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Abstract

Batteries are crucial in advancing efficient energy storage technology amid the global
transition to renewable energies for carbon-free transportation and stationary energy
storage. They are essential for decarbonizing the transport and energy sectors, while also
finding applications in aerospace, medical devices, automotive, power grids, wearable
electronics, and robotics. Li-ion and Na-ion batteries (LIB, SIB), with their high energy
and power density, are preferred for hybrid/all-electric vehicles, power tools, and portable
electronic devices, promising significant reductions in greenhouse gas emissions. Their
potential extends to improving energy efficiency and quality from renewable sources in
power grid applications. However, challenges loom regarding their long-term viability,
cost effectiveness, availability of materials, and safety concerns such as fires, explosions,
and problems that need addressing. A deeper understanding of metal-ion battery
performance under adverse conditions is crucial for ensuring safer cells and their
continued contribution to a sustainable energy economy.

The present doctoral work mainly focuses on synthesizing dense functional group
polymers through cost-effective and non-toxic materials aiming to mitigate the
abovementioned issues, divided into chapters 2,3, 4, 5, and 6 in the doctoral thesis.

In Chapter 2, LIBs are crucial for various applications, but their electrolytes' carbonate-
based liquid solvents face challenges of flammability and lithium-ion movement
dynamics. Poly (ethoxycarbonylmethylene) (PECM) with a high density of ester groups
was explored as a polymer electrolyte to tackle these issues. PECM exhibited polar
aprotic properties, enhanced cation solvation, and a glass transition temperature of 10—
33 °C when combined with LiTFSI. Ionic conductivity ranged from 9.76 x 107 to 3.08 x
10% S ecm™ at 51 °C, with lithium-ion transference numbers between 0.80 and 0.98 and
diffusion activation energies of 27.4-43.0 kJ mol'. The PECM-based cathodic half-cell
displayed excellent rate capacity and long-cycle performance, retaining 80% capacity at
0.2 C for over 100 cycles. These findings highlight PECM's potential as an alternative
electrolyte material for future LIB applications.

In Chapter 3, poly(fumaric acid) (PFA) as a binder in LIBs shows exceptional Li*
diffusion kinetics. Studies, including activation energy and diffusion coefficient
assessments, confirm this. The PFA binder demonstrates impressive reversible specific
capacities ranging from 343 to 65 mAhg"! across various current densities of graphite
electrode. At a 1C rate during extended cycling, the PFA binder maintains remarkable
performance, achieving a reversible specific capacity of 325 mAhg™! with an impressive

79% capacity retention at 710" cycle. Additionally, under rapid 5C charging, the PFA
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binder reduces polarization, ensuring a specific capacity of 54 mAhg™ in just 1.5 minutes.
Impedance studies reveal a low-resistance solid electrolyte interphase (Rsgr) value,
facilitating the smooth passage of Li" ions. Postmortem investigations confirm the PFA
binder's effectiveness, forming a uniform SEI on the electrode surface, devoid of
exfoliation or cracks. This highlights the binder's role in enhancing LIB performance.

In Chapter 4, SIB with PFA binder for hard carbon anodes exhibit exceptional
performance. They achieve an impressive initial coulombic efficiency of 80.8% and
outperform PAA and PVDF binders in terms of reversible rate capacities at various
current densities, with PFA binder showing capacities ranging from 332 to 119 mAhg™.
PFA binder also demonstrates excellent capacity retention, retaining 85.4% of its
reversible specific capacity over 250 cycles at a higher current density of 60 mAg™!,
reaching a maximum capacity of 288 mAhg™!'. Moreover, PFA binder enhances sodium
ion kinetics by modifying SEI, resulting in a lower activation energy, a higher sodium ion
diffusion coefficient, and reduced resistance compared to PAA and PVDF binders.

In chapter 5, Poly(oxycarbonylmethylene 1-allyl-3-methyimidazolium) (PMAI), exhibits
excellent electrochemical performance for graphite in LIB, achieving 80% capacity
retention at 750 cycles with a specific capacity of 298 mAhg™! at 1C compared to PVDF
binder. At 5C rate, PMAI/Gr delivers a higher discharge capacity of 85 mAhg! than
PVDF/Gr (47 mAh g'). Postmortem analysis reveals noticeable electrode degradation
containing PVDF binder, characterized by high charge transfer resistance and thick
organic species at SEI. In contrast, when PMAI serve as binders, high content of inorganic
species in SEI and crack-less electrode is observed, resulting in reduced overpotential,
lower activation energy and enhanced Li" diffusion.

In Chapter 6, PMALI binder for hard carbon in SIB is shown to be reduced during cyclic
voltammetry and charge/discharge at 0.9 V vs. Na'/Na, leading to better adhesion with
electrode components and formation of functionalized SEI. The PMAI/HC's initial
coulombic efficiency is 74% and a maximum specific capacity of 254 mAhg™! with a
capacity retention of 96.2% was observed after 200 cycles at 60 mAg™'. PMAI-containing
electrodes showed better rate capability at different current densities than PVDF binder.
PMAI/HC electrode exhibits an enhanced Na* diffusion coefficient, low Rsgr and Rer and
decreased activation energy of desolvation, which is ascribed to densely polar ionic liquid
groups along the binder, enhancing the ion conductivity in electrode, influencing the Na*
diffusion kinetics at the surface and formation of functionalized SEI due to binder
reduction.

Keywords: binder for carbon anode, lithium-ion batteries, poly(ionic liquid), sodium-ion

batteries, water-soluble binder
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Chapter 1
Introduction

Abstract

This chapter provides a robust examination of battery evolution, particularly focusing on
lithium-ion batteries and sodium ion batteries. It delves deeply into the diverse materials
utilized across electrolyte, binders, anode, and cathode segments. Furthermore, it
highlights the benefits associated with integrating ionic liquids in binders and explores
the potential of high-density functional group polymer compounds as effective ion
transportation and battery performances. Moreover, it introduces the concept of crafting
organic-inorganic hybrids through the manipulation of precursor materials. Essentially,
this chapter serves as the cornerstone for the research methodology employed throughout

the doctoral investigation.




Introduction to Batteries:
General background:

The advancement of technology has heavily relied on fossil fuels, but their limited supply
and environmental impact, including pollution and increasing carbon footprints,
necessitate a shift towards alternative energy sources. This has prompted global efforts to
develop renewable resources like solar, geothermal, and wind power. Concurrently,
material innovations are underway to align current technologies with future needs,
leading to emergence of electric vehicles. Li-ion batteries, tailored to meet consumer
demands for efficiency, safety, and environmental sustainability, play a pivotal role in this
evolution. From the implementation of lead-acid and Ni-based batteries in vehicles to LIB
in electronic devices, energy sources in daily life vary widely. Environmental awareness
drives ongoing improvement and scrutiny of technologies, particularly LIB and emerging
alternatives like Li-metal batteries. Research efforts, especially in hybrid vehicles, are
accelerating, promising advancements in battery technology and the broader battery

market.

A battery is composed of electrochemical cells, which function as transducers, converting
between electrochemical and chemical energy and vice versa. These batteries are
interconnected depending on the required output voltage. Each cell comprises a cathode
(positive electrode), an anode (negative electrode), and an electrolyte for Li-ion transport.
The electrolyte serves a dual purpose: It functions as a barrier between the electrodes
while enabling ion conduction between them. Additionally, external connections between
electrodes establish a pathway for electron movement, completing the electrochemical
circuit. While batteries are conceptually straightforward, their evolution has not been as
straightforward as in other electronics sectors. Due to the numerous variables involved,

battery research and development represent a significant challenge.
Historical perspective:

Indeed, battery technology has made remarkable advancements compared to its historical
predecessors. Throughout the last century, primary batteries (MnO2-based) and
secondary types utilizing Lead acid, Nickel, or Zinc-based systems were predominantly
used. However, the efficiency and performance of Ni or Zn-metal batteries and Pb-acid
batteries eventually reached a plateau. This prompted the emergence of new technologies
like lithium-ion batteries, which have gained traction due to evolving industrial needs and

the pursuit of technological superiority. The drive towards a technologically advanced
9




future, while also considering the responsible use of Earth's resources, motivates ongoing
energy research endeavors. Although renewable energy sources have successfully
harnessed, the need for portable energy solutions for domestic applications highlights the
importance of further advancements in existing technologies. Since 1990, lithium-ion
batteries have undergone significant advancements, particularly in power and safety, and

have catalyzed the development of related technologies through extensive research efforts
in this field"2.

