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Stabilizing High-Performance Li-lon Battery Anodes by Strategic BIAN-based Functional
Polymer Binders Design for Controlled Solid-Electrolyte Interphase (SEI) Formation

Chapter-l: Introduction TI-conjugated (electron reservoir)

The development of high energy density lithium-ion batteries
(L1Bs) for future applications in electric vehicles (EVs), hybrid
electric vehicles (HEVSs), portable electronic devices, etc. is
one of the prime areas of research across the globe. In this
regard, various suitable high-capacity alternatives like Sn, Ge,
and Si have been explored to replace commercial graphite
anode in a LIB. Among various alternatives, Si has been
recognized as the next generation anode active material
because of its high theoretical capacity (~4200 mAhg™) and

natural abundance. However, commercial graphite anode and B Gmpﬂ,nk'hmd"\‘ """"
its potential next generation alternative Si have their own sets i ﬁ interfacial wm«w,»\

Rigid diimine with nitrogen lone pairs

Figure 1: Bis(aryl)acenaphthenequinonediimine

Interaction with Graphite

of drawbacks. But the quality of solid-electrolyte interphase :ll db:tldn?:t &3m 1 .
(SEl) is one common drawback associated with both that . tomg cyclability | Confuated EEReROrk e ) ‘
destabilizes their long-term cycling performance with poor . AR,
reversible capacity. As a remedy to mitigate all the drawbacks, s

especially those associated with the interphase formation on ”

these anodes, the utilization of polymers as binders has been %

recognized as a good strategy. Compounds of the family ; 0 SRR By o GROLPC)
bis(aryl)acenaphthene (Ar-BIAN) are famous for their ability , @ el N
to act as ligand for transition metal complexes in catalysis as @ """"" ’ RE! ——
they can act as electron reservoir and offer rich redox :
chemistry (Figure 1). Also, they have exhibited impressive
synthetic versatility as they are potent with structural
modification, functionalization, and have tunable electronic
properties because of the availability of suitable precursors.
Most importantly, their low-lying lowest unoccupied Figure 2: Graphical abstract of this dissertation
molecular orbital (LUMO) empowers them with the possibility

of undergoing n-doping in the reducing cathodic environment to restrict the electrolyte decomposition and control the
SEI formation if utilized as binders for anodes in LIBs. Therefore, this dissertation work is focused on design, synthesis,
and application of novel polymers belonging to the family of compounds bis(aryl)acenaphthenequinone (Ar-BIAN) as
binders (Figure 2) to stabilize Li-ion battery (LIB) anodes by the controlled SEI formation, administering mechanical
robustness, and maintaining electrical conductivity within the electrode laminate.
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Chapter-2: BIAN-based functional polymer binder to stabilize graphite anode for ultra-long cycling performance.

PVF).F has bgen the copventlonal polymer binder to lCopper i — Co[lectorl

stabilize graphite anodes in a LIB. However, because of —

its non-conducting nature, inability to undergo doping in | Hiehl busta type BN 5 parsphenyiene copolymer |
) ) . N l_ binder for long ultra-cyclability of graphite anode

the cathodic environment to influence the SEI formation,

and poor mechanical robustness disqualify it from being a =il vit

go-to binder choice for ultra-long cycling of graphite

anode at a high current rate for future applications.

Therefore, this chapter details the design, synthesis, and

application of a novel BIAN-p-phenylene (BP) copolymer

BP-copolymer emmmw=

as binder for graphite in a LIB. The salient features of BP- | .25 o Do N e i s
copolymer that prove it to be superior to PVDF are (Figure - e — -
3): (i) better mechanical robustness (higher Young’s Figure 3: Structural significance of BP-copolymer

modulus), (ii) latching of the electrode laminate on to the



current collector through electron rich diimine nitrogen atoms of BP-copolymer, (iii) conjugated framework provides
inherent electrical conductivity within the electrode laminate, (iv) its ability to establish tentative m- 7 interaction with
graphite framework to administer mechanical robustness, and (v) most importantly, its low-lying LUMO enables it to
undergo n-doping in the cathodic environment to restrict the excessive electrolyte decomposition on the anode surface to
control the optimal SEI formation. The synergy between all the above-mentioned salient features stabilized the graphite
anode in a LIB for over 1700 cycles at a high current rate of 1C with reversible capacity of 260 mAhg* and 95% capacity
retention. The anodic half-cells were electrochemically characterized by cyclic voltammetry (CV) studies and dynamic
electrochemical impedance spectroscopy (DEIS) studies to understand the interphase formation and its effect on the
performance of graphite anode. Further, the postmortem characterization of anodes after electrochemical evaluation was
carried out by XPS and FESEM techniques to understand the SEI thickness and surface morphology of the anode.*

Chapter-3: BIAN-based functional n-type conducting self-healing composite binder to stabilize silicon anode in a
LIB.

Silicon is potent with 10 times higher
gravimetric capacity (4200 mAhg?)
than the commercial graphite (372
mAhg?). Therefore, it is regarded as the
next generation anode active materials

that can lead to development of LIBs %’l’:"‘-—r’]’:‘;’l’—' mm. Many Cycles ,g%é:"a}go‘ o
with higher energy density. Also, it can Contact w

be more economical than graphite _‘ \
because of its natural abundance. Unstable SEI @ +Li @ i Q»\,g Aftar Mariy (,§J\;))
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However, it has several drawbacks that \}‘)

have  hindered  its  full-scale b3 Htenar!
commercialization in the past decade. Figure 4: Drawbacks associated with Si anodes
The drawbacks are as follows (Figure 4).

(i) rapid volume expansion (~300%) on (4
repeated charge-discharge that
pulverizes Si particles into smaller
fragments, (ii) the pulverization causes
loss of interparticle electrical contact
and particle to current collector =3 \L
electrical contact, and (iii) continuous R

(b) y{bisimi i poly(acrylic acid)
(P-BIAN/PAA) polymer camposite as a binder
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decomposition of electrolyte .
components on the newly pulverized Si <
surfaces causes thick SEI formation on ]
A
the anode surface. These drawbacks ] W
together destabilize the Si anodes and e
cause rapid capacity fade with poor ) o
cyclability. Therefore, various Figure 5: Structural significance of P-BIAN/P

functional polymer binders that can mitigate these drawbacks have been explored. However, the synthesis of a versatile
binder that can collectively mitigate all the drawbacks of silicon anodes is an important area of research. In this regard,
this chapter reports the strategic design, synthesis, and application of a novel electrostatically hydrogen bonded P-
BIAN/PAA composite binder (Figure 5) that is potent with excellent mechanical robustness, self-healing property, can
maintain electrical conductivity within the electrode laminate, and can undergo n-doping by virtue of its low-lying LUMO
to restrict the excessive electrolyte decomposition to form a thin SEI. Thus, the silicon anode was stabilized for over 600
cycles of charge-discharge with a high reversible capacity of 2100 mAhg™ and 95% capacity retention. The fabricated
anodic half-cells were electrochemically characterized by CV and DEIS studies, respectively to understand the interfacial
impedance and properties. Also, the electrochemically characterized anodes were subjected to XPS and FESEM
techniques to understand the SEI thickness and anode’s surface morphology after cycling for over 600 cycles.



Chapter-4: BIAN-based functional n-type conducting covalently crosslinked composite binder to stabilize silicon
anode for ultra-long cycling performance.
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Figure 6: Structural significance of BP-copolymer

In chapter 3, the electrostatic hydrogen bonding between the P-BIAN and PAA polymeric chains could empower the P-

BIAN/PAA composite binder with an ability to stabilize Si anodes. However, for future applications, the demand of LIB
with robust and durable cyclability is imminent. Therefore, in Chapter 4, a novel covalently crosslinked P-BIAN polymer
matrices were designed, synthesized, and utilized as binder to improve the cyclic stability of Si anodes with higher
reversible capacity. The covalently crosslinked P-BIAN binder matrices can restrict drastic volume expansion of Si
particles for longtime because of the improved mechanical robustness in comparison to its hydrogen bonded counterpart
in chapter 3 as shown in Figure 6. Also, the covalent crosslinking via diimine nitrogen backbone in the P-BIAN would
tentatively lower its band energy of LUMO furthermore in comparison to the hydrogen bonded counter in chapter 3.
Therefore, by the synergistic effect of its ability to render improved mechanical robustness and n-doping driven SEI
formation, Si anodes were stabilized for over 1000 cycles with higher reversible capacity of 2500 mAhg™ and 99.1%
capacity retention. The fabricated anodic half-cells were electrochemically characterized by CV and DEIS studies,
respectively to understand the interfacial impedance and properties. Also, the electrochemically characterized anodes
were subjected to XPS and FESEM techniques to understand the SEI thickness and anode’s surface morphology after
cycling for over 1000 cycles.

Keywords: Bisiminoacenaphthene (BIAN), conducting binders, self-healing binders, solid-electrolyte interphase (SEI),
silicon anodes, Li-ion batteries.
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Preface

This thesis is the compilation of the results obtained during the course of my doctoral
research work titled “Stabilizing High-Performance Li-lon Battery Anodes by Strategic BIAN-
based Functional Polymer Binders Design for Controlled Solid-Electrolyte Interphase (SEI)
Formation.” This research work was carried out under the supervision of Prof. Noriyoshi
Matsumi at the Graduate School of Advanced Science and Technology, Japan Advanced

Institute of Science and Technology during the period 2018-2021.

Electrochemical energy storage devices and conversion systems like batteries and fuel
cells have emerged as potential full-scale environment friendly replacement alternatives to
traditionally used non-renewable energy resources like fossil fuels. The widespread application
of lithium-ion battery (LIB) technology has been remarkable. Out of many governing factors
that determine the performance of LIBs, the formation of a passivation layer termed as solid-
electrolyte interface (SEI) is one critical factor. The thickness, composition, and integrity of
the SEI influence the performance of a battery to a large extent. Therefore, to tune the formation
of an optimal SEI, a variety of polymer binders, electrolyte additives, and surface modified
electrode materials, etc. have been investigated. The compounds belonging to
bisiminoacenaphthene (BIAN) family have been recognized for their rich redox properties,
low-lying LUMO (lowest unoccupied molecular orbitals) that can lead to their n-doping in the
anodic environment, and electron rich diimine backbone for electronic conductivity. This thesis
is based on the design, synthesis, and application of various BIAN-based novel composite
binders to stabilize graphite and silicon anodes by tuning the formation of an effective SEI as
well as providing required electronic conductivity and mechanical robustness within the
electrode laminate. The thesis culminates with a concluding chapter summarizing all the studies

and providing insights on future applications of BIAN-based materials in LIBs.

Agman Gupta
Graduate School of Advanced Science and Technology
Japan Advanced Institute of Science and Technology

September 2021.
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Chapter 1

Introduction

1.1 Abstract

Electrochemical energy systems have become an indispensable part of our everyday
life as they provide a sustainable environment friendly outlook to the future over combustible
fossil fuels. This chapter briefs on the hierarchical convention of primary sources of energy,
their harvesting, drawbacks, and detrimental impact on the environment along with insights on
their potential sustainable alternatives. Carrying it forward, the evolutionary research and
development in lithium-ion battery (LIB) technology has been detailed with focus on critical
components that determine the performance of a LIB. The chapter details on the importance of
solid-electrolyte interface (SEI) in the determining the battery performance by studying its
composition, thickness, and integrity. Successively, importance of factors like binders and
electrolyte additives that play a key role in tuning the SEI formation has been detailed. Finally,
the chapter introduces BIAN-based compounds by highlighting their versatile mechanical and
electrochemical properties that can help in stabilizing next generation LIBs based on high
energy density electrodes by tuning the SEI as well as providing mechanical robustness.
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1.2 A journey from conventional non-renewable power sources to

electrochemical power sources

Energy has become the backbone of economic growth in the modern world. In the late
18™ century, the inception and progress of rapid industrialization was majorly dependent on
readily available fossil fuels like oil, natural gas, and coal as energy sources. Fossil fuels are
the slow degradative conversion products of the remains of plethora of flora and fauna after

undergoing the natural transformative processes within the Earth after many geological ages.

The past 300 years of global civilization has witnessed a makeshift turn around in the
way man perceived life. Energy has been the primary requirement to suffice the demands of an
ever-improving lifestyle of man. We leaped from being dependent on windmills and watermills
to obtain energy to non-renewable fossil fuels. The significance of fossil fuels comes from their
ability to get oxidized to carbon dioxide and resultant water. This burning of fossil fuels
produces substantial amounts of energy that could be utilized to aid the human labor for the
expansion of erstwhile small-scale businesses. Coal is one such vital fuel that was recognized
centuries ago to light furnaces for the smelting of ores, burning of household stoves, and other
mechanical operatives. Progressive advancements led to its developed application at thermal
power stations to produce electricity at a global forum. Unquestionably, the human
inquisitiveness and intellect pulled off remarkable technological strides by availing other forms
of fossil fuels like natural gas, petroleum, etc. for their apt applications. Petroleum, commonly
known as crude oil, can be refined into various supplementary fuels like gasoline, kerosene,
diesel, petroleum jelly, etc. which have been utilized extensively from transportation needs to
synthetic materials (chemicals and pharmaceuticals) to asphalt. Similarly, natural gas (non-
renewable hydrocarbon) is also used for mundane but indispensable activities like cooking,
manufacturing of plastic, electricity generation, etc. The easy availability of fossil fuels sparked

a wildfire of technological development that has spanned for over 2 centuries now.

Unfortunately, the non-judicious utilization of these non-renewable sources of energy
has triggered many alarming concerns like environment pollution, global warming, greenhouse
gas emission, acid rain, deforestation, shift in season cycle affecting the topographical
habitation, the worry of their exhaustion as their reserves in the nature are limited, etc. The data
and analysis by the Asia/World Energy Outlook 2016 of the IEEJ estimated that the primary
energy demand will increase by 1.2% per year from 13.7 billion TOE (tonne of oil equivalent)
in 2014 to 18.9 billion TOE in 2040, globally. Further, they detailed the energy share

2
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distribution of various sources of energy by 2040 with oil leading by contributing 29% of the
share, followed by natural gas with 25%, coal 24%, and renewable energy sources 22%. Fossil
fuels will still be the leading stake holders in energy contribution by an overwhelming 78%
share by 2040%. This predictive survey and estimate raise a great concern as to how the society
is going to find a balance between the ever-growing demand for development and healthy
ecosystem for the survival of living species. Therefore, the need of sustainable sources of
energy with affordable prices is paramount today that are ecofriendly and meet the energy
requirement of the future generation. In this regard, the electrochemical energy production has
emerged as one game changer alternative to make the future sustainable with stellar

technological progress.

The mechanism of Electrochemical Energy Storage (EES) technologies follows the
conversion and storage of electrical energy into materials and devices in a form to transform it
again back to electrical energy when in need?. Figure 1 shows the deductive classification of

EES technologies based on function, time of response, and storing periods?.

UPS T&D Grid Support Bulk Power Mgt
Power Quality Load Shifting

Flow Batteries: Zn-Cl Zn-Air Zn-Br
VRB PSB New Chemistries

e
High-Energy Advanced Lead-Acid Battery
Supercapacitors NaNiCl, Battery
Li-lon Battery
Lead-Acid Battery

Hours

Discharge Time at Rated Power
Minutes

")
% High-Power Flywheels
3}
P
High-Power Supercapacitors SMES
1kW 10 kW 100 kW 1MW 10 MW 100 MW 1GW

System Power Ratings, Module Size

Figure 1: Classification of Energy Storage Technologies (EES)?

In EES technologies, the forms and modes of energy storage are of various types (Figure 2) as

mentioned below:
1. Mechanical (pumped hydroelectric storage, compressed air energy storage, and flywheels)

2. Thermal (sensible heat storage and latent heat storage)
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3. Thermochemical (solar fuels)
4. Chemical (hydrogen storage with fuel cells)
5. Electrochemical (conventional rechargeable batteries and flow batteries)

6. Electrical (capacitors and super capacitors)?=

Energy Storage Technologies

[
l l

Electrochemical Electromagnetic Thermodynamic Mechanical
Batteries Kiow Hydrogen Electric Magnetic Pressure SENSEHS Heat Gravit Kineti
Batteries Lbablsnd ® ¢+ Heat Y At
ead Acid Vahadkam Electrolyser Capacitors SMES P Adiabatic Thermo Pumped o=
NiCd InBt + Fuel Cells || (Supercaps) g ot CAES Electrit Hydro e oo g
NiMh PS8

Figure 2: Various forms and modes of energy storage in EES devices?

Within the scope of this work, out of all the aforementioned EES technology modes, the
undermentioned modes of application have been further detailed:

(a) Capacitors and Supercapacitors
(b) Hydrogen storage with fuel cells
(c) Batteries

In all the three systems listed above, the energy providing mechanism is similar as it
takes place at the dual phase boundary commonly known as electrode-electrolyte interface.
Also, the electron transfer and ion transport pathways are well differentiated in these three
systems*.

1.2.1 Capacitors and supercapacitors

Though supercapacitors can operate at high power rates compared to batteries, they are
incapable of storing the equivalent charge in the same volume as batteries®. Therefore, the
current utility of supercapacitors is limited to applications needing rapid power bursts but not
high energy storage®. Additionally, they have long cycle life (can withstand millions of cycle)
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based on the charge storage mechanism that is devoid of irreversible chemical reactions
(storing charges in an electric double layer on the electrode surface)>®. However, the charge
storage mechanism in supercapacitors demands the operation at low potentials to avoid the
electrolyte from suffering an irreversible decomposition’. The general schematic of charge

storage mechanism in a general supercapacitor is shown in Figure 3.
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Figure 3: The charge storage mechanism in a general EDLC’

Based on the storage mechanism and cell configuration, electrochemical capacitors
(supercapacitors/ultra-capacitors) have been categorized into three types: electric double layer
capacitors (EDLCs), pseudo-capacitors (PCs), and hybrid capacitors (HCs). EDLCs store
energy by separation of electric charge by the formation of electric double layer at an interface
(electrode-electrolyte) upon polarization. In the EDLCs, the charge separation (few
Angstroms) and high surface areas results in their high capacitance in comparison to
electrostatic capacitors. On the other hand, pseudo-capacitors exhibit the capacitor-like
properties by electrochemical over physical charge storage in ECs. However, hybrid capacitors

comprise of both physical and chemical charge storage processes??®.
1.2.2 Fuel cells (FCs)

Fuel cells have gained popularity for their ecofriendly operating mechanism, cost-
effectiveness, and good efficiency. On practical operation-based observation, fuel cells due to
their static nature create low noise decibels with capability for a wide range application in
power generation (portable and stationary)'%*. In a fuel cell, the energy conversion takes place
by conversion of chemical energy during a reaction directly into electricity giving water and

heat as byproducts. The schematic structure of a basic fuel cell is shown in Figure 4223,
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Figure 4: Schematic showing fuel cell operation'?.

The basic engineering in a fuel cell has two electrodes separated by an electrolyte on
the either side with hydrogen fuel being fed to anode and the oxidant (oxygen) of the air fed to
the cathode. At the anode, the hydrogen fuel gets decomposed continuously to protons. The
electrolyte membrane that acts as an intermediary is selective towards permeation of only
positive ions to flow towards cathode while acting as an insulator for electrons. For the charge
balance in the system, these electrons move through an external circuit to the cathode to
recombine. As a result, at the cathode, the positive and negative ions recombine with oxidant

to regenerate depleted oxidant (pure water)*?,

Based on the choice of electrolyte and fuel, fuel cells have been available in 6 different
types as listed below:

(i) Proton exchange membrane fuel cell (PEMFC):

e Direct formic acid fuel cell (DFAFC)
e Direct ethanol fuel cell (DEFC)

(ii) Alkaline fuel cell (AFC)

e Proton ceramic fuel cell (PCFC)
e Direct borohydride fuel cell (DBFC)

(iii) Phosphoric acid fuel cell (PAFC)
(iv) Molten carbonate fuel cell (MCFC)
(v) Solid oxide fuel cell (SOFC)

(vi) Direct methanol fuel cell (DMFC)*?
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The industry is evolving its approach towards fuel cell technology by making
comprehensive attempts to understand the current drawbacks and obstacles that hinder its

application in all walks of life'®. Figure 5 shows the conjunctions/relations between operative

principles, feature-based merits, and potential areas of application of fuel cells?.
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Figure 5: Principles, features, and applications of fuel cell'!
1.2.3 Batteries

A battery is a chemical power source that is built by the external combination of one or
more electrochemical cells®. There are two terminals, namely electrodes: cathode (positive)
and anode (negative). The negative terminal (anode) acts as the source of electrons that flow
via an external circuit to the positive terminal (cathode). When connected to a load, within a
battery, a redox reaction gets triggered based on the ability of the reactants to undergo chemical
transformation to form low energy products®. This chemical energy is converted to electrical

energy and gets delivered to the load via an external circuit (Figure 6)*,
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Figure 6: Schematic explaining the working principle of the battery (ionic and electronic

flow)

In addition to anode and cathode, electrolyte is an important component of the battery.
An electrolyte is an ion-conducting (and electron insulating) medium with another utility of
being a separator between the electrodes. While the electrolyte serves as the channel for ion-
conduction, the external circuit acts a pathway for electron transport. This makes a complete
electrochemical circuit. Fundamentally, batteries are classified into two types: (a) Primary
batteries and (b) secondary batteries (Table 1). This classification is based on their ability to be
recharged. Primary batteries are non-rechargeable batteries. They are commonly known as
single-use or disposable batteries because during the discharge of the battery the chemical
species undergo irreversible reaction. Hence the ever-growing demand of energy cannot be
sufficed by primary battery as they have limited life and no refilling scope. This led to the
development of secondary batteries. Secondary batteries are termed as rechargeable batteries.
In a secondary battery, the charging half-cycle dictates that the cathode gets oxidized by
releasing electrons whereas the anode gets reduced by consuming the electrons and vice-versa
during the discharge half-cycle. However, the electrolyte remains unaffected (neither oxidized
nor reduced) during the operation other than maintaining the ions’ flow. Therefore, such
rechargeable batteries have the potential to undergo hundreds of charge-discharge cycles before
the battery components (electrodes and electrolyte) are completely worn out. This makes them

asustainable, eco-friendly, and relatively cheaper alternative to the conventional power sources.
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Few of the most famous types of secondary batteries are discussed below (Table 1):

Types of Primary Batteries Types of Secondary Batteries
= Alkaline batteries = Carbon battery
= Aluminium air batteries = |Lead-acid battery
= Bunsen batteries = Lithium-air battery
= Chromic acid cell = Lithium-ion battery
= Clark cell based on Zn/Hg = Lithium polymer battery
= Daniel cell based on Zn/Cu = Lithium ion phosphate battery
= Galvanic cell = Lithium titanate battery
= Mercury battery = Lithium-sulfur battery
= Grove cell = Lithium ceramic battery
= Magnesium battery = Nickle-cadmium battery
= Silicon-air battery = Nickle-hydrogen battery
= Zinc-air battery = Nickle-iron battery
= Zamboni cell = Nickle-lihtium battery

= Nickle-metal hydride battery
= Nickle-Zinc battery
= Magnesium ion battery
= Pottasium ion battery
= Sodium battery
= Silver Zinc battery
= Sodium-sulfur battery
= Zinc-bromide battery
Table 1: Classification of batteries (primary and secondary) with different examples (source
Wikipedia)

1.2.3.1 Nickle cadmium (NiCds) batteries

The NiCd battery are best suited for operating at a constant potential and low
temperature with an appreciably longer shelf life. The components of a general NiCd battery
are shown in Figure 7. The regular cathode is nickle hydroxide and anode cadmium hydroxide.
Aqueous KOH is used as a general electrolyte. The overall chemical reaction happening during
the charge-discharge is shown in equation (1). During the charging half-cycle, at cathode, the
nickle hydroxide (Ni(OH)2) gets converted to nickle oxide hydroxide (NiOOH). And at anode,
the cadmium hydroxide (Cd(OH).) gets oxidized to Cd. While discharging, Cd combines with

9
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NiOOH to give Ni(OH). and Cd(OH).. Unfortunately, NiCd batteries are expensive as well as
their energy density is not as high as other alternatives like nickle-zinc (NiZn). Also, they suffer

substantial capacity loss if charged without complete discharge®®.

Cds) + 2NiO(OH) 5y + 2H,0(y 2 Cd(OH) sy + 2Ni(OH) 5s) (1)

spring loaded (= )nickelic hydroxide
cap electrode or plate

Nickel-plated S B (-)cadmium hydroxide
steel case — / = (E ECC‘\\; N electrode or plate
vent BN
hole E
} — porous separator
insulating

washer ~_ s

Figure 7: Schematic representing the components of a NiCd battery.

1.2.3.2 Lead acid batteries (LABSs)

The most famous secondary batteries are lead-acid batteries to have known to be
invented in the 19" century. These have been widely used across the market for over a century
now. Few of the applications where these are extensively used are: UPS, for storage in backup
power supplies in towers, automobiles ignition, lighting, off-grid household electric power
systems, and other high current burst demanding situations. Figure 8 shows the schematic with
various components and working principle of a general LAB. The discharge state of a LAB has
both positive and negative electrodes as lead sulfate (PbSO4) while the electrolyte is majorly
water by the dissolution of sulfuric acid. Whereas, in a fully charged state, the negative
electrode is lead and positive electrode is lead dioxide with electrolyte having a high
concentration of aqueous sulfuric acid as shown in equation (2). The application of these
secondary batteries has raised serious environment and health hazards. Lead compounds can
be extremely toxic, and lack of full-scale recycling possibility is increasing the extent of lead
content in landfills more with time. Therefore, “Getting the lead out” has been the slogan for
many environment activists and industries which has driven the research and development to

more sustainable and eco-friendly alternatives®®.

