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Abstract

Solid-state batteries are expected to upgrade the lithium battery (LB) technology with
their safety, higher energy density and superior characteristics over conventional
liquid electrolyte-based LIB. Polymers based on polyethylene oxide (PEO),
polycarbonate etc. are front runners toward this goal in realization of solid polymer
electrolytes. However, most of these polymers have relatively less environmental
benignity. Counting on that, bio-derived polymers synthesized through non-toxic
routes excite many researchers, including us, leading to the core motivation of this
thesis. We synthesized a series of polymers via facile chemistry starting from solvent-
free viscous monomer carbonated soybean oil (CSBO) to poly(hydroxyurethanes)
(PHU) network and their analogues. The work carried out in this thesis is classified
into three categories: a) Non-opened cyclic carbonate (CC), b) ring-opened CC, PHU
and c) composite polymer electrolyte. Novel non-isocyanate and catalyst-free
methods were exploited for the synthesis of these PHU networks via polyaddition
includind blending, plasticization and composites, respectively. We were able to
achieve ionic conductivity in the range of 10 to 10 S cm™ for various formulations
with an electrochemical stability window as high as ESW > 4.5 V versus Li/Li*.
Further, lithium metal battery prototypes fabricated with Lithium ferrophosphate
(LiFePO4/LFP) were subjected to coin cell testing for potential limited galvanostatic
charge-discharge over several cycles and current densities. The fundamental
understanding of the decomposition of an electrolyte subjected to its functionalities
has also been one of the key objectives of this work. The thesis covers various states
of solvent-free CSBO-derived electrolytes from viscous, gel-like networks to free-
standing solid membranes with and without separators targeting attempts to inspire

more efforts in bio-derived battery materials with high performance.







List of abbreviations

EV: Electric vehicle

LIB: Lithium ion battery
LB: Lithium battery

LMB: Lithium metal battery
LFP: Lithium ferrophosphate

NMC: Nickel cobalt manganese
oxide

CNT: Carbon nanotubes

LE: Liquid electrolyte

SE: Solid electrolyte

PC: Propylene carbonate

EC: Ethylene carbonate

DEC: Dethyl carbonate

DMC: Dimethyl carbonate
EMC : Ethyl methyl carbonate
FEC: Fluorinated ethylene carbonate
VC: Vinyl carbonate

CP: Cellulose paper

GC: Glassy fibre

LiTFSI: Lithium
bis(trifluoromethane)sulfonimide

SEI: Solid electrolyte interphase

CEl: Cathode electrolyte interphase
LEDC : Lithium ethylene dicarbonate
CNT: Carbon nanotubes

LTO: Lithium titanate oxide

SEM: Scanning electron microscopy

ESW: Electrochemical stability
window

XPS: X-ray photoemission
spectroscopy

HR-XPS: High resolution X-ray
photoemission spectroscopy

FTIR: Fourier transform Infra-red
NMR: Nuclear magnetic resonance

DSC: Differential scanning
calorimetry

TGA: Thermal gravimetric analysis

PEIS: Potential electrical impedance
spectroscopy

CV: Cyclic voltammetry

LSV: Linear sweep voltammetry
OCP: Open circuit potential

CA: Chronoamperometry

GCPL: Galvanostatic cycling
potential limitation

Xl



AC: Alternating current

DC: Direct current

LCA: Life cycle assessment

SPE: Solid polymer electrolyte
CPE: composite polymer electrolyte
ASSB: All Solid state batteries
SSE: Solid state electrolyte

ISE: Inorganic solid electrolyte
GPE: Gel polymer electrolyte

CC: Cyclic carbonate

HOMO: Highest occupied molecular
orbital

LUMO: Lowest unoccupied
molecular orbital

SLIC: Single lithium conducting
PVDF: Poly(vinylidene fluoride)
PPC: Poly(propylene carbonate)
PEC: Poly(ethylene carbonate)
PAN: Polyacrylonitrile

PU: Polyurethane

NIPU : Non-isocyanate Polyurethane

PHU: Poly(hydroxyurethanes)
ESBO : Epoxidized soybean oil
CSBO: Carbonated soybean oil
PEO: Poly(ethylene oxide)
PEG: Poly(ethylene glycol)

PEGTA: Poly(ethylene glycol)
terminated amine

PEGDCE: Poly(ethylene glycol)
diglycidyl ether

TDD: 4,7,10-trioxa-1,13-
tridecanediamine

EDEA:2,2'-
(ethylenedioxy)bis(ethylamine)

NMP: N-Methyl-2-pyrrolidone
THF: Tetrahydrofuran
DCM: Dichloromethane

TBAB: Tetrabutylammonium
bromide

HFI: 1,3-bis(2-
hydroxyhexafluroisopropyl) benzene




List of symbols

M : Chemical potential

ko
E.

Q
Q
b
D

n:

: Boltzmann constant
. Activation energy

: Ohm

: Angular frequency

: Summation

: Phase angle

number of moles

My : Molecular weight

F:

A

\%

Faraday constant

: Delta (difference)
: Impedance

: Conductivity

: Resistance

: Temperature

: Voltage

I: Current

C

t

: Capacitor

: Transference number

X1






Contents

Acknowledgements \%
Abstract IX
List of abbreviations X1
List of symbols X1

CHAPTER 1 BACKGROUND OF THE LITHIUM-BASED BATTERIES 21

1.2 Early developments in the battery research 28
1.2.2 Timescale of the lithium ion chemistry 31
1.2.3 Introduction to the present lithium-based batteries 35

1.3 Start of the art materials: A brief review 37
1.3.1 Positive electrode/Cathode 37

1.3.1.1 Layered materials 38
1.3.1.2 Layered Ternary metal oxides 40
1.3.1.3 Spinel structures 41
1.3.1.4 Polyanionic cathodes 42
1.3.1.5 Other inorganic cathodes 45
1.3.1.6 Organic and bio-based cathodes 46
1.3.2 Negative electrode/Anode 48
1.3.2.1 Insertion/Intercalation anodes 48
1.3.2.2 Alloying anodes 51
1.3.2.3 Conversion alloy anodes 53
1.3.3 Electrolyte and its components 57
1.3.3.1 Organic and other solvents 58
1.3.3.2 Lithium salts 59
1.3.3.3 Additives 61
1.3.3.4 lonic liquids 63

1.4 Solid electrolyte interphase layer 65

1.5 Environmental challenges 71

1.6 Summary 74

Bibliography 78

CHAPTER 2 POLYMER-BASED ELECTROLYTES 93

2.1 Introduction to non-liquid electrolytes 95

2.1.1 Polymer electrolytes 96




16

2.1.2 Characteristics of polymer electrolytes 98

2.1.2.1 Electrochemical characteristics 98
2.1.2.1.1 lon transfer / conductivity: 98
2.1.2.1.2 Transference number 100
2.1.2.1.3 Redox stability 102

2.1.2.2 Mechanical characteristics 103

2.1.2.3 Thermal properties 103

2.2 Solid polymer electrolytes 104
2.2.1 Dry-solid polymer electrolytes 104
2.2.2 Polymer in salt 105
2.2.3 Single lithium ion conducting polymer electrolytes 108
2.2.4 Hybrid and composite copolymer electrolytes 111

2.3 Gel Polymer electrolytes 115
3.3.1 Methods of preparation 115
2.3.2 Plasticizers 116
2.3.3 Inorganic fillers 118

2.4 Cyclic Carbonate and Poly(hydroxyurethane) 119
2.4.1 Carbon dioxide capture and its utility 119
2.4.2 Cyclic carbonate-based electrolytes 120
2.4.3 Polymerization of CC 122

2.4.3.1 Side Chain CC copolymers 122

2.4.3.2 Polycarbonates 123

2.4.3.3 Polyurethane/poly(hydroxy urethanes) 124
2.4.3.3.1 Design of PU 125
2.4.3.3.2 Isocyanate-based PUs. 126
2.4.3.3.3 Non-isocyanate urethanes 130

2.5 Bio-based polymer electrolytes 136
2.5.1 Polymers extracted from biomass and microorganisms 137
2.5.2 Polymers chemically synthesized from bio-derived monomers 139

2.5.2.1 Bio-based PU/PHU 140

2.6 Summary and conclusion 142

Bibliography 144

CHAPTER 3 ABRIEF INTRODUCTION TO THE ELECTROCHEMICAL

TECHNIQUES 161
3.1 Introduction to Electrochemistry 163
3.2 Cell setup and testing 163
3.3 Electrical impedance spectroscopy 164




3.3.1 Impedance of a battery
3.3.2 Conductivity of an electrolyte

3.4 Voltammetry

3.4.1 Cyclic voltammetry

3.4.2 Linear sweep voltammetry and anodic stability
3.5 Transference number
3.6 Galvanostatic cycling

3.6.1 Potential limited charge-discharge

3.6.2 Time dependent charge-discharge

3.7 Summary

Bibliography

CHAPTER 4 OBJECTIVE
4.1 Core of the research
4.2 The project

Bibliography

167
168

169
171
173
175
177
177
178
181

183

185

187

188

192

CHAPTER 5.1 BIO-BASED SOLID ELECTROLYTES BEARING CYCLIC

CARBONATES

5.1.1 Introduction
5.1.2 Material and methods
5.1.2.1 Characterization techniques
5.1.2.2 Electrochemical analysis
5.1.3 Synthesis
5.1.3.1 Synthesis of carbonated soybean oil (CSBO)
5.1.3.2 Preparation of solid electrolytes (SES)
5.1.4 Results and Discussion
5.1.4.1 Mechanical and thermal properties of CSBO-LiTFSI composites
5.1.4.2 lonic conductivity of CSBO-LITFSI solid electrolytes

193

195
198
198
199
200
200
201
201
201
204

5.1.4.3 Linear sweep voltammetry (LSV) of CSBO-LITFSI solid electrolytes

5.1.4.4 Transference number of CSBO-LIiTFSI solid electrolytes

205
207

5.1.4.5 Stripping and plating experiments for CSBO-LiTFSI solid electrolytes

5.1.4.6 Li-metal batteries based on CSBO-LIiTFSI solid electrolytes
5.1.4.7 Post-cycling XPS analysis of electrode interfaces
5.1.5 Conclusion

207
209
212
214

17



18

Bibliography

Supporting Information

CHAPTER 5.2 CARBONATED SOYBEAN OIL BLENDS WITH
POLY(ETHYLENE OXIDE)

5.2.1 Introduction
5.2.2 Materials and methods
5.2.3 Experimental section
5.2.3.1 Synthesis of CSBO-PEO and electrolyte films
5.2.4 Results and discussion
5.2.4.1 Fourier transform infra-red spectroscopy
5.2.4.2 Thermal measurements
5.2.4.3 lonic conductivity
5.2.4.4 Linear sweep voltammetry of SPEs
5.2.4.5 Transference number
5.2.4.6 Aging study and stripping-plating
5.2.4.7 Li-metal battery prototypes
5.2.4.8 Post-cycling XPS analysis on interfaces
5.2.5 Conclusion

Bibliography

Supporting Information

CHAPTER 6.1 BIO-DERIVED CYCLIC CARBONATES BEARING
POLY(HYDROXYURETHANE)-BASED NETWORKS

6.1.1 Introduction
6.1.2 Materials and methods
6.1.3 Experimental section
6.1.3.1 Synthesis of PHU and PHU-LIiTFSI
6.1.3.2 Preparation of solid polymer electrolytes (SPES)
6.1.4 Results and discussion
6.1.4.1 Fourier transform infra-red spectroscopy
6.1.4.2 Thermal Measurements
6.1.4.3 lonic conductivity measurements
6.1.4.4 Linear sweep voltammetry
6.1.4.5 Transference number
6.1.4.6 Stripping and plating
6.1.4.7 Li-metal battery prototypes
6.1.4.8 Post-mortem XPS analysis
6.1.5 Conclusion

Bibliography

216

218

225

227
229
230
230
230
231
233
234
236
237
238
241
242
244

246

249

251

253
255
256
256
256
257
258
260
261
264
265
265
267
268
270

272




Supporting Information 274

CHAPTER 6.2 NON-ISOCYANATE POLY(HYDROXYURETHANE)-

BASED NETWORKS 277
6.2.1 Introduction 279
6.2.2 Materials and methods 281
6.2.3 Experimental section 282

6.2.3.1 Synthesis of Poly(hydroxyurethane) (PHU-NXNY) 282
6.2.3.2 Synthesis of Poly(hydroxyurethane)-poly(epoxy) mixed networks
(PHU-N2N3-Ep) 283
6.2.3.3 Preparation of electrolytes (SPESs) 283
6.2.4 Results and discussions 284
6.2.4.1 Fourier transform infra-red spectroscopy 286
6.2.4.2 Thermal measurements 287
6.2.4.3 lonic conductivity 289
6.2.4.4 Electrochemical stability window 291
6.2.4.5 Stripping and plating 291
6.2.4.6 Post-mortem analysis of cycled cells 293
6.2.4.7 Li-metal battery prototypes 295
6.2.5 Conclusion 296
Bibliography 297
Supporting Information 299

CHAPTER 7 COMPOSITE POLYMER ELECTROLYTES BASED ON

SILICON DIOXIDE NANOPARTICLES 301
7.1 Introduction 303
7.2 Materials and methods 305
7.3 Experimental section 305

7.3.1 Synthesis of CSBO-PEO-SiO; 305
7.3.2 Synthesis of poly(hydroxyurethane) SiO, composite (PHU-N2N3-SiO5)
306
7.3.3 Preparation of composite polymer electrolytes films (CPEs) 307
7.4 Results and discussion 307
7.4.1 Fourier transform infra-red spectroscopy 308
7.4.2 Thermal measurements 310
7.4.3 lonic conductivity 312
7.4.4 Electrochemical stability window 313
7.4.5 Stripping and plating 314
7.4.6 Li-metal battery prototypes 316
7.4.7 Post-mortem XPS analysis 317
7.5 Conclusion 319

19



20

Bibliography
Supporting Information

CHAPTER 8 CONCLUSION AND PERSPECTIVE

Curriculum Vitae

321

322

325

335




Background of the Lithium-based batteries

Chapter 1 Background of the Lithium-based
batteries

Abstract

Lithium battery technology has revolutionarily impacted human life and thus has been
awarded the Nobel Prize in 2019. However, its invention covered an arduous path
along the materials development, i.e., electrodes, electrolytes, additives and binders,
etc. overcoming underlying complexities and hurdles. A decent background is
necessary to build familiarity with innovations in these components to demonstrate
mutual compatibility. Chapter 1 aims to serve the goal with discussion of those
components along with a brief detailed history and timeline of technical evolution as
well as milestones and mistakes. Lithium-based battery technology overshadows
other rechargeable batteries due to their high energy density covering a vast range of
device applications. They rely on electrodes (cathode and anode) and electrolytes with
supporting materials for high performance and thrive innovations for improvement
and advancement. Three main sections in this chapter start the discussions, first, from
the discovery of energy storage technology to highlights on the lithium battery
technology. The second section covers the generic review on the state of art battery
materials, research interest, current trends and challenges to overcome underlying
disadvantages. Subsequently, the last sections talk about the environmental challenges

and insightful findings on the adverse effect of the battery technology.
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Background of the Lithium-based batteries

1.1 Outlook of the clean energy

Energy conservation principle says energy cannot be created nor destroyed in nature.
An exchange of energy creates every aspect of living and non-living entities. Over
year and years, we find different forms of energy conversion and storage catering to
the need of forthcoming generations. We have already advanced to the era of high-
powered portable and wireless devices with fast-growing technological innovation
and thus increasing energy consumptions.! Right from the agriculture sector to
artificial intelligence, electrical energy is at the heart of the operation. Conventional
source of electricity generation involved used of fossils fuels which emits heavy
greenhouse gases into air predominantly from energy sector (> 73.2%) as shown in
Figure 1.1.23 The subsequent increasing energy demands led to the imbalance in the
reversible self-intoxication of nature, increase in temperature and thus global
warming. °

Global greenhouse gas emissions by sector

This is shown for the year 2016 - global greenhouse Lms emissions were 49.4 billion lonnes CO.eq.
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Figure 1. 1: Chart of emission of greenhouse gases. Reprinted with permission from the reference.?
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Chapter 1

The fact that the fossils fuels take millions of years to produce and are limited in their
natural reserve raises loud alarm for the future generations. It is estimated that coal, a
major source of electricity generation, would run out of its reserve in 114.00
years.*Nevertheless, we are already in the era when we are witnessing the melting of
glaciers, drying rivers, poisoning of marine life, lowering ground water, degrading air
quality and unpredictable climate in different parts of the world.®> The catastrophic
change in the climate is not restricted to one geographic landscape, rather, the entire
ecosystem faces this backlash, and it will pertain if no stern actions are taken. Thanks
to scientists and innovators, alternative solutions are developed targeting renewables
towards sustainability. Major types of renewable energy involve thermal,
hydropower, wind, tidal, nuclear, solar and small-scale sources. However, these offer
the biggest drawback of their dependence on weather conditions and intermittent
nature, which strikes the importance of storage technology. Energy storage devices in
that context address the former concern, which has witnessed ground breaking
discoveries and innovation in decades over decades, as highlighted in the next
section.%7

The electrochemical storage devices like fuel cells, supercapacitor, and batteries have
been leading technologies as shown in the Ragone plot (Figure 1.2).2 Supercapacitors
first conceptualized as Leyden jar in 1740s offer high power density, fast charging
and long cycle life (>100000).° Although, they fall short of energy density to batteries
and fuel cells. Commercial supercapacitors deliver energy density of 5 Wh kg™
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Figure 1. 2 : Ragone plot highlighting comparison of energy density and power density of various energy
storage electrochemical technologies (Times shown in the plot are the discharge time which is calculated
by dividing the energy density by the power density). Reprinted with permission,® copyright 2018, ACS.
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Background of the Lithium-based batteries

compared to higher energy density of <200 Wh kgt and < 350 Wh kg™ for batteries
and fuel cells, respectively.® Limited by energy density, the former cannot draw its
market in various sectors. Among batteries and fuel cells, batteries lie somewhere in
compromised state between supercapacitor and fuel cells in terms of power density.
The difference between these two can also be made by defining them as open and
close system, batteries as a close system and fuel cell as an open system. In batteries,
active masses undergo reactions within electrode and cell while in fuel cell, it
undergoes outside the cell. Batteries dominated the market because they presented
relatively efficient and safe solutions to low to medium load devices for mobility and
stationary devices. Fuel cells are cheaper and better alternatives in case of heavy
carriage vehicles over higher range of distance >800 km.%° Provided all these edges
over other devices, batteries always strive to fresh developments to meet market
needs.

With burgeoning of events, we have already entered in the era of batteries from
nanoscale to macro-scale ranging in vast application from nano chips to large grid
storage. In the race of high performance and affordability, long existing battery
technology like metal acid, metal hydride and alkaline batteries etc. have not been
succeeded much and faced significant shrinkage in their market capital excluding
lead-acid batteries. On the other hand, the monotonic increase in the global market
capital of < $ 50 bn as of 2020 to predicted < $100 bn, lithium-based batteries continue
to climb the ladders in parallel to extensive research depicted in Figure 1.3.1* The
obvious reason lies in the high energy density, vast application and attempts towards
carbon neutrality. This greater need of switching to renewables and clean energy was
realized owing to excess global warming, addressed in 2015 Paris climate change
accord as well as Glasgow in 2020. The conference envisioned the necessity to
identify the effects of global warming on our planet, side-effects of technological
advancement comforting human lives and the need for a sustainable way of living.
Although, the 5 years goals were not achieved as published in 2020 Glasgow climate
change conference organized in 2021. Most of the countries, including the top global
economies, pledged to bring down their emission to net zero in a certain year by
switching to clean and renewable energy policy shared cooperation.

The common goal could not be realized without a collective approach in lieu of
different national policy. Therefore, renewables, as mentioned above, are crucial to
be part of our routine life for future sustainability. The developed countries could lead
the way, owing to their resources and cutting-edge technology, to set up the models
for the underdeveloped and developing economies. Many public and private firms are
encouraging their workforce to adapt to greener lifestyles by encouraging a policy of
electric vehicles, public transport, organic food consumption, biodegradable
consumables and recycling habits.?? Although it’s a never-ending journey, the path
has already been taken. For example, Norway uses largely hydropower generated
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Chapter 1

BATTERY MARKET DEMAND
2015-2030

Lead- and lithium-based batteries will remain the most important

markets by 2030, with the global market reaching $150bn
and the European market reaching €35bn

€ Turnover $ Turnover
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40 €35bn 160
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$150bn
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Source: "Avicenne Energy report: EU battery demand and supply (2019-2030) in a global context™

Years

Figure 1. 3: Market share of battery technologies in Europe and globally. Reprinted with permission,
copyright 2021, EUROBAT.!

electricity as its primary and major energy consumption.® Although, replicating these
models to bigger geography like India and China is not a simple task and needs to be
addressed in stepping milestones. Focusing precisely on the energy storage needs, the
Lithium-based battery is an excellent candidate so far for both our mobile and
stationary needs. Specifically, all-time booming transport industry and their large
share of CO; release to the atmosphere are credited to the burning of fossil fuels like
petrol and diesel, etc. Other solutions, like biofuels, hydrogen energy has been tested
and working in some part of the world in small scale but does not fill the gap to turn
to large-scale application accounting for the safety and logistic challenges. Electric
vehicles driven via different technology continued to develop from 1830s while first
few EVs based on rechargeable secondary batteries was introduced around mid-1960s
by Scottish Aviation Scamp and Electrovair as demonstrated in Figure 1.4. Quite a
few successful efforts were observed for EVs based on lithium-rechargeable batteries,
but it was not until 2008 when Tesla Roadster became the first production EV for the
market use. However, the lithium-ion batteries have their own limitations with their
power and energy density. It in turns limits its deliverance and distance by 320 km in
asingle charge.' For this reason, many big automobile companies were not producing
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the full EVs owing to their poor performance and unavailability of charging stations.
To address this concern, the concept of hybrid electric vehicles developed by Porsche
around 125 years ago, gained larger interest in the market, which combines both
combustion and electric engine together.

This increasing demand, on one side, contributes toward the greener footprint of the
environment and, on the other side, poses a high safety risk of property and life
damage. The current lithium ion battery technology is largely based on liquid
electrolytes, which do not meet the targeted expectations in performance for large
commercial application. In addition, they are flammable and attract packaging and
leakage issues. Nevertheless, many companies are working on the improvement of the
lithium ion batteries technology with liquid electrolytes via addressing packaging,
higher voltage electrodes materials and so on. But storming research and development
have been undergoing in solid state lithium metal batteries by various institutions and
industries to boost the clean energy transition. The market capital forecast is itself
clear proof of overwhelming growth in the energy economy. In particular, lithium
batteries economy is bigger than ever expected, and is projected to soar in its share
out of total battery market over 10 years (Figure 1.3).

Although a safe, high energy and power density, long-lasting battery pack could only
be achieved with high voltage cathodes, lighter anodes and solid-state electrolytes.
Huge amount of research funding and grants in billion dollars across the globe have
been allocated for more than 5 years to innovate superior solutions with all solid-state
batteries and their application for EV.! Besides mobility, high energy density
stationary power grid storage is also a need of the Era due to climate dependence and
intermittent nature of solar, wind and hydrothermal energy. Lithium ion battery pack
again fulfils the purpose by providing large storage in small batteries over
conventional batteries technology.*” These utilities have already been well validated
and operational in the market for daily need for energy in case of bad weather and
non-operational renewables. Although, more and more research and development
could facilitate the lower cost and higher energy and power density.

El‘ectr\xct_a.xl Jamais Scottish Enfield BMW E1 Ford GMEVI Toyota RAVALEV
New York Contente  AviationScamp 8000

| | | | | |

1897 1899 1964 1973 19N 1992 1996 1997

Figure 1. 4: Timeline of EV development over several decades. Reprinted with permission,*® copyright
2019.

Ecostar

27



28

Chapter 1

1.2 Early developments in the battery research

After the discovery of electricity by Benjamin Franklin in 1740, the understanding of
static charge or current was yet to be flourished. The first battery was believed to be
invented around 250 BCE, referred as Baghdad battery discovered by Wilhelm Kénig,
one German archaeologist.?®?° Although the first practical battery’s invention is
credited to Alessandro Volta, it was not possible without the accidental contribution
of Luigi Galvani’s frog leg experiment. He observed the twitching in the frog’s leg
upon touching with two different metals. The false hypothesis of animal electricity
was later explained to be caused by two dissimilar metals and humid conductor by
Volta in 1791.%* The Voltaic Pile is the actual battery developed by Volta which is
also called the first wet cell battery with copper and zinc as electrode and cloth soaked
in brine. Several important findings were highlighted regarding battery along with
challenges like electrolyte leak, short-circuit, internal resistance etc.?>?® Figure 1.5
shows the milestone with key developments in batteries over a century from Voltaic
Pile to next generation lithium battery technology.?® Around 1859, a key development
led to the lead-acid batteries followed by the Daniel cells on overcoming major
drawback associated with Voltaic pile in 1820. So far, all the batteries discovered
were primary batteries, meaning they could not be used again once discharged.

The lead acid battery was one of the first few rechargeable secondary batteries
discovered by Gaston Planté and enhanced by Camille Alphonse Faure.?* The initial

Voltaic pile:

= Co-Zn stacking cell Nickel-cadmium battery:

— 1800 Ni-Cd “jelly roll” eylindricol cell
R9S

I Lead-acid battery:
Packs of Pb/PhO, plates
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] 1 Lithium-iodine
' ! battery:
' Round-edge container

Li-ion batteries:
LiCo0,- graphite
eylindrical cell

-+ Pouch Cell Prismatic Cell

Figure 1. 5: Evolutionary timeline of invention and development of battery technology. Reprinted with
permission,? copyright 2020, Frontiers.
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model composed of two lead sheets divided by rubber strips forming spiral while the
enhanced one used lead grid lattice in which the lead oxide paste was pressed in series
connections. Nevertheless, it did not stop there within the same decade. French
scientist Georges Leclanché came up with the first dry cell battery in 1866. It was
composed of a zinc anode with a manganese dioxide cathode wrapped inside a porous
material.>> Thereafter, Nickel cadmium rechargeable battery by Swedish engineer
Waldemar Jungner in 1901 and alkaline batteries came into existence with the
potential nickel-cadmium metal and other electrodes separated with alkaline
electrolytes. The first experimentation for so-called popular lithium batteries was
conducted by Gilbert Newton Lewis in 1912. The period of post 1950s was very
historical in view of high power and energy density batteries for the growing
electronic, medical and military needs.?® While regulations and improvements
continued to move in the domain of lead acid battery in the mid 1970s, Sony
commercialized the first secondary lithium ion battery only in 1992, two years after
commercialization of Ni-metal hydride battery in 1990.

During 19" and 20" century, larger interest was not confined neither to primary nor
secondary batteries, but more on fundamental aspects. With compiled effort and early
discoveries right from the material innovation and working principle, physicist and
chemist continued to strive towards better technology in a collaborated manner.
Primary batteries, on the other hand once discharged cannot be charged again and are
subjected to recycling, while secondary batteries continue to bring attention of many
researchers and companies due to their potential and long durability. The
understanding of electrochemical reversibility in secondary batteries coupled with
high energy density was seen as a torchbearer in energy storage research. Figure 1.6
demonstrates types of popular rechargeable batteries based on distinct elements and
operational chemistry.?” Lead-acid batteries, the first rechargeable batteries of 2 V is
a long-live innovation by Plante and is continued to be in market from various small
to medium scale applications.?2%30 Although they offer really low energy density
(80-90 Wh L1), they compensate the former with superior power density (180 W kg
1) and inexpensive manufacturing.®* Until 1999, lead-acid batteries already held more
than 50% of the market of all batteries sales globally.3> Year-long innovations
upgraded the Pb-batteries from liquid electrolytes to gel-based cells and absorbed
glass-mat batteries popularly called as VRLA (Valve-regulated lead—acid) batteries.
Solely based on the lead and lead oxide electrolytes, it does pose major toxicity and
environment concerns and challenges in manufacturing and recycling.3*34 The Nickel-
cadmium battery developed in 1901, believed to surpass the drawbacks of Pb-acid
batteries, facilitates longer cycles and rated capacity at the higher discharge capacity
with several advantages like higher energy density (50-150 Wh L and comparable
power 150 W kg to Ph-acid).3? With 1.2 V, they are quite often used in portable
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Figure 1. 6: Illustration of Secondary/ rechargeable batteries. Reproduced with permission,?” copyright
2019, Wiley.

applications like power tools, electronic devices etc. due to their packaging, stability
and low temperature performance. However, both nickel oxide and cadmium as
positive and negative electrodes, respectively, are environmentally hazardous and
toxic to living beings.®?3> In addition to their environmental concern, they could not
meet the market need of specific capacity and cost effectiveness. While further
developments in NiCd led to the invention and hence commercialization of Ni-metal
hydride battery replacing cadmium hydrogen-absorbing metal alloy in 1990. It catered
the devices with much more energy and power density (140-300 Wh L, 250-1000
W Kg?) than former with similar nominal voltage of 1.2 V. They have been widely
used an alternative to alkaline batteries but are expensive compare to other two
batteries explained above and are susceptible to higher self-discharge.’>%
Nevertheless, all these secondary batteries suffer from trade-off, which is why the
lithium battery was seen as a game changer. Lithium ion batteries outperformed all
those existing technologies in terms of energy density (250-693 Wh L), power
density (250-340 W Kg™) and longer cycles. Figure 1.2 shows the comparison of
lithium-based batteries with other technologies.

Undoubtedly, the lithium-based batteries market is increasing drastically with li-ion
and li-metal as of predictions. However, the supply chain and natural reserve of
minerals such as lithium, Ni, and Co metals are limited and would run out in a few
decades if dependence increases at the current pace. Other challenges associated are
energy density, cost reduction and safety.*® Therefore, other technologies including
alkali metals (Na* ion and K* ion) and multivalent metal ions (Mg*?, Ca*?, Al*3, Zn*?
etc.) are showing promising alternatives which could relax our dependence on Li-ion.
Among all these alternatives, Na-ion batteries have been the front runner crediting to
the decades of research, resulting in early commercialization as well.3” An interesting
development in cathodes such as polyanion, NASICON etc. and hard carbon as
anodes, for Na-ion batteries have marked higher energy densities up to 500 Wh Kg*
with state-of-art limitations respectively.®® K-ion battery is quite immature in the race
with a major focus on polyanionic cathodes and carbon anodes. However, in both
these alkali metal ions, the higher volume expansion for similar capacity poses a key
issue with their large cation size associated with sluggish kinetics.3-4°
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Multivalent metal ion batteries call upon various possibilities with unique challenges.
Due to multiple charges, they can facilitate a higher number of charge storage for a
smaller number of working ions. They offer higher safety and higher volumetric
energy density, such as Mg metal, ~3833 mAh cm™ and ~2046 mAh cm™3 for Li
metal as they are less prone to dendrites.** Zn batteries gained broad interest due to
their remarkable ability to use aqueous electrolytes. However, it is limited by a lower
voltage limit and is thus applied in large-flow battery grids. Another multivalent, Al-
battery remains at its nascent stage of interest due to its challenging mobility.*? *3 In
reality, they are more than a decade behind commercialization for market uses.
Nevertheless, the research is accelerating in the electrodes and electrolytes compatible
with respective multivalent metal ion batteries.

1.2.2 Timescale of the lithium ion chemistry

Lithium metal was first identified by Johan August Arfwedson during 1817 in Petalite,
a mineral ore. Although, its isolation was credited to William Thomas Brande and Sir
Humphry Davy around 1821 by applying voltaic pile to the fused lithium carbonate
and lithium oxide, respectively.**4 It took almost 200 years from its discovery to the
battery application (Figure 1.7a). Being the lightest and among the most
electropositive elements, it showed 3.3042 V versus calomel electrode. The lower
weight and facile oxidation translate Li to possess a very high gravimetric capacity of
3560 mAh g just after beryllium (5950 mAh g*). However, low density of lithium
places it behind in terms of volumetric capacity with other multivalent cations such
as Be*?, Al*}, Ca*?, Zn*? and Mg*? (Figure 1.7b). Li dominated the race of further
exploration due to their relative higher abundance, lower toxicity and cost on contrary
to beryllium with potential radioactivity despite higher volumetric and gravimetric
capacity.*647

Even though it took years of arduous efforts for the lithium-based battery
development. It presents as many complications as it can in contrast to conventional
simplified batteries. It came to the spotlight due to its miniaturized applications and
further was seen as a chink of light in semi-conductor and electronics industry. The
dependence on mobility of ions, which are lot heavier than electrons, makes their
diffusion and transport complex. The basic components, including cathode (positive
electrode), anode (negative electrode) and electrolyte, involve various tortuous
chemistry at the bulk and interface as well. Although, other components like separator,
additives, electrode substrates and casing play less critical role in apt functioning of
an electrochemical cell, plenty of research on each component has been undergoing
to find sustainable yet superior alternatives, looking at need of cost effective, high
performance and cleaner choices.
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Figure 1. 7: a) Hlustration of timeline from discovery of lithium to lithium ion battery, and b) Projected
gravimetric and volumetric energy density of metal anodes when coupled with hypothetical 4 V cathode
versus electrode potential (relative to Li/Li*). Reproduced with permission,*” copyright 2018, ACS.

Coming back to events that led to the discovery of a lithium metal battery, it would
not be wrong to say that the series of serendipitous and strenuous effort were involved
in it, as shown in the Figure 1.7.4” The hunt to isolate and deposit lithium metal led to
the realization of a congruent solvent that could be employed. It was discovered that
non-aqueous electrolytes based on cyclic carbonates ester and alkylic ethers are
beneficial for better solvation of cations than anions. Much later, major findings on
the crucial properties of electrolytes were found and still studied, including
conductivity, transference numbers, interfacial studies dealing with charge-transfer
etc.*®4° In correlation with solubility issues with LiF and LiCl, alternative lithium salts
were also discovered including, LiBF4, LiPFsetc..%° In early 1960s, governmental and
military fueled the development of Li-based batteries with lithium metal coupled with
transition metal halide as cathode in nonaqueous electrolytes.>: 52 Moreover, apart
from performance, the cells were unsuccessful with underlying issues in every
component like reactivity of lithium metal with nonaqueous electrolytes, their
unstable morphology and the irreversibility of cathodes conversion-reaction-type
materials MX, (M = Ag, Cu, Fe, Co, etc.; X = F, CI).% Instead of discrete
understanding of material behavior, consolidated effort on voltages, compatibilities
and underlying mismatch between electrodes and electrolyte was a much awaited area
to be focused consolidated effort on voltages, compatibilities and underlying
mismatch between electrodes and electrolyte was a much awaited area to be focused
as depicted for certain materials in Figure 1.8.

One of the biggest mistakes which might have delayed the commercialization was the
lack of understanding of lithiation chemistry of graphitic materials and need of
defined interphases. It was falsely assumed that PC and EC should be essentially the
same as of far as their electrochemical properties were concerned.5354555 |t took
decades to notice that their difference in viscosity, melting point and dielectric
constant could affect the lithiation.> It was during this period that the passivation
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Figure 1. 8 Schematic potential diagram showing the mismatch between the electrochemical stabilities of
electrolyte and the redox potentials of most anode and cathode materials used in modern LIBs (whereas,
GR, LFP, LCO, NMC, LMNO, and LCP stand for graphite, lithium iron phosphate, lithium cobalt oxide,
lithium nickel manganese cobalt oxide, lithium manganese nickel oxide, and lithium cobalt phosphate,
respectively). Reprinted with permission,*” copyright 2018, ACS.

layer formed at the Li-metal with the electrolyte was highlighted, later coined as solid
electrolyte interphase (SEI) by Peled. Dey and Peled, in their contributions,
established that SEI constitutes of solid species from reaction of Li-metal and
electrolyte, which conducts lithium ions but is a poor electron conductor.>* % During
the 1970s, the first commercialization of primary Li batteries was realized although
core issues of Li-electrolyte compatibility, unstable reactions, dendrites and safety
concerns limited their progress and pushed more efforts for rechargeable Li metal
batteries.

Moli energy developed the first-generation technology in 1985 of rechargeable AA
cells (later named as Molicel) based on MoS; cathode with a rating of > 2 Wh which
was also not very successful due to a number of fire accidents recorded. In parallel
research, attempts to develop a solid polymer electrolyte turned successful in 1978 by
the first dry SPE battery prototype by Michel Armand with lithium metal.%
Simultaneously, another mechanism for ions host and mobility was actively looked
upon for both cathode and anode via intercalation/insertion, unlike conversion. The
name of the technology was called as rock-chair batteries, ion transfer cells, shuttle-
cock batteries etc., later it was named lithium-ion batteries represented in Figure 1.9.%°
It took longer to understand anode-electrolyte compatibility than cathode-electrolyte.
Most popular carbon-based anodes such as graphite and its different form as
intercalation host was bet and investigated dealing with interfacial chemistry. The
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Figure 1. 9: Scheme of typical battery configurations: a) a half intercalation cell with cathode as
intercalation host for Li* and Li metal anode, b) modern LIB cells consisting of two intercalation hosts that
accommodate Li* at different potentials, and c) a “dualion intercalation” battery based on simultaneous
cation (Li*) and anion intercalations into graphite. Reproduced with permission,* copyright 2014, RSC.

intercalation host was studied for insertion to observe the associated changes,
structurally and electrochemically like topotactic phase, electrode potential in
correlation with reversibility.®® Stanley Whittingham who was awarded Nobel Prize
in chemistry for Lithium batteries development first demonstrated the distinction
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between conversion and intercalation reaction, as minor structural changes undergo
in the host lattice with cell reversibility.5 62

Having learned from Hever’s description of symmetric cell®® 5 Armand established a
mathematical model for two different intercalation hosts whose first demonstration
was reported by Lazzari and Scrosati.®> % Although slow pace in material
development was still a hurdle for an appealing secondary li-ion battery which could
overshadow the exciting Li-metal batteries hopes. While the intercalation materials
were under development in phase, companies like Exxon mobile were also exploring
the possibility of Aluminium anode following alloying chemistry which highlighted
the issue of volume change.®” It was just a few years later, Goodenough and co-
workers came up with a series of transition metal oxide-based cathode materials
around1980s for which he was co-awarded Nobel prize in 2019.% ¢ The next
challenge was to find a potential anode for which graphite was looked upon with huge
expectations, as discussed above briefly. But it took a lot of years to come up with the
answers to the inherent issues for graphite and electrolyte.>” However, the next
milestone was achieved by an industrial partner specifically a Japanese company,
Asahi chemical (later collaborated with SONY) which took the task of integration of
LiCoO, with a series of carbonaceous materials in real battery prototypes while
overcoming hurdles posed by current collectors at anode and cathode. It was in 1990,
after a long wait of safety and performance tests, that Sony commercialized and
announced the 4 V LIB technology with a claim of its energy density three times as
existing Ni-Cd batteries as indicated in Figure 1.10.797

Figure 1. 10: Image of lithium-ion batteries used in some of the early Kyocera cellular phones. Reprinted
with permission from Sony.™

1.2.3 Introduction to the present lithium-based batteries

Like traditional battery configuration, lithium-based batteries also comprise anode,
cathode and electrolyte, as highlighted above. However, they also consist of current
collectors, additives and binders, etc. Lithium batteries are superior to other storage
technologies so far, not only because of high energy and power density but also huge
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potential for improvement with underlying material innovations. For a few years, the
urgent need for clean energy transition focuses on the high-performance lithium
batteries development for electric vehicles, which could be a significant change for
carbon emission free transport and mobility. In this section, we will briefly discuss
state-of-the-art battery materials. The components of batteries which directly
contribute toward the capacity and energy density are often termed as active materials
and others as passive materials whose role cannot be ignored and often support the
cell for buffering the issues related to active materials and provide robustness and

reversibility.
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Figure 1. 11: Voltage diagram of negative and positive potential limits for the electrolyte stability with
HOMO and LUMO energy levels. Reprinted with permission,” copyright 2018, RSC.

An energy diagram explains the operation of the cell as indicated in Figure 1.11,7
indicating potentials of electrode and electrolytes. An anode and a cathode with
chemical potentials pa and pc respectively, undergo reduction and oxidation at the
electrolyte surface within its HOMO-LUMO. The operating voltage of an electrolyte
is referred to as an electrochemical stability window, an indicator for the identification
of suitable electrodes for avoiding parasitic decompositions. The current lithium
battery market is dominated by lithium-ion batteries (based on liquid electrolytes).
However, there are various materials already in mature phase to enter the market from
electrodes to electrolyte with crucial parameters such as cost, performance and
environment-friendly features. In a clear tabular representation (Figure 1.12), the
battery materials are highlighted as some appear to possess huge potential in coming
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years. Subsequent section discusses the trends in some of these materials of these
materials affecting the net performance of a cell.
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Figure 1. 12: Timeline of present battery materials and forecast in the market for 20+ years. Reprinted with
permission from,® copyright 2023, McKinsey & Company.

1.3 Start of the art materials: A brief review

1.3.1 Positive electrode/Cathode

Positive electrodes in batteries are referred to as cathodes, unlike in loads where the
latter is called negative electrodes. Electrons move into the cathode from the external
circuit in the state of discharge of batteries and out of the cathode in the state of charge.
A complete cell cannot be completed without the active materials, which can
reversibly react/store lithium mobile cations for cell reaction. Talking about the
cathode, there are certain parameters for their selection such as, high voltage, energy
density (volumetric and specific), fast and reversible electrode kinetics, good
conductivity, low or no electrode dissolution, overcharge comparability, high rate
capabilities, longer cycles, electrolyte compatibility, safety, cost and
thermodynamically and kinetically stable etc.”®7 7> Over the years, various cathode
materials have been developed and continuously undergo further improvement. The
chart in Figure 1.13 summarizes the state-of-the-art investigated cathodes and anodes
with their potential and capacity.’® It clearly indicates the choice of both electrodes
holds primary responsibility for delivery high energy density with durability given
applied with a compatible electrolyte.” The specific capacity and energy for an active
material is calculated by the following equation 1.1 and 1.2,
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Charge density = - 6"; (Ah Kg?) 11
Energy density = # (Wh Kg™) 12
' Wtot

Whereas, n as number of transferred electrons, F, Faraday constant and M,, the
molecular weight, in g mol?, of the active material), E, at a specified rate or current
density and not as open-circuit voltages, M,,, ,, in g mol™, as the sum of molecular
weights of the reaction partners (in Wh kg™). There has been extensive design and
developments in cathode-materials, some of them are discussed in subsequent
material section. They are classified as insertion and conversion materials based on
the mechanism of lithiation. Beside they can be also categorized based on the Li-
transport mechanism into four classes as non-frame (conversion), one-dimension (1D)
(polyanionic cathode like olivine, tavorite, NASICON), two-dimension (2D)
(Layered material, LCO, NMC), and three-dimension (3D) (disordered rock-salt,
spinel type).”

1.3.1.1 Layered materials

The concept of intercalation in materials was not solely discovered for cathode
chemistry, rather it was derived from the host-guest phenomena of supramolecular
structures enabled by non-covalent bonding between guest and host. It was well
verified in early investigations that the complex demonstrated different properties
than parent species in addition to reversibility.”® The discovery of layered materials
such as LiMO; (M = Co, Ni, Mn, also referred as Li-rich), could be credited to the
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Figure 1. 13 Potential versus specific capacity for most explored and yet potential positive and negative-electrode materials
for rechargeable Li-based cells (The output voltage values for Li-ion cells or Li-metal cells are represented). Reprinted
with permission,” copyright 2001, Nature.
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former idea of insertion and vice versa. They hold the crystal structure similar to a-
NaFeO; in cubic closed-packed oxygen array occupying at 6¢ while Li and M ions at
octahedral sites along 111 plane forming ABC stacking, respectively in their state of
charge and discharge (Figure 1.14a).7" 7 In 1980, LiCoO; (Lithium cobalt oxide) was
created by John Goodenough which is also referred as the first generation of
commercial cathode. As it appears, LiCoO; possesses layered structure which can
insert and de-insert Li ions reversibly via consecutive migration between octahedral
voids,® but when excess of Li (x > 0.5) is extracted then it can pose irreversible
defects.® This was further validated by Amatucci that 95% of Li can be reinserted
when complete extraction is carried with 5% of loss of Li.8? The theoretical capacity
LiCoO; is calculated to be 274 mAh g* with 1363 mAh cm as volumetric capacity.
While, practically it can deliver > 175 mAh g* with cut-off charging voltage of 4.5 V
as shown in Figure 1.14b.8% 8 While it suffered from instabilities issues which lead to
voltage decay and irreversible capacity loss. The reason for capacity fading is due to
change in Co-O covalence that changes with Li content relating to structural
distortion.®® However, interfacial degradation relates to the surface phase
transformation layer and cathode electrolyte interphase (CEI) layer.8
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Figure 1. 14: a) Scheme for reaction mechanism of layered oxide (Li-rich) during charge-discharge.
Reproduced with permission,”” copyright 2020, Wiley. b) Charge-discharge Voltage-capacity plot of bare
LiCoO, (BLCO) and Al,Oj; coated LiCoO, (AOLCO) at the cut-off voltage of 4.5 V for 5%, 100", 200" and
300" cycle, respectively. Reproduced with permission,®” copyright 2017, RSC.

Nickel based LiNiO2, which is less expensive and toxic than LiCoO,, shows superior
capacity of 240 mAh g than former.88 While it did not gain much popularity owing
to the synthetic challenge of cation mixing and higher thermal instability at low
temperature.®®%0°! Similar kind of material owing to Manganese, LiMnO_ was also
bet upon due to their lower toxicity and cost than oxides of Co and Ni. Although, it
was found be thermodynamically unstable as explained by Jahn-Teller effect which
leads to the distortion of its structure to less symmetrical orthorhombic. The
underlying issues were addressed by employing surface coating, doping, size control,
and modifying synthetic routes. For instance, surface coating by Al.Os (evidenced in
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Figure 1.14b), ZrO,, SiO,, LiWO,4 was observed to improve the performance of the
LMO; (M~ Ni, Co, Mn) layered materials,87:92.93.94.95.96

1.3.1.2 Layered Ternary metal oxides

Following the pursuit of metallic oxides with lithium, development of ternary metal
oxides paved the way for researchers with aim to overcome the underlined issues with
LiMO,. The idea to introduce elements like Cobalt, Nickel, Manganese, Aluminium
etc. led to the development of LiMxMyO, and LiMyMyM,O,. For example, Ni-rich,
LiNi1-xMxO, with M= Ni, Co, Mn, Al are well investigated to exploit the synergy of
the ternary metal structures (Figure 1.15a). Similar to the layered materials, they also
fall in the category of 2D transport of Lithium with oxygen dumbbell hopping (ODH)
and tetrahedral site hopping (TSH) mechanism in particular.®” LiNigsMngsO;
containing less toxic metal than Co, was believed to have a capacity of ~280 mAh g
by preventing Jahn-Teller distortion due to Mn**and cation mixing of Li*/Ni*2.% %
However, with LiMxMyM,0,, the existing issues were reduced even further including
the stability, safety, capacity and cost that than LiMxM,O,.

Among the family of LiMxMyM,O,, two major commercialized ternary metal oxides
are LiNixCoyMn,0O, (NCM) and LiNixCoyAl,O, (NCA) that can deliver as high
capacity as >200 mAh g* when charged up to 4.6 V vs. Li/Li*.2%101 The Mn and Al
ions improve the structural stability and lowers the cost while Ni allows for a high Li
extraction and provides a high capacity. Co ions prevent Ni from occupying the Li
sites for assuring lower irreversible capacity loss. Some formulation for NMC and
NCA such as 3:3:3, 5:2:3, 6:2:2 or 8:1:1 and 0.8:0.15:0.05, respectively are depicted
in Figure 1.15b. Itis clearly indicative that the specific capacity and capacity retention
is dependent on Ni-content for both NCA and NMC.1%?

Increasing Ni Content
_——

a) b) 100
<9 m 8 S e
N Charge s r 333 2.
19 Co 'M 5 ook ® @Qs01505
H L > = 622 811009
oo | "N° S
M t < H z 70151549 821404
.
o+— Li . i X gof ® 300505
m Discharge m ? 2 811 9
ad==b g 8511345.2525
% 70F  NEM (LINi,Co Mn,10,) e
|_iMm>02 xLit + xe + LiM(M('m()OO2 o NCA 1L|[Ni!CoyAlz]02) LNO
2 1 i 1 " 1 " 1 i 1 N
140 160 180 200 220 240 260

Specific Capacity/mAh g’
Figure 1. 15: a) Scheme for reaction mechanism of layered oxide (Ni-rich). Reproduced with permission,””
copyright 2020, Wiley. b) Specific capacity (mAh g*) versus capacity retention over 100 cycles (%) plot
of various layered NCM and NCA cathodes showing the trade-off between stability and capacity for
increasing Ni content. Compounds are labelled by their composition (Ni, Co, Mn) = x:y:z. Reproduced with
permission,'%? copyright 2020, MDPI.
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Some of their degradation factors are high-temperature storage,’®® high voltage
operation'® and long-term cycling that result in transition-metal dissolution and
surface reconstruction. The surge in the demand of E-vehicle is speculated be met
significantly with layered ternary metal oxides such as NMC and NCA due to their
relatively high performance with merits highlighted above.®

1.3.1.3 Spinel structures

Lithium manganese oxide, LiMn20s4, is another transition metal oxide, developed by
Goodenough and co-workers in 1983.691% |t is relatively more environmentally
friendly, low cost and offers higher thermal stability. The cubic spinel structure with
3D MnO; host and Mn vacancies facilitates transport of Li through 3D diffusion
channel (Figure 1.16a and 1.16b). Thanks to its active diffusion channel, it offers good
rate capability, high cycle with a theoretical capacity of ~148 mAh g practically
achievable up to 120 mAh g*. The higher cut-off voltage (> 4 V) also makes it
interesting for its high-power demand application (Figure 1.16c). The common issue
with it is a dissolution of Mn*3 also called the Jan-Teller effect, which leads to
irreversible structural transformation and thus capacity loss.®* In order to improve
their properties, often dopants are introduced within a spinel framework, denoted as
LiMosxMny 504 (M=Al, Ti, Cr, Fe, Co, Ni, Cu, and Zn etc.).1% 7 Ni-dopant have
successfully resulted in high capacity for ordered spinel LixNiosMn1504 (P4:32) and
disordered spinel LixNiosMn.504.5 (Fd3m).2
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Figure 1. 16: a) Crystal structure and b) Li* diffusion channel of LiMn,O,. Reproduced with permission,1%®
copyright 2020, Nature. c) Voltage profile of LiMn,O, during lithiation and delithiation. Reproduced with
permission,'®® copyright 2013, ACS.
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The LixNigsMn1504 shows one dominant plateau at 4.7 V instead of two plateaus
between 4 and 5 V for LiMn20., which makes them a superior candidate.

1.3.1.4 Polyanionic cathodes

Cathodes with the tetrahedral polyanion structure unit (XO4)™ and (XmOsm+1)"™ X= P,
S, As, Mo or W) covalently bonded with MOy (M = transition metal) are referred as
polyanionic cathodes. For example, NASICON, Olivine, tavorite, silicate etc, are well
known investigated system in this category (Figure 1.17). They possess higher thermal
stability than conventional layered materials because of strongly linked oxygen and
gained popularity in real battery application due to their lower cost, sustainability and
safety. Among various classes of polyanionic cathodes, we have discussed some
commonly known ones namely, NASICON, phosphates and silicates as highlighted
in recent reviews.!'%1? Phosphate-containing polyanionic cathodes shows ordered
olivine structure and are often denoted as (LiMPOQO4, with M = Fe, Mn, Co or Ni) as
indicated in Figure 1.18a.113-115

NASICON

> Fe, V, efc. o Tavorite

Lantern
unit

Figure 1. 17: lllustration of crystal structure of polyanion cathodes such as NASICON, Olivine and
Tavorite. Reprinted with permission,” copyright 2020, Wiley.

Triphylite Lithium ferrophosphate is one of the popular commercial cathode materials
which is based on low-cost iron. Coincidently, this is also credited to the Nobel Prize
winner Goodenough’s research group effort in 1997.1% It attracts a lot of attention due
to its lower toxicity, safety, high theoretical capacity (170 mAh g?) at moderate
current densities, stable Fe®*Fe** redox potential of 3.5 V vs. Li*/Li, higher thermal,
electrochemical and chemical stabilities and properties.!'® It is crystallized into
distorted hexagonal close packed oxygen atoms with two existing phases, LiFePO4
and FePO4, whose interface motion is led by intercalation and de-intercalation of the
Li*. LiFePO4 has been limited to low power application, which is explained by its
ability to sustain applied current the moment the surface area of the interface reaches
the critical surface area upon one dimensional (zigzag route) lithiation.% Its
performance is affected by the electrochemical potential, operating temperature, and
particle size, electronic and ionic conductivity.
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Figure 1. 18: a) Scheme for reaction mechanism of olivine cathode following charge-discharge. Reprinted
with permission,” copyright 2020, Wile. b) Discharge profiles of LiMPO, (M = Fe, Mn, Ni, Co) olivines
and LiFe, .Mn, PO, solid solution as cathodes of Li-ion batteries (Voltages were measured in half cells

versus lithium metal). Reproduced with permission, copyright 2018, MDPI. SEM images of LFP samples
(c) LFP-CNTs and (d) LFP-C65. Reproduced with permission,'*” copyright 2023, Wiley.

Some reports suggest that an LFP based battery performs better at room temperature
than higher temperature (higher than 55 °C) which was explained by the increased
inter-surface layer thickness and accelerated electrolyte decomposition at higher
temperature resulting in the loss of Li* and thus capacity fading.!!® 1° Another
challenge related to the lower conductivity of LFP has also been well looked at by
dopants, smaller size LFP, carbon composites like CNT, C65 (SEM images of LFP-
carbon composites as in Figure 1.18c and 1.18d) or shortening the ionic and electronic
diffusion. 1?0 121,122,123 Other LiMPOy like LiMnPO,, LiCoO4and LiNiPO4 were also
seen as attractive cathodes due to their higher electrode voltage of 4.1 V, 4.8 V and
5.1 V, respectively (as compared in Figure 1.18b).1%* 1?5 Despite higher potential
andspecific capacity (170 mAh g1), LiMnO4 could not beat LiFePO,4 owing to its poor
conductivity and distortion by the Jahn-Teller effect.’?® While LiCoPO4and LiNiPO,
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are potential candidates which need to be more investigated, but are limited due to
lagging research in the electrolyte with higher ESW (>5.1 V). 127128

Addition of a higher electronegative element, Fluorine, to the phosphate led to the
discovery of fluorophosphates which were aimed to increase the cathode potential and
hence energy density. LiVPO4F isostructural with LiFePO4.OH'?° demonstrated 4.2
V (V*3/V*) of potential, 0.3 V higher than LisV2(PO4); with a theoretical capacity of
156 mAh g* at lower current rate.®3® Moving further, lithium rich Lis(VPO4), F, was
also synthesized with improvement in the potential and capacity to 4.65 V and 170
mAh g, respectively.'*

Other fluorophosphates denoted as LixMPO4F (x=1, 2 and M= Co, Ni, Fe) have also
been looked upon actively uncovering the dissimilarity in the structures. Tavorite
belonging LiFePO4F was limited to 3 V while LioCoPO4F and Li2NiPO4F have shown
excellent potential of 5.0 V and 5.3 V, respectively with theoretical capacity of 310
mAh g via two Lithium exchange.*3" 132 While the commercial electrodes discussed
above as shown in Figure 1.19 with their comparative crystal structure and voltage
plateau, pave the way for next generation cathodes, it's equally important to address
the drawbacks in the existing ones. Nevertheless, early findings hint towards potential
improvement overdue because of doping, composites and structural modification.
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Figure 1. 19: Comparison among cathode materials of different crystal structures, showing the relationship
between crystal structure and slope of the voltage plateau. Reproduced with permission,**® copyright 2016,
Elsevier.
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1.3.1.5 Other inorganic cathodes

Besides phosphates, Sulphur was neither left to be explored as polyanionic cathodes.
By replacing (PO4) * with (SO4) > and attaching an electronegative F-, LIMSO4F (M=
Fe, Mn, Co) was developed by Tarascon and co-workers.*3* It was demonstrated that
LiFeSO4F resembles Tavorite like structure with 3.6 V and 156 mAh g* of theoretical
capacity, higher ionic conductivity and similar electronic conductivity as of LiFePOa..
Moreover, its thermal stability is at good compromise compared to other
fluorophosphates, LiNiSO4F (350 °C) < LiCoSO4F (375 °C) < LiFeSO4F (400 °C) <
LiMnSO4F (600 °C).135 136

Another interesting class of high voltage cathode is based on orthosilicates, LioMSiO4
(M =Fe, Mn, Co, Ni) which gained popularity with an idea to increase the number of
reversibly exchanged lithium ions in the cell reaction.™? Its structural similarity points
to LiPO., distorted hexagonal close packing with temperature and pressure dependent
polymorphism.'3” With theoretical capacity of ~333 mAh g? Li, MSiO, based on
manganese and iron are more attractive than Ni and Co when it comes to the cost,
safety and stability. They possess poor intrinsic conductivity and structural instability
like LIMPOQg, leading to capacity loss. However, second lithium redox occurs at higher
potential which is limited by the narrow ESW electrolytes. 38 1%

As far as the weight of polyanion is concerned, borate (BO3)* has been considered as
an interesting choice due to its lighter weight. LiMBO3; (M= Mn, Fe, Co) were
investigated as cathodes with larger emphasis on LiFeBO3.14% 141 Both LiCoBOj3 and
LiFeBOs3 show structural similarity with 3D distorted hexagonal closed- packed while
h-LiMnBO3; mimics LiCdBOs. Iron-based borate, LiFeBO3, was observed to deliver
reversible capacity of 200 mAh g* with potential of 3 V versus Li and higher rate
capability even at fast current rate.*?” The major issue accompanying borate is the
surface poisoning against the ambient atmosphere.

