO =17 60 53 41

[a] Glass transition temperature (°C); [b] melting point (°C); [c] enthalpy of melting
(J gY); [d] the crystallinity as calculated by (AHm/AHpeofreo) x 100%, wherein,
AHpm is the melting enthalpy of the SPEs and AHpeo is 196.4 J g — the melting
enthalpy of 100% crystalline PEO,%? and freo is the PEO weight fraction.

Similar to the neat salts, the cations, i.e., Li*and K*, play a determining
role in dictating the phase transitions of the SPEs. In contrast to the Li-based
SPEs, all the K-based SPEs display a noticeable crystallization temperature
(Tc) (Figure 5.8c) during the second heating scan. This is due to their slower
crystallization kinetics, which is manifested by the absent/negligible re-
crystallization during the first cooling scan (Figure 5.9). Additionally, using
the data above, we find that both T4 and T are lower for the K-based SPEs
than for the Li-based SPEs, which might be due to the larger volume and

lower polarizing power of K* as compared to Li*, reducing the extent and
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strength of dynamic cross-linking and hence less impacting on the PEO
chain flexibility®® and thereby slowing down the formation of lamellar
structures of PEOQ, i.e., crystallization, in the K-based SPEs.>* Increased Ty
for the Li-based SPEs has also been observed for TFSI-based and DFTFSI-
based SPEs.

All of the above demonstrate that the cations of the salts have an
important role in dictating the thermal properties of both the neat salts and

SPEs, but that the impact of anion chirality is very limited.
5.3.4 lonic conductivity

Ionic conductivity is one of the most critical properties for a SPE aimed
at SSLMB application.!” It is generally accepted that the ion transport in
traditional semi-crystalline SPEs occurs mainly in the amorphous phase
through polymer chain segmental motions, and this is also why a low 7§ is so
important (see above). Béranger et al. *? ¥showed that the chirality of salt
anions influenced the ionic conduction in PEO-based SPEs as electrolytes
containing artificial racemic salts, i.e., an equimolar mixture of KRCTFSI
and KSCTFSI, showed slightly lower ionic conductivities. However, PEO-
based SPEs with moderate salt contents (EO/Li > 12) are usually semi-
crystalline, which causes poor interfacial contact with the SS electrodes,
rendering pronounced uncertainties, in particular below 7w (<60 °C).
Therefore, we employed four repetitions for each sample (Figures 5.10 and
5.11), where Figure 5.10a displays the overall total ionic conductivity (cotal)
for the K-based SPEs and the zoomed-in plots of the area A (30-60 °C) and
area B (70-100 °C) in Figure 5.10a are shown in Figure 5.10b and Figure

5.10c¢, respectively. In addition, the standard deviations (osp) of log diotal
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Figure 5.10. (a-c) Temperature dependence of ionic conductivity (standard
deviation as error bar) for the K-based SPEs: (a) temperatures ranging from 30-100
°C, (b) zoomed-in plot of area A in Figure 5.10a (5.0 X107 < oiotas < 1.0 X104 S
cm?) and (c) zoomed-in plot of area B in Figure 5.10a (1.4 <10 < gota < 5.0 %10~
S cm™). (d) lonic conductivity of the PEO-based electrolytes at 70 °C.

Reproduced with permission from Ref. [*].

values are also included in Figure 5.10a-c¢, and the corresponding linear
values are tabulated in Table 5.6. All the SPEs exhibit uncertainties in ionic
conductivities and the relative uncertainties tend to be more pronounced at
low temperatures (30-60 °C), e.g., 3.2% (40 °C) vs. 2.9% (70 °C) for
KRCTFSI/PEO; 7.3% (40 °C) vs. 3.8% (70 °C) for KSCTFSI/PEO; 3.8%
(40 °C) vs. 2.6% (70 °C) for KCTFSI/PEO (Table 5.6). This corroborates
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well with our hypothesis that the semi-crystallinity and the sample history
affects the interfacial contact. *' A similar behavior was also reported by

L ;40

Marzantowicz et a a partial loss of contact between the SPE and the

electrodes tended to cause an apparent decrease in ionic conductivity.

The ool changes remarkably at ca. 60 °C, e.g., (3.42 £ 0.58) x 10° S
ecm ! (50 °C) vs. (1.40 £ 0.08) x 10* S cm™! (70 °C) for KRCTFSI/PEO,
likely due to the melting of the semi-crystalline PEO polymer matrix,’ as
supported also by the DSC data (Figure 5.8c). A close look on the ionic
conductivities within the two distinct temperature regions area A and area B,
show negligible differences in oiotal for the three K-based SPEs; e.g., (1.40
0.08) x 10* S cm ™! for KRCTFSI/PEO vs. (1.43 £ 0.10) x 10* S cm™! for
KSCTFSI/PEO vs. (1.57 £ 0.08) x 10* S cm™ for KCTFSI/PEO at 70 °C
(Figure 5.10d). This clearly contradicts the previous results by Béranger et
al.* and this is largely ascribed to the above mentioned uncertainties in the
ionic conductivity measurements. Hence, we conclude that the chirality in
these camphor-based salt anions has nothing but a minimal impact on the

total ionic conductivities of the PEO-based SPEs.

Along the same lines, oiotal Of the Li-based SPEs (Figure 5.11 and Table
5.7) show similar relative uncertainties at lower temperatures (30-60 °C),
e.g., 12.0% (40 °C) vs. 1.8% (70 °C) for LIRCTFSI/PEO; 12.2% (40 °C) vs.
3.3% (70 °C) for LiSCTFSI/PEO; and 4.6% (40 °C) vs. 4.3% (70 °C) for
LiCTFSI/PEO. Also here the crystaline phase of PEO influences the
accuracy and there is an abrupt increase in ionic conductivity above 60 °C

correlating with the DSC data (Figure 5.8d).” Again all three Li-based SPEs
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Table 5.6. The specific awal (o7) from 4 repetitions and the corresponding average
owtal (0), Standard deviation (osp) and functional uncertainty (frn) for the K-based

SPEs at different temperatures. Reproduced with permission from Ref. [*1].