The progression of battery technology over time can be organized in a chronological

manner as shown in Figure 1.

Leclanche cell-Zn(negative
electrode), Carbon rod

(positive electrode) in NH4Cl. Zn-HgO battery Zinc amal- Several scientist in sepa-
Voltage output:1.5 V. gam as negative electrode, rate attempts, created
) _ HgOcarbon mixture as posi- :

Voltaic cell-Alternate piles Similar to Ni-Cd battery  tive electrode in conc. KOH and perfected LiCoO,

of (Ag or Brass or Cu) and except for all-iron nega-  solution . uchion ST i

(zn or Sndiscs) separated by tive electrode Voltage irst production of Lithium metal - L

S elbth turatad Wit bine. output: 12V, based batteries with Tis, along with Commercialization of Lithium ion batter-

lithium metal
1799 1836 1859 1866 1899 1905 1945 Batteries Evolution 1970s 1979 1985 1991 2019

Ni-Cd battery (Ni(OH)2- positive ¢
electrode; mixture of Cadmium British  chemist ~ M.Stanley Yoshino assembled a proto- ) )
type that used both lithium Whittingham, Yoshino and Goode-

Daniell Cell

First secondary cell- and Iron powders- negative elec- Whittingham proposed creating
Lead-acid battery. Volt- tln;(\:ile) in KOH Voltage output: an energy storage device using ions and LiCoO, as battery no_ugh were c.o—awarded the Nobel
age output: 2V <2V, lithium cells electrodes prize for chemistry

Figure 1: Timeline of evolution in batteries breakthroughs.

Battery:

At its essence, a battery serves two primary functions: delivering energy output over a set
period and storing energy. Primary batteries handle energy output, while secondary
batteries go a step further by storing energy post-charging. These functions are regulated
by charge-discharge mechanisms involving internal battery components. Energy
conversion involves a complex process of electron and ion transfer across
electrode/electrolyte interface. Interfacial characteristics are determined by respective
phases, with time-dependent changes impacting battery shelf-life. The voltage of cell is
influenced through the electric double layer formed between the electrode and electrolyte
at these interfaces. Secondary battery technology relies on the interaction of materials in
electrodes and electrolytes, emphasizing the importance of understanding their chemistry
for battery performance®.

LIB have appeared as prominent energy sources due to their superiority over conventional
secondary sources. Tarascon and Armand's influential Nature article in 2001 offered a

historical and developmental overview of lithium-ion batteries, analyzing contributions
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related to the anode, cathode, and electrolytes. Notable advancements were
comprehensively outlined, with recognition of areas warranting further investigation.
Figure 2, illustrates the battery technology landscape at the time, highlighting lithium-ion
batteries' superior energy density compared to conventional sources. It offers a

comparative analysis of the technical features of LIB in relation to other battery types*>.

Figure 2: Profiles of maximum volumetric and gravimetric energy densities for different

Energy Density Profiles

450
400
350
300

250
200
150
10 L
5
i L

Pb-battery Ni-Cd Ni-MH Ag-Zn Li-ion

Energy density

o O

batteries.

In a recent publication in Nature, the authors revisited the topic of lithium-ion batteries,
delving into their ongoing evolution and futuristic potentials. They extensively discussed
advancements in battery architecture and design, current technologies and future
prospects. With energy demands rising and fossil fuel resources depleting while
environmental concerns persist, there is a clear imperative for continual technological

innovation in energy sources®.

Lithium-ion batteries have gained popularity due to their superior energy density and eco-
friendliness compared to traditional options like lead-acid or Ni-Cd batteries. They offer
advantages such as both gravimetric and volumetric energy density, a substantial
optimum operating voltage, stability during operation, low self-discharge rates and rapid
recharging capabilities. Despite their established reputation for portability, efficiency, and
adaptability, challenges persist regarding reliability, lifespan, safety (particularly thermal
stability), and affordability’.
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In response, the scientific community is actively pursuing improvements in the
architecture and design of lithium-ion batteries' key components, aiming to address these

challenges and further enhance their performance and viability.

The growing demand for energy has spurred the emergence of various alternative
technologies alongside LIB. Recent years have seen intensive research efforts directing

to the development of promising technologies aimed at complementing existing ones.

9 0

Examples include lithium-metal batteries®, aluminum batteries’, magnesium batteries'?,

and sodium batteries'"!?

, all of which boast impressive energy density profiles and pose
stiff competition to established LIBs. However, due to their early stage of development,
these alternative technologies require time to establish solid viability, capacity, durability,

safety, and commercial reproducibility.

Conventional  Hybrid Electric Ranged Extented
Vehicle Vehicle Plug-in Hybrid EV EV Battery EV Fuel cell EV
‘ Engine ICE ICE ICE or EM EM EM EM

Engine 2 - EM EMor ICE ICE - None

Name ICEV HEV PHEV REEV or PHEV BEV FCEV

Range 0 >10 20t0 85 75-145 80 to 400 160 to 50

Fossil-Fuel
combined with Fossil-Fuel Fossil-Fuel Fuel cell and Li-lon or

lead-acid NiMH or combined with Li- combined with Li- Li-ion battery or  super capacitor or

Source Fossil-Fuel Li-ion battery ion battery ion battery advanced Li-ion  advanced battery
Batteries
]

v i
Commercialized batteries Emerging batteries
Lithium Batteries Lithium-Air

Ni-MH Lithium-Sulfur
Zn-Air Na-ion
Lead-acid Mg-ion
Na-s Al-ion
Al-Air

K Redox flow / K j

Figure 3: Battery categories'®.

In contrast, enhancing the established technology of LIBs is relatively straightforward.

Currently, LIBs are the most widely adopted form of portable energy source, with ongoing

developmental evolution. Figure 3 illustrates the most capable successors to the Li-ion
12




technology, including magnesium-based systems, which are seen as a significant
advancement. While Li-metal technology holds future potential, it is still in its early
developmental stages. In practical terms, while Mg and Li-metal batteries hold significant

theoretical promise, their successful implementation has not yet been achieved.
Lithium-ion batteries:

The feasibility of commercializing LIBs emerged with the discovery of intercalation
materials, recognized as promising electrode substances. Initially, Exxon employed
lithium metal anodes, but this strategy carried safety concerns due to lithium's reactivity
with electrolyte moisture. In the late 1970s, Armand et al. introduced a solid-state polymer
electrolyte created by combining a coordinating polymer with a lithium salt, marking a

significant advancement in energy research'®.

The interaction between Li-ions and negatively charged oxygen atoms along PEO chains
promoted the dissociation of lithium salts and facilitated ion movement within the
electrolyte structure. Gel polymer electrolytes were developed to enhance the ionic
conductivity of PEO-based electrolytes by incorporating a liquid electrolyte to make the
polymer more flexible, which significantly advanced battery technology. Different forms

of these gel polymer electrolytes are now widely used in electronic devices.