Given all these insertion cathode materials, there has been a constant buzz for the
conversion cathode materials. Unlike the former, their crystal structure continuously
undergoes bond breaking and formation because of electrochemical cell reaction. The
advantage in inexpensive conversion cathode lies in its ability to engage more than
one lithium ion, leading to higher charge density. Most explored among them include
metal chalcogenides and metal halides for their theoretical capacity as high as 1675
mA h gtand 713 mAh g* with potential upto ~ 2.3 V and ~4.0 V, respectively as
highlighted in various reviews and Figure 1.20a and 1.20b.1%243 However metal
fluoride beats the metal sulphides and others due to their higher discharge potential
and capacity. While there are some hurdles in its commercialization like its low
conductivity, voltage hysteresis, volume change, loss of active materials,
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Figure 1. 20: Theoretical gravimetric and volumetric capacities with theoretical potential of selected
conversion cathode materials, a) chalcogens and chalcogenides, and b) halogens and metal halides.
Reproduced with permission,'*? copyright 2017, RSC.

a result of dissolution, which leads to poor reversibility, lower coulombic efficiency
and huge capacity loss.'3! 132 Nevertheless, simultaneous approaches have been
explored to avoid the highlighted issues via making composites, modifying particle
size, developing compatible electrolytes and adapting the cell operational
configuration and components.#+ 14> Globally, the challenges in understanding these
materials and the path to achieve their best performance are still underway and
positively predicted.

1.3.1.6 Organic and bio-based cathodes

Organic materials are always riveting owing to their environment friendly, cost,
abundance, safety, structural tunability and high theoretical specific capacity. Tracing
back to their concept development in 1970 with (CFx)—Li compounds, they have been
overshadowed by inorganic cathode materials for many years.'*® Based on their
structural distinction, they are categorized into conductive polymers,# carbonyl
conjugated compounds,**® imine compounds,**® organosulfur compounds** and
oxynitride radical compounds (Figure 1.21).1%* Each of these suffers from certain
issues. Conductive polymers (polypyrole, polyaniline) activated by dopants still
perform poorly due structural instabilities. Organosulfur compounds, despite having
higher specific capacity, suffer from insulation of sulfur and polysulfide dissolution,

resulting in worse cycling in addition to their sluggish electrochemical processes.4"
141

The first nitroxyl radical polymer, poly(2,2,6,6-tetramethyl-1-piperidinyloxy-4-yl
methacrylate) (PTMA) gave hope due to its fast kinetics of transfer of electrons to
polymer chain and free radical to participate in highly reversible cell reactions.
However, it offers less specific capacity due to high mass polymer chains and side
groups.'® 153 The imine group with its nitrogen as redox active center has been
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investigated as well in the last two decades with promising high theoretical capacity
(420 mAh g for 2D triqui-noxalinylene (3Q) compound).’> However, low
conductivity and dissolution of active materials lead to poor capacity retention.

In an interesting development, covalent organic frameworks were developed
supporting superior cycling with defined channels for the conduction of Li* ions and
avoiding the dissolution.* Carbonyl conjugated compounds contain contain multiple
functional carbonyl groups in conjugation which drive fast redox kinetics and thus
higher capacity.'>%-158 Most investigated systems include quinone, acid anhydride and
imide derivatives like benzoquinone (BQ, 496 mAh g?1)6 15 perylene tetra-
carboxylic dianhydride (PTCDA, 273 mAh g*1)!*° and pyromellitic diimide lithium
salt (Li—PMDI~220 mAh g*).1%* PTCDA is a well-studied molecule whose many
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Figure 1. 21: Molecular structures of selected typical organic cathode materials for LIBs, a) conductive

polymers, b) carbonyl compounds, c) imine compounds, d) organosulfur compounds, and €) free radical
polymer compounds. Reproduced with permission,62 copyright 2021, Wiley.
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Figure 1. 22: a) Electrochemical redox reaction mechanism of perylene tetra-carboxylic dianhydride
(PTCDA), and b) Galvanostatic charge—discharge curves of PGC40 (PTCDA/graphene aerogel composite)
at different current densities. Reproduced with permission,¢® copyright 2018, ACS.

variants have been reported due its voltage tenability and satisfactory charge density
as shown in Figures 1.22a and 1.22b. The holy grail to develop a superior organic
cathode highlights on overcoming the underlying issues like low conductivity,
solubility issue, lower potential than their counterpart, 6. 164,165

1.3.2 Negative electrode/Anode

The negative electrode of a lithium battery is also referred as anode, which is equally
crucial for the overall performance of a battery. The development in the cathode
materials has been fructuous and led to a series of breakthroughs, while it was not the
case with anode materials. The lack of electrolyte understanding and its compatibility
with anodes were a major hurdle in developing a desired material. Early studies found
carbonaceous material as one of the potential candidates with capacity limited to its
theoretical value around 372 mAh g%, corresponding to the stable LiCg phase. At that
prospect, there has been a different class of materials developed so far for high-
capacity batteries, as depicted in Figure 1.13. In order to commercialize an anode
material, low cost, highly safe, low potential, high capacity, long cycle life and easy
recyclability are key requirements. Figure 1.23 shows the classification of materials
based on the lithiation-delithiation/electrochemical reaction at the anode, namely
intercalation/insertion compounds, conversion compounds and alloy compounds. The
volume expansion is one of the major hurdles that limits the use of many high capacity
metal-based anodes. In the following section, a variety of anode material is briefly
explained with their merits and challenges encountered with the possible solutions.

1.3.2.1 Insertion/Intercalation anodes

Insertion/extraction mechanism:

MOy +yLi* + ye~ < LiyMOx
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Figure 1. 23: Schematic illustration of different types of anodes based on the lithium storage mechanism
with their advantages and issues encountered. Reproduced with permission,®® copyright 2018, Springer.

Similar to layered cathode materials, here also lithium ions shuttle into the layered
structure of the anode in a guest-host pattern following cell reaction above. Graphite
was the first established carbon layered material, as depicted in Figure 1.24a, for the
intercalation of 1-Li*, forming LiCswith 0.2 V (vs. Li/Li*), 372 mAh gt and 735 mAh
cm® of theoretical and volumetric capacity, respectively.*®” It was commercialized
later than coke carbon, which recorded 1.0 V vs. Li/Li* and < 250 mAh g (Figure
1.24b). Carbon atoms are arranged in hexagonal rings largely within two stacks AB
(hexagonal) and ABC (rhombohedral) in graphite. 16 It is reported that Li-ion can
easily be inserted from edge plane along with a layer spacing change i.e. from 0.3354
nm to 0.3720 nm.170 It faces exfoliation with certain electrolytes, which leads to
formation of various modified graphitic materials like inter-layered tuned graphite,
element-doped graphite (boron, nitrogen, fluorine, sulphur), few layered graphite,
graphene, etc. All these developments led to the better understanding of graphite and
its failure to achieve its target capacity with modified structure and materials.™ 172
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Figure 1. 24: a) SEM image of pristine graphite electrode. Reproduced with permission,*” copyright 2017,
Nature. b) Voltage profiles of graphite and coke material depicting lithium insertion voltage (Data were
collected using a carbon/lithium foil half-cell with EC:DMC (2:1 wiw) and LiPF, lithium salt recorded at

slow rate, Inset: Graphite with and without lithiation kinetically determined phase transition from stage Il
(LiC,,) tostage | (LiC,) in a graphite anode for Li-lon batteries). Reproduced with permission,*” copyright

1998, Elsevier.

But later with the development of electrolytes, the co-intercalation was avoided and it
has demonstrated to deliver reversible capacity as much as theoretical capacity. While
graphite is cheap and offers good capacity, the next step remains focused toward its
faster capability. Besides carbonaceous materials, inorganic layered compounds have
been also a key player in anode development. Spinel resembling lithium titanate
oxide, LisTisO12 (LTO) is one of the popular known anode materials for its higher
safety, fast rate capabilities and cycle life over graphite despite offering lower capacity
of ~175 mAh gL' 176 Sun and coworkers synthesized micron secondary nano
primary LTO/ MSNP-LTO particles as shown in SEM image, Figure 1.25a. The
delithiation occurs at ~1.55 V vs. Li/Li* which restricts Li- plating and formation of
SEI and thus no parasitic reaction at interface. The structural integrity remains almost
the same without much volume change up to insertion of 3 Li*.3 Its spinel structural
framework allows lithium to diffuse faster in charge and discharge state (Figure
1.25b).

However, LTO possesses a very low intrinsic conductivity (10 S cm™) which
requires a synthesis of its carbon composite, ion doping or modification of surface.6”
177,178 Doping with chromium and niobium to form LiCrTiO and TiNbxOz+2.5¢ has been
actively studied which recorded remarkable structural stability, high potential (1.0—
2.0 vs. Li/Li*) and higher theoretical capacity due to multiple redox couples.t™
Nevertheless, conductivity for TNO is also low which prospected its composite
development like TNO based on CNT or graphene delivering outstanding cycling
even at 30C.* Superior to LTO, LisVO, (lithium vanadate oxide) is also an
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Figure 1. 25: a) SEM image of MSNP-LTO showing secondary and primary particles under high
magnification, b) Voltage-capacity profile of MSNP-LTO in halfcell from 0.2-C rate to 1-C rate. Inset:

Structure of Li,Ti,O,, and Li,Ti,O,,, showing no volume change after charge and discharge. Reproduced
with permission,'” copyright 2010, Wiley. c) The comparison of Li,VVO, with two typical insertion anodes,
Li,Ti,O,, and graphite in reference to intercalation potential, specific capacity and energy density,

reproduced with permission,*®! copyright 2013, Wiley.

eye-catching material with intercalation voltage between 0.5-1.0 V and high
theoretical capacity of 394 mAh gt whose comparative plot is shown in Figure 1.25¢
with LTO and graphite.’8® It behaves as a solid ionic conductor existing in several
polymorphs.t82 183 Although it delivers double reversible capacity of LTO, certain
parameters like electronic conductivity need to be addressed by smaller particle size
and developing composites for lower polarization, higher cycling with less
irreversible capacity loss.8*

1.3.2.2 Alloying anodes

Given the safety, lower capacity and potential of lithium deposition in graphite, alloy
anode was looked upon as an appealing choice. Alloys consisting of aluminium,
antimony, magnesium, tin, silver, silicon and those belonging to IVA and VA groups
find their potential reactions with lithium as anode materials.'® 8 They possess the
ability to hold 3-4.4 lithium per metal atom, marking their capacity and onset voltage
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higher than conventional intercalation anodes, especially carbon-based (Figure
1.26a).

They undergo alloying reaction, as indicated below to form Li,M (z > 1) which could
be divided into addition and displacement reaction.Addition reaction is termed for
pure metals or their composites with inert metal, while displacement reaction
corresponds to an extra step of decomposition to the addition reaction. Li-alloy
reaction mechanism:

MOy + 2yLi+ 2ye” — xM + yLi20O
M + zLi* + ze~ < Li;M

Silicon, which is one of the most desired elements in the semi-conductor industry, is
a potential candidate due to its highest theoretical capacity of 3580 mAh g at room
temperature for LiisSis.’8 As a result of intercalation and deintercalation (< 1.0 V vs.
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Figure 1. 26: a) Gravimetric capacities of IV group elements C (LiC,), Si (Li,,Si), Ge (Li,,,Ge), Sn
(Li, ,<Sn), and Pb (Li,,.Pb) and V group elements P (Li,P), As (Li,As), Sb (Li,Sh), and Bi (Li,Bi),
respectively, reproduced with permission,*®” copyright 2010, RSC, b) SEM image of 10 um a-Si:H film

templated from 890-nm pre-sintered silica microspheres; and ¢) Galvanostatic cycling of 10 pm a-Si:H
film, reproduced with permission,® copyright 2009, Wiley.
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Li/Li*), it undergoes several phase changes from amorphous Lis7sSi to crystalline
Li1sSis and back-forth. This expansion and contraction contribute to more than ~400%
of volume change, resulting in cracks, aggregation of active particles, electrolyte
rupture, which eventually lead to the degradation in the performance of the cells.8*-
191 various morphologies subjected to size and surface area have been attempted to
buffer the high strain for undisturbed lithium diffusion in addition to its composite or
binary alloy.> 1% In a report, researchers synthesized hydrogenated amorphous silica
from 890 nm microspheres as shown in the SEM image, Figure 1.26c¢. The electrodes
delivered a high capacity of >2500 mAh g during the first few cycles with better
capacity retention of ~70% in compared to films prepared with smaller size
microspheres.

Tin and antimony are well explored metals for their alloying and intermetallic
compounds owing to their high theoretical capacity of 959 mAh g for Li;7Sns and
660 mAh g for LisSb at suitable working potential.*** Like silicon, Sn also forms
many alloy phases with lithium namely Li;Sns, LiSn to LiizSns etc.'®® Despite
achieving high experimental capacity of 940 mAh g* and 500 mAh g with tin and
antimony metal nanoparticles, their volume expansion limits performance over longer
cycles.’®® Although, antimony suffers relatively lower change of ~135% than ~300%
in case tin-based anodes. Factors like buffer coating layer, size and dimensionality
control for binary intermetallic, oxides of metals and their composites have shown
remarkable improvement in both reversible capacity and capacity retention.97-1%

Other elements have also drawn research attention like bismuth and germanium
analogous to popular silicon and tin. Germanium precedes over silicon for their better
conductivity and 400 times higher diffusivity of lithium than Si with the capacity of
1568 mAh g for Li17Ges at room temperature.?® However, bismuth which resembles
graphite in its pseudo-layer structure and capacity of 386 mAh g* offering less volume
expansion of 74% due to formation of Li3Bi.?%% 202 While there are hundreds of
materials in this area of research, decade long progress suggests composites could lead
the race of anode materials.

1.3.2.3 Conversion alloy anodes

Conversion type anode materials (CTAMSs) are known for high theoretical capacity
over a vast family of compounds due to the redox reaction of Li*and transition metal
cations.2%® 294 Starting from metal oxides, CTAMs include nitrides, fluorides,
phosphides, sulfides, selenides, tellurides etc,2°52%” They are generally cheaper at the
cost of production due to their naturally occurring raw materials like MnO,, Fe3Os.,
etc. They also possess lower intercalation potential than many other types of anodes,
which limits the li-dendrite growth over the long cycles. This class of anode materials
follows the two-reaction mechanism in combination of conversion and alloying as
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highlighted in Figure 1.27a, such as, oxides, sulfides of Sn, Sb or Zn etc. Although,
these compounds have lower intrinsic electronic and ionic conductivity which call
upon the synthesis of a composite with conductor. As a result of redox reaction, the
change in volume of the active materials could be seen as high as 200% including the
decomposition of electrolyte. The reaction mechanism of conversion proceeds via cell
reaction, as below, which suggests that the formation of LinX is thermodynamically
feasible. The voltage hysteresis between charge-discharge due to the structural
rearrangements results in lower round trip energy density efficiency and internal heat
evolution.?®® This hysteresis depends on the nature of anionic species in CTAMs in
order of fluorides > oxides > sulfides > nitrides > phosphides.2°3 208

MaXp + (b-n)Li* + (b-n)e” <> aM + bLiyX

MxOy + 2yLi+ + 2ye7 Nd XM + yLizo
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Figure 1. 27: a) Scheme for demonstrating the beneficial combination of conversion and alloying-type
lithium storage in conversion/alloying materials (CAMSs), reproduced with permission,?® copyright 2016,
RSC, b) Representative potential profiles (cycles 2-5) of alloying-type metal oxides (SnO2 in red) and

conversion/alloying-type binary metal oxides (carbon-coated Sno_gFeo_lo2 in blue; reproduced with
permission,?® copyright 2015, Elsevier, ¢c) TEM images of Fe,0,@C (left) and YDS-FCCNSs (right); and
d) Comparison in cycling stability of nano Fe304, Fe304@c and YDS-FCCNSs at current density of 0.5 A
g%, reproduced with permission,?° copyright 2020, Elsevier.
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There are some interesting approaches including nanostructures and porosity for
reduced  diffusion  length, introducing  multi-dimensional  channels,
coating/composites and other techniques, proving to be successful in mitigating the
conductivity and volume expansion issues.?!-?13 For example, combining iron oxide
carbon composite to the tin oxide is a smart choice to curb the volume expansion and
improve the capacity retention as demonstrated by Stefano et al.?®® in comparison of
SnO; to carbon-coated Sno.gFeo.10:.

Among CTAMs, metal oxides are quite explored due to their non-toxic, low cost, high
theoretical capacity and power density with cell reaction mentioned above. For
instance, FesO4 gained quite an attention due to iron and it possesses higher theoretical
capacity of ~926 mAh g1. However, it is gifted with intrinsic issues of conductivity
and pulverization, which lead to rapid capacity fade. Carbon-based nanosphere of
FesO4 was reported to deliver reversible capacity of 780 mAh g at 0.5 A g* after 500
cycles.?* Another carbon composite, named yolk-double shell Fe;0,@C@C
nanosphere (YDS-FCCNSs), was synthesized and compared with Fez04@C and nano
Fe;0.@C for the cycling performance. The TEM image in Figure 1.27¢. shows YDS-
FCCNs with a diameter of 200 nm. On galvanostatic cycling at 0.5 A g™ in 200 cycles,
YDS-FCCNs delivered capacity > 700 mAh g compared to <400 mAh g and < 50
mAh g after 200 cycles, respectively for Fe;0,@C@ and nano Fe30,@C. Other
popular layered materials which found their way are MoS,, carbides, MXenes due to
their higher reversible capacity and coulombic efficiency.

Metal phosphide has been exploited as well, such as SnsPs;, MnP, CusP, FeP and
amorphous phosphorous with carbon composites.?*>21¢: 217 They show working
potential of ~1.2 V vs. Li/Li* and one of the report with amorphous phosphorous
shows a carbon composite anode delivering 1950-2200 mAh g for 100 cycles at
1000 mA g 1218219

Li-metal

One of the most explored anodes which has been looked with high hopes for more
than 5 decades is pure Li-metal. Li metal offers super high theoretical capacity of 3860
mAh g* and a low potential (-3.04 V vs. standard hydrogen electrode/SHE). Based on
the type of cathodes, lithium metal batteries can be divided into three categories:
Lithium/lithium intercalation compounds, lithium/O», and lithium/sulfur batteries as
represented in Figure 1.28.22° The clean energy transition for mobility depends on a
large supply of E-vehicles which has been betting on improving the performance of
current LIB or lithium metal based solid state battery technology. With this, the energy
density is expected to be more than double, 600 Wh kg credited from their
lightweight and high capacity. Although lithium metal limits its widespread market
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Li-ion roadmap driven by eMobility requirements
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Figure 1. 28: A roadmap for lithium-based batteries for mobility applications highlighting drastic
elevation on the use of Li-metal anode. Reprinted with permission from Siemens.??

application due to its high reactivity, dendrite growth, flammability and safety with
state of art electrolytes.??!

It undergoes infinite volume expansion with high decomposition of active lithium
metal surface via electrolyte. The reduction of products at anode leads to the formation
of SEI, an important component whose understanding came to existence quite later
unfortunately (explained in subsequent section).??: 222 One of the major issues,
dendrite growth, challenges its safe operation with conventional liquid electrolytes.
Various investigations uncovered the factors affecting dendrite growth, the nature of
dendrite and methods to prevent them. It was revealed that, with larger overpotential,
dendrites follow whiskers growth while surface growth is observed for lower potential
as shown in Figure 1.29a.2%

As recorded in ex-situ SEM (Figure 1.29c¢), Li-growth looks like islands due to larger
nucleation sites at very low current densities while smaller nucleation sites and close
packing in the dendrites were observed with an increase in current densities.?®* In
absence of robust separator, dendrites are reaching the cathode and short-circuit the
cells with possibility of other phenomena such aggravated adverse reactions and dead
lithium, highlighted in Figure 1.29b.22* Thermodynamically, it cannot be stopped and
rather need to be prevented employing various techniques like introduction of
additives, artificial coating and SEI, solid electrolyte, and 3D anode hosts, etc. which
can also result in suppressing volume expansion.
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Figure 1. 29: a) Scheme of dendrite growth with overpotential. Reproduced with permission,?** copyright
2017, Elsevier. b) Illustration of possible phenomena at the surface highlighting the dilemma for Li metal
anode in rechargeable batteries. Reproduced with permission,? copyright 2017, ACS. ¢) SEM image of Li
nuclei deposited at different current densities from 0.025 mA cm2on Cu electrode for an equivalent amount
of total areal capacity of 0.1 mAh cm™. Reproduced with permission,?* copyright 2017, ACS.

1.3.3 Electrolyte and its components

Transport channels for ions conduction and electrons insulation refer to the electrolyte
which separates and integrates two electrodes at different potential. Electrolyte has
always been underestimated since the beginning of the battery research, which
resulted in a huge lag in understanding the challenges at the interface of an electrode-
electrolyte. An electrolyte is the combination of salt and salt-containing host which
change from one system to another, say liquid, gel or solid. Here, we are discussing
the liquid electrolyte which has popularly been based on lithium salt and organic
solvents such as carbonates, esters and ethers from early studies. Figure 1.30a shows
a typical scheme of LIB shows typical scheme of LIB with an emphasis of electrolyte
and its component.??®> For compatibility with other cell components, an electrolyte
should comply with certain parameters/properties like, high ionic conductivity and
dielectric constant, large electrochemical stability window, higher melting and vapor
point, stable interface, lower flammability and chemical and electrochemical inertness
to other cells constituents.??®® Nevertheless, these parameters don’t guarantee an
electrolyte to be an ideal candidate for batteries. Further, they need to show a higher
transference number and diffusion coefficient, form stable interfaces, and show lower
thermal degradation. Given the development in the cathode and electrodes, an
electrolyte has been always subjected to scrutiny. For an instance, some high voltage
cathodes (> 5 V) could not be exploited to their full potential due to the lack of high
oxidative potential electrolyte. In this particular section, we will briefly discuss
essential components of electrolytes and possible components which can overcome
the underlying issues with electrolyte or originating from an electrode-electrolyte
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interface. They particularly include solvents (organic and some inorganic element
containing solvents), salts, additives and alternative ionic liquids.

1.3.3.1 Organic and other solvents

Solvent solvates the salt via weak coordination or covalent bonds facilitating ion-
mobility and diffusion. An organic solvent is expected to have the following
properties: 1.) safe and environment friendly 2.) high solvation of lithium salts which
is directly related to the dielectric constant. 3.) low melting and high boiling point
with good thermal stability, 4.) inertness to the cell components like electrodes,
current collector, 5.) low viscosity for facile mobility of ions, 6.) broader ESW
covering the range of cell components, 7.) good wettability and interface with ability
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Figure 1. 30: a) Scheme depicting various components of electrolytes with electrodes, reproduced with
permission,?? copyright 2020, Nature. LSV curves of b) half-cells using electrolytes of 1.0 M LiPF, in
carbonate solvents (EC, PC, DMC and EMC) at a scan rate of 0.1 mV/s with Al working electrodes.
Reproduced with permission, 27 copyright 2012, Elsevier. c) half cells with Al in 1:1 EC/DME solutions
with 1M of (1) LiCIO,, (2) LiPF,, (3) LiN(SO,CF,),, (4) LiBF,, and (5) CF,SO,Li from first sweep at
5 mV/s. Reproduced with permission,?® copyright 2002, Elsevier.
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for forming stable layer, i.e. SEI on electrodes and 8.) least flammable.*® 4° Most
commonly used solvents are organic-based aliphatic ethers, carbonates, etc. and some
have been developed via incorporation of more electron-withdrawing substituents
such as fluorine, cyano or sulfone groups, etc. The most widely used and still popular
organic solvents are ethylene carbonate (EC) and propylene carbonate (PC) which are
cyclic and offer high dielectric constant but higher viscosity compared to linear
carbonates like dimethyl carbonate (DMC), diethyl carbonate (DEC) or ethyl methyl
carbonates. Such linear carbonates provide lower viscosity hence higher mobility and
conductivity of ions along with good compromise in thermal and chemical properties,
refer their properties listed in Table 1.1.48 226229

In addition to those characteristics, EC gained great attention due to its ability to form
SEI film at the anode at the potential 0.8 V versus Li/Li* and 4.8 V versus platinum
electrode on the cathode side via its decomposition at the interface.?%- 2% Figure 1.30b
shows a comparative linear sweep voltammetry (LSV) plot for carbonate solvents
with 1.0 M LiPPFs against Al-working electrode.??” The oxidative potential with Al-
substrate was found to be higher (> 5 V vs Li/Li*) than the Pt-electrode for all the
carbonates (slightly higher for EC and EMC). EC has comparatively lower ionic
conductivity and higher melting point than PC, but still remains in utilization due to
inability of PC to form stable film at the electrodes.® The mentioned challenges were
addressed by forming the solvent blends by combining linear and cyclic carbonates to
reach the compromise of viscosity and conductivity with good film formation.*3 2
While ether-based solvents like 1,2-dimethoxyethane (DME), 1,3-dioxolane (DOL)
show better reduction durability with good film forming capability with Li-metal
anodes, they are prone to oxidation at lower voltage of < 4 V vs Li/Li* %% which shifts
more attention on carbonates and their derivatives.

Besides pure carbonates, electron withdrawing groups attached on organic solvents
(e.g. fluorinated ethylene carbonate, FEC), have shown better properties concerning
safety and SEI formation ability. The effect of the decomposed products from these
electrons withdrawing group is discussed in more details in the SEI section. In line
with similar research, other solvents like fluorinated carbamates?®® and
sulfonamides,?* fluorine sulfone derivatives®® 2% nitriles®" 2 are also widely
studied owing to the need for high ESW electrolytes for high voltage cathodes in the
market.

1.3.3.2 Lithium salts

The charge carrier availability for transport is governed by the dissociation of a salt
in an organic solvent mixture. The state of an electrolyte is analyzed by the synergic
effect and properties of salt and solvent mixture. Commercially, the most widely used
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electrolytes are the mixture of EC with DMC, DEC or EMC with LiPFs. The anions
of the lithium salt play a crucial role as they undergo decompaosition with anode and

Solvent LUMO HOMO Melting point, Boiling point, Flash point, Dielectric constant,
[eV] [eV] Tul°C] T[] T £
EC (ethylene carbonate) 1.089 —7.924 364 248 160 89.78
PC (propylene carbonate) 1mz —7.370 —43.8 242 132 64.9
DMC (dimethyl carbonate) 1188 -1.718 46 9 0.76 an
DEC (diethyl carbonate) 1.254 —7.633 —743 126 kil 2.81
EMC (ethyl methyl carbonate) 1222 —7.675 53 10 23 2.96
FEC (fluoro-ethylene carbonate) 0.696 -8.315 20 i) 102 784
DME (1,2-dimethoxy ethane) 2.532 —6.695 -58 825 0 55
DOL {1,3-dioxelane) 3.049 —6.639 —97.2 75.6 1 6.74
TEGDME (tetraethylene glycol dimethyl ether) 2.186 —6.613 —45 216 106 7.9

Table 1. 1: Physical properties of some organic solvents commonly used in rechargeable lithium-ion
batteries. Adapted with permission,??® copyright 2000, Elsevier.

form components of SEI. Some of the well-known lithium salts known for their
remarkable properties and observed to form better SEI are as follows: Lithium
hexafluorophosphate  (LiPFs), lithium hexafluoroarsenate (LiAsFs), lithium
bis(trifluoromethanesulfonyl)  imide  (LiN(CF3SO.),/LiTFSI)), and lithium
bis(oxalato) borate (LiB(C204). /LIBOB) (Figure 1.31). Similar to organic solvent,
any lithium salt should have: a) environmental benignity and safety, b) chemical
inertness to the cell components except beneficial decomposition for SEI, ¢) thermal
stability beyond the range of operational of electrolyte and battery, d) high
dissociation into solvent and broader ESW of the anions for oxidation at cathode. %%
239,240 Al these requirements clearly highlight the importance of a functional group
at the anion which controls the quality of SEI. As mentioned above, LiPFgis a largely
used lithium salt in commercial LIB because of its high dissociation in organic
carbonates offering high ionic conductivity, good ESW and corrosion protection to Al
collector by formation of (oxy-)fluoride layer. Besides beneficial properties, LiPFs is
super sensitive to moisture forming HF while highly toxic products are formed by
exposition to solvent and it does suffer from poor thermal stability (> 55 °C). These
drawbacks motivated research in development of LiBF4 provides excellent protection
of Al-current collector but primarily lacks in conductivity due to poor dissolution in
carbonate-based solvents.?*: 242 As far as moisture sensitivity is concerned, LiCIOy is
slightly air stable with good ionic conductivity, ESW and good passivation with Al
collector. However ClO4 is highly oxidizing in nature and prone to heavy explosion
if in contact with certain organic compounds in LIB.?*® Few recent studies are also
focused on tris(pentafluoroethyl)trifluorophosphate (LiFAP) which is structurally
related to LiPFg but yet superior in chemical and thermal stability due to stabilized
phosphorous- fluorine bond.244-246
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Figure 1. 31: Anion Structure of different lithium salts. Reprinted with permission,?’ copyright 2018,
Elsevier.

Two other classes of salts which complete the discussion are chelating borate based
lithium and imide based lithium salts. Lithium bis(oxalate)borate (LiBOB), is less
toxic, relatively inert to moisture, thermally stable but less ionic conducting than
LiPFe.2*8 24 Other borate-based salts were also developed like lithium
oxalyldifluoroborate (LiIODFB), which offered better conductivity but lower thermal
stability than LiBOB.%? 25! |_jthium salts based on imides are highly investigated and
the most utilized salt after LiPFs with LiTFSI as the most representative example.
LiTFSI not only offers excellent dissolution, relatively higher chemical and
electrochemical inertness but also higher thermal stability.*® 252 253 However LiTFSI
cannot form a passivation layer against Al-current collector corrosion which is its
major drawback.*® 2 Indeed, Figure 1.30c shows a clear Al dissolution for LiCIO,,
CF,SO;Li, or LiN(SO,CFs), much higher than for LiBF, or LiPF.?*® Subsequent
efforts have been taken in playing around the anions with substitution of -CF3 with F
to form LIFSI, which resulted in preventing the release of highly toxic HF.2% Other-
imide based salt includes LiN(SO2C3Fs) / (LiBETI), %8
(fluorosulfonyl)(nonafluorobutanesulfonyl)  imide (LiFNFSI), " 2% [|ithium
(fluorosulfonyl)(trifluromethanesulfonyl)  imide/(LiFTFSI),?%® 260 and lithium
(fluorosulfonyl) (pentafluoroethanesulfonyl)imide(LiFPFSI).% For instance, imides
like LIBETI and LiFNFSI showed high thermal stability (> 220 °C) and ability to
prevent anodic aluminum dissolution. Nevertheless, these lithium salts are still in their
early phase investigations to match commercial ones.?? Table 1.2%53 summarizes the
qualitative comparison of fundamental properties of salts from best to worst.

1.3.3.3 Additives

Inherent issues with electrolytes require supporting materials, referred as additives, to
stabilize the interface and avoid parasitic decomposition. In addition, they can induce
interesting properties like flame retardant, over-charging control, etc.. The additives
play a crucial role in controlling the SEI decomposition in LIB on longer cycling and
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Properties From best — to worst

Ton mobility LiBF, LiClO, LiPFg LiAsFg LiTf LiTFSI
Ton pair dissociation LiTFS1 LiAsFg LiPFg LiClO, LiBF,4 LiTf
Solubility LiTFSI LiPFg LiAsFg LiBF, LiTf

Thermal stability LiTFS1 LiTf LiAsFg LiBF,4 LiPFg

Chem. inertness LiTf LiTFSI LiAsFg LiBF,4 LiPFg

SEI formation LiPFg LiAsFg LiTFSI LiBF,

Al corrosion LiAsFg  LiPFg LiBF, LiClO;  LiTf LiTFSI

Table 1. 2: Comparison of fundamental properties of salts from best to worst. Adapted with permission,??
copyright 2003, Elsevier.

thermal exposure. They are used in quantity less than 10%, beyond that they can be
considered as co-solvents. For instance, FEC is used both as co-solvent and additive
in electrolyte.?6% 265 They form a stable SEI layer beneath the one formed by
decomposition of solvents. The characteristics HOMO and LUMO guide here in
determining the role of additives towards SEI via reduction and oxidation potential
analysis. Based on their working pathway, additives are identified as reaction-type
and SEI-modifier as shown in Figure 1.32. As name suggests, reductive type has
higher reduction potential than solvents in LIB and stabilizes SEI layer by discarding
the intermediate reduction products of the solvent or incorporation into the films. On
contrary SEI modifier in principle affects the thickness and composition of the SEI.2¢
Some examples of reductive type additives include vinyl carbonate (VC),%7: 28 vinyl
ethylene carbonate (VEC),%% vinyl ethylene sulfite (VES),?° FEC,*%2"! or TDI.2% It
has been demonstrated that even 2% Of VVC or 0.5% of TDI could greatly enhance the
LIB performance in addition to lowering the heat evolution. Anionic receptor like
tris(pentafluorophenyl)borane (TPFPB) is an example of SEI modifier additive which
can dissolve the species F-, 02" and O, present in SEI.272

Since there are high chance of fire in LIB due to internal heating or solvent leak, use
of fire retardant additive is an interesting idea. These additives consist of organo-
halogen and organophosphorous, or combination of fluorinated organophosphorous
(trimethyl phosphate (TMP),24% 273 274 triphenyl phosphate (TPP),2’> 276 dimethyl
methyl phosphate (DMMP),%”" tributyl phosphate (TBP),%”® or triethyl phosphate
(TEP), tris(2,2,2-trifluoroethyl) phosphate (TFP)?® and bis(2,2,2-trifluoroethyl)
methyl phosphate (BMP). These flame retardant additives dissociate into the gas
phase and terminate the chain propagating reaction by engaging OH- and H: radicals,
or by forming an insulating barrier to ensure the safe LIB.
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Figure 1. 32: Chemical Structure of various types of functional additives.

Another interesting use of additive is to limit the damages caused by overcharging of
LIB. Redox shuttles are proposed to be as an overcharge current shunt which oxidizes
when potential reaches higher than a complete charge of cathode. These redox shuttles
need to possess good solubility and diffusion coefficient in electrolyte, reversibility
with higher oxidative potential, thermally and chemically inertness to the cell
components. With first one reported in the 1980s based on iodide (3.25 V), several
aromatic redox shuttles have been reported like, 2,5-di-tertbutyl-1,4-
dimethoxybenzene (3.96 V vs. Li+ /Li),?"® 2-(pentafluorophenyl)tetrafluoro-1,3,2-
benzodioxaborole (4.43 V), 2 5-difluoro-1,4-dimethoxybenzene (4.4 V),?8 1,4-di-
tert-butyl-2,5-bis(2,2,2,-trifluoroethoxy)benzene.?®? This interesting concept also
resembles to the shutdown type electrolyte additives which are based on molecules
polymerizable at certain potential to form an insulating layer and thus protect over
charging.283 284

1.3.3.4 lonic liquids

Liquid electrolytes have been used in almost all commercial LIB due to their excellent
properties, including ionic conductivity, wettability, environment benignity, etc. but
they suffer from safety, leakage, flammability etc., which motivates the search for
alternatives like solid state electrolytes or ionic liquids resembling liquid electrolytes.
lonic liquids are also called molten salts, which are often liquid at room temperature,
consisting of asymmetrical cation and delocalized anion. They fill the gap with their
low volatility and flammability by using the large and bulky ions in addition to broader
ESW. As compared to liquid electrolytes, they possess low melting point and lattice
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energy, whereas poor conductivity and high cost. High molecular weight makes them
viscous and badly wets some electrodes, leading to higher resistance at the interface.
Some of the ionic liquids are based on ammonium and their derivative cations like
imidazolium, pyridinium, pyrrolidinium (PYR), piperidinium (PP) with large electron
withdrawing  anions  consisting of BFs, PFs, [(FSO2)(CFsSO2)NT,
[(CF3SO2)(CF3CO)NT, [(CF3S0O2) 2NT, or [(C2FsSO2).N] etc., as shown in Figure
1_33_69, 253

It is observed that imidazolium based ionic liquids are not the best candidates for
carbon anodes because of their cation reduction at around ~ 0.7 \V versus Li*/Li.285 28
Anions govern the oxidation at high potential which sometime creates trade-off with
viscosity due to highly fluorinated ions like tetra-fluoroborates,?®
hexafluorophosphates.?® Usually ionic liquids based on TFSI-are more attractive than
BF4 due to superiority of former in room temperature viscosity (~69 mPa.s for TFSI-
and ~300 mPa.s for BF4). Aliphatic quaternary ammonium cations, namely
pyrrolidinium or piperidinium,?® are also combined with TFSI-and FSI- (less viscous)
resulting in wider ESW with decent compatibility with Li metal and LiCoO;
electrodes.?® In an approach to improve the performance and limits the shortcomings,
lithium salts are also added sometimes to ionic liquids.?8>2%

The addition of Li-salt increases the viscosity by taking the concentration to 1 M or
more, which reflects on a higher transference number and better interfacial stability.?*
However, addition of solvents like carbonates also decreased the viscosity and
increased conductivity of ILs at the cost of volatility and flammability.2% 2% In
another study, interesting insights have been found by preparing blends of ILs based
on EMI-TFSI with EC-DEC and other carbonates ,which highlighted that the best
concentration of ILs with superior conductivity (~10.6 mS cm™) existed around 60%
with viscosity of over 16 mPa s. On top of that, the accordingly obtained IL-LE based
electrolyte was still showing low volatility (252% w.r.t to organic solvent) and almost
no flammability.?%

Some ILs, melting above 100 °C and comprising fluorosulfonyl-
(trifluoromethylsulfonyl) [(FSO.)(CF;SO2)N] amide anion have shown interesting
results in lithium metal batteries,?*® but they were limited to batteries operating at high
temperature. Siloxyl groups have been introduced to ILs for improving the
hydrophobicity of tetraalkylammonium cations, e.g. for (trialkyl-siloxy)ethyl group
coupled with bis(perfluorosulfonyl)amide (TFSI, FSI, and FTFSI).2%52%. 297 |n those
cases, the superior ILs with cathodic stability > 5 V (versus Li/Li*) came out to be
those with TFSI due to absence of hydrolysis-sensitive fluorine atom unlike in FSI
anion_298, 299
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Figure 1. 33: Molecular structure of cations and anions of the RTILs explored in rechargeable batteries, a)
Imidazolium cation, b) Pyrrolidinium cation, c) Piperidinium cation, d) Ammonium cation, €)
Hexafluorophosphate anion, f) Dicyanamide anion, g) Tetrachloroaluminate anion, and h)
Bis(trifluoromethane)sulfonamide anion. Reproduced with permission,®® copyright 2018, Material matter.

Nevertheless, ILs suffer from poor conductivity and compatibility with some
electrodes, like carbon based ones. They do offer a wide window of tunability,
functionalization and control over the design with the possibility of blends for stable
performance of LIB.

1.4 Solid electrolyte interphase layer

The term SEI referred as solid electrolyte interphase determines the performance and
fate of batteries in a longer run. SEI is a passivation layer which results from the
reaction/reduction of electrolytes containing solvents, salts and additives with
electrodes. As highlighted in the history section, SEI was named by Peled, who
identified this layer as electrically insulating and ionically conducting interphase.5’
Various research followed the pursuit later towards the understanding of SEI and its
critical role. SEI by nature forms inhomogeneous surface at the cathode with multiple
species and is believed to possess certain properties: 1.) it should have an optimum
thickness which should not block or slow down Li-diffusion. Generally, it forms in
the range of 20 nm to 50 nm thickness in initial cycles but can be thicker (SEM image
shows thin SEI in Figure 1.36a). 2.) It should show sufficient mechanical properties
(high elasticity) to withstand the volume change in electrodes and prevent dendrite
growth in case of lithium metal, 3) It should display stability against decomposition,
structure and morphological disturbance because of cell operation. Figure 1.34a
shows the Li-ion diffusion from the bulk electrolyte to the anode in three steps;
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Figure 1. 34: a) A schematic description of Li-ion diffusion from the bulk electrolyte to the anode, 1) The
solvated Li ion sheds its solvent molecules and thus has the access to the internal Schottky vacancy of the
SEIl, 2) The Li ion continuously migrates through the bulk of the SEI by relaying itself in Schottky
vacancies, 3) The free Li ion reaches the anode surface and accepts an electron from the current collector,
then deposits as Li metal, Reproduced with permission,®® copyright 2016, Wiley, b) The mechanisms for
SEI formation 1) The Peled’s model. Reproduced with permission,® copyright 1979, Electrochemical
Society. 2) Mosaic model. Reproduced with permission,®*? Copyright 1997, Electrochemical Society. 3)
Coulombic interaction mechanism. Reproduced with permission,®® Copyright 1999, Electrochemical
Society.

starting from its entrance to internal Schottky vacancy of the SEI, transport from bulk
of SEI to reach the anode.**'The solvent reduces below 1 V (Li/Li*) and forms SEI
via three different popular mechanism as shown in Figure 1.34b: 1) Peled Model, the
first explanation of SEI identified by surface reactions and decomposition of
components in the layers with Schottky defects for Li migration,®® 305 2) Mosaic
Model, which stresses mosaic morphology with migration of Li ion through a
boundary of multiphase products formed at the anode surface with simultaneous
decompositions, 3% 397 3) the Coulombic interaction mechanism which tells about the
alignment of the SEI components with positively charged Li-ion as head and partially
positively charged carbon as foot to form double electric layer with strong adhesive
ion pairs.3%* 3%5The mobility of Li ion via SEI has been already explained in Figure
1.34a. Itis speculated that Li ion follows two-layer model of diffusion: pore diffusion
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in the outer layer (desolvation also takes place there) and knock-off diffusion in the
inner layer. In order to have high mobility, the SEI should be designed to possess a
lower energy barrier to dissociate the Li and solvent molecules.??* 3% |t is also being
observed that Li-ion diffusion though different components of SEI has different
energy barrier, highest with LiF (0.729 eV) and lower for Li.COs (ranging from 0.227
to 0.491 eV) and Li,O (0.152 eV), respectively.3® For the deeper understanding of
SEI, several structural models has been proposed for understanding the morphology
and structure of the interphase layer: (1) solid electrolyte interphase model, 3% 31 (2)
polymer electrolyte interphase (PEI) model, 3% 312 (3) solid polymer layer (SPL)
model, (4) compact stratified layer (CSL) model.3*

In the 1980s, graphite was seen as a potential anode but it faced a serious issue of
exfoliation with PC, which was encountered by replacing with EC and dialkyl
carbonates. SEI formation at the surface of the graphite was seen to stabilize the
cycling efficiency by passivation. Since then composition of SEI is investigated to
throw lights on the compatibility of electrode and electrolyte reactions. SEI consists
of complex compounds of both organic and inorganic nature in different layers whose
quantification change with cycles and are often characterized by ex-situ SEM, EDX,
TEM, XPS, IR, NMR, and OEMS.3*317 For instance, SEI of graphite anode and 1.0M
LiPFe in EC electrolyte was observed to be composed of lithium alkyl carbonate (here,
lithium ethylene dicarbonate (LEDC)) and lithium fluoride (LiF) with ethylene as
evolved gas and traces of lithium fluorophosphates, LixPF,O; in the initial formation
cycles. Figure 1.35 shows the formation of LIF and LEDC because of direct reduction
of solvent and salt with lithium in series of reactions.3!8 319

The solvent also undergoes reaction with cathode to form CO,, which converts to
Li,COs on its reaction with Li at the anode side. It is well depicted in Figure 1.35,
where LEDC and Li>COs3 undergo further reduction to form CO,, LiF, LiPOF,, LIOR
and other hydrocarbons.32-322 The porous nature of SEI can also be credited to the
release of soluble (such as ethers, oligo(ethylene oxide)s, and fluorophosphate) or
gaseous (CO; and ethylene) products from the reaction of alkyl carbonate, LEDC,
with LiPFe.

Subsequently, the SEI composition does not remain the same over aging or longer
cycling, further decomposition prevails (shown in Figure 1.36a and 1.36b).32% 324 With
limited understanding, it is observed that the inorganic layer (close to electrode) of
SEl increases in concentration due to further reduction of lithium alkyl carbonate with
salt, moisture and heat. The quantification of this inorganic layer depends on the type
of salts in the electrolyte as highlighted in Figure 1.36¢.3%° The composition of SEI is
depending on the type of electrolyte and thermal or mechanical conditions of
operation.®?® 327 As discussed above, electrolyte is also being used in a mixture of
solvents, salts and addition of additives. These combinations are not only targeted for
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Figure 1. 35: Reaction pathway for the formation of SEI species such as LEDC, Li,CO3, Reproduced with
permission,® copyright 2019, Elsevier.

better electrolyte but also for stable SEI formation which is well documented by the
use of EC with additives such as FEC and VVC. Interesting findings pointed that FEC
is superior to SEI stability than VC due to the formation of more LIF and lower
molecular weight poly(\VVC) in the former, while both decrease the reduction of EC for
LEDC and ethylene by forming poly(VC) and Li,CQ3.3% 320

Nevertheless, SEI is a vast research topic which needs to be pursued continuously
with new electrodes and electrolytes design and existing complexity. For instance,
SEI forming at the Li-metal anode is similar to the graphite, but it offers much more
complexity due to dendrite growth, hostless Li-metal and infinite volume change.>"
330 Unlike graphite, SEI on Li metal contains a lot of species like LisN, Li2O, LiOH,
Lil, Li,S2/Li>S and RCOOLi, ROCOLIi, COO,Li, and ROCO,Li (R = alkyl groups).2"
3L 382 The elasticity of SEI layer is an important physical parameter for the
suppression of dendrite growth and has been believed to inhibit it with shear modulus
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Figure 1. 36: a) SEM image showing appearance of Li dendrites and SEI layer on a Cu electrode after
0sO, exposure in constant current mode. Reproduced with permission,®® Copyright 2014, Elsevier.
Typical snapshots of the aggregation state changes of reaction product in b) 200" cycle, ii) 400" cycle, iii)
800" cycle, iv) 1600" cycle, and v) 2000" cycle. Reproduced with permission,®* Copyright 2014, ACS, c)
Comparison of SEI layer formation with anion from different FSI based salts, Reproduced with
permission,®?® Copyright 2021, Wiley

of (~10° Pa).332 334 |_goking on individual contribution to nucleation of dendritse with
varying current densities (as shown in Figure 1.29c), the investigations revealed that
LiF/Li interface is less likely to facilitate dendrite growth than Li.COs/Li interfaces
due to larger electron tunneling barrier in the former.3% 3% There are various other
ways in which SEI can be stabilized, and those stabilized SEI could prevent
underlying challenges in LMB or LIB for higher performance.

Similar to a solid electrolyte layer on the anode, a complex layer forms at the cathode,
which is referred as cathode-electrolyte interphase (CEIl). It involves the formation of
alkyl carbonates, acid-base reactions, nucleophilic reactions, polymerizations and
transient metal dissolution from cathodes.®*” The characterizations tools utilized for
SEI offer greater complexity for CEI owing to their complexity, mixed signals from
various phenomena and sensitivity towards external agents.®® In an important
investigation by Cui et al.%*° using cryo-EM characterizations, it is speculated that
CEl possesses different distribution and morphology on the electrodes as depicted in
Figure 1.37b. However, observation of CEI is not as simple as of SEI. In their work,
they form the in situ stable conformal CEI by applying electrochemical shorting. As
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depicted in scheme and SEM-images in Figures 1.37c-f, the uniform conformal CEI
forms as a result of brief shorting on the NMC particles of ~5-10 nhm amorphous in
nature. Further analysis revealed that following CEI consists of organic polymers
from alkyl carbonate electrolyte. As a result, Li* transport was improved with less side
reactions from electrode-electrolyte, diminished increment in overpotential for NMC
cycling with improved Coulombic efficiency and capacity retention. As mentioned
above, the detection of CEI is complex, which also attracts less study on it, in addition
to the fact that most of the cathodes lie in the operating voltage of electrolytes.*
However, it does inspire to discover the upcoming challenges and solutions to
innovate, improve and stabilize high voltage cathodes with clear distinction from the
need of protecting coating and CEI formation.
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Figure 1.37: Schematics for CEl Formation under Different Conditions, and Cryo-EM Characterization of
Conformal CEI (a—c) a) Schematics for positive electrodes in different states: pristine cathodes, b) CEIl
formed during normal cycling conditions, and c) conformal CEI formed via electrical shorting mechanism.
d) and e) Cryo-EM images of conformal CEI formed on NMC-positive electrodes. Reproduced with
permission,®® copyright 2021, Elsevier.
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1.5 Environmental challenges

The discovery of lithium batteries cannot be credited to one person, it is the result of
a tremendous effort of the thousands of researchers together for more than a century
in order to understand the complexity of the battery. With decades of research in
material developments, there are well stabilized electrodes and electrolytes in addition
to supporting materials and current collectors. Previous sections discussed various
classes of electrodes, i.e. cathode or anode which possess unique merits and
drawbacks, so is the case for other components. A scheme of a commercial LIB is
shown in Figure 1.38 which highlights the environment concern of individual
components from cathode to anode including salt etc.3*° The processing of raw
materials and manufacturing of batteries indulge large emission which is a key
concern for reducing emission as well with net zero goals. Beginning with commercial
cathodes, most of them are based on toxic transition metals (e.g. Ni, Co, Mn) whose
extractions take a lot of effort and energy, after tedious manufacturing processes.
Cobalt, which is one of the important metal for cathodes, comes largely from
Democratic Republic of Congo by underground mining. The dark side of this mining
is brutal, reflected from the worst life conditions of the local population falling into
slavery, child labor, toxic health conditions (congenital disabilities) as highlighted in
Figure 1.39 (left).341-3%3 Therefore, less or non-toxic elements should be ramped up in
the existing and future technology processed via a sustainable method for environment
and humanity.

In fact, lithium metal extraction is also under criticism due to regional threat to soil
degradation, livestock farming and plant life in the locality. One report highlights the
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Figure 1. 38: Environmental challenges of current materials and components in SOTA LIB cells.
Reproduced with permission,*° copyright 2020, Wiley.
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dark side of the lithium extraction in Chile (Figure 1.39 shows the lithium field), South
America and its implication. For instance, 2.2 million liters of water are consumed to
produce one ton of lithium affecting local population, ecosystem with fresh water
supplies and probable drought.®** This demand is expected to increase over years,
given the high time when major economies are switching to renewable energy storage,
specifically in transport-mobility and stationary power grids. It could be noticed from
the above discussion on the materials sections that despite the poor performance from
the materials based on elements like Fe, Mn, Si, C etc, they are actively looked upon.

Figure 1. 39: Left: Image showing Sea of Laborer including woman and children at Shabara, Cobalt mine
in Congo exposed to toxic chemicals without any safety regulations. Reprinted with permission.®* Right:
Lithium Fields’ in the Salar de Atacama salt flats in northern Chile. Reprinted with permission.®®

That’s solely because of reducing toxicity, dependence on less abundant resources,
cost and increasing environment benignity. Other alternatives to these are also being
actively searched by researchers, such as organic electrodes, which have been briefly
discussed in previous sections. However, organic electrodes cannot match the
performance of the inorganic electrodes due to their solubility and other issues,
complex synthesis, cell reactions and are limited to lab scale. The current LIB
technology uses liquid electrolytes, which proffers a prominent concern with safety
measure. The most commonly used carbonate solvents in the presence of moisture are
flammable in reaction to lithium (Figure 1.40a). The past accidents are enough to
realize that it's not the best candidate to be adapted for higher temperature applications
(say EVs) and larger stack with the risk of electrolyte leakage and fire. This requires
concrete solution to either improve existing technology, modify or alternatives.

Development of solid-state electrolyte is one of the smart solution which not only
intend to improve the performance of batteries, cut the cost, increase sustainability by
easier recycling (as huge untreated battery waste is another concern (Figure 1.40b)).
This thesis focuses on the development of electrolytes, including solid electrolytes in
an attempt to provide alternatives, build an understanding of a certain class of
materials.
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Figure 1. 40: a) Safety hazards induced by using traditional liquid electrolytes. Reproduced with
permission,®® copyright 2022, Nature. b) Battery dumping and waste. Reprinted with permission,’
copyright (John Cameron), TRVST.

In efforts to make fossil fuel free mobility, every country is setting up the battery
industry, highlighting the need for the local supply chain. While the following
transport sector with EV has not dominated the market yet, but forecast says, soon it
will face a tremendous surge in demand. It is thus crucial to have a brief understanding
of LIB life cycle assessment, as depicted in Figure 1.41 (top).>*® With market
prediction of Li-ion battery consumption from US$30 billion in 2017 to $100 billion
in 2025,%° the availability of raw materials is worrisome. And thus, industries are
wary of finding alternatives, either other technologies or initiate massive recycling
plants to create the circular ecosystem of materials and avoid the dry-out.

Second-life of batteries after processing is an interesting idea to exploit the limit of
the batteries with existing materials. Figure 1.41 (bottom-left) demonstrates the
percentage of recovered material from LIBs on recycling.®® And recycling all the
discarded batteries for material recovery and flowing it for manufacturing would
require significant energy. This can be coupled with other renewable energy in the
process of decreasing emission. In fact, each step in the LCA can be combined with
renewable energy to decarbonize the emissions. While this discussion started more
than a decade ago but not enough actions were taken, as highlighted in the circular
chart on history of recycling LIBs, Figure 1.41 (bottom-right) since the start of the
21st century.®! Fortunately, major economies are taking stringent actions on the
second life use, recycling and other measures to minimize the unpleasant effect of
lithium battery technology.
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Figure 1. 41: Life cycle assessment of lithium ion batteries (top). Reprinted with permission,*® copyright
2021, Elsevier. Percentage of material recovered on recycling LIB (Bottom left). Reprinted with
permission.®*® Timeline of recycling events globally from in 21st century (Bottom right), Reprinted with
permission,®* copyright 2022, Elsevier.

1.6 Summary

Unfortunate greenhouse gas emission and depleting fossil fuels are alarming louder
than ever. This calls upon switchover to renewable energy along with robust energy
storage technologies globally. Batteries are the frontrunner in that race which was
developed centuries ago. Among them, Lithium battery (LB) technology is the best
bet due to their high energy and power density covering a wide range of applications.
This revolutionary technology was discovered after a series of other conventional
batteries technology such as metal acid, metal hydride or metal alkaline batteries.
Unlike other technologies, lithium batteries involved complex research over a half
century from materials discovery, optimization, and commercialization with multiple
challenges. In our daily life, most of the devices we see around is operated on lithium
batteries either smartphone, watches, laptop, etc. The transport industry, largely E-
vehicle based on LB, is clearly foreseen as the future mobility in the big efforts toward
lowering CO, emission. However, the increased demand of these devices, along with
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the transition of decreasing fossil-fuel reliance on the transport sector, points to an
exponential increase in battery production with innovations for superior technology.

The present Lithium-ion battery consists of a cathode, anode, electrolyte, and
supporting materials. Each of these components has its own timeline of history over
decades before their first commercialization. A LIB operates with shuttling of Li-ion
from cathode to anode and vice versa in state of charge and discharge, respectively.
While, redox reaction, i.e., oxidation occurs at anode and reduction occurs at cathode.
The key characteristics for a full LIB cell stress on high energy and power density,
durability, safety, cost effective, robust and sustainability. Since the source of Li-ion
is derived from electrodes, which is why they are referred as active materials of the
battery, determining the net capacity depending upon the chemistry, composition and
weight of the active material. Various classes of electrode materials have been
developed so far varying in transport mechanism, chemical and physical structure and
properties. Many researchers are now focusing on dual intercalations battery from one
to two intercalations hosts in LIB.