o1 (Sample o2 (Sample o3 (Sample o (Sample _ 1 osp/Scm fen

n/sem® 2)/Sem®  3)/Sem® 4)/Scm! g/Sem® g 1%
KRCTFSI/PEO
30°C 7.00 <1077 5.87 <1077 7.19 <107  7.03 <107 6.77 <107  6.06 x10°® 4.5
40 °C 4.27 <10  4.80 x10° 489 x<10°  4.91 x10° 472 x10%  3.02 %107 3.2
50 °C 259 x10° 351 x10° 3.63 <105 3.94 x<10° 342 x10° 582 x10° 85
60 °C 7.61 %105 8.48 x10° 8.37 x10°  7.77 x10° 8.06 x10°  4.31 x10° 2.7
70 °C 1.29 <10 1.41 x10* 142 x10* 148 x10* 1.40 x10* 8.02 x10° 29
80 °C 2.04 <104 2.10 x10* 2.28 x10*  2.34 x10* 219 x10*  1.42 <105 3.2
90 °C 293 x10*  3.16 x10* 3.27 x10*  3.46 <10+ 321 x10* 223 x10° 35
100 °C 4.07 <10*  4.21 x10* 448 <10* 459 <10+ 434 x10% 241 x10° 2.8
KSCTFSI/PEO
30 °C 5.71 <107 3.74 <107 432 %107  4.45x107 455 %107 827 x10°% 9.1
40 °C 354 x10° 327 x10°° 4.37 x10°  4.38 x10° 3.89 x10° 571 x107 7.3
50 °C 2.83 x10° 2.73 x10° 427 x10°  4.33 x10° 354 <105 877 x10°° 124
60 °C 7.51 x10° 7.81 <105 8.05 <105 875 x10° 8.03 x10° 528 x10°° 3.3
70 °C 1.32 x10* 1.53 x10* 1.35x10* 151 x10* 143 x10* 1.08 x10° 3.8
80 °C 2.18 x10* 240 x10* 2.09 x10*  2.43 <10+ 228 x10*  1.67 x10° 3.7
90 °C 3.30 x10*  3.54 x10* 3.12 x10*  3.77 x10* 3.43 x10* 2.87 x10° 4.2
100 °C 470 x10*  4.95 x10* 451 x10* 541 x10* 4.89 x10*  3.87 x10° 4.0
KCTFSI/PEO
30°C 5.02 <107 6.97 <107 514 <107  7.36 <1077 6.12 <107  1.22 <107 9.9
40 °C 4.48 x<10°° 3.79 <10 437 x<10°  4.46 <10°° 4.27 x10°% 327 %107 3.8
50 °C 3.51 x10° 2.36 x10° 3.04 105 293 x10° 2,96 <105 473 x10°° 8.0
60 °C 8.67 x10° 856 x10°° 9.03 <105  9.50 x10° 8.94 <105 423 x10°° 2.4
70 °C 152 x10* 1.49 x10* 1.60 x10*  1.67 x10* 157 x10* 8.17 x10°® 2.6
80 °C 2.45x10* 249 x10* 2,67 x<10* 273 x10* 258 x10* 1.35x10° 2.6
90 °C 3.85 x10* 3.74 x10* 3.75x10*  4.10 x10* 3.86 x10*  1.65x10° 21
100 °C 5.48 x10* 5.29 <10 571x10* 575x10* 556 x10* 2.15x10° 1.9
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Table 5.7. The specific gt (1) from 4 repetitions and the corresponding average
owtal (6), Standard deviation (osp) and functional uncertainty (fen) for the Li-based

SPEs at different temperatures. Reproduced with permission from Ref. [*].

D S oG G s s 1
LIRCTFSI/PEO
30°C 211x107  301x107 337x107 250x107  274x107  555x10°% 101
40°C 150 x10° 207 x10°  266x10° 251x10°  219x10°  525x107 120
50 °C 170 x10° 193 x10° 192x10° 176x10° 183x10°  114x10° 31
60 °C 8.33x10° 849x10° 7.75x10° 676x10°  7.83x105  7.84x10° 50
70°C 137104 149x10* 142x10% 146x10* 143x10* 513x10° 18
80 °C 200x10%  231x104 212x10% 237x10% 220x10*  170x10° 3.9
90 °C 290 %10 336x10¢ 294x10¢ 328x10¢ 312x10¢  235x10° 3.8
100 °C 393 x10¢  464x10¢ 380 x10¢ 382 x10¢ 405x10¢  398x10° 49
LISCTFSI/PEO
30 °C 226107 246 %107 255x107 240 x107  242x107  120x10° 25
40°C 133x10°  234x10° 224 x10° 244x10° 209 x10°  509x107 122
50 °C 194x10° 246 x10° 269 x10° 3.03x10°  253x10°  458x10° 9.1
60 °C 796 x10°  955x10° 881 x10° 886 x10° 879x10°  648x10° 37
70 °C 134x10% 157 x10* 148x10* 145x10* 146x10¢  09.62x10° 33
80 °C 207x10¢ 237 x10* 224x10¢ 236 x10¢  226x10*  141x10° 3.1
90 °C 303x10¢  339x10% 294x10¢ 324x10¢ 315x10*  203x10° 32
100 °C 344x10% 414 x10% 368x10¢ 391x10¢ 379x10*  301x10° 40
LICTFSI/PEO
30°C 164x 107 290> 100 2200005 1450107 214 107 366%10° 86
40°C 202x 106 228100 244100 5490106 231x 105 213x 107 46
50 °C 164105 L9710 2102107 ) 4e 105 204x 10°  354x 100 87
60 °C 821 105 [B4X100 B0 205105 B17x 105  537x10° 33

70 °C 136 x 104 138100 LOIx10T a0 104 142x 104 123x 105 43

214100 241 %10
4 4

80 °C 1.98 < 10 158 < 10*  2.03x 10 3.48 < 10 8.6

90 °C 208 104 298x 100 34010 505,104 310x 104 1.99x 105 32

3.97 <100 3.93x 10°
4 4

100 °C 3.85x 10 4.04 =104  3.95x% 10+ 7.97 x 108 1.0
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Figure 5.11. (a-c) Temperature dependence of ionic conductivity (standard

deviation as error bar) for the Li-based SPEs: (a) temperatures ranging from 30—-100
°C, (b) zoomed-in plot of area A in Figure 5.11a (2.5 %107 < gtra < 1.0 x10* S

cm™) and (c) zoomed-in plot of area B in Figure 5.11a (1.4 %10 < oot < 4.0 %10~

S cm™?). (d) lonic conductivity of the PEO-based electrolytes at 70 °C.