The viability of lithium batteries rested on substituting hazardous lithium metal anodes
with dependable alternatives. Insertion electrodes emerged as a successful solution for
manufacturers, enabling the development of battery systems featuring two distinct
electrodes: an anode capable of accepting lithium ions and a cathode capable of releasing
them!>1°,

Charging a lithium-ion battery entails applying an electric potential to propel Li-ions from
the cathode through the electrolyte layer to anode, where they intercalate into the material.
Discharging reverses this process, with Li-ions dislodging from anode and returning to
cathode. This movement results in an elevation of output voltage, monitored by an
external circuit. These systems operate akin to concentration cells, with lithium ions
shuttling between alternate electrodes, giving rise to the concept of the "lithium rocking

chair battery" as shown in Figure 4!”.
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Figure 4: An illustrative diagram demonstrating the fundamental elements and operating
principle of a lithium-ion cell'’.
The conventional intercalation-deintercalation sequence in a LIB can be illustrated as

follows:

® Charge: Lithium ions migrate from the cathode and electrolyte towards the anode,
where they intercalate into the anodic material.
® Discharge: Lithium ions de-intercalate from the anode, reverting to the cathode,

accompanied by a rise in output voltage.

Although the idea for rocking chair batteries first surfaced in the 1980s, the Japanese firm
Sony Corporation's innovative efforts were ultimately responsible for the system's
widespread acceptance. Sony saw the potential of utilizing lithium cobalt oxide as the
source cathode and graphite as the sink anode, a combination that was incredibly
successful in the commercial sector. The groundbreaking research by Peled on the
development of a passivating layer known as the Solid Electrolyte Interphase (SEI)
between the electrode and electrolyte had an impact on the selection of graphite as the

anode material'®.

This chapter's latter sections will go into greater detail about lithium-ion batteries, first
going over the materials that make them up and then going into great detail about the
electrolytic materials that have been used in lithium-ion batteries up to this point.

Although this survey of the literature addresses a number of topics related to LIB, the

14




major emphasis is still on electrolyte and the reasoning for the creation of new electrolyte

materials.
Anode/Negative electrode:

The ideal anode, or negative electrode, for batteries should ideally possess a low potential
vs Li/Li" and demonstrate efficient lithiation/delithiation processes. Lithium itself meets
these criteria perfectly. However, safety concerns arose from early Li-based batteries,
notably those produced by Exxon, which suffered accidents due to short circuits caused
by lithium dendrites. Consequently, there was a shift towards exploring materials with

intercalation properties to address these safety issues.

Among the various materials investigated, carbonaceous materials gained popularity,
especially after Sony Corporation's successful commercial use of carbonaceous material
in its batteries as an anode. While this material addressed the issue of dendritic growth,
there was a compromise on capacity. It is reported that carbon-based materials exhibit
barely 1/10'" of the theoretical capacity of a lithium anode'*2°.

The anodic active materials utilized in developing LIBs can be broadly classified as

shown in Figure 5.

ANODE
MATERIALS

v

Intercalation- Conversion-
type type type
— I — ; €T T

~ Cabon- Titanium- — | s | Manganese-
| based g Others | Tin-based based
L R Y ——

Lo | Lithium _| Lithium | >, L e

{  Graphite | Titanate Vanadate L Silicon-based ‘ Iron-based

| ~ . Titanium ’_‘A\IObllll'[; A— || Ao
T Graphene —{Q?\J fj_?,,, " Tungsten — Zinc-based —. LodeF—bmsgd
| Carbon LTO-TiO2 L : | Germanium- el NGl

| nanofibers | Composites M cnes '{ based [M{lliskel-basal

' Carbon J Hydrogen ] Molybdenum-
_T Nanotubes based

Titanate

Alloying-

Nanotubes

Figure 5: Synopsis of studied anode materials: classifications and divisions examined®’.
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Graphite-based materials:

Armand and Touzain first documented the use of graphite as an anode material for specific
applications?!. This discovery spurred extensive research efforts aimed at understanding
the mechanisms of lithiation/delithiation within graphite structures. Lithium ions are
intercalated into the graphite host matrix as guest species, a process that is largely
reversible and occurs in a topotactic manner??. Initially, lithium intercalation forms LixCs
with 0 <x < I, transitioning to LiCe at maximum intercalation, as illustrated in Figure 6>>.
Peled and Aurbach's research extensively investigates the formation of the Solid
Electrolyte Interphase (SEI) layer, which acts as a protective film on the anode, ensuring

both the safety and efficient movement of lithium ions®*.

- W‘.— Lil
A layer
& )

|]..11| nen 4 L] L " :
Io-- L]

graphene layer

0.430 nm

Figure 6: Lithium intercalation into Graphite??,
Group-1V alloys-based anodes:

Various Li-metal alloys find applications as anode active materials in LIBs, including Si,

Sn, Ge and even Pb?.

For Si alloys, the practical limit reaches up to 3579 mAhg™! in pure form, during full
lithiation to LiisSis. However, their performance is hindered by significant volume
expansion and contraction during charge-discharge cycles, particularly at higher charging
rates. This can lead to mechanical disintegration and electrode failure. To address this
issue, researchers have turned to nanostructured materials, which alleviate stress on
surfaces and provide expansion in void space®®°.

Ge, despite being more expensive than Si, remains a viable option due to its excellent
conductivity and ability to facilitate the diffusion of lithium ions. During the intercalation
process, lithium ions are incorporated into a crystalline intermediate state, eventually

forming LiisGes, with an amorphous, porous phase observed upon delithiation. While
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optimization of Ge sheet thickness remains a challenge, studies indicate excellent
capacity retention profiles and high current tolerance without surface cracking. Recent

research suggests that coating Si nanotubes with germanium enhances rate capabilities®!
33

The theoretical capacity limit of tin (Sn)-based anodes is capped at 990 mAh/g, similar
to silicon (Si) in terms of volumetric capacity. However, in the fully lithiated state, such
as Li2Sns, the material becomes brittle, which hinders reaching the theoretical capacity.
Commercially popular approaches include the use of Sn nanoparticles, Sn-O2 composites,
and Sn-Co-C alloy-based anodes.>.

Pb-based anodes face limitations due to the toxicity of lead compounds, despite their high
volumetric capacity and abundance. Research in this area has not yet achieved the
theoretical capacity of Pb-based anodes™.

Cathodes:

High-quality cathode materials for LIBs must meet numerous key characteristics to

ensure optimal performance and safety>¢:

® [ow Lithium Chemical Potential: Cathodes should have a lower lithium chemical
potential compared to the anode, influencing the cell's voltage capacity.

® Abundant and Accessible Sites: They should provide abundant and easily accessible
sites within the electrode matrix for the insertion and extraction of lithium ions.

® Reversible Lithiation/Delithiation: Cathode materials should enable reversible
lithiation/delithiation processes using minimum change to their crystal structure to
enhance durability.

® Balanced Conductivity: There should be a proper consideration between electronic
and Li-ion conductivity to mitigate polarization losses in process of cycling. This
balance is influenced by factors such as crystal structure, geometry, and the
availability of intercalation sites.

® Aligned Redox Energy: The cathode's redox energy should align well with the
electrolyte and anode, ensuring smooth charge and discharge processes.

® Economic Viability and Stability: Cathodes should be economically viable,

chemically and thermally stable, and environmentally friendly.

Layered Metal Oxides: Materials like LiIMO> (where M =V, Cr, Co, Ni) propose high

theoretical capacities nevertheless may experience practical limitations because of
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structural degradation. LiCoO» is widely used despite its limitations, and research focuses

on improving materials' performance and reducing toxicity®’.

Spinel Oxide Cathodes: Spinel materials like LiMnyO4 offer cost-effectiveness and
durability but face challenges related to structural changes during cycling. Remedial

procedures and doping with other metals aim to improve cyclability?®.

Polyanion-Based Materials: These materials, such as LiFePO4 and LixMSiOs, offer
enhanced stability and safety. While LiFePOs4 has shown promising performance,
LiMSiOs faces challenges in achieving its theoretical capacity due to poor cycle life and

slow reaction kinetics. Doping with other metals shows potential for improvement™.
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Figure 7: a) Characteristics and electrochemical behaviours of cathode materials utilized
in contemporary lithium-ion battery (LIB) technologies*’. (b) Structural configurations
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and electrochemical responses of different cathode materials*', encompassing Layered
LiMOa, spinel LiM04, olivine LIMPO4, Li2MSi04, LIMBO3, LiV30s, V20s, and FeFs.