Pb + PbO, + 2H,S0, < 2PbSO, + 2H,0 2)

10
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Figure 8: Schematic showing the components and working principle of lead-acid battery.

1.2.3.3 Lithium-ion batteries (L1Bs)

In comparison to other secondary batteries like nickel-cadmium, lead-acid, nickel-zinc,
and nickel-iron, lithium-ion batteries (LIBs) have been perceived as the most promising
secondary battery alternative for electrochemical energy storage. This notion of LIBs being
better alternative originates from a few facts like their low reduction potential, fast diffusion,
easy host-guest compatibility of Li ions in various solid matrices, and high volumetric
energy/power density'’'®. A conventional LIB comprises of an anode capable of lithium
intercalation/alloying like graphite/ silicon, cathode being transition metal oxides-based
lithium rich materials like lithium cobalt oxide, a porus polymer separator, and lithium salt
based organic electrolyte!’ as depicted in Figure 9.

Charge & Discharge

Anode material Cathode material
e.g. Li,Si e.g. LIMNC

Figure 9: Schematic showing the components and working principle of LIB

The working mechanism of a conventional LIB is based on “intercalation” chemistry
unlike other secondary batteries where the energy production takes place by the reversible

dissolution and deposition of electrode components. In a LIB, during charge half-cycle, the

11
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lithium in cathode matrices gets oxidized to Li* and migrates via electrolyte towards the anode
to get intercalated by receiving the electron transferred from cathode to anode via an external
circuit. Whereas, during the discharge half-cycle, the intercalated lithium in the anode host
matrices migrates back to the cathode via the electrolyte. This is a reversible phenomenon.
Therefore, the intercalation and deintercalation of Li* ions between the electrodes balanced by
the flow of electrons in the external circuit provides the desirable electrical energy*®. Figure 10
shows the schematic roadmap of the developments that have taken place in LIB technology till
date. With remarkable efforts for over 25 years, LIBs were successfully commercialized and

ever since the daily life has been dependent on energy storage devices'®2°,

ithium-Graphite intercalation Electrochemical intercalation

compounds with solid-polymer electrolyte Electrochemical intercalation in liquid
Lithium - Graphite Electrochemical intercalation electrolyte using EC due to film formation
intercalation compounds with a solid polymer electrolyte Electrochemical intercalation in liquid

Molten/ electrolyte using EC due to film formation
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Figure 10: Roadmap showing the development in LIB technology in the past 3 decades and

future ahead.

The comparison between other secondary batteries and LIBs based on various
parameters that determine their performances has been listed in Table 221, In terms of specific
energy, internal resistance, cycle life, charging time, overcharge tolerance, cell voltage (charge
and discharge cut-off), etc., LIBs have an edge over other technologies. Hence, LIB technology
holds a promising future towards developing sustainable and ecofriendly energy storage
devices. However, the ever-growing demand of high energy density LIBs requires active
materials with higher specific capacity, low processing cost, easy availability, wide operating
potential window, and good electrochemical life??. Therefore, an understanding on the types of
anode and cathode materials available (both commercial and potent with the scope of
commercialization in the future) is mandatory because they determine the energy/power

12
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density of a LIB. The next section details the status of research and development in LIB
electrodes. It highlights salient features as well as scope of future improvement of electrode

materials (both cathodes and anodes).

Table 2: A comprehensive comparison list of various types of secondary batteries.

Specifications | Lead Acid | NiCd NiMH Li-ion’
Cobalt Manganese Phosphate
Specific energy 30-50 45-80 60-120 | 150-250 | 100-150 90-120
(Whikg)
Internal resistance Very Low | Very low Low Moderate Low Very low
Cycle life? (80%DoD)| 200-300 1.000% 300-500° |500~1,000 500-1,000 |1,000-2,000
Charge time* 8-16h 1-2h 2-4h 2-4h 1-2h 1-2h
Overcharge High Moderate Low Low. No trickle charge
tolerance
Self-discharge/ 5% 20%3 30%5 <5%
month (roomtemp) Protection circuit consumes 3%/month
Cell voltage (nominal) 2V A 1.2ve 36V7 v 32-33Vv
Charge cutoff 240 Full charge detection 4 20 typical 3.60
voltage (Vicell) Float 225 | by voltage signature Some go 1o higher V
Discharge cutoff 1.75V 1.00V 2.50-3.00v 2.50V
voltage (V/cell, 1C)
Peak load current 5C® 20C 5C 2C >30C >30C
Best result 0.2C ic 0.5C <1C <10C <10C
Charge temperature | -20 to 50°C 0to 45°C 0 to 45°C*
(—4 to 122°F) (32 to 113°F) (32 to 113°F)
Discharge -20 to 50°C -20 to 65°C 20 1o 60°C
temperature (4 to 122°F) (-4 to 149°F) (-4 to 140°F)
Maintenance 3-6 months'®| Full discharge every 90 Maintenance-free
requirement (toping chg.) | days when in full use
Safety requirements | Thermally | Thermally stable. fuse Protection circuit mandatory'
stable protection

In use since Late 1800s 1950 1990 1991 1996 1999
Toxicity Very high | Very high Low Low
Coulombic ~90% ~70% slow charge 99%
efficiency™? ~80% fast charge
Cost Low Moderate High'?

A brief overview of anode materials in LIBs

High specific capacities, easy processibility, and wide operating potential window of

active materials (electrodes) majorly determine the energy density of LIBs. This has led to

13
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significant research, advancement, and funding in LIBs towards developing alternate electrode

materials to the conventionally used ones. Table 3 and 4 list the typical anode and cathode

materials that are being explored across the globe?.

Table 3: List of chosen anode materials for LIBs

Active materials

Specific capacity

mAhg '/mAhem

Potential
(Vws. Li*/Li)

Advantages

Disadvantages

Graphite
Li

Si

P (red)

Al

Sn

Ge

Li Ti:0y5, (LTO)
Fe, 04

NiS

TiF3

372/735
3861/2062

3579/2190

2596/2270
993/1386
994/1991
1384/2179
175/607

1007/2741
591/1571
767/2002

0.17
0
0.4
0.8
0.38
0.38

1.55

Commercialization, long cycle stability
High specific capacity, low working
potential, high energy density

High specific capacity, low working
potential, high energy density, low cost
High specific capacity, high energy
density, low cost

High specific capacity, high energy density

No volume change, long cycle stability,
high rate capability
High specific capacity

Table 4: List of chosen cathode materials for LIBs2°

Low specific capacity, low energy density
Infinite volume change, Li dendrite
formation, short circuit, high reactivity,
consuming electrolytes

Large volume change, unstable interface,
low first CE

Large volume change, unstable interface,
low first CE

Large volume change, unstable interface,
low first CE, high cost

Low specific capacity, low energy density,
high working potential, high cost

High working potential, high cost,

low first CE, large volume change

Active materials

Specific capacity

Potential

mAhg 'YmA hem ® (Vs Li'/Li) Advantages

Disadvantages

LiFePO,

LiCoO,

170/612

140/714

High-voltage LiCoO2 185/944
LiNiasCoo1Mng 102 200/930
LiNig5C0q4:Al 005 220/979
LiNigsMn, =04 (LNMO) 147/625

LINiPO, (LNP)
LiCoPO; (LCP)

CuF,
FeF;
CoF,
NiF,
cucl,
FeCl;
S

LizS

0,
Liz0,
Se

Li.Se

169/657
167/618

554/2040
399/1115
496/1172
1675/1937
1166/1937

1675/2698
1168/2698
679/1659
578/1659

34

3.8
3.95
3.8
3.6
4.7
5.1

4.8

N S LR R U el
e e (SR - I - B I ]
= RBRWNOOO e

[CIENT
Qo
NN

Low cost, stable long cycle,
commercialization

Long cycle, mature technology, high
voltage, high energy density

Super high voltage, high energy density

High specific capacity, low cost, high
energy density

High specific capacity, high energy
density

High specific capacity, low cost

Abundant, low toxicity, rather low cost,
high specific capacity, high energy
density

High specific capacity, high electronic
conductivity

Low electronic conductivity, low specific
capacity, low energy density

High cost, low specific capacity,

high toxicity, low thermal stability,
irreversible phase change

Low specific capacity, low thermal
stability, irreversible phase change,
electrolyte decomposition, poor cycle
stability

Large voltage hysteresis, poor cycle
stability, low reversibility, poor rate
capability, material dissolution,
volume change

Highly soluble in liquid

Dissolution and shuttle, low working
potential, low electronic conductivity,
large volume change

Rather poor reaction kinetics

High cost/high toxicity, dissolution and
shuttle, low working potential

Commonly known anode materials with their theoretical gravimetric capacities,

working potential limits, and volumetric capacities as mentioned in the literature are shown in

Figure 11a and b. Well known to all, out of all these anode materials, graphite (C) and lithium

titanate (LisTsO12: LTO) are being already used in commercial LIBs®24, The highlighting

features of graphite and LTO as anode active materials comes from their low delithialtion

potential (vs Li/Li*), high Li* diffusion, low cost, natural abundance, good electrical

conductivity, and reasonable cycle life for commercial applications. Even now, graphite is the

14



CHAPTER 1

commercial choice of anode-active material. Graphite is electrochemically active because it
can intercalate Li ions between graphene planes with guest-host ratio of 1 Li atom for very 6C
as shown in Figure 11¢?. It has a theoretical capacity of 372 mAhg™. Though it is a commercial
choice in the present LIB technology, 372 mAhg™ is insufficient to increase the energy density
of next generation LIBs?. Spinel LTO (Figure 11d) is one interesting material that can exhibit
rapid charge-discharge with high energy density and good cyclability because of its zero-strain
intercalation and good rate capability. But they lack their merit as they have low reversible
capacity of 175 mAhg?* %2, Therefore, a variety of conversion-type and alloy-type materials
have been explored to meet market demands (comprehensive Figure 11). High-capacity
conversion-type anode active materials (including transition metal sulfides, oxides, and
fluorides) have been reported to show higher theoretical capacities than the conventional
graphite anode. A few reported conversion-type anode active materials are: NiS — 591 mAhg"
1 TiF; — 767 mAhg, and Fe,O3 — 1007 mAhg™. But they suffer multiple drawbacks like large
voltage hysteresis, high irreversible capacity loss, and higher working potential (1.0 - 1.8 V vs.
Li/Li*)?. Therefore, as an alternate to conversion-type anode materials, alloy-type materials
were explored as they have the potential to achieve higher energy densities because they
possess high theoretical gravimetric capacities with low operating potentials®® ?’. Figure 11a
and 12b show that alloy-type anode materials generally belong to group 1V (Si, Ge, Sn, Pb) or
group V (P, As, S, Bi) or light metals like Li, Mg, and Al in the periodic table of elements.
A few interesting elements belonging to alloy-type materials are Si with working potential of
0.4 V (vs Li/Li*) and theoretical capacity - 3579 mAhg when fully lithiated (Li1s4Si) (Figure
11e)%* 28 and Ge with working potential 0.4 V (vs Li/Li*) and theoretical capacity — 1384
mAhg? when fully lithiated (Li1s4Ge)?. Also, some candidates like metal phosphides, tin
oxide, and tin sulfide cannot be ignored as they show conversion-alloy-type behavior during
lithiation. Figure 11f differentiates some of the most interesting anode active materials
(graphite, LTO, MnO, and Si) based on their characteristic charge-discharge profiles. This also
differentiates them based on their operating potential, voltage hysteresis, and specific

capacity®.
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Figure 11: (a) & (b) Theoretical and volumetric capacities of various conversion and alloy-
type materials, (c), (d), and (e) schematics of lithiated graphite, LTO, and Si. (f) de-/lithiation
profiles of graphite, LTO, MnO, and Si-based anodes®.

Figure 12 shows a few classes of intercalation-type cathode materials (high-voltage and
commercially used cathodes based on their specific gravimetric/volumetric capacities and
operating potentials. Also, it shows the crystal structures of LiMO> (M = Ni, Co or Mn) with
its lithium and manganese rich derivatives XLi-MnO,-(1-x)LiMO, (M = Ni, Co or Mn)?% 222,
Major drawbacks like low specific gravimetric capacities (<180 mAhg™) and low operating
potentials (<3.8 V vs Li/Li") that are associated with commercial cathodes like lithium-iron
phosphate (LiFePOg), lithium manganese oxide (LiMnO3), and lithium cobalt oxide (LiCoO>)
are well known?°, Therefore, to increase the energy density, tremendous efforts are being made
to obtain novel cathode materials with comparatively higher theoretical capacities (>200
mAhg target value) and optimally high working potentials (>4.0 V vs Li/Li*)?. In latest
reports, immediate solutions like nickle-rich, lithium-rich, and manganese rich layered oxides
have been promising®>-3. In this regard, the class of Ni-rich layered oxides (LiN1-xMxO2, M =
Co, Mn, and Al) include LiNiogC001Mng102 (NCM811, ~200 mAhg™) and LiNigs-
Co0.15Alo0s02 (NCA, ~220 mAhg?) show higher specific gravimetric capacities when
compared with other intercalation-type materials?®. Also, LiNiosC00.2Mno202 (NCM622, ~170
mAhg?) and LiNiysCo1sMn1302 (NCM333, ~150 mAhg™) have also attracted significant
attraction. As an alternative to Ni-rich layered oxides, Li-rich layered oxides (Li1+xM1-xO2 or
XLi2MnO3-(1-x)LiMO2, M = Mn, Ni, Co, etc.) have the potential to provide a higher
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gravimetric capacity (250 mAhg™) with cost effectiveness. Further, high-voltage spinel oxide
LiNiosMn1504 (LNMO) comes with higher working potential ~4.7 V (vs Li/Li*) and
gravimetric capacity ~147 mAhg1)%,
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Figure 12: (a) comparison of high voltage cathode materials in comparison to commercially
available cathodes, (b) crystal structures of LiMO2 and its lithium and manganese-rich

derivative, (c) gravimetric, and (d) volumetric capacities of some chosen cathode materials?.

Till now, the discussion was based primarily on the literature reports with elaborated
mention of different types commercial and under-development electrode materials (cathodes
and anodes). The research and development towards exploring high-capacity anode materials
and high potential cathode materials is the current trend to increase the energy/power density
of LIBs. Especially, dedicated efforts are being made towards developing high-capacity anodes
as they determine the derivable capacity of a LIB. In this regard, this work is focused on
stabilizing high-performance anode materials - graphite and silicon to empower LIBs with
higher capacity for future applications.

Some major problems associated with graphite anodes are: (a) low reversible capacity
to meet the energy requirements of next generation LIBs, (b) fracture of graphitic framework
over extended cycling at a high current-rate, (c) high irreversible capacity loss due to excessive

electrolytic decomposition, and (d) thick SEI formation with high interfacial impedance!® %,
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Therefore, as a substitute of graphite, Si has been the primary choice for the reasons which
have already been discussed earlier. However, Si suffers major drawbacks like (a) rapid volume
expansion on repeated de-/alloying (~300%) which leads to their pulverization within a few
cycles of charge-discharge, (b) upon pulverization, Si particles lose electrical contact with the
current collector, (c) natural insulating property of Si, and (d) thick SEI formation led by
repeated exposure of new Si surfaces upon pulverization. These drawbacks cause drastic
capacity fade, low rate-capability, and poor cyclability of Si anodes. Figure 13 shows the
schematic of problems associated with Si anodes®3.
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Figure 13: Schematic of failure mechanism of Si anodes in LIBs

Anode materials (graphite and silicon) as mentioned above have their own set of
drawbacks that need to be answered to stabilize their performance. Apart from their discrete
drawbacks, there is one common drawback associated with them. The common drawback is
the quality of interface formed between respective electrodes: solid-electrolyte interface (SEI).
The formation of SEI on these materials has mightily affected their performance as this
interfacial aspect is a conjunction between active materials and electrolyte. Therefore, in this
journey towards finding most apt solutions to mitigate the drawbacks with these electrode

materials, the understanding of the SEI is especially important.
Solid-electrolyte interface (SEI)

Ubiquitous terminology used for SEI well known in layman’s terms is “protecting
layer”. It is formed on electrodes of LIBs by the decomposition of electrolytic species in the
very first cycle. It determines the performance of a battery by directly/indirectly influencing

18



CHAPTER 1

certain factors like irreversible capacity loss, cyclability, internal impedance of the battery, rate
capability, Li-ion diffusion, exfoliation of graphite, pulverization of Si particles, and corrosion

of transition metals-based cathode materials.

For the better performance of LIB anode materials, a comprehensive understanding of
the state-of-art of the SEI’s composition and morphology on anode surface is crucial. It would
help to tune SEI formation that can restrict the continuous excessive decomposition of the
electrolyte on the anode surface. Generally, the anode SEI layer comprises of resultant
precipitates obtained from reduced decomposition of solvents, salts, lithium, ions, and
impurities within the electrolyte as they are unstable in the operating potential window of the
anode®-*. The formation of SEI majorly takes place in the first charge cycle which further
continues to grow gradually until maturity. An ideal SEI must be electrically insulating
exhibiting high lithium-ion selectivity and permeability with lowered interfacial impedance.
After the complete formation of SEI at maturity, the further decomposition of electrolyte
species (salts and solvents) does not occur as electrons do not transfer through the layer.
Therefore, the layer pertains increased electronic resistance which in turn increases the
potential on the anode. As a result, the surface potential shifts within the stability window of
the chosen electrolyte. Practically, the scenario is a little different. The SEI layer gets thicker
upon repeated cycling because of electron exposure to electrolyte components or seeping of
bulk electrolyte to the electrode surface. In quantitative terms, this increase is not as significant
as it happens during the first charge cycle decomposition. But this slow thickening consumes
active Li-ions, solvent species, and dissolved salts. Hence the cell resistance increases over a

period. The result of this process is capacity fade and compromised coulombic efficiency>®.

Most used organic electrolyte choices in a LIB involve carbonates (ethylene carbonate,
dimethyl carbonate, ethyl methyl carbonate, propylene carbonate, etc.)® *’. Basically, these
are aprotic salt solution with low molecular weight organic solvents. These carbonates have
the oxidation potential at ~4.7 V vs Li/Li* corresponding to their highest occupied molecular
orbital (HOMO) and reduction potential at ~1.0 V vs Li/Li* corresponding to lowest
unoccupied molecular orbital (LUMO), respectively3. This means that they undergo reductive
decomposition at the surface of anode below 1 V and oxidative decomposition at the surface
of cathode above 4.7 V during the charging cycle or their storage. Figure 143 compares the
electron energies of anode, electrolyte, and cathode of a thermodynamically redox pair in a
battery. Here, pua and pc correspond to the electrochemical potentials of the anode and cathode.

The stability window (shown as Eg) of the selected electrolyte is determined by the difference
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between the respective energy of the LUMO and HOMO. Therefore, deductively it means that,
when pa is above the LUMO energy level, the reduction of electrolyte will happen. Similarly,
if uc is below the HOMO energy level, the oxidation of electrolyte will happen. To enhance
the energy density of the redox pair, the energy separation between the chosen set of cathode
and anode must be as high as possible. Graphite anode can be considered as an example. The
intercalation potential of lithium ion into the graphite framework is known to be between 0V
and 0.25 V vs Li/Li*. This intercalation potential is well below the reduction potential of
general carbonate-based electrolytes. This means that the potential of graphite as anode falls
below the stability window of the electrolyte during lithiation. That is why it decomposes at

the surface of graphite leading to SEI formation3>-%6,

Energy

............

Reductant

Electrolyte

Figure 14: Schematic showing the energetics of the formation of anode and cathode SEI

protection layer3-3

In view of the scope of this study, to stabilize L1B anodes based on graphite and silicon,
the strategic design of SEI is crucial. However, the electronic energy levels of graphite and
silicon are not subject to change. Therefore, the need an external interpreter with suitable
electronic energy level that can help in tailoring the desired SEI to stabilize these anodes is
indispensable. This external interpreter is usually categorized as an inactive component of LIBs
because it cannot determine the specific capacity/energy density of LIB anodes. But its
presence is valuable as it is used to patch the intrinsic drawbacks and failure mechanisms of

anodes and electrode-electrolyte interface.

Broadly, these inactive components (interpreter) have been classified as: (a) Polymer

binders (part of the electrode composition in a low gravimetric weight) and (b) electrolyte
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additive (part of electrolyte composition in low concentration). To stabilize LIB electrodes,
these inactive components are used in various proportions and concentrations based on their
mechanical and electrochemical properties. Polymeric binders and electrolyte additives can
directly influence the formation of SEI on the electrode surface as they are present on either
side of the SEI junction (Polymer binder as a part of electrode laminate and additive within the

electrolyte).

Hence, the focus of this work has been the design, synthesis, theoretical and
electrochemical evaluation of novel class of polymer binders to stabilize graphite and Si anodes

by providing mechanical robustness as well tailoring the SEI formation on them.
1.3 BIAN-based materials to stabilize LIB electrodes

For many years now, compounds of the family bisiminoacenaphthene (BIAN) have
been recognized as ligand materials for transition metals in catalysis as they have been reported
to form stable complexes with almost all d-block metals®. As shown in Figure 15, their affinity
to host such metal centers alongside other versatile characteristics originate from their
structural importance. They possess conformational rigidity because of diimine bonds,
possibility to achieve a variety of synthetic products based on R (spacer) substituents, and
electron source-sink (reservoir) significance. In addition, it has been reported in the literature
that naphthalene is capable to undergo reduction to form radical anions with alkali metals®.
Also, the diimine framework has the potential to delocalize electron cloud through their
antibonding orbitals to form stable complexes with a variety of metals*. This unique
combination of naphthalene ring with diimine unit makes a 14 e” n-system known as Huickel
system. Therefore, BIAN moiety can delocalize diimine electron lone pairs and offer intrinsic

electronic conductivity.
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Figure 15: Structural significance of BIAN-based ligands

BIAN-based transition metal ligands have been notably ascribed as active redox
materials that can undergo several disproportionate reactions*. To a list a few BIAN-based

complexes out of many available in literature, Table 5 has been generated.

Table 5: Structure and application of some relevant BIAN-based complexes.

BIAN complex with titanium.
(> Acting as redox equivalents
having enhanced activity*?
8::~" ~a
Ar
Tm The inception of coordination
o to main group elements by
ek TN .
R Hw S )r BIAN ligands*
& © Ilct R
80, a0 Reversible reduction of BIAN-
Na, _Ma. 1_'__=:_‘ . .
Qu(__‘n-,b Yoy ba§ed mono, di, t:, and tetra
&‘ anion form by Na
e
Ar Reversible redox active
O ]'\3 complexes of BIAN-based
~ . . 5
Q‘ _Mg(THF); | anion with Mg#
N
Ar

However, the electronic diversity that can be explored by BIAN-based complexes is
not only limited to d-block metals but also spans across the periodic table to s and p block
elements®®. Feduskin and coworkers have reported several types of BIAN-based ligands with
group 1 and group 2 elements along with their applications*. As these materials can act as
electron reservoir, they react with metallic Na, Li, and Mg very spontaneously. The authors

22



CHAPTER 1

formed Na complexes with mono, di, tri, and tetra anions of the BIAN ligand. Within five hours
of observation, the tetra anion-based Na complex was isolated as it was sensitive to moisture
content and air within the reaction setup. After X-ray-based structure deduction, it was
concluded that two electrons are located at the diimine moiety and other two electrons at the
naphthalene moiety**. This could be attributed to the low-lying LUMO in BIAN-based ligands
having major contribution from diimine nitrogen atoms. Hence, they can easily interact with
electron deficient species. To confirm the above-described conclusion on the electron
distribution in BIAN-based ligands, similar experiments were conducted with stable complexes
of BIAN with Li and Mg. And upon systematic studies and analysis by characterization
techniques like UV-vis, ESR measurements, and single crystal XRD, the conclusion was same
as that of Na-based BIAN complexes (2 electrons located on diimine nitrogen atoms and 2 on
the naphthalene moiety)*“®. This interesting characteristic of BIAN-based complexes to
undergo redox reactions led to their first successful application as reported by Armand et al*’.
They synthesize polymeric Schiff bases by easy condensation reactions and utilized them as
redox centers to reversible store Na* ions. A two-step reaction corresponding to two different
processes between the polymer and sodium ion was established while working in the potential
window 0.005 V to 1.6 V vs Na/Na* as shown in Figure 16. The most interesting aspect of the
study was the tunability of redox voltage for each step by varying the type of substituents in
the phenyl rings without affecting the planarity and conjugated framework. Though the
capacity reported was not high, but this work created an avenue to explore such redox active

compounds for energy storage applications.