Reproduced with permission from Ref. [*].

have comparable oo, €.g., (1.43 £ 0.05) x 10* S cm™! for LIRCTFSI/PEO
vs. (1.46 £ 0.10) x 10* S cm™! for LiSCTFSI/PEO vs. (1.42+0.12) x 10* S
ecm! for LICTFSI/PEO at 70 °C (Figure 5.11d). Altogether this further
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supports the statement above — no visible impact of the camphor anion

chirality on the ion transportation in PEO-based SPEs.

5.3.5 FTIR and Raman spectroscopy characterization

(a) (b)
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Figure 5.12. (a) FTIR and (c) Raman spectra of the different Li-based SPEs. (b)
and (d) Zoomed-in profiles of the area A and area B shown in Figs. 5.12a and c,
respectively. The black, red and blue lines represent LIRCTFSI/PEO,
LiSCTFSI/PEO and LiCTFSI/PEO, respectively. Reproduced with permission from
Ref. [*1].
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To further elaborate on the possible impact of anion chirality on
physico-chemical properties for the different SPEs, the Li-based SPEs were
characterized by FTIR and Raman spectroscopy. The spectra are shown in
Figure 5.12 and the band assignments are provided in Tables 5.8 and 5.9.
For the FTIR spectra (Figure 5.12a) the bands are nearly superimposed for
the three SPEs, e.g., the asymmetric stretching of C=0 bond from the chiral
anion at 1740 cm™? (asterisk) and the combined C—-O—C bending and C-O
stretching vibration of PEO at 1100 cm™ (pentagon).>>-® In addition, the
bending vibrations of the —CF3 moiety at 730-740 cm™ (area A in Figure
5.12a), often used to assess the extent of ion-ion interactions, i.e., ion pairs,
solvated ions, etc.,>” present very similar behavior (zoomed-in plots in
Figure 5.12b). Thus, also at the molecular level, all the SPEs are very

similar and the chirality of the camphor anions has a negligible impact.

Table 5.8. Mode assignment of typical bands observed by FTIR spectroscopy of the

Li-based SPEs.>® % Reproduced with permission from Ref. [*1].

FTIR wavenumber / cm Assignment

1740 C=0 stretching vibration

1470 —CH_— bending vibration

962 —CH_— bending vibration

1300-1400 C—H wagging vibration

1100 C-O-C stretching vibration

844 —CH,— rocking vibration

730-740 expansion/contraction mode of —CF3 moiety
613 —SO,— asymmetric blending vibration
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Table 5.9. Mode assignment of typical bands observed by Raman spectroscopy of

the Li-based SPEs.” Reproduced with permission from Ref. [*1].

Raman shift / cm™ Assignment
1740 C=0 stretching vibration
1478 —CH,— bending vibration
1278 —CH,— bending vibration
1142 C—O-C stretching vibration
1064 C-O-C stretching vibration
730-734 —CF3 symmetric bending vibration
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Figure 5.13. (a, c, e) Polarization profiles and (b, d, f) electrochemical impedance
spectra before polarization of the Li<|| Li<cells using different SPEs. Reproduced

with permission from Ref. [*].
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The Raman spectra show more or less the same overlap for the
asymmetric stretching at ca. 1740 cm™1, the combined bending and stretching
vibration at ca. 1142 cm™* and ca. 1064 cm ™ as well as for the —CF; feature
(Figure 5.12c and d). The unambiguous FTIR and Raman spectral data
combined strongly suggest that the local environment of the Li* ions and the
chiral anions are quite similar for all three SPEs.

5.3.6 Lithium-ion transference number

Though only a marginal difference in owta (Figure 5.11) appears
present, it is still possible with an impact of chiral anions on the selectivity
of ion transport, i.e., the Ty*. This would have a large impact in practice
since only Li-ion migration under electric field is required for SSLMB
application and a higher T.i* would better mitigate concentration gradients

and reduce internal cell polarization upon cell charge/discharge.®

Table 5.10. Data used to calculate lithium-ion transference numbers (T.i*) for the
Li-based SPEs at 70 °C. Reproduced with permission from Ref. [*1].

Samples Ioc @/ mA Reen 1/ Q Voe 9/ mv T
LiRCTFSI/PEO 0.028 167 10 0.47
LiSCTFSI/PEO 0.024 195 10 0.48
LiCTFSI/PEO 0.023 248 10 0.57

[a] Steady-state current obtained from the DC polarization; [b] total resistances of
Li<symmetric cell before DC polarization; [c] the DC voltage subjected to the

polarization; [d] the Ti;" is calculated by Eq. [4].%®

For the three Li-based SPEs, the T.i* are very comparable, 0.47 for
LiRCTFSI/PEO vs. 0.48 for LISCTFSI/PEO vs. 0.57 for LICTFSI/PEO at 70
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°C (Figure 5.13, Table 5.10), and thus little changes in the Li-ion transport
mechanism, where the Li* cations are solvated by the PEO chains and the
anions interact little with neither PEO nor Li*.%> The anion chirality does not
result in any accelerated diffusion/migration of Li* through ordered helices,
but on the other hand these Li-based SPEs with camphor-derived chiral salts
all show much higher Tii" as compared to conventional PEO-based SPEs
with other sulfonimide salts, e.g., LiFSI (Tii* = 0.14)%° and LiTFSI (Tu* =

0.18),%° presumably due to the larger anionic volume of the former anions.
5.4 Conclusion