Referring to the positive electrode of LIB, cathode, which didn’t offer much
complexity, unlike anode due to their relatively better thermodynamic stability with
electrolyte. Some of the first commercialized cathode materials include LCO, LMO
and LFP, etc. Also categorized on the basis of transport and crystal structure, they are
well classified as layered oxide (LiCoO2, LiNiO,), ternary layered oxide (LiNiCoOx,
LiMxMyM,0,), polyanionic (NASICON, olivine (LiFePOy), silicates), conversion
cathodes, etc. Most of the batteries in the market are based on metal oxides and olivine
due to their superior structure. While, high performance in the longer run poses
necessary concerns with each of them motivating further developmental efforts. LCO
delivers an experimental capacity of ~174 mAh g* while offering voltage decay and
irreversible capacity loss. This sparked the idea of other alternatives like less
expensive LNO and LMO which offer a capacity of <140 mAh g* and > 100 mAh g
! respectively but pose issues like thermodynamic instability, cation mixing and Jahn
Teller effect (in case of oxides of Manganese). However, mixing cations turned out to
be an interesting idea for the discovery of NMC, NCA cathodes. Away from that,
phosphate based polyanionic cathodes like LiMPO4 are gaining much attention after
the breakthrough of less toxic LiFePO, which has already penetrated its place in the
market in slow rate capability batteries with a capacity of > 160 mAh g. Besides
these insertion materials, the conversion cathode is an attractive class of materials due
to their high discharge capacity and potential. However, these less expensive materials
lag behind due to their lower conductivity, larger volume change, poor reversibility
and thus capacity loss. In parallel innovations, many researchers are also looking at
more sustainable, inexpensive organic cathodes, such as carbonyl, organosulphur,
imine, etc.. These are far away from commercialization but offer great potential to be
commercialized in the future through extensive research.
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Similar to cathode, anode is also classified as insertion, alloying and conversion type
materials based on transport/ reaction mechanism. It took more time and effort to
achieve a breakthrough in anodes due to a lack of understanding of their chemistry
with electrolyte. Carbon-based materials such as coke, graphite and graphene have
been explored extensively for decades, which leads to their commercialization with
graphite. With lithium cations intercalating into the layers of graphite, it did suffer
from exfoliation, which was later addressed by the use of appropriate solvent and
understanding of SEI. In addition to carbon, Inorganic oxides such as lithium titanate
oxides (LisTis012), lithium vanadate oxide (Lis\VVOs) etc., present as possible alternates
with fast kinetics and rate capabilities than graphite but lower energy than latter.
Differing in cell reaction, alloying materials offer much higher capacity and potential
range than insertion anodes due to higher number of Li ions uptake. Silicon from
group IV and phosphorous from group V offer a high capacity of >2400 mAh g,
which led Silicon based anode as the next generation cathodes for high-energy-density
batteries. Not only in pure element, these cathodes are also synthesized as
intermetallic to exploit the synergy of element in tackling inherent issues like volume
expansion, irreversibility and capacity loss. When alloying is combined with
conversion materials, they offer lower intercalation potential and good reversibility
with composites. Above all, the most popular and potential anode is Lithium metal
among industrial research in addition to LTO, graphite and silicon. Lithium metal is
light with high capacity and energy density, which hopes to revolutionize the Lithium
battery technology with solid state electrolyte.

The next section in materials review discusses about the electrolyte which provides
the channel for mobility of ions between electrodes. It mostly consists of salts and a
media to solvate the salts, and sometime also supported with additives and co-
solvents. Commonly used solvents include ethers and carbonates with salts such as
LiTFSI, LiPFg, LiClO4. Fluoride containing salts offer relatively better ionic mobility,
solubility, SEI formation and thermal stability, which make LiTFSI and LiPFg popular
in commercial application. As mentioned, additives complete the shortcomings of the
electrolyte with properties like SEI formation, flammability, broadening
electrochemical stability, fire-resistance, etc. Since electrolytes are volatile and
flammable when in contact with lithium in air, which led the development of room
temperature ionic liquids. lonic liquids are molten salts with cations and delocalized
anions such as ammonium-based imidazolium, pyridinium and pyrrolidinium.
Nevertheless, they are still behind to match up liquid electrolytes due to their poor
conductvity, wettability and affordability.

The operating principle of batteries beyond materials was not focused on the
interfaces until 1980s when researcher’s effort paid off with understanding of solid
electrolyte interphase/SEI. This forms at the surface of the anode following numerous
reactions resulting in various layers of organic and inorganic species. SEI proves out
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to be beneficial for the battery as it presents the anode with a protective layer between
anode and electrolyte limiting unnecessary side reactions. The nature of SEI depends
upon electrolyte solvent, salt and the electrodes along with the experiment conditions.
SEI at the anode is well studied while SEI at cathode, also referred as CEl, is not much
looked upon until now.

The last section of this chapter draws kind attention to the dark reality of lithium
battery production, associated environmental as well as human life exploitation in
developing and poor countries. The global need for batteries is increasing
exponentially, which is putting high pressure on the raw materials and minerals. This
unprecedented demand draws alarm on other alternatives and methodologies to not
fall behind the target of net zero. Combined with other renewable energies for steps
of manufacturing and processing, the neutrality could be achieved. Another major
initiative was the massive scale of second life batteries and recycling plants within the
local supply chain for avoiding the battery waste and exploit recovered materials as
fodder for first life batteries.
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Chapter 2 Polymer-based electrolytes

Abstract

The key components of batteries referring to electrodes and electrolyte, are already
discussed in chapter 1 covering the state of art of materials and research. The
contextual focus of discussion was attempted in line with the background of Lithium-
ion batteries based on liquid electrolytes in the previous chapter. While current
research trends largely revolve around safe, sustainable and high performing solid-
state batteries. That takes us to the adoption of lithium metal anode with safer solid or
quasi-solid electrolytes and high voltage cathodes. In this chapter, a detailed
introduction to the polymer electrolytes has been attempted with advantages and
disadvantages highlighting their performance in lithium metal batteries. One of the
important discovery, poly(ethylene oxide) based polymers as cation conductors
boasted varieties of polymer electrolytes investigations such as polycarbonates,
poly(vinyl difluoride), polyurethanes, etc. Engineering polymers for targeted
properties gained significant interest via techniques such as copolymerization, block,
grafting and blending polymers. An ideal electrolyte requires good conductivity,
broad voltage window and other electrochemical properties which led to the
development of gel polymer electrolytes and hybrid electrolytes with inorganic

particles. Given most of those electrolytes are sourced from environment unfriendly
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precursors, important efforts are simultaneously going on polymers derived from bio-
based sources such as cellulose, gum and vegetables. The last section of this chapter

focuses on that aspect which is also the crux of this thesis.




Chapter 2

2.1 Introduction to non-liquid electrolytes

The all solid-state battery constitutes cell components entirely solid, specifically
referring to solid electrolytes. A brief and yet necessary discussion has been explained
in Chapter 1 in materials section for electrolytes, salts, solvents which established our
basic understanding prior to diving into solid state electrolytes. In short, current LIB
technology needs to be revolutionized which suggested the use for safer solid-state
electrolytes (SSEs) with reactive lithium metal anode for high energy density and
power density application. SSE enhances the safety of the battery from both leakage
and thermal hazard, limiting dendrite growth, provide flexibility, robustness and
easier recycling. They are not only limited to lithium metal batteries but also lithium
polysulfide and lithium oxygen batteries as future alternatives in the domain of lithium
battery technology.'* In a boost towards other metal-based batteries such as sodium,
potassium and magnesium batteries, many researchers are simultaneously working on
solid state electrolyte integrated cells for safe and alternate solutions to existing ones.®
The fossil fuels free based mobility for vehicles, aviation and marine industry bets on
high performance all solid-state batteries using high voltage cathodes and anodes such
as lithium metal, silicon-and sulfide based ones. Figure 2.1 demonstrates the relation
of energy density with the amount of solid electrolyte composition versus liquid.®

From the beginning, both inorganic solid electrolytes (ISEs) and organic solid
polymer electrolytes (SPEs) are actively looked upon. ISEs have relatively more
chemically and thermal stability with the high ionic conductivity at RT. Nevertheless,
they are crystalline in nature providing ordered Li- ion transport channels and thus
transference number equals to unity. There are different categories of ISE like garnet-
type, perovskite type, NASICON, LISICON, ceramic oxides (LLZO, Al,Os) etc.”!
However, they suffer from a serious issue of brittleness and interfacial compatibil ity.
On contrary to ISEs, SPEs proffer better interfacial contact with electrodes, a high
degree of flexibility on deformation and easy processability. It is not to be ignored
that SPEs are lighter, scalable, cheaper, no or less toxic. In general, most of them
cannot compete well in terms of ionic conductivity and transference number when
compared to ISEs.*2 But the wide range of structural control and tunablity for the
desired properties with available polymerization techniques make SPEs more
interesting candidates.
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non-aqueous electrolyte battery

aqueous electrolyte battery

gel electrolyte battery

quasi-solid electrolyte battery

hybrid electrolyte battery

inorganic solid battery

percentage of solid state electrolyte
higher energy density, higher safety

solid polymer battery

composite solid battery

All solid-state battery

Figure 2. 1: Schematic illustration of the classification of prevailing lithium batteries. Three types of
batteries can be classified based on the amount of liquid and percentage of SSE in the assembled batteries.
Reproduced with permission,® copyright 2021, ACS.

2.1.1 Polymer electrolytes

The first report of a polymer as SPE for Li ion conduction was demonstrated by
Armand et al. in 19782 after the successful discovery of alkali metal salts dissolution
in poly(ethylene oxide) as conductive material in 1973 by Fenton and Wright.# 1
This discovery of the PEO-LIiTFSI system is marked as a breakthrough and opened a
wholesome gateway to other SPEs. Even after 50 years, it is still considered as a hot
topic of research. It comes in the category of dry SPEs which has been discussed in
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subsequent sections. Around the same time period, Feuillade et al. developed in 1975
quasi-solid state gel polymer electrolytes (GPES) by introducing organic plasticizers
into the polymer-salt binary system.'® Keeping the lower conductivity of SPEs in
mind, composite electrolytes were formulated in a series of steps using active and
inactive fillers. For instance, Skaarup'’ and Wieczorek®® investigated in their work
that addition of LisN (active) and Al,Os (inactive) fillers contribute to the increased
conductivity relative to pristine PEO. A detailed plot reviewing and showcasing the
state-of-the-art electrolytes developed over 50 years has been depicted with their
conductivity in Figure 2.2a.1°

Each development in the structural framework of the electrolyte is dedicated to obtain
properties defined above in a single material. Within the years of understanding of
batteries materials, their operation and failure mechanisms, it became very clear that
an electrolyte should possess a stabilized interface with lower interfacial resistance,
higher storage modulus etc., in addition to ionic conductivity, higher oxidation
stability and transference number.

A Radar chart has been depicted in Figure 2.3 for comparative overview of
electrolytes from liquid to solid.?® Targeting these properties, several polymer
electrolytes have been designed and reported so far based on different strategies which

G
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Figure 2. 2: A brief history of innovation of lithium super ionic conducting electrolytes over several
decades. Reproduced with permission,*® copyright 2016, Wind power engineering & development. b)
Electrochemical windows of various electrolytes (PEO:Poly(ethylene oxide), PTMC: Poly(trimethylene
carbonate) and PAN: Polyacrylonitrile) and lithium salts. Reproduced with permission,? copyright 2021,
Wiley.
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fall into categories as explained below. Given the development in the high voltage
cathodes for higher energy density, ESW plays a key role in designing the electrolyte
and adapting to the right salt within voltage window as shown in Figure 2.2b for some
common polymers.?t However, a background on the characteristics of the polymer
electrolyte is equally important for smart selection of monomers and other polymeric
functionalities.

Liquid electrolyte
lon conductivity
&

J

Thermal
Safety . 4 _ stabllity
Electrochemical ~—__Interfacial
stability window ~ " property
///
Electrolyte \ .
decomposition & volatilization Dendrite formation

Figure 2. 3: Radar chart for comparative advantages within respective electrolytes. Reproduced with
permission,?® copyright 2022, Nature.

2.1.2 Characteristics of polymer electrolytes

2.1.2.1 Electrochemical characteristics
2.1.2.1.1 lon transfer / conductivity:

Unlike ISE, SPE conducts via dissolution of ions by forming polymer-salt complexes.
Polymers with polar groups such as — O—, — S—, — N—, — P—, C=0, and C=N
are credited to dissolve lithium salts. In general, higher conductivity is attributed to a
higher number of mobile ions dissolved in the polymer matrix. Yet another established
fact about dissociation of salts is that the lattice energy of the salt should be relatively
low with a higher dielectric constant of the polymer.?? In thermal analysis of the
polymer, glass transition temperature (Tg) of the polymer is often considered as an
important parameter since the ionic transport takes place in amorphous regions above
Tg. The mechanism can be explained as polar groups coordinated lithium ions migrate
from one to another coordination site along with segmental motion of polymer chains
or hopping between chains via free volume (as a result of local segmental motion)
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under electric field. This is one of the simplest theory given by Cohen and Turnbull
in 1959.2 However, this model does not involve the microscopic behaviour like
dielectric relaxation, effect of molecular weight in transport properties etc. Beside this
theory, a newer concept of ion conductivity was diverted from the former one stating
the ionic conductivity through ordered and static crystalline phase can be greater than
amorphous phase above Tgyof the material.2* This has been explained in the schematic
model expressing that a cylindrical tunnel evolves from the pair of folded PEO chains
constituting the crystalline phase of P(EO) ¢-LiX (X=PFs, AsFs, SbFg) as shown in
Figure 2.4a and 2.4b.

Intrachain hopping Intrachain hopping via ion cluster
\j) ©)
— 2
1’)

Interchain hopping Interchain hopping via ion cluster

B35 ngib

Figure 2. 4: a) Mechanism of ion transport in PEO. Reproduced with permission,? copyright 2015, RSC.
b) Structure of PEO along the chain axis showing rows of Li* ions from top view (left) and structure
showing the relative position of the chains and their conformation (hydrogen not shown) (where, blue
spheres, lithium; white spheres, arsenic; pink spheres, fluorine; light green, carbon in chain 1; dark green,
oxygen in chain 1; light red, carbon in chain 2; dark red, oxygen in chain 2 and thin lines indicate

coordination around the Li* cation) (right). Reproduced with permission,?* copyright 2001, Nature.

The coordinated lithium within the tunnel moves from one site to another without any
segmental motion while anions sit outside these tunnels in inter-chain space.?* 2628
The validation of this new model was not initially successful by Wesley and Stefano
in their ionic conductivity analysis of the same crystalline SPEs P(EQ)s-LiX (X=PFg,
AsFs, SbFg).?> % This is why more investigations are required to validate this model.

The ionic conductivity in composite polymer electrolytes follows different
mechanism due to the Lewis acid-base interactions. It is found that the polymer phase
acts as ion transport media via dipole-dipole interactions. The Lewis acid groups of
fillers and Li-ion compete to formation of complexes with the polymer host and with
the anions of the salt while the hydrogen bonds between fillers and polymer host
increase the free volume and fast transport by disturbing the chains. Therefore, those
Lewis-base interactions avail more charge carriers for higher conductivity via
promoting decoupling of polymer-ions for more dissociation. The interaction of
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inorganic filler with polymer follows thus multiple ways, as discussed above and
briefly depicted in Figure 2.5.

Focusing on the effect of temperature on-ion transfer, there are two popular models
referred as Arrhenius type and Vogal-Fulcher-Tamman (VFT) type.3! Arrhenius type
is usually applied when the conductivity follows linear behaviour fitted using equation
2.1,

Eq

o = 0,€e kpT 2.1

Where ¢ is the ionic conductivity, g, is the pre-exponential factor which is related to
the number of charge carriers E, is activation energy and k is Boltzmann constant.
The slope of the equation is used to calculate the activation energy of the salt in SPE.
An SPE following Arrhenius type is supposed to have conductivity from ion hopping
decoupled from the polymer chain breathing.®? It is widely applied in both ISEs and
SPEs. As far as VFT type is concerned, it was developed mostly for the diffusion
process in disordered and glass materials. Unlike Arrhenius type, the logarithmic plot

of ovs % comes non-linear, indicating the combined effect of ion hopping and
breathing/segmental motion above Tyof SPE applied in gel polymer electrolytes and
ionic liquids too. The equation for VFT is expressed as in equation 2.2:

B
oTY?% = Ae” T-To) 2.2

With B as pseudo activation energy for the conductivity equivalent to ratio of
activation energy and Boltzmann’s constant, To is equilibrium glass transition
temperature, temperature (To = Tg— 50 K), Tgis the glass transition temperature.32-3
These models are well utilized for investigation of conductivity for current research
investigations. However, beside them there are various models aligning well with
different electrolyte systems due to their ionic conductivity dependence on amorphous
phase, cation size, ion pairing, dielectric constant, etc. These are the configurational
entropy model,®® Angels decoupling theory,® amorphous phase model,3" effective
medium theory®® and Williams, Landel, and Ferry theory®® (similar to VFT).

2.1.2.1.2 Transference number

The ionic transport is the key parameter for an electrolyte. However, Li cations
complex well with polar groups of polymers, leaving away the mobile anions which
contribute significantly to the unnecessary conductivity, causing the concentration
gradients, larger at high discharge currents. This leads to low lithium transfer number
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Figure 2.5: Schematic illustration of a) PEO/LITFSI solid polymer electrolyte (left) and PEO/LiTFSI/h-BN
composite solid electrolyte membrane (right), Reproduced with permission, copyright 2020, RSC, b) fast
ionic conduction pathway along the space charge regions, Reproduced with permission,** copyright 2019,
ACS, and ¢) PEO-LLZTO CSE: (1) “ceramic-in-polymer”; (2) “intermediate”; (3) “polymer-in-ceramic”,
Reproduced with permission,*? copyright 2018, Elsevier.

(for instance ~ 0.2 for PEO) which is detrimental for the battery cycling leading to
higher polarization, degradation, and cell failure. Addressing this concern requires
design of high transference number (t,;+) polymer electrolyte that is influenced by
various internal as well external parameters. A choice of polymer to possess high ¢+
can be based on polarity, Lewis acidity-basicity, donor number, ionic affinity and
segmental motion.** Anions complex with Lewis acidic sites, which points at the
requirement of Lewis acid polymers such as polymers with boron and phosphorous
atoms, increasing ¢, ;+ significantly by affecting the interaction, as illustrated in Figure
2.5a.%% % Higher segmental motion contributes toward superior Li-ion transport in
addition to large intra-chain Li-ion diffusion. Segmental motion with lower Tg
coupled with lower crystallinity is a crucial parameter as observed in a comparison of
PEO and PPC.* Unlike the former, polarity and donor number do hold a straight
relation with ionic conductivity and t,;+, meaning it should be in proper range to have
balanced dissociation and electrostatic interaction for facile mobility.

Besides polymeric parameters, lithium salts and inorganic fillers influence ¢,;+ as
well. The size of anions relates directly to the increased dissociation and restricted
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mobility in the order of LiBF4 < LiClO4 < LiFSI < LiTFSI < LiBOB < LiBNMB.
Nevertheless, the concentration of salts in some electrolytes influences higher cationic
transports.*® Addition of inorganic fillers (referred as additives as well) is a popular
and interesting approach for composite electrolytes which integrates various desired
properties into the polymer. Again, Lewis acid-base interactions in fillers and others
clearly enhance the mobility depending on the dielectric constant, surface state,
structure and concentration. In few investigations, it is demonstrated that vacancies
on the surface provide a pathway for the fast hopping of Li*.*’ Figure 2.5b and 2.5¢
depict the Li* mobility in composite electrolytes along with space charge region and
effect of concentration on transport pathway. With ranging concentration of fillers,
contribution of transport largely shifts from random walk (in polymer) to mobility
through contact percolation and percolation via interface.* 4

2.1.2.1.3 Redox stability

An electrochemically stable electrolyte is a primary criterion for an ion-host channel
between electrodes. It is crucial to have information on the reduction and oxidation of
an electrolyte with voltage for the estimation of an electrochemical stability window
(ESW). Similar to conventional electrolytes as depicted in Figure 1.12 in chapter 1,
the energy gap in the polymer electrolyte should not exceed the difference of
electrochemical potential of anode (u,) and cathode (u.) (with pcand p, within the
HOMO and LUMO of the electrolyte).>® The ESW can be measured by voltammetry
techniques (discussed in Chapter 4) and optical spectroscopy techniques as well as
computational calculations. A polymer electrolyte undergoing side reactions (can be
indicated with Faradaic current in -V curve) at a certain voltage range is detrimental
to its application with cathode and anode in charge-discharge processes.

In reports, it is often referred as an oxidation stability of polymer electrolyte
considering its default compatibility with lithium metal. Usually, linear sweep
voltammetry is performed for this investigation to evaluate the higher oxidation
voltage limit for selecting the cathode within the voltage window. There are various
strategies to increase the ESW of an electrolyte via analysis of its decomposition
combined with theoretical experiments. This could be achieved by limiting the
reactive groups, interfacial engineering, blending of polymers, addition of
additives/fillers and their concentrations. For an instance, PEO possesses lower
oxidation potential (< 3.8 V versus Li/Li*), while its blending/copolymer/additives
with other polymers and inorganic fillers have observed to enhance to > 4.5 V.55
These higher ESWs (> 4.5 V versus Li/Li*) are beneficial for some emerging and
future high voltage cathodes implying high-energy-density batteries.
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2.1.2.2 Mechanical characteristics

Mechanical properties hold an equally important position for realizing the goal of all
solid-state batteries. An electrolyte with good mechanical properties not only eases
the processing and compatibility with anode and cathode but also safety, packaging,
flexibility and robustness. It is highlighted by some researchers that lithium dendrites
can be prevented with optimum toughness and shear modulus (G’ > 0.1 GPa) along
with reduced current densities.5 5 There is a recurrent trade off observed in
conductivity and mechanical properties. A polymer needs to have flexible and mobile
chains for facile mobility of ions in addition to free standing and toughness for
preventing rupture or dendrites.

There exist well explored approaches to enhance the mechanical properties of PE
involving inclusion of hard segments/stiff groups by crosslinking, grafting, star
polymer, blending, additives/ fillers along with utilizing a framework. Employing
these methodologies, shear modulus of 0.1 GPa with 103 S cm™ has been recorded for
a star polymer.>® Cross-linked SPEs have shown great potential with higher toughness
and decent conductivity.5” Beyond polymer design with blending, some researchers
combined a PVDF-based polymer electrolyte within an electro-spinned framework,
increasing tensile strength from 3.9 MPa to 11.5 MPa.%

2.1.2.3 Thermal properties

By nature, liquid electrolytes are subjected to high evaporation, flammability, thermal
runaway. Those thermal disadvantages are expected to be addressed by solid state
electrolytes. Polymer electrolytes have a relatively lower thermal degradation
temperature than inorganic solid electrolytes. With increasing temperature, a polymer
undergoes various phase transformations which not only affect the physical nature
(mechanical properties) of the material but also influence electrochemical properties.
The temperatures of concern from the thermal scan are glass transition (T), melting
temperature (Tm) and crystallization temperature (T.) and decomposition temperature
(T4) which are often investigated via techniques like differential scanning calorimetry,
differential mechanical analysis, Thermo-gravimetric analysis, etc. A polymer above
Ty undergoes a deformational transition from the glassy state to the rubbery state,
where those chains possess segmental motion. The decomposition temperature of a
SPE should be higher than 150 °C which is assumed to be the operating temperature
limitation.
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Again, these thermal properties can be tailored by polymer engineering, utilizing
additives/fillers, and plasticizers. Polymers such as PMMA, PTFE, PAN, etc, known
for high-temperature resistance, are used. A blend of PAN/PVC/LIiTFSI showed high
thermal stability up to 315 °C as reported by Ramesh and co-workers.>® A copolymer
electrolyte, a poly(arylene ether sulfone) backcone grafted with PEG side-schains
exhibited both efficient Li-metal cycling with high ionic conductivity of 8.97 x 104 S
cm? and excellent initial decomposition temperature of ~ 430 °C.%° A composite
electrolyte of LLTO with PVDF delivered thermal stability until 410 °C as well as
stable Li-cell cycling for more than 200 cycles.®! As highlighted, the right strategies
and composition of SPEs should be adopted to counter the trade-off associated with
electrochemical, mechanical, and thermal properties.

2.2 Solid polymer electrolytes

2.2.1 Dry-solid polymer electrolytes

First few reported polymer electrolytes come in the category of dry-solid polymer
electrolytes (dry-SPEs) which consist of a polymer matrix and salts. The polymer
matrix consisting of a polyether which dissolves lithium salts via complexation, has
strong donor character. It is important to have an information on the dissolution of
different lithium salts for efficient transport in polymers. Among the widely used
lithium salts, their dissociation in polyethers lies in the following order; LiN(CF3SO2)
> LiAsFs > LiPFs > LiClO4 > LiBF4> LiCFsSO3 and ion mobility in the order of
LiBFs>LiClO4 >LiPFg >LiAsFes> LiCF3SO3> LiN(CF3SOz)2.62' 63 |iTFSI is the best
candidate for dissociation with less ion mobility as obtained from the trend
highlighted in Table 2.1 for polypropylene oxide (PPO),5*%¢ poly[bis(methoxy-
ethoxy-ethoxy-)phosphazene] (MEEP),®"-%° polysiloxane (PSi),”®? etc. but it offers
other disadvantages as discussed in Chapter 1.

In dry-SPEs, the ions transport is believed to take place in the amorphous regions
above Tg4 with chain segmental motion. This is why, higher amorphous phase content
with reduced/lower T4 of a polymer electrolyte could result in higher conductivity.
5 The concentration of the salt in the polymer affects not only transport properties but
also the mechanical nature of polymer along with T,. Poly(ethylene oxide) (PEO) is
considered one of the best candidates when it comes to the dissolution of lithium salts
with other interesting merits. Most of the reports suggest that the ionic mobility for
PEO occurs in their amorphous phase with a limited contribution from crystalline, as
explained in the previous section.
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Conductivity Temperature
Polymer electrolyte (Sem™) (°c)
P(EO)y/LiBF, 6.32 x 1077 27
P(EO),0/LiClO, 2.78 x 1077 27
PEO/5 wt% LiPFg 1.20 x 10°° 25
PEO/11.1 wt% LiAsF, 1.43 x 10°* 25
P(EO),,/LiCF;S0; 1.88 x 107° 27
PEO/15 wt% LiCF;SO0; 1.00 x 10°° RT*
P(EO),4/LiN(CF;80,), 3.84 x 107* 50
P(P0)/10 mol% LiClO, >107* 50
MEEP/10 wt% LiCF;S0; 1.00 x 107° 25
MEEP/25 wt% LiCF;S0; 2.70 x 107° 30
P(Si);,/LiN(CF550,), 4,50 x 107* 25

“ Room temperature.

Table 2. 1: Dry SPEs with different Li-salts and their conductivity values. Reprinted with permission,®
copyright 2016, Elsevier.

It is usually crystalline below 65 °C which limits room temperature conductivity to
108~ 10% S cm™. The mechanical strength of PEO varies from 1 MPa to 15 MPa with
a high dielectric constant of £~5 in the amorphous phase.”” ”® The PEO chain ends
with hydroxyl group, which also lower oxidation stability and reduces interfacial
properties despite having conducting ether units for lithium coordination.” & Several
other homopolymers have been successfully demonstrated as SPEs such as (PAN),8!
poly(methyl methacrylate) (PMMA),®2 poly(vinyl chloride) (PVC),®® and
poly(vinylidene fluoride) (PVDF),% polycarbonate,?> 8 polyester,®” (refer Figure 2.6
for the chemical structures). Functional homopolymers are always utilized in
designing other innovative polymers with modifications via grafting,® crosslinking,®
copolymerization,® plasticizers,®* blending,® inorganic fillers.®

2.2.2 Polymer in salt

As the title suggests, polymer in salt refers to a small amount of polymer matrix into
salt or related mixture which has usually more than 50 wt% of salt loading. This idea
developed to facilitate the electrolyte with a higher concentration of charge carriers
with fast and efficient transport properties and a polymer for superior mechanical
properties. First reported by Angell,® % those kinds of SPEs are also called rubbery
electrolytes due to their rubber like nature credited to lower T4 With higher charge
carrier number, they possess higher transference number and sufficient SEI stabilizing
species at the electrolyte-electrode interface. They are categorized into single-salt,
binary-salt and ternary-salt, etc., based on types of salt. For instance, an acrylonitrile
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Figure 2. 6: Structure of different classes of polymers explored as electrolytes in lithium batteries.

and butyl acrylate copolymer (poly(AN-co-BuA)) was mixed with LiBF4-LiDBOB as
binary salt, and a conductivity to ~105 S cm higher than in a single salt was
observed.®® A ternary-salt system containing LiClO4-LiNO3z-LiOAc and PEO was
reported to exhibit conductivity around 103 S cm™ at ambient temperature.®® Those
rubbery electrolytes have often been subjected to aging analysis to check on salt
precipitation. This precipitation, depending upon the type of salt, results in lowered
ionic conductivity and increased Tgof the SPE. Figure 2.7a (left) shows the relation
of conductivity with T4 upon salt concentration for poly(AN-co-BuA) based
electrolytes. The SEM image of the electrolyte film after 365 days confirms
crystallites of salt, as in Figure 2.7a (right).*” In another study, the blend of
poly(ethylene carbonate) (PEC) and poly(vinylidene fluoride-co-
hexafluoropropylene) (PVDF-HFP) with 80 wt.% LiTFSI demonstrated higher ionic
conductivity (1.08 x 10*S cm™ at 30 °C for FPEC80/50 as indicated in Figure 2.7b-
left) along with broad ESW of > 4.5V (vs. Li/Li*).%
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Figure 2. 7: a) lonic conductivity (at 50 °C) and the T, for the electrolyte composed of poly(AN-co-BuA)
and LiTFSI for freshly prepared electrolyte films (left) and SEM images of poly(AN-co-BuA) and 91 wt.%
of LiTFSI based electrolyte, aged 365 days (right). Reproduced with permission,®” copyright 2015, Elsevier.
b) Temperature dependent conductivity of FPEC80/50 with different ratio of PVDF-HFP (left) and SEM
image of FPEC80/50 surface (right). Reproduced with permission,®® copyright 2018, Elsevier.

The transport mechanism for the ions in polymer in salt electrolytes is linked with
ionic aggregation/clusters. There have been combined arguments involving
percolation paths through a polymeric matrix with ionic clusters decoupled from
segmental motion.**1% In another study by Bushkova,'? the authors proposed that,
beyond a critical concentration, single clusters combine to form an infinite cluster for
fast cationic transport. The shortcoming is the limitation in the mechanical properties
due to the lower content of the polymer matrix, which could be overcome either by
using a very high-molecular-weight polymer or by the formation of a network by
crosslinking. Polymeric networks have been seen as interesting candidates due to their
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ion-trapping mechanism beneficial for both mechanical and electrochemical
properties for the SPEs.

2.2.3 Single lithium ion conducting polymer electrolytes

Usually, in SPEs, the salt is solvated by the polymer matrix and avails both cation as
anion for the mobility in the matrix as a result of the applied electric field. The
implication of both mobile cation and anion results in a concentration gradient due to
anion gathering at the anode which results in the higher interfacial resistance and
lower conductivity.®® In contrast, a single lithium ion conducting electrolyte consists
of an anion blocked by a covalent linkage. Therefore the concentration gradient can
be addressed by restricting/blocking the anion and only allowing cation transport. One
approach was by anchoring anions to the polymer units and thus lithium hops from
anion to another anion at different polymeric unit. The second strategy is the
introduction of anion receptor that hinders the anionic mobility by specific
interaction.”® A third approach lies in the use of cross-linked polymer network where
anions are restricted in the network trap. These approaches lead to higher cationic
transport number (> 0.5) than conventional bi-ion (cation and anion) based SPEs.

More work has been conducted on the polymeric lithium salt approach for the
development of SLIC than anionic receptors over years due to the former giving more
freedom of control on structural design and synthesis. Given the wider choice of
polymers, SLIC polymers have extended not only to homopolymers but also to
copolymers and hybrid polymers.1®® Ciu and coworkers reported homopolymers of
poly(lithium 2-acrylamido-2-methylpropanesulfonic acid) (LiPAMPS) (Figure 2.8a)
whose AMPS monomeric units contain sulfone acid groups and double bond for
radical polymerization with themselves or other monomers.'® The combination of
PEOQ linear chain and lithium poly(4-styrene sulfonyl(trifluoromethylsulfonyl) imide)
(LiPSTFSI, Figure 2.8b) resulted in ionic conductivity of 10 S cm* with ¢,;+ close
to unity as demonstrated by Meziane et al.1% Other Lewis acids like carboxylic acid
and borontrifluoride diethyl ether have been actively investigated involving,
poly(lithium carboxylate)-type salts,*%® poly(lithium sorbate) (Poly(Li-Sorb, Figure
2.8¢) and poly(lithium muconate) (Poly(Li-Muco, Figure 2.8d),1%7 lithium oxalate
polyacrylic acid borate (LIOPAAB, Figure 2.8e)'%2 and lithium poly(vinyl alcohol)
oxalate borate (LiPVAOB, Figure 2.8f),'% respectively. Boronate units contribute
towards higher t,;+ and mechanical stability. One of the most researched polymer
lithium salt is polyimide, motivated by LiTFSI and its strong electron-withdrawing
group. These polyimide anion lithium salts based SLIC have shown excellent
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electrochemical properties due to their higher dissociation and t,;+such as
poly(perfluoroalkylsulfonyl)imide ~ (LiPFSI, Figure 2.8i),1®  poly(2-oxo-1-
difluoroethylene sulfonylimide lithium) (LiPEI, Figure 2.8g), and poly(5-0x0-3-oxy-
4-trifluoromethyl-1,2,4-pentafluoropentylene sulfonylimide lithium) (LiPPI, Figure
2.8h).19 SLICs based on polymer lithium salts have proven to possess superior
cycling capabilities in full cell measurements.

An interesting approach is the design of a block copolymer integrated with polymeric
salt anion bonded units. A diblock copolymer comprising poly(lithium methacrylate-
co-oligoethylene glycol methacrylate) ion conducting block (P(MALi-co-OEGMA))
with a polystyrene block (PS) was reported by Gohy and coworkers.!'® The
macromolecular design allowed the self-standing film to attain the attractive ionic
conductivities of up to 2 x 10°S cm* at RT with ESW up to 4.5 V vs. Li*/Li. A self-
assembled polyanionic BAB triblock copolymers (P(STFSILi)-b-PEO-b-P(STFSILi)
(Figure 2.9a) was synthesized with potential mechanical (~10 MPa) and transport
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Figure 2.8: Molecular structures of well reported single lithium ion conducting polymer electrolytes.
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Figure 2. 9: Structure of triblock copolymers based on SLIC electrolyte, a) P(STFSILi)-b-PEO-b-
P(STFSILIi)'** and b) Poly(LiMTFSI)-b-PEO-b-poly(LiMTFSI).**? Structure of inorganic—organic hybrid
polymer electrolyte c) poly(lithium tetraarylpentaborate)s**® and d) lithium tris(perfluorophenyl)(2,3,5,6-
tetrafluoro-4-(2-(2-(vinyloxy)ethoxy)ethoxy)phenyl) borate.**

properties (1.3 x 10° S cm™ at 60 °C, t,;+> 0.85).11* Another triblock copolymer
poly(LiMTFSI)-b-PEO-b-poly(LIMTFSI) (Figure 2.9b) was developed via reversible
addition-fragmentation chain transfer polymerization (RAFT) polymerization with
polytrifluoromethyl sulfonimide lithium outer blocks and PEO inner block. It
exhibited improved ionic conductivity of ~10* S cm™, ¢,;+of 0.91 with low T, of -
55 °C and 51% of crystallinity.2

Hybrid copolymers based on organic and inorganic units are attempted as well to
exploit the involved synergy in the class of polymers like polysiloxane, borosiloxane,
organoboron, aluminate polymers covering large polymeric topologies. Nishihara et
al.l*® developed an organoborate polymer, poly(lithium tetraarylpentaborate),
combined with hexathylene glycol (Figure 2.9¢) and resulting in a conductivity of 5 x
10° S cm? at 60 °C. Cyclic carbonates (CCs) as side chains have also been explored
in SLIC by Colby and coworkers!** for CCs and lithium tris(perfluorophenyl!)(2,3,5,6-
tetrafluoro-4-(2-(2-(vinyloxy)ethoxy)ethoxy)phenyl) borate (Figure 2.9d) side chains
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reaching conductivities up to ~107 S cm*. A thermally stable star shaped polymer
was reported consisting of polyhedral oligomeric silsesquioxane-polyethylene oxide
and poly((4-styrene sulfonyl) (POSS-PEO-PSTF) and a conductivity of ~10° S cm™
was reached at 60 °C.11

Anionic receptors

On contrary to anchoring the anion to the polymer backbone, anionic receptors trap
anions to form single lithium ion conductors. Further, they initiate dissociation of salt
for cationic mobility, resulting in higher t,;+. They are classified into two groups, one
is Lewis acid type and other is calixarene. Boron atom carrying molecules such as
boroxine rings combined with oligoether side chains have been used as anionic
receptors due to their Lewis acid nature.”® SPEs with boroxine rings-oligomer ether
significantly improved the conductivity to 1.6 x 105 S cm'* at 30 °C with ¢, ;+ of 0.82
and ESW up to ~4.9 V vs Li/Li*.1%6 117 Calixarenes are desired due to their high anion
complexation selectivity. In addition of calix[4]arene (C4P) to PEO-LiX complexes,
t,;+ is increased from 0.77 to 1.0 with calixarene concentration increasing from 25
mol% to 100 mol% as investigated by Scrosati et al.l'® ¥ However, calix[2]-p-
benzo[4]pyrrole (CBP) when added to PEO-based electrolytes increased the t,;+ and
interfacial properties but not ionic conductivity.'?°

2.2.4 Hybrid and composite copolymer electrolytes

Hybrid polymer electrolytes are categorized into organic/inorganic copolymers and
composite polymer electrolytes (following the addition of active or passive inorganic
fillers). They add necessary properties, such as higher thermal stability and strong
chain movement (higher amorphous phase and lower Tg). Polyhedral oligomeric
silsesquioxanes (POSS/ R-SiO 1) n, where R: organofunctional group and n= 6, 8 or
10) are nano-structured hybrid building blocks containing nano-sized silicon/oxygen
cores with organic groups surrounding them.*?* They offer the flexibility towards
copolymerization, grafting and blending as evident from the reports on synthesis of
poly (ethylene glycol) methyl ether methacrylate (PEGMA),3-(3,5,7,9,11,13,15-
heptaisobutylpentacyclo[9.5.1.13,9.15,15.17,13] octasiloxane-1-yl) propyl
methacrylate (MA-POSS), and ethylene glycol dimethacrylate (EGDMA) with hyper-
branched and linear graft topology (Figure 2.10a and 2.10b).?2 123 |t was observed the
hyper branched possesses higher conductivity than the linear graft. For example, PEG-
functionalized POSS/star-shaped polymer P(PEGMA-r-MA-POSS) was obtained
with a high conductivity of ~10°S cm™ at 30 °C and ESW >4.2 V vs Li/Li*.124 125
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Polysiloxane based polymers offer high molecular chain flexibility and structural
synthetic control but lack in lithium salt solvation units and thus demand modification.
Polysiloxane combined with cyclic carbonate propylene carbonate and comb-shaped
PEO (Figure 2.10c) resulted in a bifunctional polymer demonstrating higher
conductivity of 1.5 x 10 #S cm* (with PC/PEOQ: 6:4).1% Blends of PMMA as polymer
matrix and polysiloxane comb propyloxy methoxytriethylene glycol (PSy) (Figure
2.10d) as the ion conductor were prepared by solution casting with a semi-
interpenetrating network by Cznotka et al.*?” which recorded high conductivity of 3.1
x 10% S cm. Organic/inorganic hybrid copolymers improve the SPEs in various
parameters as highlighted above, but some strategies can be adopted to increase the
solvation of salts by addition of highly polar groups, by modifying into SLIC (as
discussed in SLIC section), etc.
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Figure 2. 10: a) Linear (LCPs), b) branched (BCPs)-graft copolymers synthesized via RAFT
polymerization, respectively?? 123 ¢) CC and Combed Poly(ethylene oxide) grafted on Polysiloxane,? d)
Polysiloxane comb propyloxy methoxytriethylene glycol (PSx).!?
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Hybrid SPE

Many researchers believe that a hybrid SSE will be an efficient and optimum solution
to the issues underlying with SPE or ISE alone. As mentioned above, another
approach for hybrid electrolytes is the introduction of inorganic fillers under the
missing characteristics in SPEs. As far as transport is concerned, Figure 2.5 shows the
scheme of ion conductivity pathways for filler and polymer composite with different
concentrations. It was reported quite earlier in 1982 by Weston in his effort to improve
the mechanical stability of PEO, led by the addition of a-alumina.'?® These fillers,
while moving with SPE, suppress the crystallinity of the polymers by increasing the
amorphous phase.®” 12° Based on their ion conductivity, they are categorized into
active fillers and passive fillers, irrespective of their net contribution to the electrolyte.
Well known Passive fillers are divided into oxide ceramics such as Al,O3,'%0 31
Si0,,132134 Ti0,'%5 Zr0,,'% Y,03,1%8 LiAlO,,'¥ ferroelectric ceramics i.e. BaTiOs,
PbTiOs, LiNbOs, etc.'® % and clay-based fillers such as halloysite, 0 14
palygorskite, 4 143 vermiculite. 144 145
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Figure 2. 11: a) SEM images of randomly distributed bumps of silica nanotubes (SNt) in CPE, b) LSV
curves of CPE-SNt40, CPE-SNt70 and CPE-SNt270, Reproduced with permission,**® copyright 2021,
Elsevier. ¢) SEM image of the CPE based on PEO-TiO, and d) LSV curve of the 3D CPE at a sweep rate
of 1.0 mV s, Reproduced with permission,**’ copyright 2020, ACS.
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CPE based on silica nanotubes with random distribution as shown in SEM image
(Figure 2.11a) recorded excellent conductivity of 4.35 x 104S cm™ with ESW as high
as ~ 5.39 V for longer nanotubes (as depicted in Figure 2.11b).146 Additionally, the
effect of TiO, covered within PEO layers was also explored which delivered
promising oxidation voltage of ~5 V with conductivity of 0.69 x 10*S cm™ at 30 °C
when incorporated into PEO electrolyte (Figure 2.11c and 2.11d).*” Ferroelectric
ceramics undergo polarization and thus interact with polymer chains to lower the
interfacial impedance. For examples, nanoparticles based BaTiOs; mixed with PEO
demonstrated the elevation in the conductivity to 2 x 105 S cm™ at 25 °C as reported
by Cai et al.'*® Lastly, clay-based fillers provide large interfacial contact area with
the polymer due to their nanoparticle/lamellar morphology resulting in higher salt
solvation.’*® Composite with clay such as nanosheets of montmorillonite
polyethyelene carbonate/LiFSI has improved the conductivity of to 3.5 x 10 at RT
with oxidation stability to 4.6 V (versus Li/Li*).**0
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Figure 2. 12: a) SEM images of PISE reinforced with 10% LLZTO NFs and b) Electrochemical stability of
the fabricated electrolytes Reproduced with permission,*®* copyright 2020, ACS.

Active fillers were discovered later than passive fillers but they gained huge attention
due to their individual contribution to the ionic conductivity. They include various
ISEs like garnet-type I1SEs,* 52 perovskite-structured ISEs,*% > NASICON which,
upon mixing with SPE, possesses an advantage of high ionic conductivity, interfacial
stability and flexibility.* It is observed that active fillers with concentration lower
than 20 wt% (ceramics in polymer) provide a higher concentration of free Li ions in
the interfacial regions than passive fillers and to the overall ionic conductivity when
the concentration gets higher than 50 wt% (polymer in ceramics). Several CPEs have
been investigated based on the type of active fillers like Lis.7sLasZr175Tag 25012 (SEM
image shown in Figure 2.12a for Lis7sLasZri75Tao 25012 (LLZTO)), Li1sAlosTiyz
(POa4)s, and LigssLagssTiOs when incorporated to PEO/LITFSI led the improvement
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in the conductivity to 2.13 x 104, 2.5 x 105, and 8.8 x 10° S cm™* at RT, respectively.
The addition of fillers demonstrated higher ESW > 5 V vs Li/Li* as depicted in Figure
2.12b with and without LLZTO nanofiber (LZONF).15 154 15 CPEs possess high
ionic conductivity and large ESW which mark them as potential candidates for higher
voltage cathodes and thus high energy and power density batteries.

2.3 Gel Polymer electrolytes

Gel polymer electrolytes as name suggest are ionic conductors with a physical state
like gel, between solid and liquid, first proposed by Feuillade et al.® A polymer matrix
swollen in liquid as plasticizer forms a gel loaded with lithium salts and additives (in
some cases). GPEs provide better ionic conductivity and wettability with the
electrodes than SPEs. Most commonly used polymer matrices include PEO, PAN,
PMMA and poly(vinylidene fluoride-co-hexafluoropropylene)v(PVDF-HFP) which
have been used with plasticizers like propylene carbonate (PC), ethylene carbonate
(EC), dimethyl carbonate (DMC), and diethyl carbonate (DEC), ethers (tetraethylene
glycol dimethyl ether (TEGDME),1,2-dioxolane (DOL) and dimethoxymethane
(DME), and ionic liquids.®® 157 Unlike SPEs, ion transport in GPEs takes place in
swollen gelled or liquid phase while the polymer matrix provides mechanical
support.t>8 Plasticizers increase the amorphous phase, ion pair dissociation for higher
ionic conductivity. GPEs found their way to the market than ahead of SPEs due to
their lower safety risk than liquid electrolytes (LEs) via quasi-solid state and
compromised characteristics between SPEs and LEs. Despite an edge to LEs in anti-
leakage and safety, they still pose a high risk of fire and offer poor thermal stability
owing to their high organic solvent content.

3.3.1 Methods of preparation

GPEs could be prepared by two approaches, one by physical (phase separation) and
the other by chemical preparation (uniform). In the physical method, a porous polymer
membrane is synthesized and swelled in LE with Li-salt to form GPE. This results in
three phases in the GPE, liquid electrolyte, solvent-swollen gel electrolyte and
polymer matrix. The key parameters include high porosity and small pore diameter,
which could lead to high uptake of LE without much overflow or leakage.™® It is
observed that a single polymer matrix often could not cater all the needed properties
despite plasticizer, which in turn requires blending, copolymerization, crosslinking or
compounding.6%-162 However, chemical preparation of GPE looks more appealing as
it involves in situ polymerization methods of monomers/cross-linkers such as acrylate

115



Polymer-based electrolytes

esters,164 165166 [y initiators (like azo compounds, AIBN,®” or benzoyl peroxide®)
dissolved in LE. For the in-situ process, polymerization of monomers takes place
along with immobilization of LE in pores, resulting in cross-linked structures within
the fabricated cells driven either by UV radiation, thermal, electrochemical assistance
or electron beam radiation source. The precursors in these processes should have
adequate viscosity for wetting electrodes.” 16° There exist other techniques including
conventional solution inverted phase method,*”® electrospinning method,'”* and
foaming technology.'’? For example, a GPE was prepared with poly(vinyl alcohol)
oxalate borate electro spun PVDF composite membrane with 1 mol L LiPFs based
electrolyte exhibiting superior performance than LE with 0.26 mS cm™* conductivity
and 0.58 of ¢,;+.1"

Wang et al. synthesized highly microporous (as shown in SEM image in Figure 2.13a)
SLIC based on aromatic poly(arylene ether)s with pendant lithium perfluoroethyl
sulfonates. It recorded very high conductivity of 3.1 x 10 S cm™ at RT with a unity
transference number on respective solvent saturation, depicted in Figure 2.13b.17
Thermal crosslinking of poly(ethylene glycol) methyl ether acrylate (PEGMEA) and
poly(ethylene glycol) diacrylate (PEGDA) was reported in polypropylene separators
for a GPE referred as GFPS (gel filled polypropylene separator). The GFPS-supported
GPE membrane presented a good porosity as observed in SEM image, Figure 2.13c
and best conductivity of 1.12 x 10 S cm* for 14.3 wt% ether content (as shown in
Figure 2.13d).

2.3.2 Plasticizers

There are quite a few low molar mass plasticizers explored and their performance are
compared in polymer matricesw involving, poly(ethylene glycol) dimethyl ether
(PEGDME),}™* 17> porate esters-type such as PEG-borate ester,'® (tris(2-(2-
methoxyethoxy)ethyl) borate (B2), tris(2-(2-methoxyethoxy)ethoxy)ethyl) borate)
(B3),”® phthalate-type such as dibutyl phthalate (DBP),'"” 178 dimethyl phthalate
(DMP),17 180 2_dioxy phthalate (DOP),'®! and succinonitrile (SN).182 830ne of the
report highlighted that conductivity and salt diffusion coefficients of the plasticized
electrolyte fall best for PEGDME, following the order, PEGDME>PC>EC.#
Organic solvents are usually used in combinations as plasticizers. As reported by Choi
et al.,’8 mixed solvents swelling PAN matrices in 1 M solution of LiPFs align with
following conductivity order: EC/DMC/DEC(1:1:1) > EC/DC(1:1) > EC/EMC(1:1)
> EC/DEC(1:1) > EC/DMC(2:1). PVDF- LiPVAOB based GPE soaked in 1 mol L™
LiPFe solution in EC/DMC/EMC demonstrated good cycling performance with LFP
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Figure 2. 13: a) Surface view SEM image of the SLIC GPE porous membrane based on aromatic
poly(arylene ether)s with pendant lithium perfluoroethyl sulfonates, (scale bars- 2 um) b) Temperature
dependent ionic conductivity of GPE saturated by DEC + EC + PC (1:1:1 by vol, 92 wt%) in comparison
to the conventional Celgard 2500 separator saturated by 1 M LiPFs in DEC + EC + PC (1:1:1 by volume).
Reproduced with permission,*”® copyright 2016, ACS. c¢) SEM image of GFPS based GPE and d)
Conductivity vs. temperature for GPE with various formulations, where “a-f” represents different weight
proportion for PEGMEA and PEGDA. Reproduced with permission,*® copyright 2011, Elsevier.

cathode via improved conductivity of 0.26 x 102 S cm™ at RT relative to celgard and
LiPVAOB as observed in Figure 2.14a and 2.14b.1™* However, organic solvents have
low vaporization point, thermal stability and higher flammability which opens the
room for potential alternatives like ionic liquids. Those are also called as room
temperature molten salts consisting of bulky organic cations and inorganic large
delocalized anions. They bring in interesting features like non-flammability, higher
chemical, thermal and electrochemical stability (also explained in details in electrolyte
section of Chapter 1).

A series of RTIL containing pyrrolidinium-based cations and TFSI anion'® has been
investigated by Passerini et al*®” who initiated the RTIL incorporation into SPEs.
GPEs based on N-alkyl-N-methylpyrrolidinium bistrifluoromethanesulfonyl imide
(PYR1ATFSI, A = CnHa2n+1 with n ranging from 1 to 10) show a higher conductivity
of 2.7 x 10* S cm* at RT for P(VDF-HFP)/LiTFSI/PYR13TFSI which is two-three
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Figure 2. 14: a) Arrhenius plots of the PVDF-LiPVAOB GPE, LiPVAOB and the Celgard 2730 saturated
with 1 M LiPFs organic electrolyte wit Impedance plots of the conductivity data at different temperatures,
b) SEM images for the cross-section of the PVDF-LiIPVAOB composite membrane. Reproduced with
permission,*’* copyright 2014, Wiley. ¢) Logc vs 1000/ T curves of P(VDF-HFP) polymer electrolyte
filled with various amounts of Al,O3; nanoparticles and d) SEM surface images of P(VDF-HFP) membrane
filled with 10% Al,O; content. Reproduced with permission,'® copyright 2005, Elsevier.

orders of magnitude higher than IL-free SPEs.'®° Raghavan et al.'*® used three ILs 1-
ethyl-3-methylimidazolium TFSI (EMImTFSI), 1-propyl-3-methylimidazolium TFSI
(PMIMTESI), and 1-butyl-3-methylimidazolium TFSI (BMImTFSI) in PVdF-HFP
matrix, which resulted in the high conductivity ranges 2.4x107°~ 4.5x107° S cm™ at
25°C.

2.3.3 Inorganic fillers

The bottleneck for GPEs lies in finding the right balance of the plasticizer and polymer
matrix without compromising the ionic conductivity and mechanical flexibility, which
itself is a real challenge. Besides approaches like crosslinking and blending, the
introduction of inorganic fillers (such as TiO2, Al;Os, SiO,, MgO etc.) for composite
polymer electrolytes is an interesting and yet easy approach to address this concern.
In an investigation by Kumar et al., it was postulated that space charge layers existing
on boundaries of ceramic grains overlap with increasing grain concentration for ionic
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transport pathways.'®* Reports on SiO, based GPE revealed that addition of SiO; into
polymer matrices improved the ionic conductivity, deducing submicron sized
particles led to better results than nano-sized ones.*®? 1% Further, it was concluded that
particle agglomeration and phase separation in the polymer matrices are caused due
to higher surface energy of inorganic particles. Thus, it requires surface modification
to improve its interaction with the organic component and enhance dispersion.®® This
was validated by Walkowiak et al., who synthesized GPEs with modified SiO-
(modified SiO2 with vinylene, glycidoxy, mercapto, chloropropyl, octyl, methacryl
and amino functional groups) which increased the conductivity by two orders of
magnitude (=102 S cm* at 20 °C) compared to unmodified SiO,.1%® Nanoparticles of
aluminium oxide (Al»Os) used in P(VDF-HFP), PAN matrices etc. act as solid
plasticizers. Their Lewis acid surface groups contribute to higher conductivity via
reducing ion-pair formation and their optimum concentration is evaluated at 10 wt%
which showed 1.95 x 1072 S cm™ conductivity in porous P(VDF-HFP) with Al,O;3 (as
depicted in Figure 2.14c and 2.14d). 18819 195 Rytile TiO, has been believed to
improve the interfacial conductivity and transport properties.*® Besides other fillers
have exhibited potential performance while incorporated into GPE, such as
AI(OH)3,%" Zr0,,'% clay fillers,**® and carbon-based allotropes like CNT.2%°

2.4 Cyclic Carbonate and Poly(hydroxyurethane)

2.4.1 Carbon dioxide capture and its utility

The level of carbon dioxide has been increasing in the atmosphere drastically by 49%
as compared to 33% of pre-industrial era.?°* This imbalance has not only affected the
various living domains on earth but has been in the epicentre of climate change and
natural disasters. The climate change accompanies the melting of glaciers,
unpredicted floods, drought, and forest fire, extinction of terrestrial and aquatic life.2%
It is a global concern which has to be tackled with strategic and collective effort for
the planet instead of a particular geographic location. Well, various research domains
are active in progress for cutting down the CO, emission along with political decisions
referenced to climate change accord and conference, COP global, etc.?°® Addressing
this, two approaches are well known: carbon capture and storage (CCS)?°* and carbon
capture and utilisation (CCU) as depicted in Figure 2.15.295:206.207 | the first approach,
the CO; is captured from source point, purified and pressurized for storage to
underground or oil fields. Indeed, this entire process is expensive and borne by
product manufacturers and consumers indirectly. While other approach is more
appealing and sustainable, as CO, in CCU is utilized for chemical and biological
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Figure 2.15: Reprinted with permission,?® copyright 2020, eco-nnect.com.

synthesis of chemical and fuels. This makes the waste CO; a valuable resource. Using
these captured CO; for synthesis of cyclic carbonate (CC) is common and yet
interesting synthetic pathway as together with methane production, they take up of
utilization of 25% waste carbon dioxide produced annually.?%

2.4.2 Cyclic carbonate-based electrolytes

There are various pathways towards the synthesis of CC as shown in Figure 2.162%
i.e., co-cyclization between alkenes or alkynes and carbon dioxide,?%-%12
electrochemical reactions,?*® 24 transesterification of a hydroxyl reactant (or
polyhydroxyl) with dialkyl carbonates (diethyl or dimethyl carbonates)?5-27 with
basic catalysts.?!® The reaction of CO; with epoxides in the presence of catalyst for
the formation of CC%° or polycarbonate? has been explored since its discovery
around 1958. Since then, CCs have been synthesized commercially for catering the
needs for battery industry, polar aprotic solvents, gas separation, synthesis of
polymers like polycarbonate,?* 222 poly(hydroxyurethane),??® etc. Additional
advantage lies in biomass precursors which are used for CC, such as cellulose,
sorbitol, and glucose. However, CC/linear carbonates are among the most preferred
organic molecules in electrolytes after ethers because of their higher lithium ion
solvation ability. The brief discussion on LEs based on carbonates has been already
documented in the organic solvent section of Chapter 1. While in this section, we are
focusing more on the design and synthesis of carbonates and their significance in
correlation with the ionic conductor. Both linear and CC have been investigated
extensively for their parametrical distinct properties such as viscosity, dielectric
constant, melting and boiling point etc. (detailed comparison shown in Table 1.1 of
Chapter 1). These properties are linked to the size and shape of carbonates, i.e., bigger
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Figure 2. 16: Synthetic routes for the formation of CCs. Reprinted with permission,?® copyright 2022,
Springer.

molecules of alkyl carbonates lead to higher boiling point due to higher Van der Waals
interactions. The higher dielectric constant in the CC directs towards increased phase
transition point, viscosity and therefore better solvation than linear/alkyl carbonates
due to higher dipole-dipole forces.??* However, CC provides better solvation structure
than linear carbonates and the solvated lithium ions desolvate at interfaces to diffuse
and decompose other components to contribute to SEI. SEI originating from linear
carbonates does not prevent electrolytic decomposition (at anode) and co-intercalation
of the lithium ion solvation shell while CC provides better stability.??> Nevertheless,
the optimum electrolyte into the market has been credited to mixtures of carbonates
to counter mutual trade off and exploit the synergy as individual cannot fulfil all the
requirements.