Tapping on the hidden potency the BIAN-based compounds, recently, Gourang et al.
reported the design, synthesis, and application of bisiminoacenaphthenequinone(BIAN)-
fluorene as a functional polymer binder for graphite anode in LIBs*. They exploited the 3-fold
characteristics (Figure 17) of BIAN-fluorene copolymer namely: (a) low-lying LUMO driven
n-doping to tune the SEI formed on the graphite anode, (b) intrinsic electronic conductivity
provided by the extended conjugation in the polymer network, and (c) stable n- 7 interaction
with graphite to administer mechanical stability. Therefore, BIAN-fluorene binder stabilized
the graphite anode by not only providing the mechanical support to the graphite framework but

also influence the tailoring of a desired SEI with low interfacial impedance.
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Figure 16: Schiff base polymer used for Na-ion storage application*’
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Figure 17: Structural and functional significance of BIAN-fluorene binder*®

Further they (Gourang et al.) utilized BIAN-p-phenylene copolymer as polymeric
electrocatalyst for oxygen reduction reaction (ORR) (Figure 18a)*® as well as BIAN-based
diamine (BIANODA) as electrolyte additive to tune the interface formed to stabilize MNC
cathodes in LIBs (Figure 180)%.

Therefore, BIAN-based materials have shown that they are potent with possibility of structural
modification by the availability of suitable precursors to design novel compounds with

excellent redox properties and tunable band energies for their future application in LIBs.
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Figure 18: As reported by Gourang et al., (a) BP-copolymer utilized as ORR catalyst in Li-air
batteries and (b) BIANODA utilized as electrolyte additive to stabilize MNC cathodes in
LIBs*9-0

1.4 Objective and Scope of the Thesis

The objective of the thesis is to explore excellent structural and chemical properties of
the compounds of the family bis(imino)acenaphthenes (BIAN) to strategically design,
synthesize, and utilize novel BIAN-based functional polymers as binders to stabilize high-
performance anode active materials. The compounds of BIAN family possess conformational
rigidity because of diimine bonds, possibility to achieve a variety of synthetic products based
on spacer groups (substituents) as well as having the potential to be able to undergo
crosslinking to design a plethora of composite polymer matrices via an external dopant to
electron rich nitrogen atoms in the BIAN backbone, and electron source-sink (reservoir)
significance. Also, the diimine framework has the potential to delocalize electron cloud through
their antibonding orbitals to enrich it with extended conjugation. This unique combination of
naphthalene ring with diimine unit makes a 14 e” -system known as Huckel system. Therefore,
BIAN moiety can delocalize diimine electron lone pairs and offer intrinsic electronic
conductivity. Also, they can provide robust mechanical support, enhance the ionic conductivity,
and increase electrochemical stability by virtue of their excellent redox properties. This makes
the compounds belonging to BIAN family suitable to be utilized in battery chemistry because
of their synergistically versatile structure-property relationship that accounts for their
mechanical and electrochemical properties. In addition, their low lying lowest unoccupied
molecular orbital (LUMO) makes them capable of undergoing n-doping in anodic environment
thereby limiting the electrolytic reduction on the electrode surface and influencing the
formation of a thin and mechanically robust SEI. Therefore, this class of compounds are a
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wholesome package that can be used and engineered based on the application to achieve
required stability of anode materials in LIBs. In this work, BIAN-based functional, composite,
and crosslinked polymers have been utilized to stabilize graphite and silicon anodes in a
progressive approach by modulating the mechanical robustness necessary as well as tuning the
SEI by engineering the band gap of respective polymers. A comprehensive graphical abstract

to provide an overview of the studies conducted as a part of this work is shown in Figure 19.

Chapter 2 details the ultra-long cycling performance of graphite anode in LIB by
utilizing BIAN-p-phenylene (BP) copolymer as binder because graphite is a commercially used
anode material and enhancing its stability further has a wide scope of immediate application.
Robust mechanical properties, structural aspects, and n-doping of the binder influenced well-
tuned SEI formation were instrumental in administering the cyclic stability. The BP-copolymer
has outperformed the BIAN-fluorene binder reported by Gourang et al.*® for reasons as follows:
(i) Unlike BIAN-fluorene polymer wherein the spacer group between two BIAN moieties is
the lengthy fluorene group, the BP-copolymer has a shorter phenylene group as a spacer. This
increases the density of BIAN moieties in per mole of the binder used in case of BP-copolymer
when compared with that in BIAN-fluorene. Therefore, the adherence of the electrode laminate
on the copper current collector was improved because of the availability of more electron rich
diimine nitrogen atoms in BP-copolymer in comparison to the BIAN-fluorene binder. In
addition, because of higher BIAN structural density in BP-copolymer, a greater number of
naphthalene moieties were available to establish n- 7 interaction with graphite framework to
administer better mechanical robustness in comparison to BIAN-fluorene binder. (ii) The
synthesis of BP-copolymer follows single step procedure with acetic acid as a reaction catalyst.
While the BIAN-fluorene polymer follows 3-step reaction procedure with low yield and use of
expensive Pd catalyst which makes it industrially unviable for large-scale production. The BP-
copolymer could stabilize graphite anode for over 1700 long cycles. Whereas the conventional
graphite anode exhibits cyclic durability to a maximum of 600 cycles. As the ultra-long stability
is most needed for next generation Li-ion batteries, the utilization of BP-copolymer
administered ultra-long cyclic stability to graphite anode in comparison to the commercial
PVDF and earlier reported BIAN-fluorene binders.

Chapter 3 elaborates the deductive approach to stabilize high-capacity silicon anodes
as they are deemed to be superior alternative to graphite anodes in terms of their cost-
effectiveness and higher specific capacity. The success of BP-copolymer in chapter-2 to

stabilize graphite anode inspired us to strategically design a versatile conducting and self-
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healing composite binder by utilizing BP-copolymer and an external dopant to its diimine
framework to stabilize silicon anodes. The structural property of BP-copolymer was utilized
by establishing electrostatic hydrogen bonding between poly(acrylic acid) (PAA)’s carboxyl
moiety and electron rich diimine of the BP-copolymer. This design could provide required
mechanical support due to its self-healing property. Also, it led to a formation of a thin SEI
with reduced impedance as the LUMO of the composite polymer was further lowered due to
the presence of PAA as a dopant to its diimine framework that enabled it to undergo n-doping

in the anodic environment.

Chapter 4 is inspired by the success of binder design from the previous chapter (chapter
3) wherein hydrogen bonding was instrumental in providing mechanical robustness to stabilize
Si anodes. However, the hydrogen bonding cannot deliver the required mechanical robustness
to Si anodes for ultra-long durability. Therefore, taking a step ahead, this chapter elucidates the
design, synthesis, and application of a robust covalently crosslinked poly(BIAN) matrices (via
1,6-dromohexane linker) that provided mechanical support to the Si anodes for ultra-long
cycling while maintaining the electronic conductivity in the electrode laminate and also
forming an interface with reduced impedance. Here, the performance of Si anodes was further

enhanced by the excellent design of crosslinked poly(BIAN).

Finally, chapter 5 concludes this study by highlighting the systematic approach by
which the structure-property relationship and electrochemical significance of BIAN-based
novel functional polymers were studied and utilized to stabilize high-performance LIB anodes.
Also, the scope of this thesis has been elaborated in this chapter wherein it has been discussed
that the potential impact of BIAN-family of compounds can be even more widespread. It can
not only be limited to silicon anodes in a LIB but also to other high-capacity anode materials
that suffer extreme volume expansion/shrinking on repeated charge-discharge like
phosphorous, boron, MoS;, etc. and to other alkali metal-ion batteries like Na and K-ion
batteries. Therefore, compounds of the family can be recognized with widespread applications

in various forms of future energy storage technologies.
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Chapter 2

BIAN-paraphenylene Type Condensation Copolymer Binder
for Ultra-long Cyclable Lithium-Ion Rechargeable Battery

2.1 Abstract

Graphite has been the conventional lithium-ion anode for the negative electrode for the
past three decades. One of the major challenges for graphite anodes is the exfoliation of
graphite framework on deep cycling at a fast current-rate leading to a gradual capacity fade. In
this regard, PVDF has been the conventional binder widely used for stabilizing the graphite
framework. Unfortunately, its non-conducting nature, slow dissolution in the electrolyte, and
poor adherence to the current collector limit its utility as a robust binder for LIBs with long
cycle life. Here, we report an n-type conjugated copolymer, bis-imino-
acenaphthenequinone(BIAN)-paraphenylene (BP) as an alternate binder material for graphite
anode. The BP binder-based anodic half-cells outperformed the PVDF-based counterpart
showing an excellent performance with a reversible capacity of 260 mAhg, cyclability up to
1735 long cycles at 1C-rate, and 95% capacity retention. The superior performance of the BP
binder was attributed to its ability to provide mechanical robustness to the electrode laminate,
maintain the electronic conductivity within the electrode, and undergo n-doping in the anodic
environment influencing the formation of a thin solid-electrolyte interface (SEI) with low

interfacial impedance.
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2.2 Introduction

Nowadays, rechargeable lithium-ion batteries with high energy density and long
cyclability are in demand to suffice the flourishing energy storage requirements for their
applications in hybrid and electric vehicles, portable electronic devices, and grid-scale energy
storage systems'2. Graphite has been the conventional choice as an active anode material for
the commercial Li-ion battery®*. Major drawbacks associated with graphite-based anodes are
exfoliation of graphite sheets on deep cycling at a high current rate, its irregular distribution in
the electrode matrix, and subdued mechanical binding ability of the conductive additive®®.
These drawbacks result in the fracture of the graphite framework over long cycling causing the
capacity to fade gradually and poor adherence of the electrode laminate to the copper current
collector®. To overcome these drawbacks, compatible binders that can provide good
mechanical support were studied to prolong the battery life and performance’°.
Poly(vinylidene fluoride) (PVDF) has been a conventional binder for graphite anodes in LIBs
by its satisfactory electrochemical, thermal, and chemical stability, reasonable adherence to the
current collector, and electrolyte absorption*!3, Over the years, many drawbacks associated
with PVDF binder have been reported like its dissolution in the electrolyte over long cycling,
the inability of maintaining the conducting linkage between the active material and conductive
additives, environmental concerns due to its fluorinated framework, and incapability to provide
the required mechanical support to the active material®> 113, These drawbacks result in capacity
fading, average cyclability, and increased cell resistance. In recent times, polymers with
conjugated frameworks that can be cathodically doped (n-type) by the electrons because of
their low lying lowest unoccupied molecular orbitals (LUMOS) in the reducing anodic
environment have exhibited the potential as alternatives to PVDF*°. Owing to their structural
significance, conjugated polymers can 1) offer robust mechanical support to the active material
and 2) adhere electrode laminate to the copper current collector. And owing to their ability to
undergo n-doping, conjugated polymers can 1) facilitate the formation of a thin SEI by curbing
the extent of electrolytic decomposition on the anode surface, 2) boost the electronic
conductivity within the electrode laminate, and 3) enhance the lithium-ion diffusion through
polymer matrices?-?%, Therefore, the design, synthesis, and application of novel binder systems
with these characteristics is paramount for the next-generation high energy density LI1Bs?*.

In this regard, the compounds of the family bis(aryl)acenaphthenequinonediimine (Ar-
BIAN) have been explored for electrochemical applications because of their affluent redox

properties, availability of suitable precursors, and utility as ligands for transition metals” °.
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Recently, our group reported bis-imino-acenaphthenequinone (BIAN)-fluorene based -
conjugated polymer as an alternate binder material to graphite anode which showed
substantially improved discharge capacity with lowered interfacial impedance’. Also, we
reported bis-imino-acenaphthenequinone (BIAN)-paraphenylene-based copolymer (BP), as an
electroactive substrate for metal-free electrocatalysis for oxygen reduction reaction (ORR) in
aqueous and non-aqueous media 2. In this chapter, the remarkable utility of BP as a binder for
graphite anode is reported and discussed. Figure 1 shows the structural highlights of the BP
copolymer (design concepts). The fused-planar naphthalene moiety can establish n-x stacking
interaction with the graphite skeleton. The diimine component can potentially adhere to the
copper current collector, hence making it viable for the binder to hold the electrode laminate
on the current collector. The phenylene moiety as part of the polymeric backbone can provide
the conjugated network thus ensuring efficient electronic conductivity throughout the electrode

laminate.

| Copper Current Collector|

Highly robust n-type BIAN-p-paraphenylene copolymer

binder for long ultra-cyclability of graphite anode - S
Interaction with

copper current
collector

m- interaction with
graphite

BP-copolymer «

Graphite «

Interaction with
copper current
collector %

Figure 1: Design concepts of BP binder
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2.3 Experimental Section

2.3.1 Materials

Acenaphthenequinone, 1,4-phenylenediamine, N-methylpyrrolidone (NMP), and acetic
acid were purchased from Tokyo Chemical Industry Co., Ltd. Super dehydrated acetonitrile
was purchased from Wako Pure Chemical Industries, Ltd. Poly(vinylidene fluoride) was
purchased from Sigma-Aldrich. 1.0 M LiPFs (50/50) EC/DEC electrolyte was purchased from
Sigma-Aldrich. Graphite superfine powder (<50 um) was procured from Merck to be used as
an active material. Battery-grade acetylene black was purchased from Denka Japan Private Co.,
Ltd., to be used as a conductive additive. Copper foil of a thickness of 20 um was purchased

from the Nilaco corporation. All the chemicals were used without any further purification.

2.3.2 Synthesis

The BIAN-p-phenylene-based copolymer was synthesized by following the procedure
reported by our group?®. The synthetic scheme is shown in Figure 2. The synthesized polymer
was characterized by *H-NMR and FT-IR as shown in Figure 3 and 4. The chemicals
(acenaphthenequinone and 1,4-phenylenediamine) have strict safety and regulations during
their handling as they are hazardous and dangerous that can lead to serious eye irritation, skin
irritation, allergic reactions, and to an extent carcinogenic on prolonged exposure. Therefore,

adequate precautions must be taken while handling these chemicals.

Overnight

4 o p-phenylenediamine I/
Acenaphthenequinone
n

BIAN-paraphenelyne copolymer (BP)

OO " Reflux, MeCN, CH;COOH OO
+ >
HN

Figure 2: Synthetic scheme of the BP-copolymer
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Figure 4: FT-IR spectrum of the BP-copolymer
2.3.3 Characterization of the polymer

'H NMR spectrum was recorded with Bruker Avance 11 400 Mhz spectrometer. In the
spectrum, the respective chemical shifts are depicted in ppm according to the protons of the
deuterated solvent used as an internal standard. The FT-IR spectrum was recorded using Perkin
Elmer 100 FT-IR spectrometer. The spectrum was averaged over 100 scans with a resolution
of 2cm™ in the ATR mode. Hitachi S-4500 FESEM instrument was used to obtain SEM images
of respective anodes before and after fabrication at 1.0 kV voltage. X-ray photoelectron
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spectroscopy (XPS) measurements were conducted on Fisons instruments S-probe TM 2803.
Stress-strain analysis of the polymer films prepared over a 10-mm length was performed in the
elongation mode with a crosshead speed of 3 mm/min at room temperature using a tensile
testing machine (3365-L5, INSTRON) with a load cell (5 kN). The stress-strain curves of the
five specimens were averaged to obtain the mean values for Young’s moduli (E), tensile

strength (o), and elongation at break ().

2.3.4 Electrode Preparation

For the electrode fabrication, the slurry was prepared in N-methylpyrrolidone (NMP)
solvent with 10 wt % of BP binder, 10 wt % of acetylene black, and 80 wt % of graphite. The
slurry was coated on the copper foil using the conventional doctor blade method with a coating
thickness of 0.100 mm. After drying the electrode under vacuum at 80 °C for 8 hours, the
electrode was calendered at 0.07 mm thickness at 80 °C. The obtained electrode was used for
half-cell fabrication for electrochemical studies. The electrode with the PVDF binder was also

prepared similarly for control study.

2.3.5 Electrochemical measurements

2025-type coin cells were fabricated configuring graphite anode, polypropylene
separator (25 um, Celgard 2500), 1.0M LiPFsin (50/50) EC/DEC electrolyte, and Li metal as
the counter as well as the reference electrode. The fabrication of anodic half-cells was
performed in an argon-filled glovebox (UNICO UN-650, H20, and O level <0.1 ppm). The
charge and discharge tests were carried out using a battery cycler (Electrofield-EFT-001) at
25 °C. A BioLogic VSP electrochemical workstation equipped with a frequency response
analyzer (FRA) was used for electrochemical characterizations. Cyclic voltammetry (CV) for
the anodic half-cells was performed between 0.01 VV — 2.1V vs Li/Li* at 25 °C with a scan rate
of 0.1 mVs™. Electrochemical impedance spectroscopy (EIS) and dynamic electrochemical
impedance spectroscopy (DEIS) studies were conducted within a frequency range of 10 MHz
to 0.1 Hz with a sinus amplitude of 10 mV. The ionic conductivity measurements were
conducted on a Solartron 1260 impedance analyzer using AC amplitude of 100 mV and the

frequency range of LMHz — 0.1 Hz within the temperature range of 30-60 °C.
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2.4 Results and Discussion

2.4.1 Theoretical studies

The electrolyte decomposition on the surface of the electrode (laminate comprising of
active material, conductive additive, and binder) leads to the formation of SEI. Since the binder
present in the electrode laminate is always exposed to the electrolyte, the design of a suitable
binder must involve the basic understanding of the energy levels of its highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). Compounds
with high lying HOMO are prone to undergo oxidation and those having a low lying LUMO
are susceptible to reduction in the cathodic and anodic environments, respectively?’2°.
Therefore, for better performance, n-type conjugated binders like BP must have a low lying
LUMO to undergo n-doping in the anodic environment. In this regard, the BP-copolymer was
subjected to DFT calculations on Materials Studio using Dmol 3 software with optimization
parameters like DND basis set, gga (pW91)-density functional, and unrestricted spin
polarization by maintaining the charge neutrality. The DFT optimized structure of the BP
binder is shown in Figure 5. The HOMO-LUMO energy level comparison of BP and PVDF
with electrolyte components ethylene carbonate (EC) and diethyl carbonate (DEC) is shown in
Figure 6. In the case of PVDF, the high lying LUMO suggested the possibility of excessive
decomposition of the electrolyte on the anode surface. This will lead to a formation of a thick
SEI which would restrict lithium-ion diffusion and result in high interfacial impedance. Unlike
the PVDF binder, the low lying LUMO (ELumo = -3.17 eV) of the BP binder suggested that the
n-type doping of BP in the anodic environment would prevent the decomposition of the

electrolyte and lead to a thinner SEI with lower interfacial impedance.
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Figure 5: Optimized Structure of the BP-copolymer obtained after DFT calculations.
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Figure 6: HOMO and LUMO energy levels of BP binder, PVDF, and EC/DEC based

electrolyte.

2.4.2 Mechanical properties evaluation of BP-copolymer

The mechanical properties of a binder considerably influence the electrode’s durability
on cycling. Therefore, the BP-copolymer film of length 14.5 mm, width 4.3 mm, and thickness
0.11 mm was subjected to stress-strain analysis to understand its tensile strength and Young’s

modulus. Figure 7 shows the tensile curve of BP-copolymer film recorded at 25 °C with a draw

ratio of 3 mm/min. The obtained numerical data is presented in Table 1. The BP-copolymer
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showed a tensile strength of 34 MPa against the PVDF with 22 MPa, Young’s modulus 1.1
GPa against the PVDF with 0.35 GPa, and 4.4% strain against the PVDF with 2.4%. Therefore,

mechanically, the BP-copolymer was evaluated to be more robust than the conventional P\VDF
binder.
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Figure 7: Tensile curve for BP-copolymer binder at 25 °C with a draw ratio of 3 mm/min

Table 1: Tensile properties of BP-copolymer and PVDF

Samples Tensile Strength Young’s Modulus Strain (%)
(MPa) (GPa)

BP-copolymer 34+(1.2) 1.1+£(0.7) 4.4 +(0.6)

PVDF 22+ (2.9) 0.35+ (0.04) 2.4 +(1.0)

2.4.3 Electrochemical characterization

To evaluate the performance of the BP binder against the commercial PVDF binder,
two anodic half-cells were fabricated. (i) with BP binder-based anode (Graphite/acetylene
black/BP-copolymer anode = 80/10/10 by wt %) and (ii) PVDF binder-based anode

(Graphite/acetylene black/BP-copolymer anode = 80/10/10 by wt %). The electrode parameters
are provided in Table 2.
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Table 2: Electrode parameters for BP and PVDF-based anodes.

Parameters BP-copolymer based anode PVDF-based anode
Electrode Thickness 60 + (0.5) um 56 + (0.5) um
Total electrode loading 2.2 mg/cm? 1.92 mg/cm?

Active material loading | 1.76 mg/cm? (80 wt % graphite) 1.53 mg/cm? (80 wt %
graphite

Cyclic voltammetry studies

For the electrochemical characterization of BP and PVDF-based anodic half-cells,
cyclic voltammetry (CV) studies were conducted. To evaluate the doping potential of the BP
binder, as shown in Figure 8, the CV profile of the half-cell with a copper electrode coated with
a pure BP binder was recorded. Characteristic peaks in the potential window 1.25 V-1.9 V vs
Li/Li* corresponding to the BP binder doping were observed. This suggested that the binder
doping would influence the SEI formation on the BP binder-based anode. Therefore, a cyclic
voltammogram of BP binder-based anodic half-cell was recorded as shown in Figure 9a. The
first reverse scan showed two types of characteristic reduction peaks. The first peak was
observed in the potential window 1.4 V — 1.9 V vs Li/Li* corresponding to the binder doping
and the second peak at about 0.65 V vs Li/Li* corresponding to regular electrolyte
decomposition®>3L, On the contrary, as shown in Figure 9b, PVDF being a non-conducting
binder showed only one peak in the first reverse scan at about 0.65 V vs Li/Li* corresponding
to the electrolyte reduction at the electrode surface3®3!. Also, the deintercalation potential in
the case of BP binder-based anode was found to be 0.10 V lower than the PVDF-based anode
as shown in Figure 10.
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Figure 8: The first cycle CV of pure BP-copolymer and PVDF polymer films on the current
collector with respect to lithium electrode in 1M LiPFs in (1:1) v/v EC:DEC electrolyte.
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Figure 10: Comparison between the 1% cycle of CV profiles of BP and PVDF based binder
anodes in 1.0M LiPFg in 1:1 EC/DEC (v/v).

Electrochemical impedance spectroscopy studies

To understand the effect of doping and its influence on interfacial properties as
suggested by CV studies, the anodic half-cells with respective binders were subjected to
electrochemical impedance spectroscopy (EIS) measurements at OCP. The Nyquist
comparison plots of anodic half-cells with respective binders are shown in Figure 11a and 11b.
In BP binder-based anodic half-cell, the initial charge-transfer resistance after fabrication was
higher than the cell with the PVDF binder. This could be due to the undoped state of the BP
binder. But after CV studies, the interfacial impedance of the anode with BP binder was
observed to be lower than that of the PVDF binder-based anode. This significant decrease in
the impedance after CV studies indicate that owing to the binder doping before the reductive
decomposition of the electrolyte, interface formed on the BP binder-based anode had lower
impedance against the PVDF-based anode. Also, as shown in Figure 12, the conductivity
calculations were carried out by recording the Nyquist spectrum of anodic half-cells having
electrodes with respective binder coatings (without graphite and conductive additive). Table 3
compares the parameters illustrating the results as the conductivity of the BP binder was
calculated to be one order magnitude higher (3.80 x 102 Q! m™) than the counterpart PVDF
binder (9.01 x 10* Q1 m™).
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In equation 1, R is the resistance in ohm (), 1 is the length in meter (m) of the specimen, A is

the cross-sectional area (m?) of the specimen, and p the resistivity (@m). The conductivity ¢

Q1 m?) of a material is the inverse of its resistivity as shown in equation 2.
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Table 3: Parameters associated with the conductivity measurement of BP and PVDF binders.

Material Area of the | Thickness of the | Resistance | Conductivity
electrode (A) electrode (L)

BP-copolymer | 1.77 x10*m? | 60 um 89 Q 3.80x10° Qi m?

PVDF 1.77 x10%m2 | 56 um 351 Q 9.01x10*Qtm?