In summary, ongoing research focuses on developing cathode materials that balance
performance, cost-effectiveness, and sustainability, aiming to advance lithium-ion battery

technology for various applications (Figure 7).
Electrolytes:

The performance of batteries is significantly influenced by electrolytes, as they serve as
the pathway for lithium-ion conduction between the anode and cathode. Maintaining
stability and consistent lithium-ion conduction over repeated cycling is crucial for the
long-term viability of the cell. Since the 1970s, when PEO-based electrolytes were
discovered, there has been ongoing development of novel electrolyte systems to meet
evolving requirements. However, due to the continuous evolution of electrolytes,
providing a comprehensive classification for them is a challenging task. While there is no
formal classification method for electrolytes, a simplified evolution of electrolytes is
presented in Figure 8.
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Figure 8: Evolution of electrolytes for LIB***,
Liquid non-aqueous electrolytes:

In typical electrolyte solutions, a combination of solvent and salt is used, with the salt
usually being a lithium salt. Solvent choice in LIBs hinges on several structural
considerations, including polarizability,, as well as kinetic or thermodynamic factors like

the Taft’s parameters or Donor number*. Careful consideration of these material
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parameters has led to the identification of commonly used solvents suitable for lithium-
ion batteries are Ethylene Carbonate (EC), Ethyl Methyl Carbonate (EMC), Diethyl
Carbonate (DEC), Dimethyl Carbonate (DMC), Propylene Carbonate (PC), Ionic Liquids
and Mixtures of Carbonates and Esters.

Regarding the salts that make up the other component of liquid electrolyte systems, some
fundamental characteristics are outlined here:

High ionic conductivity
Better solubility in several solvents
Thermal stability and electrochemical stability

Stability concerning interactions with anode and cathode materials.

Concerns such as economic viability and low toxicity

Several lithium salts are utilized, including LiPF¢, LiBF4, LiN(CF3S0»)3, LiClO4, LiAsFe,
and LiCF3SOs3. Among these, LiPF¢ is prevalent due to its better conductivity upon
mixing in alkyl carbonates, reaching up to ~10 mS cm™ at room temperature, and its
oxidative stability close to 5 V. It's also soluble in many commonly used solvent systems.
However, LiPF¢ exhibits thermal instability and hygroscopic properties, decomposing
into LiF and PFs, which further hydrolyzes to corrosive gases in the presence of even

trace amounts of moisture®.

While LiTFSI shows good ratings overall, it is considerably expensive. herefore, LiPFs
1s extensively used in the commercial market due to its balanced properties across various
factors. Other salts like LiBOB (lithium bis(oxalato)borate) and its derivatives have also
been investigated in research for their beneficial characteristics in forming SEI. A
summary of several chosen lithium salts and the ionic conductivities of their
corresponding electrolytes within the temperature range of 25 to 30 °C. are depicted in
Figure 9.
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Li-salt Li-salt concentration ~ Solvent components Ratio Conductivity (mS/cm)
(mol/dm?)
lithium bis(fluorosulfonyl)imide (LiFSI) dimethyl carbonate (DMC)* 1:12 7.73
dimethyl carbonate (DMC)* 1:8 10.74
dimethyl carbonate (DMC)* 1:6 11.93
dimethyl carbonate (DMC)" 1:4 10.50
dimethyl carbonate (DMC)* 1:2 7.52
ethylene carbonate (EC)* 1:2 ~1
1M fluorcethylene carbonate (FEC)/EMC” 1:4 ~72
1™ pc’ 7
1M dimethyl ether (DME)” 16.93
15M dimethyl ether (DME)/HFE” 3:5 12.7
2M dimethyl ether (DME)" 10.01
3M DOL/DME" 5.26
lithium hexafluorophosphate (LiPFg) 1M fluoroethylene carbonate (FEC)fEMC" ~4.2
1M Tetra(ethylene glycol) dimethyl ether (TEGDME)” 1.86
1M EA/FEC/TTE/EMC” 2:1:5:2 0.593
1M Oligo(ethylene glycol) dimethyl ether ( OEGDME ) b 0.48
1M fluoroethylene carbonate (FEC)/TTE" 3:7 0.159
1M EC/DEC” 1:1 1.12
M P’ 6.8
1M EC/DMC" 3:7 11.14
2M EC/DEC” 1:1 954
lithium bis-(trifluoromethane sulfonyl) 1M dimethyl carbonate (DMC)" 1:8 ~7
imide (LiTFSI)
1M Tetra(ethylene glycol) dimethyl ether (TEGDME)” 1.38
1M pc’ 52
3M DOL/DME"” 1:1 2.65
lithium bis(oxalato)borate (LiBOB) 1M Sulfolane” 1.66
lithium tetrafluoroborate (LiBF4) 1M FEC/EMC” 1:4 ~31
1M Tetra(ethylene glycol) dimethyl ether (TEGDME)" 0.61
1M Sulfolane” 1.6
1M 1-butyl-3-methyl-imidazolium tetrafluoroborate 3:7 14.87
(BMIMBF4)/y-butyrolactone (y-BL)"
lithium perchlorate (LiClO4) 1M FEC/EMC” 1:4 ~5
1™ Sulfolane” 2.22
lithium trifluoromethanesulfonate 1M Tetra(ethylene glycol) dimethyl ether (TEGDME)” 0.89
(LiCF3S03)
lithium hexafluoroarsenate (LiAsFg) 1.15M EC]PC[EMETHF(2—merhyltetrahydrofuran)" 15:70:15 6.63(20°C)
115 M EC/PC/THF/2MeTHF" 15:70:7.5 8.98
7.5
115 M EC/PC” 1:9 5.505
115 M EC/2MeTHF" 1:1 8.98
lithium difluorophosphate (LiPO2F2) 1M DME" 0.383
2M DME" 0323
LiFSI -LiPO5F; 0.5M-05M DME" 12.54
LiFSI— LiPO5F; 1IM-1M DME” 9.98
LiDFP-LiBOB 0.1M-04 M EC/DMC' 3:7 5.27
LiDFP-LiFSI 0.1M-04 M EC/DMC" 3:7 7.35
LiDFP-LIiTFSI 01M-04 M EC/DMC' 3:7 6.21

@ Li-salt/solvent by molar.
b solvent/solvent by volume.

Figure 9: Summary of several chosen lithium salts in corresponding and the ionic

conductivities®.

Polymer electrolyte:

Polymer electrolytes represent a diverse family of materials crucial for lithium-ion
batteries, with various compositions and properties. They share similarities with gel
polymer electrolytes and early reported in 1993, still in early developmental stages. While
a comprehensive discussion of their classification is beyond scope here, the focus is
primarily on solvent-free polymer-based systems for LIBs. Although often used alongside
ceramic electrolytes in solid-state systems, for classification purposes, polymer

electrolytes are addressed separately™®.
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These electrolytes are favored for their ease of preparation and distinctive
physicochemical properties. They encompass compounds like polyesters, polyethers,
polythioethers and polyimines. he interaction between metal salts and polymer matrices
are influenced by factors such as the cation-coordinating atom interactions, salt lattice

energy parameters, and electrostatic interactions within the ion matrix*3,

The solvation sphere around the cation is crucial and is determined by the Hard Soft Acid
Base (HSAB) concept, proposed by Pearson. According to this concept, interactions
between hard acids and hard bases depend on ionic interactions, while those between soft
acids and soft bases involve covalent interactions. In low-molecular-weight solvents, the
surrounding molecules number affects ion pairs cation dissociation, while in higher

polymeric systems, characteristics of the repeating units play a significant role.

Polyethylene oxide or polypropylene oxide chains are commonly used as polymer matrix.
The interaction parameters with cations in polyethers generally follow the order (CH2O)n
—<< ~(CH2CH20)n — >> —(CH>CH2CH,0)n —, especially with hard cations like Li*, Na",
Mg?*, and Ca*".