In general, both metal-based and organic catalysts are exploited for synthesis of CC
but in this section, we are discussing on organocatalysts as they lower the toxicity
level of the reaction. As far as the mechanism of the synthesis is concerned, the
reaction can proceed via epoxide activation, CO; activation or both activations. The
most common is epoxide activation which starts with Lewis acid coordination from
catalyst and thus ring opening by a nucleophile in step a.2% In step b, the reaction of
alkoxide intermediate with CO> leads to the formation of five membered CC in step ¢
as shown in Figure 2.17.22° The respective cis and trans isomers could be detected by
NMR analysis. Within carbonates, further modifications are often performed
involving fluorination such FEC, FEMC etc. for higher polar groups and SEI
stabilizing species.??-220 Despite all these interesting features, most of the low
molecular weight CCs are flammable, offer poor thermal stability, release some
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gaseous products on combustion and are in the liquid phase. It is thus necessary to
find alternatives or overcome these issues by changing the source of synthesis of the
CCl/phase, or polymerization via main or side chain units, etc.
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Figure 2.17: Epoxide activation mechanism for CC synthesis. Reproduced with permission,®® copyright
2021, RSC.

2.4.3 Polymerization of CC

2.4.3.1 Side Chain CC copolymers

The idea of higher dielectric constant, better ionic conductivity and SEI stabilizing
species encouraged CCs attachment to polymer backbone as side chains/pendant
groups and polycarbonates as explained in section above. A GPE based on a polymer
matrix resulting from the copolymerization of a CC methacrylate with oligo(ethylene
glycol) methyl ether methacrylate (Figure 2.18a) was synthesized with the
conductivity of 2.3 x 102 S cm? at 25 °C.2%! Colby et al. incorporated CCs in
polysiloxane-based SLIC-SPEs containing novel borates (Figure 2.18b) via one-pot
hydrosilylation reaction with anions anchored for SLIC (also discussed above in SLIC
section).?32 233 |n a detailed study, hyperbranched polyacetals (HBPAs as in Figure
2.18d) bearing CCs were synthesized in series of steps via polycondensation and
transesterification which delivered SPEs with conductivity of 8.2 x 10° to 2.1 x 1073
S cm?! at 23-80 °C.2* Gohy et al. investigated SPEs based on CC
trifluoromethacrylate and vinylidene fluoride units (Figure 2.18¢)%® and random
copolymers of n-butylacrylate and CC bearing acrylate (Figure 2.18¢e).2% Copolymers
composed of polyether segments and linear carbonates were reported by Mecerreyes
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and co-workers.?¥” The influence of the incorporation of CCs within the chains (as in
Figure 2.18f) was also studied by Detrembleur and co-workers.?3
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Figure 2. 18: Various classes of polymer electrolytes bearing CC as side or main chain functional groups,
a) Statistical co-polymer of OEGMA and CCMA,?* b) LiPSBC, polysiloxane single-ion conductors,?*
¢) Fluorinated copolymer of VDF and MAF-cyCB,?* d) Hyperbranched polyacetals (HBPAs) bearing CC
terminals,?* e) Copolymers of CC Acrylate and n-butylacrylate,?® and f) Polycarbonates bearing linear CC
linkages.?®® Reproduced from respective reports.

2.4.3.2 Polycarbonates

The polymerization of CC for polycarbonates has been observed around 1969 by
Koinuma.?® Later this polymer was also demonstrated as a potential ionic conductor
for metal ions (such as poly(vinylene car-bonate) (PVC), poly(ethylene carbonate)
(PEC), poly(propylene carbonate) (PPC), and poly(trimethylene carbonate) (PTMC)).
The first report by Shriver et al.?*® on the synthesis of poly(vinylene carbonate)
(PVIC) using 0.3 wt% benzoyl peroxide (BPO) and poly((1,3-dioxolan-2-one-4,5-
diyloxalate (PVICOX) with silver oxalate and dibromoethylene carbonate showed
remarkable properties with conductivity of ~107* and 4 x 1074 S cm, respectively.
Tominaga et al. designed various PECs based polymers in series of their investigation
like, macroporous polyimide-supported PEC/LIFSI (4:1) exhibiting conductivity of
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1.6 x 107> S cm™ at 30 °C.%*! They observed that addition of the side groups enhances
the conductivity due to fast local and segmental motion by modifying PEC with
methoxyethyl side groups.?#2 24 In an interesting attempt, they combined IL, SiO;
fibre to the PEC-LIiTFSI for a CPE as represented in Figure 2.19a (left). However, the
flexible membrane had a poor conductivity of ~107 S cm with higher T4 with no
melting and crystallization temperature, as observed in DSC, Figure 2.19a (right).2**
The reaction of propylene oxide with CO2 gives PPC, which has been widely used in
SPEs. With superior segmental motion from PPC, many composites have been
explored such as novel rigid frame (cellulose nonwoven) reinforced PPC-SPE which
demonstrated good cycling in LiFePO4/Li pouch cell at 20 °C.2 246 Blends of PPC
for composites like PVDF-PPC and PEO-PPC? have efficiently worked out by
lowering the T4 and crystallinity.

Inspired by the positive interfacial effect of vinylene carbonate additive on SEI, a
novel poly(vinylene carbonate) based solid polymer electrolyte was prepared via a
facile in situ polymerization process. The obtained poly(vinylene carbonate)/PVCA
SPE transparent film possesses a superior electrochemical stability window up to 4.5
V versus Li/Li* and considerable ionic conductivity of 9.82 x 10°S cm™ at 50 °C as
shown in Figure 2.19b. As reported, the higher conducvity might be due to hindrance
effect weakening the interaction of Li* with oxygen atom in C-O-C, conversely
favoring of Li*-O=C and segmental motion along with the Li* coupling/decoupling
with oxygen atom in C=0.2# In a recent study, a poly(carbonate-b-ether-b-
carbonates) were developed which possessed elastomeric properties with decent ionic
conductivity with goal to alleviate volume change in cathode.?*°

2.4.3.3 Polyurethane/poly(hydroxy urethanes)

Various classes of polymers have been designed over half century for SPEs but none
of them could cater all the sought-after key properties. This has motivated the search
of all in one superior SPEs for desired parameters for years. Polyurethanes (PU) first
introduced by Otto et al.?>® in 1940 present great candidature due to high degree of
control on structure, optimum flexibility, compatibility for composite synthesis and
with surfaces. Generally, PU can be produced by the reaction of polyols and
isocyanate monomers containing at least two reacting groups for the repetition of the
urethane linkage.?* 2% Other monomers which are the main focus of our work and
this thesis involve CC and amines/hydroxyl to PU or poly(hydroxy
urethanes)(PHU).?* PU and PHU differ by an additional hydroxyl group at each
urethane linkage for PHU, which forms hydrogen bonds with other polar groups in
the polymer. These polymers are multifunctional in nature for various product
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Figure 2. 19: a) Chemical structure and SEM image morphology of PEC based CPE with IL and SiF (left),
and Comparative DSC exotherms of CPEs. Reproduced with permission,®* copyright 2018, Wiley. b)
Typical image of in situ polymerization of VC into PVCA-SPE transparent film (left), Arrhenius plot for
ionic conductivity of PVCA-SPE. Reproduced with permission,? copyright 2017, Wiley.

manufacturing due to their good healing and adhesive characteristics to surfaces. This
makes their market-size bigger in paint and coating manufacturing besides gaining
popularity in the domain of SPEs. PU as an SPE has attracted quite a few attentions
due to their compatibility with other polymers, ability to interact with inorganic
particles for desired properties and their inter-chain hydrogen bonds as discussed in
the reviews.25% 254

2.4.3.3.1 Design of PU

For a long time, the classical method of PU synthesis involving isocyanates has been
flourished and used until now. Besides polyols and isocyanates, chain extenders such
as diols, binary amines or hydrazines are used to increase the molecular weight of PU
as listed in Table 2.2.%%* This pathway includes diisocyanates production through
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Hetschel method involving the rearrangement of compounds with electron deficiency
at the nitrogen atom (nitrenes).?> However, despite the optimized method, it raises an
alarming question on toxicity and environment friendly approach due to the use of
phosgene and amines. Addressing this, various alternative approaches have been
developed for the synthesis of non-isocyanate polyurethanes (NIPUs) such as,
copolymerization of aziridines with carbon dioxide,® 2" transurethanization between
a carbamate and a diol, azide condensation,®® 25 the copolymerization of 2,2-
dimethyltrimethylene carbonate with tetramethylene urea® 26! and ROP of CC with
amines.?%2

2.4.3.3.2 Isocyanate-based PUs.

Isocyanate-based PUs with polyether groups in the main chain or side chains have
been widely investigated due to a high degree of coordination of oxygen to lithium
ions. One of the first reports on polyether-based PU SPE loaded with LiClO4 (SPE
([Li]/ [PO]= 0.04) demonstrated conductivity of ~ 10® S cm™ at 40 °C following
Arrhenius behaviour with temperature.?%®
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Table 2. 2: List of commonly used monomers and catalyst for the synthesis of PU. Reprinted with
permission,*® copyright 2005, Elsevier.
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Moved by this, significant improvement was achieved over years by exploiting
polyether segments from different polymers. For instance, polydioxanone (PDXL)
based PU (PDXL-PU) with LiClO4 achieved three orders of magnitude of
enhancement in the conductivity (2 x 105 S cm™) at RT with as low Tqas -51.75 °C.%#
In a fundamental study, it was verified that the ionic conductivity decreases with an
increase in the content of the hard segment and branching in the polymer due to lower
free volume availability and lesser ion-pair and aggregate formation, respectively.26>
%6 A waterborne PU (WPU) was synthesized using PEG, diethylene (DEG),
hexamethylene diisocyanate (HDI), and dimethyl propionic (DMPA) by Junjie et
al.?7 in the series of reaction steps and with the semi-crystalline nature of films as
indicated in Figure 2.20a and 2.20b. The WPU-SPE loaded with 20% LiTFSI
assembled with LFP displayed excellent performance when cycled at 0.1C with
conductivity of 5.14 x 10> S cm™ at 25 °C as shown in Figure 2.20c. PU has shown
high compatibility in blending with PEO and a report confirms that an electrospun
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Figure 2.20: a) Schematic representation of synthesis of WPU, b) SEM image of WPU film and c)
Temperature dependent ionic conductivity of WPU with LiTFSI Reproduced with permission,?®” copyright
2018, Springer.
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membrane of PEO/PU blend polymer lowered the crystallinity and exhibited fibrous
nature reaching the conductivity of ~10° S cm™.268 With further progress, a 3D block
copolymer electrolyte, referred as PH-BCPE, was developed by reacting
hexamethylene diisocyanate trimer (HDIt) and PEG and showed ESW > 4.65 V and
conductivity, ~5.7 x 10 S cm™ at 55 °C. The fabricated battery with PH-BCPE
showed superior performance with LFP at a high rate of 1 C for more than 100
cycles.?®® Besides SPE, they have shown interesting performance on addition of
plasticizers. For instance, PC based PU possessed higher conductivity in comparsion
to other plasticizers screened, respectively.?”

Polycarbonates, as discussed above, possess highly amorphous nature, dielectric
constant and oxidation stability whose addition to PU could benefit the SPE. In a
detailed study, a polycarbonate-based PU (PCPU) was synthesized by step-growth
polymerization of HDI, DEG and polycarbonatediol (PCDL). The effect of hard
segment was analyzed by varying from 8 to 14% in PCPU, indicating that thermal
stability decreased and mechanical stability increased with an increase in hard
segments. The PCPU-LITFSI SPE delivered 1.12 x 10* S cm™?, ESW > 4.5 V vs.
Li/Li* at 80 °C with a specific capacity of 134 mAh g* at 1 C for LFP cells. Figure
2.21 shows PCPU films with chemical structure and variable temperature dependent
conductivity measurements.?’* While PCPU has a higher redox window but it lags
behind in matching the conductivity to PEO. For this reason, alternative polyesters
and polysiloxanes have also been looked upon actively. With lower T, higher thermal
and chemical stability, polysiloxane-based PU was designed using
poly(dimethylsiloxane) (PDMS) with conductivity recorded at 1.05 x 10° S cm™ at
30 oc_272

Unlike linear, cross-linked polymers possess superior temperature and mechanical
stability. With high control on crosslinking density and structure, it's entrancing to
extend their investigation in batteries for the longer run. PU derived from acrylates
are expected to show higher compatibility with electrodes due to their in-situ
polymerization and interaction. Santhosh et al. developed PU acrylates by end-
capping a hexamethylene diisocyanate (HDI)/PEG-based prepolymer with hydroxy
butyl methacrylate (HBMA), which showed a high degradation temperature of 400 °C
but a lower conductivity of < 108S cm™.27® Nevertheless, the concept of integrating a
single lithium ion conductor has also clubbed quite attentively with anions such
sulfonic,?™ sulfonyl imide,?” carboxylic,2’® phosphonic,?” etc., within PU structural
framework. While the subtle limitations in SLIC-based PU remain the same, i.e. ionic
conductivity of isophorone diisocyanate (IPDI)-SLIC-based SPE was recorded at
~8.91 x 10 7 S cm* at 30 °C which needs to be improved.?®

128




Chapter 2

r—— o  —— mm,ﬂ

CN{CHENH-E-0 O-C-NH{CHZH-I—R;O—C—NH(—CHz};I»NCO)

a) " soft segments Q b)~2'5 120 3 100 '80 '60 4'0 25T
=

o
—(cn,)ﬁo—c-o(—cnz-)djo—éfcm)d;’ Wl

3

—a—PCPU8-20 % Li

—e— PCPU10-20 % Li
—v—PCPU12-20 % Li
~4~PCPU14-20 % Li

Ry= &CHZCHZOCHICHZ—J

4.5 N

SPEs Ea(ev)|
5.0} | PcPus20%Li | 033
5.5

PCPU10-20% Li | 0.30
T [ pcPut220% Li | 029
6.0} | PCPU14-20% Li

0.29

PCPU10

logd (S cm™)

2.6 2.8 3.0 3.2 3.4
1000/T (K1)
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Blends and Composite PU/PHU

Among alternative pathways to address the trade-off and integrate desired properties,
one facile method is the blending and composite development. The polar groups in
PU already facilitate its interaction with other polymers or inorganic elements
involving hydrogen bonds from -NH and -OH units. PEO has been one of the first
preference for blending due to the oxygen donor atoms and soft segments, as
discussed in above section. PEO blended PU (3:1) was synthesized showing no
crystallinity and good conductivity of 5.3 x 10* S cm™ (60 °C) which on further
cycling experiments exhibited promising specific capacity and retention with LFP-Li
cells.?”® In a report, Wen et al. developed a composite polymer electrolyte consisting
of thermoplastic polyurethane (TPU) with polyacrylonitrile (PAN). They explained
the possibility of dipolar interactions of C=0 group of PU with C=N, which affects
varyingly on Tgof hard and soft segments. As a result of this interaction, hydrogen
bonding with the polymer also gets affected while overall conductivity was recorded
to be higher than PU alone.?®

As discussed in the previous sections, inorganic fillers fill the gap in drawbacks by
bringing higher conductivity, thermal stability, etc. This does not leave PU to lag
behind without exploiting the beneficial interaction with PU repeatable units. The
most commonly used filler, SiO,, has been explored in few reports indicating positive
outcomes of the composites.?l 282 Fang et al.?®! incorporated hydrophilic SiO;
(uSiOy) and hydrophobic SiO, (mSiO,) into poly(ether-urethane) network polymer
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(PUN), respectively. They are assumed to elevate the Lewis acid-base interactions
between uSiO,, polymer matrix and lithium salts while increasing the amorphous
phase. As a result, 20 times improvement compared to the pristine SPE was obtained
with 1.15 x 10° S cm™? (mSiO2) and 1.02 x 10° S cm™ (uSiOy) at 30 °C as depicted
in Figure 2.22. Titanium oxide (TiO2) was incorporated into electrospun PU-PVDF
GPE which clearly led to the improved conductivity i.e. 4.8x 102 S ¢cm® and 3.2 x
10 S cm™ at ambient temperature, respectively with and without TiO,.28% Although,
a thorough understanding of hybrid electrolytes still remains unclear with change in
host polymer and their interaction with inorganic fillers. Hybrid SPE based on
LizLasZr,01, (LLZO) powders (with 5 wt% of LLZO) was designed and tested as a
SPE for LFP-Li cells, indicating a high potential for further prospects.?* Nevertheless,
both PU blends and composites are not as studied as PEO, which limits any conclusion
at this stage.
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Figure 2. 22: Temperature dependent ionic conductivity for pristine PUN /Li CIO, SPE, PUN /uSiO/ Li
ClO,4 CSPE, Inset: Pictorial model of the surface interaction between two forms of dispersed fumed silica
filler and the PUN-LiCIO, electrolyte complex. Reproduced with permission,? copyright 2007, Springer.

2.4.3.3.3 Non-isocyanate urethanes

PU has been synthesized via various approaches in lieu of polymers and their
composites for diverse application. However, as explained above, majority of them
still involves isocyanate monomers and phosgene, which itself is of grave concern due
to their toxicity and unsustainability.?®> Due to the huge market demand in various

sectors, it’s inevitably evident to observe the surge in alternatives, i.e. less or nontoxic
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PU/ non-isocyanate PU (NIPU) with improved properties and facile synthesis. Unlike
urethane linkage in PU, NIPU comprises primary or secondary hydroxyl in urethane
units, which is why it is also referred as poly(hydroxyurethane) (PHU) with first
patent was published in 1950.28¢ The hydroxyl group adds an advantage of post-
functionalization for other reaction and synthesis. However, it is still debatable
whether PHU is more thermally stable than PU.%7 NIPU could be obtained by ring
opening polymerization, polycondensation, polyaddition and rearrangement as
depicted in Figure 2.23.2%8
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Figure 2. 23: Different pathway for the synthesis of non-isocyanate polyurethanes. Reproduced with
permission,?®® copyright 2005, Elsevier.

Ring opening polymerization uses aliphatic cyclic carbamates?®® 2% or
aziridines?® 291 292 with cyclic carbamates (generally 6-7 membered cyclic
carbamates) with the support of catalysts (such as sodium hydride or N-acetyl
caprolactam). It uses phosgene gas, like conventional PU in most of the cases.?%?
Polycondensation involves various monomers for the synthesis of NIPU following
transurethanization pathway. It involves a reaction between polychloroformate and
polyamine, polycarbamate and polyol, polycarbamoyl chloride and polyol, and
polycarbonate and polyamine difunctional carbamate for obtaining PHU.2%® However,
additional steps involve the formation of polycarbamates or polycarbonates. This
method is not very popular due to longer reaction time, catalyst requirement and side
products.?® 2% Rearrangement reaction involves established acyl azides (Curtius
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rearrangement), carboxamides (Hoffman rearrangement) or hydroxamic azides
(Lossen rearrangement) for NIPU.2%¢ 297 However, all these methods rely on toxic
monomers or catalysts for the synthesis of NIPU.

NIPU/PHU via polyaddition

As highlighted in Figure 2.23, polyaddition is considered to be the cleanest pathway
for non-toxic synthesis of the NIPU at a large scale as well. The reactions of cyclic
carbonates and amines are well investigated systems due to their facile availability,
easy handling and storage, high solvation, boiling point for the reactions. The
synthesis of both monomers involving multi-functional CC via epoxide and CO2 using
organocatalysts (discussed in sections above) and polyamines from fatty diacids
marks the high environment friendly character.?®® It was discovered by Endo and
coworkers that the reactivity of CCX (X represents the number of atoms in the ring)
lies in the order of CC7 > CC6 >CC5.2%° However, further studies indicated that CC5
and CC6 possess similar reactivity. This could be due to the strain of the seven-
membered cyclic carbonate which is greater than the strain of the six- and five-
membered cyclic carbonate rings.3® Despite lower reactivity, CC5 is more favoured
among CCs which is related to its nontoxic and easier production. Over the years,
various methods and parameters were discovered to increase the reactivity of CC5 and
for polymerization at milder conditions. Figure 2.24a demonstrates the trend in time-
dependent reaction of CC with side groups.

The side groups act as an electron-withdrawing group on the CC and thus increase the
electrophilicity of the carbonyl, which in turn enhances the chance of nucleophilic
attack by amines.®* Derived from some investigations by Lamarzelle et al.®% and
Tomita et al.®%, substituents follow a certain order in reactivity: R = Me < H < Ph <
CH,0OH < CF3; which was observed to be crucial for predicting the extent of ring
opening. In support of this argument, they found that CC5 with ester, CF3 and double
bond showed higher reactivity while equivalent to CC6 in case of ester substituent.
The nucleophilic amines also determine the rate of reaction in order of their reactivity
with aromatic and sterically hindered amines to be least reactive as shown in the
Figure 2.24bh.3% However, elevated temperature increases the yield with the
possibility of side reactions such urea, in-situ CO, formation, carbonation of amine,
amidification and oxazolidinone formation by dehydration.®0> 304 305 Anpother
approach consists in the use of catalyst for the aminolysis reaction via three pathways
as depicted in Figure 2.25a: 1) increasing the electrophilicity of the carbonyl at CC,
2) nucleophilicity of amine and 3) opening of CC with a nucleophilic catalyst.3%
These catalysts include enzymes, Lewis acids, bases etc, with well utilized 1,5,7-
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hexylamine at 70 °C, 1 mol L™ in DMSO-d6 (top left) and CC5 or CC6 carrier of different substituents
(aliphatic, ether or ester) and hexylamine at 50 °C, 1 mol L™ in DMO-d6 (bottom left); b) Reactivity of
various amines toward ether-CC5 at room temperature. Reproduced with permission,?®® 32 307 copyright
2016 (RSC), 2001 (Wiley) and 2004 (Wiley), respectively.

triazabicyclo[4.4.0]dec-5-ene (TBD), 1,8-Diazabicyclo(5.4.0)undec-7-ene (DBU)
and thiourea etc.?!8. 308,309

The synthesis of NIPU via aminolysis is promising and isocyanate-free methods
largely involvering opening of CC with an amine.?®? The mechanism involves three
steps as shown in Figure 2.25b tetrahedral intermediate formation via attack of
carbonyl in step I, attack of amine on tetrahedral with removal of protonin step 11 and,
in the last step, the carbon-oxygen bond is broken along with H* combining with
alkoxy ions to give PHU.%% Unlike in PU, urethane with hydroxyl groups in PHU
could offer higher chemical resistance to non-polar solvents due to probable intra- and
inter-molecular hydrogen bonds with carbamate.?% 31° Steblyanko et al. described that
during PHU formation, secondary alcohol is preferred over primary due to lower
energy potential of the former in correlation with reactivity factors explained above. 3!

One of the major concerns in PHU synthesis lies in the limited reaction and thus
reduced molar masses. It could be explained via two reasons: 1) as the reaction
undergoes, the viscosity increases and thus extent of reaction decreases (due to lower
diffusion of monomers) which in turns requires temperature to decrease the
viscosity,3'? 2) due to stoichiometric unbalance between monomers. The reaction
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Figure 2. 25: a) Different catalytic mechanisms of cyclic carbonate aminolysis, and b) Mechanism of
CC/amine reaction. Reproduced with permission,** copyright 2017, Elsevier.

scheme in Figure 2.26 shows the reactions between CC5 and amine. Undesired side
reactions can consume the monomer, which leads to a limited reaction to PHU
formation.®%® Nevertheless, the initial parameters influencing the reaction yield are
structure and functionality of the monomer and catalyst, followed by reaction
conditions like temperature, etc.

For an instance, Carre and coworkers reported the catalyst-free PHU formation from
the reaction of dimer-based diamines (DDA) and sebacic biscyclocarbonate (SB-Bis
CC) highlighting the role in amine functionalities (2.0 to 2.2).31 The limited reaction
leading to reduced molar mass also paved the way for involving other monomers for
forging the targeted properties. One such approach was recorded for the synthesis of
PHU by crosslinking of partially carbonated epoxide monomers. Figovsky et al.3
developed this technique by indulging two reactions together: aminolysis of CC
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Figure 2. 26: Possible reactions between 5-membered CC and amine: (1) classic aminolysis, (2)
carbonation of amine, (3) COj-in-situ formation, (4) urea formation by trans-urethanization, (5)
amidification reaction and (6) oxazolidinone formation by dehydration. Reproduced with permission,®
copyright 2000, Wiley.

of CC and ring opening of epoxide monomers. This partial carbonation of the epoxide
monomer enhanced the mechanical properties of PHU and expanded its commercial
application for materials like fibres, etc.3%. 315

CC formation upon coupling of CO; in epoxide has been the most preferred choice as
monomer for PHU. Targeting diverse applications, PHUs have so far largely aimed
industrial markets involving porous foams, adhesives, coatings, wearables, etc.
However, they are gaining increasing attention in sensors and energy sector with
polymer electrolytes with potential competition to conventional polymer electrolytes.
Detrembleur and coworkers have developed a variety of PHUs and their composites
for adhesive and coating applications involving CC synthesis from epoxide to PHU
via facile aminolysis.3!6 317. 318,319 |n one of those reports, they synthesized PHU
adhesives from tri CC/diamine/amino-telechelic poly(dimethylsiloxane) formulation
containing various amounts of native, epoxy- or CC functionalized Zn0O.%¢ Li and
coworkers®? reported a new bio-based CC (derived from renewable diphenolic acid
and carbon dioxide) with ethylenediamine (EDA), diethylenetriamine (DETA), and
isophoronediamine (IPDA), corresponding to PHU-EDA, PHU-DETA, and PHU-
IPDA, respectively for greener water-borne coatings. A photoluminescent linear PHU
was prepared from siloxane-bridged carbonate copolymerized with diamines such as
1,6-hexanediamine (HDA) and ethylenediamine EDA for potential LED
application.?! For years, PU has been already researched widely in electrolytes with
their composites showing exceptional properties and potential improvement with a
high degree of control on structure, whereas very few studies have been conducted on
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PHU based electrolytes. Moreover, most of the PHU based electrolytes reports are
sourced to bio-derived precursors such as vegetable oil (which are discussed in the
next section).

2.5 Bio-based polymer electrolytes

Naturally derived polymers are eco-friendly and smart choices due to their less
hazardous impact, right from their formation, design and processing. They are
categorized into three different classes based on source and synthesis, 1.) directly
extracted from biomass (cellulose, gelatin and natural rubber), 2) those produced
directly by microorganisms (e.g. bacterial cellulose and gellan gum) and 3.) those
chemically synthesized from bio-derived monomers (e.g. polylactic acid and
vegetable oil based) as represented in the flowchart of Figure 2.27.%%2 323 These
polymers or their sources such as starch,%* cellulose,®?>327 chitosan, lignin, natural
gums, proteins, furfurals, fatty acid derived oils etc., have been constantly picked for
their functionality not only as additives, binders and electrolytes but also as
electrodes.3?8-331 Most of them possess high polar groups such as, -O, -N, =0, -S etc.
which facilitate salt solvation and cationic transport efficiently with optimum control
on structural design and modification.

Bio-based Polymers J

<
l D @ ) ( l )
Synthetic biodegradable Natural biopolymers extracted from Polymers produced
polymers biomass by microorganisms
From Bi | From Petrochemical Polysaccharid Lipids Proteins Microbial
Polylactic acid Starch, Glycerides Gelatin, .
? Polylca actone (PCL! ‘ ' 8 Bacterial cellulose
(PLA) Polylcaprolactone (PCL) cellulose, Wastes Casein, acterial cellulose
Polyvinyl alcohol (PVA) Alginate, Whey Polyhydroxyalkanoates (PHA)
" — . Carragenan, protein, Polyhydroxybutyrate (PHB!
poly(glycolic acid) (PGA) Chitosan Soy Protein, olyhydroxybutyrate (| )
Zein, Poly(3-hydroxybutyrate-co-3-
Wheat hydroxyvalerate) (PHBV)
gluten

Figure 2. 27: Classification of biodegradable polymers based on their source. Reproduced with
permission,®? copyright 2022, MDPI.

136



Chapter 2

2.5.1 Polymers extracted from biomass and
microorganisms

Gums belonging to the class of polysaccharides are lucrative choices due to their many
oxygen units and properties like adhesive, binding and mechanical resistance.
Differing in origin and structure, variety of gums have been discovered suitable for
electrolytes such as carrageenan, agar, pectin, guar, Arabic gum etc. Guar gum based
GPE with LiClO4 and glycerol was synthesized and exhibited a conductivity of
2.2x107%Scm™? with LiClO4 and glycerol at RT as shown in Figure 2.28a.%%
Naturally occurring rubbers possess high elasticity and adhesion like gums but they
lack polar groups for Li-solvation which shifts their dependence as supporting
material.
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Figure 2. 28: a) SEM images of guar gum based GPE at magnification scale of 2 um (left) and logarithmic
conductivity and activation energy as a function of LiClO, concentration at RT. Reproduced with
permission,®? copyright 2014, Elsevier. b) Optical photographs demonstrating the transiency of a
PVA/CNC-Li 10 wt% membrane (@ = 11 mm) in deionized water at RT over a time period of 6 s. The scale
bar is 11 mm (left) Linear sweep voltammetry for ESW at a scan rate of 10 mV s*. Reproduced with
permission, copyright 2021, Wiley.
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Due to their lower T4 and highlighted characteristics, they were blended with PEO via
solution casting method and the obtained SPE showed a conductivity in the range of
~10% S cm? at RT.3** Many reports can be found on chitosan-based binders and
electrolytes despite their higher crystallinity and low ionic conductivity due to their
free amine and carboxyl group available for modification. SPE based on chitosan-
poly(aminopropyltriethoxysilane)/PEO was designed by Fuentes et al.®* which
delivered the conductivity of ~10° S cm™. However, it was observed to enhance the
performance of chitosan-based electrolytes when incorporated with plasticizers into a
GPE.336

Cellulose, being the most abundant biomass, has been in the center of interest with
excellent outcomes.® In an interesting report, a GPE was synthesized by combining
cellulose nanocrystals and poly(vinyl alcohol) (PVA/CNC) membranes. The
electrolyte delivered a conductivity of 3.08 x 10 mS cm* with ultrawide ESW of
~5.5 V and significant performance for lithium assembled cells as depicted in Figure
2.28b.3% Kale et al. combined cellulose triacetate with poly(polyethylene glycol
methacrylate) p(PEGMA) using photo polymerization for a transparent film based
GPE as shown in Figure 2.29a. They obtained a high conductivity of 1.8 x 10 S cmr
L (Figure 2.29b), > 5 V of ESW and excellent cycling with LFP-Li cells.®¥” Besides
modification and polymer blending, entrancing attempts were also made on cellulose
via incorporating inorganic fillers like Boron nitride to exploit the synergy of the
composite.®*® In addition, integrating metal organic framework (MOF) particles along
the cellulose fibers through an in situ approach was reported by Zhou et al. as depicted
in Figure 2.29c and 2.29d.%° This approach of MOF-cellulose fiber-GPE delivered
high t,;+0f 0.88, oxidation limit of ~ 5.1 V and superior cycling at C-rate of 3 C.34

Bacterial cellulose derived as a result of metabolism in bacteria has been reported as
a riveting candidate for composite and gel polymer electrolytes. BC-based GPESs such
as poly(methyl vinyl ether-alt-maleic anhydride) plus propylene carbonate/lithium
difluoro(oxalato) borate (BCP-PMM) have been synthesized which outperformed
liquid electrolytes. Those GPEs recorded lower overpotential and high compatibility
with lithium metal and higher voltage cathodes (4.45 V vs. LiCo0,) as confirmed by
cycling experiments,32% 326
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Figure 2. 29: a) Structure of polymer showing Lithium ions transfer through the coordination sites of ether
and carbonyl functional groups (left), Photograph of a flexible and transparent polymer, bendable GPE film
and flexible Li ion battery with LiFePOJ/GPE PC/graphite. (right); b) Temperature dependent ionic
conductivities of the GPE with PC and PDC, respectively, reproduced with permission,*’ copyright 2017,
ACS. c) lllustration of the SE Based on Cross-Linked MOF Chains (left), SEM image of the cross-linked
MOF membrane (topview-right); and d) LSV profiles of the Li|SEs|SS asymmetric cell (Inset: Photograph
of the cross-linked MOF chains membrane). Reproduced with permission,*° copyright 2021, ACS.

2.5.2 Polymers chemically synthesized from bio-derived
monomers

Under the category of polymer chemically synthesized from bio-derived monomers,
there is complete freedom to modify the structure, introduce functionality, and target
certain properties in the final polymer. Bio-derived sources like sugar, wood
(cellulose, lignin), lactides, vegetable oil, have served as monomers for the design of
polymers via particular synthetic approach. Poly(lactic) acids (PLA) are derived from
two routes: ring opening of lactide or polycondensation of lactic acid.3?? Their
monomers are produced naturally via a fermentation process of sugar feedstock like
dextrose. The conductivity of pure PLA based electrolyte was reported to be very low,
around 9.46 x 102 S cm* at RT.3*! This was followed by further development toward
the synthesis of PLA blended with poly(3-hydroxybutyrate) (PHB) by electrospinning
method which delivered the conductivity of 1.5 x 10°5S cm™ at RT as GPE after the
incorporation of liquid electrolyte.3*? Later, Stephano et al.** combined the Pyr4TFSI
ionic liquid with a ternary polymer electrolyte based on PLA loaded with LiTFSI. The
solvent free electrolyte recorded decent conductivity of 2.1 x 10 S ¢cm ** at 60 °C. In

139



Polymer-based electrolytes

some other reports, the addition of inorganic fillers such as Al,O; also has
demonstrated the improvement of the net conductivity (2.07 x 10-° S cm?) with the
later acting as Lewis acid filler.3*

2.5.2.1 Bio-based PU/PHU

Bio-waste derived glycerol is used for the conversion to CC due to two functional
units; a primary OH and a 2-oxo-1,3-dioxolane (ODO) group. A fully bio-based PHU
was reported from the ring opening polyaddition reaction of diglycerol dicarbonate
with various amines without using a catalyst at milder conditions targeting the coating
industry.3#> 34 Starch and sugar derived molecules such as ISO (1,4:3,6-
dianhydrosorbitol),3*" erythritol,3* 2 5-furandicarboxylic acid (FDCA),**° etc. were
strategically converted into CC in two or multiple steps via epoxidation as a
prepolymer for environmentally friendly PHU.3 Naturally occurring aromatic and
non-aromatic compounds from wood were attempted to polymerize PHU with
derivates like lignin,®* tannins,>? terpenes,®* etc. In a study, tannin molecules were
carbonated with dimethyl carbonate and thereafter reacted with diamine to form
PU.%2 One of the exciting class of bio-derived monomers for PHU is vegetable oil.

Vegetable and other non-edible oils being used as monomers for various polymers are
a potential alternative for the industry manufacturing, coatings, cosmetics to energy
materials. Triglyceride containing oils include usually soybean, palm, sunflower,
linseed, rapseed, jatropha, castor oil etc.3?2 They are attractive choices due to their
easy availability and abundance, along with their renewability. With diverse
functional groups such as unsaturated bond, hydroxyl, epoxy units etc., they can be
converted to targeted functionality on controlled reaction. Polyols derived from
vegetable oils have been reacted with diisocyanates for the formation of PU to develop
membranes. > 354354 35 palm kernel oil based PU as SPE was obtained from the palm
kernel oil polyol and 2,4-methylene diphenyl diisocyanate (2,4 MDI) which showed
the conductivity of 7.6 x 104 S cm? at RT on plasticization with EC as shown in
Figure 2.30b.3% Rayung et al.*" modified Jatropha oil by epoxidation and
hydroxylation reaction. Further, the as-synthesized polyol was reacted with
isocyanates for PU. The electrolyte prepared by solution casting method with the
addition of LiClOs, exhibited conductivity of 1.29 x 10*S cm™ at RT with Tgas low
as ~ -25 °C for PU-25LiClO4 as shown in Figure 2.30c and 2.30d. Non edible castor
oil has been modified for its utilization toward bio-based polymer electrolytes in some
reports as well 3830 Salmiah and coworkers in their investigation, developed PU-
SPE and provided comparative data on the conductivity of Li* and Na* ions (1.78 x
10°S cmtand 4.28 x 107 S cm? at RT) from 30% of Lil and Nal salts, respectively.
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Figure 2. 30: a) Comparative ionic conductivity of the PEO-based and PLA-based electrolytes both at a
molar composition of (polymer— LiTFSI-Pyr,, TFSI) = (20:2:4) (Inset: ternary SPE based on PLA, molar
composition (LA units/LiTFSI/Pyr14TFSI)=(10:1:1) after hot-pressing (same composition) Reproduced
with permission, 3 copyright 2016, Wiley. b) Temperature dependent conductivity of PU-25 wt.% Lil SPE
(Inset: Structure of as synthesized PU), Reproduced with permission,®® copyright 2014, Elsevier. c)
Temperature dependent conductivity of PU-25LiCIO, (Inset: Structure of PU based on NMR spectra), and
d) DSC thermograms of PU, PU-15LiClO,, and PU-25LiClO,. Reproduced with permission,®” copyright
2021, MDPI.

The polymerization was performed on the polyol from castor oil with 4,4-methylene
diphenyl diisocyanate (4,4’ MDI).%°

Focusing on other NIPU investigations, castor oil fatty acid was dehydrated prior to
carbonation with CO; for PHU, %! polycarbamate (developed from soybean oil-based
alkyl polyol and epoxidized sucrose soyate polyol) was crosslinked with 1,4-
cyclohexanedicarboxaldehyde and 2,5-diformylfuran (DFF) to obtain PHU.3%?
Epoxidation is one of the most popularly utilized method for oil based fatty acids.
Furthermore, epoxidized soybean oil (ESBO) and epoxidized linseed oil are
carbonated to get CC for PHU on the ring opening addition with amine. However,
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PHUs are hardly exploited as electrolytes despite the recent development into CC
monomers modified from vegetable oil. This thesis is a consolidated effort in that
direction that aims to discover electrolytes from CC to PHU, as well as the synergic
effect with blends.

2.6 Summary and conclusion

The electrolyte is a complimentary component of a battery, supporting its operation
primarily by providing an ion transport channel between electrodes. A superior
electrolyte not only provides good ionic conductivity, broad voltage window, high
compatibility with electrodes and other electrochemical properties but also possesses
physical characteristics such as flexibility, non-leakage, robustness, lightweight, and
safety from flammability. The conventional liquid electrolyte falls behind in a few of
these electrochemical parameters such as broad ESW, transference number and above
highlighted physical characteristics pointing at the improvement or alternatives. Solid
state electrolytes, specifically discussed polymer electrolytes here, have shown huge
potential in line with their counterpart inorganic solid electrolytes. With first few
investigations of PE (ex. PEO) as lithium conductor were carried in the 1990s,
although it did not gain speed due to their lower conductivities and other shortcomings
compared to liquid electrolyte. However, it gained much interest and attention for LB
technology requiring high voltage cathode and high-capacity anodes (such as lithium,
silicon) to revolutionize the transport industry.

Polymer electrolytes are discussed based on the physical phase, solid polymer
electrolytes, gel polymer electrolytes and hybrids. Solvent-free PEs referred as dry-
solid polymer electrolyte possess lower conductivity than others but facile handling
and flexibility. Exploiting various polymeric synthetic techniques such as
copolymerization, blending and grafting, researchers have reported quite a few high
exceptional performing electrolytes with good cycling at room temperature. An
interesting approach is to blend polymer in salt for higher cationic mobility and
transport. While the ion concentration gradient was addressed by anchoring the anions
to polymer chains and formalized as a single lithium ion conducting polymer
electrolyte. However, these SLIC PEs possess lower conductivity despite transference
number nearly unity. Mixing polymer electrolytes with inorganic entities are also
studied by many researchers with goals to target properties such as decreasing
crystallinity, increasing Lewis-acid based interactions and thermal stability. There are
two methodologies for such materials, one is the copolymer of organic and inorganic
chains such as PSx, POSS etc. and another is addition of inorganic fillers, either active
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fillers (LLZO, LATP, NASICON) or passive fillers (Al,O3, SiOz, LiAIO,, TiOy).
They are indeed expected to improve the conductivity and exploit the synergy of
polymer and ceramic particles.

A good compromise between the desired electrochemical properties superior to liquid
electrolyte and mechanical properties of polymer electrolyte was attempted by
adopting the use of gel polymer electrolytes. GPEs offer good wettability, ionic
transport, higher flexibility with less leakage and other interesting advantages. They
are either synthesized via soaking the polymer in an appropriate electrolyte solution
or by in-situ polymerization with liquid electrolyte immobilized in the pores of the
GP. There are sufficient reports on GPEs with the use of plasticizers, inorganic fillers
in order to improve the mechanical strength for restricting dendrite growth and
increased flexibility. They found their way ahead in the market for commercialization
compared to dry SPE due to the intermediate characteristics between SPE and LE.

Further in this chapter, the discussion focuses on a specific class of monomers and
polymers, i.e. CC and poly(hydroxyurethane), as of this thesis is concerned.
Carbonate-based solvents are very entrancing for electrolytes due to their good
solvation, high dielectric constant, tunable viscosity, evaporation temperature range
and ability to form beneficial species in SEI. There are various pathways to synthesize
CC with or without utilizing carbon dioxide via co-cyclization, electrochemical and
transesterification. Sufficient reports have highlighted the crucial role of carbonate
groups as main or side groups in improving the performance. While the
polycarbonates from the CC monomer demonstrated good conductivity in their
pristine as well in copolymers.

Another polymer, polyurethane, has gained much attention due to its tunable structure
with presence of soft and hard segments. PU-based electrolytes show high
conductivity and superior mechanical properties but demand alternatives due to their
higher  toxic  footprints.  Therefore, poly(hydroxyurethane)/non-isocyanate
poly(urethane) research avoids the use of toxic catalysts by employing polyaddition
of CCs with amines. These materials are proving to be a sustainable PU alternative
for paints, coatings, adhesives and wearables. However, the novel idea developing
PHUs using bio-derived monomers seems fascinating and has been hardly reported
by any researchers for LB polymer electrolytes. Material development utilizing toxic
chemicals and approaches is ambiguous to the environment friendly technology.
Thus, more and more efforts towards bio-derived materials should be attempted in
order to tackle these imbalances. And one such effort is the work performed in this
thesis.
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Chapter 3 A brief introduction to the
Electrochemical techniques

Abstract

A technical background in electrochemistry is equally important to lead the
investigations of materials for battery application. This chapter targets a brief
discussion on such necessary techniques to be applied for the polymer electrolytes
developed in this thesis. Coin cells and Swagelok cells setups have been widely
adopted for cell testing either for conductivity or above open circuit potential
experiments. The non-destructive impedance spectroscopy as result of AC signal is a
quite decisive experiment for electrolytes and electrodes prior to prototypes. The
redox behavior of materials is analyzed via voltammetry techniques with respect to
reference material. It gives both qualitative and quantitative understanding of the
reversibility and compatibility of a material. A specific transference number
measurement is performed for electrolytes to study ionic transport with the same cell
setup applied for time-dependent charge-discharge stripping and plating. However,
for full cell prototypes, potential limitation of constant current cycling is applied for

the performance of cells with assembled components.
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Chapter 3

3.1 Introduction to Electrochemistry

The understanding of electrochemistry combined with electronic and chemical
phenomena has proved to be the holygrail in the history of batteries. It explains both
heterogeneous chemical reactions (electron transfer) and homogeneous reactions at
the interfaces and bulk for various domains of science. The fundamental concept and
principal led to the understanding of various puzzles and life-changing inventions for
years. In correlation with batteries, its history has been very forbearing with various
milestone which have been briefly discussed in Chapter 1. Over the years, materials
innovation relied on electrochemical techniques for their targeted properties and thus
validation in the device. With high performing potentiostat and simplified logarithmic
analysis, complex processes in liquid, solid and gaseous analytes can be differentiated
and concerned mechanism can be attributed. In this Chapter 3, the particular focus has
been directed to the methods and techniques commonly applied for the
electrochemical characterization of electrolytes (solid polymer electrolytes) and their
understanding.

3.2 Cell setup and testing

The fundamental characterization on battery material is based on the cells fabricated
with coin cells, Swagelok, pressure-controlled cells, etc. Among all, the most
popularly used setups are the coin cell and Swagelok due to their design, safety and
reusability (for Swagelok), respectively. The small level cell testing conducted on coin
cells provides the proof of concept further extended to pouch cells and grid scale cells
for the large-scale studies and analysis. The Swagelok cell consists of two/three
symmetrical stainless-steel current collectors at a particular separation, i.e. two
electrodes shown in Figure 3.1a. The design varies from one manufacturer to the other
within the same framework. The coin cell consists of components like cap, cans,
spacer and wave spring, which are typically depicted in Figure 3.1b. However, the
pouch cell consists of sandwiched electrodes and electrolyte assembly of either multi-
layered electrodes or rolled ones which largely used Celgard as a separator soaked
with liquid electrolyte for lithium-ion batteries, as shown in Figure 3.1c. Cell
assemblies described above for materials of interest are often investigated in following
cell setups, such as symmetric cells, half cells and full cells based on the type of
electrodes of either two electrodes or three electrodes. The accuracy and prediction of
distinct phenomena and mechanism utilizing the state of art of established
electrochemical techniques depend significantly on the right selection of cell
configuration as highlighted in Figure 3.2 along with respective equivalent circuit.!
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Figure 3. 1: Image illustrating components of major type of commonly utilized cells for battery prototypes:
a) Swagelok cell,? b) Coin cell,® and c) Pouch cell,* Reproduced from following reference as cited.
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For example, an electrode under analysis should be chosen in half-cell setup with two
electrodes (for lower current densities) and three electrodes (reference and counter
electrode (RE and CE) coupled with working electrode separately for voltage and
current, respectively).! For conductivity measurements, blocking electrodes with
stainless steel||stainless steel or with gold, are assembled with the target material. A
non-blocking symmetric cell consists of same electrode, Li||Li, graphite|lgraphite or
lithiated electrode||lithiated electrode (pseudo symmetric-cell). The cell in this case is
operated for cell voltage analysis because of charge/discharge. However, half-cell is
used to determine electrode potential (WE) in accordance with the reference electrode
(RE). In addition, the full cell operates on the cell voltage/potential of combined
electrodes (N and P: negative and positive, as shown in Figure 3.2). A cell fabricated
with Li metal and electrode is rather labeled as Li-metal cell instead of half-cell due
its influence on the net cell voltage.

3.3 Electrical impedance spectroscopy

Electrical impedance spectroscopy is a powerful, non-destructive transient technique
which was established itself as a primary measurement for understanding the time-
dependent processes of the electrochemical systems. With widespread application
involving corrosion of metals and alloys, electrochemical bio-sensors, batteries,
catalysis etc. EIS is performed to measure impedance due to existing species and
multiple reacting species with their distinctive contribution. EIS uses a small
amplitude signal (current or voltage) as periodic perturbation to the target the
electrochemical system. The output signal thus follows the evaluation of the transfer
function referred as electrochemical impedance, Z expressed as equation 3.1.
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Figure 3. 2: An overall scheme guiding the choice of cell setup with their electrical circuit for the screening
and investigation on the desired component of a cell. Reproduced with permission,® copyright 2020,
Elsevier.

V(w) V(w) . . ,
Z(w) = TZ) = |TZ:)| (cos @(w) + jsin®(w)) = Z, + jZ; 31

where ® is angular frequency which relates to f by multiplication factor of 2z, @ is
the phase angle between input and output signal and j = v/—1 is an imaginary number.
Frequency dependent impedance Z has two components, real (Z/Z") and imaginary(Z;
/Z") impedance from resistance and reactance of capacitor and inductor, respectively.
Mathematically, Kramers-Konig relation comply with EIS measurement under the
assumption of linear and stable system. The amplitude of perturbation voltage is often
applied 5-10 mV and up to 1 V in case of high impedance materials.>  The best setup
for EIS can be attributed to four electrode configurations where, two reference
electrodes connected for potential and two others for current. However, three
electrodes and two electrodes configurations are being adopted largely for batteries
and fuel cells. The choice of each electrode and their parameters are not explained
here in details as the large focus is emphasized on the EIS of lithium ion batteries with
WE and CE. Furthermore, among various principles of EIS instrument, frequency
response analyzer (FRA)": 8 are the most well-known before Lissajous curves (Figure
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Figure 3. 3: a) AC Perturbation signal with time and frequency, b) Electrochemical response of applied AC
signal corresponding to current and voltage and vice versa, c) Lissajous curve (current as a function of
potential) plotted from the results presented in a), d) Nyquist to Bode plot transformation, e) Equivalent
circuit model of the cell as depicted in a), Reproduced with permission,®® from Nature and Journal of
Electrochemical Science and Technology.

3.3¢).%1% FRA uses orthogonal sine and cosine signals for impedance corresponding
to each characteristic frequency. The impedance of cell constitutes of consolidated
contribution from resistive, inductive and capacitive component. It depends on
various external parameters like, within the cell, wire (twisted or parallel), contact
leads, holders, and temperature control. At the lower current and lower frequencies,
the electric noise from the environment should be shielded by using Faraday cage.5 *

There are other key parameters such as amplitude signals, frequency range and
number of cycles which control the quality of spectra. The EIS with perturbation
signal as current signal is referred as Galvanostatic electrical impedance spectroscopy
(GEIS) and as voltage signal corresponds to potentiostatic electrical impedance
spectroscopy (PEIS). GEIS is usually employed for corrosion or other high energy
electrochemical device application where the lower impedance is recorded with high
current, while on contrary PEIS is quite favorable for larger impedance
electrochemical systems. The magnitude of applied perturbation signal always
assured the linearity in accordance with better signal-to-noise ratio. Frequency range
is an important parameter to detect the multiple processes which could vary from
different states and type of material. The measurement starts from the higher
frequency to lower frequency under the assumption of the idea of scanning short
period process. With this, the processes occurring at longer time (lower frequency)
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are detected subsequently with minimal effect in case of system disturbance by current
overload or noisy signals. Periodic EIS over some delay in cycles has been an
interesting approach for analysis of real-time process in the system or aging.

The measured data are represented in plots, like Nyquist impedance (as shown in
Figure 3.3d left), admittance, Bode plot (as shown in Figure 3.3d right), and black plot
depending the parametric interest. Admittance plot is a representation of capacitive
behavior at higher frequency and complex capacitance format for the capacitive
behavior of the dielectric systems. While Nyquist plot (for mass transfer and kinetic
behavior) presents real (Z;) and imaginary impedance (Zj) on X and Y-axis
respectively with each data point corresponding to unique frequency. Bode plot
(frequency dependent behavior) usually depicts phase angle (®) and impedance (2)
on the Y-axis with frequency on X-axis. Another representation by the Lissajous curve
is significant for understanding the phase difference between input and output signal.
The shape of the ellipse and its distortion highlight the nature of perturbation and
output signal (Figure 3.3c). However, there is relatively wider acceptance of the
Nyquist plot and Bode plot than others, due to their direct representation of
impedance.

3.3.1 Impedance of a battery

PEIS is performed as a preliminary experiment for analysis of each component of
battery material towards conductivity measurement of distinct entities and processes
as well. Bode plot is often referred when the interest lies in the phenomena associated
with the unique frequency concerning the impedance of system. Nyquist plot, unlike
Bode plot, differentiates the complex impedance into real and imaginary to establish
a clear representation of processes and components of the cell. Each Nyquist plot
corresponds to an electronic circuit based on the curve fitting. The semi-circle at the
higher frequency comprises capacitive behavior (hnumber of semi-circles correspond
to number of capacitors) and 45° slope at lower frequency from the diffusion of ions
referred as Warburg diffusion component. An ideal EIS spectra and equivalent circuit
based on each component and their understanding has been depicted in Figure 3.4 (A-
G).22 Focusing on the LIB, a typical Nyquist plot has been illustrated in Figure 3.5a,
demonstrating the combined impedance of an assembled Li-ion cell which can be
splitted into a contribution from different components with compromised accuracy.
Ideally, 5 physical processes have been attempted in this Nyquist plot to demonstrate,
1) Li-ion conduction of a porous electrode in the electrolyte, 2) Li ion conduction
through SEI films, 3) Intercalation/deintercalation of electrode-electrolyte interface

167



A brief introduction to the Electrochemical techniques

4.) Li-ion diffusion in electrode phase and 5.) Li-ion diffusion in electrolyte phase.®*3
As explained above, the semi-circle evolves from the contribution of capacitive
behavior either due to electric double layer or geometric capacitor from the system.
But this semi-circle is far from perfect in most of the cases and is rather observed as
an arc. This anomaly is fitted by addition of an electronic component called constant
phase element (CPE).** To make it more clear, a scheme of a full LIB cell is depicted
in Figure 3.5b which highlights the electrical circuit of each component in series
combination with CPE.'® Therefore, the wiser option is the analysis of each
component distinctly with a two or three electrodes setup for a relatively accurate and
precise evaluation of a system without interferences. Following the background, the
impedance of electrolyte is discussed as our main interest for the evaluation of
conductivity.
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Figure 3. 4: An ideal representation of Nyquist plot in accordance with possible equivalent circuits.
Reprinted with permission,*? copyright 2018, Elsevier.

3.3.2 Conductivity of an electrolyte

An electrolyte serves as an ion channel media between two electrodes and should be
electrically insulating. Lower is the hindrance in the mobility better is the net ionic
conductivity and transport. Therefore, being one of the most crucial parameters for an
electrolyte, conductivity is calculated via impedance obtained from PEIS. A
symmetric cell with blocking electrodes is used for the EIS measurement as shown in
Figure 3.5c left. The blocking electrodes (gold, silver and stainless steel) restrict the
electron transfer/faradaic reactions. A typical EIS of an electrolyte sandwiched
between electrodes possesses resistive and capacitive behavior without anomaly. The
equivalent circuit employs the series combination of Rs with Ry and Cy, in parallel and
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Cp. The resistors Rs and Ry correspond to solution resistance and electrolyte bulk
resistance, respectively. However, C, and Cp correspond to geometric capacitor due
to charges on the electrodes and double layer capacitor corresponding to charge layer
at electrode-electrolyte interface. The capacitive behavior is subjected to frequency,
which determines its appearance based on the frequency range. As indicated in Figure
3.5¢,'8 the respective electric circuit could be simplified as series combination of
impedance labeled as Z, Z, and Zp following equations 3.2 to 3.5 below.

1 1 1
. 3.2
Zy Ry Y,
Z,= —2> 3.3
1+ iwCp Rp
1
Zp = 10Ch 3.4
Z=27Z,+ Z 35
o= —— 36
RpA

Therefore, depending on the frequency, when o — 0 then impedance becomes purely
resistive, sum of solution and bulk resistance. At high frequency o — oo, then the bulk
impedance approaches to zero and net impedance equals to Rs. As far conductivity of
electrolyte is concerned, bulk electrolyte is calculated from Z-fit where imaginary
impedance gets zero. The ionic conductivity of an electrolyte is calculated by using
the equation 3.6 which depends on parameters such as area and thickness of electrolyte
films in addition to experimental conditions. These conductivity data are aligned with
a suitable model as described in the ionic conductivity section of Chapter 2 for
understanding the mechanism of transport. The EIS measurements are also employed
in transference number in combination with other methods in addition to time
dependent aging analysis of sample which is explained in subsequent sections.