Diffusion studies and ionic conductivity measurements

To evaluate the merit of lithium-ion diffusion coefficient, cyclic voltammograms of the
anodic half-cells with BP and PVDF binders were recorded with varying scan rates3?=°,

Usually, the diffusion coefficient is expressed by the Randles-Sevcik equation (3) 33-%:
ip = 0.4463F () /2Cv'24D"2  (3)

where ip, F, R, T, C, v, A and D are the peak current in amperes (A), the Faraday constant
(96485 C mol™), the universal gas constant (8.314 J mol™* K1), temperature (K), the electrolyte
concentration in mol cm, the scan rate in mV s, the electrode area in cm?, and the diffusion
constant of in cm? s, respectively. Since all the electrochemical measurements were carried
out at 25 °C consistently, the equation (3) can be edited as

®_269x105Cv' 24D (4)

m

Where m is the mass of the respective electrode in g, C is the concentration of Li in LiPFe in
mol cm™, A is the electrode area per unit mass in cm? g%, and D corresponds to the diffusion
constant of Li-ion in cm? s, Figures 13 (a) and 13 (b) show the cyclic voltammograms of the
half-cells with the respective binders in the increasing order of scan rate from 0.01 mVvs*to 1

mVs™. To determine the lithium diffusion coefficient, normalized peak currents were plotted

against the square root of scan rates (v1/2) as shown in Figure 14 (a) and 14 (b). The linear fit
indicated that the peak current was proportional to the square root of the scan rate. Therefore,
this confirmed that the electron transfer at the working electrode (graphite anode) was fast and
the current was limited by the diffusion of the electrolyte species to the electrode surface. The
lithium-ion diffusion coefficient was calculated to be 15% higher in the case of the cell with
the BP binder than the PVDF. Lithium-ion diffusion coefficients for both systems were
8.845x10° cm?s™ and 7.519x10°° cm?s:, respectively.
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Figure 13: CV at varying scan rates for the graphite electrode with (a) BP-copolymer, and
(b) PVDF binders in 1.0 M LiPF¢ in (1:1) (v/v) EC:DEC
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Figure 14: Plot of peak current vs the square root of scan rates (a) BP-copolymer, (b) PVDF

For further electrochemical evaluation of the BP binder, ionic conductivity
measurements were carried out. BP-copolymer was added with LiTFSI by mixing the lithium
salt into the BP binder by solubilizing in NMP solvent. Figure 15a shows the Arrhenius plot of
the BP binder with LiTFSI. There was a linear increase in the ionic conductivity shown by the

BP binder with increasing temperature from 30 °C — 42 °C. Under higher temperature, the plot

deviated from Arrehenius behaviour towards non-Arrhenius. The maximum ionic conductivity
was observed to be 1.2 x 10° S cm™ at 42 °C. The VFT (Vogel-Fulcher-Tammann) plot was

also fitted following the linear regression equation (5) to obtain the carrier ion number and
activation energy for ion transport, respectively®’.
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o) = %e (K(;_i,o) (5)

In VFT equation 3, o;(1) correspond to the ionic conductivity at a temperature T, T, is ideal
glass transition temperature optimized to provide linear VFT plot. A is the carrier ion number
and B the activation energy for ion transport, respectively. Figure 15b shows the VFT plot of
the BP-copolymer with LiTFSI. The VFT parameters, carrier ion number (A) was calculated
to be 3.06 SK'/2cm~2 and activation energy (B) to be 0.89 eV.
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Figure 15: (a) Arrhenius plot of BP-copolymer with LiTFSI (Temperature dependence of the
ionic conductivity) and (b) VFT plots of the BP-copolymer with LiTFSI

Charge-discharge measurements

After theoretical and electrochemical evaluation of the fabricated anodic half-cells,
charge & discharge studies were conducted to compare the cyclability and discharge capacity
of the BP binder-based anode with the PVDF-based anode. Figure 16a shows the cycling
profiles of the anodic half-cells with BP and PVDF binders at various current rates in the
potential window 0.01 V — 2.1V vs Li/Li". The cell with BP binder showed substantially higher
discharge capacity at all current-rates with 98% coulombic efficiency (CE) against the PVDF
binder-based cell with 95%. Long cycling charge & discharge studies were conducted at 1C-
rate to monitor the cyclability and specific discharge capacity of the cells with both binders.
Figure 16b shows the comparison of long cycle discharge profiles between both systems in the
potential window 0.01 V — 2.1 V vs Li/Li*. The BP binder based anodic half-cell was cycled
for 1735 long cycles at a 1C rate with ~95% capacity retention having a maximum discharge
capacity of ~260 mAhg™. Whereas the PVDF binder-based anode was cycled for 525 cycles
with reversible capacity fading to ~132 mAhg™ with a poor capacity retention of ~65% due to
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its inability to provide mechanical robustness, maintain conductivity within the electrode
laminate, to influence the formation of a good SEI, and slow dissolution in the electrolyte. CE
is a measure of quantitative evaluation of the ratio of discharge capacity to charge capacity of
a system. In the very first cycle of lithiation, reductive electrolytic decomposition takes place
that leads to the SEI formation. So, to understand the extent of irreversible capacity loss due to
the electrolyte decomposition, the first cycle discharge CEs of the PVDF and BP binder-based
were compared. The PVDF-based anode showed an initial coulombic efficiency (ICE) of ~89%
in the first cycle whereas the BP binder-based anode showed an ICE of ~86% indicating a more
irreversible capacity loss. However, the coulombic efficiency (CE) for the BP binder-based
anodic half-cell stabilized to ~99% within 7 cycles of charge & discharge. Contrarily, the
PVDF-based anodic half-cell achieved ~97% coulombic efficiency after 27 cycles. To further
understand this phenomenon, galvanostatic cycling profiles for both the systems were studied.
Figure 16¢ shows the galvanostatic de-/lithiation profiles of anodic half-cell with PVDF binder
at 1C-rate in the potential window 0.01 V — 2.1 V vs Li/Li* for the 1%, 100", 300", and 525™
cycles, respectively. The first lithiation half-cycle showed a plateau in the potential window
1.1V —0.5V attributed to the irreversible capacity loss due to the electrolytic decomposition
on the surface of the anode. Figure 16d shows the galvanostatic de-/lithiation profiles of anodic
half-cell with BP binder at 1C-rate in the potential window 0.01 V — 2.1 V vs Li/Li* for the 1%,
100™, 500", 1000™, 1500™, and 1735™ cycles, respectively. The plateau in the first lithiation
half-cycle in the potential window 1.25 V — 0.48 V was characteristically different from that
of the PVDF binder-based anode. Figure 17 compares the 1% lithiation half-cycles of the PVDF
and BP binder-based anodic half-cells. The extent of overall electrolyte decomposition is
almost similar for both the systems. However, as the structural composition of the BP-
copolymer has naphthalene moieties as well as comprises of diimine backbone, the irreversible
capacity loss due to the BP binder framework cannot be neglected. The plateau in the first
lithiation half-cycle of the BP binder-based anode comprises of irreversible capacity loss due
to the lithium uptake of the binder as well as the electrolyte decomposition. To determine the
irreversible capacity loss in the first cycle of charge-discharge due to C=C and C=N functional
groups of BP-copolymer, the galvanostatic cycling performance of the electrode with only BP
binder coating (without graphite and conductive additive) was recorded as shown in Figure 18a
and 18b. With a binder loading of 2.54 mg cm, the irreversible first cycle lithiation of BP-
copolymer coated electrode was ~20 mAhg™. This suggested that extent of electrolyte
decomposition because of the presence of BP binder was significantly lowered. The interface
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formed on the anode with the BP binder influenced by the cathodic doping (n-type) of the BP-
copolymer as well as the lithium-ion insertion into its C=N and C=C framework led to better

cyclic stability, coulombic efficiency, and reversible capacity than the PVDF counterpart.
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Figure 16: (a) Charge and discharge comparison profiles between BP and PVVDF binder-based
anodic half-cells at varying current rates, (b) Long cycling performance of the anodic half-cells
with respective binders with 1.0 M LiPFe in (1:1) (v/v) EC:DEC electrolyte at 1C rate in the
potential window 2.1 V — 0.01 V vs Li/Li*, (c) Galvanostatic de-/lithiation profiles of the
PVDF-based anodic half-cell at 1C-rate, and (d) Galvanostatic de-/lithiation profiles of the BP
binder-based anodic half-cell at 1C-rate.
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Figure 17: Comparison between the 1% galvanostatic lithiation cycles of PVDF and BP
binder-based anodic half-cells in the potential window 0.01 V — 2.1 V vs Li/Li*
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Figure 18: Galvanostatic cycling profiles of the electrode with only BP binder (without
graphite and conductive additive) in the potential window 0.01 V — 2.1V vs Li/Li" (a)

lithiation half-cycle profiles for cycle 1, cycle 2, and cycle, and (b) delithation half-cycle

profiles for cycle 1, cycle 2 and cycle 3, respectively.

Dynamic electrochemical impedance spectroscopy (DEIS) studies

In the conventional EIS, the impedance spectra of a battery are recorded at a steady
state with no direct current (DC). Though this information is important, it does not reflect all
the interfacial processes happening during real-time charge and discharge of the anodic half-
cell. As an improvement to EIS, dynamic electrochemical impedance spectroscopy (DEIS) was
allowed to record the impedance measurements during the charge and discharge cycles wherein

the variable frequency response against the potential could be recorded corresponding to an
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AC signal”2%383% For the detailed investigation on the impedance of different interfaces, DEIS
studies were conducted on the anodic half-cells with BP and PVDF binders from 0.01V to
2.1V, Figure 19a and 19b, show the recorded DEIS spectra as 3D-Nyquist plots during
lithiation for half-cycle of the BP and PVDF binder-based anodes. Figure 20a and 20b, show
the DEIS profiles during the delithiation process of the half-cells with respective binders. To
extract the quantitative impedance components, these DEIS profiles were fitted to suitable
equivalent electric circuit models (EECMs). The EECM shown in Figure 19¢ was the best fit
for the data obtained from DEIS studies. Each element of the EECM was classified in the
following sequence: Ohmic resistance of the electrolyte, an intrinsic impedance of the graphite
anode, SEI, charge transfer (CT) processes, and lithium-ion diffusion element known as
Warburg diffusion. Table 4 and Table 5 list the respective ohmic resistance values
corresponding to each of the interfaces as indicated by the EECM. The representative EECM
fit of one of the Bode profiles is shown in Figure 21. The comparison plot of the SEI resistance
values (Rsgi) vs potential (V) for the PVDF and BP binder-based anodic half-cells is shown in
Figure 19d. The Rsg values in the case of the BP binder-based anode were half of that for the
PVDF-based anode. Hence the DEIS studies showed that the formation of a better solid
electrolyte interface (SEI) with lower impedance was one of the important factors behind the

durable performance and improved specific capacity of the anodic half-cell with BP binder.
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Figure 19: DEIS profiles during the lithiation of the anodic half-cells with (a) BP binder (after
1735 cycles at 1C), (b) PVDF (after 525 cycles at 1C), (c) Equivalent circuit model used to fit
the obtained DEIS data, and (d) a plot of SEI impedance versus potential during lithiation for
BP and PVDF binder-based anodes.
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Figure 20: DEIS profiles during the delithiation of the anodic half-cells with (a) BP-
copolymer (after 1735 cycles at 1C), (b) PVDF (after 525 cycles at 1C)
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copolymer showing various interfaces.
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Table 4: - DEIS circuit fitting parameters during charging with BP-copolymer as a binder

Re Rec Rser Rcr e Circuit Potential (V)
0.029 1.822 62.53 5.18E+01 | 5.00E-04 | R(L)(QR)(QR)(QR)(QW) 0.01
2.391 15.54 66.48 5.98E-05 | 473E-05 | R(L)(QR)(QR)(QR)(QW) 0.11
2.566 49.31 61.19 3.99E+01 | 1.18E-05 | R(L)(QR)(QR)(QR)(QW) 0.21
2.852 704.2 2.529 7.36E+01 | 2.07E-05 | R(L)(QR)(QR)(QR)(QW) 0.32
255 61.02 91.19 551E+01 | 1.73E-05 | R(L)(QR)(QR)(QR)(QW) 0.42
2.87 63.15 58.77 474E+01 | 4.18E-05 | R(L)(QR)(QR)(QR)(QW) 0.52
2.42 540.9 43.19 291E+01 | 1.89E-05 | R(L)(QR)(QR)(QR)(QW) 0.63
1.505 173.9 0.9606 6.09E+01 | 4.12E-05 | R(L)(QR)(QR)(QR)(QW) 0.74
07 1.75 59.18 496 291E-05 | R(L)(QR)(QR)(QR)(QW) 0.84
2.44 5.94 56.97 157E+04 | 324E-05 | R(L)(QR)(QR)(QR)(QW) 0.95
3.04 2.256 65.33 4.28E+02 | 3.85E-05 | R(L)(QR)(QR)(QR)(QW) 1.05
2.97 2.222 63.9 432E+02 | 452E-05 | R(L)(QR)(QR)(QR)(QW) 115
0.3068 2.18 49.99 L12E+07 | 9.24E-05 | R(L)(QR)(QR)(QR)(QW) 1.26
2.201 8.731 1390 34.36 190E-04 | R(L)(CR)(QR)(CR)(QW) 1.36
2.423 2.55E+02 32238 53.21 3.20E-05 | R(L)(QR)(QR)(QR)(QW) 147
254 344.1 4935 1275 3.05E-05 | R(L)(QR)(QR)(QR)(QW) 157
2.544 2096 216.1 49.93 351E-05 | R(L)(QR)(QR)(QR)(QW) 1.68
2.75 3.13E+11 0.03 45.48 6.79E-05 | R(L)(QR)(QR)(QR)(QW) 178
257 2.79E+04 19.67 4271 3.00E-05 | R(L)(QR)(QR)(QR)(QW) 1.89
2.847 25.81 5338 659.2 5.8x10* R(QR)(CR)(QR)(RW) 1.9
2.957 2.162 53.75 3628 0.0007 R(QR)(CR)(QR)(RW) 2.10

Table 5: - DEIS circuit fitting parameters during charging with PVDF as a binder

Re Rec Rsel Rcr 2 Circuit Potential (V)
24 3.62 257E+04 | 126.73 1.00E-04 R(L)(QR)(QR)(QR)(QW) 0.01
27 81.38 1.19E+13 | 200.65 9.00E-05 R(L)(QR)(QR)(QR)(QW) 0.11
131 1317 66.42 400.8 3.00E-04 R(L)(QR)(QR)(QR)(QW) 0.21
212 3.46E+04 7234 13.78 2.69E-05 R(L)(QR)(QR)(QR)(QW) 0.32
2.26 73.25 137.9 100.1 2.23E-05 R(L)(QR)(QR)(QR)(QW) 0.42

24 0.87 101 65.86 2.12E-05 R(L)(QR)(QR)(QR)(QW) 0.52
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2.65 72.19 91.2 49.68 1.90E-05 R(L)(QR)(QR)(QR)(QW) 0.63
18 17.93 57.94 27.89 2.38E-05 R(L)(QR)(QR)(QR)(QW) 0.74
0.12 1.89 68.11 198.24 3.20E-05 R(L)(QR)(QR)(QR)(QW) 0.84
215 188.9 66.43 347.87 3.52E-05 R(L)(QR)(QR)(QR)(QW) 0.95
253 6.79 76.56 231.97 4.60E-05 R(L)(QR)(QR)(QR)(QW) 1.05
251 1.065 69.89 87.31 4.70E-05 R(L)(QR)(QR)(QR)(QW) 115
215 66.3 9307 100.96 1.00E-04 R(L)(QR)(QR)(QR)(QW) 1.26
0.82 1.36 6527 234.21 1.00E-04 R(L)(QR)(QR)(QR)(QW) 1.36
2.92 4.22E+00 2783 1000.24 9.50E-05 R(L)(QR)(QR)(QR)(QW) 1.47
219 6.41E+01 | 1.01E+04 | 220.1 6.03E-05 R(L)(QR)(CR)(QR)(CW) 157
2.81 1.80E+02 | 3.73E+01 589 1.00E-04 R(L)(QR)(CR)(QR)(QW) 1.68
2.23 1.06E+03 31.01 119 1.00E-04 R(L)(QR)(CR)(QR)(CW) 178
2.47 6.00E+01 253.7 261.9 9.58E-05 R(L)(QR)(QR)(QR)(QW) 1.89
217 60.97 7976 320.89 0.0001 R(L)(QR)(QR)(QR)(CW) 1.99
2.81 5865 95.29 300.1 0.0002 R(L)(QR)(QR)(CR)(QW) 210

2.4.4 Post-mortem characterization of anodes

X-ray photoelectron spectroscopy (XPS) measurements

To understand the SEI composition and binder doping for the electrode with BP binder,
X-ray photoelectron spectroscopy studies were carried out. In the case of the electrode with BP
binder, the cells were disassembled after cycling for 1735 cycles at OCP in an Argon filled
glove box. The electrode was separated from the redundant cell components and washed with
the dehydrated EC:DEC solvent multiple times before left for drying under a high vacuum for
16 hours. A similar procedure was repeated in the case of the electrode with the PVDF binder
cycled for 525 cycles. The obtained XPS spectra were calibrated to the graphite carbon (C=C)
character set to 284.6 eV*°. The deconvolution and curves fit were performed keeping 70%
Gaussian 30% Voigt peak shape. Figure 22a and 22b show the C 1s spectra for BP and PVDF
binder-based anodes, respectively. All the standard peaks like lithium intercalation peak C-L.i
at (284.08 eV), C=C at (284.60 eV) corresponding to the graphite framework, C=0 at (285.94
eV), -C-O-C- (288.63 eV) (ether carbons, corresponding to ethylene carbonate and diethyl
carbonate), and lithium carbonates (Li.COs) at (289.73 eV) were common in both the
electrodes*:*?, Additionally, in the case of the electrode with BP binder, the peak at 285.11 eV
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was ascribed to the characteristic (-C=N) peak recognizing the diimine framework of the BP
binder*®. Figure 23 shows the N1s spectrum of the anode with the BP binder. The peak at
398.59 eV was attributed to the sp? - a pyridinic type of (-C-N=C-) nitrogen atom*® and the
peak at 399.75 eV was attributed to the quaternary nitrogen due to lithium doping*" 4. The
detection of lithium doped quaternary nitrogen is reflective of the irreversible capacity loss
during the first lithiation half-cycle. Table 6d shows the percentage area under the curve for
each type of nitrogen peak. After 1735 cycles of charge and discharge at 1C-rate, 25% of the
diimine nitrogen have been found doped with lithium-ions in a quaternary state. Figure 22c¢ and
22d show the O 1s spectrum with binding energies corresponding to C=0 (530.88 eV)
carbonates, C-O (531.61 eV), and ether (532.72 eV) are common in both the anodes with the
BP and PVDF binders®. Figure 22e and 22f show the F 1s spectra of the BP and PVDF binder-
based anodes. The F 1s peaks at 684.32 eV and 687.85 eV correspond to LiF and LixPFy
components in the PVDF-based anode®®. The F 1s peaks at 687.98 eV and 691.13 eV
correspond to LixPFy and CF components in the BP binder-based anode. Table 6 shows the
data with the binding energy values and the percentage area under the peak for each element
in the case of BP and PVVDF binder-based anodes.

XPS is a surface technique with the detection depth limited to ~5-10 nm. Therefore,
detection of the species is signature of their presence within the detection depth of XPS. Hence
the detection of (i) nitrogen (N 1s) peaks of BP binder and (ii) (-C=N) in C 1s spectrum of BP
binder-based anode means that the SEI formed on the surface of the BP binder-based anode
was thin. Whereas, in the case of PVDF-based anode, the carbon-fluoride peak in F 1s spectrum
attributing to the PVDF molecular framework was absent which indicated that the SEI on
PVDF-based anode was thick.

BP-copolymer C 1s PVDF C 1s

@ (b)

-C-O-C- (Ether Carbonates)

-C-O-C- (Ether Carbonates) Graphitic C=0

Graphitic
-C=N Li,CO,

Li,CO;q C-Li

Alkyl carbonates

r T T T T T T 1 T T T T T T 1
294 292 290 288 286 284 282 280 292 290 288 286 284 282 280

B.E.(eV) B.E.(eV)
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Figure 22: The XPS spectra (a), (c), and (e) for the BP-copolymer binder based anode for C

1s, O 1s, and F 1s respectively, and (b), (d), and (f) for the PVDF binder based anode for C 1s,
O 1s and F 1s, respectively, with the respective SEI components.
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Figure 23: The XPS spectrum of N 1s component of diimine framework of the BP binder-

based anode cycled for 1735 cycles.
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(@) C 1s (BP-copolymer and PVDF)

Component BP-copolymer % area PVDF | % area
(eV) under the (eV) | under the
curve curve
C-Li 284.08 9.26 284.03 18.35
Graphite 284.6 16.35 284.62 23.37
-C=N 285.11 16.58 - -
C=0 285.94 20.38 285.82 30.92
C-O-C (ether carbonates) 288.63 22.79 288.03 8.16
Lithium carbonates (Li2COs3) 289.73 14.61 289.28 15.34
Alkyl carbonates (R-OCO»-L1i) - - 289.93 3.85
(b) O 1s (BP-copolymer and PVDF)
Component BP- % area under PVDF % area under
copolymer the curve (eV) the curve
(eV)
C=0 (organic species) | 530.88 30.82 530.68 22.39
C-0 531.61 56.67 531.52 51.34
Ether 532.72 12.49 532.89 26.25
(c) F 1s (BP-copolymer and PVDF)
Component BP-copolymer | % area under PVDF % area under
(eV) the curve (eV) the curve
CF 691.13 34.71
LiF - - 684.32 26.59
LixPFy 687.98 65.28 687.85 73.4

(d) N 1s (BP-copolymer)

Component BP-copolymer | % area under
(eV) the curve
Pyridinic Type 398.59 74.5
Li doped N 399.75 25.49

Table 6 (a), (b), and (c): The binding energy values and corresponding % area under the curve

corresponding to C 1s, O 1s, and F 1s for BP-copolymer and PVDF based electrodes. (d)

corresponding to N 1s for BP-copolymer.
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Scanning electron microscope (SEM) measurements (Morphology studies)

After the XPS studies, surface morphologies of the respective anodes were studied
using the FESEM technique. Figure 24a and 24b show the SEM micrographs of the pristine
BP-based anode and the anode after 1735 cycles of charge and discharge, respectively. Apart
from a few small cracks at a few places, the electrode laminate maintained good adherence to
the copper foil even after 1735 cycles. Figure 24c and 24d show the SEM micrographs of the
pristine PVDF-based anode and the anode after 525 cycles of charge and discharge,
respectively. After 525 cycles of charge and discharge, irregular large cracks were observed in
the PVDF-based anode. Also, the electrode laminate was peeling off from the copper current
collector due to poor adherence. PVDF could not administer the mechanical stability to the
graphite during lithium-ion intercalation & deintercalation at a high current rate for more than

525 cycles. Whereas the BP binder-based anode retained the morphology to a large extent.

(a) BP-copolymer (before cycling) |(b) BP-copolymer (after 1735 cycles)

5, £x

Figure 24: The FESEM micrographs of (a) BP-based pristine electrode, (b) BP-based electrode
after 1735 cycles, (c) PVDF-based pristine electrode, and (d) PVDF-based electrode after 525

cycles.
Electrolyte interaction

It has been reported that the PV DF reacts with the electrolyte on storage'*#’. Therefore,
to compare the change in the physical state of the BP and PVDF binders on storage in the
electrolyte (1.0 M LiPFs in (1:1) v/v EC:DEC), 2 mg of each type of binder was stored in 2 ml
of electrolyte for 15 days in dark. Figure 25 and Figure 26 show the pictures of the vials with
respective binders stored in the electrolyte on 1% day after 15" day, respectively. It was

observed that the solution in the vial with the BP binder did not show any change after storage.
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But in the case of the PVDF binder, it turned turbid after 15 days. This indicated that the PVDF
binder on long term exposure to the electrolyte would lose its merit as a good binder. This
justifies the inability of the PVDF binder to provide robust mechanical support to graphite over
deep cycling and the poor adhesion of the electrode laminate to the copper current collector.

Figure 25: The observation on storage (0 days) in 1M LiPFe in (1:1) v/v EC:DEC electrolyte
(a) BP-copolymer, and (b) PVDF

— Storage in 1M LiPF, in 1:1 (v/v) N
- EC:DEC electrolyte =

Figure 26: The observation on storage (15 days) in 1M LiPFg in (1:1) v/v EC:DEC electrolyte
of both the binders.
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Comparison of BP-copolymer as binder with reported binders in the literature

Table 7 compares the BP binder with other binders reported in the literature like PVDF,

CMC-Na, Acryl S020, poly(acrylamide-co-diallyldimethylammonium chloride)

Table 7: Comparison of BP-copolymer binder with other reported binders for graphite anode

Binder

PVDF7-0.48

CMC-Na8 49

Acryl S020%°

AMAC (poly(acrylamide-
co
diallyldimethylammonium
chloride)®

Xanthan Gum (XG)*

SBR>!