The impact of chiral salts synthesized from camphor sulfonic acid on
PEO-based SPEs show that the cation plays an important role in dictating not
only the physico-chemical properties e.g., T¢ and Tm of the neat salts, but
also for the PEO-based SPEs. The Li-based SPEs using chiral anions exhibit
acceptable ionic conductivities (ca. 10* S cm™) with high T.i* (ca. 0.5) at
70 °C, which could fulfill the requirements of SSLMBs. That the R and S
ionic conductivities are still not totally superimposable despite the extreme
care taken in sample preparation and statistics applied, rather points to the
difficulties of reliable ionic conductivity measurements in PEO electrolytes
(< 8% dispersion) in particular at lower temperatures (< 60 °C), where
probably the sample history plays a significant role. This goes together with
the observation by Maurel et al.*! of a strong dependence of the electrode
geometry and the role of electrolyte stretching.®® The expected induced order
by using a single anion enantiomer, R or S, shows no marked improvement
in ionic conductivity vs. applying the racemic mixture, for the camphor-
based salts. Nonetheless, tailoring the chemical structure of anions to attain
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long-range order of SPEs remains an intriguing strategy for facilitating fast
ion transport. In the SPEs created here the chirality is localized in a part of
the anion that plays no significant role with respect to solvation/dissociation.
However, the effect might be more pronounced for intrinsically chiral
anionic centers, like in borates or extended charge delocalized imides. We
hope the insights provided here in terms of experimental accuracy needed
may assist and also inspire further research on the design of new salts much
needed for high-performant SPE-based SSLMBs.
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Chapter 6: Conclusion
6.1 Conclusion

PEO-based solid polymer electrolytes (SPEs) with flexibility,
processability, and excellent solvating ability toward a wide variety of salts
have been widely in solid-state lithium metal batteries (SSLMBSs). Actually,
the chemistry of the lithium salt employed in PEO-based SPEs plays a
pivotal role in dictating the physico-chemical and electrochemical
performance of any SPE, and thus also influences the performance of
SSLMBs. The lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) salt, first
suggested as salt for SPEs in 1986, possesses low lattice energy and the
TESI™ anion has an extensive structural flexibility, both due to the anion’s
highly delocalized negative charge and flexible center [e.g., ~SO,—-N©-S0,-]
and has therefore been commonly used for SPE-based SSLMBs. However,
the low lithium-ion transference number (Ti*) and poor solid electrolyte
interphase-creating properties (SEI) result in severe cell polarization and

simultaneously notorious dendritic growth on the Li<anode.

The main objective of this work is to design and synthesize new lithium
salts with suppressed anionic mobility to enhance lithium-ion transference
number (Tu™) without sacrificing significantly the ionic conductivity, and
simultaneously with the aim of forming an excellent SEI layers at the Li®
anode to improve interfacial compatibility and stability towards Li<anode.

Several novel lithium salts with different properties were synthesized
and employed as conductive salts in PEO-based SPEs in this thesis, the

structures of the lithium salts are shown in Scheme 6.1. The fundamental
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properties of the neat salts and PEO-based SPEs are comprehensively
characterized, in terms of surface morphology, thermal stability, phase
transition, ionic conductivity, and electrochemical stability, etc. In addition,
different lithium cells such as lithium symmetric Li<|| Li<cells and Li°||
LFP cells were assembled to systematically evaluate the feasibility of these
lithium salts-based SPEs.
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Scheme 6.1. The structures of the synthesized salts in this thesis.

Among these SPEs, the benzene-based lithium salt, lithium
benzenesulfonyl(trifluoromethanesulfonyl)imide  (LiBTFSI)-based  SPE
shows the highest Tyi* of ca. 0.69 with a measured ionic conductivity of 3.6
%104 S cm™ at 70 °C. This high T.i* might be due to the larger volume of
the BTFSI™ anion and stronger intermolecular/intramolecular interactions,
e.g., intermolecular n—n stacking of the BTFSI~ anion, intramolecular H
bonds between BTFSI~ anion and PEO matrix. Besides, the LiFePOg || Li®
cells assembled with the LiBTFSI-based SPEs show a superior long-term
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cyclability with excellent Coulombic efficiencies as well as high discharge
capacities. In another work, the chiral salts-based SPEs also exhibit a high
Tu* around 0.50 at 70 °C, however, these SPEs present the lowest ionic
conductivity of 1.5 x10* S cm™ (Figure 6.1) among the salts tested, which
might be ascribed to the low migration kinetics of the bulky camphor-based

anion.
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Figure 6.1. Temperature dependence of ionic conductivities of different solid

polymer electrolytes (SPES).

Not  surprisingly, the trifluoromethyl-free  salt, lithium
bis(difluoromethanesulfonyl)imide (LiDFSI)-based SPEs show the highest
ionic conductivity of 4.6 x10* S cm™ at 70 °C compared with the other two
SPEs, as shown in Figure 6.1. In addition, the LiDFSI-based SPEs display a
decent Tii* of 0.39 owing to the H-bonding interactions between —CF2H
moieties and EO units. It is generally accepted that the widely used LiTFSI
salt that contains two trifluoromethyl (—~CF3) groups has a very low chemical
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and biochemical degradability, despite its strong electron-withdrawing
ability which is essential for the dissolution and transport of ions in SPEs.
This raises considerable risks to environment and human health once the
salts or their decomposition products leak out of the battery pack or are
poorly disposed of. In contrast to LiTFSI, the —CHF> moieties of LiDFSI-
based salt shows a rapid chemical degradation under a mild basic solution.
More importantly, the LiDFSI-based cells show a superior electrochemical
performance towards Li<electrode which is associated with the formation of
ionically conductive LiH and mechanically stable LiF-rich SEI-building
species on Li<electrode. As a result, the prototype Li<|| LiFePO4 cell using
LiDFSI/PEO could be cycled for more than 140 cycles with minimal
capacity decay, suggesting the feasibility of DFSI™ as conducting salt for
SPE-based SSLMBs.