3.4 Voltammetry

The voltammetry is a remarkable technique within electrochemistry for the study of
the analyte via output current in response to varied input voltage. The generated
voltammogram highlights the underlying reactions via the exchange of electrons and
other transfer phenomena. Depending on the investigations required, voltammetry has
been classified into different categories based on the distinct input signal/voltage and
type of electrodes (in some cases). They include cyclic voltammetry (CV), linear
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Figure 3. 5: a) A typical EIS spectra of LIB depicting physical processes along its trajectory and b) Scheme
of a LIB full cell and associated LCR component in equivalent circuit corresponding to each cell
component. c) A scheme of symmetric cell with a solid electrolyte for conductivity measurement (left),
corresponding Nyquist plot for the impedance (right). Reproduced with permission, %16 copyright, 2021
Nature, 2016 Wiley, 2019 Wiley, respectively.

sweep voltammetry (LSV), polargraph stair-case voltammetry, polarography, pulse
voltammetry, chronoamperometry (CA) etc. Among these, most applied methods are
CV and LSV for qualitative understanding of reactions at the working electrodes and
CA for the stability of the working electrode. Electron transfer is a thermodynamic
process between electrodes or two entities to achieve stable energy levels (also
depicted in introduction section). Typically, voltammetry uses three electrodes
involving RE, WE and CE, besides two and four electrodes setups. However, for
lithium batteries, two electrodes are used with Li/Li* as RE and CE together excluding
some setups such as Swagelok which facilitates the 3-electrode experiments as well.
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3.4.1 Cyclic voltammetry

As the term suggests, CV is cyclic in nature with both forward and reverse scans in
the loop to understand the redox processes. It is considered as a crucial technique for
analyzing any chemical reactions undergoing reduction and oxidation phenomena.
However, CV is quite sensitive and can be performed in both solid state and solution
phase at the surface of WE. It requires terminal voltage (E: and E;) with scan rate
(v=(dE/dt)) which determines the rate of potential applied linearly with time as shown
in Figure 3.6a. The terminal voltage is chosen with a speculation of electrode reactions
occurring in that potential window with zero current at vertex potential. Usually, a
slow scan rate is chosen in the range of 0.1 -10 mV s* as integral capacity at a
particular scan rate is close to the theoretical capacity of the electrode.* As a result,
the voltammogram records shapes of Gauss-type peak for single electron concerning
oxidation and reduction with reversible nature of analyte, as illustrated in Figure 3.6b.
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Figure 3. 6 : lllustration of a) Cyclic voltammetry plot for voltage versus time, b) I-V plot: Current response
versus voltage curves and c) Possible current response modes during CV with scan rate; d) |-V plot:
Voltammograms at various scan rates. Reproduced with permission,** copyright 2019, Wiley.
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In the window of limiting potential, voltage (Epa and Epc) corresponding to anodic
peak current in oxidation/forward scan and cathodic peak current in reduction/reverse
scan are analyzed primarily. The reversibility of any redox process is evaluated from
the ratio of these peak currents and difference of voltage corresponding to peak
currents. The current-voltage response in battery system is not attributed to only
Faradaic process, they also include non-Faradaic process like diffusion, intercalation
etc. However some of these processes are not reversible in nature. In a study of one-
side electrode, RE is used due to their fixed potential, say Li-metal, in the case of
evaluation of any cathode for LIB. As far current response is concerned, three modes
of current contribute to net current namely, non-Faradaic double layer current (iar),
Faradaic surface and bulk current (i, and is) as shown in Figure 3.c.1* The square root
of scan rate is directly related to the current due to diffusion of charge carriers through
the bulk of electrodes. The area covered by the voltammogram is also directly related
to the square root of scan rate and increases with the increase in scan rate, depicting
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Figure 3. 7: Demonstration of cyclic voltammogram (left) for a solid electrolyte (SE) based
Lithium/stainless steel cell as depicted (right), a) when the voltage < 0.0 V vs. Li*/Li, and b) when the
voltage > 0.0 V vs. Li*/Li. Reproduced with permission,*® copyright 2019, Wiley.
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higher capacitive behavior, as indicated in Figure 3.7d. This scan rate based
voltammogram is used to find the diffusion coefficient of ions. Nevertheless, CV
curves can also be converted to voltage vs capacity profiles to obtain voltage plateau
of oxidation and reduction corresponding to charge—discharge at constant current. CV
has also been used to demonstrate the extent of stripping and plating in an asymmetric
cell with stainless steel disc/copper- Lithium cells. In a typical experiment, voltage is
applied from open circuit potential to -1 V at a lower scan rate (0.1 mV s?) to SS-Li
cells. As aresult of applied potential, the lithium plating is observed at the onset of 0
V, which is later stripped from SS on the reverse scan at the potential of E >0V
onwards as demonstrated in Figure 3.7.%¢ The quantitative analysis of this stripping
and plating and calculation of Coulombic efficiency explains the reversibility, side
reactions along with stability and compatibility versus RE.

3.4.2 Linear sweep voltammetry and anodic stability

Linear sweep voltammetry (LSV) is a subset of cyclic voltammetry which excludes
the reverse scan. It uses the similar parameters and principles as cyclic voltammetry
for calculation of oxidation potential limit of an analyte. The cell for LSV
measurement resembled the one with Li-metal as RE and WE sandwiching
electrolyte. Basically, this method involves an oxidation sweep to analyze the anode
stability in a wide range of potential, which labels the experiment as anodic stability
of an electrolyte. There have been two approaches which were often employed for
determination of ESW of an electrolyte. In a simple step, potential is swept linearly
from lower potential (0.5 V) to higher potential (target potential of cathode) at a
particular scan rate, as highlighted in Figure 3.8a.1” While in the second approach,
potential is swept from open-circuit potential (OCP) to higher potential and from OCP
to lower potential, respectively, for two cells at the same scan rate. As a result of
applied potential, both Faradaic and non-Faradaic currents are recorded as
demonstrated in Figure 3.8b. The sudden increase in the current at higher voltage
indicates the Faradaic reaction at the voltage, which is usually described as cut-off
voltage for ESW, as shown in Figure 3.8c and 3.8d.1"'® The recorded oxidation
potential provides a validation on the safe and stable utilization of the electrolyte
below that voltage with minimum or no decomposition. In addition to the effect of
scan rate as observed in Figure 3.8d, area and thickness of electrolyte, current collector
materials and cell temperature also affect the current response of the cell in the LSV
spectra.1® 20
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Figure 3. 8: a) Voltage profile with time for linear sweep voltammetry, b) I-V plot: Current-voltage profile
for LSV, ¢) Example of “stability thresholds” determined by onset potential, and d) Effect of scan rate on
threshold potential or PEO:LIiTFSI (O/Li = 10) from 3.5 to 5.5 V vs. Li*/Li at RT from LSV. Reproduced

with permission,”' 18 copyright 2021 MDPI and 2021 ACS.

The phenomena of diffusion in liquid electrolytes occurs from bulk towards electrode,
which restricts the accurate evaluation of limiting current. Therefore, three electrodes
are recommended to be used for LSV in the case of LE based cells, while the third
electrode is dipped in the liquid. However, in solid state electrolyte the oxidized
species remain under detection range and thus a large area of polymer electrolyte is
often desired for legitimate calculation of ESW.8 2! To avoid overestimation of onset
potential at higher scan rate, lower scan rate such as 0.1 mV s*is applied.t’
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3.5 Transference number

Transference number t,,+ (M: cation) is not a technique as such but a parameter
concerning the magnitude of transport of ions within the electrolyte. It quantifies the
number of ions available for the mobility within electrolyte. Besides ionic
conductivity and diffusion, transference number is one of the important criteria for an
electrolyte to predict high performance in a longer run. This dimensionless quantity
is often calculated for cations in metal-ion batteries decoupled with ionic conductivity.
An electrolyte can possess high ionic conductivity and yet low transference number
despite any contradictions. A full cell with higher t,,+electrolyte undergoes superior
cycling with minimal capacity decay than one with lower t,,+ While the transport
mechanism of ions differs from one phase of electrolyte to another, which is why one
model does not fit well for all the systems. Therefore, quite a few models have been
proposed over time with improved accuracy and limits. Conventionally, the t,;+was
calculated by the ratio current at steady state (Iss) and initial current (l,) as in equation
3.7.

e = = 3.7

_ Iss(AV— IoRin,O)
tLi+ - IO(AV_IoRin,SS) 38
However, questions were raised on the accuracy of this method due to the unavoidable
mobility of counter ions and thus new methods were developed using electrochemistry
as well as NMR technique. The NMR technique used pulsed field gradient NMR
experiment on the mobile ions (Li and °F) to calculate their self-diffusion

coefficients.

The most popularly used method is a combination of DC polarization
(chronoamperometry) and AC impedance spectroscopy, developed by Bruce-
Vincent.?? 2 The cell assembly comprises electrolyte in symmetrical 2-electrodes Li-
Li cell and is subjected to constant potential of, AV~10-50 mV for certain period. It is
well recommended to stabilize the open circuit potential of the cell prior to the
measurement with stable measurement temperature condition. The impedance of the
cells is performed before and after the polarization at similar parameters as
represented in Figure 3.9a and 3.9d with equivalent circuit indicated in Figure 3.9b.1¢
As a result of applied potential, the system achieves a stable state where the current
response normalizes to constant value, referred as steady state, as shown in Figure
3.9c. The steady state is achieved via cationic migration and diffusion towards a
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negatively polarized electrode and conflicted anionic migration and diffusion towards
positive polarized electrode on applied potential. It takes account of interfacial
resistance and thus the equation 3.8 (R;,0and Rsso are initial and steady state
interfacial resistance) is derived from conventional equation 3.7 under the
consideration of various other phenomena and approximation.

The correct estimation of transference number has always been a matter of discussion,
with researchers reporting negative or higher than unity t,;+ The dilute solution theory
has been the basis of this method, which approximates infinite dilution.?* Modified
equations and approximation tend to find a better compromise according to the type
of electrolyte.?® The trade-off between transference number and ionic conductivity has
been a major issue for some time, which is attempted to be overcome by immobilizing
anions and providing efficient channels for cations.

Step 1: Measure initial impedance
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Figure 3. 9: lllustration for estimation of the transference number. a) Nyquist plot showing the initial
impedance of the LI-Li symmetric cell, b) Equivalent circuit for corresponding cell, ¢c) DC polarization:
Chronoamperometry for achieving the steady-state condition, and d) Comparative Nyquist for the initial
and steady-state impedances. Insets: Ry: bulk resistance in () and (d). Reproduced with permission,®
copyright 2019, Wiley.
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3.6 Galvanostatic cycling

Galvanostatic cycling is a technique to measure the reversibility of any materials by
applying constant current and analyzing the voltage response of the cell. It is one of
the most interesting method which is employed to investigate the capacity, differential
capacity, potential, stability, rate capability, diffusion coefficient and other
measurement with modified Galvanostatic techniques. In CV, the output current
response to applied voltage is reciprocated in voltage-capacity profile from the CV
resembling charge and discharge of the cell. Similar to that, Galvanostatic charge and
discharge profiles can be transformed to differential capacity versus voltage plot with
information on oxidation and reduction peaks. This method can also be utilized on
both 2 and 3-electrodes cells either for half-cell or full cell. It facilitates control over
time, charge and voltage, targeting specific properties with applied current as
explained in the subsequent section.

3.6.1 Potential limited charge-discharge

As the term suggests, it corresponds to Galvanostatic charge-discharge with constant
current and cut-off voltage (potential limits). This method is largely utilized for the
testing of battery prototypes involving analysis of electrodes in half cell and full cell,
their performance and compatibility with electrolyte and other materials in cell
assembly. Here, cell undergoes charge-discharge in defined voltage limits on time
limits to generate various data like voltage profile with current, capacity (gravimetric
and volumetric capacity), rate capabilities, Coulombic efficiency, etc. The voltage
profile with time indicates the speed of electrochemical cells reactions and phenomena
in the state of charge-discharge. These Galvanostatic charge-discharge profiles
uncover various information right from the electrodes, electrolytes, effects of binders
and additive with controlled analysis. The ideal charge-discharge of a cell is shown in
the Figure 3.10. The voltage plateaus are often plotted with specific capacity to
indicate the oxidation and reduction voltage of electrodes and their corresponding
capacities (Figure 3.10b). The plot indicates capacity in certain cycles and its
evolution with longer cycling. The capacity of an electrode is calculated by following
equation 3.9, where Qf is the Faradic capacity, M molar mass of the electrode, and F
the Faradic constant. The polarization/overpotential is evaluated from voltage
difference in respective charge-discharge curves (Ec - Ep). An electrolyte with lower
conductivity possesses higher polarization/overpotential than a higher ionic
conductivity electrolyte similar to overpotential analysis below,
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— TF
Qr = "] 3.9

For testing of battery prototypes, few other analysis are represented as capacity
retention plot, cyclic stability in addition to voltage profiles. It corresponds to an
evaluation of capacity with cycle number in combination with Coulombic efficiency
for each cycle. Coulombic efficiency is defined as the percentage of ratio of
discharge/charge (the cell is subjected to charge first). It is an important parameter to
measure the loss of lithium ions in subsequent charge-discharge for a longer cycling
cell. There is also other terminology for evaluation of efficiency of the cells, like round
trip efficiency, which uses the ratio of discharge to charge energy capacity. From a
cyclic stability plot, one can found the capacity retention of cells with information on
the CE. As already stated, higher current density leads to higher overpotential, which
is also a subject of investigations for full cells (GC curve). The rate capability plot
determines the cell performance depending on fast or slow charge-discharge rate and
its ability to perform at various current densities without failure (CR curve) as shown
in Figure 3.10c. An ideal electrolyte with a higher ionic conductivity and transference
number should facilitate negligible change in aggravated polarization and deliver
more or less equivalent specific capacity at higher C-rate. Galvanostatic cycling with
potential limitation is more for full battery test or for electrodes screening, while it
also provides qualitative information regarding compatibility of electrolytes.
Galvanostatic intermittent titration techniques (GITT), a modified GPCL, is an
interesting approach for the calculation of apparent diffusion coefficient in electrodes
with some approximations. It is based on the splitting of the charge-discharge into
multiple small-time steps in combination with relaxation to equilibrium in each charge
and discharge as shown in Figure 3.10d. All these methods are standardized and are
translated to other metal-ion batteries technology with some major or minor changes
based on parameters.

3.6.2 Time dependent charge-discharge

For a time-dependent charge-discharge, constant current is applied to record the
voltage response within a limited time of charge-discharge. This is often performed
with a fixed amount of charge supply for analyzing the performance of the cell over
time. One such necessary experiment referred to is stripping and plating of metal-ions
within a symmetrical non-blocking electrode cell. The electrolyte is sandwiched with
lithium metal foil, same as the cell assembly for transference humber measurement
explained above. The Li-Li cell is subjected to constant current for a certain time (say
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Figure 3. 10: Galvanostatic charge-discharge methods a) Charge and discharge: Constant current with time;
b) Voltage response versus capacity curves with potential limitation E1 and E2, and c) Rate capability
illustrating change in capacity with cycle number and current densities, and d) Galvanostatic intermittent
titration charge-discharge: Voltage profile with specific capacity. Reproduced with permission, * copyright
2019, Wiley.

1 h) in the course of each charge and discharge, as depicted in Figure 3.11a. The
resulting voltage profile explains about overpotential in the respective process in each
cycle. It is the nature of overpotential evolution that defines the stability of the
electrolyte, efficient mobility of cations, decomposition reactions and impedance
associated with other phenomena.

The overpotential depends highly on ionic conductivity and interfacial resistance of
the electrolyte, which may vary with electrolyte decomposition at the metal surface.
The electrolyte with higher ionic conductivity results in lower potential and same is
observed for lower interfacial resistance.?® In correlation to that, higher current
densities lead to higher polarization and overpotential (for example, 0.05-0.5 V vs.
Li*/Li for current densities of 0.05-0.2 mA c¢cm2).16-2” Usually during longer cycling,
interface stabilizes, SEI forms and thus constant overpotential is recorded but initial
cycles are attributed to early reactions, decomposition of electrolyte, change in surface
morphology, etc. The surface morphology resulting from cycling is illustrated in
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Figure 3. 11: Time dependent Galvanostatic charge-dicharge. a) Overpotential profiles of subsequent
lithium plating/stripping processes in Li/Li symmetrical cells with selected region A-H for respective
cycles. Reproduced with permission,? copyright 2019, Wiley.

Figure 3.11b, corresponding to respective cycles of interest from Figure 3.11a. The
highest overpotential at specific constant current density is often observed during the
initial cycle due to the kinetic hindrance at the Li-surface (region A), while several
other processes occur in transition. Those include deposition of new lithium ions on
old ones (region B), first higher rate of dissolution/stripping of fresh deposited lithium
(region C) and lower rate of dissolution/stripping of old deposited lithium (region D)
underneath fresh ones in region A. The decreased overpotential in region E combines
the effect of processes like induction of porosity, in homogeneous dissolution and
dendrite formation while subsequent stripping-plating leads to constant overpotential
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as depicted in regions G and H. The order of charge and discharge affects the
morphology of the lithium metal surface in terms of porosity and dendritic growth
which was experimentally depicted.?®

The stripping and plating are smart and rapid methodologies for the prediction of the
potential of a target electrolyte’s compatibility and success in a full cell for repeated
charge-discharge. The overpotential analysis with Li-Li cells at respective current
density range gives an understanding of the extent of high polarization with
electrodes, decomposition of electrolyte, SEI formation, and transport efficiency. The
post-mortem analysis as a result of stripping and plating via microscopic and
spectroscopic tools leads to the crucial findings for tackling the underlying challenges,
the design of materials with superior electrochemical parameters, and the tuning of
the measurement conditions.

3.7 Summary

The basic understanding of electrochemical analysis is important for prediction and
evaluation of proof of concepts of battery materials. In this chapter, a brief discussion
of the techniques specifically developed for electrolytes and full cells is presented to
build the background. The first step lies in the selection of the cell setup, ranging from
2-electrodes to 3-electrodes with half-cell to full cell. These materials don't follow
Ohm’s law for the current and corresponding voltage or vice versa. Therefore, a key
experiment for the evaluation of contribution to conductivity is often performed via
impedance spectroscopy. Frequency dependent Nyquist plots indicates impedance
and individual contribution through equivalent electronic circuit corresponding to the
capacitor, resistor or inductor.

A material undergoes a redox process as a result of electron transfer led by potential
difference. The redox behavior of an electrolyte is expected to be the opposite of
electrodes with irreversibility and weak coordination. The popular voltammetry
technique, either cyclic or linear in multiple scan rates is conducted to record the
current response at each corresponding voltage in the forward or backward scan,
respectively. Voltammetry is a powerful technique which not only tells about
oxidation and reduction of analyte but also provides yet crucial information on other
properties such as reactivity, conductivity, diffusion, and charge storage. The
operating voltage, also referred to as the electrochemical stability window (ESW) of
an electrolyte, is calculated via linear sweep voltammetry analysis. An ESW tells
about the compatibility of the electrolyte-electrode via potential matching for their
cycling.
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The electrolyte acts as a channel for ionic transport and mobility. Therefore, the
number of mobile ions between electrodes is investigated by transference number
analysis. It combines the DC polarization and impedance spectroscopy to calculate
the actual number of mobile cations and anions. Furthermore, charge-discharge nature
of a cell largely depends on its configuration, electrodes and electrolytes. A cell is
subjected to galvanostatic cycling, either with time or potential limitations. Time-
dependent constant current cycling is usually performed with symmetrical metal-
metal non-blocking electrodes to assess the overpotential reactions over time at the
interface (referred as SEI or CEI) with exhaustive stripping and plating of metal ions.
On the contrary, a full cell consisting of commercial cathodes and anodes is subjected
to potential limitation at constant current and is analyzed for its capacity on respective
current-rate. Many other technigues have been developed or already existed besides
those explained above for the material evaluation, such as dielectric constant,
intermittent technique for diffusion, self-discharge, etc. With instrumental
advancement, quite a few of these techniques are coupled with spectroscopy and
microscopy to analyze the structural changes aligned with electrochemical
experiments.
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Chapter 4 Objective

Abstract

This thesis serves two targets in one step, by combining the green and sustainable
material into safer solid polymer electrolytes (SPEs). In this chapter, we briefly
address the need for SPEs after a detailed discussion on lithium batteries and their
components in the previous chapter. Further, the proposed tasks in the project have
been presented in three subsequent chapters. A glimpse of the techniques and tools to

be used in the project has been highlighted in the last section.
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4.1 Core of the research

The clean energy transition can only be bestowed globally if energy storage devices
are revolutionized on a bigger and macroscopic level involving transport and the
power grid sector. Lithium batteries, an exciting technology, have been the first choice
owing to their energy and power density compared to conventional batteries in the
market. The quest to improve lithium battery technology remains a hot topic in the
academic and industrial research community towards affordability, sustainability and
environment friendliness. The state-of-the-art materials and their performance fulfil
the energy needs of micro and semi-macro devices which use inorganic electrodes and
organic electrolytes.! To pace up the next-generation devices and their efficiency, new
electrodes and compatible electrolytes have been undergoing constant innovation.
Besides that, the current technology also poses serious concerns apart from the
incapacity to meet the demand for high performance. Therefore, it justifies the clear
need to discover new electrodes with higher capacity, faster and higher cycling
efficiency along cost effectiveness. However, electrolytes equally need to be looked
upon as they provide channels for ion shuttles. Nevertheless, higher performance with
a good compromise in safety could not be achieved without revisiting the existing
materials and their modification.

Due to some concerns, such as leakage with liquid electrolytes, and flammability with
lithium, the idea of shifting from liquid to gel or solid electrolytes tends more
tempting. However, this not only enhances the safety but also opens its accessibility
to a wide range of electrodes for superior performance.? ® Electrolytes, specifically
solid polymer electrolytes and composite polymer electrolytes as depicted in Figure
4.1, are smart choices in shifting towards safe, sustainable and cost-effective
alternatives to liquid electrolytes. SPE provides lightweight, flexibility, and
robustness to the electrolyte-electrode sandwich films. The major drawback
underlying SPEs is their slower diffusion of Li* ions and conductivity at room and
lower temperatures, indicating a large ion transport activation barrier. The trade-off
between mechanical and electrochemical properties is one of the key challenges in
SPEs. A wide interest also has emerged in interface engineering for lowering
interfacial resistance by using surface polymer coatings or catholyte to lower the
interfacial resistance. Nevertheless, it remains a top priority to focus on the flexibility
and fast kinetics of Li-ion in SPEs at both bulk and interface of the electrolyte-
electrode in all solid-state batteries (ASSBs). Away from the technical shortcomings,
one of the major worries is the environmental benignity of the materials, either be it
for liquid electrolyte-based or solid-state lithium batteries. While most battery
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materials are largely based on toxic and hazardous chemicals, it questions the
credibility of green and clean energy on a mass approach. Given high toxic footprint
at each level of production, each component of the batteries has to be looked for
alternatives, synthesized via a greener approach with minimal hazardous materials.
This thesis thrives to contribute in that direction with an emphasis on the electrolyte.
Solid polymer electrolytes derived or sourced via green /naturally occurring materials
will not only fulfil the drawback of LE but also complement the lower toxicity. They
not only lower the total cost but also ease the handling and manufacturing process.
The last section of Chapter 1 throws light on the impact of hazardous materials in
state-of-the-art LIBs.

Addressing the need of hour, stressing an environment-friendly solid electrolyte, it is
speculated that bio-derived cyclic carbonate-based monomers could be interesting
candidates for polymerization. These functional molecules provide a great control on
the tuneability of the targeted structure and properties. Polycarbonates are already
well-investigated systems as inspired by low molecular weight carbonates-based
liquid electrolytes. Interesting properties like solvation, dielectric constant and
freedom to be grafted as a side chain in a polymer make carbonates widely accepted.*
Another interesting but least explored polymer is poly(hydroxyurethane), which
inspired our investigation.

Organic liquid electrolyte Polymer electrolyte Composite polymer electrolyte

Figure 4.1: Representation of lithium batteries with different type of electrolytes. Reproduced with
permission,? copyright 2023, Springer.

4.2 The project

This thesis involves research activities carried out in the frame of the BRIDGE-FUSE
project funded by INNOVIRIS, Brussels, Belgium. As one of the key members of the
consortium, the key tasks of UCLouvain involved the green electrolyte design,
development, and validation at the coin cell level. Following the theme, the project
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focuses on the synthesis of the bio-based electrolytes via a non-toxic and green
approach via facile polymerization techniques. Our investigation on polymer
electrolytes is largely focused on molecules with cyclic carbonate functionality and
their blend in the first section. The choice of cyclic carbonates is motivated by the
commercial liquid electrolytes, mostly consisting of a mixture of cyclic and acyclic
carbonates. The carbonate contains one carbonyl oxygen and two oxygens covalently
linked with single-bond carbon, which are crucial for solvation and transport of Li-
ion in trade with viscosity and dielectric constant of the molecules. The project is split
into three sections as highlighted. Chapter 5 is based on unopened cyclic carbonate
rings, and Chapter 6 discusses ring-opened cyclic carbonates leading to
poly(hydroxyurethane) networks. Finally, composite polymer electrolytes comprising
inorganic fillers are described in Chapter 7 (as depicted in Figure 4.2). The thesis
intends to demonstrate PHU and cyclic carbonate based polymers which offer
significant potential and have not been investigated as electrolytes for lithium metal
batteries.

The first section (Chapter 5) involves the preparation and demonstration of bio-based
cyclic carbonated soybean oil (CSBO) electrolytes with highly dissociated lithium
salt. The ionic conductivity is assured via interaction of lithium ions with oxygens
from carbonates and esters in CSBO. The novel synthetic route for CSBO is
sustainable, produced at the kilo-gram scale and has been developed by our
collaborator, at CERM from ULiége, who provided the CSBO stock required for the

CSBO-PEO Polymer-Si0,

Non opened ring Opened ring Compﬁsitegm

PHU

~ Yo Ua
7 N 7

CSBO PEO Si0, PHU
CSBO: Carbonated Soybean oil: PEO: Polyethylene oxide: and PHU: Poly(hydroxyurethane)

Figure 4.2: Flow diagram of polymers designed in the project from CBSO to PHU with schematics.
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realization of this thesis. Our study involves experiments on the viability of the
CSBO-based electrolytes for their mechanical properties, and thermal analysis for
crystallinity and stability at higher temperatures. Finally, the material is tested in full-
cell prototypes with various parameters and conditions followed by a fundamental
understanding of primary electrochemical properties.

The further roadmap in the thesis is targeted at tuning the mechanical properties of
CSBO along the lines of improving the ionic conductivity. The task is to be carried
out by screening various polymers or cross-linkers which are also intended to improve
the existing performance besides conductivity. Two possibilities have been
highlighted here: a) preparing blends with CSBO and b) preparing networks by
complete/partial ring opening of the cyclic carbonates. In the first approach, a physical
blend is targeted by incorporating a mechanically superior polymer with a large
number of ether units for lithium-ion coordination. CSBO’s viscous nature blended
with poly(ethylene oxide) (PEO) is chosen for the compromised adhesive properties
as represented in Figure 4.3 (left). A comparative investigation has been proposed for
a better understanding of the utilization of PEO into the composite.

Carrying forward, the next step explores second possibilities as presented above. The
cyclic carbonate ring of CSBO will be opened to form poly(hydroxyurethane) (PHU)
networks in a series of analogues, as indicated in Figure 4.3 (right). PHU has been a
popular material for the coating and paint industry because of its good binding and
adhesive nature. Poly(ethylene glycol) terminated-amine (PEGTA) is chosen as a
cross-linker due to its high reactivity towards cyclic carbonates. Also, a mixture of
cross-linkers is proposed for controlling the cross-linking density and rigidity of the
PHU network. The PHU networks under consideration are thus composed of
carbamate bonds and ethylene oxide groups, which are speculated to bring decent
mechanical and conductivity properties, respectively.

The last section is intended to explore the possibility of composite polymer
electrolytes by incorporation of silicon dioxide nanoparticles and to analyze the
synergic effect of fillers into our polymers on fundamental properties. The goal is to
utilize the functional groups, modify the glass transition temperature, decrease PEO
crystallinity and increase the lithium ions transport.
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Figure 4.3: Scheme of CSBO-PEO and PHU with their picture as solid polymer electrolyte for lithium
metal batteries.

In addition to the design and synthesis of polymer electrolytes, our task also involves
their validation by characterization and testing in real prototypes. Structural
characterization such as infrared spectroscopy has been a major tool for identification
with thermal measurements to qualitatively describe the state and stability of the
materials. As far as electrochemistry is concerned, various experiments have to be
performed with specific cell configurations. Keeping in mind about low toxicity of
LiFePO4 (LFP), the latter is to be used in almost all the full metal batteries testing for
the cycling measurements.

There are multiple interfaces in the full cell, which is a large domain of research
playing a crucial role in its performance. Thus, interfacial investigation via technigques
such as X-ray photoemission spectroscopy (XPS) has been included in the list of
crucial measurements. With all these highlighted tasks, we attempt to provide
alternatives to hefty, expensive and complex polymer electrolytes with our bio-
sourced polymer electrolytes for lithium metal batteries.
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Chapter 5.1 Bio-based solid electrolytes bearing
cyclic carbonates

Abstract

Green resources for lithium-based batteries excite many researchers due to their eco-
friendly nature. In this work, we report on a sustainable bio-based solid-state
electrolyte based on carbonated soybean oil (CSBO) obtained by organocatalyzed
coupling of CO; to epoxidized soybean oil. CSBO coupled with lithium
bis(trifluoromethanesulfonyl)imide salt on a bio-based cellulose separator resulted in
free standing membranes. Those membranes on electrochemical measurements
exhibit ionic conductivity of ~ 10° S cm™at 100 °C and ~10°S cmat room
temperature with wide electrochemical stability window (up to 4.6 V vs. Li/Li*),
transference number up to 0.39 at RT. Further investigations on the galvanostatic
charge-discharge of LiFePO, cathodes with CSBO-based electrolyte membranes and
lithium metal anodes, deliver the gravimetric capacity of 112 mAh g™*and 157 mAh
g*tat RT and 60 °C, respectively, providing a promising direction to further develop

bio-based solid electrolytes for a sustainable solid-state lithium batteries.
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5.1.1 Introduction

Energy storage devices like metal-ion, metal-air and other classes of batteries have
revolutionized our modern life by entering in numerous everyday life and industrial
applications ranging from portable electronic devices, electric vehicles and stationary
power grids, just to name a few. In this context, lithium-ion batteries are of much
interest for more than three decades owing to their high energy density (250 Wh Kg
1) and durability. Until now, the market is dominated by lithium-ion batteries based
on conventional liquid electrolytes with lithium ions shuttling between cathodes like
LiFePO, (LFP), LiCoO, (LCO), etc, and anodes based on graphite and silicon,!
although lithium metal based anodes with their lower potential and higher capacity
(3860 mAh g*) have drawn researchers’ interest for a longer time.?® Lithium metal
anodes exposed to liquid electrolytes soaked in separators pose major issues like
safety, electrolyte leakage, dendrites growth ultimately resulting in short-circuit,
intense heating and flammability.*® That’s why there is a strong need and increasing
market demand for solid-state batteries containing solid electrolytes (SEs) as a
potential alternative.”® SEs can provide not only high energy and power density, but
may also enhance the safety and durability of batteries.® In addition to the design of
new solid electrolytes, a large number of studies are also being dedicated to the
understanding of the long cycling cells failure via interfacial studies and thus
engineering interfaces for beneficial solid electrolyte interface (SEI) species either by
surface treatments and computational predictions.'%!2 For example, self-healing
materials and coatings gained focus on preventing physical and chemical damage and
achieving sustainability, lower environmental impact over the lifetime and better

acceptability. 316

As lithium-metal batteries are maturing with time, the clock ticks not only on the
improvement of existing Li-ion cells but also beyond Li-ion batteries technologies
keeping in mind that the former poses issues like stability, Li-limited reserve and
recycling.l”-? Alternatives like sodium, potassium, magnesium-based batteries, just
to name a few, have been actively looked upon.?-?* Sustainable materials have also
reached momentum for the fabrication of the next generation of batteries. For
instance, sustainable gel-polymer/solid-state electrolytes are being developed to

overcome the hurdles of safety, stability and dendrite growth.?5-28 Recently, Bella and
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co-workers designed lignin-based membranes by crosslinking of a pre-oxidized Kraft
lignin matrix with an ethoxylated difunctional oligomer. Those gel polymer
electrolytes (GPEs) exhibited decent conductivity of 103 S cm™ and > 4 V stability
window with K*.2° However, it’s still early to compare the market reality of other
metal-ion batteries to lithium-based ones due to insufficient understanding of those
new technologies. All-solid-state batteries based on lithium are thus still a strong bet
for high energy and power density immediate future needs toward a clean energy
path.?

Upon discovery of poly(ethylene oxide) (PEO) as an ion conductor by Wright* and
Armand®!, PEO based solid polymer electrolytes (SPEs) got a lot of attention since
they allow efficient dissolution and dissociation of lithium salts, ionic transport due
to the so-called ion-hopping mechanism and the typical viscoelastic properties of
polymers for the formation of free-standing membranes. However, PEO-based
devices have demonstrated low to moderate performance in long run due to their low
lithium transference number (< 0.2) and limited electrochemical stability window (<
4 V).%2 Moreover, PEO-based batteries need to operate at temperatures higher than the
melting point of PEO (around 60 °C) since lithium ions transport is considerably slow-
down in crystalline PEO domains. Research is thus now directed towards developing

new SPEs outperforming PEO-based systems.

In recent years, electrolytes based on amorphous polycarbonates mimicking low
molar mass carbonated liquid electrolytes have emerged as alternatives to PEO due to
their lithium ions transport properties, high transference number, good
electrochemical stabilities and tailored mechanical properties. Generally, cyclic
carbonates were introduced as side-chains in polymers, while linear carbonates were
incorporated in the polymer backbone. As a typical example, Chai et al. polymerized
vinylene carbonate to obtain a linear polymer with cyclic carbonate in the polymer
backbone.®* Lex-Balducci et al. copolymerized a methacrylate bearing cyclic
carbonate side-chains with oligo(ethylene glycol) methacrylate and prepared gel
polymer electrolytes by swelling the accordingly obtained copolymers in a carbonate-

based electrolyte.3+%
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We investigated SPEs based on cyclic carbonate trifluoromethacrylate and vinylidene
fluoride units®® and random copolymers of n-butylacrylate and cyclic carbonate
bearing acrylate.®” Zhang et al. described a linear poly(propylene carbonate)
providing an ionic conductivity of 10~* S/cm at room temperature.® Tominaga et al.
synthesized linear poly(ethylene carbonate) that was further integrated in a hybrid
membrane reaching an ionic conductivity of 107° S/cm at 30 °C.3%40 In another study,
Tominaga et al. combined carbonate and ether units in a copolymer, which was
obtained by copolymerization of ethylene oxide with CO,.%* Copolymers composed
of polyether segments and linear carbonates were reported by Mecerreyes et al.*> The
influence of the incorporation of cyclic carbonates within the chains was also studied
by the same group.*® The quest for environment-friendly electrolytes has motivated
researchers to investigate “green” polymers in SPEs.** These polymers include
poly(lactic acid)*+¢ and poly(urethane)s due to their high degree of tuneability in
mechanical properties and conductivity as highlighted in recent reviews and
articles.’®#7-%0 In this context, polymers based on vegetable oils with long fatty
acids,>5% cellulose,> gums %% and others similar bio-derivatives,> are of high
interest as potential ion conductors owing to their ether and carbonyl functional

groups.

Motivated by the urgent need of more sustainable materials for battery applications,
we designed a novel bio- and CO,-based solid electrolyte derived from soybean oils
bearing cyclic carbonate units on triglyceride fatty acid segments and CO- (as shown
in Scheme 1). The cyclic carbonated soybean oil (CSBO) is not only conferring a
sustainable character to the electrolyte for lithium-ion battery, but it is also
environmentally safe, easy to process and easily accessible at the multiKg scale.%® In
addition, a high density of polar cyclic carbonate units can improve the salt dissolution
and reduce the activation energy for ion hopping from one polar group to another.%
We investigate the influence of the electrolyte system loaded with different amounts
of LiTFSI, characterized for electrochemical and thermal properties. We also
demonstrate the galvanostatic charge-discharge of LFP and lithium metal coin cell
with our bio-based CSBO solid electrolyte.
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5.1.2 Material and methods

Epoxidized soybean oil (ESBO) was kindly donated by Vandeputte Oleochemicals
(Belgium). Carbon dioxide (CO2, N48) was supplied by Air Liquide. 1,3-bis (2
hydroxyhexafluroisopropyl)  benzene was purchased from Fluorochem.
Tetrabutylammonium bromide (TBABTr, > 99%), bis(trifluoromethane)sulfonimide
lithium (LiTFSI) and cellulose separator (TF48-50 (50 um x 66 mm)) were purchased
from Sigma Aldrich and TOB, respectively. Propylene carbonate (PC) was purchased
from Sigma Aldrich. All reactants and catalysts were used as received, without any
further purification.

5.1.2.1 Characterization techniques

FTIR spectroscopy: FTIR measurements were carried out on a Nicolet 1S5
spectrometer (Thermo Fisher Scientific) equipped with a diamond attenuated
transmission reflectance (ATR) device, 32 scans were recorded for each sample for
different batches over the range of 4000-500 cm with a normal resolution of 4 cm-!

and spectra were analysed with the ONIUM™ software.

DSC: DSC analysis was carried out on a Q1000 TA Instruments using standard
aluminium pans, calibrated with indium and nitrogen was used as a purge gas. The
samples were analysed at a heating rate of 10 °C min™* over a temperature range from
—80 °C to 200 °C under N atmosphere and the analysis was repeated more three

times. For all spectra, second heating and cooling was plotted and analysed.

TGA: TGA was carried out using a Q500 from TA Instruments. Thermal degradation
of samples was measured at a heating rate of 20 °C min! over the temperature range
of 0 to 600 °C under a N, atmosphere.

Rheology: Rheological properties of samples were measured on an ARES (Advanced
Rheometric Expansion System) Rheometric Scientific rheometer, equipped by two
parallel plates geometry at a frequency (1 Hz), a strain (1%) and the measurements
were carried out at 25 °C. The evolutions of storage modulus and complex viscosity

were monitored as a function of angular frequency.
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XPS: XPS was performed using an SSI X-Probe (SSX 100/206) photoelectron
spectrometer from Surface Science Instruments equipped with a monochromatized Al
Ko (200 W) X-ray source. The batteries were disassembled and samples were
mounted on an XPS sample holder in a glovebox prior to transferring to the XPS
vacuum chamber in the flux of argon atmosphere. All of the binding energies were
calculated according to the C— (C, H) component of the C 1s peak fixed at 284.8 eV.
Data analysis was carried out using CasaXPS software. For the survey scan, a 1.0 eV
step size was used and a 0.1 eV step size was used for high-resolution scans for all

elements with 150 energy steps. Multiple samples were analysed to validate data.

5.1.2.2 Electrochemical analysis

Electrochemical analysis of potentiostatic electrochemical impedance spectroscopy
(PEIS), linear sweep voltammetry (LSV), chronoamperometry (CA) and
galvanostatic cycling potential limitation (GCPL) were carried out on Biologic BCS-
COM and VMP3 multichannel potentiostats using CR2032 coin cells.

PEIS: lonic conductivity of CSBO SEs was determined by PEIS for symmetric
stainless steel (SS|SE|SS) coin cells in the frequency range of 7 MHz — 50 mHz, with
applied single sinusoidal A.C. excitation voltage of 10 mV. The temperature
dependence measurements were carried out from 20 °C to 100 °C by gradually
increasing temperature at the rate of 0.33 °C min—*. One hour was waited between each
measurement to reach an equilibrium state. The experiments were repeated for more
than two time on several cells over two or more different batches to optimise and

avoid any errors.

LSV: Measurements were performed at various temperatures on asymmetric CR2032
coin cell as (Li|CSBOxy,-SEJAI), (Li|CSBOx%-SE|AI-C|) and (Li|CSBOyw%-SE|SS),
over the potential range of 0 — 5 V (vs. Li/Li*) at the scan rate of 0.5 mV s at 30 °C

and 60 °C over few times.

t;+: Transference number measurements were carried out on symmetric lithium
metal cells (Li|CSBOxe-SE|Li) fabricated over various membranes by following the

Bruce-Vincent method. Chronoamperometry with D.C. voltage of 10 mV was
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performed followed by PEIS measurements in the frequency range of 7 MHz — 50
mHz, at 10 mV of A.C. excitation voltage at 30 °C and 60 °C. PEIS measurements

were recorded before and after steady-state (before and after polarization).

GCPL: Galvanostatic charge-discharge cycling and rate capabilities measurement for
the LFP|CSBOy%-SE|Li and LFP|CSBOxe%-SE-PX|Li cells were tested with a Biologic
BCS-COM cycler for various batches of electrolytes at different temperatures with
and without propylene carbonate. The slurries for the cathodes were prepared from
LiFePO4, Super P, poly(vinylidene difluoride) (PVDF), CSBO and N-methyl
pyrrolidone (NMP) via grinding using a mortar pestle and were further casted on
carbon-coated Al-foils using the doctor-blade technique. The coated slurries were then
dried in an air oven for more than 6 h at 60 °C prior to vacuum drying at 120 °C for
more than 24 h. The cathode components were maintained in the weight ratio of 7:2:1
and 5:2:1:2 for LFP, Super P and PVDF without CBSO and with CBSO slurries,
respectively after several trials. The cathodes and anodes were cut into disks of 14
mm diameter for the electrolyte membranes of 16 mm in diameter for the cell

assembly.

5.1.3 Synthesis

5.1.3.1 Synthesis of carbonated soybean oil (CSBO)

Bio-based cyclic carbonated soybean oil (CSBO) was synthesised by reacting
supercritical CO, with epoxidized soybean oil (ESBO) using a bicomponent
organocatalytic system that combined tetrabutylammonium bromide (TBAB) as
catalyst and 1,3-bis(2-hydroxyhexafluroisopropyl) benzene (HFI) as an activator as
reported.®%-% The coupling reaction was performed at 100 °C and 100 bar using 2.5
wt% of organocatalyst (TBAB/HFI molar ratio of 1) for 10 h. These optimised
reaction conditions ensured the fast and full conversion of epoxy into corresponding

cyclic carbonates.

In a typical experiment, ESBO (30 g), TBAB (0.75 g, 2.32 mmol) and HFI (0.57 mL,
2.32 mmol) were introduced in an 80 mL high-pressure cell equipped with a

mechanical stirrer. The cell was closed, the temperature and pressure were
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equilibrated at 100 °C and 100 bar for 10 h. After reaction, the pressure was released

through the outlet and a viscous product was recovered.

The conversion of the epoxide (ESBO) into cyclic carbonates (CSBO) was
investigated by *H NMR spectroscopy (Figure S5.1.1) by the disappearance of the
characteristic peaks of epoxides, -CH-O— and —-CH>-O- at 2.7 and 3.2 ppm,
respectively. New peaks attributed to -CH-O-C(=0)O- and —CH,-O-C(=0)O-
cyclic carbonates appeared at 4.5 and 5.0 ppm, respectively. The formation of cyclic
carbonates was further confirmed by FTIR (Figure S5.1.2) by the disappearance of
the characteristic band of the epoxy groups of ESBO at 914 cm~ and the presence of

a new band at 1790 cm™ corresponding to the carbonyl group of CSBO.

5.1.3.2 Preparation of solid electrolytes (SES)

SEs were prepared from CSBO loaded with various amount of LiTFSI by a one-pot
process. Prior to preparing the formulation, CSBO was degassed by thermal treatment
at 70 °C overnight in a vacuum oven to remove trapped impurities. CSBO (1.0 g, 0.8
mmol, cyclic carbonate average content per molecule = 6, molar mass approximated
to 1250 g mol™)®6 was dissolved in DMC or THF (0.75 mL) and loaded with
different amounts of LiTFSI (0-50 wt% labelled in subscript). The obtained viscous
solutions were drop-casted on cellulose support and then dried in a vacuum oven at
60 °C for more than 12 h and later at 60 °C for 5 h in the glove box. The cellulose
support allowed the formation of self-standing SE membranes containing 9.9 wt% of
CSBOso-SE (50% represent wt% of LiTFSI). All the structural, thermal and

mechanical characterization was performed on polymers without separator.

5.1.4 Results and Discussion

5.1.4.1 Mechanical and thermal properties of CSBO-LiTFSI composites

The synthesis and chemical structure of CSBO-LITFSI are depicted in Scheme 5.1.1.
The successful transformation of epoxide groups into carbonate ones was evidenced
by *H NMR (Figure S5.1.1) and FTIR (Figure S2) spectroscopies. All the investigated
CSBO-LITFSI samples behaved as viscous liquids with a slight shear thinning

behaviour.®® The influence of LiTFSI salt concentration on the shear behaviour was
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Scheme 5.1.1: Synthesis of carbonated soybean oil (CSBO) along with CSBO molecule interacting
with LiTFSI.

investigated by measuring the complex viscosity at a frequency of 1 Hz (Figure
5.1.1a). The complex viscosity significantly increased with the amount of added
LiTFSI. We assume that the interactions between Li* ions and cyclic carbonates
groups in CSBO allow not only efficient dissolution of LiTFSI in CSBO but also
intermolecular interactions between CSBO molecules and stiffening of the CSBO
molecules, both resulting in an increased viscosity. The amorphous nature of CSBO-
LiTFSI samples was confirmed by differential scanning calorimetry (DSC) (Figure
S5.1.3). Indeed, CSBO-LIiTFSI samples only show a T4, whose value is almost
linearly increasing with the amount of added LiTFSI (Figure 5.1.1b). This can be
related to the decreased mobility of aliphatic soft segments in CSBO with higher
LiTFSI salt content in line with inter- and intramolecular Li*/carbonate interactions

as discussed above.
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Figure 5.1.1: a) Storage modulus and viscosity at 25 °C and b) Glass temperatures (Ty) of CSBO-
LiTFSI solid electrolytes with varying LiTFSI content (without cellulose paper).

In addition, the T remains always well below 0 °C even for the highest LiTFSI loading
(50 wt%). A low Ty is essential for the adhesive nature of the material, which in turn
facilitates good contact and wettability with the electrode interface.®%° Nevertheless,
since CSBO-LIiTFSI mixtures are highly viscous liquids, they are too soft to form self-
supporting membranes and to be used as such in state batteries. This is the reason why
solid electrolyte membranes (see further electrochemical characterizations) have been
formed by casting the CSBO-LITFSI mixtures directly in cellulose/filter paper, the
latter playing the role of a mechanically supporting membrane or separator (see
experimental section). Cellulose has indeed been selected as bio-based supporting

materials.

Thermogravimetric  analysis

(TGA) was performed to 1001

evaluate the thermal stability ~ _ 807—CSBO,,

of CSBO-LiTFSI samples. § 60] — CSBO,q,

There was almost no weight _'En 40_' —— CSBOyy,

loss beyond ~144 °Cand § ] C5B05,

~193.33 °C for CSBOume.s0% 2 _g:ﬁg‘"’%

(the numbers in subscript 0 100 2(')53% 300 400 500 600
indicate the wt% of added Temperature ('C)

LiTFSI and CSBOog%-30%, Figure 5.1.2: Thermogravimetric analysis of CSBO-

respectively (Figure 5.1.2).  LiTFSI (CSBOy: X represent wtd% of LiTFSI) samples.
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This initial weight loss prior to major decomposition can be attributed to the release
of moisture traces trapped by the LiTFSI salt. The major decomposition starts at
around ~260 °C for the CSBO-LITFSI samples and continues till ~475 °C. It is worth
noting that the major decomposition was delayed at ~330 °C for the CSBO sample
with no added LiTFSI. This can be explained by the weakening of C-O bonds in the
carbonate groups as a result of O-Li* coordination.” Moreover, the introduction of
LiTFSI in CSBO leads to a more complicated decomposition pathway compared to
pure CSBO (Figure 5.1.2).

5.1.4.2 lonic conductivity of CSBO-LITFSI solid electrolytes

The temperature-dependent ionic conductivities of cellulose paper supported CSBO-
LiTFSI solid electrolytes (SEs) with LiTFSI content varying from 10 to 50 wt% were
investigated by PEIS and displayed in the form of Nyquist plots as shown, in Figure
5.1.3aat 20 °C (and Figure S5.1.4 for 60 °C). The ionic conductivities () of CSBO-

based SEs were calculated using the following equation:
= %s
where R is bulk electrolyte ohmic resistance from AC impedance, | and S are the
thickness and the surface area of the analysed polymer electrolyte thin film,
respectively. As expected, the ionic conductivities of SEs were substantially increased
with increasing temperature (20 — 100 °C) due to the enhanced mobility of fatty acid
chain segments and charge carriers. The sample loaded with 50 wt% LITFSI displays
the best value of ionic conductivity (= 10° S cm™ at 100 °C and = 10® S cm™ at 20
°C), as depicted in Figure 5.1.3b. The obtained ionic conductivity data were averaged
over 4-5 different membranes measurements and were plotted with less than 4% error.
As already pointed above, our electrolyte system based on CSBO is able to dissolve a
high amount of salts. The results are in agreement with previous studies on polyether
or polyester- based polycarbonates that provided the highest ionic conductivity at 30
° C temperature. The conductivity data have also been fitted by using the Vogel-
Fulcher-Tamman (VFT) equation over the temperature range of 20-100 °C, where A
is the pre-exponential factor, T is the absolute temperature, To is the Vogel scaling
temperature at which the free volume disappears or at which free entropy becomes

zero, Tois related to Tyby T¢-50 K following an approximation,™ E, is the
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Table 5.1.1: Activation energy and pre-exponential factor as calculated from the slope of VFT

plots.
CSBOy ;155 (Wt%) 7,(°0) R? InA E, (kJ/mol)
10% -25.4 0.999 0.289 11.24
20% -22.2 0.999 0.427 11.28
30% -19.2 0.997 0.475 10.63
40% -17.7 0.992 0.588 9.52
50% -15.9 0.992 0.524 9.22

pseudoactivation energy of ion transport and ky is Boltzmann constant:

___Ba
oTY? = Ae *b T-T0)

VFT model has been applied in order to demonstrate the effect of segmental motion
on the overall conductivity above the glass transition temperature.” ¢ The activation
energy calculated from the slope of VFT plot is found to decrease with an increase in
the salt content as shown in Figure 5.1.3d. This could be explained by the fact that, at
higher salt content, ionic conductivity is not only solely based on ion-hopping of Li*
ions from neighbouring carbonate groups, but also from diffusion of free ions
dissolved in the fatty acid segments. The coupled effect of hopping and segmental
motion in our system at a high percentage of salt could explain why less energy is
required for the transport of ions under those conditions. Figure 5.1.3d shows the trend
of activation energy, Ea and ionic conductivity as a function of the weight percentage
of LiTFSI salt derived from the results plotted in Figure 5.1.3b and 5.1.3c. Table 5.1.1
shows the E, calculated for the CSBO-LiTFSI SEs with various LiTFSI loading along

with the pre-exponential factor and R?as corresponding fitting coefficient.

5.1.4.3 Linear sweep voltammetry (LSV) of CSBO-LIiTFSI solid
electrolytes

LSV measurements have been performed to investigate the electrochemical stability
window (ESW) of the investigated of CSBO-LiTFSI SEs. The fabrication of the cell
for LSV measurements is pictured in Figure 5.1.4a. The measurements were recorded
on a wide voltage window of 0-5 V to probe the ESW with a scan rate of 0.5 mV/s
versus Li/Li* at RT and 60 °C. The results reported in Figure 5.1.4b reveals that
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Figure 5.1.3: a) Nyquist plots of CSBO as a result of PEIS at 20 °C. b) Temperature dependent ionic
conductivity for CSBO-LITFSI SEs (depicted as CSBOyy, X : Wt.% of LiTFSI)). c) Temperature
dependent ionic conductivity using the VFT model. d) Y1 axis as activation energy, E,, derived using
VFT equation from ionic conductivity plot and Y2 axis as conductivity at 60 °C versus the weight
percentage of LiTFSI in the SE.

CSBO-LITFSI SEs were electrochemically stable over 4.8 VV and 4.6 V (vs. Li/Li*) at
RT and 60 °C, respectively. However, a slight higher cut off current density has been
observed in the case of CSBOsgy 0wing to higher salt content. In addition, the ESW
of CSBO-LIiTFSI SEs was significantly decreased with increasing temperature along
with increased cut-off current density for higher LiTFSI loading. The electrolyte
decomposition at higher voltage was also cross-checked by changing the electrode
from Al to Al-carbon foil and pure stainless-steel spacer (see experimental section),
as shown in the Supporting Information section (Figure S5.1.5). From all these data,
we did not evidence any Al corrosion with LITFSI even at the higher potential of 4.5-
5.0 V. The high ESW indicates the electrolyte compatibility with Li-electrodes and
no oxidation was observed on the cathodic side. Consequently, bio-based CSBO-

LiTFSI SEs appeared as promising electrolytes compared to PEO-based SPE for
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lithium metal batteries in the operational window of most of standard commercial

cathode materials.””:"®

5.1.4.4 Transference number of CSBO-LIiTFSI solid electrolytes

The lithium transference number(t;;+) of a symmetric Li|CSBOsos-SE|Li cells was
determined by AC impedance combined with DC polarization. The t;;+ value was

calculated using Bruce-Vincent method,’ & following the equation:

e = 619
where V is the DC applied potential, I, and I are the initial and steady state currents
recorded with R, and R as initial and steady-state interfacial resistances from PEIS
measurements at an AC sinusoidal voltage of 10 mV. Figure 5.1.4c shows that the
polarization as a result of constant potential of 10 mV changes the interfacial
resistance from 7350 to 7749 Q, while current varies from an initial value of 1.26 pA
to a stabilized value of 0.91 pA. The t;;+ of CSBOsuy Was then calculated to be
0.39+.0.03 at 30 °C ( ty;+= 0.31 + 0.03 at 60 °C as in Figure S5.1.5d), in agreement
with results previously reported by Han.” This value is comparable to the commercial
liquid electrolytes (0.31) and higher than PEO based polymer electrolytes (0.2).5 A
high ¢ ;+ is indeed a crucial parameter for the long-term cycling of batteries, allowing

efficient diffusion and lower Coulombic efficiency loss.

5.1.45 Stripping and plating experiments for CSBO-LIiTFSI solid
electrolytes

The time-dependent voltage profile was investigated on symmetric Li|CSBOsg%-SE|LIi
cell using galvanostatic cyclic measurements at current densities of 0.4 pA cm™ at
RT. Reversible plating/stripping of Li—metal was carried out for a prolonged time for
an individual plating or stripping steps with charge and discharge for 1 h each at RT
for Li-symmetric cells and was recorded an average overpotential in the range of 150
mV to 200 mV during initial cycles. As it can be observed in Figure 5.1.4d, a slight
overpotential is associated with the bulk resistance of the electrolyte and
electrolyte/electrode interface.?? As a result of multiple cycling, the SEI layer

stabilizes and facilitates the mobility of Li* ions at the interfaces. Steady-state was
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observed to be achieved in less than 100 h with more or less constant overpotential.
These constant values are mirroring a high Coulombic efficiency and reversibility in
the electrochemical process with efficient Li-ion transport and stable interface that

minimizes dendrites formation and growth.
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Figure 5.1.4: a) Cell fabrication for LSV measurements. b) Linear sweep voltametry of the CSBO gy~
SE and CSBOs-SE at RT and 60 °C with Al and lithium electrodes. ¢) Chronoampereometry
measurement at 10 mV for CBSOsq-SE with Nyquist plots for PEIS before and after polarization in
the inset at RT. d) Galvanostatic charge-dicharge for stripping and plating of lithium in Li|CBSOsq-
SE|Li symmetric cell with three enlarged plots at respective time demonstrating the constant over

potential in the inset.

The constant overpotentials also confirm the formation of a stable and conducting
SEI beneficial for a long cycling life of the cells.* As a result of minor fluctuations in
cell temperature at RT, a slight increase in the overpotential is however recorded in
day-night measurements. With these results, the good interfacial compatibility of the

CSBO-LITFSI SEs with Li-metal was revealed.
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5.1.4.6 Li-metal batteries based on CSBO-LIiTFSI solid electrolytes

In order to probe the applicability of our bio-based CSBO-LiTFSI SEs in all solid-
state lithium metal batteries, battery prototypes constituting of a cathode based on
LiFePO4 (LFP), an anode of metal Li and CSBO-LITFSI solid electrolytes have been
constructed (abbreviated as LFP|CSBOx%-SE|Li) and their galvanostatic cycling
performances have been measured at various temperatures with different
concentration of salt loaded CSBO electrolytes over multiple batch of samples. The
cathode has been formulated from LFP as electroactive material, carbon as conducting
agent, PVDF as binder and CSBO as catholyte for ion transport (see experimental
part). CSBO-LiTFSl/cellulose SEs have been used as electrolyte membrane. It is
clearly supported by the PEIS measurements on the Li metal battery prototypes
(Figure 5.1.5a) that CSBO-LiTFSl/cellulose SEs with higher LiTFSI content are
characterized by a higher conductivity and will lead to better performance for the
battery. Indeed, the CSBOse-SE with the highest LiTFSI content shows a semi-circle
in the Nyquist plot that correlates with an electric double layer capacitive behaviour
(Figure 5.1.5a). The enhancement in the diffusion of Li* ion in the electrolyte to
electrode interface for this electrolyte can be noted from the inclination of Warburg
impedance away from the real resistance axis (subset of Figure 5.1.5a). In contrast, it
was observed that the cells made with CSBO-LiTFSl/cellulose SEs with lower LiTFSI
content (CSBO20-40%) could not deliver decent specific capacity at RT at 0.1C rate due

to insufficient lithium-ion conductivity and transport.