SBR-PVDF>

BIAN-Fluorene polymer’

Allylimidazolium-Based
Poly(ionic liquid)*®

BIAN-paraphenylene
copolymer

Peak discharge
capacity at 1C rate

~200 mAhg? (1C
rate)

~200 mAhg? (1C
rate)

166 mAhg! (1C
rate)

~210 mAhg? (1C
rate)

~350 mAhg* (C/12
rate)

~340 mAhg? (C/10
rate)

~260 mAhg? (C/5
rate)

270 mAhg? (1C
rate)

210 mAhg? (1C
rate)

260 mAhg* (1C
rate)

Capacity
Retention

~50 % (100
cycles)

~80 % (100
cycles)

~92% (100
cycles)

~90 % (65
cycles)

~90% (100
cycles)

~95% (100
cycles)

~60% (100
cycles)

~93% (100
cycles)

~87% (500
cycles)

~95 % (1735
cycles)
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2.5 Conclusion

BP-copolymer as a binder for graphite anode exhibited better interfacial properties,
reversible capacity, capacity retention, lithium-ion diffusion, and morphology retention in
comparison to the conventional PVDF binder. The structural benefits like n-  stacking with
graphite, n-type characteristics with intrinsic electronic conductivity, and diimine nitrogen
atoms to interact with copper current collector empowered the BP binder to provide robust
mechanical support to the active material. The CV studies indicated that the low lying LUMO
inspired the binder doping which prevented the electrolyte decomposition. This suppressed the
excess electrolyte decomposition that led to the formation of a thinner solid-electrolyte
interface (SEI). CV-based scan rate studies showed that the lithium-ion diffusion coefficient
for the BP binder-based anode was 15% higher than the PVDF based anode. The impedance
spectroscopy studies showed a reduced interfacial impedance (Rsgi) for BP binder-based anode.
As a result, the BP based anodic half-cell showed improved charge and discharge performance
at a high current rate of 1C with maximum reversible capacity of about 260 mAhg™, cyclability
up to 1735 cycles, and capacity retention of about 95%. The XPS and SEM analysis of the
respective anodes after cycling confirmed that the SEI formed in the case of BP-binder anode
was thinner and the morphology retention was better than the PVDF based anode. Therefore,
the superior performance of the BP-copolymer makes it a promising candidate as an alternate

binder material for graphite anodes in LIBs.
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Chapter 3

Poly(BIAN)/Poly(acrylic acid) Based Self-Healing Composite
Binder for High Capacity Silicon Anodes in Lithium-Ion

Secondary Batteries

3.1 Abstract

Natural abundance and high theoretical capacity make silicon a promising anode
material in Li-ion batteries (LIBs). However, repeated alloying/dealloying with lithium ions
results in the pulverization of Si anodes due to the large volume expansion. This leads to its
poor performance in terms of cyclability, reversible capacity, and capacity retention. Polymer
binders have been recognized with the potential to stabilize the silicon anodes. Here, the design,
synthesis, and application of an n-type self-healing polymer composite
poly(bisiminoacenaphthenequinone)/poly(acrylic acid) (P-BIAN/PAA) is reported as a binder
for the Si anode. Computational and electrochemical studies reveal that the low lying LUMO
of P-BIAN/PAA inspires its n-doping which facilitates the formation of a thin solid-electrolyte
interface (SEI) with reduced impedance and ion-conducting pathways through the polymer
matrices. As a result, the charge and discharge studies show a very stable long cycling behavior
up to 600 cycles with a high reversible capacity of about 2100 mAhgsi and ~95% capacity
retention. P-BIAN/PAA polymer composite has provided a new perspective towards designing
robust binder composites with n-type intrinsic conductivity and self-healing properties for the

next-generation high-capacity LIBs.
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3.2 Introduction

Recent progress made in electrochemical energy storage devices demands lithium-ion
batteries (L1Bs) with high energy density and long cycle life for their emerging applications in
hybrid and electric vehicles (EVs), consumer electronics, and renewable energy storage
devices'. As an alternative to the conventionally used graphite anode, Si has emerged as a
potential anode material because of its high theoretical capacity of 3579 mAhg™ (Li1sSis), low
discharge potential (<0.5 V vs Li/Li*), natural abundance, and nontoxicity®. However, on
repeated de-/alloying, drastic volume expansion (>300%) followed by pulverization of Si
particles results in the loss of interparticle electrical contact, formation of a thick solid-
electrolyte interface (SEI) hindering lithium-ion diffusion, and fractured electrode laminate®.
Hence the cyclability, reversible capacity, and coulombic efficiency get significantly
compromised®. This inherent failure mechanism of Si anodes to some extent has been
overcome by the processing of the naturally available Si to nanostructures like nanoparticles,
yolk-shell nanoparticles, nanotubes, nanowires, core-shell nanowires, nanoporous structures,
and nanocomposites®®. But their complex and costly production is unsustainable for the ever-
growing demands of high energy density devices.

Alternatively, the addition of multi-functional polymeric binders in small proportions
enhances the sustainable performance of Si anodes'®. In this regard, two classes of polymers
have shown promising results: (a) conducting polymers (CPs), and (b) self-healing polymers
(SHPs)™. Liu et al. first reported a polyfluorene-based novel conducting polymer as a binder
for Si anodes with improved cyclability and discharge capacity*2. In succession, a plethora of
conducting binders were explored with different functionalities like poly(fluorene-
methylbenzoic  ester) (PFFOMB)!2,  poly(3,4-ethylenedioxythiophene) PEDOT®4,
polyaniline (PANI?*1¢, poly(phenanthrenequinone) (PPQ)Y, poly(2,7-9,9-dioctylfluorene-
2,7-9,9-(di(oxy-,2,5,8-trioxadecane))fluorene-co-2,7-fluorenone-co-2,5-1-methylbenzoate
ester) (PEFM)®8, and PEDOT:PSS (where PSS is poly(styrenesulfonate))'®2°. Though the
enhanced conductivity could improve the performance of Si anodes, the lack of mechanical
robustness has been a pertaining problem with conductive binders thereby acting as a hurdle in

the wholesome performance of Si anodes.

Therefore, as a strategy to achieve the desired physical robustness without compromising the
electronic conductivity, recently, polymer composites combining CPs like polyaniline (PANI),

polypyrrole (PPy), and polythiophene (Pth) with carboxylate-containing polymers like
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(poly(acrylic acid) (PAA), carboxymethyl cellulose (CMC), sodium carboxymethyl chitosan
(CCTS), and sodium alginate (SA) have been employed as binders to silicon anodes??2, In
CP/carboxyl-containing polymer composite structures, the CP offers a uniform conductive
matrix that facilitates ionic and electronic transport, while the carboxylate-containing polymer
acts as a dopant for the CP and provides mechanical robustness because of its self-healing
property?. However, the problem of the formation of a thick SEI upon repeated exposure of
newly pulverized Si surfaces which impedes the free diffusion of lithium-ions by increasing
the battery’s internal impedance has not been convincingly addressed. Therefore, the design
and application of versatile binders which are not only conducting and self-healing in nature
but also have an ability to tailor a thin SEI with enhanced lithium-ion diffusion will potentially
stabilize the silicon anodes. In this regard, the combination of an n-type CP/carboxylate-
containing polymer can be one novel combination to tailor a thin SEI. The n-doping ability of
the CP in the anodic environment can limit the extent of electrolytic decomposition on the

electrode surface and tentatively stabilize the interface for prolonged cyclability of the battery.

Compounds of the family bisiminoacenaphthenequinone (Ar-BIAN) were brought to general
attention by Elsevier and his group as essential ligands for transition metals owing to their rich
electrochemical and redox properties?>?4. Recently, our group reported BIAN-fluorene
copolymer as a binder for graphite anode wherein the low-lying lowest unoccupied molecular
orbital (LUMO) of BIAN led to the n-doping of the polymer in the anodic environment which
influenced the formation of a thin SEI with decreased interfacial impedance and resulted in
stable performance of the graphite anode?®. This inspired us to design a composite binder for
silicon anodes utilizing P-BIAN as the conducting link with an ability to tailor a thin SEI in
combination with a protic polymer to attain the self-healing property through hydrogen bond
network formation. Hence, herein is reported P-BIAN/PAA, an n-type conducting
multifunctional self-healing polymer composite comprising of P-BIAN in dynamic
electrostatic hydrogen bonding with PAA as a binder for silicon anodes. Figure 1a shows P-
BIAN - belonging to the class of CPs and PAA - a carboxylate containing polymer. The
electrostatic hydrogen bonding between the nitrogen atoms in the diimine backbone of P-BIAN
and the carboxyl moiety of the PAA forms a self-healing polymer composite (P-BIAN/PAA).
The structural scheme of P-BIAN/PAA composite is shown in Figure 1b. The composite
framework is capable of (a) providing structural flexibility to accommodate large volume
change of silicon anodes (Figure 1c), (b) controlling the electrolytic reduction via n-doping of

binder to form an effective and thin SEI having lowered impedance with enhanced lithium-ion
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diffusion, (c) maintaining electronic conductivity throughout the electrode laminate and good
adherence to the copper current collector, and (e) consequentially, improve the reversible

capacity, cyclability, and capacity retention of Si anodes

( a) Pj/\ o OH (b) A bisiminoacenaphthenegiunone-poly(acrylic acid) (P-BIAN/PAA)
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Figure 1: (a) Chemical structures of the precursor polymers P-BIAN and PAA, (b) Schematic

of the P-BIAN/PAA composite showing its design strategy, and (c) Schematic comparing the
improved mechanical robustness in case of P-BIAN/PAA composite that can prevent Si-anodes
from getting pulverized prematurely with that of the conventional binders and repair the cracks

by filling owing to its self-healing property.
3.3 Experimental Section

3.3.1 Materials

Acenaphthenequinone, 1,4-phenylenediamine, N-methylpyrrolidone (NMP), and acetic
acid were purchased from Tokyo Chemical Industry Co., Ltd. Super dehydrated acetonitrile
was purchased from Wako Pure Chemical Industries, Ltd. Poly(acrylic acid) was purchased
from Sigma-Aldrich. 1.0 M LiPFs (50/50) EC/DEC electrolyte was purchased from Sigma-
Aldrich. Silicon nanoparticles (SiNPs) of size <100 nm was purchased from Aldrich, Graphite
superfine powder (<50 pum) was procured from Merck to be used as an active material. Battery-
grade acetylene black was purchased from Denka Japan Private Co., Ltd., to be used as a
conductive additive. Copper foil of a thickness of 20 um was purchased from the Nilaco

corporation. All the chemicals were used without any further purification.
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3.3.2 Electrode preparation

The P-BIAN copolymer was synthesized by following the procedure reported by our
group?®. The synthetic scheme is shown in Figure 2. The P-BIAN/PAA synthesis and electrode
preparation followed a one-pot synthetic scheme. The P-BIAN and PAA polymers (20:5 wt. %)
were heated at 80 °C with stirring for 3 hours in a polar aprotic solvent N-methyl-2-pyrrolidone
(NMP). To the above reaction mixture, 25 wt % silicon nanoparticles (SiNPs) were then added,
and the reaction mixture was refluxed at 180 °C for 3 hours with slow stirring and intermittent

ultra-sonication for 30 minutes at room temperature. After 3 hours of reflux, 30 wt % graphite
super fine powder and 15 wt % acetylene black (AB) were added, and the resultant reaction
mixture was refluxed at 180 °C for 6 hours to obtain a slurry of good uniformity. The obtained
slurry was coated on a copper foil of a thickness of ~20 um. The coated electrode was vacuum
dried and calendered at 50 pm thickness at 80 °C. The Si/C composite electrode was prepared
with constituents Si/C/P-BIAN/PAA/AB in the ratio 25 wt% : 30 wt% : 25 wt% : 20 wt%,
respectively with P-BIAN and PAA in 1.5:1 molar ratio. The electrode for the control study
was prepared with the conventional PAA binder having constituents (Si/C/PAA/AB) in the
ratio 25 wt% : 30 wt% : 25 wt% : 20 wt%, respectively.

OO N2 Reflux, MeCN, CH;COOH OO
+ >
N Overnight )
(o] o] . . N N
Acenaphthenequinone ~ P-phenylenediamine

Figure 2: Synthetic scheme of the P-BIAN

3.3.3 Characterization of electrodes

The FT-IR spectrum was recorded using Perkin Elmer 100 FT-IR spectrometer. The
spectrum was averaged over 100 scans with a resolution of 2 cm™ in the ATR mode. The
morphology and composition of the samples were determined by FESEM (Hitachi S-4500
instrument at 1.0 kV voltage) and X-ray photoelectron spectroscopy (XPS) measurements were

conducted on Fisons instruments S-probe TM 2803.
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3.3.4 Coin-cell fabrication and electrochemical characterization

2025-type coin cells were fabricated configuring Si/C as an anode, polypropylene
separator (25 um, Celgard 2500), 1.0M LiPFgin (50/50) EC/DEC electrolyte, and Li metal as
the counter as well as the reference electrode. The molar ratio between the EC of the electrolyte
and P-BIAN present in the electrode was 1:1.8. The anodic half-cells were fabricated in an
argon-filled glovebox (UNICO UN-650, H20, and O level <0.1 ppm). Electrofield-EFT-001
was used for the charge and discharge tests at 25 °C. A VSP potentiostat (BiolLogic)
electrochemical analyzer/workstation was used for the electrochemical characterization of the
fabricated half-cells by cyclic voltammetry (CV) measurements between OCP and 0.01 V vs
Li/Li* at 25 °C at a scan rate of 0.1 mVs™. Electrochemical impedance spectroscopy (EIS) and
dynamic electrochemical impedance spectroscopy (DEIS) studies were conducted on a VSP
potentiostat (Biologic) within a frequency range of 10 mHz to 0.1 Hz with a sinus amplitude
of 10 mV.

3.4 Results and Discussion

3.4.1 Theoretical studies

For the rational design of binders for Si anodes, it is essential to calculate their highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) energy
levels?’. Compounds with a high lying HOMO are susceptible to gradual oxidation. Those with
a low lying LUMO tend to undergo reduction in the cathodic and anodic environments,
respectively?®2°, In comparison with the electrolyte components, the conjugated compounds of
the BIAN family have a low lying LUMO owing to their diimine backbone®. But for the
strategic application of BIAN-based polymers to tailor the formation of a thin SEI on the anode
surface, it was important to engineer the LUMO energy level of P-BIAN through combination
with external dopant polymer (PAA) for further reduction of the LUMO level. In this regard,
the dynamic crosslinking of the BIAN moiety with PAA as a dopant was computationally
mimicked and evaluated by the DFT-based geometry and energy optimization calculations
were executed on the Materials Studio (Dmol3). The computational parameters were as
follows: DND basis set, gga (pW91) density functional, and unrestricted spin polarization. The
DFT optimized structure highlighting the electrostatic hydrogen bonding between the diimine
of P-BIAN and the carboxyl group of PAA is shown in Figure 3a. The comparison between
the HOMO-LUMO energy levels of the electrolyte components (ethylene carbonate (EC) and
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diethyl carbonate (DEC)), P-BIAN, and P-BIAN/PAA is shown in Figure 3b. The carbonate
components of the electrolyte EC/DEC were found to have high-lying LUMOSs (ELumo = -0.28
eV for EC & -0.06 eV for DEC) whereas the P-BIAN/PAA composite binder was evaluated to
be having ELumo= -3.4 eV. Also, as listed in Table 1, the LUMO of P-BIAN/PAA binder was

substantially low in comparison with the conventional binders like CMC, SBR, poly(vinyl

chloride), etc?’. Unlike conventional binders, because of the presence of low lying LUMO in

the reducing anodic environment, the n-dopable P-BIAN/PAA composite binder is expected to

have the potential to influence the formation of a thin SEI that can promote an enhanced

lithium-diffusion and reduce the interfacial impedance by restricting the excessive electrolyte

decomposition on the anode surface.

Table 1: A list of the HOMO-LUMO energy level values of various kinds of binders.

Binders HOMO (eV) LUMO (eV) Reference
PEO -11.2 7.1
SBR -8.9 5.1
PMA -12.2 4.95 27
CMC -12.1 4.8
PVC -12.2 478
PVDF -12.47 1.46 25
PAA -6.1 -1.3 Our work

P-BIAN -4.58 -3.17

P-BIAN/PAA 4.4 3.4 Our work
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Figure 3: (a) Optimized structure P-BIAN/PAA polymer composite, (b) HOMO-LUMO
energy level comparison between the electrolyte components, P-BIAN, and P-BIAN/PAA
binder, and (c) schematic of the preparation procedure of Si/C/P-BIAN/PAA/AB electrode.

3.4.2 Pristine electrode characterization

We have studied the properties of LIB anode with P-BIAN/PAA as a self-healing
conducting binder, SiNPs/graphite (Si/C) composite as the active materials, and acetylene
black (AB) as conductive additive. The Si/C/P-BIAN/PAA/AB composite electrode was
prepared by casting and coating the slurry on the copper foil prepared in one-pot reflux set-up
as outlined in the schematic shown in Figure 3c. The prepared Si/C/P-BIAN/PAA/AB pristine
electrode was characterized by XPS and FT-IR techniques. Since all the nitrogen atoms in the

diimine (C=N) backbone of the BIAN framework are -sp? hybridized, the XPS N 1s spectrum
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(Figure 4a) of the BP-copolymer showed only one characteristic -sp?-type nitrogen peak at
399.5 eV, However, on mixing of P-BIAN with PAA via hydrogen bonding followed by the
interaction of the P-BIAN/PAA composite binder with SiNPs during the slurry preparation, the
XPS N 1s spectrum of the pristine Si/C/P-BIAN/PAA/AB anode showed two distinct peaks
(Figure 4b). The peak at 399.5 eV was attributed to the typical diimine (C=N) nitrogen of the
BIAN and the peak at 401.0 eV was attributed to the quaternary diimine nitrogen atoms
reflecting their cumulative participation in the electrostatic hydrogen bonding with PAA and
the surface hydroxyl groups on SiNPs (Figure 5)*%2. To support the XPS studies in
establishing the successful electrostatic networking of P-BIAN and PAA via hydrogen bonding
during the electrode preparation, FT-IR spectra of the Si/C/P-BIAN/PAA/AB pristine electrode,
commercial SiNPs, P-BIAN, and PAA were recorded as shown in Figure 4c. In the spectral
profile of the P-BIAN, bands at 1659 cm™ and 772 cm™ were attributed to the stretching
vibrations of (C=N) and wagging vibrations of (C-N) of the diimine framework in the P-BIAN,
respectively®3-2*, The spectral profile of PAA showed characteristic bands at 3550-2450 cm™,
1700 cm™, 1458 cm™, 1465 cm™, and 1165 cm™ attributed to stretching vibrations of (OH):
carboxylic acid, (C=0): carboxylic acid, bending vibration of (OH): carboxylic acid, methylene
(C-H) backbone, and (C-0), respectively®>-%. The commercially obtained SiNPs showed bands
at 2900-3400 cm™ and 1190-1076 cm™ attributed to the stretching vibrations of Si-OH and
asymmetric stretching vibrations of Si-O-Si¥’. In the spectral profile of the Si/C/P-
BIAN/PAA/AB pristine electrode, particularly, our attention was focused on regions
characteristic to the P-BIAN/PAA composite binder with the presence of bands (i) in the region
2750-3000 cm™*: attributed to quaternary N-H vibrational stretch of H-bonded nitrogen atoms3®-
39 in P-BIAN/PAA connected via electrostatic hydrogen bonding between the P-BIAN moiety
and PAA as well as in the region 2650-3300 cm: attributed to intermolecular bonded (-OH--
-) of PAA®, (ii) at 1700 cm™: attributed to (C=0) vibrational stretch of PAA3-% and (iii) at
1585 cm: attributed to (C=N) vibrational stretch of the diimine nitrogen in the P-BIAN
moiety333*. The comprehensive band assignments of the respective spectral profiles are listed
in Table 2. Therefore, the XPS studies supported by the FT-IR analysis confirmed significant
interaction of P-BIAN with PAA along with SiNPs by dynamic electrostatic hydrogen bonding

interaction during the electrode preparation.
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Figure 4: XPS N 1s spectrum of (a) the pristine P-BIAN and (b) pristine Si/C/P-
BIAN/PAA/AB electrode. (c) FT-IR spectra of the pristine Si/C/P-BIAN/PAA/AB electrode,
commercial SiNPs, P-BIAN, and PAA, respectively
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Figure 5: XPS N 1s spectrum of P-BIAN copolymer/SiNPs composite.

Table 2: FT-IR assignments of the following systems: P-BIAN, PAA, commercial SiNPs, and
pristine Si/C/P-BIAN/PAA/AB anode.

Species Observed = Expected Region Assignment Reference
Bands (cm)
(cm™)
P-BIAN 1659 (m) 1650-1600 v (C=C) aromatic 4
1592 (m) 1640-1570 v (C=N) imine 33-34
772 (s) 1120-700 o (C-N) aromatic 33-34
amine
PAA 3550-2450 3500-2500 v* (OH) carboxylic acid
(s, broad)
1700 (vs) 1760-1670 v (C=0) carboxylic
acid 35-36
1458 (m) 1440-1395
1465 (m) 1450-1500 d (OH) carboxylic acid
1165 (s) 1000-1300 6 (C-H) methylene
v¢ (C-0)
SiNPs 2900-3400 2700-3350 v* (Si-OH)
(commercial) (s, broad) 87
1190-1076 1000-1250 V¥ (Si-O-Si)
(s, broad)
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Si/C/P- 2750-3000 2800-3000 v* (N-H) amine salt 38-39
BIAN/PAA/AB | (s, broad)
pristine 2650-3300 2700-3300 v* (OH) intermolecular 40
electrode (s, broad) bonded
1700 (s) 1760-1670 v (C=0) carboxylic 35-36
1585 (m) 1640-1570 acid 35-36
1396 (m) 1440-1395 v (C=N) imine 35-36
1457 (m) 1450-1500 & (OH) carboxylic acid 35-36
1032 1000-1250 d (C-H) methylene 37
(s, broad) v2 (Si-O-Si)

®Relative intensities are shown in parentheses: vs — very strong, s — strong, and m — medium.

by: stretching, » wagging, and &: bending; a: asymmetric mode, s: symmetric mode.

3.4.3 Electrochemical characterization

For the electrochemical characterization, anodic half-cells with three different
configurations were fabricated: (i) with P-BIAN/PAA binder-based anode (Si/C/P-
BIAN/PAA/AB anode = 25/30/25/20 by wt % ) with the electrode thickness ~ 27 um and active
material (Si/C) loading of ~0.87 mg cm, (ii) control system with the conventional PAA
binder-based anode (Si/C/PAA/AB anode = 25/30/25/20 by wt %) with the electrode thickness
~25 um and active material (Si/C) loading of ~0.83 mg cm, and (iii) only P-BIAN binder-
based anode (Si/C/P-BIAN/AB anode = 25/30/25/20 by wt%) with electrode thickness ~25 um

and active material (Si/C) loading of ~0.84 mg cm™.

Cyclic voltammetry studies

The fabricated anodic half-cells were subjected to cyclic voltammetry (CV) studies.
Figure 6a shows the cyclic voltammogram of Si/C/P-BIAN/PAA/AB-based anodic half-cell
recorded at 0.66 V was characteristic to the electrolytic decomposition at the anode surface*?
forming SEI and the initial alloying of the crystalline Si (Li15Sis) was observed at 0.0047 V2,
However, from the second reverse scan onwards, the peak corresponding to the formation of
amorphous lithiated Si phase (Li12Si7) was observed at 0.17 V*. In the forward scan, the two
anodic peaks characteristic to the transformation of amorphous LixSi to Si phase were observed

at 0.32 V and 0.53 V, respectively.'®-2% 43 Similar characteristic peaks were observed in the CV
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profile of the control system as shown in Figure 6b These characteristic peaks were consistent
with the previous reports on silicon anodes****°. To compare the extent of electrolyte
decomposition between both the systems, the area under the curve in the electrolytic
decomposition potential range for respective first reverse scans was calculated. For Si/C/P-
BIAN/PAA/AB anodic half-cell, the mathematical area under the curve in the potential range
0.53 V - 0.73 V was calculated to be -1.96 (Figure 6¢). Whereas for the control system, the
mathematical area under the curve in the potential range 0.47 VV — 0.76 V was calculated to be
-7.91 which is approximately 4 times larger than the Si/C/P-BIAN/PAA/AB anodic half-cell
(Figure 6d). Thus, due to the low lying LUMO of the P-BIAN/PAA binder, its n-doping in the
reducing anodic environment restricted the extent of electrolyte decomposition on the surface
of Si/C/P-BIAN/PAA/AB anode against the control system. As a result, in the case of Si/C/P-
BIAN/PAA/AB anodic half-cell, the anodic currents of 3 and 4" cycles superimposed with
distinctive Si dealloying peaks with higher intensity are showing better cyclic stability unlike

the control system (Figure 6e).
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Figure 6: Electrochemical performance comparison between Si/C/P-BIAN/PAA/AB anode

and control system. (a) Cyclic voltammograms of the Si/C/P-BIAN/PAA/AB anodic half-cell

and (b) Cyclic voltammogram of the control system (PAA binder-based anodic half-cell).

Mathematical area under the curve for the first reverse scan profile of (c) Si/C/P-
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BIAN/PAA/AB anodic half-cell, (d) control system, and (e) comparison of the 3" and 4" cycles
cyclic voltammograms of Si/C/P-BIAN/PAA/AB anodic half-cell and control system,

respectively.

Charge-discharge studies

Figure 7a demonstrates the long-term cycling profiles the Si/C/P-BIAN/PAA/AB
anode and control system recorded at a current density of 500 mA g*. The Si/C/P-
BIAN/PAA/AB anode shows the first cycle reversible capacity of 3202 mAh g*si with an
initial coulombic efficiency (ICE) of 87.54% against the control system showing a reversible
capacity of 1893 mAh glsi with an ICE of 82.36%. Further, in the case of Si/C/P-
BIAN/PAA/AB anode, the reversible capacity stabilizes to ~2100 mAh gsi within 18 cycles
against the control system which takes 50 cycles of de-/alloying to stabilize at ~1500 mAh g
Lsi. Notably, the P-BIAN/PAA composite binder stabilized the performance of Si anodes up to
over 600 cycles with the reversible capacity of ~2100 mAh g1si against the control system with
the reversible capacity of 900 mAh glsi after only 320 cycles. Figure 7b shows the
galvanostatic de-/alloying profiles of the 1%, 10™", 100™", 300" and 600" cycles of Si anodes with
P-BIAN/PAA composite binder at a current density of 500 mA g*. In the alloying half-cycle,
the plateau in the potential region 0.12 V —0.23 V vs Li/Li* corresponds to the lithium alloying

of amorphous silicon (a-LixSi). In the dealloying half-cycle, plateaus in potential regions 0.52

V -0.35V vs Li/Li"and 0.32 VV —0.19 V vs Li/Li* correspond to the dealloying of amorphous
LixSi phase to Si which were consistent with the representative peaks observed in cyclic
voltammograms (Figure 6a). The CEs corresponding to the first 20 cycles of de-/alloying for
Si/C/P-BIAN/PAA/AB anodic half-cell and control system were compared and analysed as
shown in Figure 7c. The initial coulombic efficiency (ICE) for Si/C/P-BIAN/PAA/AB anode
was recorded to be 87.54% against the control system with 82.36%. This reflected the lower
extent of irreversible capacity loss in case of Si/C/P-BIAN/PAA/AB anode in comparison to
the control system because of the restricted electrolyte decomposition. Also, the CE
corresponding to the Si/C/P-BIAN/PAA/AB anode averaged to ~98.9% within first 20 cycles
in comparison to the control system with an average of ~95.0%. This indicated that the
electrolyte decomposition on the anode surface in case of the control system was spanning over
20 cycles of de-/alloying owing to the exposure of new Si surfaces because of poor binding
ability. This could lead to a potentially thick SEI in case of the control system. Whereas, in the
case of Si/C/P-BIAN/PAA/AB anodic half-cell, the quick stabilization of the coulombic
efficiency to 98.9% within first 5 cycles showed that the excellent binding ability of P-
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BIAN/PAA binder which restricted the pulverization of SiNPs and their exposure to the
electrolyte. Therefore, it could potentially have an optimally thin SEI. Figure 7d compares the
reversible capacity retention between the control system and Si/C/P-BIAN/PAA/AB anode.
The average capacity retention in the case of Si/C/P-BIAN/PAA/AB-based anode was
determined to be ~95.0% after 600 cycles whereas in the case of the control system the average
capacity retention dropped to ~54.0% after 320 cycles of de-/alloying.