In conclusion, the results obtained are well in agreement with the
objectives defined at the beginning of this thesis. Among the salts
synthesized in this thesis, the innovative LIDFSI salt with the highest ionic
conductivities and excellent SEI formation as well as the good chemical
degradation property is the most promising salt candidate to SSLMBs.
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A.l. List of abbreviations

+
OLi

Ototal

ACN

AFM

CEs

CEl

CPEs

Cv

DEC

DMC

DME

DSC

EC

EDLCs

EFA

Li-ion conductivity

Standard deviation

Total ionic conductivity
Acetonitrile

Atomic force microscopy
Coulombic efficiencies
Cathode electrode interface
Composite polymer electrolytes
Cyclic voltammogram

Diethyl carbonate

Dimethyl carbonate
1,2-dimethoxyethane
Differential scanning calorimetry
Ethylene carbonate

Electric double layer capacitors

Ether-functionalized anion
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EIS

EMC

ESW

EO

EVs

feN

FTIR

GPEs

HCs

HOMO

ILs

LEs
LiAsFg

LiBETI

LiBF4

LiBOB

LiBTFSI

Electrochemical impedance spectroscopy
Ethyl methyl carbonate

Electrochemical stability window
Ethylene oxide

Electric vehicles

Fractional uncertainty
Fourier-transform infrared spectroscopy
Gel polymer electrolytes

Hybrid capacitors

Highest occupied molecular orbital
lonic liquids

Liquid electrolytes
Lithium hexafluoroarsenate

Lithium bis (perfluoroethanesulfonyl)imide
Lithium tetrafluoroborate
Lithium bis(oxalato)borate

Lithium benzenesulfonyl
(trifluoromethanesulfonyl)imide
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LiCF3SO3/LIiTf Lithium trifluoromethanesulfonate

LiC2FsSO3 Lithium perfluoroethanesulfonate
LiC4F9SO3 Lithium perfluorobutanesulfonate
LiClO4 Lithium perchlorate

LiCoO,/LCO Lithium cobalt oxide

LIiDCTA Lithium-4,5-dicyano-1,2,3-triazolate
LiDFOB Lithium difluoro(oxalato)borate
LiDFTFSI Lithium

(difluoromethanesulfonyl)(trifluoromethanesulfonyl)imide
LiIFAP Lithium tris(perfluuoroethyl)trifluorophosphate

LiIFNFSI Lithium (fluorosulfonyl)(n-

nonafluorobutanesulfonyl)imide
LFP LiFePO4

LiFPFSI Lithium

(fluorosulfonyl)(pentafluoroethanesulfonyl)imide

LiFSI Lithium bis(fluorosulfonyl)imide
LiIFTFSI Lithium (fluorosulfonyl)(trifluoromethanesulfonyl)imide
LIBs Lithium-ion batteries
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LiDFSI

LMBs

LiPDI

LiPFs

LIRCTFSI

LiSCN

LiSCTFSI

LiSbFe

LisTFSI

LITCM

LiTDI

LiTFPFB

LITNFSI

LiTFSI

Lithium bis(difluoromethanesulfonyl)imide
Lithium metal (Li<) batteries
Lithium-4,5-dicyano-2-(pentafluoroethyl)imidazole
Lithium hexafluorophosphate

Lithium [(LR)-(-)-10-

camphorsulfonyl](trifluoromethanesulfonyl)imide
Lithium thiocyanate

Lithium [(1S)-(+)-10-

camphorsulfonyl](trifluoromethanesulfonyl)imide
Lithium hexafluoroantimonate

Lithium [trifluoromethane(S-
trifluoromethanesulfonylimino)sulfonyl]-

(trifluoromethanesulfonyl)imide

Lithium tricyanomethanide

Lithium 2-trifluoromethyl-4,5-dicyanoimidazolate
Lithium trifluoro(perfluoro-tert-butyloxyl)borate

Lithium (trifluoromethanesulfonyl)(n-

nonafluorobutanesulfonyl)imide
Lithium bis(trifluoromethanesulfonyl)imide
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Ni-MH
NO«
NMR
PAN
PC
PCs
PEO
PMMA

P(PO/EM)

PVA
PVC
PVDF-HFP
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Linear sweeping voltammogram
Lowest unoccupied molecular orbital
Nickel-cadmium batteries
Nickel-metal hybrid batteries
Nitrogen oxides

Nuclear magnetic resonance spectroscopy
Polyacrylonitrile

Propylene carbonate
Pseudo-capacitors

Poly(ethylene oxide)
Poly(methylmethacrylate)

Poly[propylene oxide-co-2-(2-methoxyethoxy)ethyl
glycidyl ether]

Poly(vinyl alcohol)
Poly(vinyl chloride)
Poly(vinylidene fluoride-co-hexafluoropropylene)

Bulk resistance
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RLMBs Rechargeable lithium metal batteries
Ri Interfacial resistance

S Sulfur

SEI Solid electrolyte interface

SEM Scanning electron microscope
SHE Standard hydrogen electrode
SIBs Sodium-ion batteries

SO« Sulfur species sulfides

SPEs Solid polymer electrolytes

SS Stainless steel

SSEs Solid-state electrolytes
SSRLMBs Solid-state based RLMBs

Tc Crystallization temperature

Tu® Lithium-ion transference number
Ty Glass transition temperature
TGA Thermogravimetric analysis

THF Tetrahydrofuran

240



Appendix

Tm Melting temperature

XPS X-ray photoelectron spectroscopy
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A.2. List of figures

Figure 1.1. Energy consumption worldwide from 2000 to 2018, with a
forecast until 2050.

Figure 1.2. The classification of electrochemical energy storage and

conversion systems.

Figure 1.3. Comparison of the different electrochemical energy storage

systems.
Figure 1.4. Schematic diagram of a fuel cell.

Figure 1.5. Comparison of the different rechargeable battery technologies in

terms of volumetric and gravimetric energy density.
Figure 1.6. Schematic diagram of a rechargeable lithium-ion battery.

Figure 1.7. Evolution of research interest in batteries (i.e., number of
publications) over the past 20 years. The numbers were obtained by
searching the key words i.e., (a) “Batteries”; (b) “Lithium batteries”; (c)
“Sodium batteries” and (d) “Sodium batteries + Electrolyte” in Scopus

database (last updated on the 13" February 2020).

Figure 1.8. Estimated gravimetric (Eg) and volumetric (Ev) energy
densities of lithium and sodium batteries with various kinds of
electrolytes: (a) liquid electrolyte; (b) polymer electrolyte; (c) inorganic
electrolyte. Graphite | LE | LiFePO4 and hard carbon | LE | NaFePOg cells
are denoted as LIB and SIB, respectively. Li| SPE | LiFePO4 and Na<| SPE
| NaFePOs are cells denoted as LMB and SMB, respectively. Li<| glassy
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electrolyte (GE) or ceramic electrolyte (CE) | LiFePO4 and Na“| GE or CE |
NaFePOs cells are denoted as GE (CE)-LMB and GE (CE)-SMB,
respectively. Notice that the volumetric energy densities of glassy and

ceramic electrolyte-based cells are superimposed in Figure 1.8c.