Ion association/dissociation constants in a polymeric matrices are crucial, as ion
association is often undesirable for conductivity. Factors such as ion-pair formation,
aggregation at high salt concentrations, and steric effects of the polymer structure can
hinder ionic conductivity. Anion stability also contributes significantly to conductivity;
for example, large anions with delocalized negative charges are preferred because of their

minimum solvation energy compared to common halides®.

In conclusion, an ideal polymeric matrix in this category should have minimum
crystallinity and an anion with delocalized negative charges.. Some typical examples of
anions include ClO4, CF3SO3, (CF3S0,).N", BF4, BPhs', AsFg", and SCN",

Gel electrolytes represent a significant advancement in electrolyte technology, offering
substantially higher ionic conductivities compared to their dry counterparts. Two primary

methods are commonly employed in this category™’:

® [ncorporating a soluble polymer to immobilize the liquid solvent.

® Filling liquid electrolyte in the porous matrix, such as microporous polyethylene.

Due to entanglements within the matrix leading to solidification, these electrolytes exhibit

liquid-like behavior at elevated temperatures and rubber-like behavior at lower
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temperatures. Consequently, their Vogel-Fulcher-Tammann (VFT) dependence varies
significantly with temperature. Using solid-state gel polymer electrolytes (GPEs) to
enhance the safety and durability of lithium metal batteries (LMBs) by protecting the

lithium anode, shielding cathodes, and improving thermal stability as shown in Figure 10.

gpnpoidiq dey,

Figure 10: Strategies for better gel polymer electrolyte!.

PVdF-based gel polymer electrolytes, including PVdF-HFP copolymers, meet the criteria
for a polymer matrix in gel electrolytes. These polymers boast high electrochemical
stability and incombustibility owing to electron-withdrawing substituents in their chains.
However, they tend to react with lithium anodes, forming LiF, which limits their
compatibility with graphite anodes. Porosity in polymeric membranes, often achieved
through phase inversion or electrospinning, is crucial. Microporous polymer electrolytes,
enhanced with ceramic porous additives like TiO» and SiO, exhibit improved
conductivity profiles®>>.

PMMA-based electrolytes, typically prepared via solution-casting, suffer from poor
conductivity in the existence of different polymers or ionic liquids. However, reports

indicate improved conductivity with PEG-based copolymers or PVC-based polymers>®>.
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Polymer electrolyte based on PAN, containing Li salts and many plasticizers, demonstrate
high electrochemical stability and transference numbers, along with inherent thermal
resistance. Nevertheless, they generally do not offer high ionic conductivity profiles,
although additives like LiClO4 and succinonitrile (SN) have been reported to enhance
conductivity®® 64,

Poly(vinyl chloride) (PVC) electrolytes are widely available commercially and are
resistant to ignition, owing to the lone pair on the chlorine atom that facilitates easy salt
dissociation. However, similar to PAN-based systems, PVC electrolytes generally
demonstrate low ionic conductivity, unless modified as in PEMA-based systems.
Nevertheless, Li-ion batteries utilizing PVC electrolytes may experience capacity

reduction due to the formation of an anodic passivating layer of LiCI%.

Polymeric binders in LIBs:

Lithium-ion batteries (LIBs) have dominated the consumer electronics market due to their
impressive attributes like high-energy density, efficiency, lightweight design, and
portability. Both academic and industrial efforts persist in elevating LIB performance to
meet the growing demand for large-scale energy storage in sectors such as electric
vehicles, military applications, and aerospace technology. Despite advancements in
electrode materials with respectable capacity and rate capabilities, the performance of
LIBs is still restricted by conventional binder systems®¢ 5%,

These systems typically employ a conductive additive to ensure electrode conductivity,
while non-conductive polymers bind active materials and other additives together.
However, the mixture of conductive phases lacks cohesive force and is unevenly
distributed, resulting in bottlenecks and inadequate contacts that hinder battery efficiency.
Ideally, each active particle should be precisely shaped, sized, dispersed, and linked to the
current collector and electrolyte through low-resistance pathways for both electrons and
ions®70,

Hence, the development of innovative binder systems that facilitate electron and ion
transport, provide mechanical adhesion and flexibility, enhance surface compatibility, and
optimize active particle dispersion is vital for the progression of next-generation high-

energy, high-power LIBs.

Traditional binders present significant hurdles for future ultrahigh-capacity electrodes,

particularly those subjected to substantial volume changes during electrochemical

24




processes. These materials often endure heightened stress levels compared to graphite,
leading to electrode fracturing and delamination. In response, recent investigations have
delved into polymers rich in carboxylic groups, such as carboxymethyl cellulose (CMC),
poly(acrylic acid) (PAA), and alginate, as novel binding agents. These polymers alter
active particle surfaces through chemical bonding, fostering the formation of a stable solid
electrolyte interface (SEI) layer, and providing a high elastic modulus to accommodate
volume fluctuations, thereby notably bolstering the stability of high-capacity electrodes
(Figure 11).7173

(

* Grafting structures

* Cross-linked networks \

» Enhanced interaction

* Rheological properties

* Dynamically cross-linked
» Multifunctional

» Extraordinary elasticity

» Supramolecular interactions

« Adjustable functional groups

» Recoverable coordination
* Flexible polymer chains

* High joint elasticity
N .

CMC PEGDE-Im Imidazole Zn lon
CMC-PEG-Im-Zn?*

S m e e
+'\_" TR ’o.lin
PFPQ-COONa

» Conjugated structures
* High electron conductivity

» Low interface resistance

* Good Li* diffusivity /

Figure 11: Various binders for LIB and its characteristics’*.

Within dual-component binder systems, carbon additives remain pivotal, albeit at the
expense of lower energy density. Consequently, there has been a recent shift towards
single-component multifunctional binder systems rooted in conductive polymers. These
systems amalgamate the benefits of organic conductors and conventional polymers,
serving as both conductive supplements and adhesive elements. Diverse strategies have
been devised to tailor their properties and introduce innovative functionalities. Molecular

alterations have been employed to introduce varied functional groups onto conductive
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polymer frameworks, enabling adjustments in electronic structures, mechanical adhesion,
and electrolyte absorption. Furthermore, multifunctional binders have been derived from
conductive polymers by manipulating their meso- and nanostructures. For instance, 3D
nanostructured conductive polymer gels synthesized via dopant molecule cross-linking
methods have emerged as promising functional binders for battery electrodes. These gels
establish connections between active particles, furnish hierarchical pores for electrolyte
diffusion and ion transport, and create uniform coatings on each particle to prevent
aggregation and accommodate volume fluctuations in active particles’>”°. Binder

surrounding the active material in an electrode is shown in Figure 12.

—~ PAA

Figure 12: Binder impact during charge discharge of LIB.

Furthermore, through molecular design or the synthesis of hybrid materials,
supplementary functionalities such as self-healing properties, mechanical flexibility and
stretchability, and environmental responsiveness can be incorporated into future-

generation binder systems to further enhance battery performance.
Sodium-ion batteries:

The widespread use of fossil fuels as an energy resource has led to concerns regarding
resource depletion, environmental pollution, and geopolitical instability. Consequently,
there has been a rapid adoption of alternating renewable energy sources. To effectively
integrate renewable energy sources into the electrical grid or large-scale energy storage

systems are crucial for managing peak demand.

Including numerous energy storage technologies, secondary ion batteries are highly
favorable due to their flexibility, efficiency, and ease of maintenance. LIBs, popularized
since Sony's commercialization in the early 1990s, are widely employed in portable

devices and increasingly favored for EVs, including hybrid and plug-in hybrid models.
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However, the primary ingredient in LIBs, lithium, is unevenly distributed globally,
leading to concerns about supply stability and rising prices. The high demand for lithium
driven by EVs and other large-scale uses could strain reserves, potentially posing
challenges and increasing costs®*#. An overview of various components of SIB is shown

in Figure 13.