Hence, the Si/C/P-BIAN/PAA/AB anode outperformed the control system in terms of specific
reversible capacity, cyclability, and capacity retention.
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Figure 7: Charge-discharge studies of Si/C/P-BIAN/PAA/AB anode-based cell and control
system (only PAA binder-based). (a) long-term cycling stability comparison of Si anodes with
P-BIAN/PAA binder and control system (only PAA binder-based) at 500 mA g, (b) charge
and discharge profiles of Si/C/P-BIAN/PAA/AB anode at 500 mA g2, (c) coulombic efficiency
comparison plot for the first 20 cycles of de-/alloying between the control system (only PAA
binder-based) and Si/C/P-BIAN/PAA/AB anodic half-cell, and (d) comparison of capacity
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retention of Si/C/P-BIAN/PAA/AB anode with the control system (only PAA binder-based),

respectively.

(Dynamic) electrochemical impedance spectroscopy studies

To determine the internal impedance in Si/C/P-BIAN/PAA/AB anodic half-cell,
electrochemical impedance spectroscopy (EIS) studies were carried out. The EIS
measurements were recorded at open circuit potential (OCP) without direct current (DC).
Figures 8a and 8b show the Nyquist comparison profiles between Si/C/P-BIAN/PAA/AB
anodic-half-cell and control system recorded after fabrication and after CV, respectively. The
internal impedance of the Si/C/P-BIAN/PAA/AB anode after fabrication was 620  against
the control system with 1100 Q. After CV studies, for Si/C/P-BIAN/PAA/AB anode, the
internal impedance reduced to 360 Q (Rsei+Rct) against the control system with 800 Q
(Rsei+RcT). To understand the improvement in the interfacial properties during the cycling,
Nyquist plots after 15, 30, and 50 cycles of de-/alloying were recorded at the state of discharge
as shown in Figures 8c and 8d. With increasing number of cycles, as the SEI matured, the
internal impedance of the Si/C/P-BIAN/PAA/AB anodic half-cell decreased. Whereas, in the
case of the control system, though the internal impedance decreased with increasing cycle
number, it was always higher than the Si/C/P-BIAN/PAA/AB anodic half-cell. This is
indicative of the impact of the extent of electrolyte decomposition on the internal impedance
of the cell as well as its long-term cycling performance.
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Figure 8: Nyquist impedance profiles recorded after fabrication and CV of (a) Si/C/P-
BIAN/PAA/AB anodic half-cell, and (b) the control system. Nyquist impedance profiles
recorded after fabrication, 15 cycles, 30 cycles, and 50 cycles of charge & discharge of (c)
Si/C/P-BIAN/PAA/AB anodic half-cell, and (d) the control system.

Therefore, to analyze the types of interfaces present and their contribution to the overall cell
impedance, dynamic electrochemical impedance spectroscopy (DEIS) studies were carried out.
In DEIS, the impedance profiles were recorded at various potentials during the charge &
discharge which helped in reflecting various interfacial processes happening during the real
time cycling of the battery. The frequency response of anodic half-cells was recorded
corresponding to an AC signal in the potential window of 0.005 V — 1.2 VV vs Li/Li*. The DEIS
3-D Nyquist profile during the alloying half-cycle for Si/C/P-BIAN/PAA/AB anodic half-cell
and the control system are shown in Figures 9a and 9b, respectively. Similarly, the DEIS 3-D
Nyquist profile during the dealloying half-cycle are shown in Figure 9c and 9d. To understand

the types of interfaces, various probable Equivalent Electric Circuit Models (EECMs) were
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tried to fit the DEIS Nyquist profiles. The best fit EECM was (RL(QR)(CR)(QR)(CW)) is
shown in Figure 9e. The elements corresponding to the EECM were sequentially classified as
follows: Ohmic electrolytic resistance (Re), intrinsic resistance of the silicon anode comprising
of the particle to particle and particle to current collector (Rec), solid-electrolyte interface (Rsei),
charge transfer resistance (Rct), and Warburg infinite diffusion element (Zcrw). Table 3 & 4
tabulate the resistance values corresponding to each of the interface elements as classified by
EECM for the Si/C/P-BIAN/PAA/AB and control systems, respectively. The SEI resistance
(Rse1) comparison between the control system and Si/C/P-BIAN/PAA/AB anodic half-cell
during lithiation is shown in Figure 9f. In the case of Si/C/P-BIAN/PAA/AB anodic half-cell,
the interfacial impedance (Rsei) was substantially lower than the control system owing to the
restricted electrolytic decomposition as well as stabilized long-term de-/alloying of SiNPs
without exposure of new Si surfaces due to their pulverization. The representative Nyquist plot
fit with the EECM (Figure 10) shows the corresponding attributed interfaces. Hence, the DEIS
studies provided a comprehensive understanding on the types of interfaces and their
corresponding impedance values for Si/C/P-BIAN/PAA/AB anode and the control system,
respectively.
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Figure 9: DEIS profiles during the alloying process after 100 cycles for (a) Si/C/P-
BIAN/PAA/AB anodic half-cell, and (b) the control system. DEIS profiles during dealloying
after 100 cycles for (c) Si/C/P-BIAN/PAA/AB anodic half-cell, and (d) control system (only
PAA binder). (e) Equivalent circuit model (EECM) used to fit the DEIS data and and (f) a
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comparison plot of SEI impedance (Rsei)) vs potential (V) during lithiation for Si/C/P-
BIAN/PAA/AB anodic half-cell and the control system.

Fitted Nyquist plot for the impedance measurement recorded during the DEIS for the
anodic half-cell with P-BIAN/PAA composite binder
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Figure 10: An EECM fit representative Nyquist plot during lithiation in the case of the Si/C/P-
BIAN/PAA/AB anodic half-cell showing various interfaces.
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Table 3: DEIS circuit fitting parameters during charging for Si/C/P-BIAN/PAA/AB anodic

half-cell

Rs Rec Rsel Rcr 7 Circuit Potential (V)
1.549 10.45 50.25 36.63 0.000667 R(L)(QR)(CR)(QR)(CW) 1.20
1.435 2252 84.32 60.31 9.9E-05 R(L)(QR)(CR)(QR)(RW) 114

2.0 2.88 19.67 52.21 2.30E-05 R(L)(QR)(CR)(QR)(CW) 1.08
1.62 1.19 55.32 15.48 5.51E-05 R(L)(QR)(CR)(QR)(CW) 1.02
1.74 119 66.97 49.93 4.46E-05 R(L)(QR)(CR)(QR)(CW) 0.96
4.85 20.42 49.35 86.19 1.52E-05 R(L)(QR)(CR)(QR)(CW) 0.90
481 3.50 68.21 54.39 2.29E-05 R(L)(QR)(CR)(QR)(CW) 0.84
5.93 5.55 13.90 3354 5.21E-05 R(L)(QR)(CR)(QR)(CW) 0.78
1.95 10.39 0.1 1.45 6.42E-05 R(L)(QR)(CR)(QR)(CW) 0.72
152 1.59 63.9 9.65E+02 | 9.44E-05 R(L)(QR)(CR)(QR)(CW) 0.66
2.58 6.41 30.15 3.61E+01 | 8.19E-05 R(L)(QR)(CR)(QR)(CW) 0.60
1.66 7.31 33.49 2.49E+01 | 8.99E-05 R(L)(QR)(CR)(QR)(CW) 0.54
2.58 2.89 59.18 21.44 1.46E-05 R(L)(QR)(CR)(QR)(CW) 0.48
251 2.84 77.42 6.43 1.52E-05 R(L)(QR)(CR)(QR)(CW) 0.42
3.50 44.45 43.19 3.53 1.53E-05 R(L)(QR)(CR)(QR)(CW) 0.36
450 4321 34.21 7.86 1.43E-05 R(L)(QR)(CR)(QR)(CW) 0.30
6.41 22.29 56.31 94.18 1.99E-05 R(L)(QR)(CR)(QR)(CW) 0.24
3351 3045 2529 74.29 2.15E-05 R(L)(QR)(CR)(QR)(CW) 0.18
2.99 0.002 63.48 91.4E+01 | 2.15E-05 R(L)(QR)(CR)(QR)(CW) 0.12
10.36 22.49 75.9 3.22 2.16E-05 R(L)(QR)(CR)(QR)(CW) 0.06

11 39.48 62.53 0.65 5.55E-05 R(L)(QR)(CR)(QR)(CW) 0.005

Table 4: DEIS circuit fitting parameters during charging with the control system (only PAA

as the binder).

Rs Rec Rsel Rer a Circuit Potential (V)
44.32 1.25 275.43 55.51 0.0005 R(L)(QR)(CR)(QR)(CW) 1.20
22.45 44.61 399.28 64.45 5.9x10° R(L)(QR)(CR)(QR)(CW) 1.14

1.09 3.90E+04 401 4341 1.50E-05 R(L)(QR)(CR)(QR)(CW) 1.08
2.54 2.85E+11 480.93 48.15 4.61E-05 R(L)(QR)(CR)(QR)(CW) 1.02
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2.99 20.73 700.42 47.87 6.66E-05 R(L)(QR)(CR)(QR)(CW) 0.96
231 54,51 689.90 5254 0.32E-05 R(L)(QR)(CR)(QR)(CW) 0.90
1.85 6.51E+02 667.41 31.76 4.69E-05 R(L)(QR)(CR)(QR)(CW) 0.84
24 5.55 644.71 89.41 3.71E-05 R(L)(QR)(CR)(QR)(CW) 0.78
1.98 3.68 669.32 052 5.82E-05 R(L)(QR)(CR)(QR)(CW) 0.72
0.84 1.86 600.32 | 6.42E+02 |  1.74E-05 R(L)(QR)(CR)(QR)(CW) 0.66
0.984 8.54 62243 | 251E+01 |  7.51E-05 R(L)(QR)(CR)(QR)(CW) 0.60
0.95 9.85 550.21 | 5.43E+01 |  0.90E-05 R(L)(QR)(CR)(QR)(CW) 0.54
0.85 1.01 550.42 3236 0.66E-05 R(L)(QR)(CR)(QR)(CW) 0.48
0.92 19.43 541.49 5.63 7.65E-05 R(L)(QR)(CR)(QR)(CW) 0.42
0.86 53.67 650.33 4.67 6.66E-05 R(L)(QR)(CR)(QR)(CW) 0.36
1.94 100 590.1 1.43 4.78E-05 R(L)(QR)(CR)(QR)(CW) 0.30
1.84 66.31 600 65.41 2.69E-05 R(L)(QR)(CR)(QR)(CW) 0.24
1.74 67.15 680 99.54 5.05E-05 R(L)(QR)(CR)(QR)(CW) 0.18
1.54 98.39 659.31 | 2.36E+01 |  1.53E-05 R(L)(QR)(CR)(QR)(CW) 0.12
1.68 12.85 661.34 1.23 1.62E-05 R(L)(QR)(CR)(QR)(CW) 0.06
19.4 33.89 660.21 0.41 4.57E-05 R(L)(QR)(CR)(QR)(CW) 0.005

The electronic conductivity calculations of the P-BIAN/PAA binder and PAA were

carried out by recording the Nyquist profiles of anodic half-cells having electrodes with

respective binder coatings (without active material and conductive additive). Figure 11 shows

the Nyquist profiles of the electrodes coated with P-BIAN/PAA and PAA binders vs Li/Li" at

OCP, respectively. As shown in the Table 5, the conductivity of P-BIAN/PAA binder was
calculated to be 6.90 x 103 Q! m™* which was one order magnitude higher than its counterpart
PAA (6.82 x 104 Q1 m™).
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Figure 11: Nyquist spectrum of anodic half-cells having electrodes with pure binder coating
(without active material and conductive additive)

R=p; ¢

In equation 1, R is the resistance in ohm (Q), I is the length in meter (m) of the specimen, A is

the cross-sectional area (m?) of the specimen, and p the resistivity (Qm). The conductivity o

(1 m?) of a material is the inverse of its resistivity as shown in equation 2.

1
o=-
p

)

Table 5: Parameters associated with the conductivity measurement of P-BIAN/PAA and PAA

binders.
Material Area of the | Thickness of the | Resistance | Conductivity
electrode (A) electrode (L)
P-BIAN/PAA | 1.77x10*m? |47+0.5um 38Q 6.90 x 10° Q! m*
Control System | 1.77 x10*m? | 45+0.5 um 372 Q 6.82 x 104 Q1 m*

3.4.4 Post-mortem characterization of anodes

X-ray photoelectron spectroscopy (XPS) studies

To understand the influence P-BIAN/PAA composite binder on the SEI and its
composition, X-ray photoelectron spectroscopy (XPS) measurements of the pristine Si/C/P-
BIAN/PAA/AB anode and the anode after 400 cycles of charge & discharge were carried out.
The half-cell was disassembled in an Argon filled glove box at OCP. The electrode was

separated from the redundant cell components and washed with the dehydrated DEC solvent
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multiple times without much agitation to minimize the removal of the organic SEI from the
electrode before left for drying under high vacuum for 16 hours. The obtained XPS spectra
were calibrated to the graphite carbon (C=C) at 284.6 eV“®. The deconvolution and curves
fitting were performed keeping 70% Gaussian 30% Voigt peak shape. Figure 12 shows the
comparison between the spectra corresponding to various elements detected in the Pristine
Si/C/P-BIAN/PAA/AB electrode and the electrode after 400 cycles of de-/alloying. The
binding energy values of relevant peaks for the pristine electrode and electrode after 400 cycles
and their corresponding % area under the curve for (a) C 1s, (b) Si 2p, and (c) N 1s are tabulated
in Table 6. The XPS measurements demonstrated that the SEI was comprising of electrolyte
decomposition products like LiF, LixPFy, LioCOs, ether carbonates, and R-COOL.. Since the
detection depth of XPS technique is 5-10 nm into the surface of the sample, the detection of (i)
graphitic peak (C=C) at 284.6 eV*® ¢ and sp? carbon of the diimine (C=N)** in P-BIAN/PAA
at 285.1 eV in C 1s, (ii) Si-metallic peak at 100.1 eV and LixSiOy at 101.8 eV in Si 2p*’ and
(i) pyridine type-sp? (C=N)*° nitrogen at 399.9 eV and hydrogen bonded quaternary nitrogen
of P-BIAN/PAA composite at 403 eV in N 1s3-%2 spectra means that the SEI formed in the
case of Si/C/P-BIAN/PAA/AB anode was thinner than 5-10 nm.
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Figure 12: The XPS spectra for the Si/C/P-BIAN/PAA/AB electrode are as follows: (a) & (b)
showing the attributed peaks to the C 1s spectra of the pristine electrode and the electrode after
400 cycles, (c) & (d) showing the attributed peaks to the Si 2p spectra of the pristine electrode
and the electrode after 400 cycles, (e) & (f) showing the attributed peaks to the O 1s spectra of
the pristine electrode and the electrode after 400 cycles, and (g), (f), & (i) showing the attributed
peaks to the F 1s, P 2p and N 1s spectra of the electrode after 400 cycles, respectively.
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Table 6: Tabulted binding energy values of relevant elemental peaks for the pristine electrode
and electrode after 400 cycles explaining the SEI thickness and their corresponding % area
under the curve for (a) C 1s, (b) Si 2p, and N 1s.

(@) C 1s (Pristine electrode and after 400 cycles)

Component Pristine | % area under After 400 % area
eV) the curve cycles under the
(eV) curve
C-Li - - 283.8 4.8
Graphite 284.6 19.9 284.6 17.2
-C=N (P-BIAN/PAA) 285.2 15.03 285.1 20.5
C-0 - - 286.5 21.5
0O=C-O carboxylic type (PAA) 289.3 14.5 - -
Lithium carbonates (LioCOs3) - - 289.2 12.6
Alkyl carbonates (R-OCO»-Li) - - 290.0 23.1
(b) Si 2p (Pristine electrode and after 400 cycles)
Component Pristine % area under After 400 % area under
(eV) the curve cycles the curve
(eV)
Si-metallic 100.2 16.2 100.1 5.7
Sio 104.1 64.5 101.8 (LixSiOy) 39.3
Si-O-C (H-bonding 106.3 32.7 -
PAA)
SiF - - 103.4 55
(c) N 1s (Pristine electrode and after 400 cycles)
Component Pristine | % area under | After 400 | % area under
(eV) the curve cycles (eV) the curve
Pyridinic Type (C=N) 399.7 15.6 399.9 76.5
H-bonded quaternized 400.7 84.3 403 23.4
diimine

Scanning electron microscope (SEM) measurements (Morphology studies)

The FESEM micrographs of Si/C/P-BIAN/PAA/AB pristine electrode, control study
pristine electrode, disassembled Si/C/P-BIAN/PAA/AB electrode after 400 cycles, and
disassembled control study electrode after 320 cycles are shown in Figure 13. The Si/C/P-
BIAN/PAA/AB pristine electrode showed a smooth and robust morphology throughout the

laminate. After 400 cycles of de-/alloying, the distinct features of electrode were not observed
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due to the presence of SEI. The uniform contrast over the surface of electrode showed a uniform
SEI layer over the surface with microcracks because of repeated de-/alloying for 400 long
cycles. However, the electrode laminate was stable and did not peel off even after 400 cycles
owing to the adherence of the electrode laminate offered by the P-BIAN moiety of P-
BIAN/PAA binder. In contrast, the control study pristine electrode with only PAA binder
showed microcracks (<1 um). And after 320 cycles of de-alloying, the control study electrode

showed the emergence of long microcracks (>20 um) with poor adherence to the current

collector.

Figure 13: The FESEM micrographs of the Si/C/P-BIAN/PAA/AB electrode (a) Pristine
electrode and (b) after 400 cycles of charge & discharge at position-a. The control study

electrode (c) pristine electrode and (d) after 320 cycles of charge & discharge.
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3.5 Conclusion

The robust n-type self-healing polymer composite P-BIAN/PAA stabilized the Si
anodes in terms of rate capability, specific capacity, cyclability, capacity retention, and
coulombic efficiency on its application as a binder. Because of its low-lying LUMO, the
cathodic doping of the P-BIAN/PAA binder in the anodic environment restricted the excessive
decomposition of the electrolyte on the anode surface and enhanced the lithium-ion diffusion
through the SEI which was confirmed by cyclic voltammetry studies. The impedance
spectroscopy studies showed that the restricted electrolytic decomposition on the Si/C/P-
BIAN/PAA/AB anode resulted in its low interfacial (Rse)) and charge transfer (Rcr)
impedances. Therefore, the formation of a tailored thin SEI and the dynamic self-healing
electrostatic hydrogen bonding in BIAN-PAA provided a robust mechanical support to the
silicon anodes during the de-/alloying and avoided its premature pulverization. As a result, the
Si/C/P-BIAN/PAA/AB anode showed an excellent cyclability up to 600 cycles, specific
capacity of ~2100 mAhgsi, ~98.9% average coulombic efficiency, and 95% capacity retention
after 600 cycles. After the electrochemical evaluation of the Si/C/P-BIAN/PAA/AB anode, the
post-mortem analysis by XPS and SEM studies confirmed that the SEI formed in case of P-
BIAN/PAA composite-based anode was thin, and the electrode morphology well retained with
good adherence to the current collector. Hence the design and application of novel polymer
composites comprising of n-type conducting polymers (CPs) cross-linked via electrostatic
interaction with carboxylate-containing polymers like P-BIAN/PAA hold a promising future

in high-capacity electrode materials.
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Chapter 4
Crosslinked Polymer BIAN Matrices to Stabilize Silicon

Anode in Lithium-Ion Secondary Batteries

4.1 Abstract

For the substantial production of electric vehicles, portable electronic devices, and
(hybrid)-electric vehicles, high-energy density rechargeable lithium-ion batteries are the need
of the hour. The current state-of-the-art anode active material (graphite) cannot suffice for the
need of high energy due to its limited specific capacity (372 mAhg™). In this regard, Si has
emerged as a sustainable alternative because of its natural abundance as well as high theoretical
gravimetric capacity (4200 mAhg™). However, inherent failure mechanism of Si anodes is the
biggest roadblock on their way towards potential commercialization. Therefore, as means to
stabilize Si anodes, this work describes the design, synthesis, and adoption of novel
conducting/crosslinked polymer matrices of poly(BIAN) (P-BIAN) as binder for Si anodes.
Crosslinked P-BIAN matrices as binder exhibits its versatility by (a) providing mechanical
robustness to Si anodes upon volume expansion and restrict their pulverization, (b) undergoing
n-doping in the reducing anodic environment to restrict the electrolyte decomposition on the
anode surface to tailor SEI with low impedance, and (c) maintaining electrical conductivity
within the electrode laminate. The fabricated anodic half-cell with crosslinked P-BIAN
matrices as binder exhibits excellent cyclic stability for over 1000 cycles with a high reversible
capacity of ~2500 mAhg™ at a high current-rate 500 mAg* with 99.1% capacity retention.
Theoretical evaluation of the binder and electrochemical characterization of anodic half-cells

support the excellent performance of Si anodes with crosslinked P-BIAN polymer as binder.
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4.2 Introduction

For the development of next-generation high-energy density lithium-ion batteries
(LIBs) with excellent cyclic stability and high reversible specific capacity, silicon (Si) has
attracted the attention of researchers and industries across the globe as a potential anode
material choice'2. Unlike conventional graphite anode material that has theoretical gravimetric
capacity of 372 mAhg?, Si is potent with 3579 mAhg™ ascribed to Li1sSis phased. In addition,
its abundance in the Earth’s crust (cost-effectiveness), non-toxicity, and appropriate de-
/alloying potential (0.5 V vs Li/Li*) has inspired tremendous efforts towards aiming its
commercialization*®. However, some major drawbacks as mentioned below have kept its full-
fledged commercialization at bay. The rapid volume expansion (~300%) within a few de-
/alloying cycles leads to pulverization of Si particles. As a result, the electrolyte within the
battery gets continuous exposure to new Si surfaces and keeps on getting decomposed on the
electrode surface making the solid-electrolyte interface (SEI) thick with high internal
impedance, low lithium-ion diffusivity, and adding to irreversible capacity loss. Also, Si
particles lose interparticle electrical contact with the conductive additive and electrical contact
with the current collector leading to the fractured electrode laminate®. Therefore, Si anodes
suffer drastic capacity fade showing poor cyclability and low coulombic efficiency®. To
mitigate these drawbacks, the processing of Si wafers to various nanostructured Si like
nanoparticles’, nanospheres®, yolk-shell-type nanoparticle morphology®, nanowirest?,
porous nanospheres®, and pomegranate structures'? has been a famous strategy. However, this
strategy significantly increases the cost of production and hence been recognized as

unsustainable to meet the ever-increasing demand of LIBs.

Though polymer binders do not contribute to the energy density of anodes, their ability
to stabilize and enhance the performance of active materials is indisputable. Also, they fare
better in terms of being sustainable and cheaper choice in comparison to processing of Si to
various nanostructures. To stabilize Si anodes, various types of polymer binders have been
explored till date. Erstwhile attempts involved the use of synthetic polymers (individually or
in combination) like poly(acrylic acid)'®, PR-PAA 15 polyimide®, and biopolymer like
carboxymethy! cellulose (CMC)*’, sodium alginate'®, PAA/CMC?®, cyclodextrin®, guar gum?,
and chitosan??. Unfortunately, their non-conducting nature required the use of large quantity of
conductive additive (carbon black) which caused decrease in the derivable capacity of Si

anodes. Hence, upon comprehensive analysis of failure mechanism (pulverization upon volume
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expansion and thick-unstable SEI) of Si anodes, the design and synthesis of advanced polymer
(as reported in the literature) to stabilize Si anodes has been dedicated to following categories

of binders:

(i) Conducting (polyaniline (PANI?, poly(3,4-ethylenedioxythiophene) (PEDOT)%,
PEDOT:PSS (where PSS is poly(styrenesulfonate)®26, poly(2,7-9,9-dioctylfluorene-2,7-9,9-
(di(oxy-,2,5,8-trioxadecane))fluorene-co-2,7-fluorene-co-2,5-1-mehtylbenzoate ester)
(PEFM), etc.)?'-28

(i) Self-healing (Alginate (Alg-C) — - p-mannuromic acid (M)/poly(acrylic acid) (PAA)?°,
KSMC (5-methyl-5-(4-vinylbenzyl) Meldrum’s acid®®, styrene®!, methyl methacrylate®!,
lithium 2-methyl-2-(4-vinyl benzyl)malonate)?, millipede-inspired combination of Na-CMC?,

alginate??, and native XG??, etc.)*

(iii) Crosslinked (chitosan (CS)-p-(1-4)-linked p-glucosamine (deacetylated unit) and N-
acetyl- p-glucosamine (acetylated unit)®®, sodium alginate-PAA (SA-PAA), crosslinked
dextrin®®, poly(vinyltriethoxysilane)(PVTES)-Na(poly acrylic acid) (NaPAA)-(PVTES-
NaPAA), c-PAA-CMC?¥ etc.)!®

(iv) Strategic combinations like conducting/self-healing (silicon nanoparticles-polyaniline
(SiNP-PANI)  hydrogel®,  poly(1-pyrenemehtyl  methacrylate-co-methacrylic  acid)
(PPYMAA)®, etc.) and conducting/crosslinked (glycerol-crosslinked PEDOT:PSS)*.