Figure 1.9. (a) The theoretical capacity of graphite and various metal anodes.
(b) Reduction potential of various metal anodes. (c) The elemental

abundance in earth crust.

Figure 1.10. (a) Scheme of dilemma for Li<anode in rechargeable batteries
Reproduced with permission from Ref. [95]. (b). Correlations among the
different challenges in the Li<anode, originating from high reactivity and

infinite relative volume change.

Figure 1.11. Historical overview on the development of solid polymer

electrolytes (SPEs)-based solid-state lithium metal batteries.
Figure 1.12. Mechanism of ion transport in PEO-based polymers.

Figure 1.13. Schematic view of organic/inorganic composites with different

microstructures and various Li* transportation pathways.

Figure 2.1. Schematic illustration of SPEs preparation by conventional
solvent casting method.

Figure 2.2. Schematic illustration of the coin cell used for ionic conductivity

measurements.
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Figure 3.1. Comparison between the chemistry of CF;H- and CFs-
containing compounds inside and outside a lithium metal cell. The light grey,

grey, red, and light blue balls represent H, C, O, and F atoms, respectively.

Figure. 3.2. NMR spectra of the as-prepared LiDFSI salt: (a) *H NMR,
(b) F NMR without decoupling, (c) **F NMR decoupling, (d) *C NMR,
and (e) edited 2D correlation heteronuclear single quantum coherence
spectroscopy (HSQC).

Figure 3.3. Raman spectrum of the LiDFSI salt.

Figure 3.4. Hydrolysis tests of the lithium salts. (a) *H NMR and (b) ‘°F
NMR spectra of LiDFSI/D,0, and (c) **F NMR spectra of LiTFSI/D20 after
different storage times under neutral condition. (d) *H NMR and (e) '°F
NMR spectra of LiDFSI/D20, and (f) **F NMR spectra of LiTFSI/D,0O after
different storage times under basic condition.

Figure 3.5. Hydrolysis of lithium salts under basic condition. (a-c) *F
NMR spectra of LiDFSI/D.0 and LiTFSI/D20: (a) 0 h, (b) 3 h, and (c) 720 h.

(d) Molar percentage of residual lithium salt vs. storage time.

Figure 3.6. The digital camera images (scale bar: 16 mm) of
LiDFSI/PEO and LIiTFSI/PEO electrolytes. (a) LiDFSI/PEO (EOQ/Li* =
20), (b) LiTFSI/PEO (EO/Li* = 20), (c) LiDFSI/PEO (EO/Li* = 64), (d)
LiDFSI/PEO (EO/Li* = 32) and (e) LiDFSI/PEO (EO/Li" = 8).

Figure 3.7. Scanning electron microscopy (SEM) and optical microscope
images of the (a,c) LIiDFSI/PEO (20), and (b,d) LIiTFSI/PEO (20)
electrolytes.
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Figure 3.8. Atomic force microscopy (AFM) images of the (a,c)
LiDFSI/PEO (20) and (b,d) LITFSI/PEO (20) electrolytes. (a,b) phase

images and (c,d) topography images.

Figure 3.9. AFM phase images of the (a) LiDFSI/PEO (20) and (b)
LIiTFSI/PEO (20) electrolytes, as well as (c) the dependence of phase on a
given axis indicated by cyan lines.

Figure 3.10. (a) Thermogravimetric analysis (TGA) and (b) differential
scanning calorimetry analysis (DSC) of the neat LiDFSI salt. (c) TGA of the
PEO-based SPEs.

Figure 3.11. (a) DSC and (b) X-Ray diffraction (XRD) of the PEO-based
SPEs.

Figure 3.12. (a) DSC and (b) XRD of these two PEO-based SPEs at

different ratios.

Figure 3.13. (a) Arrhenius plots of ionic conductivity of the electrolytes. (b)
Concentration dependence of total ionic conductivity for the LiDFSI/PEO
electrolytes at 70 °C.

Figure 3.14. Polarization profiles and impedance before polarization (inset)
of the Li° symmetric cells using the (a) LIDFSI/PEO (20) and (b)
LiTFSI/PEO (20) electrolytes at 70 °C.

Figure 3.15. (a) Radial distribution function (RDF, solid line) between Li
and O from either anions or PEO, as well as their coordination number (CN,
dotted line). (b) RDF between H and O from either anions or PEO.
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Figure 3.16. Mean-square displacement (MSD) of Li* and F atoms in anions

zoomed in the first 80 ns of the whole simulation.

Figure 3.17. (a) Linear sweep voltammetry (LSV) profiles of the 0.1 M
LiX/PC (X = DFSI or TFSI) solutions measured on a Pt electrode at room
temperature. (b) LSV profiles of the LiX/PEO (X = DFSI or TFSI, EO/Li =
20) SPEs measured on stainless steel (SS) electrode at 70 °C.

Figure 3.18. (a) Cyclic voltammetry (CV) and (b) Coulombic efficiencies
(CEs) of LiX/PEO (X= DFSI or TFSI) based cells measured on Cu electrode
using a scan rate of 1 mV st at 70 °C. Zoomed-in CV plots of different
electrolytes: (c) LiDFSI/PEO (20), and (d) LiTFSI/PEO (20).

Figure 3.19. (a) Galvanostatic cycling of Li° anode in PEO-based
electrolytes at 70 °C (current density: 0.1 mA cm™2; duration of half-cycle: 3
h). (b-d) Zoomed-in plots of the Li®symmetric cells in the range of (b)
50-100 h, (c¢) 1500—1550 h, and (d) 3000—3050 h.

Figure 3.20. (a) Galvanostatic cycling of Li< anode in the DME-based
electrolytes at room temperature, and (b-d) zoomed-in plots of the Li®
symmetric cells in the range of (b) 200—250 h, (c) 450—500 h, (d) 700—750 h.