Figure 5.1.5b shows galvanostatic charge-discharge voltage profile of the LFP
|CSBOsoy%-SE| Li cell with obtained capacity of 124 mAh g* and 112 mAh gtin 1%
charge and discharge cycle, respectively, at the 0.1C-rate at RT. The oxidation and
reduction plateau for LFP has been observed at 3.52 V and 3.32 V approximately
without significant polarisation in subsequent 26™ and 100" cycles. However,
galvanostatic charge-discharge curves at different C-rates show a drastic polarisation
at a higher current density. Similarly, the change in oxidation potential, AEgo and
change in reduction potential, AErr for the corresponding charge-charge and
discharge-discharge at 0.1C and 1C were observed to increase by 0.47 V and 0.51 V,
respectively. The AEor between oxidation and reduction increased from 0.15V at0.1C
to 1.18 V at 1C, as seen in Figure 5.1.5c.
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Figure 5.1.5: a) Nyquist plot of Li|CSBOy-SE|LFP at RT with enlarged PEIS of Li|CSBOsgy-SE|LFP.
b) Galvanostatic charge-discharge voltage profile at 0.1C, c) Galvanostatic charge-discharge voltage
profile at different C-rate and d) Rate capability plot of Li|CSBOsqy, -SE|LFP at RT.

This phenomenon correlates to nothing, but the poor conductivity at the interface
between electrode and electrolyte. Nonetheless the charge-discharge at RT is
achievable due to current density in rate capability plot measurements (Figure 5.1.5d),
indicating that the cell regains back its capacity at 0.1C rate even after a significant
capacity loss at 1C rate. The capacity retention was calculated to be 83% for long term
cycling with a capacity of 96 mAh g at the 100" cycle, as shown in Figure 5.1.6d.

Although the experimental capacity for LFP obtained for the LFP|CSBOso%-SE|Li cell
is not reaching the theoretical capacity of LFP, it constitutes a very promising result
in the context of solid-state lithium metal batteries without the use of plasticizers,
additives or elevated temperature.®3# In order to increase the performance of our
system, we first increase the temperature of operation of our LFP|CSBOsq%-SE|Li cell.
As shown in Figure 5.1.6a, the increase in charging and discharging time with

increasing temperature is self-explanatory. As the temperature increases, the mobility
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of fatty chain segments in CSBO along with the increased mobility of ions contribute
to the improvement of the overall experimental capacity. With the LFP|CSBOso%-
SE|Li cell, we are able to achieve a discharge capacity as high as 157 mAh g at 60
°C in comparison to 151 mAh gt and 112 mAh g at 40 °C and RT, respectively (also
refer Figure S5.1.6 for rate capability and capacity retention at 60 °C).

Another possibility to increase the cell performance is by addition of organic solvent
in the SE. Here, we have selected propylene carbonate (PC) because PC is fully
miscible with the CSBO-LIiTFSI-SE. The targeted role of the PC is to enhance
mobility by decreasing viscositthus nd transport of ions.85 887 Figure S5.1.7c shows
the effect of the amount of PC on charge-discharge performance at 0.1C. According
to the data shown in Figure S5.1.7, it seems that an added ~5 wt% of PC to CSBOsgq
(5 uL of PC by volume, represented by P5) is sufficient to significantly increase the
cell performance. Figure 5.1.6¢ shows galvanostatic charge-discharge curves for the
LFP|CSBOsoy-SE|Li cell (without P5) and Li|CBSOsu-P5|LFP with P5. Although
there is no enhanced capacity during the first cycle due of the presence of PC, a visible
improvement in the capacity can be observed for the 100" cycle for the CBSOsgs-P5
cell. In addition, the AEg and AEg for LFP were found to be decreased upon addition
of PC from 3.52 to 3.47 V and 3.37 V to 3.32 V for oxidation and reduction
respectively. Moreover, during the subsequent 100" cycle, the AEoo/AErr in
respective charge or discharge is observed to be around 0.02 V for CBSOsg%-SE and
less than 0.005 V for CSBOsu-SE-P5. This is also fully supported by a lower
electrolytic bulk resistance recorded in the PEIS measurements of the respective cells
a shown in Figure S5.1.6. Figure 5.1.6d shows the comparison in the capacity
retention of the CSBOsg,-SE and CSBOsew%-P5 cells. The capacity retention is
enhanced from 83% to 96% with P5 Coulombic efficiencies for both ranging in
between 99%-100%. In contrast, there is no improvement in the overall capacity with
P5 in compare to P10 and P20 (P10, P20 correspond to 9.7 wt% and 17.8 wt% of PC,
10 pl and 20 pl of PC by volume for CSBO2y%) as recorded (refer supporting
information, Figure S5.1.7 and S5.1.8).
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Figure 5.1.6: Galvanostatic charge-discharge voltage profile with respect to a) time and b) with gravimetric
capacity at 0.1C for Li|CSBOsg, -SE|LFP at variable temperature. ¢) Galvanostatic charge-discharge voltage
profile with gravimetric capacity for 1% and 100" cycle and d) Capacity retention plot with cycle number for
Li|CSBOsoy -SEILFP and LilCSBOsoy -P5ILFP (P5 represent PC) at 0.1C at RT.

5.1.4.7 Post-cycling XPS analysis of electrode interfaces

For a stable electrolyte, minimal growth of dendrite or its suppression (if any) are
crucial parameters for a longer performance of the battery. The active formation of
lithium fluoride (LiF) in a solid electrolyte interface (SEI) layer as a result of the
decomposition of LiTFSI serves the purpose of ensuring efficient Li-ion mobility
while limiting the dendrite growth.®8 8 Therefore, XPS measurements on the surface
of the Li anode and LFP cathode for Li|CSBOsow-SE|LFP cells were performed to
probe the interfacial composition after galvanostatic charge-discharge for more than
100 cycles at 0.1C. The C 1s peak at 284.8 eV was used as a reference to calibrate the
binding energy.®® The major C and O elements could not be ignored from the XPS

chamber or atmosphere and hence can also correspond to adventitious carbon. The
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Figure 5.1.7: a) Survey spectrum of LFP cathode and lithium metal anode after cycling for more than
100 cycles of Li|CSBOsqy -SE|LFP. b) Bar charts showing the abundance ratio percentage of functional

carbon and c) elements from their surface.

survey spectra detected the desired elements like C, O, Li, F, N, S and P originating
from the SEI layer or the other constituents from electrodes, as shown in Figure 5.1.7a.
The abundance ratio percentage of functional carbons and elements has been

presented through the bar charts in Figures 5.1.7b and 5.1.7c.

The C1s spectra in both samples can be attributed to C-C/C-H, C-O/N and O-C-
0O/C=0 with the binding energy of ~284.8 eV, 286.3 eV and 287.8 eV, respectively.
Other O-(C=0)-/-C-F functional species have been detected at 289.54 eV and 289.98
eV for Li-metal surface and LFP with a shift of 0.44 eV, as shown in Figures 5.1.8a
and 5.1.8d. As a result of prolonged cycling, a significant amount of 2.6% LiF species
in the F1s spectra (Figure 5.1.8b) at the binding energy of 684.8 eV was detected at
the surface of the Li anode, in agreement with the formation of a stable SEI interface.®
While 6.1% and 4.6% -CFsderived from LiTFSI were recorded at 687.6 eV and 687.8
eV for Li anode and LFP cathode, respectively (Figure 5.1.7c and Table S5.1.1). The
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S2p spectra in Figure 5.1.8¢ and 5.1.8d show the characteristic peaks of sulfone (-
SOy) from LiTFSI for both electrodes. The HR-XPS of O1s could not be deconvoluted
owing to overlapped peaks which may correspond to the following species, S-O
(LiTFSI), O-(C=0)-0, 0-(C=0)-C, C-OH and C-(SO,) (Figure S5.1.9, also showing
Lils, N1S and P2p XPS spectra). These insights complemented the good performance
of our bio-based CSBO-SE based Li-metal batteries by confirming the presence of

LiF species for a stable SEI.
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Figure 5.1.8: HR-XPS of a) and d) Carbon (C1s), b) and e) Fluorine (F1s) and c) and f.) Sulphur (S2p)
for lithium metal and LFP surface of cycled Li|CSBOso, -SE|LFP cell, respectively.

5.1.5 Conclusion

In this contribution, we have disclosed an approach to develop solid electrolytes from
bio-based starting materials (namely carbonated soybean oil and cellulose) and CO;
using a green chemistry approach. The carbonated soybean oil was capable of
dissolving lithium salts, thanks to its high dielectric constant resulting from the
presence of cyclic carbonate groups. As anticipated, the ionic conductivities of CSBO-
LiTFSI SEs were substantially increased with the amount of added salt due to the
increased number of charge carriers and temperature due to the enhanced mobility of
chain segments. A maximum ionic conductivity of ca. 10 S cm™ was obtained for
CSBOsoy at 100 °C and 10°° S cm™ at 20 °C. Electrochemical stability window up to
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4.8V (vs. Li/Li*) and lithium-ion transference number up to 0.39 + 0.03 were obtained
for the CSBOso«.-based SE at RT. However, our fundamental understanding of ionic
transport in this system remains limited. Further electrochemical studies like
galvanostatic charge-discharge measurements confirmed the stable SEI layer
formation in subsequent stripping and plating. The CSBO-LIiTFSI SEs were then
incorporated in lithium metal battery cells using LFP as cathode material. The
accordingly obtained cell can deliver up to 112 mAh g* of discharge capacity at 0.1C,
RT. The capacity of the cell was further shown to improve with parameters like
elevated temperature and addition of PC to 156 mAh g close to the theoretical
capacity. Further, XPS analysis on the Li-metal and LFP surface highlighted the stable
SEI formation and decomposition of electrolyte. Our findings are paving the way
towards bio-based and more environmentally friendly solid-state batteries operating
at RT with the aim of high energy density.
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Figure S5.1.1: "H NMR spectra of epoxidized soybean oil (ESBO) and cyclic carbonated soybean oil
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Figure S5.1.2: FTIR spectra of epoxidized soybean oil (ESBO) and cyclic carbonated soybean oil
(CSBO).
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Table S5.1.1: Quantization table of XPS analysis of electrodes post-cycling indicating, BE, FWHM and

abundance ratio %.

BE 687.59 |684.76 532.89 399.61 289.54 | 287.8 | 286.3 | 284.8 169.58 55.93
Li anode FWHM | 2295 | 1.858 2.336 2.272 1.664 | 1.664 | 1.664 | 1.664 2.169 1.812
A% 6.06 | 2.638 | 8.698 [29.118 2767 |2.767| 2123 |2.511 | 5.802 |40.968|51.404 | 3.637 4375
BE 687.85 533.19401.74/399.89 289.98 | 287.8 | 286.3 | 284.8 17017 | 13427 |102.3|56.68
Al/C-LFP FWHM | 2279 22161 175 | 175 1.751 | 1.576 | 1.576 | 1576 1.825 22 1.896(2.044
A% 4.563 4563 [18.0420.195| 2.495 | 2.69| 1.455 |2.868 | 6.043 | 54.78 | 65.146 | 5.49 0.054 ]0.398(3.617
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Chapter 5.2 Carbonated Soybean oil blends with
poly(ethylene oxide)

Abstract

While poly(ethylene oxide) (PEO) based solid-state batteries have been a frontrunner
in the polymer electrolyte research, they do present unavoidable trade-offs. Many
polymer blends have been demonstrated as better alternatives to pure polymers
exhibiting superior electrochemical and mechanical properties but are less
environmentally friendly. In our project, we have developed blends of PEO and
soybean-derived carbonated soybean oil (CSBO) by a facile blending approach. The
physical blend of PEO and CSBO with lithium bis(trifluoromethane sulfonyl)imide
salt results in free-standing membranes combining the ether and cyclic carbonate
functionalities in the blend. It confers increased amorphous phase and adhesive nature
to the polymer blend owing to CSBO, in addition to better interface with electrodes.
With the conductivity of 3.3 x 10° S cm? at room temperature, a broad
electrochemical stability window (ESW > 4.2 V versus Li/Li*) is observed with high
stability versus lithium metal electrodes as inferred from stripping and plating
experiments (for cycling time > 300 h). Subsequently, the lithium ferrophosphate

I-e 4)/polymer blend/lithium metal batter rototypes deliver 2 Mm -0
(LiFePO,)/polymer blend/lithi | battery prototypes deliver 108.2 mAh g of
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discharge capacity with high Coulombic efficiency at 0.1C and 60 °C in the first cycle.
Here, the trade-offs in PEO have addressed with bio-derived carbonates-containing
molecules contributing towards sustainable materials development for higher energy

density.
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5.2.1 Introduction

The serendipitous discovery and thereafter continuous arduous effort led to the
successful revolution of lithium-based batteries involving lithium-ion, lithium metal,
lithium-sulfur and lithium-air batteries as promising future alternatives.>? Lithium
batteries have bartered the fate of energy storage technology for clean energy largely
because of their high energy and power density in high-performance electronics from
small watches, mobile phones to large stationary power grids. Unlike prosaic
batteries, lithium batteries tendered a lot of complications in the long run. It took years
of development to realize the underlying issues and come up with a series of optimized
electrodes and electrolytes. From the alloying to intercalation, electrodes based on
TiSz, M0oS;,, LCO, LMO, LFP, NMC, and lithium sulfides have been seen as a grail
for the cathode materials.>* On the contrary, the anode was not equally looked upon
limiting it to lithium metal, carbonaceous graphite, silicon and other alloys due to their
complex compatibility with electrolytes.> Contemporary technology is referred to as
Li-ion and Li-metal batteries, with the latter using Li-metal as an anode.® The quest to
reach the newer milestone of energy density with adequate cost and safety continues
to spark a strong interest in bringing more innovations in the matured and existing
technology. Commercial Li-ion batteries consist of bulky cathode and anode (except
lithium metal) as highlighted above with separators soaked in non-aqueous liquid
electrolytes. Thus, this higher weight lowers total energy density but also poses a risk
of electrolyte leakage, flammability, inflexibility, and complex recycling just to name
a few.”® In addition, typically used ether/ester-based liquid electrolytes also offer

limited electrochemical stability (ESW) to match up with high voltage cathodes.*

However, LIB research still gained momentum solely because of its cost-effective
anode and higher safety compared to metallic lithium. The original idea of lithium
metal as an anode was never dropped in the research area due to its high capacity
(3860 mAh g) and lightweight (energy density ~ 250 Wh Kg*). However, the major
obstacle has always been the safety of the battery due to high reactivity, Li-dendrite
growth, processing and lack of infrastructure, limiting its commercial use.®!® The
solid-state battery (SSB) based on lithium metal has been eyed upon with huge

expectation overcoming all the underlying hurdles associated with li-metal for
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superior performance. It facilitates lightweight, robustness, flexibility, thermal safety,
and recyclability to lithium metal battery (LMB) in addition to upheaval in the long
life and high performance of the cells.!**? Having all these advantages, the quest for
superior solid-state electrolytes has been active for decades even before commercial
LIB came into the market. From 1980 and onwards, SSEs such as ceramic-based
conductors and organic polymer electrolytes gained momentum. Armand, Wright and
co-workers efforts led to the discovery of a Li*/Na*-polymer complexes as potential
ion conductors.’®* Their revolutionary discovery of poly(ethylene oxide) (PEO)
based solid polymer electrolytes (SPEs) paved the long road of utilizing polymer
chemistry for electrolytes. Ether units responsible for oxygen coordination and
conduction mechanism were one of the crucial findings during those times. The great
deal of tuneability in the structure and mechanical properties retains its top preference
for most polymers for energy storage applications. Moreover, designing an electrolyte
with good ionic conductivity, wide electrochemical stability window (ESW), high
transference number, decent interface compatibility and high dielectric constant with
superior mechanical and thermal properties remains a challenge until now.'>6
Addressing this concern, various classes of PEO-based polymers and their
alternatives,'”8 have been investigated via smart approaches like grafting*®%, block
copolymers,??* networks, blends®?7, single lithium-ion conducting,®%° gel
polymers,332 and hybrids.?"334 Potential polymers such as polyesters,33¢
polycarbonates,®-*° polyalcohols,*® ! polyurethanes,*>** polysiloxanes*> %6 have been
designed with functionality involving ether, ester and carbonate analogous to
nonaqueous solvents for overruling issues accompanying PEO-based electrolytes
(ESW<3.9 V, t;;+ < 0.2). SPEs congruent to high voltage cathodes need to be

designed repealing the trade-offs in hand with sustainability.

For the last few years, stretched interest towards alternatives for non-green and toxic
materials has escalated the research in bio-sourced materials. Organic electrodes and
electrolytes are widely attempted to be designed via eco-friendly processes. Several
reports can be found on vegetable oils*"#, cellulose*, and gum® derived cation
conductors for potential energy storage applications. Cyclic carbonates are quite
appropriate for lithium-ion coordination and dissolution due to their superior

dielectric constant (normally = 60-70 for carbonate vs less than 10 for EO at room
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temperature).5+%2 Coupling cyclic carbonate functionality and ethylene oxide units in
co-polymers and blend has also been an interesting approach. Tominaga et al.
synthesized linear poly (ethylene carbonate) that was further integrated into hybrid
membrane reaching an ionic conductivity of ~107° S cm* at 30 °C.3%53 Our research
group investigated SPEs based on cyclic carbonate trifluoro methacrylate and
vinylidene fluoride units® and random copolymers of n-butyl acrylate and cyclic
carbonate-bearing acrylate.®® Xue et al. reported borate-based porous polymer
electrolytes containing cyclic carbonates wth ionic conductivity of 1.32 x 10° S cm-
L at 30 °C.% An intense amount of work is also directed toward understanding the
interfaces which guide the design of electrolytes. On those trails, interfacial

engineering, chain end modification, coating stabilized polymers are being studied.5”
59

Therefore, taking up the challenge to improve the existing PEO by combining it with
bio-derived molecules, we report here the blend of PEO and carbonated soybean oil
(CSBO). CBSO-PEO blends were prepared by mixing CBSO and PEO with the
synthesis of CSBO reported elsewhere as shown in the overall Scheme S5.2.1.%
Cyclic carbonates with their viscous nature plasticize the PEO and are speculated to
facilitate blend formation with less crystallinity of PEO and overcome the trade-offs
in electrochemical properties. Herein, we investigated the various CSBO-PEO and
pristine PEO membranes by performing spectroscopic and electrochemical
measurements. With the ability of monomer scale up for both CSBO and PEO, we

can highlight the great prospects of Soybean oil derived-PEO blends.

5.2.2 Materials and methods

Epoxidized soybean oil (ESBO) was obtained from Vandeputte Oleochemicals
(Belgium). Carbon dioxide (CO2, N48) was supplied by Air Liquide. 1,3-bis (2
hydroxyhexafluroisopropyl) benzene was purchased from Fluorochem. Poly(ethylene
oxide) (My~1000k), tetrabutylammonium bromide (TBABT,>99%),
bis(trifluoromethane)sulfonimide lithium (LiTFSI) and cellulose separator (TF48-50
(50 pm x 66 mm)) were purchased from Sigma Aldrich and TOB, respectively.

Propylene carbonate (PC) was purchased from Sigma Aldrich. All reactants and

229



Carbonated Soybean oil blends with poly(ethylene oxide)

catalysts were used as received, without any further purification. Deuterated

chloroform (CDCIs3) used for NMR spectroscopy was purchased from Eurisotop.

Note: Refer the Chapter 5.1 for characterization and electrochemical techniques.

5.2.3 Experimental section

5.2.3.1 Synthesis of CSBO-PEO and electrolyte films

The procedure of synthesis of CBSO has been followed as highlighted in experimental
section 5.1.3.1 of Chpater 5.1 .CSBO-PEO blends were synthesized by mixing various
amounts of CSBO and PEO (CSBO:PEOy (y:z) y and z are the wt% of CSBO and
PEO, respectively and x is the wt% of added LiTFSI) in a vial using acetonitrile
solvent. The mixtures were stirred for > 6 h and then drop-cast on Teflon molds
respectively and later transferred to the vacuum oven. They were maintained at 70 °C
for > 24 h in a dynamic vacuum. The CSBO-PEO SPEs were prepared following a
similar procedure with LiTFSI (by wt% to CBSO-PEQ) added to the CSBO-PEO
mixtures prior to solvent evaporation. The dried membranes were peeled off from the
molds respectively in the glove box as depicted in Scheme 5.2.1. All the structural
and thermal characterization was performed on polymers without separator. In
addition to free-standing blend membranes, the polymer solutions were also drop-cast
on the cellulose paper for separator supported membranes. Both films were cut in a

diameter of 16 mm, each which possesses a thickness of 50-200 pum.

5.2.4 Results and discussion

The CSBO-PEO blends were prepared as shown in Scheme 5.2.1 via blending. The
free-standing polymer blends and cellulose supported membranes were assured
solvent-free by sufficient drying in the vacuum oven at >24 h at 70 °C. The cellulose
support was utilized to control the thickness and avoid short-circuit at higher
temperature above the melting point of the investigated electrolytes. Each CSBO unit
possesses six cyclic carbonates but not all of them are equally accessible to lithium-
ion coordination owing to the structure and steric hindrance highlighting the need of
additional lithium-conducting functionality. Therefore, we synthesized the blends in

various formulations following percentages of PEO varying from 100% to 50% by
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Scheme 5.2.1: Synthesis of carbonated soybean oil (CSBO) and its composite with PEO along with
rough scheme of molecular chains interacting with LiTFSI.

weight, as shown in Figure 5.2.1. The pale color of the accordingly obtained blends is
credited to the increasing content of CSBO. The physical nature of viscous oily CSBO
did not allow less than 40% of PEO in the blend for the self-standing membrane.
CSBO with 50wt% LiTFSI demonstrated amorphous and adhesive nature as reported
in our previous work,*” which was utilized for improving the performance of pristine
PEO. The blends were observed to be softer and more flexible as compared to pristine
PEO with and without LiTFSI.

5.2.4.1 Fourier transform infra-red spectroscopy

Fourier transform infra-red spectroscopy measurements of the blends were recorded
as shown in Figure 5.2.2. The carbonyl (O=C-) of CC rings was not opened as
confirmed from the stretching band at 1796 cm™* for pure CBSO with shift to 1801
cm! for CSBO-PEO (10:90). Another carbonyl corresponding to the ester groups of
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Figure 5.2.1: Images of CSBO:PEO (y:z) SPEs with 20% wt LiTFSI.

CSBO was detected at 1739 cm* with a slight shift at 1741 cm* for all the blends.
The broadening of the peaks at 1280 cm™ and 1240 cm™* for CSBO-PEO (40:60 and
50:50, respectively) can be explained by a lower availability of C-O ether units than
for other samples (Figure 5.2.2a).
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Figure 5.2.2: a) Comparative IR spectra of CSBO, PEO and composites with various formulations,

respectively with 20wt% of LiTFSI ; and b) IR of CSBO-PEO (50:50 wt%) composites with LiTFSI (by
Wt96).
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The characteristic peaks for LiTFSI were observed at 1188 cm™ from SO, asymmetric
stretching.®28% Further focusing on the IR spectra of CSBO-PEO (50:50) with added
salt, broadening in the signals was observed with an increase in salt concentration
which also resulted in increased softness of the blend. As shown in the highlighted
region of Figure 5.2.4b, C=0 around 1800 cm%, a shift towards lower frequency could
be witnessed as salt concentration increases due to Li-ion interaction with carbonyl.
While dissociation of LiTFSI was assured superior in all samples ranging from 10wt%
to 30wt%.

5.2.4.2 Thermal measurements

Thermal stability underlying phase changes is a crucial investigation for designing an
electrolyte. The lower is the glass transition temperature (Tg), the higher chain
segmental motion in the polymer.%* Differential scanning calorimetry has been
performed for measuring T, melting temperature (Tm) and crystallization temperature
(T¢) of the investigated samples as listed in Table 5.2.1. All the curves of the samples
shown in Figure 5.2.3a contain 20wt% of LiTFSI. Almost all the samples
demonstrated Tyaround ~ -34 °C except CSBO-PEO (50:50%) with -48 °C. The Tn,
continued to decrease from 62.9 °C to 45.5 °C for 100wt% PEO to 50wt% PEO
loading in the blend. (Table 5.2.1). Further analysis were performed for the CSBO-
PEO (50:50 wt%) vs. salt concentration. Both T and Tydecrease with increasing salt
concentration (Figure 5.2.3b). The Tqdecreased from -10.8 °C to -45.5 °C from 10wt%
to 20wt% of added salt. For CSBO-PEO (50:50wt%) loaded with 30wt% LITFSI, the
crystalline behaviour disappears owing to the high salt concentration with an increase
in Ty to -36.7 °C.

Most of these polymer electrolytes showed Tybelow 0 °C like CSBO electrolytes, as
reported before.*” The CBSO-PEO (50:50wt%) blend was investigated for thermal
degradation with and without salt, as shown in Figure 5.2.3c.Initial increment beyond
100% weight can be attributed to the decomposition of adsorbed water. The
decomposition of PEO starts at 185.4 °C while for PEO-LiTFSI at 199.4 °C in one
and two phases, respectively. The degradation temperature was increased with added
LiTFSI for PEO and vice versa for CSBO-PEQ blend. However, the decomposition
(Tq4) for CSBO-PEOQ starts at 293°C and decreased to 238 °C with addition of salt in a
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Figure 5.2.3: DSC thermograms of SPE films, a) different compositions of CSBO: PEO (y:z) with
LITFSI (x: 20%); b) CSBO-PEO (y:z=50:50 wt%) with LiTFSI (x wt%); and c) Thermogravimetric
analysis of PEO and CSBO-PEO (y:z=50:50 wt%) with and without LiTFSI, respectively.

reverse trend with two and three phases, respectively. The decomposition of salt could
be observed beyond 400 °C for both blend and pure PEO. Nevertheless, it is assured
that the reported electrolyte could be utilized safely for the cell operation safely

beyond 238 °C without decomposition.

5.2.4.3 lonic conductivity

The ionic conductivities of SPEs were obtained from Nyquist plots by performing
potential electrical impedance spectroscopy (PEIS) at various temperatures with
10wt% to 20wt% of added LiTFSI as shown in Figure 5.2.4a. Equation 5.2.1 has been

used for the calculation of the ionic conductivities (o):

o=—= (5.2.1)

RS
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Table 5.2.1: DSC (Ti» and T are the inset and offset temperature to find the Ty) and TGA data

(decomposition temperature: T4) of SPEs with all temperature value indicated in degree Celsius.

Samples-LiTFSI (wt%)

CSBO:PEO (1:1 Wt%) To T Tot Tn Te Ta
PEOag, 629 407 379 313 346 1954
CSBO PEOy, 616 160 138 76 108 2931
CSBO-PEO,us 576 39.0 388 216 302
CSBO-PEO,, 542 336 376 291 333
CSBO_PEOy 472 178 491 420 455 2382
CSBO-PEOy 420 315 367

where R is bulk electrolyte Ohmic resistance from AC impedance, | and S are the
thickness and the surface area of the analysed polymer electrolyte film, respectively.
The CSBO-PEO2qy film showed a conductivity of 1.28 x 10°S cm™ yet lesser than
the pure PEO electrolyte with 2.26 x 10°S cm™ at room temperature. In all the blend
samples, the conductivity was increased with temperature until 80 °C (Figure 5.2.4b)
and the error in conductivity values were analysed to be less than 5%. The
conductivity follows another linear regime from 60°C onwards which could be
explained by the melting of the polymer as highlighted in DSC exo curves. At
elevated temperature CSBO-PEO with lower salt concentration outperform CSBO-
PEO2uy slightly. This could be explained by the higher ion pairing and ion
concentration gradient in a higher salt concentrated electrolyte. Nevertheless, the
20wt% LiTFSI amount was chosen for both blend and pure PEO with conductivity of
1.18 x 10* S cm™ and 3.69 x 10“ S cm?, respectively at 60 °C, for charge and
discharge experiments owing to balance between the mechanical stability and charge

carriers.

Moreover, the conductivity of SPEs did not seem to align well with Arrhenius
behaviour following a linear regime upon the inverse of temperature. Therefore, the
following data have also been fitted by using the Vogel-Fulcher-Tamman (VFT)

equation (equation 5.2.2) over the temperature range of 30-80 °C,

Eq
oTY2 = Ae "o T-To) (5.2.2)

where, A is the pre-exponential factor, T is the absolute temperature, Ty is the Vogel
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scaling temperature at which the free volume disappears or at which free entropy
becomes zero, Tois related to Ty by T¢-50 K following an approximation, E, is the
pseudo-activation energy of ion transport and kyp is Boltzmann constant.®>% This
model could be often informative on unravelling the effect of segmental motion on
the overall conductivity above T4.5” Like Arrhenius, VFT plots also show nonlinear
behaviour which have been fit into two components i.e. 20 °C — 60 °C (region 1) and 60
°C — 80 °C (region 2). The activation energy calculated from the slope of VFT plot and
equation (5.2.2) is observed to decrease with salt concentration for CSBO-PEO SPEs
as obtained from in Figure 5.2.4c. The lowest Ea; 0f -14.26 kJ/mol for CSBO-PEO15%
was calculated higher than PEO2g%-SPE at -15.42 kJ/mol within same temperature
range. However, clear increasing trend in Es was witnessed in higher temperature
region above melting, in the order of PEO,gy (-4.91 kl/mol) < CSBO-PEO10y% (-5.63
kJ/mol) < CSBO-PEO1sy (-8.01 kJ/mol) < CSBO-PEO2g (-9.18 ki/mol) favouring
chain and ion mobility with less hindrance. The structure of CSBO indicates that all
cyclic carbonate rings are not equidistant from each others and could block the Li ions
due to both carbonyl and ether oxygen coordination. That could support that the
inclusion of CSBO in the PEO matrix lowered mobility of Li ions preventing their
fast release for hopping. Nevertheless, the investigated CSBO-PEO blend SPEs
highlighted the combined conductivity of PEO and CSBO, which is far higher than
pristine CSBOa0y based SPE as reported earlier,*” despite the shift in the physical state
of the electrolyte from oily CSBO to solid CSBO-PEO films. This is clearly evidenced
by the diffusion of free ions dissolved in the fatty acid segments and chain segmental
motion of CSBO within long linear chain of PEO. Table S5.2.1 in supporting
information shows the Ea; and Ea» calculated for the SPEs along with the pre-

exponential factor and R?as corresponding fitting coefficient.

5.2.4.4 Linear sweep voltammetry of SPEs

The electrochemical stability window (ESW) of SPEs was investigated by performing
linear sweep voltammetry (LSV). The pure PEO2g% and CSBO-PEO,qy, SPES were
submitted to a constant scan rate of 1 mV/s in the range of 0-5 V versus Li/Li* at 60
°C as shown in Figure 5.2.4d. A lithium metal chip and aluminium foil were chosen
as anode and cathode, respectively. The CSBO-PEO2u sample showed a broad

oxidative potential of > 4.2 VV compared to < 4 V for the SPE based on pure PEO.
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Figure 5.2.4: a) Nyquist plot of symmetric cells as a result of PEIS at 30 °C; b) Temperature dependent
ionic conductivity CSBO-PEO ( y:z:50:50 wt%) in comparison to PEO,u, (Subscript indicates wt%
LiTFSI); c) Temperature dependent ionic conductivity using the VFT model; d) Linear sweep
voltammetry comparison of PEO and CSBO-PEO composite with 20% LiTFSI at 60°C, respectively.
There was no noticeable redox peak observed for both SPEs in the lower voltage
range. The following analysis confirmed that inclusion of CSBO led to the decrease
in oxidation of PEO with lithium metal boosting the lithium electrolyte interface
compatibility. Partial degradation of CSBO in contact with lithium metal is believed
to play a key role in the formation of a stable SEI and could also prevent or decrease
further degradation of PEO. Moreover with a slight compromise in the conductivity,
we could be able to achieve higher ESW and hence offer interesting electrolyte

candidates for higher voltage cathodes.

5.2.4.5 Transference number

A high t;+ is advantageous for long-term cycling batteries, allowing efficient Li ions
transport and lower Coulombic efficiency loss. The transference number(t;;+) of

lithium cations in non-blocking Li|SPE|Li cells was determined by AC impedance
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combined with DC polarization. The t;;+ value was calculated using Bruce-Vincent

method,%5° following equation 5.2.3:

e = 629
where, V is the DC applied potential, Ip and I are the initial and steady state currents
recorded with R, and R as initial and steady-state interfacial resistances from PEIS
measurements at an AC sinusoidal voltage of 10 mV. The chronoamperometry plot is
shown in Figures 5.2.5a and 5.2.5b with impedance before and after polarization for
both SPEs at 60 °C. The current values cannot be numerically compared due to
different thickness of both SPEs. As a result of constant potential of 10 mV, the
interfacial resistance decreased from 712.7 to 658.9 Q, while current varies from an
initial value of 11.17 pA to a stabilized value of 5.23 pA, which led to the calculation
of the t;;+ to be 0.15 + 0.04 for PEO films. While t;;+ of the CSBO-PEO SPE was
calculated to be 0.36 +.0.04 at 60 °C from Figure 5.2.5b with interfacial resistance
increasing from 2025.8 to 2087.4 Q and initial current from 0.92 pA to 0.37 pA of

steady-state current.

5.2.4.6 Aging study and stripping-plating

The PEIS measurement as a function of time is recorded to track the effect of reactive
species at the electrode surface. This is often performed at open circuit potential
(OCP) to analyse the effect of aging at the bulk and interface level. For solid-state
batteries, another interesting investigation revolves around the absence or minimal
formation of lithium dendrites, which also motivates the mechanical investigation of
the solid-state electrolytes. We performed aging analysis via Nyquist plots as shown
in Figures 5.2.5¢c and 5.2.5d at RT and OCP after equilibrating both cells at 60 °C. The
resistance was dropped in case of CSBO-PEO after prolonged heating due to the
change in the thickness of the electrolyte membrane while this phenomenon was less
pronounced in case of the PEO membrane. The percentage increase in electrolytic
resistance and interfacial resistance from day 1 to day 14 was 138.6% and 171.8% for

PEO, respectively. However, it was recorded to be 151.7% and 136.9% in the case of
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Figure 5.2.5: a) and b) Transference number measurement using chronoamperometry (DC polarization)
followed by AC PEIS as demonstrated inset; ¢) and d) Aging studies: PEIS with time at open circuit
potential (OCP) of both Li|[PEOgy|Li cell and Li|CSBO-PEOq|Li cells, respectively
(CSBO:PEO=50:50wt%, subscript indicating x wt% of LiTFSI) (magnified plot in the inset).

CSBO-PEO (refer to Table S5.2.2 for resistance values). The less pronounced semi-
circle in the latter case could be attributed to imperfect geometrical capacitive
behaviour within the bulk of electrolyte of the soft CSBO-PEO membrane. The
increase in electrolyte resistance can be related to the higher reactivity of carbonates
in the blend membrane. However, the lower percentage increase in interfacial
resistance compared to the PEO membrane can be attributed to the formation of an
optimized SEI at the lithium metal surface in the presence of CSBO, as discussed

before.

The stability of lithium metal and dendrites formation have been also qualitatively
studied via long-term stripping and plating of lithium for a symmetric Li|SPE|Li cell.

Galvanostatic charge-discharge for 1 h each was performed for each cell held at 60 °C
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Figure 5.2.6: a) Galvanostatic charge-discharge voltage profile for stripping-plating at various current
densities at 60 °C with Li|SPE|Li symmetric cells, respectively (CSBO:PEO=50:50wt%, both SPEs with
20Wt% LiTFSI).

in climate chamber followed by 6 h of rest at the current densities of 6.25 pA cm™,

12.5 pA cm™2, 25 pA cm and 50 pA cm2 for more than 45 cycles each, respectively.

Both SPE-based cells recorded similar net overpotential of ~25 mV and ~23 mV for

PEO and CSBO-PEO, respectively, which increased consistently to ~45 mV and ~47

mV at 12.5 pA cm. Upon further increment in the current density to 50 pA cm™, a

trivial elevation of overpotential to ~190 mV was observed as shown in Figure 5.1.6.

The constant overpotential recorded over more than 300 cycles hints at the formation

of a stable passivation layer constituting SEI. With these findings, it could be

speculated that the investigated SPEs could facilitate high Coulombic efficiency and

reversibility of lithium-ion transport across the electrolyte. Moreover, with stripping

and plating experiment of lithium with both SPEs at mentioned current densities, it is
still not clear to discriminate the effect of CSBO into the CBSO-PEO blend.
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5.2.4.7 Li-metal battery prototypes

The lithium metal batteries have been fabricated using LFP cathodes, lithium metal
anodes and the investigated SPEs. In case of full metal cells, we have incorporated
PEO and CSBO-PEO membranes on sustainable cellulose separators for the
controlled thickness and transport channel. We have demonstrated charge-discharge
of LFP-based cells on both SPEs between cut-off voltages of 4 to 2 V at 60 °C via
constant current cycling also called galvanostatic charge—discharge and have
presented a comparative study as depicted in Figure 5.2.7. With the CSBO-PEO SPEs,
specific discharge capacities of 108 mAh g, 105 mAh g* and 99 mAh g were
achieved for 1%, 100" and 250" cycles at 0.1C, respectively. On contrary, SPEs based
on PEO at 0.1 C delivered 90 mAh g*,103 mAh g and 74 mAh g* corresponding to
1%, 50t and 100" discharge cycles and they further continued to decay as shown in
Figure 5.2.7b. Despite the performances of CSBO-PEO SPEs were superior to pure
PEO SPEs, higher polarisations were observed in former than later. Polarizations of
< ~0.3 V and ~0.1 V were recorded during the first cycle, while they decreased to
~0.28 V and~0.06 V in subsequent 100" cycles for CSBO-PEO and PEO SPEs,
respectively. The lower polarization in case of PEO SPEs can be supported by their
slightly higher conductivity and the decrement of the overpotentials could be credited
to the stabilization of the SEI at the lithium metal. The capacity fading was clearly
observed in case of PEO SPEs after 25 cycles onward with calculated capacity
retention of <80% after 125 cycles whereas 93.4% were recorded for CSBO-PEO
SPEs after 200 cycles.

While the CSBO-PEO demonstrated almost no cycling at higher current density of 1C
and 2C, it delivered specific discharge capacities of 54 mAh g, 108 mAh g and 122
mAh gat the C-rates of 0.5 C, 0.1C and 0.05C, respectively (Figure 5.2.7c). The rate
capability plot as shown in Figure 5.2.7d highlights the cells recover their capacity
despite failure and cycling at every higher current rate while they were cycled again
at 0.1C and 0.05 C respectively after 25 cycles. The same cell was continued to run at
0.1C as shown in Figure 5.2.7b for longer cycles, and it can be noted that the superior
performance was recorded resembling to real-testing condition. The Coulombic
efficiency was more than 98% during most of the cycles, which supports the efficient

mobility of lithium. We also tested LFP cells with our SPEs without cellulose support
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Figure 5.2.7: a) Galvanostatic charge-discharge voltage profiles for Li|[SPE@CP|LFP cells based on PEO
and CSBO-PEO SPEs at 0.05C, 60 °C during following cycles; b) Capacity retention plot with cycle
number 0.05C at 60 °C; c) Galvanostatic charge-discharge voltage profiles at different C-rates; and d)
Rate capability plot with different C-rates for for Li|CSBO-PEQO,0,@CP|LFP, ( whereas, for both PEO
and CSBO:PEO=50:50wt% supported on cellulose separator, with 20 wt% of LiTFSI).

at lower temperature of 40 °C in climate chamber at 0.1 C which witnessed slightly
higher polarization of 0.37 V during the initial cycle. In the first cycles, a lower
capacity of 40 mAh g* was obtained, while it kept on increasing and was calculated
to be 80 mAh g for the 100™ cycle at 0.1C rate. The capacity was observed to be
increasing and remained constant after 60 cycles to 150 cycles of charge-discharge
with excellent Coulombic efficiency as shown in supporting information Figure
S5.2.1.

5.2.4.8 Post-cycling XPS analysis on interfaces

A qualitative yet comparative investigation has been attempted on SPEs cycled cells
based on either PEO or PEO-CSBO blend in a Li|[SPE@CP|LFP cell configuration.
Both SPEs based cells were cycled for >100 cycles at 0.1C at 60 °C prior to post-

mortem analysis. HR-XPS measurements were performed on the surface of cycled Li-
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Figure 5.2.8: a) Survey spectrum of Li-anode of PEO and CSBO-PEO SPE based Li-LFP cells after 100+
cycling and b) Abundance ratio percentage of surface elements constituting SEI for Li-anode and

corresponding SPE films.

metal and SPEs from PEO and CSBO-PEO based cells. The abundance percentage
highlighted the majority of carbon and oxygen elements in both SPEs as well as in
survey spectra (Figures 5.2.8a and 5.2.8b). However, a lower percentage of carbon is
detected for the PEO cell relatively with higher lithium content meaning the SEI of
the PEO cell contains less carbon species including adventitious carbon due to lower
reactivity than the CSBO-PEO blend. On the other hand, a higher amount of fluorine
is detected for the PEO than for the blend one indicating more decomposition of
LiTFSI. The HR-XPS spectra for comparative Li-metal surfaces have been depicted

in Figure 5.2.9.

HR-XPS of C1s indicates peaks at 284.8 eV, 286.4 eV, 287.7 eV, 288.7 eV, 289.7 eV
for C-C/C-H, C-O/N, O-C-0/C=0, 0-C=0, and CO3?, respectively in the PEO cell
and at 284.8 eV, 286.4 eV, 287.8 eV, 289.1 eV, and 290.4 eV corresponding to C-
C/C-H, C-O/N, O-C-0/C=0, COs?, and - (O-C=0)-0-, respectively for the CSBO-
PEO cell.5” Those results confirm that organic carbonates in CSBO have a higher
reactivity towards lithium metal than PEO and largely contribute to the formation of
stable SEI in case of the CSBO-PEO cell. As far as the F1s spectra are concerned, the
PEO cell recorded higher decomposition of LiTFSI to LiF (1.9% at 684.7 eV and
0.2% of CF; at 688.5 eV, Figure 5.2.9¢) compared to the CSBO-PEO cell (0.5% of
LiF at 684.6, 1.5% of CF; at 688.5 eV, Figure 5.2.9b).7° Higher CF3 content in the
CSBO-PEO cell might be credited to lower LiTFSI decomposition (as well as catalyst
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Figure 5.2.9: HR-XPS of a.) and d.) Carbon, b.) and e.) Fluorine and c.) and f.) Sulphur for lithium anode
surface of PEO and CSBO-PEO cells after cycling with LFP, respectively.

involved in synthesis of CSBO) due to TFSI-ion trapped around CC rings resulting in
lower concentration gradient at the surface as highlighted above. The Sulphur, S2p
from SEI of both SPEs is deconvoluted into four species in double splitting involving
CF3-S0,, SO42, SO and Sulphides in the B.E of ~168.7 eV-160.6 eV respectively
(Figure 5.2.9c and 5.2.9f) evolving from LiTFSI."t

Other elemental HR-XPS of N1s, Ol1s and Lils has been provided in the supporting
information, Figure S5.2.2. Again, higher fluoride content was detected in case of the
PEO cell with more —CF3than LiF due to limited reactivity of LiTFSI and higher
concentration gradients as contrary to the CSBO-PEO blend cell. To summarize, we
discovered that addition of CSBO to PEO decreases the reactivity of PEO chains
which benefits the superior Li-transport, broadened ESW along with a stable SEI layer

at the anode.

5.2.5 Conclusion

In summary, we have reported here blend electrolyte membranes from carbonated
soybean oil and poly(ethylene oxide) via facile blending approach. CBSO-PEO blends
offered lower rigidity, slight adhesiveness and thus good interfacial contact with
electrodes compare to PEO. With our structural analysis, we confirmed the cyclic

carbonates remain integrated as rings without being opened by hydroxyl groups of
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PEO chains. Due to the oily nature of CBSO, CBSO-PEQ blends possess lower
melting temperatures and yet similar glass transition temperatures as of PEO in
addition to extended degradation temperatures. Coin cells were fabricated both via
self-standing membranes of both polymers and cellulose supported polymers with
controlled thickness for electrochemical measurements. The inclusion of CSBO
molecules didn’t result in the increase in the conductivity of blend membranes but
rather offered crucial properties like, extension of electrochemical stability window
to > 4.2 V for blends in relative < 3.9 V for PEO versus Li/Li*. The presence of
carbonated moieties is believed to contribute to the beneficial decomposition of the
electrolytes at the electrodes for SEI, and to lower the reaction of PEO chains with
lithium metal. In our investigation, we found that the transference number was
increased to more than double for the CSBO-PEO blend which is supposed to
significantly improve the charge-discharge performance of the further investigated
LFP-based cells. Our blend delivered stable cycling of LFP cathodes with lithium
metal beyond 250+ cycles with as high capacity as 122 mAh g on contrary to capacity
fading in case of PEO-LFP cells. In the post-mortem analysis, the lithium metal
reactivity and the resulting decomposed electrolytic species were confirmed as well
as the crucial role of CSBO decomposition in forming a stable SEI and in preventing
further PEO decomposition. The attempts to increase the green footprint and
sustainability of the electrolyte was successfully achieved in our work and would
encourage more efforts in future in line with state of art polymer electrolytes to match

the required expectations of solid-state batteries with high energy and power density.
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Table S5.2.1: Activation energy and pre-exponential factor as calculated from the two region linear fitting

of VVFT plots (region 1 and region 2 correspond to lower (20 °C — 50 °C) and higher temperature (60 °C

— 80 °C), respectively).

CSBO-

H 2 H 2 _ -1 _ -1

PEO (1:1) Adj. Ri?  Adj. Rz InA1 InA1 Ea (kJ-mol?)  Eaz (kJ-mol?)
PEO 0.99 0.99 503 -0.39 -15.43 -4.91
10% 0.91 0.75 4.29 -0.47 -19.79 -5.63
15% 0.98 0.99 264 029 -14.26 -8.01
20% 0.99 0.92 279 039 -15.54 -9.18

Table S5.2.2: Aging analysis: Interfacial (Ri,) and bulk (Ry) resistance of the symmetric Li-Li cells at

OCP.

Day

18t

2nd

4th

7th
14th

at OCP

Rb

2836.3
3489.1
3798.7
5283.4
6768.6

PEO20%

Rin

17185.1
23686.8
27933.7
38322.6
46708.4

CSBO-PEO20%

Rb

362.4
431.8
530.5
857.5
912.0

Rin

25266.8
31579.0
33645.4
48160.4
59863.9
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Figure S5.2.1: a) Galvanostatic charge-discharge voltage profile with gravimetric capacity at
following charge and discharge of 1%, 50" and 100" at 0.1C and b) Capacity retention plot with
cycle number for Li|CSBO-PEOq |LFP at 40 °C.

)= b) ‘
Li-PEO 01s LiPEO Nls LiPEO Lils

-~
S

Intensity (a.m.)
Intensity (a.u)
Intensity ()

.- 4

538 536 534 532 530 528 526 404 402 400 398 396 394 60 58 56 54 52 50
d Binding energy (eV) Binding energy (eV) Binding energy (eV)

€) -
LiCSBOPED Ols Li-CSBO-PEOQ Nls D resorto Lils

Intensity (a.a.)
Intensity (@)
Intensity (@)

538 536 534 532 s530 528 S26 406 404 402 400 398 396 394 60 58 56 54 52 50

Binding energy (€V) Binding energy (¢V) Binding energy (eV)

Figure S5.2.2: HR-XPS of a) and d) Oxygen (O1s), b) and e) Nitrogen (N1s), c) and f) Lithium (L1s), for
li-anode surface of cell based on PEO and CSBO-PEO, respectively.
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Chapter 6.1 Bio-derived cyclic carbonates
bearing poly(hydroxyurethane)-based networks

Abstract

While there is constantly increasing research on poly(ethylene oxide) (PEO) based
polymers, we aim at PEO alternatives such as poly(hydroxyurethane)s (PHUSs) that
are sustainable and environmentally friendly. PHUs, owing to their high degree of
structural tunability, can be interesting candidates for solid polymer electrolytes
(SPEs). Here, we synthesize bio-based PHU networks by reacting carbonated soybean
oil (CSBO) with oligo(ethylene glycol) chains functionalized at both ends with amines
as cross-linkers via an isocyanate and catalyst free pathway. The presence of polyether
and triglyceride (in CSBO) segments in the network provides the PHU with soft
segments while urethane linkages result in hard segments. The low T4 and high
thermal stability of the resulting PHU networks widespread their application at
elevated temperature without melting and significant degradation. In addition, the
PHU networks show remarkable adhesive properties to the surface of metals,
speculating better interfacial contact and stability. The electrochemical investigations
of the SPEs obtained from PHU networks exhibit decent ionic conductivity (> 10*S
cm? at 60 ° C), electrochemical stability window (ESW > 4.5 V vs. Li/Li*) and
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transport properties. Lithium ferrophosphate(LiFePO,) cells with PHU networks
based SPEs also show promising charge-discharge (> 100 mAh gt at 60 ° C) with Li-

metal anode.

252



Chapter 6.1

6.1.1 Introduction

We cannot initiate and carry out an immediate action towards changing our energy
habits in our daily life today without batteries. Battery technologies based on lithium
are already front runner in the race of energy storage catering to the needs of
consumers from small button cells in watches to large pack pouch and grid cells in
heavy devices and electric vehicles (EV).! In the coming few years, the projection of
EV market is expected to boom, replacing fossil fuel-based vehicles.? While Lithium
ion battery technology is already matured enough, the underlying challenges also
multiply with up-scaling of batteries packs. The conventional liquid-based lithium
batteries pose serious safety concerns witnessed over the past few years right from
small devices to electric vehicles.®* This led to the strong emphasis on solid-state
electrolytes based lithium batteries which not only offer safety but also lightweight,
easy stack and packaging, recyclability, thermal stability and high energy density with
longer cycles.>8 Solid-state electrolytes offer wide electrochemical stability window
(ESW) which makes them suitable candidate for high voltage cathodes like LiC0O;
(LCO) and LiNixMnyCo01.x,yO2 (NMC) etc.”® Furthermore, solid-state electrolytes
(SSEs) are suitable for application with lithium metal anodes which offer capacity as
high as 3860 mAh g* and energy density ~ 250 Wh Kg* with possibility of dendrite-
free mechanism.® Although all solid-state batteries (ASSBs) have their own technical
challenges and hurdles which need to be addressed via materials research and
development. Indeed, SSEs offer lower conductivity ranging from 10-to 10¢S cm™
at room temperature (RT) along with poor interfacial contacts with electrodes. This
leads to higher interfacial resistance for charge transfer and less lithium ions available

for the transport.

Researchers have developed or are developing several strategies and materials to
address these key issues. The most conventional ways to deal with these issues require
higher temperature for enhanced wettability and free volume to polymer chains for
faster mobility. The goal of developing fully solvent-free solid polymer electrolytes
with conductivity equivalent to liquid electrolytes at RT is one such milestone that
motivates as well as haunts many researchers. While the very first discovered PEO-

LITFSI.* SPEs does not perform up to the mark owing to their semi-crystalline,
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narrow ESW (< 3.9 V vs. Li/Li* ), low transference number (< 0.2) and unstable SEI
species, researchers have explored various classes of alternate polymers like
polycarbonates (PCs),'*"*3 polyesters,'* poly(methylmethacrylate) (PMMA),16
polyacrylonitrile (PAN),Y"® polysiloxanes (PSEs),'® and their derivatives. Although
most of them suffer from one or more issues, as highlighted above. This is why,
methodologies like copolymerization?, blending®-%?, hybrids with inorganic fillers,?

gel polymers,'” have been popular in the trends to achieve targeted functionalities.

Polyurethanes (PUs), first discovered by Otto?* in 1937, have been seen as a major
industrial candidate in the paint and coating industry.?®> The crucial properties which
make them distinct from above polymers are flexibility, adhesive, mechanical strength
and compatibility with other polymers or inorganic particles.?® The novel
characteristic of PU-based polymers is the presence of both soft and hard segments,
which makes them an attracting candidate for SPEs. While the presence of polyether
acting as soft segment is important for lithium coordination, the carbamate groups are
acting as hard segments contributing toward mechanical properties. One of the first
investigations on PUs for Li-ions conduction was reported by Ohtaki and co-workers?’
in 1985 for polyether-containing PUs (PEUUS) with conductivity of ~10"S cm™ at
60 °C. In subsequent years, many PU-based polyethers (PE) were reported as
highlighted in recent reviews.?6282° Another study by Hong et al.>® demonstrated that
the conductivity of hyperbranched PU (1.51 x 10-° S cm) was observed to be superior
compared to linear PU (2.7 x 107 S cm™) due to less formation of ion pair aggregates.
It has been shown that PU-based polymer networks are even performing better. In this
respect, Santhosh et al.3* who largely focused on acrylate-based PU (PUA) with a
conductivity of <10® S cmat RT, demonstrated that the parent PUA networks had
better conductivity because of increased free volume available for chain segments
mobility.3>3* In addition, PU-based networks are actively explored for self-healing
properties® and single lithium ion conducting behavior®® in SPEs. Poly(hydroxy
urethane)s (PHUSs) differs from PUs by the presence of an hydroxyl group in the
urethane unit and are also considered as interesting candidates for SPEs. So far, most
of PUs are developed via catalyst-led reactions, largely with isocyanate monomers.
Therefore, non-isocyanate PUs (NIPUs)/PHUs have found their strong place due to

their facile synthesis, sustainability and cost effectiveness.®” Referring to bio-sourced
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materials, quite a few investigations on vegetable oils for PUs such as jatropha and
castor oil-based monomers®2° have been reported in the past few years. Although,
there are almost no reports on NIPU/PHU based on bio-derived sources for Li-ion
conduction so far, which motivated us to look for sustainable and yet high performing
PHU SPEs.

In this work, we focus on synthesis of non-isocyanate and catalyst-free PHU via
reaction of bio-based carbonated soybean oil (CSBO) bearing carbonates with amine-
terminated oligo(ethylne glycol) crosslinkers. The effect of Li*and TFSI-ions on the
accordingly obtained PHU networks is studied from physical as well as
electrochemical point of view. Further, lithium metal battery prototypes with LFP and
PHU-SPEs are investigated. Finally, we also probe the interface between PHU-SPEs

and the Li-metal surface as a result of cycling using XPS.

6.1.2 Materials and methods

Epoxidized soybean oil (ESBO) was obtained from Vandeputte Oleochemicals
(Belgium). Carbon dioxide (CO,, N48) was supplied by Air Liquide. 1,3-bis (2
hydroxyhexafluroisopropyl) benzene was purchased from Fluorochem. Poly(ethylene
glycol) bis(3-aminopropyl) terminated (PEGTA)(Mw~1500) and 4,7,10-trioxa-1,13-
tridecanediamine (Mw~220.31), 2,2'-(ethylenedioxy) bis (ethylamine) (Mw~ 148.2),
lithium metal foil (99.9%), lithium battery-grade, lithium
bis(trifluoromethanesulfonyl) imide (LiTFSI), lithium iron phosphate (LiFePOuy),
poly(vinylidene fluoride) and Super-P were purchased from Sigma-Aldrich. N-
methyl-2-pyrrolidone (NMP) was purchased was bought from Alfa Aesar,
tetrahydrofuran from VWR. Deuterated chloroform (CDCls) used for NMR
spectroscopy was purchased from Eurisotop. Cellulose fibre paper was purchased
from TOB. All reactants and catalysts were used as received without any further

purification.

Note: Refer the Chapter 5.1 for characterization and electrochemical techniques.
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6.1.3 Experimental section

6.1.3.1 Synthesis of PHU and PHU-LIiTFSI

Before Poly(hydroxyurethane), bio-based cyclic carbonated soybean oil (CSBO) was
synthesised by following the approach highlighted in the section 5.1.3.1 of Chapter
5.1. Next, PHU networks were synthesized by polyaddition reaction of CSBO with of
poly(ethylene glycol) bis(3-aminopropyl) terminated (PEGTA) (Mw~1500), 4,7,10-
trioxa-1,13-tridecanediamine (Mw~220.31) and 2,2'- (ethylenedioxy) bis (ethylamine)
(Mu~ 148.2), respectively as demonstrated in Scheme 6.1.1. The ratio of the CSBO
to PEGTA was chosen to 1:3 ((y/z=mol/mol) in tetrahydrofuran solvent
corresponding to complete ring opening and varied accordingly. The mixture was
stirred for > 6 h and then drop casted on cellulose paper and Teflon molds separately
followed by transfer to the vacuum oven. The crosslinking reaction was performed by
opening of the CC rings of at 70 °C for >12 h and at 90 °C for > 24 h in vacuum. The
PHU-based solid polymer electrolyte (PHUy, X represents the % LiTFSI added) was
prepared following the similar procedure with LiTFSI added to the reaction mixture
before polymerization of the CBSO by the cross-linker All the structural and thermal
characterization was performed on polymers without separator prior to preparation of

film.