The stabilization of silicon anodes requires a binder system to be multifaceted/versatile
in ways like (a) administer robust mechanical support to prevent pulverization upon volume
expansion, (b) provide intrinsic electrical conductivity in the electrode laminate to prevent
energy loss and increase the efficiency, and (c) influence the architecture of SEI formed on the
electrode surface with low impedance and thinner dimension for better lithium-ion diffusion.
Out of all the binder categories mentioned above, binders belonging to the category (iv) the
strategic combination (conducting/self-healing and conducting/crosslinked) have been most
potent and successful on their application. They were mainly designed to stabilize Si anodes
by administering the mechanical support and provide electrical conductivity. But the ability to
tune the SEI formed on the anode surface was beyond their scope. Further, between
conducting/self-healing-type and conducting/crosslinked-type binders, good progress has been
made in the design and application of the former-type. However, though the latter-type is more
potent, only a few reports have been published on it. Hence, the design and synthesis of

conducting/crosslinked-type wholesome binder systems that can not only administer the
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mechanical robustness and electrical conductivity but also tailor the architecture of SEI by
virtue of their tunable electronic properties is a prime topic of research to meet all the

challenges encountered while working with Si anodes.

In this regard, compounds of the family aryl-bisiminoacenaphthenequinone (Ar-
BIAN) have shown promising character. This class of compounds are rich with wide spectrum
of electrochemical and redox properties because they have been recognized as essential ligands
for transition metals for a long time (explored by Elsevier and his group for the first time)*-42,
Exploiting their redox, structural, and electrochemical chemistry, our group reported two
different types of BIAN-based binders (a) BIAN-fluorene copolymer*® and (b) BIAN-
paraphenylene (BP)-copolymer** for stabilizing graphite anode in LIBs. Three most salient
features that led to their exceptional performance as binders for graphite anodes are (a) ability
to establish n- 7 interaction with graphite to give mechanical support during de-/lithiation, (b)
ability to maintain electrical conductivity in the electrode laminate, and (b) low-lying lowest
unoccupied molecular orbital (LUMO) led n-doping in the anodic environment that positively
restricted the reductive decomposition of electrolyte on the anode surface to form a thin and
low-impedance SEI. We further advanced their application towards developing
conducting/self-healing multi-functional P-BIAN/PAA composite binder to stabilize silicon
anodes as reported in the previous chapter of this dissertation. P-BIAN/PAA composite binder
showed its versatility in administering mechanical stability by its self-healing nature due to the
presence of dynamic electrostatic hydrogen bonding between BIAN and PAA polymers,
maintaining the electrical conductivity owing to BIAN moiety, and most importantly tailoring
the SEI formation on Si anodes by manipulating the amount of electrolyte decomposition to an
optimal amount for better lithium-ion diffusion and lowered cell impedance.

As discussed earlier, the combination of conducting/crosslinked-system has a better
scope of stabilizing Si anodes than conducting/self-healing-system because crosslinked
matrices have been proven to be more robust in restricting the volume expansion and
pulverization of Si anodes. Therefore, aiming to design a BIAN-based binder system to further
enhance the stability of Si anodes, in this chapter, crosslinked P-BIAN matrices as a binder for
Si anodes is reported. P-BIAN crosslinked matrices were synthesized by stitching BP-
copolymer units via 1,6-dibromohexane as linkers wherein the electron rich diimine in the
BIAN backbone were the crosslinking host sites. The synthesized P-BIAN crosslinked matrices
were potent with 3-fold advanced significance like (a) highly robust to provide mechanical

support to Si anodes for prolonged cycling at higher current-rates, (b) maintain the electrical
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conductivity within the electrode laminate, and (c) tailor the SEI on silicon particles by
undergoing n-doping by virtue of engineered low-lying LUMO upon crosslinking. The Si
anodes with P-BIAN crosslinked matrices exhibited excellent stability with high reversible

capacity. The structural significance of P-BIAN crosslinked matrices is shown in Figure 1.

Figure 1: Schematic depicting the structural significance of P-BIAN crosslinked matrices to

stabilize Si anodes in LIBs.

4.3 Experimental Section

4.3.1 Materials

1,6-dibrmohexane, 1,4-phenylenediamine, N-methylpyrrolidone (NMP), acetic acid,
and acenaphthenequinone were purchased from Tokyo Chemical Industry Co., Ltd. (TCI).
Super dehydrated acetonitrile was purchased from Wako Pure Chemical Industries, Ltd. 1.0 M
LiPFe (50/50) EC/DEC electrolyte was purchased from Sigma-Aldrich. Silicon nanoparticles
(SiNPs) of size <100 nm was purchased from Aldrich, Graphite superfine powder (<50 pm)
was purchased from Merck. Battery-grade acetylene black was purchased from Denka Japan
Private Co., Ltd., to be used as a conductive additive. Copper foil of a thickness 20 um was
purchased from the Nilaco corporation. All the chemicals were used without any further

purification for the synthesis of polymer and electrode fabrication, respectively.
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4.3.2 Instrumentation

'H NMR spectrum was recorded with Bruker Avance 1l 400 Mhz spectrometer.
Chemical shifts were labelled in ppm according to the protons of the deuterated solvent used
as an internal standard. The FT-IR spectra were recorded using Perkin Elmer 100 FT-IR
spectrometer. The spectra were averaged over 100 scans with a resolution of 2 cm™ in the ATR
mode. Hitachi S-4500 FESEM instrument was used to obtain SEM images of respective anodes
before and after fabrication at 1.0 kV voltage. X-ray photoelectron spectroscopy (XPS)
measurements were conducted on Fisons instruments S-probe TM 2803.

4.3.3 P-BIAN crosslinked polymer matrices synthesis

The P-BIAN copolymer was synthesized as per the procedure reported by our group®.
Figure 2a shows the synthetic scheme of P-BIAN. It was characterized by *H-NMR and FT-IR
as shown in Figure 2b and Figure 2c, respectively. Further for the synthesis of crosslinked P-
BIAN matrices, a solution of P-BIAN copolymer (1.497 g, 10 mmol) in N-methylpyrrolidone
(NMP) (150 ml) was set-up to stir under reflux in nitrogen atmosphere. To this, 1,6-
dibromohexane (5 mmol, 0.77 ml) was added dropwise. The resultant reaction mixture was

stirred and refluxed at 150 °C for 24 hours followed by refrigeration for 3 hours. The product

was obtained by evaporating the NMP solvent under reduced pressure and drying under

vacuum at 120 °C for 12 hours. The obtained product was a black colored sticky compound.

Figure 3 shows the synthetic scheme of the crosslinked P-BIAN polymer matrices. It was
characterized by 'H-NMR, XPS, and FT-IR techniques. Figure 4a shows the H-NMR
spectrum of the synthesized crosslinked P-BIAN polymer [(8, ppm) 1.95 (-CHz, m, 4H), 2.31
(-CHz2, m, 4H), 3.32 (-CHy, t, 4H), and 7.79 — 8.21 (aromatic protons)] and the peaks
corresponding to NMP solvent are [(6, ppm) 3.43 (-CH>, t, 2H), 2.78 (-CHg, s, 3H), 2.02 (-CHa,
m, 2H), and 1.78 (-CHz, t, 2H)]. Figure 4b and 4c show the XPS N 1s spectrum of the P-BIAN
copolymer and crosslinked P-BIAN polymer, respectively. In N 1s spectrum of P-BIAN
copolymer, only single peak at 400.1 eV corresponding to diimine (C=N) backbone of the P-
BIAN framework that are -sp? hybridized (pyridinic-type) was observed. Whereas, in the N 1s
spectrum of crosslinked P-BIAN, the detection of a signature second peak at 403.5 eV
corresponding to quaternary diimine nitrogen after crosslinking confirmed the successful
crosslinking of P-BIAN polymeric units to form crosslinked matrices. The XPS results were
supported by FT-IR characterization of crosslinked P-BIAN polymer. As shown in Figure 4d,
the presence of quaternary nitrogen v-stretch bands (2850 — 3100 cm™) and aliphatic C-H v-

109



CHAPTER 4

stretch bands (2750-2890 cm™) were characteristic of P-BIAN and linker hexane unit in the
crosslinked P-BIAN polymer. Table 1 lists all the characteristic infrared spectroscopic bands

corresponding to P-BIAN and crosslinked P-BIAN polymer matrices, respectively.
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Figure 2: (a) Synthetic scheme of P-BIAN, (b) *H-NMR, and (c) FT-IR spectra of P-BIAN
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Figure 3: Synthetic scheme of the crosslinked P-BIAN polymer matrices

Table 1: FT-IR assignments of the following systems: P-BIAN and crosslinked P-BIAN

Species Observed Bands (cm™) Assignment
P-BIAN 1659 (m) v (C=C) aromatic*®
1592 (m) v (C=N) imine*"*®
772 (m) o (C-N) aromatic amine*’8

Crosslinked P-BIAN

2850-3100 (m)

v (Quaternary nitrogen)*°

binder

2750-2890 (m)

Aliphatic C-H*

1644 (s) v (C=C) aromatic*®
1507 (m) v (C=N) imine*"8
761 (s) o (C-N) aromatic amine*’

Relative intensities are shown in parantheses: vs — very strong, s — strong, and m — medium.

by: stretching, » wagging, and &: bending; a: asymmetric mode, s: symmetric mode.
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4.3.4 Electrode preparation

Anodes were prepared by casting the slurry comprising of 35 wt % silicon nanoparticles
(SiNPs) (particle size <100 nm), 25 wt % graphite, 20 wt % crosslinked P-BIAN binder, and
20 wt % acetylene black (conductive additive) in NMP solvent onto a copper foil by doctor

blade method. The obtained electrodes were dried at 90 °C in vacuum for 12 hours to

completely remove the solvent. After drying, the electrodes were roll-pressed (calendered) at

80 °C with thickness 60 um. Finally, the electrodes were punched into disc-electrodes to

assemble coin cells for electrochemical evaluation. Similarly, two types of anodes for control
studies were prepared based on two conventional binders PAA (20 wt %) and CMC-Na (20
wt %) reported in the literature while maintaining similar proportions of active materials — 35
wt % SiNPs and 25 wt % graphite, and conductive additive - acetylene black 20 wt %. Table 2
lists the composition of respective electrode constituents used in this study and Table 3 details

the electrode thickness and laminate loading for each type of electrode, respectively.

Table 2: Composition of respective electrode constituents

Crosslinked P-BIAN binder-based anode (Si/C/P-BIAN-crosslinked/AB)

Constituents Composition (wt %)
Silicon nanoparticles (SiNPs) 35
Graphite 25
Crosslinked P-BIAN binder 20
Acetylene black 20
Control Study (Electrode 1: Si/C/PAA/AB) and (Electrode 2: Si/C/ICMC/AB)
Constituents Composition (wt %)

Silicon nanoparticles (SiNPs)

35 (same for electrode 1 and 2)

Graphite 25 (same for electrode 1 and 2)
PAA 20 (Electrode 1)
CMC-Na 20 (Electrode 2)

Acetylene black

20 (same for electrode 1 and 2)
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Table 3: Details of electrode thickness and laminate loading for each type of electrode,

respectively.

Type of electrode Total electrode | Only copper Thickness of the
thickness disc thickness laminate loading
Si/C/PAA/AB (control) 45+ 0.5 um 20 pm 25+ 0.5 um
Si/C/ICMC/AB (control) 47 £ 0.5 um 20 um 27 £ um
Si/C/P-BIAN-crosslink/AB 46 £ 0.5 um 20 pum 26 £ 0.5 um

4.3.5 Electrochemical measurements

CR-2025-type coin cells were fabricated configuring Li metal as the counter-reference
electrode, polypropylene separator (25 pm, Celgard 2500), 1.0M LiPFs in (50/50) EC/DEC
electrolyte, and Si/C anode. The anodic half-cells were prepared in a glovebox filled with argon
(UNICO UN-650, H20, and O level <0.1 ppm). Charge-discharge studies were carried at
25 °C on Electrofield-EFT-001. A VSP potentiostat (BioLogic) electrochemical
analyzer/workstation was used for the electrochemical characterization of the fabricated half-
cells by cyclic voltammetry (CV) measurements between OCP and 1.2 V vs Li/Li* at a scan
rate of 0.1 mVs? at 25 °C. Electrochemical impedance spectroscopy (EIS) and dynamic
electrochemical impedance spectroscopy (DEIS) studies were conducted on a VSP potentiostat
(Biologic) within a frequency range of 10 mHz to 0.1 Hz with a sinus amplitude of 10 mV.

4.4 Results and Discussion

4.4.1 Theoretical studies

As the compounds with a high-lying highest occupied molecular orbital (HOMO) are
prone to gradual oxidation in the cathodic environment, the compounds with a low-lying lowest
unoccupied molecular orbital (LUMO) are susceptible to reduction in the anodic
environment®®-%2, Being one of the constituents in the anode, binders get exposure to the
electrolyte via the surface of the anode. Therefore, by virtue of their band energies (LUMO in
the case of binder for anodes), a binder system has a great potential to determine the quality of
SEI formation via optimizing the reductive decomposition of the electrolyte on the anode

surface. The stability and performance of Si anodes is dependent of the quality of SEI to a large
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extent®. So, to tailor an effective/robust SEI, the binder system must have tunable electronic
properties. In this regard, the conjugated compounds of the BIAN family have proven their
worth owing to their low-lying LUMO*44, Their electronic properties are highly tunable
because of the presence of electron rich diimine nitrogen atoms. By undergoing crosslinking
through diimine backbone (quaternization of nitrogen atoms), the LUMO energy level of the
crosslinked P-BIAN polymer would have lowered prospectively. Hence, the crosslinked P-
BIAN polymer was computationally evaluated by the DFT-based geometry and energy
optimization calculations on Materials Studio via Dmol3. The optimization parameters were:
gga (pW91) density functional, DND basis set, and unrestricted spin polarization. The DFT
optimized structure of the crosslinked P-BIAN is shown in Figure 5a. The calculated HOMO-
LUMO band energies of crosslinked P-BIAN were compared with electrolyte components
(ethylene carbonate (EC) and diethyl carbonate (DEC)), precursor polymer P-BIAN, and our
earlier reported P-BIAN/PAA binder for Si anodes as shown in Figure 5b. Electrolyte
components EC and DEC were calculated to show high-lying LUMOSs (ELumo = -0.28 eV for
EC and -0.06 eV for DEC), respectively. Table 4 lists the comparison table based on HOMO-
LUMO band energies among various binders reported in the literature (SBR, PAA, CMC, etc.)
and crosslinked P-BIAN binder. The crosslinked P-BIAN binder was evaluated to be having
the lowest-lying LUMO among all with ELumo = 3.67 eV. The low-lying LUMO of the
crosslinked P-BIAN binder has the potential to undergo n-doping in reducing anodic
environment which would restrict the excessive reductive decomposition of electrolyte on the
surface of the anode. Therefore, the n-doping of the crosslinked P-BIAN can be instrumental
in tailoring the architecture of the SEI as well as lower the irreversible capacity loss that

happens by uncontrolled electrolyte decomposition.
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Figure 5: (a) DFT optimized structure of crosslinked P-BIAN binder and (b) HOMO-LUMO
energy level comparison among electrolyte components, P-BIAN, P-BIAN/PAA, and
crosslinked P-BIAN binders, respectively.

Table 4: A comparison list of crosslinked P-BIAN with different binders reported in the
literature based on their HOMO-LUMO energy levels

Binders HOMO (eV) LUMO (eV) Reference
PEO -11.2 7.1
SBR -8.9 5.1
PMA -12.2 4.95 %0
CMC -12.1 4.8
PVC -12.2 4.78
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PVDF -12.47 1.46 43
PAA -6.1 -1.3
P-BIAN -4.58 -3.17 44
P-BIAN/PAA -4.4 -3.4 Chapter-3
Crosslinked P- -4.19 -3.67 This work
BIAN

4.4.2 Electrochemical characterization
Cyclic voltammetry studies

The anodic half-cells fabricated with anode comprising of P-BIAN crosslinked binder
and control study binders (PAA and CMC) were subjected to cyclic voltammetry (CV) studies.
Figure 6a shows the cyclic voltammogram of Si/C/P-BIAN-crosslink/AB anode-based half-
cell recorded within the operating potential window 0.005 and 1.2 V (vs Li/Li*) at a scan rate
of 0.1 mVs™. In the first reverse scan, the characteristic peak at 0.67 V was attributed to
electrolyte decomposition at Si/C/P-BIAN-crosslink/AB anode®® and the peak at 0.0045 V was
attributed to the initial alloying of the crystalline Si phase (Li1sSis)**. After the alloying of
crystalline Si phase in the first reverse scan, from second cycle onwards, the peak
corresponding to the alloying of amorphous Si phase (Li12Si7) was observed at 0.19 V%, In the
forward scan, the two anodic peaks observed at 0.33 V and 0.54 V were characteristic to the
transformation of amorphous LixSi phase formed during alloying to Si phase back again?® %%
%, Similar characteristic peaks attributed to electrolyte decomposition, alloying of crystalline
Si phase in the first reverse scan, alloying of amorphous Si phase from second reverse onwards,
and dealloying of lithiated amorphous Si phase to Si were observed in control studies-based
anodic half-cells with PAA (Figure 6b) and CMC-Na (Figure 6c) binders, respectively. Further,
cyclic voltammograms corresponding to 3™ and 4™ cycles for the respective anodes were
compared as shown in Figure 6d. The anodic peaks of Si/C/P-
BIAN-crosslink/AB anodic half-cell were distinctive with high intensity exhibiting two phase
dealloying of amorphous silicon phase with good cyclability. However, in the case of
Si/C/PAA/AB anode though the peaks were distinct, the sharpness and intensity were poor
which could be attributed to volume expansion driven partial dealloying. And in the case of
Si/C/ICMC/AB anode, two distinctive peaks corresponding to two-step dealloying of
amorphous Si were not observed exhibiting rapid phase transformation that could lead to poor
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cyclability at higher currents. Hence, Si/C/P-BIAN-crosslink/AB anodic half-cell showed
superior performance with all distinctive characteristic Si alloying and dealloying peaks with
promising cyclability upon repeated charge-discharge in comparison to control binders’-based
anodic half-cells.
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Figure 6: Cyclic voltammograms of (a) Si/C/P-BIAN-crosslink/AB anode-based half-cell vs
Li/Li*, (b) control (Si/C/PAA/AB) anode-based half-cell vs Li/Li*, (c) control (Si/C/CMC/AB)
anode-based anodic half-cell vs Li/Li*, and (d) comparison of the 3 and 4" cycles from the
cyclic voltammograms of Si/C/P-BIAN-crosslink/AB, Si/C/PAA/AB, and Si/C/CMC/AB
anodes, respectively.

Charge-discharge studies

The long-term cycling performance comparison between Si/C/P-BIAN-crosslinked/AB
anodic half-cell and control systems (Si/C/PAA/AB and Si/C/CMC/AB) is shown in Figure 7a.
The first 10 cycles of de-/alloying were carried out at 150 mAg™ for better interface formation
which was followed by long-term cycling at a high current of 500 mAg™. The first cycle
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reversible capacities for Si/C/P-BIAN-crosslinked/AB anodic half-cell was recorded to be
2512 mAhg™ and control (Si/C/PAA/AB and Si/C/CMC/AB) anodic half-cells were recorded
to be 1893 mAhg! and 2600 mAhg?, respectively. However, the corresponding initial
coulombic efficiencies (ICEs) for Si/C/P-BIAN-crosslinked/AB anodic half-cell was 88.2%
which was significantly higher than control systems (Si/C/PAA/AB and Si/C/CMC/AB) with
85.0% and 81.0%, respectively. The higher ICE in the case of Si/C/P-BIAN-crosslinked/AB
anodic half-cell meant lower irreversible capacity loss that is a direct result of restricted
decomposition of the electrolyte on the Si/C/P-BIAN-crosslinked/AB anode governed by n-
doping of crosslinked P-BIAN binder. Therefore, due to excellent mechanical robustness
induced by crosslinked P-BIAN binder and tailored conducive SEI, the Si/C/P-BIAN-
crosslinked/AB anode showed excellent cyclability for over 1000 cycles with a high reversible
capacity ~2500 mAhg™, 99.03% capacity retention, and >99% coulombic efficiency after
initial pre-cycling. Whereas control systems (Si/C/PAA/AB and Si/C/CMC/AB) stood no
match with poor cyclability and fading capacity after 400 cycles of de-/alloying. Figure 7b
compares the reversible capacity retention between Si/C/P-BIAN-crosslinked/AB anodic half-
cell and control systems (Si/C/PAA/AB and Si/C/CMC/AB), respectively. Si/C/P-BIAN-
crosslinked/AB anodic half-cell showed an excellent reversible capacity retention of 99.01%
after 1000 cycles of de-/alloying in comparison to control systems (Si/C/PAA/AB and
Si/C/ICMC/AB) with 51.3% after 300 cycles and 42.5% after 400 cycles, respectively. Figure
7¢ shows the comparison profiles of coulombic efficiencies (CEs) of respective anodes after
40 cycles of de-/alloying at 500 mAhg™. The Si/C/P-BIAN-crosslinked/AB anodic half-cell
achieved >99% CE after 16 cycles of de-/alloying from 88.2% first cycle ICE. On the other
hand, control systems (Si/C/PAA/AB and Si/C/CMC/AB) showed poor ICEs owing to
excessive electrolytic decomposition and showed lower maximum CEs after 40 cycles (97.8%
and 98.5%) in comparison to Si/C/P-BIAN-crosslinked/AB anodic half-cell. Hence, the
Si/C/P-BIAN-crosslinked/AB anodic half-cell outperformed the conventional binders-based
anodic half-cells (Si/C/PAA/AB and Si/C/CMC/AB) in terms of specific capacity at a high
current rate of 500 mAg, cyclability, and capacity retention.
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Figure 7: Charge-discharge studies of Si/C/P-BIAN-crosslink/AB anodic half-cell and control
systems (Si/C/PAA/AB and Si/C/CMC/AB). (a) long-term cyclic stability comparison of
respective anodic half-cells at 500 mAg™ current, (b) comparison of capacity retention in
Si/C/P-BIAN-crosslink/AB anodic half-cell and control systems, and (c) coulombic efficiency
comparison after 40 cycles of de-/alloying between Si/C/P-BIAN-crosslink/AB anodic half-
cells and control systems, respectively.

(Dynamic) electrochemical impedance spectroscopy studies

To determine the internal impedance in Si/C/P-BIAN-crosslink/AB anodic half-cell
and control systems (Si/C/PAA/AB and Si/C/CMC/AB), electrochemical impedance
spectroscopy (EIS) measurements were carried out. The EIS profiles were recorded at an open
circuit potential (OCP) without direct current (DC). Figure 8a, 8b, and 8c show the Nyquist
impedance profiles of Si/C/P-BIAN-crosslink/AB, control system (Si/C/PAA/AB), and control
system (Si/C/CMC/AB)-based anodic half-cells immediately after fabrication and after 15
cycles of de-/alloying. In the case of Si/C/P-BIAN-crosslink/AB anodic half-cell, the internal
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impedance immediately after fabrication was recorded to be 415 Q in comparison to control
systems (Si/C/PAA/AB and Si/C/ICMC/AB) with 620 Q and 1875 Q, respectively. After 15
cycles of de-/alloying, in the case of Si/C/P-BIAN-crosslink/AB anodic half-cell internal
impedance reduced to mere 110 Q constituting of impedance contribution by SEI and charge-
transfer (CT) (Rsei+Rct) in comparison to control systems (Si/C/PAA/AB and Si/C/CMC/AB)
with 360 Q and 250 Q (Rsei+RcT), respectively. Therefore, owing to the excellent interface
formed because of n-doping of crosslinked P-BIAN binder, the electrolytic decomposition on
the anode surface and the internal impedance in the case of Si/C/P-BIAN-crosslink/AB anodic

half-cell were significantly lowered both pre-cycling and post-cycling.