In 2008, global lithium consumption was approximately 20,000 tons, suggesting that
existing mineable resources may sustain used for around 60 years at a 5% annual growth
rate. This underscores the urgency of finding alternatives or optimizing usage to mitigate

potential supply constraints and price volatility in the future.
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Figure 13: Illustration of SIB components and battery system®,

Sodium, abundant and economically advantageous compared to lithium, presents a strong
case for Sodium-ion Batteries (SIBs) as substitutes for Lithium-ion Batteries (LIBs).
Despite initial exploration alongside LIB development in the 1970s-80s, SIBs were
largely disregarded due to the rapid commercial success of LIBs and challenges in
material handling. In the 1980s, some US and Japanese companies pursued SIBs using
Na-Pb alloy composites and P2 NaxCoO: cathodes in full cell configurations. Despite
demonstrating impressive cycling > 300 cycles, their lower average discharge output
voltages compared to LIBs hindered widespread adoption.
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While SIBs and LIBs share similar battery components and storage mechanisms,
differences arise due to sodium's larger size and higher standard electrode potential.
Despite lower energy density than LIBs, the mass of cyclable lithium/sodium is a
minimum fraction of overall component mass, suggesting minimal energy density
consequences in principle. Additionally, aluminum serves as a affordable replacement to
copper as an anode current collector for SIBs due to its alloy reaction with lithium3¢-3,

Overall, SIBs offer significant potential for large-scale applications due to the abundance
and economic viability of sodium resources, providing a sustainable alternative to

lithium-based technologies.

A wide range of cathode materials have been studied for SIBs, encompassing transition
metal oxides featuring layered structures, transition metal sulfides and transition metal
fluorides, Prussian blue analogues, oxyanionic compounds and polymers. Despite
progress in cathode development, identifying an appropriate anode material that balances
sodium voltage storage, structural stability, better reversible capacity and continues to
pose a significant challenge for advancing SIB technology. (Figure 14).
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Figure 14: Recent progress in the research of SIB for cathode, anode, electrolyte and
binder®

Graphite, commonly used as an anode material in Lithium-ion Batteries (LIBs), exhibits

a moderate capacity for lithium storage but does not efficiently intercalate sodium ions.
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Non-graphitic anodes, primarily composed of different carbonaceous materials such as
carbon black and pitch-based carbon fibers, enable the insertion of sodium ions. Among
these, hard carbons synthesized at high temperatures from carbon-based precursors are

considered the preferred "first-generation" anodes for SIBs (Figure 14).

Due to issues such as high reactivity, dendrite formation and unstable passivation layer,
sodium-ion batteries are not typically fabricated with metallic Na anodes. The reactivity
of metallic sodium with organic electrolyte solvents and dendrite formation during
sodium metal deposition pose significant challenges, emphasizing the importance of
using a Na-ion system where Na ions are traded between cathodes and anodes system in
a 'rocking-chair' fashion®*%.

The development of a new electrolyte type is crucial for SIBs due to practicality and
safety concerns associated with organic liquid electrolytes. Although widely used
electrolyte compositions for SIBs typically include salts such as NaClO4 or NaPFs
dissolved in carbonate ester solvents, wherein metallic Na anodes face continuous
corrosion in these organic electrolytes. This corrosion process results in the formation of
unstable SEI. Aqueous electrolytes have emerged as promising alternatives, offering the
potential for higher energy density with appropriate electrode material selection. However,
transitioning to an aqueous electrolyte system introduces complexities such as eliminating
residual oxygen from the electrolyte, maintaining electrode stability, inhibiting H3O" co-
intercalation into electrodes, and managing the consumption of oxygen and hydrogen
produced during overcharging or discharging in closed aqueous-based battery system.
These challenges are crucial considerations for realistic application of aqueous-based

battery systems” 102,

Poly(substituted methylene):

Vinyl polymerization stands as a cornerstone in polymer synthesis, enabling the creation
of diverse carbon—carbon (C—C) main chain polymers via radical, cationic, anionic, or
coordination mechanisms. Technological advancements, including living and
stereoselective polymerizations, have facilitated precise control over polymer structure in
terms of molecular weight and tacticity. Polyethylene, polypropylene, polystyrene, and
poly(methyl methacrylate) exemplify vinyl polymers that have significantly impacted

modern society as versatile synthetic materials.

Despite these achievements, vinyl polymerization faces notable limitations.

Copolymerization of non-polar olefins like ethylene with polar monomers such as alkyl
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acrylates poses challenges due to differences in reactivity. While recent discoveries, like
certain palladium complexes, offer partial solutions, the efficient synthesis of such
copolymers remains a long-standing goal. Consequently, there is ongoing interest in
alternative synthetic methods for C—C main chain polymers that diverge from traditional
vinyl polymerization!®-107,

One promising approach involves constructing main chains from individual carbon units,
enabling the synthesis of a variety of novel C—C main chain polymers, including those
unattainable through vinyl polymerization. This method, termed "poly(substituted
methylene) synthesis (PSMS)," offers structural flexibility, allowing for different
distribution patterns of substituents along the main chain compared to vinyl
polymerization, where substituents occur at every other carbon atom. By identifying
monomers with suitable reactivity and substituent compatibility, PSMS offers a promising
avenue for expanding the scope of polymer synthesis!®!!!. Figure 15 shows the vinyl

and 1,2 disubstituted ethylene polymerization.
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Figure 15: Synthetic scheme of vinyl polymerization and 1,2 disubstituted ethylenes.

Several monosubstituted ethylenes (where X = H and Y = R) and 1,1-disubstituted
ethylenes (where both X and Y = R) undergo homopolymerization when exposed to a
radical initiator. This process yields high molecular weight polymers composed of a

polyethylene structure with a recurring unit containing a methylene group.

Extensive studies have been conducted to examine the relationship between monomer
structure and polymerization reactivity, considering factors such as polar, resonance, and
steric effects of substituents, as well as the relationship between polymer structure and
physical properties. The presence of a methylene group in these polymers contributes to
their flexibility and processability, leading to the industrial production of numerous

plastic materials.
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In contrast, it is widely acknowledged that cis or trans and cyclic 1,2-disubstituted
ethylenes typically do not undergo homopolymerization due to the increased steric
hindrance caused by the substituents. However, there are exceptions to this rule, which
will be discussed later. If these ethylenes do undergo homopolymerization, they yield

polymers with a substituted polymethylene structure.

Polymers derived from ethylenes with substituents that are independent from each other,
as well as those with a cyclized substituent, are likely to exhibit distinct properties
compared to polyethylenes. This expectation arises from the reduced flexibility of the

former, which is more pronounced than that of the latter.
Objective and scope of the thesis:

Commercial batteries commonly utilize carbonate based liquid electrolyte, graphite and
hard carbon based anodes, yet they face challenges such as capacity fade and flammability
concerns. The SEI plays a pivotal part in battery functioning, longevity, and safety.
Tailoring the SEI's structure and composition is crucial for enhancing electric vehicle

(EV) driving range and extending battery life for portable electronics.

Exploration of alternative electrolyte materials like electrolyte and enhancing the specific
capacity and cycle life of graphite and hard carbon is paramount needed in secondary ion
batteries. Poly(substituted methylene) represents a versatile material class with combined
properties of mechanical strength, chemical stability, electrochemical stability, high ionic
conductivity and cost-effectiveness. They serve as effective interfacing agents at the
electrode-electrolyte interface, improving interfacial properties such as resistance and ion

permeability, directly impacting battery performance.