Figure 3.21. Impedance spectra of the Li<symmetric cells in Figure 3.19a
after cycling. The inset shows the equivalent circuit adapted from Ref. [70]

for fitting the raw EIS spectra and the fitted results are plotted as lines.

Figure 3.22. The role of salt anion on the surface of Li“electrode. (a)
Optical and SEM images of Li<deposits on a Cu substrate recovered from
the LiDFSI- and LiTFSI-based solutions. The scale bars in optical (left), top
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view (middle), cross-sectional (right) images are 10 mm, 20 pm, and 50 pm,
respectively. (b) XPS spectra of C1s and F1s collected from the surface of Li<
deposits. (c) The evolution of atomic percentage vs. sputtering time for the
LiDFSI- and LiTFSI-based samples. (d) F1s spectra after various sputtering
times for the LiDFSI- and LiTFSI-based samples. In Figure 3.22b and d, the
purple and black lines represent the raw data and fitted results. (¢) Schematic
illustration of SEI formed in the LiDFSI- and LiTFSI-based electrolytes.

Figure 3.23. XPS survey spectra for the Li<deposits obtained from the Li ||
Cu cell using 1 M LiX/DME [X = DFSI (a) or TFSI (b)] at different

sputtering times.

Figure 3.24. XPS survey spectra for the Li<deposits obtained from the Li<||
Cu cell using 1 M LiX/DME [X = DFSI (a) or TFSI (b)] at different

sputtering times.

Figure 3.25. (a-c) DFT calculation on DFSI™ and TFSI". (a) Energy of
HOMO and LUMO. (b) Energy difference between two anions when
injecting one electron. (c) Visualized HOMO and LUMO of DFSI™ and
TFSI™ and their reduced form (i.e., DFSI?>", TFSI>). The light pink, grey,
blue, red, green, and yellow balls signify H, C, N, O, F, and S atoms,

respectively.

Figure 3.26. Chemical stabilities of LIDFSI and LiTFSI towards chemical
reduction in the presence of naphthalene radical in tetrahydrofuran (THF)

solutions.

Figure 3.27. Cycling performance of solid-state lithium metal polymer
cells using LiX/PEO (X = DFSI or TFSI, EO/Li = 20). (a, b)
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Discharge/charge profiles of the Li® || LiFePOs cells at 70 <T: ()
LITFSI/PEO, and (b) LiDFSI/PEOQ. (c) Long-term cycling performance of
the Li<|| LiFePOs cells (three formation cycles at rate of C/5 and then
constant cycling at C/3). (d, e) The impedance plots of the cells before and
after cycling: (d) LIiDFSI/PEO, and (e) LIiTFSI/PEO. The equivalent circuit
(inset in Figure 3.27d) adapted from Ref. [70] is used for fitting the raw EIS

spectra, and the fitted results are plotted as lines.

Figure 4.1. Nuclear magnetic resonance (NMR) spectra of the as-prepared
LiBTFSI salt: (a) *H NMR, (b) °F NMR, (c) *C NMR and (c) edited 2D
heteronuclear single quantum coherence (HSQC).

Figure 4.2. Thermogravimetric analysis (TGA) of the synthesized LIBTFSI

salt.

Figure 4.3. Digital and optical images of SPEs. (a,b) LiBTFSI-based SPEs.
(c,d) LiTFSI-based SPEs. (EO/Li" = 20)

Figure 4.4. Scanning electron microscope (SEM) images of SPEs. (a)
LiBTFSI-based SPEs, (b) LiTFSI-based SPEs. (EO/Li* = 20)

Figure 4.5. Thermogravimetric analysis (TGA) of the PEO-based LiBTFSI
and LiTFSI SPEs (EO/Li* = 20).

Figure 4.6. Differential scanning calorimetry analysis (DSC) of the PEO-
based LiBTFSI and LiTFSI SPEs (EO/Li" = 20).

Figure 4.7. XRD patterns of the PEO-based LiBTFSI and LiTFSI SPEs
(EO/Li* = 20).
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Figure 4.8. Arrhenius plots of ionic conductivity for PEO-based LiBTFSI
and LiTFSI SPEs (EO/Li" = 20).

Figure 4.9. Linear sweep voltammogram (LSV) of the 0.1 M LiX/PC (X=
BTFSI or TFSI) electrolytes.

Figure 4.10. LSV profiles of the PEO-based LiBTFSI and LiTFSI SPEs at
70 °C (EO/LI" = 20).

Figure 4.11. Cyclic voltammetry (CV) profiles of the PEO-based LiBTFSI
(a) and LiTFSI SPEs (b) at 70 °C (EQO/Li" = 20).

Figure 4.12. (a) Galvanostatic cycling of Li° anode in PEO-based
electrolytes at 70 °C (current density: 0.1 mA cm™2; duration of half-cycle: 3
h). (d—f) Zoomed-in plots of the Li°symmetric cells in the range of (d) 70—
120 h, (e) 200-250 h, and (f) 500-560 h.

Figure 4.13. Cycling performance of solid-state lithium metal polymer
cells using LIBTFSI/PEO SPE. (a) Long-term cycling performance of the
Li<|| LiFePO4 (LFP) cells (three formation cycles at rate of C/5 and then
constant cycling at C/3). (b, c) Discharge/charge profiles of the Li<| LFP
cells at 70 °C: (b) LiBTFSI/PEO and (c) LiTFSI/PEO.

Figure 4.14. Cycling performance of solid-state lithium metal polymer
cells using LITFSI/PEO SPE with a low LFP areal loading of 2.65 mg
cm=2 (EO/Li = 20). (a) Long-term cycling performance of the Li<|| LiFePO4
(LFP) cell with LIiTFSI/PEO SPE. (b) Discharge/charge profiles of
LiTFSI/PEO-based Li<|| LFP cells with a low LFP areal loading.
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Figure 4.15. Rate performance of solid-state lithium metal polymer cells
using LiX/PEO (X = BTFSI or TFSI, EO/Li = 20). (a) Rate capability of
these two PEO-based Li< || LFP cells under different currents. (c, d)
Discharge/charge profiles of the Li° || LFP cells at 70 °C and different
current densities: (c) LIBTFSI/PEO and (d) LiTFSI/PEO.