6.1.3.2 Preparation of solid polymer electrolytes (SPEs)

For preparation of PHU SPE films, in situ loading of LiTFSI to the PHU reaction
mixture was adopted as highlighted in the synthesis section. The reaction mixtures
with salt were drop-casted on cellulose paper from 100 to 150 uL. The impregnated
membranes were then transferred to a vacuum oven for thermal curing. The cellulose
paper was used in the preparation of SPEs to provide the self-standing ability to the
films with controlled crosslinking and thickness. Coin 2032-type cells were assembled
using free-standing SPE film (70-150 um) sandwiched between SS|SS, Li|SS, Li|Al/C,

Li|Li and Li|LFP electrodes to evaluate electrochemical properties.
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6.1.4 Results and discussion

The PHU networks have been obtained by ring-opening of CC rings in CSBO by
nucleophilic attack of terminal amino groups of PEGTA via two transient states
differing in alpha carbon functionality. The thermal energy drives the reactivity,
leaving away the need of catalyst. A dense and hard network was obtained when the
lower molar mass PEGTA diamine with M,~148.2 (N1) was used while the rigidity
decreased when the PEGTA molar mass was increased to Mw ~220.3 and 1500 (N2
and N3). The pictures in Figure 6.1.1 shows the physical nature of the three different
PHU networks with respective cross-linkers. This behavior can be explained by the
increased number of ethylene oxide moieties which essentially contribute to soft
segments in contrast to the fixed number of hydroxyl urethanes as hard segments
resulting from the reaction of CCs in CSBO with terminal amines of PEGTA
(provided that this reaction is quantitative and thus that all the CCs are opened). The

PHU SPE films synthesized from low molar mass PEGTA crosslinkers presented free
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Scheme 6.1.1: Synthesis scheme of poly(hydroxy urethane) (PHU) solid polymer electrolyte networks
from epoxidized soybean oil (ESBO) via carbonated soybean oil (CSBO) and with addition of LiTFSI.
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Figure 6.1.1: Comparison of PHU SPE networks with variable crosslinker chain length in presence of
LiTFSI.

standing ability, while the one designed with N3 (M ~ 1500) required a supporting
membrane (cellulose fiber separator was used) when LiTFSI concentration was more
than 10wt% in the mixture. Given the higher number of ethylene oxide units, N3 was
chosen for further investigations. Subsequently, we attempted to investigate the role
of CC rings in PHU by partial controlled ring opening following the stoichiometric
ratio in presence of 15 wt% of LiTFSI. The CSBO:PEGTA:1:3 ratio corresponds to
the assumption that all six-ring of CSBO are opened by using 1:3 molar ratio of
CBSO:PEGTA. Similarly, the CSBO: PEGTA: 2:5 molar ratio targets the opening of

5 CCs rings and so on for other analogues.

6.1.4.1 Fourier transform infra-red spectroscopy

We analyzed the effect of this varying formulation with FTIR spectroscopy (Figures
6.1.2a). The increase in the peak intensity of bands of urethanes around 1716 cm™and
1539 cm* can be observed because of PHU-LITFSI network formation. As expected,
the rigidity of the obtained PHU SPE network was found to increase with a higher
number of carbonate rings opened. We chose the CSBO:PEGTA 1:3 formulation for
PHU SPE after validation of its superior conductivity as compared to other analogues.
As it can be observed in the FTIR-Spectra of PHU-LiTFSI, the formation of PHU was
confirmed by the appearance of a characteristic peak at ~1716 cm™* (C=0 urethane)
along with a peak at ~1738 cm (“ester” part of the urethane group). While the
characteristic peak of the CC group around ~1799 cm highlights that all the CC rings
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gure 6.1.2: Comparative IR spectra a) PHUs with respective formulations (CSBO:PEGTA:y:z in
ol/mol) as of targeted ring opening with 15% of LiTFSI; and b) PHU, (where, CSBO:PEGTA:y:z=1:3
roughout, x represents the wt% of LITFSI added), respectively.

were not opened as opposite to what we speculated. This could be explained by the
unequal accessibility of all carbonate rings and short reaction time. Eventually, it
contradicts our assumption on all CC rings opening with the stoichiometric ratio
CSBO:PEGTA:1:3. In the case of PHU-LITSFI, the broad band at ~3474 cm
characteristic of —OH was recorded with red shift with formation of PHU and blue
shift with increasing concentration of LiTFSI at ~1539 cm™ for -N-H for PHU.? Here
ring opening is driven by PEGTA while it was found to be restricted/hindered with

higher concentration of LiTFSI resulting lower crosslinking (Figure 6.1.2b).
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6.1.4.2 Thermal Measurements

CSBO, one of the monomers of the PHU, possesses amorphous nature, is oily at RT
and shows no transition in DSC thermogram.** While PEGTA, which contains ether
units and primary amine at both chain ends is solid at RT and shows a melting
temperature (Trm) at 50.0 °C and a crystallization temperature (T¢) at 20.1 °C. For a
good ionic conducting polymer, it’s interesting to have an amorphous nature with low
glass temperature (Tg). The comparative DSC thermograms of PHUs have been
shown in Figure 6.1.3a in comparison to PEGTA without LiTFSI (summarized in
Table 6.1.1). The T 0f 50.1 °C was decreased to 39.7 °C from PEGTA to PHU with
Tcof 20.1 °C and 14.1 °C, respectively. The polymer network was screened from 0
wt% to 40 wt% of LiTFSI concentration witnessing the change in the physical the
state of the PHU networks from solid to gel-like sticky materials with LiTFSI
concentration increasing from 20 wt% onwards. The T, was detected at -28.2 °C and
-46.9 °C for PEGTA and PHU without added LiTFSI, respectively, while it decreased
to -40.3 °C, with 10 wt%-LiTFSI for PHU19%. For PHU200, PHU309% and PHU g%, Tg
was observed at -46.9 °C, -41.1 °C and -33.4 °C, respectively. Subsequent increase in
Ty with increase in LiTFSI could be attributed to lower crosslinking with higher salt
concentration. PHU networks turned out to be completely amorphous beyond 20wt%
salt concentration.
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PHU;, ., 10047
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Figure 6.1.3: DSC thermograms (2" heating and cooling) of PHU,-SPEs in comparison to PEGTAg;
and b) Thermogravimetric analysis of PHUs with and without LiTFSI, (subscripts indicates the wt% of
LiTFSI added, i.e. 0% signifies no LiTFSI).
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Table 6.1.1: DSC data of PHU-SPEs with all temperature values indicated in Celsius. (Tinand Tos

are the inset and offset temperature to find the T, all temperature values are in degree Celsius)

Sample T T, Tose Ton T,

PEGTA 50.1 20.1 -41.2 -15.1 -28.2
PHU., 39.7 14.1 -54.1 -39.6 -46.9
PHU, 0, 30.7 12 46.1 345 403
PHU <0, 30.6 117 .58.6 382 484
PHUys, 253 -0.8 -50.9 428 -46.9
PHU,, 444 377 411
PHU g0, 398 313 334

In all cases, no Tqwas recorded above -30.0 °C, which is advantageous for the chain

segmental motion and ionic conductivity at service temperatures of batteries.

We performed the thermogravimetric analysis of the samples in N2 atmosphere for
PHUs in comparison with CSBO, as shown in Figure 6.1.3b. Initial increased weight
beyond 100% can be attributed to the adsorbed moisture from air. The two-phase
decomposition of CSBO was replicated in PHU with a slight shift and narrow band
recording onset decomposition temperature at ~172 °C, ~199 °C, ~217.5 °C for
CSBOgw%, PHU without LiTFSI and PHU with LiTFSI, respectively. However,
second/major (around 80%) decomposition starts at the ~284.7 °C, 269.5°C and 322.8
°C with decomposition temperature peak at 410 °C, 378.8 °C and 400.1 °C for
CSBOgw%, PHUgy% and PHU2qq, respectively. The presence of LiTFSI increased the
thermal stability of the polymer electrolyte for PHU networks. As recorded, only one
phase was observed with major decomposition, with and without LIiTFSI,

respectively. The degradation of LiTFSI salt is believed to occur beyond 400 °C.

6.1.4.3 lonic conductivity measurements

The electrochemical investigations of the polymeric networks with LiTFSI were
initiated by ionic conductivity measurements by performing potential electrical
impedance spectroscopy (PEIS) with PHU networks sandwiched in PTFE ring using

symmetric Swagelok and coin cells at various composition and temperature. The
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resulting Nyquist plots have been analyzed to find out the electrolytic resistance and

therefore ionic conductivity (o) using equation 6.1.1:
0c=— (6.1.1)

where, Ry is bulk electrolyte Ohmic resistance from AC impedance, | and S are the
thickness and the surface area of polymer electrolyte, respectively. The effect of the
presence of CCs in the PHU network on conductivity has been analyzed by controlling
the number of rings opened in a sample containing 15wt% LiTFSI. Figure S6.1.1a
shows logarithmic of conductivity with inverse temperature for PHUs containing
variable amounts of unopened CCs. At 20 °C, the PHU (2:3) shows best conductivity
of 1.23 x 10° S cm* while the sample with the least ring opened shows the worst
conductivity of 3.41 x 10 S cm®. An increase in the temperature results in higher
lithium mobility due to thermal energy and a softening of the network. Beyond 30 °C
onwards, PHU (1:3) with speculative completely opened rings is observed to show
higher conductivity with temperature, such as 2.36 x 10#S cm at 60 °C particularly.
The soft nature of network due to unreacted CC rings and a higher number of ether
units in PHU (1:3, as highlighted in FTIR) attribute to the superior conductivity at
higher temperature relative to other PHU analogues. Therefore, we proceeded with
incomplete ring opened PHU (1:3) for further investigation of conductivity versus salt

concentration.

Considering the physical limitations faced by the (too) soft PHU (1:3) at salt
concentration higher than 10wt% LiTFSI (PHU10%), we adopted the method of in situ
crosslinking within fibres of cellulose separator (CP) to facilitate controlled thickness
and freestanding flexible membrane. The ionic conductivity obtained for the network
at 20 °Cis 6.58 x 106 S cm™ which increased to 6.64 x 10 at 60 °C (Figure 6.1.4a).
However, the higher conductivity was observed for PHU 300, 0Wing to low cross-linked
soft network with higher number of charge carriers. For corresponding PHU 150, it can
be clearly concluded that the conductivity of the PHU network impregnated into
separator was recorded 5.623x10° S cm* at 60 °C lower than PHU without cellulose
separator due to restricted mobility of polymeric segments within cellulose fibres

(refer Figure S6.1.1b also for comparison). It is therefore noted that the balance
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between the right salt loading and crosslinking is the key step for the PHU network-
based SPEs.

Another model for conductivity using Vogel-Fulcher-Tamman theory was applied to
distinct the effect of chain segmental motion in the temperature range of 20-90 °C for
conductivity data as shown in Figure 6.1.4b using equation 6.1.2 where A is
conductivity pre-exponential factor, E, is the activation energy, and T is the absolute
temperature, Tois the Vogel scaling temperature at which the free volume disappears
or at which free entropy becomes zero following approximation as To = (T4~ 50 K),

E. is the pseudo-activation energy of ion transport, ky is Boltzmann constant,*? 43
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Figure 6.1.4: a) Temperature dependent ionic conductivity for PHU-LiTFSI (10-40 wt%) SPEs; b) lonic
conductivity using the VFT model; c) Activation energy, E,, derived using VFT equation from ionic
conductivity versus LiTFSI (wt%) loaded SPE; and d) Linear sweep voltammetry analysis of PHU-SPE
with 20% LiTFSI (depicted as PHU 509,).

263



Bio-derived cyclic carbonates bearing poly(hydroxyurethane)
-based networks

The plot indicates that the conductivity decreases from higher (PHU405) to lower
(PHU10%) salt loading unlike the trend observed in Arrhenius plot of Figure 6.1.4b.
However, the higher LiTFSI loaded PHU demonstrated higher chain segmental
motion due to less rigid network in addition to higher charge-carriers, respectively.
The mismatch in conductivity values between these two models clearly hints at the
decent contribution of chain segmental motion highest in PHU40% and lowest in
PHU109 at 20 °C. Pseudo-activation energy was calculated from the slope of the VFT
plots, as shown in Figure 6.1.4c. As the salt concentration increases from 10% to 40%,
Ea decreased linearly until 20wt%. However, the slight increment in E, from 30wt%
to 40wt% could be related to ion-pair formation due to a higher number of charge
carriers. The Y2 axis in E, plot demonstrated the conductivity values at 60 °C
suggesting an increase in conductivity until the PHU3g0 Sample and further decrement
due to ion-pair aggregates for higher salt loading (refer to Table S6.1.1 for calculated
E. for PHU-SPEs with the pre-exponential factor and R? as the corresponding fitting

coefficient).

6.1.4.4 Linear sweep voltammetry

With aluminium as cathode and lithium metal as anode, asymmetric cells have been
assembled to investigate the electrochemical stability window (ESW) by employing
the linear sweep voltammetry technique. Figure 6.1.4d shows that there is no
oxidation observed in the voltage range of 1.8 V to > 5.2 V at 60 °C at the scan rate
of 0.5 mV/s for PHU.0%. The high oxidative potential facilitates application of our
SPEs with high voltage cathodes without electrolyte degradation. A comparative LSV
study was performed with PHU-SPEs and salt concentration (Figure S6.1.1d). The
cut-off current was observed in the order of increasing salt concentration. Although,
higher salt concentrated electrolytes showed narrow ESW with possible degradation
of salt aggregates limiting them to 2-4.6 V and 2-3.8 V for PHU30y and PHUags,
respectively at 60 °C as shown in Figure S6.1.1d. The PHU1sy demonstrated the
higher ESW of > 4.5 V while the onset current was observed in PHU.qy around 4 V.
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6.1.4.5 Transference number

The transference number is a key parameter in determining transport properties for
the validation of SPEs in batteries. Here, it has been calculated by using Bruce and

Vincent method via equation (6.1.3):

t+ = Iss(V —IgRo) (6.1.3)

Io(V —IssRss)

Where, V is DC applied potential, I, and Iss are initial and steady state currents, R,
and R are initial and steady state interfacial resistances, respectively.** The
polarization curve as shown Figure 6.1.5a, has recorded the drop in the 1, from 0.29
MA to I of 0.16 pA while the interfacial resistance from 639.7 Q to 676.1 Q,
respectively. The t,;+ of PHU1q9 Was calculated to be 0.55 at 60 °C, higher than CBSO
(t,;+ = 0.39 for 50 wt% of LiTFSI at 30 °C).** The improvement in ¢,;+ can be
attributed to the structural network which allows the Li-ions to hop and restricts the
mobility of counter anions leading to reduced concentration gradient. Although it was
observed that t;;+ decreased with LiTFSI concentration in the PHU networks from
0.55 to 0.17 with salt concentration as shown in Figure 6.1.5b. Unlike in PHU 100
which has a rigid and compact network, PHUu4u, has higher charge carrier
concentration which not only hinders the opening of CCs but also promotes ionic
gradients and aggregates irrespective of mobility of chains. Nevertheless, it is yet
interesting to explore networks with higher conductivity which can also offer
promising transference number close alternative to single lithium ion conducting
SPEs.

6.1.4.6 Stripping and plating

Beside voltammetry, the reaction and stability of lithium metal with electrolytes are
often studied with exhaustive stripping and plating of Li-ions within non-blocking
lithium metal symmetrical cells. Time-dependent constant current density charge-
discharge technique has been applied for 1 h each to realize the overpotential within
cut-off voltage limits. PHU20% SPE was used as an electrolyte sandwiched with
lithium metal and was subjected to two different current densities of 5 HA cm-2 and
10 pA cm-2 for almost 200 cycles each at 60 oC, as shown in Figure 6.1.5c. During

initial cycles, the overpotential was observed to be ~90 mV, which remained constant
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Figure 6.1.5: a) Transference number measurement using chronoamperometry (DC polarization)
followed by AC PEIS as demonstrated in inset; b) Transference number versus LiTFSI concentration of
PHU-SPE measured at 60 °C; and c) Galvanostatic charge-discharge voltage profile for stripping-plating
at following current densities at 60 °C with Li|PHU,-SPE|LI symmetric cells, respectively with
enlarged plots at respective time demonstrating the constant over potential in the inset.

to ~100 mV with an error of less than 4% despite cycling for 400 hours. However, a
constant shift in the output potential was obtained when the current density was
doubled to 10 pA cm-2 in the subsequent measurement. The recorded overpotential
during the 201st cycle was ~160 mV, which remained constant because of long

stripping and plating of lithium to ~170 mV with a calculated error of < 6%. The
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constant overpotential subjected to current density applied throughout the cycling
highlights the efficient lithium mobility, hence higher Coulombic efficiency and
stabilized interface. It can be speculated that the electrolytic decomposition is
supposed to stabilize the solid electrolyte interphase (SEI) layer with less parasitic

reactions and species.

6.1.4.7 Li-metal battery prototypes

The battery prototypes were assembled with lithium ferrophosphate (LFP) as cathode
material and lithium metal anode together with PHUx SPEs in a coin cell assembly.
For cycling, galvanostatic cycling with potential limitation (GCPL) was applied at the
limit of 2-4 V for the cells maintained at 60 °C in the climate chamber. The voltage
profile with specific capacity shows that with LFP cathodes, we achieved 122.6 mAh
g?, 118.1 mAh g and 111.3 mAh g of the discharge capacity during 1%, 100" and
200" cycles at 0.1C, respectively. The overpotential (Eor for oxidation and reduction)
during 1% cycle was calculated to be ~96.1 mV which decreased to ~56.1 mV and
~65.8 mV in respective 100" and 200" cycles (Figure 6.1.6a), credited to the
formation of a stable SEI. The same cell was subjected to higher current density from
0.1C to 2C and then to 0.05C, followed by 0.1C. The cell delivered the discharge
capacity of 129.4 mAh g1, 123.8 mAh g, 112.8 mAh g, 97.9 mAh g, 75.6 mAh g
Tand 129.8 mAh g* at 0.1C, 0.5C, 0.2C, 1C, 2C and 0.05C, respectively (Figure
6.1.6b). At lower C-rate of 0.05C, the recorded polarization overpotential is ~37.9
mV, while ~241.6 mV for 2C.

The long-term exhaustive charge-discharge is demonstrated via a capacity retention
plot. In Figure 6.1.6c, the cell was cycled at various high and low current densities
without any treatment. A high Coulombic efficiency of > 99% was achieved for
almost all cycles, with a capacity retention of 90.8% while long cycling at 0.1C for
more than 200 cycles. After cycling for 250 cycles, we applied higher current which
subsequently led to capacity drop at respective C-rate but stable cycling was observed
at 0.5C on prolonged cycling. The rate capability plot at different C-rate is shown in
Figure 6.1.6d for the subsequent charge-discharge at high and low C-rates and was
achieved without much capacity fading. The cell recovered it capacity back at 0.1 C

without significant increase in polarizations as observed in Figure 6.1.6¢. The capacity
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Figure 6.1.6: Galvanostatic charge-discharge voltage profiles a) Gravimetric capacity at 0.1C for
respective cycles; b) Gravimetric capacity at variable current densities; c) Global capacity retention plot
with cycle number; and d) Rate capability plot for Li|PHU 0, -SPE|LFP at 60 °C, respectively.

drops at higher C-rate after hundreds of cycles could be explained by the increased
interfacial resistance and parasitic decomposition of the electrolyte. Our bio-derived
PHU-SPE based cells demonstrated excellent cycling performance both at lower and
higher C-rate in hundreds of cycling.

6.1.4.8 Post-mortem XPS analysis

The stable cycling in full metal battery prototype was investigated via XPS analysis
on the surface of the anode and on the PHU SPE facing the anode on the cell cycled
for more than > 500 cycles. The surface species at the depth of ~10 nm correspond to
solid electrolyte interphase, including the external contamination. The standardised
calibration for C 1s peak at 284.8 eV was adopted to fit other spectral binding
energies.*® The scanned elements with their abundance percentage indicated a

significant amount of carbon in both Li-metal and PHU SPE surfaces involving the
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Figure 6.1.7: a) Survey spectrum of surface of cycled Li-anode and PHU SPE of Li|PHU SPE|LFP cells
after 500+ cycles and b) Abundance ratio percentage of surface elements constituting SEI for Li-anode

and corresponding PHU g, SPE films.

adventitious carbon. However, no lithium and negligible fluorine constituents was
detected on the PHU-SPE surface as highlighted in Figure 6.1.7a and 6.1.7b.

In HR-XPS of C1s, conventional C-C/C-H (284.8 eV), C-O/N (286.4 eV), O-C-
0O/C=0 (287.8 eV) groups were observed on both Li-metal and PHU surfaces. While,
inorganic carbonates at ~288.8 eV and ~289.1 eV were detected along with organic
carbonates at ~289.8 eV and ~290.7 eV for Li-anode and PHU-SPE, respectively
(Figure 6.1.8a and 6.1.8d).%*” The high reactivity of LiTFSI led to the significant
formation of LiF at the SEI i.e. 2.9% (684.8 eV) and 0.06% (684.6 eV) while —CFs,
0.35% (687.1 eV) and 0.73% (687.4 eV) at Li metal and PHU, respectively (Figure
6.1.8b and 6.1.8e). Further, the S2p signal was convoluted into CF3-SO,, SO32, SOx
and LixSy in the range of ~169.4 eV—~160 eV for both sample surfaces (Figure 6.1.7¢c
and 6.1.8f).*8 To elaborate it more, higher percentage of SOs2and LixSy was detected
at Li-surface while higher CF3-SO; and SOy was observed at PHU SPE surface. All
other elements such as O1s, N1s and Lils were not convoluted due to overlapping
binding energies for probable species in SEI and are depicted in supporting
information, Figure S6.1.2. The formation of LIF and speculated absence of dendrite

are credited to attribute superior cycling performance of the cell.*
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Figure 6.1.8: HR-XPS of a) and d) Carbon, b) and e) Fluorine and c) and f) Sulphur at lithium and
PHU o film surface after cycling with LFP.

6.1.5 Conclusion

Following the quest for solid-state batteries materials sourced through green-
sustainable materials, we designed and synthesised PHUs via facile ring opening
reaction of CC rings of CBSO with PEGTA through non-isocyanate and catalyst free
approach. The accordingly synthesised PHU networks with polyethers, esters, CCs
and carbamate functionalities facilitated the targeted mechanical and electrochemical
properties. It was deduced that it was interesting to leave a few CC rings besides
carbamate formation for adhesive nature, indirectly contributing to better interface
and wettability. The lower T4 also confirmed the contribution of chain segmental
motion in addition to charge carrier’s mobility. The optimum compromise between
crosslinking and salt concentration has been obtained via the utilisation of a cellulose
separator. With conductivity of 2.36 x 10* S cm?, the optimized PHU-SPEs
demonstrated a high oxidation potential ESW > 5 V and t,;+ of 0.55 at 60 °C. The
cycling with symmetrical lithium metal cells for > 800 h highlighted the decent
compatibility of electrode-electrolyte interface and stable SEI. Further, Li|PHU
SPE|LFP cells delivered superior charge-discharge for long cycles with a specific
capacity of 122.6 mAh g*at 0.1C with capacity retention of > 90%. Those interesting

full metal batteries cycling experiments were then supported by post-mortem analysis
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on the surface of anode and electrolyte via XPS. We reported that monomers sourced
through vegetables oil could be interesting candidates for environment friendly

polymer electrolytes for all solid-state batteries with high energy density.
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Figure 6.1.1: a) Temperature dependent ionic conductivity for a) stoichiometric controlled PHU-
15%LiTFSI SPEs and b) with wt% LiTFSI without cellulose separator; c) lonic conductivity using the
Fox model; d) Linear sweep voltammetry analysis of PHU-SPE with wt% LiTFSI, respectively.
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Table S6.1.1: Activation energy and pre-exponential factor as calculated from the slope of VFT plots
(x% indicates wt% LiTFSI).

Sample Adj. R? InA Ea (kJ-molt)
PHU-0% 0.7519 -0.10 -16.43
PHU-10% 0.8405 1.08 -12.24
PHU-15% 0.9901 0.38 -10.32
PHU-20% 0.9892 0.04 -8.98
PHU-30% 0.9954 0.40 -9.43
PHU-40% 0.9836 0.34 -9.11
a) c)
Li Li Lils
E E
538 536 534 532 530 528 526 404 46; 400 398 396 394 60 58 56 54 52 50
D Binding energy (eV) ) Binding energy (eV) Binding energy (eV)
PHU Ols PHU PHU Lils
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Figure S6.1.2: HR-XPS of a) and d) Oxygen (O1s), b) and €) Nitrogen (N1s), ¢) and f) Lithium (L1s),
for li-anode and PHU electrolyte surface of Li-LFP cell, respectively.
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Chapter 6.2 Non-isocyanate
poly(hydroxyurethane)-based networks

Abstract

Various classes of polymers incorporating PEG segments have been developed in
search of superior properties, stability and compatibility at the device level.
Poly(hydroxyurethane) (PHU) networks derived from bio-based monomers propose
an interesting alternative, not only targeting sustainability but also tunability in the
mechanical and electrochemical properties. Therefore, we report here on the facile
synthesis of PHU networks obtained via the ring-opening of cyclic carbonates present
on bio-based carbonated soy bean oil by PEG segments of various lengths
functionalized at both ends by amines. We also explore the possibility to form PHU-
poly(epoxy) mixed networks by additionally incorporating PEG segments
functionalized at both ends by epoxides in the reaction mixture. The accordingly
obtained polymer networks possess high flexibility and a good interface stability.
After salt loading, the SPE membranes based on PHU and PHU-poly(epoxy) mixed

networks exhibit ionic conductivities in the range of ~10“°to 10° S cm at 60 °C
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with oxidation stability > 4.2 V versus Li/Li*. Further, their long-term compatibility
with lithium metal has been investigated in a controlled setup for more than a hundred
cycles in stripping and plating experiments. Those results drive the PHU-based
networks toward the developmental intent of a functional polymer with a higher
degree of control on structure and properties dealing with the trade-off of mechanical

and electrochemical properties.
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6.2.1 Introduction

Batteries have become a part of our daily life, from small devices to large gadgets
with huge potential to revolutionize the transport sector. Various automotive
companies are betting on fossil fuel-free electric vehicles, based on lithium batteries.
Differing in scale, from coin cells to large grids, lithium batteries have already made
their place in the market for more than two decades.! However, they are required to
outperform their energy density with improved safety and processing. These
aspirations can only be achieved with high-energy-density electrodes and safer
electrolytes (specifically solid state electrolytes, SSEs). High voltage cathodes
development has been progressive throughout the timeline of lithium batteries
research with periodic challenges for anodes either with compatibility or stability with
electrolytes. Among those, silicon-based materials and lithium metal anodes possess
the highest theoretical capacity, with the later showing as much as 3860 mAh g*.2
Moreover, they do not sound very promising and safe due to the number of incidents
recorded with battery fires or explosions.® Therefore, replacing liquid electrolytes
with solid ones would not only remove the drawbacks of flammability, leakage, and
short-circuit due to dendrite growth and packaging but also provide lithium metal
compatibility and a broad voltage window for high-voltage cathodes application as
well. In addition, this replacement brings in other remarkable advantages aligning
with both electrochemical and mechanical properties. SSE electrolytes are supposed
to offer broad oxidation stability (beneficial for high voltage cathodes without
electrolyte decomposition), lightweight, flexibility, easy stack, robustness, safety
(non-flammable) and thus cost-effective.2* On the contrary, SSEs offer low ionic
conductivity and poor interfacial compatibility. So far, inorganic solid electrolytes
(ISEs) have outperformed solid polymer electrolytes (SPES) but the latter excites with

good mechanical properties and processability.

Over the years, various classes of polymers have been tested with varying
architecture, topology, and size in their pristine or copolymer state. The availability
of polar groups for lithium ion complexation via weak coordination is always desired
in any polymer as a conduction host. Some of the well-known polymers explored in
batteries include PEG,>® polycarbonates,”8 polyvinylidene fluoride (PVDF),10

poly(methyl methacrylate),***? polysiloxanes,*'* polyurethanes,*>7, etc. While most
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of these exhibited potential performance in their investigation, they underperform on
other required parameters such as salt solvation or oxidation stability, which demands
more polymer engineering. In concern to addressing those trade-offs in one polymer,
a variety of synthetic methods and techniques found their way like block copolymers,
blends, plasticization, hybrid polymers with inorganic fillers etc.!32° Higher salt
dissociation and mobile charge carriers contribute to higher ionic conductivity and
higher transference number. The ability to prevent dendrite growth and form a stable
solid electrolyte interphase (SEI) with decent compatibility mark crucial indicators
for a good electrolyte. Therefore, a superior battery material relies on material design
and development, processing, interfacial engineering and investigation to understand

the surface chemistry neck to neck with theoretical assumptions and findings.?*-%

Poly(hydroxyurethane)s (PHUSs), like the parent polyurethanes (PUs), combine soft
and hard segments in one polymer. PUs, first discovered by Otto and co-workers?,
are being used in many industrial products, including coatings, paints, adhesives and
resins. However, the first report on PUs as SPEs in 1980 highlighted their potential in
batteries.?> The conductivity was speculated to be facilitated by soft segments and
mechanical properties via hard segments within the same polymer.® In later reports,
isocyanate-based PUs have been exploited in various forms involving copolymers,
blends, hybrids showing conductivities as low as ~108 to as high as ~10° S cm* at
25 ° C.2627 There are some reports on natural oil-based monomers-derived PUs,

exhibiting decent Li-ion conduction, such as Jatropha,?® Palm kernel oil,° castor 0il.*°

While PUs were often synthesized via a reaction between diisocyanates and
alcohol/polyol in the presence of a catalyst, PHUs are presented as non-isocyanate
polyurethanes (NIPUs). They are prepared using different techniques, among them
the aminolysis of cyclic carbonates.-:%? The cyclic carbonates and derived PHUs are
gaining more interest due to their highly sustainable synthetic pathway via coupling
of CO,.8 In Chapter 6.1, we reported the solid PHU-based SPEs on cellulose separator
derived from the reaction of carbonates and diamines with the conductivity > 10* S
cm® and decent performance in Li|PHU SPE|LFP cells at 60 °C. Referring to a few
reports, polymer networks provide better mechanical as well as electrochemical

properties on the potential addition of additives, fillers, plasticizers etc. Scardi et al.
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demonstrated that SPEs obtained by reacting palm kernel oil polyol and 2,4-
methylene diphenyl diisocynate (2,4’ MDI) could reach a conductivity of 7.6 x 104S
cm at RT after plasticization with ethylene carbonate.? Taking that inspiration, we
intended to design a Plasticized PHU by incorporating epoxy in addition to PHU with
the scope of investigations on the effect of unreacted cyclic carbonate in the

crosslinked network.

Here, we report a series of SPEs based on PHU, synthesized via catalyst-free addition
reaction between carbonated soybean oil (CSBO) bearing on average 6 carbonates
and PEG segments of various lengths terminated at both ends by amines (see Scheme
6.2.1) to tune the mechanical and electrochemical properties unlike in Chapter 6.1.
The network results from the ring-opening reaction of the cyclic carbonate (CC) rings
of CSBO by the nucleophilic amines (Scheme 6.2.1). Since CC rings show good
lithium solvation and are widely used in the side chains and main chain of SPEs for
their better transport properties,”* it would be desirable to leave some CC rings
unopened in the final networks in order to reach superior ionic conductivity in the
final SPE. To this aim, we introduce here a competitive ring-opening reaction by
adding poly(ethylene glycol) diglycidyl ether (PEGDCE) in the reaction mixture.
Since the ring opening reaction induced by nucleophilic amines of PEGTA is expected
to be faster with epoxy of PEGDCE than with CCs of CSBO, the resulting network
could contain untouched CCs units. By a careful control of the PEGDCE/CSBO
stoichiometry, we show that we can preserve a certain amount of unopened CCs units
without comprising on the mechanical properties of the final networks since the more
reactive PEGDCE/amino-functionalized PEG ring-opening leads to crosslinking
nodes at the expense of CSBO/amino-functionalized PEG ones. The lithium metal
compatibility with our SPE membrane is finally demonstrated with some interesting

findings supported by cycling and post mortem XPS analysis.

6.2.2 Materials and methods

2,2'-(Ethylenedioxy)bis(ethylamine)(M,~148.20), 4,7,10-trioxa-1,13-
tridecanediamine (Mw~ 220.31), poly(ethylene glycol) diglycidyl ether (My~500 ),
anhydrous tetrahydrofuran solvent (THF) and lithium battery-grade, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) are purchased from Sigma-Aldrich.
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Poly(ethylene glycol) bis(3-aminopropyl) terminated (PEGTA )(Mw~1500) was
bought from Acros organic chemical. Carbonated soybean oil (CSBO) was prepared
following a previously published report.3* Lithium metal foil (99.9%), lithium iron
phosphate (LiFePQOs,), poly(vinylidene fluoride) and Super-P were purchased from
TOB chemicals. N-methyl-2-pyrrolidone (NMP) was purchased was bought from
Alfa Aesar. Deuterated chloroform (CDCls) used for NMR spectroscopy was
purchased from Eurisotop. All reactants and catalysts were used as received, without
any further purification.

Note: Refer the Chapter 5.1 for characterization and electrochemical techniques.

6.2.3 Experimental section

6.2.3.1 Synthesis of Poly(hydroxyurethane) (PHU-NXNY)

Bio-based cyclic carbonated soybean oil (CSBO) was synthesised by coupling of
supercritical CO, with epoxidised soybean oil (ESBO) as reported somewhere else.?*
As for PHU, the reaction between CSBO and poly(ethylene glycol) bis(3-
aminopropyl) terminated (PEGTA), 4,7,10-trioxa-1,13-tridecanediamine (TDD) and
2,2'-(ethylenedioxy)bis(ethylamine) (EDEA) in varied ratio. The ratio of all, EDEA
(N1), TDD (N2) and PEGTA (N3) to CSBO was chosen to 3:1 equivalent

corresponding to assumption of all ring opening, accordingly.

For the reaction of PHU-N2N3, 90 mg of CSBO (M, ~ 1250), 81 mg of PEGTA (for
25 mol%, M, ~ 1500) and 35.69 mg of TDD (75 mol%, M, ~ 220.31) was taken in a
small vial. These were dissolved in anhydrous THF via magnetic stirring at room
temperature (RT) for >6 h. The resulting transparent solution was then drop cast on a
Teflon mold followed by transfer to the vacuum oven. The temperature of the vacuum
oven was set at 70 °C for >12 h and later increased to 90 °C for >24 h under dynamic
vacuum .A similar procedure was followed for other PHU-NXNY and LiTFSI loaded
PHU-NXNY (NX: N1, N2, N3) following the addition of salt solution to the initial
mixture in case of the latter. After curing, the samples were transferred to the glove

box. The reaction is highlighted as depicted in Scheme 6.2.1.
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Scheme 6.2.1: Synthesis of poly(hydroxyurethane) analogues with possible network structure, (bottom-
right). Pictures of PHU-N2N3 (75 mol% of N2 and 25 mol% of N3) films with 20wt% LiTFSI as labelled

in subscript.

6.2.3.2 Synthesis of Poly(hydroxyurethane)-poly(epoxy) mixed networks
(PHU-N2N3-Ep)

Poly(ethylene glycol) bis(3-aminopropyl) terminated (PEGTA) and 4,7,10-trioxa-
1,13-tridecanediamine (TDD) in mole ratio of 25% and 75% was chosen to react with
CSBO to obtain PHU-N2N3 as mentioned above. For the mixed networks,
poly(ethylene glycol) diglycidyl ether was added to the reaction mixture required for
PHU-N2N3 at various concentrations from 0 to 100 wt% (with respect to CSBO). The
most explored composition, (PHU-N2N3-Ep) involved 70 mg of CSBO (My~ 1250),
63 mg of PEGTA (for 25 mol%, My ~ 1500), 27.75 mg of TDD (75 mol%, My ~
220.31) and 70 mg of PEGDCE (My ~ 500. 100 wt% w.r.t. CBSOQ) dissolved in a
small vial with the help of anhydrous THF. Subsequent procedures were similar to
those performed above for PHU-N2N3. Refer scheme 6.2.2.

6.2.3.3 Preparation of electrolytes (SPESs)

LiTFSI enforcement to the PHUs network was performed in the first step prior to
thermal curing for electrolyte films. The dried films were transferred to the glove box
and SPE films were peeled off the Teflon molds and stored in the glove box before
cell fabrication and characterization. The thickness of 16 mm punched membranes
was measured to be in the range of 100-200 pm. 2032-type coin cells were assembled
using those free-standing SPE films sandwiched between SS|SS, SS|Li, Al/Al-C|Li,

Li|Li and Li|LFP electrode configurations to evaluate electrochemical analysis.
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Scheme 6.2.2: Synthesis of mixed poly(hydroxyurethane)-poly(epoxy) networks with PEGDCE, (bottom-
right: picture of PHU-N2N3-Ep films (75 mol% of N2, 25 mol% of N3 and 100 wt% of poly(epoxy) with
respect to CBSO)), subscript indicates x-wt% LiTFSI).

6.2.4 Results and discussions

We synthesized PHU and PHU-poly(epoxy) (PHU-Ep) analogues via an isocyanate
and catalyst-free, sustainable synthetic approach at mild temperature and reaction
conditions. The synthesis of the polymer networks is depicted in Scheme 6.2.1 and
6.2.2, respectively for pristine PHU-NXNY and mixed PHU-NXNY-Ep (refer to
experimental section for the meaning of acronyms) involving ring-opened epoxy in

addition to hydroxy urethanes crosslinking nodes.

The reaction between CC and diamine follows the ring opening with intermediate
steps as highlighted in the reaction mechanism reported elsewhere.®®* PHU-NXNY
have been synthesized by a combination of crosslinkers from three diamines in order
of their increasing chain length/higher number of ethylene oxide (EO) units, i.e. 2 in
EDEA, 3 in TDD, to ~32 units in PEGTA, respectively. Several combinations of
PHU-NXNY were formalized with varied mechanical properties and conductivity, as
highlighted in Table S6.2.1. The crosslinking reaction (or extent of aminolysis) is not
only dependent on the concentration of monomers and reaction time but also on other
parameters such as temperature, solvent mixture and interfering agents. A detailed
investigation on PHU-N3 bearing unreacted CC units supported on cellulose separator
is demonstrated in Chapter 6.1. While here, separator-free SPEs were obtained by

using mixtures of crosslinkers of different chain lengths, and with increased softening
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in the network with LiTFSI concentration. As reported in Chapter 6.1, PHU-N3
offered good conductivity while poor mechanical properties, which required an
increased yield in the ring-opening reaction leading to hydroxy urethanes. Here, a
better compromise was obtained with a combination of 75 mol% of TDD (N2) and 25
mol% PEGTA (N3) (as shown in the picture of SPE in Scheme 6.2.1). The higher
number of EO units forming soft segments is sourced from PEGTA, which is crucial
for Li* conduction. In contrast, TDD increases the yield of ring-opening reaction due
to its higher accessibility to CC rings contributing directly to an increased number of
crosslinking nodes and of urethane hard segments in the network. Combining in
varying amounts a long chain crosslinker (PEGTA) to a short one (TDD or EDEA)
thus appears as a valuable strategy to finely modulate the mechanical properties of the

accordingly obtained networks while not compromising ionic conductivity.

In further attempts, another strategy was designed to investigate the effect of
unreacted CC and target higher salt dissociation without losing the free-standing
nature of the SPE resulting from network formation (Scheme 6.2.2). This strategy
consist in using a competitive, faster, crosslinking reaction beside the ring-opening of
CCs by nucleophilic amines. More precisely, we introduced PEG chains bearing
epoxides at both ends (PEGDCE), well known to react quantitatively and quickly with
amines. Therefore, PEGDCE has been mixed in varying quantities with CSBO and
the different amino-functionalized PEG to obtain PHU-NXNY-Ep mixed networks.
In those networks, most of crosslinking nodes are believed to essentially originate
from the PEGDCE epoxy groups with amino-functionalized PEG while much less
should result from the less reactive hydroxy urethane groups from CSBO/amino-
functionalized PEG. Practically, the optimized ratio and reaction conditions for PHU-
N2N3-Ep were translated from PHU-N2N3 without change. The higher the
concentration of epoxy, the lower is the formation of PHU units in the network due to
the higher reactivity of PEGTA and TDD towards epoxy. However, the epoxy
monomer consists of ~8 EO units as well, which is beneficial for conduction. This
step of restricting CC-ring opening and engaging epoxy-aminolysis directly affects

the physical properties of PHU at a limited concentration of amines.
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6.2.4.1 Fourier transform infra-red spectroscopy

The PHU networks were characterized via IR analysis for the confirmation of
crosslinking reaction and other changes in functionalities, as shown in Figure 6.2.1.
The carbonyl peak corresponding to CC at 1796 cm™ was retained with a slight shift
at 1801 cm™ in PHU-N3 with lower intensity as observed in Figure 6.2.1a. This hints
at the incomplete CC ring opening either due to a low concentration of crosslinkers or
inaccessible CC rings. However, the CC carbonyl peak almost disappeared in the case
of PHU-N2N3 with the appearance of an urethane bond signal at 1701-1696 cm™ and
1713- 1716 cm? in all PHUs. At higher salt concentration, a broadening in urethane
signals was observed as reported in PHUs.3¢
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Figure 6.2.1: Comparative IR spectra of PHU analogues with varying formulation, a) PHU-N2N3y; and c)
PHU-N2N3-Epy in comparison to PHU-N3 and CSBO, respectively (where, 75 mol% of N2, 25 mol% of
N3, 100 wt% of poly(epoxy) with respect to CBSO and x wt% of LiTFSI).
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The ester signal (-RCOOR-) from CSBO at 1739 cm™ was detected at 1740 cm for
PHU-N3 and slightly shifted to 1738 cm™ and 1736 cm™ for PHU-N2N3;0¢, and PHU-
N2N3100%, respectively. Other characteristic signals involved —OH stretching at 3451
cml, 3380 cm® and 3390 cm™ while, -NH signal at 1531 cm?, 1537 cm, 1533 cm?
for PHU-N3, PHU-N2N310% and PHU-N2N330%, respectively. The strong aliphatic
ether (-C-O) signal was recorded around 1106 cm™ along with C-N stretching in the

range of 1250 cm™-1275 cm in corresponding PHU networks.

Similarly, referring to Figures 6.2.1b for PHU-N2N3-Ep, incomplete ring opening of
CC was observed in comparative spectra of PHU-N2N3-Ep with PHU-N3. CC,
carbonyl (-C=0) peak was marked within 1798-1800 cm in addition to the ester (-
RCOOR) around 1738-1741 cm™. While urethane stretching was recorded with higher
broadening due to lesser carbamate formation and higher salt concentration in a
similar region as of PHU-N2N3. However, there was no strong signal detected from
epoxy besides a slightly weak and broadened peak around 880 cm™ specifically for
PHU-N2N3-Epio% and PHU-N2N3-Epaow. The higher reactivity of epoxy with
diamine dominated the crosslinking over reaction of CBSO in the presence of LiTSFI,
confirming our hypothesis. The good solvation of LiTFSI was validated from signals

in the range around 900-700 cm™.

6.2.4.2 Thermal measurements

Thermal analysis was performed with DSC and TGA using parameters as mentioned
in the experimental section. The polymer melting (Tm), crystallization (T¢) and other
phase change temperatures were monitored via DSC in the —70 °C to 100 °C range.
Among all precursors, only PEGTA possesses a solid nature while TDD is liquid and
PEGDCE and CBSO are viscous fluids at room temperature. CSBO shows a low glass
transition temperature (Tg), which increases with salt concentration with no
crystallization,® whereas, Tm and T were recorded at 50.1 °C and 20.1 °C for PEGTA
respectively (Figures 6.2.2a and 6.2.2b). A cold crystallization phenomenon was
observed in PHU without LiTFSI with T at -48.8 °C. However, LiTFSI loaded PHU-
N2N3 networks showed only amorphous behaviour with higher Tgof 43.7 °C, -44.2
°C and -40.8 °C respectively for 10%, 15% and 20% LiTFSI wt/wt%. This trend in Ty

is predicted to be non-conclusive due to low differences in salt concentration.
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Figure 6.2.2: DSC thermograms of PHU analogues, a) PHU-N2N3 and b) PHU-N2N3-Ep in comparison
to PEGTA,; and c¢) Thermogravimetric analysis of PHU-N2N3 and PHU-N2N3-Ep with and without 20
wt% LiTFSI (where, 75 mol% of N2, 25 mol% of N3, 100 wt% of poly(epoxy) with respect to CBSO).
The PHU-N2N3 network with 100wt% of PEGDCE w.r.t to CSBO was subjected to
DSC measurements. The network without LiTFSI showed a lower Tg4of -43.9 °C
relative to PHU-N2N3, while a similar decrement was also observed with LiTFSI, to
-37 °C, -37.8 °C and -33.5 °C for PHU-N2N3-Ep10%, PHU-N2N3-Ep20s%, and PHU-
N2N3-Epsox respectively as indicated in Figure 6.2.2b.

Thermal degradation of the networks was analyzed by thermogravimetric analysis
measurements in N2 supply in the temperature range of 30 °C to 600 °C for a
comparative analysis of PHU analogues with and without LITFSI (Figure 6.2.2c). The
analysis can be split into multiple components as depicted from the derivative of TGA.
In the beginning, the slight weight % loss could be correlated to adsorbed moisture
for all the samples until 100 °C. Major decomposition for almost all the analogues
starts nearly ~250 °C and with polymer without LiTFSI at slightly higher T4. Among
PHU-N2N3 and PHU-N2N3-Ep, higher thermal stability is observed for plasticized
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network as evident at higher temperatures, > 500 °C. LiTFSI decomposition was

observed around 500 °C in two minor phases for polymer units.

6.2.4.3 lonic conductivity

Coin/Swagelok cells with PHU networks SPEs membranes were subjected to
potentiostatic electrical impedance spectroscopy (PEIS) for conductivity
measurement at various temperatures in symmetric blocking cells with stainless steel
electrodes. Nyquist plots with real and imaginary impedance were recorded and
analyzed for electrolyte resistance. The conductivity (o) was calculated using
equation 6.2.1 which depends on parameters such as length, and area of the film

besides resistance from the following equation,
g=— (6.2.1)

(T-To)

Eq
oTY? = Ae Kb (6.2.2)

where, Ry is bulk electrolyte Ohmic resistance from AC impedance, | and S are
thickness and the surface area of polymer electrolyte, respectively. Equation 6.2.2 was
used for modelling conductivity with VFT behaviour, where A is the conductivity pre-
exponential factor, T is the absolute temperature, Tois the Vogel scaling temperature
at which the free volume disappears or at which free entropy becomes zero following
approximation as To = (T¢-50 K), Ea is the pseudo-activation energy of ion transport
and ky is Boltzmann constant.3”:3 The conductivity of PHU-N2N3 was compared with
various added amount of LITFSI (10-20 wt%) from 0-80 °C and was depicted in the
logarithmic conductivity plot with temperature following Arrhenius model (Figure
6.2.3a). PHU-N2N3 exhibited best conductivity of 1.6 x 10* S cm* at 80 °C for 20
wt% LITFSI. While at 20 °C, higher conductivity was recorded for PHU-N2N 315,
i.e. 4.07 x 10%S cm. The trend of conductivity versus temperature with certain
anomalies could be related to free ion pairs coupled with restricted ion mobility due
to crosslinking. While using the VFT model of conductivity, we deduced the higher
conductivity trend in PHU-N2N310¢ at lower temperatures and PHU-N2N3x0y at
higher temperatures as shown in Figure 6.2.3b.

The conductivity of PHU-N2N3-Ep bearing cyclic carbonate rings was measured with
LiTFSI concentration (10-30wt%) as indicated in Figure 6.2.3c. A conductivity of 3.9
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Figure 6.2.3: Temperature dependent ionic conductivity for investigated SPE networks; a) and c)
Arrhenius model, b) and d) VFT Model, a) and b) PHU-N2N3-LiTFSI (10-20 wt%); c) and d) PHU-
N2N3-Ep-LiTFSI (10-30 wt%), respectively (where, 75 mol% of N2, 25 mol% of N3, 100 wt% of
poly(epoxy) with respect to CBSO throughout).

10 S cm at 20 °C was observed for PHU-N2N3-Epaos. The highest conductivity
was obtained at 80 °C to be 1.2 x 10 S cm™ for PHU-N2N3-Ep,os. For the same salt
concentration, PHU-N2N3-Ep2o% exhibited better conductivity than PHU-N2N 320
until 50 °C and slightly lower conductivity from 60 °C onwards. While aligning the
conductivity with VFT model for PHU-poly(epoxy) mixed networks, we did not find
much difference as shown in Figure 6.2.3d. We could speculate the higher reaction
yield of the oxirane ring resulted in more crosslinking nodes and an increased rigidity
in the network, lowering segmental motion. However, it is not clear at this stage if the
unreacted CC do exert a positive effect on the overall ionic conductivity and further
experiments should be conducted. We can speculate to understand the effect of CC
with precise control on quantification ring opened. For further electrochemical

measurements, PHU-N2N3-Epzo% Was explored owing to the good compromise in the
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conductivity of 4.49 x 10> S cm™ (at 60 °C), number of charges carrier and mechanical

properties.

6.2.4.4 Electrochemical stability window

Oxidation potential limitation for an electrolyte is investigated to find the threshold
voltage at which it can channelize ions without decomposition. A wide
electrochemical stability window (ESW) at higher voltage allows the higher voltage
cathodes to store more reversible energy. ESW as measured using linear scanning
voltammetry (LSV) is presented in Figure 6.2.4. At the scan rate of 0.5 mV s the
oxidation stability limit of
PHU-N2N320% was
observed to be around Egsw
> 4.01 V vs Li/Li* with

stainless steel cathode. The

[y
th

2

Current Density (uA em ™)
o S

latter was recorded to be

higher in the case of PHU- -5 20% LiTFSI
N2N3-Epaew  (subscript -101 — PHU-N2N3
indicates 20wt of LiTFSI -~ ] ._.P H.U'll\m'm?p
for both PHU analogues) 1 2 3 4 5 6
i.e. Eesw > 4.24 V vs Li/Li* Eye ¥s. LVLI" (V)

in similar conditions and Figure 6.2.4: Linear sweep voltammetry analysis of PHU-based-

parameters SPEs with 20% LiTFSI.

6.2.4.5 Stripping and plating

The electrolyte and lithium metal compatibility has been tested via lithium stripping
and plating under time-dependent constant current cycling, as represented in Figure
6.2.5a. The voltage-time plot for PHU-N2N3209 qualitatively explains electrolytic
decomposition with lithium metal. Owing to the conductivity of the electrolyte, lower
current density has been employed in the range of 0.52 pA cm2to 4.55 pA cm in the
cut-off voltage of +2 V to -2 V. The first 2-3" cycles offered huge kinetic hindrance
to lithium transport leading to high overpotential to cutoff voltage at 1.3 pA cm™2.
Subsequently, a lower current density of 0.52 pA cm was applied for almost 100

cycles which recorded a clear decreasing overpotential, i.e. 0.22 V in stripping and -
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Figure 6.2.5: Galvanostatic charge-discharge voltage profile for stripping-plating at various current

densities at 60 °C with Li|PHU-based SPEs|Li symmetric cells, a) PHU-N2N3 and b) PHU-N2N3-Ep,
respectively (Insets: magnified plots at respective time demonstrating the constant over potential).
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0.3441 V while plating at the 50" cycle. As a result of interfacial stabilization, a
reduction in the interfacial resistance could be observed. Furthermore, the
overpotential increased drastically when the current density was increased by 4 times,
resulting in a stripping voltage of 0.16 V at the 320" cycle. However, despite doubling
the current density to 4.55 pA cm we did not see much drastic increment in the
voltage. The overpotential stabilized from 642 h (321% cycles) onward and recorded
over constant values until measured cycles for 1042 h (521 cycles) with stripping-
plating of 0.37 V and -0.32 V, respectively. The stable SEI even after a long number

of cycles was evident from constant overpotential recorded from 3215 cycles onward.

Discussing stripping and plating in PHU-N2N3-Epao%, higher overpotential was
expected in those cells due to relatively lower ionic conductivity. As a result of initial
cycling at the current density of 0.84 pA cm?, the overpotential was ~0.1 V. While
for subsequent 45 cycles, almost constant overpotential of ~0.22 V was recorded on
the doubling of the current density. However, an abrupt increment to 3.38 uA cm? led
to higher polarization of ~0.7 V and -2 V during charge and discharge, respectively.
For remaining long-term cycling, 1.69 uA cm™ was chosen and cycled for more than
400 cycles with constant decreasing overpotential and stabilizing from the 400™ cycle
onwards at nearly ~0.15 V. Inset in the Figure 6.2.5b shows the voltage profile during
the last cycles of the stripping-plating, averaging at ~0.15 V. This supports the
efficient transport of lithium ions within the electrolyte and SEI at certain current
density. While larger polarization at a relatively higher current explains lower

conductivity and parasitic electrolytic decomposition.

6.2.4.6 Post-mortem analysis of cycled cells

The XPS on the Li anode and SPE surfaces for lithium symmetric cells was performed
to probe their interfacial compaosition after stripping and plating for more than 1000
h. The C 1s peak at 284.8 eV was used as a reference to calibrate the binding energy.
The survey spectra detected the desired elements like C, O, Li, F, N and S originating
from the SEI layer or the decomposition are shown in Figure 6.2.6 for electrolyte films
of PHU-N2N3 and PHU-N2N3-Ep. The C1s spectra in both SPEs excluding the
adventitious carbon can be attributed to C-C/C-H, C-OIN,
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Figure 6.2.6: Survey spectrum of surface of cycled PHU based SPEs from Li-Li cells after 500+ cycles of
stripping and plating.

0-C-0/C=0 and O-C=0/C03? (inorganic carbonates) with the binding energy of ~
284.9 eV, 286.3 eV and 287.9 eV and 288.8 for PHU-N2N3 and at ~ 284.8 eV, 286.2
eV and 287.9 eV .and 288.8 for PHU-N2N3-Ep respectively, as shown in Figures
6.2.7a and 6.2.7d. Referred to the simulation performed in our previous report, there

is possible C=0 formation from carbamate cleavage.?

SEI stabilized by LiF formation was detected at 688.2 (0.2%) and 688.3 (0.2%) while
-CF3 corresponding to LiTFSI at 688.2 eV (1.2%) and 688.3 eV (0.3%) in respective
PHUs (Figures 6.2.7b and 6.2.7d). From the higher proportion of LiF formation for
the films of PHU-N2N3-Ep, it can be deduced that the addition of epoxy to the PHU
N2N3 increased the reactivity with lithium and thus higher decomposition. A similar
finding has been witnessed as we compare the HR-XPS of S2p for both SPE films in
Figures 6.2.7c and 6.2.7f. A sharper signal for SOx was observed in PHU-N2N3-Ep
than in PHU-N2N3. The quantification table can be referred to as supporting
information (Figure S6.2.1) along with HR-XPS of other elements, such as O1s, N1s
and Lils. These surface analyses backed the decent stripping and plating experiments

over hundreds of cycles due to stable electrolyte decomposition and SEI formation.
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Figure 6.2.7: HR-XPS of a) and c¢) Carbon, b) and d) Fluorine and e) Sulphur at the surface cycled PHU-
based SPE films after stripping and plating with Li-Li cells, respectively

6.2.4.7 Li-metal battery prototypes

Cells with Li metal anodes and LFP cathodes were tested by GCPL technique over
the voltage of 2-4 V. Those cells exhibited a discharge capacity of 114.96 mAh g* at
a C-rate of 0.1 C at 60 °C with the polarization of almost ~0.179 V in the 1% cycle as
in Figure 6.2.8a. The polarization drops in the subsequent cycles to ~0.084 V and
~0.0341 V in the 10" cycles and 30™ cycle, respectively. This could be credited to the
stabilized interface due to the beneficial decomposition of electrolyte at the lithium
surface. However, the discharge capacity drop is also observed to 108.79 mAh g
and 94.63 mAh g at the respective 10 and 30™ cycle. The capacity-cycle plot shows
the fading capacity with increasing Coulombic efficiency (up to ~97.8%) as
demonstrated in Figure 6.2.8b. The fading could be also an indication of high
diffusion barriers between the electrodes and electrolyte. Nevertheless, a preliminary
cycling test on PHU-N2N3-Epao% showed the potential performance which could be

improved with further focus on these polymers.
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6.2.5 Conclusion

More and more emphasis needs to be placed on the innovation of sustainable
precursors and approaches for polymer electrolytes given the high concern for the
impact of chemicals on clean energy. We have attempted here to address the issue of
the environmental footprints by utilizing a bio-based monomer for the synthesis of
PHU analogues. We reported a series of PHU and PHU-poly(epoxy) networks as
potential solid-state electrolytes from lithium-ion conduction. The self-standing
electrolyte films demonstrated good flexibility and interfacial contact, as speculated
from low Tgaround -40 °C. With high thermal stability, we indicate the absence of
polymer degradation in the operating temperature of the batteries. The conductivity
of the PHU-N2N3 and PHU-N2N3-Ep remains in the order of 105 S cm™ for the same
LiTFSI concentration. However, PHU-N2N3-Ep showed a higher oxidation potential
limitation of > 4.24 V against > 4.01 V versus Li/Li* for PHU-N2N3. Further, the
long-term stability of those PHU-based SPEs with lithium metal has been confirmed
from the exhaustive stripping and plating over 500+ cycles followed by post-mortem
analysis, demonstrating constant overpotential. Full metal battery measurement is
demonstrated for Li|PHU-N2N3-Ep|LFP cells for their preliminary trials. These
investigations on poly(hydroxyurethane)-based polymers derived from bio-sourced
monomers are shown to find their way into battery electrolytes credited to their unique

properties.
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Table S6.2.1: Conductivity and physical nature relation of PHU with combination of different
crosslinkers (ratio indicates mole %).