The thesis aims to develop various poly(substituted methylene)-based polymers for
electrolyte and binders for LIB and SIB to enhance ionic conductivity, transference
number , rate capability, long cycling and interfacial properties crucial for battery
performance. Chapter 2 explores the potential of Poly(ethoxycarbonylmethylene)
(PECM) as a polymer electrolyte for LIBs. PECM, when combined with LiTFSI, exhibits
polar aprotic properties and a glass transition temperature of 10-33 °C. It demonstrates
ionic conductivity ranging from 9.76 x 107 to 3.08 x 10* S cm™ at 51 °C, with favorable
lithium-ion transference numbers and diffusion activation energies. The PECM-based
cathodic half-cell displays excellent rate capacity and long-cycle performance, retaining
80% capacity at 0.2 C for over 100 cycles, showcasing its potential for future LIB

applications.
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In Chapter 3, poly(fumaric acid) (PFA) emerges as a promising binder material for LIBs,
exhibiting exceptional Li" diffusion kinetics. PFA demonstrates impressive reversible
specific capacities across various current densities, with remarkable performance
retention even under rapid charging conditions. Impedance studies reveal low-resistance
solid electrolyte interphase (SEI) values, indicating smooth Li" ion passage. Postmortem
investigations confirm PFA's effectiveness in forming a uniform SEI, highlighting its role

in enhancing LIB performance.

Chapter 4 explores the use of PFA binder in sodium-ion batteries (SIBs) with hard carbon
anodes. PFA binder enhances sodium ion kinetics by modifying the SEI, resulting in
improved capacity retention and lower resistance compared to other binders like PAA and
PVDF. PFA exhibits exceptional reversible rate capacities and capacity retention over 250

cycles, showcasing its potential for SIB applications.

In Chapter 5, Poly(oxycarbonylmethylene 1-allyl-3-methyimidazolium) (PMAI) emerges
as an effective binder for graphite in LIBs, outperforming PVDF binder in terms of
capacity retention and discharge capacity. Postmortem analysis reveals reduced electrode
degradation and enhanced Li* diffusion with PMAI binder, attributed to its ability to form

a functionalized SEI.

Finally, Chapter 6 demonstrates the effectiveness of PMAI binder for hard carbon in SIBs,
showing improved adhesion with electrode components and formation of a functionalized
SEIL. PMAI-containing electrodes exhibit enhanced rate capability and reduced activation
energy of desolvation, indicating improved ion conductance and diffusion kinetics,

making it a promising binder material for SIBs.

Overall, the chapters collectively highlight the potential of these polymer binders in
enhancing the performance and durability of both LIBs and SIBs through improved

electrolyte properties, SEI modification, and enhanced ion kinetics.
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Chapter 2
Charge—Discharge Behavior of Lithium-Ion Batteries Using a
Polymer Electrolyte Bearing High-Density Functional Groups

Abstract

Lithium-ion batteries (LIBs) have become crucial for various applications, but carbonate-
based liquid solvents, commonly used in their electrolytes, suffer from the flammability
and exchange dynamic of lithium-ion movement in electrolytes. To address these issues,
poly(ethoxycarbonylmethylene) (PECM) with a dense distribution of functional ester
groups was evaluated as a polymer electrolyte in LIBs. The polymer was shown to be
polar aprotic with an E1(30) value of 43.85 kcalmol ! and to offer improved solvation of
cations. Polymer electrolytes (PEs) in combination with LiTFSI showed a glass transition
temperature in the range of 10—33 °C. PEs demonstrated good ionic conductivity within
the range of 9.76x107°-3.08x10* Scm™! at 51 °C, lithium-ion transference number
between 0.80 and 0.98, and activation energy of diffusion within 27.4—43.0 kJmol!. The
PECM-based cathodic half-cell exhibited good rate capacity at varied current densities,
and long-cycle performance showed 80% capacity retention at 0.2C for more than 100
cycles. The effect of polarity on the conductivity and transference number and interfacial
compatibility with the cathode show promise as an alternative electrolyte material for

future lithium-ion battery applications.
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Introduction:

Lithium-ion batteries (LIBs) have revolutionized the energy storage landscape and are a
preferred power source for various applications, ranging from portable electronics to
electric vehicles. The constant drive and growth in battery research and development aim
to enhance their performance, energy density, and safety!'>!'>. Among the critical
components of lithium-ion batteries, electrolytes play a pivotal role in facilitating ion

transport between the electrodes, thereby influencing battery efficiency and stability.

Aprotic polar solvents have garnered significant attention in improving electrolytes due
to their high dielectric constant and better lithium salt solubility!'*. Carbonate-based
solvents (ethylene carbonate (EC), propylene carbonate (PC), dimethoxyethane
(DME) etc.) have been widely studied and utilized due to their advantageous solvating
properties, enabling effective interaction with cationic species while limiting the solvation
of anionic species. This selectivity promotes lithium transport and enhances ionic
conductivity. Moreover, carbonate-based solvents exhibit desirable characteristics such
as high boiling points and low vapor pressures, contributing to their wider

electrochemical stability within the battery system!!>,

However, despite their benefits, carbonate-based solvents possess certain limitations. One
notable drawback is their susceptibility to fire, making them potentially hazardous in
high-energy-density battery applications. Additionally, the dramatic effect of solvation
structure and exchange dynamic of electrolytes on ion movement within the system can

impede ion transport and ultimately compromise battery performance!!* 118,

To address the issue of dynamic molecular movement and flammability, a lot of work on

organic polymer electrolytes was initiated in the 1970s'"

. A polymer electrolyte (PE) is
an ionically conducting composite material composed of a polymer matrix of desired
molecular weight (solvent) and dissolved salts which act as solutes!?’. The several
advantages of PE are solvent-free, lightweight, thin film forming, better ionic
conductivity and wide electrochemical windows. PE also enhance safety by preventing
electrolyte leakage, dendrite formation, formation of harmful gas and non-combustible
products'?'. Some of the host polymers commonly used in PE are poly(vinyl chloride)'??,
poly(acrylic acid), poly(ethylene oxide)!?*, poly(acrylonitrile)!*, poly(vinylidene
fluoride)!?>12%, poly(methyl methacrylate)'?” etc. All of these polymers fall under the

poly(substituted ethylene) category, and their ionic conductivity has not surpassed the
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value of 105 S em™ at 51 °C. Liu et al. reviewed different polymer backbones (polyether,
polycarbonate, polyacetal) containing polar groups facilitating lithium salt dissociation,
dissolution, and ionic conduction. They emphasized that increasing the degree of
branching and/or number of the functional group helps dissolve lithium salts, thereby
improving ionic conductivity and promoting lithium-ion transport!?%. Carbonyl group
interactions are weaker, allowing significant enhancement of lithium transport compared
with PEO'?!3 Polyester has improved thermal stability and a low tendency for
depolymerization in the presence of highly nucleophilic anions of lithium salts. But linear
polyester-like polycaprolactone features crystallinity which hinders ionic conductivity at
room temperature and limits their practical applicability even after modification to
suppress the crystallinity!3"132, Rosenbach et al. reported using different side chain
polyester (poly(substituted ethylene) category) to suppress crystallinity. Still, the ionic
conductivity is 10> S cm™ at 51 °C, and their lithium transference number was below
0.6'%.

Considering the drawbacks and benefits from the years of analysis and design, we have
been motivated to present a high-density functional polymer characterized by a dense
distribution of functional groups along the polymer backbone that can emerge as a
potential solution, offering a unique set of advantages that can address these limitations.
A promising approach lies in attaching an ester polar aprotic functional group to a novel

category poly(substituted methylene)!**

chain by incorporating a high concentration of
functional ester groups along each main chain carbon. Otsu et. al. reported synthesizing
a series of substituted polymethylenes using dialkyl fumarates in the presence of a radical
initiator. Such polymethylenes are expected to show properties different from that of
polyethylenes, due to the decrease of flexibility of the former more than that of the latter.
It was observed that a bulky substituent homopolymerizes easier and gives a high
molecular weight polymer, inspite of the increased steric effect of the substituents!'3>~137.
These polymers have distinctive qualities, including their ability to strongly dissolve salts
and exhibit weak interaction with Li" ions ester groups. These features boost the
dissolution of cationic species while reducing anion coordination, resulting in enhanced
ionic conductivity, efficient ion transport and improved battery performance. The
blending capability of organic polymers with inorganic salts mitigates interface-related
issues and enhances the dynamic movement of the lithium-ion. Furthermore,

incorporating inert and nonflammable functional groups within the polymer structure
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significantly mitigates the safety concerns associated with traditional electrolytes. It holds
immense promise as an alternative electrolyte material for lithium-ion batteries,

potentially enhancing safety, stability, and overall battery performance.