Figure 5.1. NMR spectra of the as-prepared KRCTFSI salt: (a) *H NMR,
(b) °F NMR and (c) edited 2D HSQC.

Figure 5.2. NMR spectra of the as-prepared KSCTFSI salt: (a) 'H NMR,
(b) °F NMR and (c) edited 2D HSQC.

Figure 5.3. NMR spectra of the as-prepared LiSCTFSI salt: (a) *H NMR,
(b) °F NMR and (c) edited 2D HSQC.

Figure 5.4. FTIR spectra of the as-prepared chiral salts.

Figure 5.5. Raman spectra of the as-prepared (a) KRSCTFSI, (b) KSCTFSI,
(c) LIRCTFSI and (d) LiSCTFSI salts, respectively.

Figure 5.6. NMR spectra of the as-prepared LiIRCTFSI salt: (a) *H NMR,
(b) °F NMR, and (c) edited 2D HSQC.

Figure 5.7. Thermal stabilities of (a, b) the neat camphor-derived chiral salts
and (c, d) the PEO-based SPEs.

Figure 5.8. Differential scanning calorimetry (DSC) traces of the salts
and SPEs: (a) potassium salts, (b) lithium salts, (c) K-based SPEs and (d)
Li-based SPEs. The DSC traces of the neat salts and SPEs are obtained from

the first and second heating scans, respectively.
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Figure 5.9. DSC traces of different SPEs during the first heating and cooling

scans.

Figure 5.10. (a-c) Temperature dependence of ionic conductivity (standard
deviation as error bar) for the K-based SPEs: (a) temperatures ranging from
30-100 °C, (b) zoomed-in plot of area A in Figure 5.10a (5.0 107" < ootal <
1.0 x10“ S cm™) and (c) zoomed-in plot of area B in Figure 5.10a (1.4 x
10 < oot < 5.0 X104 S cm™?). (d) lonic conductivity of the PEO-based
electrolytes at 70 °C.

Figure 5.11. (a-c) Temperature dependence of ionic conductivity (standard
deviation as error bar) for the Li-based SPEs: (a) temperatures ranging from
30-100 °C, (b) zoomed-in plot of area A in Figure 5.11a (2.5 %10~ < oiotal <
1.0 x10* S cm™) and (c) zoomed-in plot of area B in Figure 5.11a (1.4 %
10 < oot < 4.0 X104 S cm™). (d) lonic conductivity of the PEO-based
electrolytes at 70 °C.

Figure 5.12. (a) FTIR and (c) Raman spectra of the different Li-based SPEs.
(b) and (d) Zoomed-in profiles of the area A and area B shown in Figs. 5.12a
and c, respectively. The black, red and blue lines represent LIRCTFSI/PEQ,
LISCTFSI/PEO and LiCTFSI/PEO, respectively.

Figure 5.13. (a, c, e) Polarization profiles and (b, d, f) electrochemical
impedance spectra before polarization of the Li<|| Li<cells using different
SPEs.

Figure 6.1. Temperature dependence of ionic conductivities of different

solid polymer electrolytes (SPEsS).
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A.3. List of tables

Table 3.1. Assignment of typical peaks observed in Raman spectrum of the
LiDFSI salt.

Table 3.2. Characterization data for the phase behaviours of the LiX/PEO (X
= DFSI or TFSI) electrolytes.

Table 3.3. Calculated values of lithium-ion transference numbers (T.i*) of
the LiDFSI- and LiTFSI-based SPEs at 70 °C.

Table 3.4. Calculated Li-ion conductivities of the LiDFSI- and LiTFSI-
based SPEs at 70 °C.

Table 3.5. Performance of state-of-the-art of the SPE-based Li<symmetric

cells.
Table 3.6. XPS data of main SEI components as reported in literature.

Table 3.7. Performance of the state-of-the-art of conventional PEO-based Li<
|| LiFePOg4 cells.

Table 3.8. The fitted Ry and Ri results of the Li<|| LiFePO4 cells based on
different SPEs.

Table 4.1. Characterization data for the phase behaviours of the LiX/PEO
(X =BTFSI or TFSI) electrolytes.

Table 4.2. Calculated values of lithium-ion transference numbers (T.i*) of
the LiBTFSI-based SPEs at 70 °C.
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Table 4.3. Calculated values of lithium-ion conductivity (o.i*) for the
LIBTFSI/PEO and LiTFSI/PEO-based SPEs at 70 °C.

Table 5.1. Mode assignment of typical bands observed by FTIR

spectroscopy of the chiral potassium salts.

Table 5.2. Mode assignment of typical bands observed by Raman
spectroscopy of the chiral potassium salts.

Table 5.3. Mode assignment of typical bands observed by FTIR

spectroscopy of the chiral lithium salts.

Table 5.4. Mode assignment of typical bands observed by Raman
spectroscopy of the chiral lithium salts.

Table 5.5. Physico-chemical data for phase behavior of the SPEs.

Table 5.6. The specific owtar (ai) from 4 repetitions and the corresponding
average owtal (0), Standard deviation (osp) and functional uncertainty (fen)

for the K-based SPEs at different temperatures.

Table 5.7. The specific owta (oi) from 4 repetitions and the corresponding
average owtal (0), Standard deviation (osp) and functional uncertainty (fen)

for the Li-based SPEs at different temperatures.

Table 5.8. Mode assignment of typical bands observed by FTIR
spectroscopy of the Li-based SPEs.

Table 5.9. Mode assignment of typical bands observed by Raman
spectroscopy of the Li-based SPEs.
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Table 5.10. Data used to calculate lithium-ion transference numbers (Tvi")
for the Li-based SPEs at 70 °C.
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A.4. List of schemes
Scheme 1.1. Structures of the lithium salts for polymer electrolytes.

Scheme 3.1. Possible reduction mechanism of the DFSI™ anion on the

surface of Li<electrode.

Scheme 4.1. Synthetic route of the potassium and lithium salt.

Scheme 5.1. Chemical structures of the chiral anions, RCTFSI and SCTFSI,

synthesized from camphorsulfonic acid.
Scheme 5.2. The synthesis route of chiral potassium salts.

Scheme 5.3. The synthesis route of chiral lithium salts.

Scheme 6.1. The structures of the synthesized salts in this thesis.
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