Further, to determine the electronic conductivity of crosslinked P-BIAN binder as well
as conventional PAA and CMC binders, Nyquist impedance profiles of anodic half-cells with
copper electrodes coated with respective binders (without active material and conductive
additive) were recorded. Figure 8d and 8e shows the Nyquist profiles of copper foil electrode
coated with crosslinked P-BIAN binder and conventional binders (PAA and CMC) vs Li/Li"
at OCP, respectively. Table 5 lists that the electronic conductivity of crosslinked P-BIAN
binder was calculated to be 2.16 x 10 Q*m™ which was higher than the conventional binders
PAA (6.82 x 10* Q*m™) and CMC (1.32 x 10* Qm™).

R=p; (1)

In equation 1, R is the resistance in ohm (), 1 is the length in meter (m) of the specimen, A is

the cross-sectional area (m?) of the specimen, and p the resistivity (Qm). The conductivity o

Q1 m?) of a material is the inverse of its resistivity as shown in equation 2.

1
o =—
p

2

Table 5: Parameters associated with electronic conductivity measurements for respective

binder systems.

Material Area of the | Thickness of the | Resistance | Conductivity
electrode (A) electrode (L)

P-BIAN/PAA 1.77 x10* m? | 46+ 0.5 um 120 Q 216 x10° Q! m?

Control System | 1.77 x 104 m? | 45+ 0.5 um 476 Q 6.82 x 104 Q1 mt

(PAA binder)

Control System | 1.77 x 104 m? | 47 £0.5 um 2010 Q 1.32x10* Q1 m?

(CMC binder)
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Figure 8: Nyquist Impedance profiles recorded after fabrication and 15 cycles of de-/alloying
of (a) Si/C/P-BIAN-crosslink/AB anodic half-cell, (b) control system — Si/C/PAA/AB, and (c)
control system — Si/C/CMC/AB, respectively. Nyquist profile of anodic half-cells having
electrodes with pure binder coating (without active material and conductive additive) (a)

crosslinked P-BIAN binder and (b) conventional binders (PAA and CMC), respectively.
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For thorough understanding of the types of interfaces and their contribution to the
overall cell impedance, dynamic electrochemical impedance spectroscopy (DEIS) studies were
carried out. In this, the impedance profiles of the cell at various potential steps during the
respective charge and discharge cycles are recorded. This phenomenon helps to understand
various interfacial processes that happen during the real time charge-discharge of the battery.
The frequency response of anodic half-cells under study were recorded corresponding to an
AC signal in the operating potential window of the battery i.e., 0.005 V — 1.2 V vs Li/Li". The
DEIS 3D-Nyquist impedance profiles during alloying and dealloying half-cycles for Si/C/P-
BIAN-crosslinked/AB andic half-cell after 1000 cycles and control systems (Si/C/PAA/AB
after 300 cycles and Si/C/CMC/AB after 400 cycles) are shown in Figure 9. To get
comprehensive understanding on the types of interfaces that are present, various tentative
Equivalent Electrical Circuit Models (EECMs) were tried to computationally fit each of the
Nyquist profiles at each potential step for all anodic half-cells during the DEIS study. The best
fit EECM was (RL(QR)(CR)(QR)(CW)) (Figure 10a). Each element in the electrical circuit
model is classified as follows: Ohmic electrolytic resistance (Re), intrinsic resistance of the
silicon anode comprising of the particle to particle and particle to current collector (Rec), solid-
electrolyte interface (Rsei), charge transfer resistance (Rct), and Warburg infinite diffusion
element (Zecrw). Table 6,7, and 8 list the circuit fitting parameters (resistance corresponding to
each of the interfaces involved) as per the EECM for anodes with respective binder systems.
SEl is one of the most important constituents that determine the performance of a LIBs.
Therefore, the SEI resistance (Rsei) values for each of the binder system-based anodic half-
cells was plotted against corresponding potential (V) steps as shown in Figure 10b. It was
evidently seen that the Rsgi in the case of Si/C/P-BIAN-crosslinked/AB anodic half-cell was
substantially lower than control systems (Si/C/PAA/AB and Si/C/CMC/AB), respectively.
Therefore, the n-doping of the crosslinked P-BIAN binder in the anodic environment tailored
the architecture of SEI with lowered interfacial impedance. This enhanced the performance of
Si anodes manifold in comparison to conventional binder systems. The DEIS study effectively
elaborated on the interfacial impedance which determine the cell’s performance to a great

extent.
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Figure 9: DEIS 3-D Nyquist profiles recorded after 1000 cycles for Si/C/P-BIAN-
crosslinked/AB anodic half-cell (a) during alloying half-cycle and (b) during dealloying half-
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cycle, after 300 cycles for control system Si/C/PAA/AB anodic half-cell (c) during alloying

half-cycle and (d) during dealloying half-cycle, and after 400 cycles for control system

Si/C/CMC/AB anodic half-cycle (e) during alloying half-cycle and (f) during dealloying half-

cycle, respectively.
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Figure 10: (a) The best fit Equivalent Electrical Circuit Model (EECM) for Nyquist impedance

profiles and (b) a comparison plot depicting the SEI impedance (Rsgi) vs potential (V) during
alloying half-cycle for Si/C/P-BIAN-crosslinked/AB and control system (Si/C/PAA/AB and
Si/C/CMC/AB) anodic half-cells, respectively.

Table 6: DEIS circuit fitting parameters during alloying for Si/C/P-BIAN-crosslink/AB anodic

half-cell

Rs Rec Rsel Rcr e Circuit Potential (V)
1.549 10.45 33.18 36.63 0.000667 R(L)(QR)(CR)(QR)(CW) 1.20
1.435 2252 31.84 60.31 9.9E-05 R(L)(QR)(CR)(QR)(RW) 114
2.0 2.88 29.46 52.21 2.30E-05 R(L)(QR)(CR)(QR)(CW) 1.08
1.62 1.19 29.04 15.48 5.51E-05 R(L)(QR)(CR)(QR)(CW) 1.02
174 119 31.84 49.93 4.46E-05 R(L)(QR)(CR)(QR)(CW) 0.96
4.85 20.42 35.84 86.19 1.52E-05 R(L)(QR)(CR)(QR)(CW) 0.90
481 3.50 28.79 54.39 2.29E-05 R(L)(QR)(CR)(QR)(CW) 0.84
5.93 5.55 2238 3354 5.21E-05 R(L)(QR)(CR)(QR)(CW) 0.78
1.95 10.39 376 1.45 6.42E-05 R(L)(QR)(CR)(QR)(CW) 0.72
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152 1.59 22.95 9.65E+02 | 9.44E-05 | R(L)(QR)(CR)(QR)(CW) 0.66
258 6.41 2805 | 361E+01 | 8.19E-05 | R(L)(QR)(CR)QR)(CW) 0.60
1.66 7.31 3751 2.49E+01 | B8.99E-05 | R(L)(QR)(CR)(QR)(CW) 0.54
258 2.89 36.04 21.44 1.46E-05 | R(L)(QR)(CR)(QR)(CW) 0.48
251 2.84 30.98 6.43 152E-05 | R(L)(QR)(CR)(QR)(CW) 0.42
350 44.45 3175 353 1.53E-05 | R(L)(QR)(CR)(QR)(CW) 0.36
450 4321 38.9 7.86 1.43E-05 | R(L)(QR)(CR)(QR)(CW) 0.30
6.41 2229 29.06 94.18 1.99E-05 | R(L)(QR)(CR)(QR)(CW) 0.24
3351 30.45 28.10 74.29 215E-05 | R(L)(QR)(CR)(QR)(CW) 0.18
2.99 0.002 26.45 914E+01 | 215E-05 | R(L)(QR)(CR)(QR)(CW) 0.12
10.36 2249 25.84 3.22 2.16E-05 | R(L)(QR)(CR)(QR)(CW) 0.06

11 39.48 29.07 0.65 555E-05 | R(L)(QR)(CR)(QR)(CW) 0.005

Table 7: DEIS circuit fitting parameters during alloying for Si/C/PAA/AB anodic half-cell

Rs Rec Rsei Rer a Circuit Potential (V)
44.32 1.25 275.43 55.51 0.0005 R(L)(QR)(CR)(QR)(CW) 1.20
22.45 44.61 399.28 64.45 5.9x10° R(L)(QR)(CR)(QR)(CW) 1.14

1.0 3.90E+04 401 4341 1.50E-05 R(L)(QR)(CR)(QR)(CW) 1.08
254 2.85E+11 480.98 48.15 4.61E-05 R(L)(QR)(CR)(QR)(CW) 1.02
2.99 20.73 700.42 47.87 6.66E-05 R(L)(QR)(CR)(QR)(CW) 0.96
231 5451 689.90 52.54 0.32E-05 R(L)(QR)(CR)(QR)(CW) 0.90
1.85 6.51E+02 667.41 31.76 4.69E-05 R(L)(QR)(CR)(QR)(CW) 0.84
24 5.55 644.71 89.41 3.71E-05 R(L)(QR)(CR)(QR)(CW) 0.78
1.98 3.68 669.32 0.52 5.82E-05 R(L)(QR)(CR)(QR)(CW) 0.72
0.84 1.86 60032 | 6.42E+02 1.74E-05 R(L)(QR)(CR)(QR)(CW) 0.66
0.984 8.54 62243 | 2.51E+01 |  7.51E-05 R(L)(QR)(CR)(QR)(CW) 0.60
0.95 9.85 55021 | 543E+0L1 |  0.90E-05 R(L)(QR)(CR)(QR)(CW) 0.54
0.85 1.01 550.42 32.36 0.66E-05 R(L)(QR)(CR)(QR)(CW) 0.48
0.92 19.43 541.49 5.63 7.65E-05 R(L)(QR)(CR)(QR)(CW) 0.42
0.86 53.67 650.33 467 6.66E-05 R(L)(QR)(CR)(QR)(CW) 0.36
1.94 100 590.1 1.43 4.78E-05 R(L)(QR)(CR)(QR)(CW) 0.30
1.84 66.31 600 65.41 2.69E-05 R(L)(QR)(CR)(QR)(CW) 0.24
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1.74 67.15 680 99.54 5.05E-05 R(L)(QR)(CR)(QR)(CW) 0.18
1.54 98.39 659.31 | 2.36E+01 |  1.53E-05 R(L)(QR)(CR)(QR)(CW) 0.12
1.68 12.85 661.34 123 1.62E-05 R(L)(QR)(CR)(QR)(CW) 0.06
194 33.89 660.21 0.41 4 57E-05 R(L)(QR)(CR)(QR)(CW) 0.005

Table 8: DEIS circuit fitting parameters during alloying for Si/C/CMC/AB anodic half-cell

Rs Rec RsEl Rcr a Circuit Potential (V)
44.32 1.25 998.1 55.51 0.0005 R(L)(QR)(CR)(QR)(CW) 1.20
22.45 44.61 900.17 64.45 5.9x10° R(L)(QR)(CR)(QR)(CW) 1.14

1.09 3.90E+04 859.47 4341 1.50E-05 R(L)(QR)(CR)(QR)(CW) 1.08
2.54 2.85E+11 828.85 48.15 4.61E-05 R(L)(QR)(CR)(QR)(CW) 1.02
2.99 20.73 800.73 47.87 6.66E-05 R(L)(QR)(CR)(QR)(CW) 0.96
2.31 5451 846.73 52.54 0.32E-05 R(L)(QR)(CR)(QR)(CW) 0.90
1.85 6.51E+02 816.84 31.76 4.69E-05 R(L)(QR)(CR)(QR)(CW) 0.84
2.4 555 826.86 89.41 3.71E-05 R(L)(QR)(CR)(QR)(CW) 0.78
1.08 3.68 800.83 0.52 5.82E-05 R(L)(QR)(CR)(QR)(CW) 0.72
0.84 1.86 817.37 | 6.42E+02 1.74E-05 R(L)(QR)(CR)(QR)(CW) 0.66
0.984 8.54 867.05 | 2.51E+01 751E-05 R(L)(QR)(CR)(QR)(CW) 0.60
0.95 9.85 876.93 | 5.43E+01 0.90E-05 R(L)(QR)(CR)(QR)(CW) 0.54
0.85 1.01 800.95 32.36 0.66E-05 R(L)(QR)(CR)(QR)(CW) 0.48
0.92 19.43 900.93 5.63 7.65E-05 R(L)(QR)(CR)(QR)(CW) 0.42
0.86 53.67 967.04 4.67 6.66E-05 R(L)(QR)(CR)(QR)(CW) 0.36
1.94 100 999.78 1.43 4.78E-05 R(L)(QR)(CR)(QR)(CW) 0.30
1.84 66.31 1200.38 65.41 2.69E-05 R(L)(QR)(CR)(QR)(CW) 0.24
1.74 67.15 1067.94 99.54 5.05E-05 R(L)(QR)(CR)(QR)(CW) 0.18
1.54 98.39 77917 | 2.36E+01 1.53E-05 R(L)(QR)(CR)(QR)(CW) 0.12
1.68 12.85 780.16 1.23 1.62E-05 R(L)(QR)(CR)(QR)(CW) 0.06
19.4 33.89 736.74 0.41 4.57E-05 R(L)(QR)(CR)(QR)(CW) 0.005
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4.4.3 Post-mortem characterization of anodes

Scanning electron microscope (SEM) measurements (Morphology studies)

After electrochemical evaluation of the anodes comprising of the crosslinked P-BIAN
binder and control system (PAA and CMC) binders, the anodes were retrieved by
disassembling anodic half-cells after 1000 cycles for Si/C/P-BIAN-crosslinked/AB and control
systems (Si/C/PAA/AB — 300 cycles and Si/C/CMC/AB — 400 cycles), respectively. In the
case of Si/C/P-BIAN-crosslinked/AB, the pristine electrode showed excellent adherence to the
copper current collector and FESEM micrograph showed uniform morphology (Figure 11a).
Even after 1000 cycles of de-/alloying, the Si/C/P-BIAN-crosslink/AB anode maintained its
adherence to the copper current collector, however, due to long cycling at a high current rate,
the anode morphology constituted of micro cracks due to the pulverization of SiNPs (Figure
11b). Also, the electrode laminate did not peel off while handling though it had undergone
1000 cycles of rapid charge-discharge. In the case of anode with PAA binder (control system:
(i) Si/C/PAA/AB), there was a contrasting difference between the morphology of the pristine
(Figure 11c) and anode after 400 cycles of charge-discharge (Figure 11d) with electrode
laminate peeling-off while handling. Similarly, the anode with CMC binder (control system:
(i1) Si/C/ICMC/AB) underwent a drastic morphological change from its pristine morphology to
that after 400 cycles of charge-discharge. Large cracks were developed due to the volume
expansion and pulverization of SiNPs (Figure 11e and 11f). The FESEM morphological studies
highlighted the mechanical robustness provided by crosslinked P-BIAN binder matrices to Si
anodes. This was responsible for their excellent cyclic stability for over 1000 cycles of de-
/alloying in comparison to conventional binders (PAA and CMC-Na). The average particle size
of silicon nanoparticles (SiNPs) is 100 nm as described by the seller (Sigma-Aldrich).
Therefore, the diameter of the SiNP being 100 nm, the area would be 125.6 um?. Hence, the
established interaction between one SiNP and a polymeric chain would have crosslinked P-
BIAN matrices with chain diameter of 100 nm or more. Therefore, the length of a single
polymer unit was calculated to be 18.5 um based on the length of a single repeating unit (10.9A)
with My being 17000. Therefore, comparable size of SiNP and polymer chain length is
reasonable to explain efficient interaction between them to form self-healing matrices.
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Figure 11: The FESEM micrographs of the Si/C/P-BIAN-crosslinked/AB electrode (a)
Pristine and (b) after 1000 cycles of de-/alloying. The control study electrode (i)
(Si/C/IPAA/AB) - (c) Pristine and (d) after 300 cycles and (ii) (Si/C/ICMC/AB) - (e) Pristine
and (f) after 400 cycles.
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4.5 Conclusion

The application of crosslinked P-BIAN polymer matrices as a binder for Si anodes,
resulted in their excellent stabilization and performance in terms of reversible capacity,
cyclability, capacity retention, and coulombic efficiency, respectively. The crosslinked P-
BIAN binder provided mechanical support because of the presence of robust P-BIAN
crosslinked matrices that restricted the pulverization of SiNPs even on cycling at a high current-
rate. The electron rich diimine nitrogen backbone in the BIAN moiety induced necessary
electrical conductivity throughout the electrode laminate. The low-lying LUMO of P-BIAN
crosslinked matrices (determined from theoretical evaluation of the binder) was tailored on
crosslinking with an alkane linker (1,6-dibromohexane). As a result, the binder could undergo
n-doping in the reducing anodic environment to restrict the electrolytic decomposition on the
anode surface to tune the SEI formation. Cyclic voltammetry studies of Si/C/P-BIAN-
crosslinked/AB anodic half-cell showed characteristic electrolytic decomposition, alloying of
crystalline Si phase, alloying of Si amorphous phase, and two-step Si dealloying peaks with
promising cyclability unlike the conventional binders’-based (PAA and CMC) anodic half-
cells. The charge-discharge studies of Si/C/P-BIAN-crosslinked/AB anodic half-cell showed
excellent stability of Si anode even at a high current rate of 500 mAg™. A reversible capacity
of ~2500 mAhg* with a capacity retention of 99.1% after 1000 cycles was observed in the case
of Si/C/P-BIAN-crosslinked/AB anodic half-cell. Further, dynamic electrochemical
impedance spectroscopy (DEIS) studies showed that the SEI resistance (Rsgi) in case of Si/C/P-
BIAN-crosslinked/AB anodic half-cell was substantially lower when compared with control
systems with conventional binders (PAA and CMC). Therefore, the n-doping of the crosslinked
P-BIAN binder could lead to the formation of an interface with lowered impedance that
provided appreciable stability to Si anodes to be cycled for over 1000 cycles. The post-mortem
characterization of the cycled Si anode with the cross-linked P-BIAN binder showed good
morphology retention as well as adherence to the copper current collector. Hence,
conducting/crosslinked-type binder materials such as crosslinked P-BIAN not only administer
cyclic stability but also influence the architecture of the interface which would stabilize Si
anodes. This protocol will lead to a promising future in the development of next-generation

high energy density LIBs based on Si anodes.
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Chapter 5

General Conclusions

5.1 Conclusions

Chapter 1

This chapter provided a linear overview of the past, present, and future of non-
renewable sources of energy, their drawbacks, and electrochemical power sources as their
potential alternatives. A deductive significance was provided as to why LIBs have an edge over
other electrochemical energy storage technologies to take us into a sustainable, eco-friendly,
and cost-effective future while meeting the ever-growing high energy density requirements at
various fronts. The current trend in LIB electrodes (cathodes and anodes) based on latest
literature survey was reported with graphite as current commercial choice and Si being
recognized as the next-generation anode active material. Further, the drawbacks associated
with each of these electrodes were detailed by recognizing that in both the types of electrodes,
the solid-electrolyte interface (SEI) is a critical factor that determines their stability. Hence, a
short overview to SEI was provided to comprehend its importance, factors influencing its
formation, and ways to develop possible strategies to tailor its formation on electrodes. Going
further by narrowing down to the focus of this research work, an importance to the need of
polymer binders as add-ons that can not only mitigate other drawbacks associated with graphite
and Si anodes but also lead to the formation of an interface that stabilizes these electrodes was
provided. In this regard, the success story of the polymeric binders belonging to the compounds
of the family bisiminoacenaphthene (BIAN) in stabilizing graphite was provided with their
historic structural, chemical, and electrochemical significance. Finally, the chapter was closed
by providing an objective and scope of this thesis. As a part of objective and scope section,
salient structural, chemical, and electrochemical features of BIAN-based compounds were
provided with highlights being their tunable electronic properties (low-lying LUMO). This
provided the scope of designing BIAN-based composite and crosslinked polymers to stabilize
not only graphite but also the next generation silicon anodes that not only administer
mechanical support and electrical conductivity but also tailor the SEI formation on the
electrode surface with lowered impedance for better cyclability of anodes. The chapter

provided a complete perspective of the aims and objectives of this work.
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Chapter-2

This chapter narrated the success story of BIAN-p-phenylene (BP)-copolymer as an
alternate binder choice for graphite anode over conventionally used PVDF binder. The BP-
copolymer binder exhibited better interfacial properties, reversible capacity, capacity retention,
lithium-ion diffusion, and morphology retention in comparison to the conventional PVDF
binder. The structural benefits like n- © stacking with graphite, n-type characteristics with
intrinsic electronic conductivity, and diimine nitrogen atoms to interact with copper current
collector empowered the BP binder to provide robust mechanical support to the active material
(graphite). The theoretical evaluation of the BP-copolymer and CV studies indicated that its
low-lying LUMO inspired the binder doping which prevented the electrolyte decomposition
on the anode surface unlike the conventional PVDF binder. The suppressed electrolyte
decomposition led to the formation of a thinner solid-electrolyte interface (SEI) which was
confirmed by the XPS analysis of the cycled anode. The impedance spectroscopy studies
showed a reduced interfacial impedance (Rsei) for BP binder-based anode. As a result, the BP
based anodic half-cell showed improved charge and discharge performance (1735 cycles) at a
high current rate 1C with 95% capacity retention. Though alternate anode material choices to
graphite are being pursued, graphite is still a commercial choice. Therefore, further stabilizing
graphite anode with an alternate binder choice to design an effective SEI and mitigate the

problems encountered while working with the conventional binder PVDF is crucial.
Chapter-3

This chapter detailed the design rationale, synthesis, and performance of a novel n-type
self-healing polymer composite P-BIAN/PAA as a binder to stabilize Si anodes. P-BIAN/PAA
stabilized the Si anodes in terms of rate capability, specific capacity, cyclability, capacity
retention, and coulombic efficiency on its application as a binder. Due to its low-lying LUMO,
it could undergo cathodic doping in the anodic environment and restrict the excessive
decomposition of the electrolyte on the anode surface. The impedance spectroscopy studies
showed that the restricted electrolytic decomposition on the P-BIAN/PAA-based anode
resulted in its low interfacial (Rsei)) and charge transfer (Rct) impedances. Therefore, the
formation of a tailored thin SEI and the dynamic self-healing electrostatic hydrogen bonding
in BIAN-PAA provided a robust mechanical support to the silicon anodes during the de-
/alloying and avoided its premature pulverization. The P-BIAN/PAA-based anode showed an

excellent cyclability up to 600 cycles, specific capacity of ~2100 mAhgsi, ~98.9% average
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coulombic efficiency, and 95% capacity retention after 600 cycles. Therefore, this provided
insights on the importance of designing strategized novel polymer composites that are n-type
conducting polymers (CPs) linked via electrostatic interaction with carboxylate-type polymer
to provide mechanical robustness and tune the interface formation on Si anode.

Chapter-4

This chapter elaborated another strategy of conducting/crosslinked class of polymers in
stabilizing Si anodes over conducting/self-healing class. The design, synthesis, and
electrochemical evaluation of crosslinked P-BIAN were discussed in comparison to
conventional binder systems (PAA and CMC). Crosslinked P-BIAN polymer matrices
stabilized the performance of Si anodes in terms of reversible capacity, cyclability, capacity
retention, and coulombic efficiency, respectively. Excellent mechanical support by virtue of its
robust crosslinked matrices even at high current rate, intrinsic electronic conductivity due to
the presence of diimine backbone, and low-lying LUMO driven n-doping in anodic
environment to tailor an effective SEI were the highlighting features of this polymer. The
charge-discharge studies of the crosslinked P-BIAN-based anodic half-cell showed excellent
stability of Si anode even at a high current rate of 500 mAg with reversible capacity of 2500
mAhg™ and capacity retention of 99.1% after 1000 cycles. This chapter streamlined the class
of binders that are effective in stabilizing Si anodes by their versatility to synergize their
application on the electrode surface as well as the interface between the electrode and

electrolyte.
5.2 Future Prospects

In this dissertation work, the author has explored the application of novel BIAN-based
functional polymers as binders by exploring their rich redox chemistry, electrochemical
significance, and structure-property relationship to stabilize high-performance LIB anodes.
The author has hierarchically tried to stabilize graphite and Si anodes in a LIB by designing
BIAN-based polymers that can mitigate major drawbacks associated with these electrodes and
most importantly tailor the formation of SEI on the electrode surface. The highlighting features
of BIAN family of compounds are electron reservoir property, n-doping ability in reducing
anodic environment, rich redox chemistry, intrinsic electronic conductivity, tunable electronic
properties, and coordinating ability because of electron rich nitrogen atoms. Also, the
compounds of this family have been utilized as ligands for transition metals for their catalytic
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utility. Therefore, their exceptional coordinating capability via the imine moiety has potential
to form variety of composite polymers and monomers with an external dopant to diimine
framework. This creates a wider scope of opportunity to explore a plethora of
conducting/crosslinked, conducting/self-healing, and self-healing type BIAN-based polymers
with varying electronic property to tune the interface as needed for stabilizing not only Si
anodes but also other high-capacity materials like phosphorous, boron, MoSz, etc. in next-
generation LIBs that suffer drastic volume expansion/contraction on charge-discharge. This
class of compounds can find its versatile application in future energy storage technologies like
Na, K, and Mg-ion batteries. Also, their utility as potential molecular connects to metallic/semi-
conducting electrodes for memory devices in M-m-M (Metal-molecule-Metal) junctions can
be of great significance. Finally, the author believes that this thesis can serve as a platform for
the thoughtful design of future composite binder materials to stabilize high-capacity anode

materials in Li-ion, Na-ion, K-ion, and Mg-ion batteries.
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