Conductivity +Ht+Ht+ +H++Ht +HH++t +HH++ +HH++t +HH+++ +HH++ ++++
Physical Gel like Gel like Gel like Solid Gel like Gel like Solid Gel like
nature solid solid solid solid solid Film solid
(++++) (+++) (++) (++++) (+++) (++)
)
) TG e o] DFvrogas <] © [Prv oo Tils

Intensity (@)
Intensity (@.um.)
Intensity (a.u.)

538 536 534 52 S0 528 526 404 402 400 398 396 394 60 S8 86 s4 S2 S
Binding energy (eV) f) Binding energy (eV) e Binding energy (eV)
PHU-NIN3-Ep-cycled Nis PHU-NIN3-Ep-cycled Lits)

=)
=

PHU-NZN3-Ep-cycled Ols

Intensity (@)
Intensity (@.n.)
Intensity (a@.u.)

vt 4 |
538 536 534 532 530 sz 526 406
Binding energy (eV)

404 402 400 398 396 394 60 S8 S6 54 52 50
Binding energy (eV) Binding energy (eV)

Figure S6.2.2: HR-XPS of a) and d) Oxygen (O1s), b) and e) Nitrogen (N1s), c) and f) Lithium
(L1s), at the surface cycled PHU-based SPE films after stripping and plating with Li-Li cells,
respectively.
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Chapter 7

Chapter 7 Composite polymer electrolytes based
on silicon dioxide nanoparticles

Abstract

In the coming years, the batteries market size is expected to grow by two-fold with
the ongoing development of solid-state electrolyte-based lithium batteries. Following
that, composite polymer electrolytes (CPEs) are believed to make lithium metal
batteries safer, more efficient, and high-performing by combining organic and
inorganic materials. Over the decades, various classes of polymers containing high
electronegative atoms have been looked upon for their weak lithium coordination and
high lithium ions transport in combination with active and inactive fillers. Within that,
bio-sourced polymers are one of the attractive research topics.
Poly(hydroxyurethane)s (PHUSs) synthesized through a non-isocyanate approach are
known for their superior adhesive properties and have been recently explored as solid
polymer electrolytes (SPEs) in batteries due to high control over their structural
design. Here, we report two types of composite polymer electrolytes. The first CPE is
a blend comprising lithium salt loaded poly(ethylene oxide) (PEO) as polymer matrix,
bio-based carbonated soybean oil (CSBO) as additive and silicon dioxide
nanoparticles as dispersed inorganic material. The second CPE is a lithium salt loaded

PHU network prepared from CSBO precursor as polymer matrix entrapping SiO;
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nanoparticles. The synergic effect of the polymer component and SiO, facilitated the
electrolyte films with good flexibility and high conductivity in the range of ~10* S
cmt at 80 °C. The addition of inorganic fillers to the SPEs broadened oxidative
potential limitations to > 4.8 V and 4.4 V versus Li/Li* for CPEs based on linear PEO
and PHU network polymers, respectively. Both CPEs demonstrated decent
compatibility with lithium metal as a result of initial constant current and time-
dependent charge-discharge, respectively. For instance, the PEO-CSBO-SiO--based
LFP-Li cell delivered an interesting initial discharge capacity of ~140 mAh g at
0.1C, 60 °C. While PHU-SIO; exhibited stable striping and plating for 600+ cycles
post stabilization. These composites highlight our consolidated successful attempts to
exploit the introduction of passive fillers to the polymeric components for better

electrochemical and mechanical properties.
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7.1 Introduction

Energy storage complements renewable energy technology, such as solar, wind, and
hydropower energy, due to its intermittent and undulating nature. Therefore, the clean
energy transition stresses higher energy density and mass grid storage, such as
batteries, for our primary needs. One sector that heavily relies on fossil fuels is
mobility and transport, which needs to be revolutionized by the extensive switchover
to electric vehicles. There comes the discussion of lithium batteries (LBs), which offer
higher energy density than other conventional batteries, from small-scale to large-grid
storage. In over two decades, LBs have dominated the battery market with higher
projections and a surge in electric vehicles demand. However, safe and superior-
performing batteries bet on the utilization of solid-state electrolytes with high-
capacity electrodes owing to their lightweight, robust flexibility, easy stack and cost-
effectiveness.’> While conventional liquid electrolytes pose issues like leakage,
decomposition and flammability.> One of the major reasons behind solid-state
electrolyte push is the consolidated safe utilization of lithium metal for its high
capacity (3860 mAh g1), energy density ~250 Wh Kg* and high oxidation potential
limitations.>* However, solid-state electrolytes present their challenges involving
high electrolytic and interfacial resistance which limits its application in a wide range
of operating temperature. To tackle those issues, several approaches are being carried
out from strategical designing, processing of materials and interfacial understanding
and engineering.>® The working and failure mechanism analysis via theoretical and
experimental tools has equally become relevant in lithium batteries due to their high

complexities.

Over several years of research, it has been highly considered that CPEs proffers more
potential prospects than a solid polymer electrolyte (SPE) and an inorganic solid
electrolyte (ISE) alone. A hybrid CPE electrolyte combines the superior ionic
conductivity, oxidation stability and lower thermal degradation with higher
interfacial, mechanical and cost-effective merits of ISE and SPE, respectively.5” The
ionic conductivity in SPE is credited to ion hopping from one polar group to another,
largely via oxygen coordination and polymer chain segmental motion in particular
polymers above their glass transition temperature (Tg).2° While in inorganic

electrolytes, the ion transport mechanism is more complex than in SPE. lon
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conduction takes place via defects (from point defects to volume defects) such as
Schottky and Frenkel defects involving vacancies and interstitial locations for
hopping.®*! Based on the type of materials, different principles are applied and thus
the mechanism of the pathway varies from the newly proposed paddle wheel to grain
boundaries resistance. However, these conductivity pathways do not need to be
considered with inorganic passive fillers as they don’t contribute to conduction.
Passive fillers, such as SiO2, Al,Os, ZnO, TiO; etc., suppress the crystallinity and
lower the Tg4 of the polymer. In addition, they induce Lewis acid-base interactions
with lithium salts in the composites.'?® As a result, the salt dissociation is improved

along with segmental motion and ion transport.®

There have been few reports on the CPEs based on silicon dioxide (SiO2) showing
potential outcomes. Nano-sized silicon dioxide particles due to their size, stability,
sustainability and cost-effectiveness are a lucrative choice. Cai and co-workers
reported poly(ethylene oxide) (PEO) Li salt based CPEs with SiO; particles embedded
in ethylene carbonate (EC)/propylene carbonate (PC).*® Particles with different
nanostructures and morphology, like nanowires, 3D spheres and mesoporous
structures have been investigated and show high compatibility with polymers
demonstrating conductivity in the range of 10“~10° S cm™ at room temperature
(RT).}*% Among other approaches, functionalization of SiO, nanopatrticles is also
explored as a smart method to develop beneficial homogeneous interaction between
nanoparticles and polymer functional groups. A cross-linked composite gel polymer
electrolyte was prepared with mesoporous SiO» nanoparticles containing reactive
methacrylate groups as cross-linking sites and dispersed into a fibrous
polyacrylonitrile membrane.'” Most of these investigations are largely based on PEO
or similar functional polymers. While there are very few reports on passive fillers
incorporated into polyurethanes/poly(hydroxyurethane)s (PUs/PHUSs), which are
looked upon as potential polymer electrolytes owing to their functional groups
exhibiting a dual nature of conductivity and mechanical properties. As a typical
example, Zhang et al.'® presented a CPE by combining linear PU and Lio ssLaoss TiO3
(LLTO) which exhibited a high conductivity of 3.8 x 10* S cm? at ambient

temperature.
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In the pursuit of sustainable hybrid electrolytes, we investigate here the effect of an
inexpensive passive filler, SiO,, embedded into PEO blended with carbonated soy
bean oil (CSBO) and into a PHU network originated from CSBO in extension to our
work discussed in previous chapter. We intend to demonstrate the synergetic effect of
passive filler interaction with the cyclic carbonates (CCs) rings of CSBO and PHU in
terms of conductivity and other characteristic properties. Several formulations have
been analyzed with SiO; filler and LiTFSI for an optimum CPE compatible with

lithium metal.

7.2 Materials and methods

4,7,10-Trioxa-1,13-tridecanediamine (TTD) (Mw ~ 220.31), silicon dioxide (SiOg,
~10-20 nm), anhydrous tetrahydrofuran and lithium battery-grade, lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI) are purchased from Sigma-Aldrich.
Poly(ethylene glycol) bis(3-aminopropyl) terminated (PEGTA) (Mw ~1500) was
bought from Acros organic chemical. Carbonated soybean oil (CSBO) was prepared
as highlighted in a previous report.’® Lithium metal foil (99.9%), lithium iron
phosphate (LiFePQ,), poly(vinylidene fluoride) and super-P carbon were purchased
from TOB chemicals. N-methyl-2-pyrrolidone (NMP) was purchased was bought
from Alfa Aesar. Deuterated chloroform (CDCls) used for NMR spectroscopy was
purchased from Eurisotop. All reactants and catalysts were used as received, without
any further purification.

Note: Refer the Chapter 5.1 for characterization and electrochemical techniques.

7.3 Experimental section

7.3.1 Synthesis of CSBO-PEO-SiO,

Bio-based cyclic carbonated soybean oil (CSBO) was synthesised by coupling of
supercritical CO, with epoxidised soybean oil (ESBO) as reported somewhere.®
CSBO-PEO-SiO; was prepared by mixing CSBO (50 wt%), PEO (50 wt%), and SiO;
(x wt% with respect to CSBO+PEQ/CPE) in various formulations in a vial using
acetonitrile solvent. The mixture was stirred for > 6 h and then drop cast on a Teflon
mold and later transferred to the vacuum oven. It was maintained at 70 °C for > 24 h

in a dynamic vacuum and stored in a glove box. The CSBO-PEO-SiO, CPE was
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Scheme 7.1: Preparation of blends of CSBO, PEO and SiO; (top), lllustration of linear PEO chains
hosting CSBO and SiO, nanoparticles (bottom-right: LiTFSI is not shown in the structure for the sake of
clarity, and bottom-left: picture of 20wt% LiTFSI loaded CPE films with SiO, varying from 10wt% to

prepared following a similar procedure with LiTFSI (by wt% with respect to CBSO-

PEOQ) added to the mixture prior to solvent evaporation.

7.3.2 Synthesis of poly(hydroxyurethane) SiO, composite (PHU-N2N3-
SiOy)

For PHU-N2N3, a ring-opening reaction between CSBO and bis(3-aminopropyl)
terminated poly(ethylene glycol) (PEGTA) and 4,7,10-trioxa-1,13-tridecanediamine
(TDD) was conducted in varied ratio with and without SiO; (wt/wt% to all monomer).
The ratio of TDD (N2) + PEGTA (N3) to CSBO was chosen to be 3:1 mol/mol in
tetrahydrofuran solvent corresponding to 6 cyclic carbonate rings. 90 mg of CSBO
(Mn~ 1250), 81 mg of PEGTA (for 25 mol%, M, ~ 1500) and 35.69 mg of TDD (75
mol%, M, ~ 220.31) were taken in a small vial with and without SiO- (5 to 20 wt%
with respect to total monomer wt%). These were dissolved with anhydrous THF via
magnetic stirring at RT for > 6 h. The resulting transparent solution was then drop
cast on a Teflon mold followed by transfer to the vacuum oven. The temperature of

the vacuum oven was set at 70 °C for >12h and later increased to 90 °C for > 24h with
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dynamic vacuum mode. A similar procedure was followed for PHU N2N3-SiO, CPE
with LITFSI (wt% with respect to PHU-N2N3) solution added to the initial mixture.

7.3.3 Preparation of composite polymer electrolytes films (CPES)

As indicated above, LiTFSI was added to the mixture prior to blending and curing.
The obtained CPE films were peeled off the Teflon molds and stored in the glove box
prior to test and characterizations. The thickness of the membrane was recorded to be
in the range of 50-250 um for CBSO-PEO-SiO; and 100-200 pm for PHU-N2N3-
SiOy, respectively. 2032-type coin cells were assembled using those 16 mm punched
films sandwiched between SS|SS, SS|Li, AI-C|Li, LilLi and Li|LFP electrode

configurations to evaluate electrochemical properties.
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nanoparticles (LiTFSI is not shown in the structure for the sake of clarity) along with an illustration of
CPE network and transparent film with 20 wt% of SiO, and 20 wt% of LiTFSI, as shown in the picture.

7.4 Results and discussion

The challenge of improving the properties of SPEs by combining polymers and
inorganic fillers seems easier than reality due to various constraints including,
intermolecular interactions and granular boundary interfaces. One of the key issues

faced among the CPEs is the inhomogeneous distribution of the inorganic particles.
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This is usually tackled by processing the sample using an extruder, blender, etc.
However, the types of polymers, fillers, and salts, along with their concentration and
preparation method, play an equally important role. Here, we screen out two different
types of polymers, yet related, further incorporated in CPEs based on the same SiO»
nanoparticles as passive fillers. The first strategy relies on the preparation of CSBO-
PEO-SiO»-LiTFSI blends by a solvent casting method as shown in Scheme 7.1. This
scheme demonstrates the blending of CSBO, SiO», LiTFSI and PEO with speculation
of the former three entities entrapped within the linear chains of PEO constituting the
polymer matrix The pictures in Scheme 7.1 indicated that with higher loading of SiO;
(wt%), the CPE films became less transparent and adhesive to the surface (adhesion

is contributed by the viscous nature of CSBO).

In the second approach, we assimilated the SiO: filler into a PHU-N2N3 network
resulting from the ring-opening reaction of CSBO with a PEO terminated at both ends
with amino groups as depicted in Scheme 7.2. The loading of passive filler was not
attempted beyond 20wt% due to dissolution constraint and macroscopically observed
particle aggregation. The pictures in Scheme 7.2 show the free-standing flexible CPE
film.From a chemical point of view, both approaches are leading to CPEs with rather
similar functional groups, i.e. the same SiO, passive fillers, LiTFSI salt, PEO
segments, and CC rings from CSBO. The main difference is that some of the CC rings
of CSBO have been transformed in hydroxyurethane groups to form the crosslinking
nodes of the PHU network in the second approach. However, from a topological point
of view, the situation is quite different for both systems, i.e. a simple blend based on
a linear polymer in the first approach and a polymer network in the second one. The
aim of this contribution is to elucidate what is the best approach (simple blends or
PHU networks) to obtain CPEs with optimum performance for application in lithium

battery, all other parameters being kept almost constant.

7.4.1 Fourier transform infra-red spectroscopy

CPEs with and without LiTFSI were subjected to FTIR spectroscopy for structural
analysis. To our assumption, the cyclic carbonate (CC) rings of CSBO did not react
with the hydroxyl end-group of PEO, as evidence from the signal at ~1798 cm* for
the carbonyl of CC. While the ester (-RCOOR-) signal was retained at ~ 1740 cm*
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with almost no shift in both CSBO-PEO and CSBO-PEO-SiO; as shown in Figure
7.1a. The contribution from C-O stretching and Si-O-Si unit peaks are detected in the
composite samples with PEO and SiO; in the range of 1050-1100 cm™. Other
characteristic peaks from PEO in the region of 1000-800 cm* have also been observed
in the composite polymers in addition to a peak at ~462 cm for -O-Si in composite
samples. In Figure 7.1b, we have presented the comparative IR of CPEs with
increasing concentration of SiO, in the presence of LiTFSI. With SiO, (wt%)
increment, the intensity of both carbonyl peak from CC ring and ester decreased while
Si-O signals (around 1180 cm™ and 462 cm™) increased in 10wt% to 30wt% SiO,
loaded CPEs. The SO, asymmetric stretching was also observed at 1182 cm
confirming LiTFSI in all three samples.?2! For the FT-IR analysis of PHU-N2N3
CPEs, we observed almost the disappearance of the signal at 1796 cm* corresponding
to CCs from CSBO and the appearance of urethane characteristic peaks around 1695-
1697 cm? and 1712-1716 cm* (Figure 7.1c). However, the weak peak at 1800 cm™
highlights the presence of a few unreacted CCs from CSBO in the PHU-N2N3 CPEs.
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Figure 7.1: Comparative IR spectra of CPEs a) CSBO-PEO-Si-O; in relative to blend with filler and
monomers; b) CSBO-PEO-x%SiO, with and without LiTFSI, respectively; and ¢) IR of PHU-N2N3 with
and without SiO, (PHU-N2N3-SiO,-Li, where 75 mol% of N2 and 25 mol% of N3, 20wt% SiO, and 20
wt% LiTFSI throughout correspondingly).
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Indeed, the Lewis acid-base interaction of CC and SiO, might offer steric hindrance
for aminolysis with PEGTA resulting in incomplete ring opening. The ester peak (-
RCOOR-) was observed in all samples around 1738 cm™. The remaining
characteristic signals from PHU-N2N3 and its composite with SiO, resembled more
or less, such as —N-H and C-N stretching around 1534-1535 cm™ and 1250-1275 cmr
1, respectively. The characteristic signal of -Si-O peak is measured around ~467 cm*
in the composite, while the Si-O-Si signal supposed to be around 1100 cm™ could not
be separated from the organic functional groups overlap. The dissolution of LiTFSI

salt was assured by the observation of the SO, asymmetric stretching at ~1180 cm™.

7.4.2 Thermal measurements

Differential scanning calorimetry has been performed to measure the glass transition
(Tg), melting temperature (Tm) and crystallization temperature (T¢) of the investigated
polymers and composites. Without added LiTFSI, T4 could not be detected while Tr,
was measured at 62.8 °C, 62.7 °C and 59.4 °C for PEO, CSBO-PEO and CSBO-PEO-
SiOy, respectively (Figure 7.2a). Addition of LiTFSI resulted in a decrease in T, for
the composite samples (compare CSBO-PEO-20%SiO; with or without LiTFSI in
Figure 7.2a) while a further decrease in T, was withessed with increasing the loading
in SiO; for the same concentration of LiTFSI. Indeed, the CPEs with LITFSI show a
decline in Ty to 48.9 °C, 43.7 °C and 38.5 °C from 10wt% to 30wt% of SiO;as shown
in Figure 7.2a. To our assumption, the addition of SiO, and LiTFSI decreased the
crystallinity of PEO chains in the composite as expected. The T4 for these CPEs was
marked at -49.2 °C, -46.3 °C and -44.8 °C in order of decreasing SiO; content for a
constant 20wt% LiTFSI. Cold crystallization was also observed in all three samples
with LiTFSI around 20 °C between T4 and T possibly due to rearrangements in the

chains.

For the PHU network-based CPEs, thermal behaviour largely depends on the extent
of crosslinking. The precursor PEGTA and SiO; possess crystalline nature. The sharp
Tmand T. of PEGTA were recorded at 50.07 °C and 20.06 °C, respectively as indicated
in Figure 7.2b. PHU-N2N3 exhibited melting transition temperature of 29.7 °C with
Tg at -48.8 °C without LiTFSI as highlighted in Chapter 6.2. While with LiTFSI and
SiO,, amorphous behaviour was recorded in the range of -70 to 100 °C for PHU-N2N3
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Figure 7.2: DSC thermograms a) CSBO-PEO-x%SiO, (with and without LiTFSI labelled as in subscript)
with CBSO-PEO and PEO, respectively; and b) PHU-N2N3 (where, 75 mol% of N2 and 25 mol% of N3))
loaded with LiTFSI with and without 20% SiO, in comparison to PEGTA.

and PHU-N2N3-SiO,. Moving on to the Ty, not much shift was measured on the
addition of filler i.e. -40.7 °C and -40.2 °C for PHU-N2N3 CPEs with and without
SiO;, respectively. Further measurements and analysis can throw more light on the

effect of fillers on Ty.

TGA analysis in the temperature range of 30 °C to 600 °C was performed to analyse
the degradation of polymers and verify the experimental weight% of filler. The TGA
spectra have been shown in Figure 7.3a for composites with and without LITFSI in
relative to PEO and CSBO-PEO. The minor loss in weight around 100 °C can be
credited to the absorbed moisture in respective samples. In the case of PEO and
CSBO-PEO, one minor degradation occurs at ~246 °C. While the major degradation
starts at appx. 310 °C and occurs maximum at ~ 420 °C for CSBO-PEO and CSBO-
PEO-SIO;, at ~426 °C for CSBO-PEO-SiO,with LiTFSI. The LiTFSI-loaded CPEs
demonstrated higher stability with degradation ranging in region 450 °C, while no
other phase degradation was observed in CPEs without salt. Total weight loss up to
80% confirmed the ~20% of SiO; in the composite for CPE with and without LiTFSI.
Globally, the thermal stability of the composites mimicked the PEO and CSBO-PEO

samples and offered a high degree of operating temperature.

PHU networks in TGA undergo multiple-phase degradations due to their various
functional groups, as shown in Figure 7.3b. Prior to major decomposition starting at
362 °C and maximum at ~395 °C, it witnessed phase degradation at ~340 °C, starting
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Figure 7.3: Thermogravimetric analysis of a) CSBO-PEO-SiO, compared to PEO and CSBO-PEO; and
b) PHU-N2N3-SiO, (75 mol% of N2, 25 mol% of N3 and 10 wt% of SiO. ) with and without 20wt%
LiTFSI throughout, respectively.

from ~220 °C for PHU-N2N3. While for PHU-N2N3-SiO;, major phase degradation
was observed below 400 °C, i.e. starting at ~246 °C with maximum at ~388 °C. The
degradation of salt could be attributed to 450 °C onwards. However, at ~ 600 °C,
measured weight (< 10%) could be assigned largely to SiO, from the CPEs. From this
preliminary investigation, it can be deduced that the addition of SiOx fillers improved

the thermal stability of certain functional groups.

7.4.3 lonic conductivity

Cells assembled with CPE films in coin cells setup were subjected to potentiostatic
electrical impedance spectroscopy (PEIS) for conductivity measurements at various
temperatures in symmetric blocking cells with stainless steel electrodes. The
conductivity (o) was obtained by using bulk electrolyte resistance from the Nyquist
plots by employing a conductivity equation involving the area and thickness of the
films. Figure 7.4a shows the Arrhenius plot for temperature-dependent conductivity
for the CSBO-PEO CPEs with 20wt% LiTFSI and variable SiO loading. As depicted,
the conductivity ranged in the order of ~10 to ~10* S cm™* within 20-80 °C. The
highest conductivity was recorded for the CPE with 10wt% SiO i.e. 7.68 x 105 S cmr
tand 3.98 x 10*S cm™ in comparison to 3.29 x 10 S cm*and 2.59 x 10 S cm! for
pristine CSBO-PEO at 20 °C and 80 °C, respectively. The macroscopic appearance of
both electrolyte films with 10wt% and 0% SiO; appeared the same, favouring higher
wettability and softness compared to CPEs with > 10wt% SiO,. For 20wt% filler, the
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film demonstrated non-sticky and better handling while at 30wt%, the CPE appeared
to possess cracks at RT. Therefore, the correlation between the conductivity with
30wt% SiO; is a little questionable and unreliable. However, a general trend in
increasing conductivity was observed with decreasing SiO; loading and softness. The
VFT behaviour within CPE has been investigated by considering glass transition

temperature as depicted in supporting information, Figure S7.1.

The conductivities of pristine PHU-N2N3 and the related composite both loaded with
20 wt% LIiTFSI were investigated at various temperatures. On employing the
Arrhenius model for variable conductivity, it depicted higher conductivity of 7.01 x
107 S cm for 20wt% SiO, against 4.5 x 107 S cm* for PHU-N2N3 at 20 °C (Figure
7.4b). However, a linear increase in conductivity could be recorded for both
electrolytes with a similar slope. At 60 °C, the CPE with 20wt% SiO; delivered the
conductivity of 2.13 x 10> S cm™ while only 9.54 x 10 (~ 10-%) S cm™ were measured
for the corresponding PHU-N2N3. The reason for superior conductivity in the
presence of SiO; filler can be credited to decreased crystallinity and increased
amorphous phase in the network. It can also be recalled that the PHU composite
comprises unreacted CC rings, boasting Lewis acid-base interactions within the
polymer network and filler particles. That can also explain the slight improvement in

the conductivity due filler addition to the network.

7.4.4 Electrochemical stability window

The oxidation potential limit was investigated by LSV analysis at a slow scan rate of
0.5 mV/s. We calculated a wide electrochemical stability window > 4.8 V versus
Li/Li* for the CSBO-PEO-SiO, CPE with an aluminium cathode and lithium anode
as shown in Figure 7.4c. The lower decomposition of the electrolyte is credited to the
addition of CSBO and SiO». Similar findings have been reported when CSBO was
introduced alone in PEO and with terminal end group modification as discussed in
Chapter 5.2.

Similarly, a broad oxidation potential limit is achieved for the filler incorporated PHU
network i.e. ESW of > 4.41 V versus Li/Li* (Figure 7.4d) contrary to > 4.01 V for
PHU without filler at 60 °C (as demonstrated in Chapter 6.2). Despite the structural

differences, the presence of filler reduced the electrolyte reactivity possibly due to the
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Figure 7.4: a) Temperature dependent ionic conductivity for CPEs, a) 0-30 wt% of SiO, (labelled as
x) in CSBO-PEO-SiO,; and b) 0-20 wt% of SiO, in PHU-N2N3-SiO,; Linear sweep voltammetry, c)
CSBO-PEO with 10 wt%-SiO,; and d) PHU-N2N3 (where, 75 mol% of N2 and 25 mol% of N3) with
10 wt%-SiO, at 60 °C loaded with 20 wt% LiTFSI, respectively for all measurements above.

acid-base interactions between the filler and functional groups of the polymer chains
which are normally reactive to lithium metal. As a result, the SiO. loaded PHU
electrolytes can proffer good compatibility with high-voltage cathode operation, given

good conductivity and other parameters involving a stable interface.

7.4.5 Stripping and plating

The exhaustive time-dependent charge-discharge with a symmetric lithium cell was
performed for more than 600+ cycles (1200 h+) with the PHU-N2N3-SiO, CPE. The
voltage profile with time has been depicted in Figure 7.5 to highlight the kinetic
hindrances, polarization, and resistance of the CPE during lithium transport. With cut-
off potential of + 2 V for the first 45 cycles, the cell was run at the current density of
0.84 pA cm2. It recorded the overpotential of ~85 mV and ~124 mV at the 1% cycle
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and 45" cycle, respectively. Subsequently, a drastic increment from ~376 mV was
witnessed from the 46™ cycle onwards, reaching to a cut-off voltage of +2 V at the
75™ cycle. Thereafter, stabilization in output voltage was observed which decreased
from ~410 mV (at ~76'™) to ~200 mV (at ~500" cycle). This improvement in the
mobility of lithium ions could be credited to the favourable morphology change and
beneficial decomposition of the electrolyte over long cycling. The inset in the plot
indicates the corresponding evolution in the potential for the first 5 cycles, the 95
t0100™ and 500t to 505 cycles, respectively, without much change in the plateau of
stripping and plating. To understand the decomposition at the surface, XPS analysis
has been performed on the electrode and electrolyte surface post-cycling as
highlighted in a further section. It can be speculated that, with higher conductivity,
the PHU-N2N3-SiO; can prove to be an interesting candidate for full lithium-metal
batteries. Similar analysis for CSBO-PEO-SiO; based CPE has been undergoing.
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Figure 7.5: Galvanostatic charge-discharge voltage profile for stripping-plating at various current densities
at 60 °C with Li|PHU-N2N3-SiO,-CPE|Li symmetric cells with magnified plots at respective time

demonstrating the constant over potential in the inset.
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However, due to higher conductivity of later, cycling measurements have been
performed with LFP-Li cells as described in subsequent section.

7.4.6 Li-metal battery prototypes

The battery prototypes based on Li-LiFePQO, electrodes and CSBO-PEO-SiO,-CPE
were subjected to constant current cycling using the GCPL technique in the range of
2-4 V at 60 °C. At 0.1C, the cell delivered the discharge capacity of ~140 mAh g!
with ~56 mV of polarization recorded in the 5™ cycle, as shown in Figure 7.6a. On
further cycling, the capacity fading was observed to approximately, 104 mAh g, 68
mAh g and 52 mAh g with polarization of 77 mV, 105 mV, 126 mV in respective
55t 200" and 300" cycles. The same cell was cycled with a variable current rate (C-
rate) before to long-term cycling at 0.1C. As a result, huge polarization was observed,
i.e. from ~47 mV to ~358 mV (along 0.1C to 2C) in subsequent charge-discharge with
recorded discharge capacity of around 146 mAh g%, 120 mAh g%, 65 mAh g1,
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Figure 7.6: Galvanostatic charge-discharge voltage profiles, a) Gravimetric capacity at 0.1C for
respective cycles; b) Gravimetric capacity at variable current densities; ¢) Global capacity retention plot
with cycle number; and d) rate capability plot for Li|CSBO-PEO-10 wt% SiO,-CPE|LFP at 60 °C,
respectively.
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37 mAh g, and 18 mAh g* at 0.1C, 0.2C, 0.5C, 1C and 2C, respectively as
highlighted in Figure 7.6b. Upon further cycling at 0.1C, the cell undergoes huge
capacity loss as observed in Figure 7.6¢. This could be due to sluggish kinetics of Li-
ion mobility at higher current density-led decomposition. Focusing on the rate
capability, there was a clear loss in capacity and regain at 0.1C with not-so-promising
Coulombic efficiency as observed in Figure 7.6d. However, the electrochemical
performance can be improved with further optimizations, an understanding of the
interface, and electrolyte-electrode compatibility aligned with battery measurements.
The post-mortem analysis on the Li-anode surface has been presented in the following

sections to analyst the decomposed species as a result of long cycling.

7.4.7 Post-mortem XPS analysis

In an attempt to analyse the SEI and other interfacial decomposition, post-mortem
analysis has been conducted on the cycled cell from Li-CPE-LFP and Li-CPE-Li for
CSBO-PEO-SiO, and PHU-SiO, CPEs with 10 wt% and 20 wt% of SiO,
respectively. The surface element characterisation via XPS on the Li-anode from Li-
LFP cell cycled for more than 300+ cycles at 60 °C was made with survey spectra
provided in supporting information, Figure S7.2a and HR-XPS spectra depicted in
Figure 7.7. The C 1s peak at 284.8 eV was used as a reference to calibrate the binding
energy. In respective HR-XPS of C1s represented in Figure 7.7a, we found only three
distinct contributions, C-C/C-H, a broad signal from O-C-O/C=0 and lithium
carbonate and M-Cx corresponding to ~284.8 eV, ~287.8 eV and ~283 eV,
respectively. The exhaustive cycling for more than 300+ cycles at variable current

density might led to the formation of lithium carbide in traces at anode interface.

While, SEI containing lithium species has been confirmed by the decomposition of Li
1s spectra, highlighting the formation of Li,COs, LiOH, Li,O and Li at the binding
energies (B.E.) of 55.1 eV, 54.4 eV, 53.7 eV and 52.9 eV, respectively (Figure 7.7b).
As a result of the decomposition of LiTFSI (Figure 7.7c), the LIF signal has been
obtained at 685.1 eV while the -CF3 signal is recorded at 688.5 eV. This has been
further evidenced from HR-XPS of S2p with LITFSI species featuring -CF3-SO4, SO3°
2, SO and LixSy at 168.5 eV, 166.4 eV, 162.8 eV, and 160.3 eV, respectively, as

recorded in Figure 7.7d. The LiSy signal indicates relatively higher degree of salt
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Figure 7.7: HR-XPS of a) Carbon, b) Lithium, c) Fluorine and d) Sulphur at the surface of lithium
anode after cycling with LFP in Li|CSBO-PEO-SiO, CPE|LFP cell.

decomposition.HR-XPS for oxygen and nitrogen can be referred from Figure S7.2b
and S7.2c.This preliminary analysis suggests that there is an active formation of
interfacial stabilisation species. However, other factors contributing to detrimental
cycling performance need to be investigated in line with modification CPE

formulations.

As far as the post-mortem analysis of the PHU-based CPE is concerned, we
experimented on Li-Li cells undergoing stripping and plating of Li for more than 600
cycles (> 1200 h). Both the Li-anode and the CPE surface have been depicted in the
survey spectrum, showing conventional elements (refer to Figure S7.3a and S7.4). In
the case of C1s spectra, C-C/C-H, C-O/N and O-C-O/C=0 observed in both sample
surfaces at the B.E. of 284.8 eV, 286.5 eV, 287.8 eV for Li and at 284.8 eV 286.3 eV,
287.8 eV for CPE, respectively. Lithium carbonate can be attributed to B.E. of 289.3
eV in combination with ester for li-anode and at 288.6 eV in the case of CPE. Moving

on to Fluorine, F1s spectrum, a weak signal was recorded for LiF at 684.6 eV while,
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Figure 7.8: HR-XPS of a) and c) Carbon, b) and d) Fluorine and €) Sulphur at lithium anode and PHU-
N2N3-SiO,-CPE surface from the disassembled symmetric Li|PHU-N2N3-SiO, CPE|Li cell after stripping
and plating

with stronger signal, major contribution is recorded from —CFz at 688.2 eV. However,
there was no sulphur signal detected on the surface of the Li anode while at the CPE
surface, S2p could be attributed largely to -CFsSQO3 at 168.1 eV, minor composition
of SOz, SOy at 166.3 eV and 162.8 eV, and negligible LixSy at 160.58 eV. To our
surprise, we could not detect the Si2p signal either due to its lower composition on
the surface or sample mishandling. To further confirm that, XPS was also performed
on the pristine SiO.-based CPE on the top and bottom surface (see supporting
information, Figure S7.3b, S7.5 and S7.6). Overall, the composition of silicon was
lower than the actual loading, whereas relatively higher on the top surface as
compared to the bottom. This could be due to SiO; entrapping in the bulk network

rather than on the surface.

7.5 Conclusion

Hybrid electrolytes are foreseen as potential alternatives to deal with trade-offs and
improve the key properties of organic and inorganic electrolytes. In our effort, we
attempted to investigate the combined effect of SiO; and polymer electrolytes from
our previous reports and presented a comparative study. Topologically different

polymers, linear chains and networks have been used with in situ facile blending of
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nanoparticles. In both cases, the addition of filler demonstrated lower flexibility and
adhesive nature to the membrane with moreover no drastic change in the thermal
behavior such as T4 and Tq. However, lower crystallinity in PEO was confirmed with
addition of SiO,. As far as ionic conductivity is concerned, CSBO-PEO-SiO,-based
CPE demonstrated slight improvement in the conductivity, i.e. 3.98 x 10* S cm?
while ~6.1 x 10° S cm™* were measured for PHU-based CPEs at 80 °C. To our
expectations, we witnessed a broad widening in the ESW, higher for CSBO-PEO-
based CPEs (> 4.8 V vs Li/Li*) than PHU-CPEs (> 4.4 vs Li/Li"). Furthermore, long-
term charge-discharge validated CSBO-PEO-based CPEs as a result of symmetric cell
and full-metal battery prototype testing. Subsequently, surface characterizations via
XPS revealed the decomposed species at the electrode and electrolyte interface.
Additional experiments can be performed with the potential scope for improvement,

as this report paved the way for bio-sourced monomer-derived hybrid CPEs.

320




Chapter 7

Bibliography

© @

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Boaretto, N.; Garbayo, |.; Valiyaveettil-SobhanRaj, S.; Quintela, A.; Li, C.; Casas-Cabanas, M.; Aguesse, F.,
Lithium solid-state batteries: State-of-the-art and challenges for materials, interfaces and processing. Journal of
Power Sources 2021, 502, 229919.

Mauger, A.; Julien, C. M.; Paolella, A.; Armand, M.; Zaghib, K. Building Better Batteries in the Solid State: A
Review Materials [Online], 2019.

Kalhoff, J.; Eshetu, G. G.; Bresser, D.; Passerini, S., Safer Electrolytes for Lithium-lon Batteries: State of the Art
and Perspectives. ChemSusChem 2015, 8 (13), 2154-2175.

Manthiram, A.; Yu, X.; Wang, S., Lithium battery chemistries enabled by solid-state electrolytes. Nature Reviews
Materials 2017, 2 (4), 16103.

Chen, R.; Li, Q.; Yu, X.; Chen, L.; Li, H., Approaching Practically Accessible Solid-State Batteries: Stability Issues
Related to Solid Electrolytes and Interfaces. Chemical Reviews 2020, 120 (14), 6820-6877.

Liang, J.; Luo, J.; Sun, Q.; Yang, X.; Li, R.; Sun, X., Recent progress on solid-state hybrid electrolytes for solid-
state lithium batteries. Energy Storage Materials 2019, 21, 308-334.

Fu, X.; Yu, D.; Zhou,J.; Li, S.; Gao, X.; Han, Y.; Qi, P.; Feng, X.; Wang, B., Inorganic and organic hybrid solid
electrolytes for lithium-ion batteries. CrystEngComm 2016, 18 (23), 4236-4258.

Armand, M., Polymers with lonic Conductivity. Advanced Materials 1990, 2 (6-7), 278-286.

Yang, H.; Wu, N., lonic conductivity and ion transport mechanisms of solid-state lithium-ion battery electrolytes: A
review. Energy Science & Engineering 2022, 10 (5), 1643-1671.

Fu, J.; Li, Z.; Zhou, X.; Guo, X., lon transport in composite polymer electrolytes. Materials Advances 2022, 3 (9),
3809-3819.

Zhang, B.; Tan, R.; Yang, L.; Zheng, J.; Zhang, K.; Mo, S.; Lin, Z.; Pan, F., Mechanisms and properties of ion-
transport in inorganic solid electrolytes. Energy Storage Materials 2018, 10, 139-159.

Lakshman Dissanayake, M. A. K., Nano-composite solid polymer electrolytes for solid state ionic devices. lonics
2004, 10 (3), 221-225.

Nan, C.-W.; Fan, L.; Lin, Y.; Cai, Q., Enhanced lonic Conductivity of Polymer Electrolytes Containing
Nanocomposite SiO2 Particles. Physical Review Letters 2003, 91 (26), 266104.

Lin, D.; Liu, W.; Liu, Y.; Lee, H.R.; Hsu, P.-C.; Liu, K.; Cui, Y., High lonic Conductivity of Composite Solid
Polymer Electrolyte via In Situ Synthesis of Monodispersed SiO2 Nanospheres in Poly(ethylene oxide). Nano Letters
2016, 16 (1), 459-465.

Lin, D.; Yuen, P.Y.; Liu, Y.; Liu, W.; Liu, N.; Dauskardt, R. H.; Cui, Y., A Silica-Aerogel-Reinforced Composite
Polymer Electrolyte with High lonic Conductivity and High Modulus. Advanced Materials 2018, 30 (32), 1802661.
Liu, S.; Shan, H.; Xia, S.; Yan, J.; Yu, J.; Ding, B., Polymer Template Synthesis of Flexible SiO2 Nanofibers to
Upgrade Composite Electrolytes. ACS Applied Materials & Interfaces 2020, 12 (28), 31439-31447.

Shin, W.-K.; Cho, J.; Kannan, A. G.; Lee, Y.-S.; Kim, D.-W., Cross-linked Composite Gel Polymer Electrolyte
using Mesoporous Methacrylate-Functionalized SiO2 Nanoparticles for Lithium-lon Polymer Batteries. Scientific
Reports 2016, 6 (1), 26332.

Tu, J.; Wu, K.; Jiang, J.; Wu, M.; Hu, Q.; Xu, G.; Lou, P.; Zhang, W., A novel ceramic/polyurethane composite
solid polymer electrolyte for high lithium batteries. lonics 2021, 27, 1-7.

Panchireddy, S.; Thomassin, J. M.; Grignard, B.; Damblon, C.; Tatton, A.; Jerome, C.; Detrembleur, C., Reinforced
poly(hydroxyurethane) thermosets as high performance adhesives for aluminum substrates. Polymer Chemistry 2017,
8 (38), 5897-5909.

Rey, I.; Lassegues, J. C.; Grondin, J.; Servant, L., Infrared and Raman study of the PEO-LiTFSI polymer electrolyte.
Electrochimica Acta 1998, 43 (10), 1505-1510.

Wong, D. H. C.; Vitale, A.; Devaux, D.; Taylor, A.; Pandya, A. A.; Hallinan, D. T.; Thelen, J. L.; Mecham, S.
J.; Lux, S. F.; Lapides, A. M.; Resnick, P. R.; Meyer, T.J.; Kostecki, R. M.; Balsara, N. P.; DeSimone, J. M.,
Phase Behavior and Electrochemical Characterization of Blends of Perfluoropolyether, Poly(ethylene glycol), and a
Lithium Salt. Chemistry of Materials 2015, 27 (2), 597-603.

321



Composite polymer electrolytes based on
silicon dioxide nanoparticles

Supporting Information

Composite polymer electrolytes based on silicon dioxide

log (6T"") (S em'K"%)

1
S
1

nanoparticles

|
[ ]
N

]
%)
1

CSBO-PEO-x%S8i(),-LITFSI

@ 0% ~ ol
@ 1% N
@ 20%
@ 30%

6 7
1000/T-T, (K™

2
=

Figure S7.1: Temperature dependent ionic conductivity for investigated CPEs with VFT Model.
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Conclusion

Clean energy transition is an urgent need for coming decades more than ever, due to
the accelerated climate change resulting in global warming and associated natural
disasters. Renewables have already been adopted globally for cutting carbon dioxide
emissions such as solar, wind, hydro, tidal, etc. But they pose a subtle drawback,
coming out of their dependence on weather conditions and geolocation. This reflects
the need for large-scale, robust energy storage technology for both stationary and
mobile applications for vehicles. The revolutionary discovery of lithium batteries as
a result of research over several decades brought a breakthrough in the innovation of
electronics such as mobile phones, computers, watches and other devices. It did not
take longer to overtake the other primary and secondary battery technologies and
cover the huge market share, expanding their application to e-mobility and stationary
grids as well. The reason lies behind their higher energy density than conventional
batteries. The detailed history of LIBs over a century, right from the discovery of
lithium, was briefed in the first few sections of Chapter 1.

Unlike any other batteries, LIBs consist of anodes, cathodes and electrolytes.
However, they presented with huge complications and efforts before the
commercialization of the first LIB battery in 1990. Goodenough and coworkers were
credited with their remarkable discovery of cathode layered materials. On a similar
line, various layered materials such as LiCoOz, LiN2Os, LiMxyMyM,O,, LiFePO, etc.
have been discovered until now in the hope of overcoming the adhered challenges
such as cost, sustainability, production and performance decay. Besides intercalation,
other classes of materials involving conversion reactions (such as sulphur-based
polyanionic cathode, orthosilicates etc.) also gained momentum but lacked in the race
to reach the market due to structural instability and scalability. Simultaneously,
significant research has been continued to enhance sustainability as well as cost via
the development of toxic metal-free organic cathodes (such as polypyrrole, PTCDA,
etc.). On the anode side, very few anode materials made their way to the market,
including graphite, LiTixO and silicon-based ones. Away from that, a variety of
potential materials have continued to be under investigation so far following

intercalation to conversion mechanism (such as nitrides, fluorides, phosphides,
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sulphides etc.) including alloying (like silicon, tin, antimony etc.) and their

combination as well.

As far as electrolytes are concerned, their development was less challenging due to
the available studies on the reaction and stability of lithium with commonly used
organic solvents. A brief yet crucial discussion has been provided on the type and
characteristics of components of liquid electrolytes focused on organic solvents, salts
and additives. Carbonate-based solvents gained much interest due to their higher
donor number and dielectric constant with most of the lithium salts compared to
ethers. They are chosen based on their electrochemical and thermodynamic stability
with electrodes. Some of the commercial electrolytes comprise a binary mixture of
carbonates, such as EC and DEC or EC-DMC with fluoride-based LiPFs ,LiTFSI and
other salts. LiPFs and LiTFSI are the most utilised salts for liquid electrolytes due to

good dissolution and passivation layer formation abilities.

An electrolyte not only provides the channel for ion transport but also makes
interfaces with electrodes, such as SEI and CEI, whose stability cannot be ignored.
For the past two decades, the research on electrolytes has escalated to interfacial
engineering due to growing concern about durable and long-performing batteries.
Besides solvents and salts, there are key supporting materials, such as co-solvents and
additives, which stabilise and provide the electrolytes with additional properties.
Additives such as FEC, VC, VEC etc are extensively used because of their SEI-
stabilising species. However, researchers have also come up with additives which add
up interesting characteristics such as fire retardant, overcharge prevention, self-
healing behaviour, etc. As a safe alternative to LE, ionic liquids are trying to find their
place in batteries. Nevertheless, it has some challenges in terms of ionic conductivity
and wettability in addition to advantages like volatility and non-flammability. Some
commonly known ionic liquid consists of cations such as imidazolium, pyridinium,
pyrrolidinium (PYR) and anions like TFSI™ and BFs4".

In the subsequent section of Chapter 1, a brief discussion has also been targeted on
the adverse effects of clean energy, which are not so clean yet and sustainable. Though
lithium batteries while storing and supplying energy do not cause any environmental

hazard/pollution, their raw materials, processing and manufacturing involve huge
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toxic and hazardous processes which question the impact of the technology over the
long term. Starting with popular cathode materials, nickel and cobalt are toxic
elements, and are extracted from mines via unfavorable conditions in African
countries. Lithium metal extraction has drawn a huge backlash because of its large
water consumption causing an imbalance in the local underground water level and
ecosystem. The impact of other components of the existing lithium battery is also
alarming due to their flammability and toxicity issues. On top of that, another
futuristic problem which is gonna come across is battery waste and its disposal.

Gladly, many researchers are working on these issues, either with environmentally
friendly materials or sustainable manufacturing processes. Another crucial industry
which is finding its place in the market is recycling to reuse the materials after
processing supported via carbon neutral steps and promote second life batteries. Life
cycle assessment has been stressed for the same in the evaluation of each of these

processes and reporting the mismatch.

In an extended introduction, Chapter 2 provides a detailed background on state-of-
the-art polymer-based electrolytes, their design, operation mechanism and
performance with batteries. Solid state electrolyte has been speculated to change the
fate of the lithium battery technology not only from the safety aspect but also the
performance. Organic polymer electrolytes together with inorganic solid electrolytes
so far are entrusted to match with liquid electrolytes properties. However, it's not as
easy as it seems due to various issues like interfacial resistance, diffusion length etc.
PEO-based electrolytes were the first ones in the race of polymer electrolytes whose
broad investigation built a strong foundation on the characteristic properties of
polymer electrolytes. Sooner and later, gel polymer and composite polymer
electrolytes found their way with certain advantages over existing dry polymer

electrolytes.

The material of interest in this thesis is initiated with carbonates, which are widely
used in commercial liquid electrolytes due to the various reasons highlighted in
Chapter 1. In the last part of Chapter 2, cyclic carbonates, their synthesis and
properties before polymerisation have been discussed. CCs, due to their superior

coordination properties, have been well explored as polycarbonates and as a side
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chains in polymer chains. Moreover, they are used as monomers for the synthesis of
poly(hydroxyurethane)s, which is a noble alternative to polyurethanes. They offer a
great degree of structural control and tunability. Interesting properties have been
achieved with PUs with their blends and composites, either ionic conductivity or
flexibility. However, toxic monomers and catalysts direction at PHUs and their

derivatives.

Given the ambition of sustainable materials, bio-based polymers are equally exploited
as battery materials with and without functional modifications. The three categories
of these polymers involve: a) directly extracted from biomass, b) produced by
microorganisms and c) chemically synthesised using bio-based monomers. The
functionality and polar groups mark these materials as interesting for electrochemical
applications. For instance, various groups are working on the functionalization of
gums, cellulose, lactides, oil etc as binders, electrodes and electrolytes. Our interest

lies in polymers derived from oil, which have not been explored much.

Chapter 3 is dedicated to the methodology and discussion of electrochemical
techniques used for electrolytes and battery testing. The first step for material
screening or its mechanism analysis is the correct choice of cell setup, type, and
number of electrodes. Impedance spectroscopy driven by sinusoidal signals provides
powerful information on the conductivity of materials, from electrodes to electrolytes.
The conductivity of electrolytes is often calculated using PEIS with symmetric cells
via Nyquist plots. Other key techniques are the voltammetry and charge-discharge
experiments. Voltammetry is a universal technique for the evaluation of redox
behaviour materials at the targeted voltage window. While constant current is applied
for the evaluation of cell prototypes, either with potential or time limitations. These
methods are important to discover the material response at various parameters over

time before the green signal for commercial purposes.

While, Chapter 4 talks about the roadmap of objectives and engagement tools from
synthesis to application. The goal of the thesis revolves around the synthesis and
demonstration of the carbonate-based polymer electrolyte for lithium metal batteries
in the first section. Within the same section, a polymer blend has been planned to be

synthesized with PEO with cyclic carbonate rings. The following section focuses on
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the polymer design via targeted CC ring opening. In addition to understanding the
structural property relationships, interfacial analysis has also been aimed at stability
and SEl investigations. Taking it further, the last work package combines the organic
polymers and inorganic particles to demonstrate their mutual compatibilities and

potential performance with further studies.

The work carried out in the thesis is split into three main chapters from 5 to 7. Sub-
Chapter 5.1 discusses on salt-loaded soybean oil-derived cyclic carbonates for lithium
metal battery electrolytes. With a higher salt concentration of 50wt%, the electrolyte
recorded high ionic conductivity and transference number, which translated to room
temperature cycling of LFP-Li cells. Extending that, a blend was prepared consisting
of bio-derived CSBO and PEO for ion-conducting polymer segments and separator
free-standing ability, as reported in Sub-Chapter 5.2. Almost ten times improvement
in the ionic conductivity with 20wt% of LiTFSI to ~10-° S cm™ at RT was witnessed
with higher ESW compared to PEO alone. Reduced decomposition of LiTFSI witht
the CSBO-PEO composite as evident from comparative HR-XPS of Fls and S2p

assured the stable cycling performance in Li-LFP cells.

In Chapter 6, our interest aligned with the synthesis of novel and yet sustainable
polymer electrolytes with CC as utilised in Chapter 5. CC rings were opened via a
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PHU networks demonstrated good electrochemical properties with higher oxidation
potential and cycling efficiency with electrodes of interest. Nevertheless, enduring
effort was staged to obtain free standing membranes of PHU via variable
crosslinking/blending/plasticization. Within the same section, we report various
analogues of PHU developed via variable chain length cross-linkers. Most of these
membranes in our investigations recorded optimum compatibility with lithium metal

anode in both short to long-term experiments.

Chapter 7 highlighted the potential of composite polymer electrolytes. Usually,
inorganic fillers are proven to enhance electrolyte performance with conductivity,
lower crystallinity, and mechanical and thermal stability depending upon the type of
filler. Given the environment's benignity, we investigated the effect of silicon dioxide
nanoparticles incorporation within the linear chain of CSBO-PEO composite and into
the crosslinked PHU networks during its formation. In both cases, up to 20% wt of
SiO, was found to confer superior mechanical properties. However, more or less, no
conductivity enhancement was observed for the hybrid composites credited to the
passive nature of the fillers. While higher ESW was found to be an additional
interesting parameter towards composite/hybrid electrolyte formulations. To sum up,
we investigate various analogues in this thesis across different phase which trivially
reflected on the ionic conductivity as depicted in the Figure 8.1. As observed, the
conduvity increased from when the CC ring was opened and based on the functional
group and mobility of chains. PHU-N3 recorded highest conduvity following the
order, PHU-N3 > CSBO-PEO-SiO, > CSBO-PEO > PHU-N2N3-Ep > PHU-N2N3-
SiO; > PHU-N2N3 > CSBO, respectively with LiTFSI (20 wt% of the polymer).

Perspective

Solid-state electrolytes, either organic or inorganic, could not match up to
conventional liquid electrolytes so far, which limit their commercialisation.
Associated drawbacks with the latter gave the momentum to the lithium-polymer
batteries based on gel polymer electrolytes. Despite the hurdle in all-solid-state
batteries, the efforts have never been decelerated. Right from the materials design and

innovation, concentrated research has been carried out with compatible electrodes,
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binders, and interfacial engineering supported by modelling and simulations. Some of
the interesting results have been obtained in combination with organic and inorganic,
which is seen as a potential approach. With more and more studies on electrolytes,
salts, co-solvents, and additives, the performance of batteries is improving. In
addition, advancements in cell design and packaging are also leading towards safety

and robustness within existing technology.

There has been interesting studies on bio-based electrodes while very few interest lies
in the bio-based electrolytes. With consolidated effort, there is need of bio-sourced
sustainable battery materials which can be scaled and commercialized. Our effort was
directed at the demonstration of vegetable oil sourced electrolyte which sparks the
debate of inbalancing the ecosystem of food resources. However, drawing motivation
from these non-edible oil/oil waste could be formalized in the similar direction which
could fill the gap without disturbing the food supply chain.These polymers facilitate

with ether, cyclic carbonate and urethane functionalities beneficial for an electrolyte.

Diving into polyurethane networks, we observe that it has vast potential in tunability
in mechanical and structural properties. With a right balance in ion conduction and
tensile strength, it can be thinned down to a few micrometre which is one of ambitious
parameter of solid electrolyte. In addition to the network properties, we speculate that
they could also buffer the trade off between conductivity and transference number by
lowering the concentration gradient. They offer intresting potential to collaborate with
other polymers and inorganic materials for exploiting the synergic effects. There are
various aspects which of which have not been addressed in this thesis from the
polymer design to its processing for the cell assembly. The ambitious and prospective
steps could be investigating ring opening with Si-based crosslinker to get hybrid co-

polymers, design of single lithium ion conducting PHU and end chain modification.

By incorporating higher number of ether units in the polymer and inclusion of active
fillers, we can strategically enhance the ionic conductivity and other related
electrochemical properties. One of the key issues faced in lower performance of
electrolyte is high interfacial resistance at the electrode-electrolyte. For that,
interfacial engeineering could be adoped, particularly catholyte preparation and

optimization, polymer end chain modification and artificial coatings. Some of these
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approaches have been attempted in this thesis as well. However, processing
techniques such as thinning down the electrolyte films and optimum cell pressure
could decrease the interfacial resistance. For instance, the blends and hybrid
electrolytes in our thesis could be thinned down and impart potential performance

with further optimized investigations.

Beyond Li-ion batteries is an open debate which motivates researchers across the
globe to look for superior alternatives as discussed in brief in Chapter 1. Sodium-ion
batteries are far ahead in that race due to the abundance of sodium metal in the earth's
crust. It shares similar chemistry with lithium metal with challenges in size, lower
capacity and performance. However, few companies in Asia and Europe have already
moved towards the commercialisation of sodium ion batteries. However, it will take
time for this technology to reach the maturity of lithium batteries. In parallel, other
metal-ion battery technologies which seem promising are potassium, calcium,
magnesium and aluminium ions. Each of these has its challenges and limitations,
which block its progress. Away from that, redox flow batteries are quite seen as
potential candidates due to their low cost, environmentally friendly and safety when
it comes to energy storage at grid scale. Looking at the pace of material innovation
and technical infrastructure, multiple battery technologies could be interesting to

target regional sustainability and environmental balance.
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