A dense ester group in the polymer for -electrolyte was found in
poly(alkyoxycarbonylmethylene) based polymethylene polymer. Wherein the presence of
consecutive ester groups at the polymer backbone is present, which might help in forming
better ion channels and enhance the cations movement in the PE. The presence of ethoxy
in the side chains helps form better molecular weight polymer than methoxy and the
monomer is affordable. Therefore, this work presents the utilization of
poly(ethoxycarbonylmethylene) (PECM), containing ethoxycarbonyl ester group in the
main chain’s carbon. In a step-up process, biomolecule fumaric acid can be used as a
precursor for synthesizing diethyl fumarate through esterification using ethanol, with
which PECM was synthesized. A study and discussion on ionic conductivity, lithium
transference, thermal parameters (T and DTA), electrochemical stability and successful
cathodic half-cell fabrication were executed. By studying their polarity, solvating
properties, ion transport characteristics and safety aspects, we intend to shed light on the
ability of high-density functional group aprotic polar polymers as promising alternatives

for future LIB applications.
Materials and methods:
Synthesis of Poly (ethoxycarbonylmethylene):

Poly (ethoxycarbonylmethylene) (PECM) was prepared in vacuum-sealed tubes using the
bulk polymerization. Diethyl fumarate (Sigma-Aldrich, 98%) was added to Schlaker
reaction tube (Sigma-Aldrich) containing 2,2’-azoisobutyronitrile (AIBN, Sigma-Aldrich,
>98%), then the freeze-thaw cycle was executed followed by stirring at 70 °C for 24 hr.
AIBN was purified by recrystallization method using methanol before being used for
polymerization. After 24 hr., the resulting content was reprecipitated in excess hexane,
then the hexane was removed, and the polymer was dried under a vacuum overnight. The

yield and density of the polymer were determined to be 82% and 1.89 g/ml respectively.
Polymer electrolyte preparation:

The different weight ratios such as 1:0.5, 1:1, 1:2 and 1:5 of polymer PECM and lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI, Sigma-Aldrich, 99.99%) respectively were
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taken in respective glass vials and dissolved in THF. The above procedure was conducted
under an argon glove box atmosphere. Then the solvent was removed, and the mixture
was dried under a high vacuum for 24 hr. LiTFSI was only used because when other
lithium salts such as LiClO4 and LiPFs were used, non-homogenous mixture was formed
due to non-compatibility with such salts. The PEs were used as such without any solvent

addition for all the electrochemical studies.
Characterisation of PECM:

Nuclear magnetic resonance (NMR) spectra were obtained with Bruker Advance 11-400
MHz spectrometer. Deuterated solvents (ETOD and CDCl3) were used as an internal
standard. Fourier transformation infrared absorption (FT-IR) spectra were recorded with
PerkinElmer 100 FTIR spectrometer. The spectra obtained were averaged with 50 scans
with 2 cm™! resolution. The molecular weight of PECM was determined using MALDI-
TOF-MS spectra. Thermogravimetric analysis was performed using Hitachi STA7200 at
a heating rate of 10 °C/min under an N> flow rate of 200ml/min. Differential scanning
calorimetry studies were carried out using Shimadzu DSC-60plus instrument. For
polymer polarity determination, a film of Reichardt's dye (RD) doped polymer was
prepared using the following procedure. RD and PECM were dissolved using THF and
made a coating inside of quartz cell by pouring out excess of the mixture and then vacuum
dried. Absorption reading was obtained using Jasco V-770 Spectrophotometer. The

Et(30) and E¥ formula for the determination of solvent polarity are as follows:

E1(30) (keal mol™) = hevinax Na = (2.8591 X 10-3) Vimax (cm™) = —— | eq. 1

B Amax(nm)

EN = Er(solvent)—E(TMS) _ Er(solvent)-30.7 Q.2
T Er(water)—E7(TMS) 32.4 .....ed.

Where vmax 1s the frequency and Amax is the wavelength of maximum of the longest

absorption band that is due to n-n" transition and intramolecular charge transfer.
Electrochemical characterization:

Ionic conductivities of the different weight ratios were determined by electrochemical
impedance spectroscopy in the frequency range of 1 MHz and 10 mHz with a sinusoidal
amplitude of 10 mV using Solartron 1260. The temperature-dependent impedance was

analyzed between the temperature range of 30 °C and 60 °C, and the ionic conductivity
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was calculated as follows:

Where o is ionic conductivity, / is thickness of the electrolyte, R is resistance of the

electrolyte.

Lithium-ion transference number was determined using electrochemical impedance and
chronoamperometry (CA) in a coin cell setup (Li|PECM|Li) at room temperature. The
impedance were recorded in the frequency range of 1 MHz and 10 mHz, followed by
applying DC potential of 0.030 V for measuring CA until steady state current was
observed. The transference number is calculated referring to Bruce and Vincent method

and using the following formula!®%:

Iss(AV—=IgR
tLi+ = M q 4
IO(AV_ISSRSS)

Where AV is the potential applied and Iss and Ip are the initial and steady-state current,
respectively from the CA profile, while Ro and Rss are interfacial resistance before and

after CA measurement.

A linear sweep voltammetry was studied for electrochemical stabilities at room
temperature. An asymmetric CR2025 coin cell was fabricated with two electrodes set up
(St[PECM]|L1i), and the measurement was determined from 0 to 6V vs. Li/Li" at a potential
rate of 0.1 mV s’'. The potential is swept in oxidation (OCP to 6 V) and reduction (OCP

to 0 V) direction using different coin cells.
Cathodic half-cell preparation:

Commercial LiNiCoAlO; (LiNCAO, 1.5 mAh/cm?, Piotrek, Lot.No. PT-EdC3A15m-
19x24-1) electrode was used for all the cathodic half-cell studies. Half cells were
fabricated as CR2025 coin cells using electrolyte PECM:LiTFSI(1:1) in an argon-filled
glove box. The weight ratio 1:1 of polymer PECM and LiTFSI was taken in glass vials
and dissolved in THF. After which the solvent was partly removed and the viscous
solution was poured on the cathode electrode disc and lithium metal slowly. Then,
carefully dried under vacuum for 24 hr. to remove all THF traces. This process helps the

PE to penetrate maximum pores of the cathode and improves their interfacial contact. An
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amount of ~100 mg of PE was used for all the cell fabrications. To prevent short circuit
of the coin cell during fabrication, four concentric rings of polypropylene separator
(thickness: 100um) of almost the same diameter as cathode disc were used between the
lithium and cathode electrode. Cyclic voltammograms were carried out in a Biologic VSP
workstation at 0.1 mV s!'. Electrofield ABE 1024 battery cycler was used at room
temperature between 2.8-4.2 V for the cathodic half-cell for charge-discharge
measurement of the assembled battery cells. Rate capability measurements were
performed at room temperature under C-rates of 0.1, 0.25, 0.5, 0.75, 1, 2and 0.1 in the
following order. At the same time, the long cycling was performed for the cathodic half-
cell at 0.2C, 0.5C and 1C. DEIS study was performed after long cycling charge-discharge
in the frequency range of 1.0 MHz to 0.1 Hz with AC amplitude of 10 mV at potential
range of 2.8 -4.2 V.

Post-mortem Studies:

The chemical composition formed/deposited on the cathode surface was identified using
X-ray photoelectron spectroscopy (XPS) from Fisons instruments S-probe TM 2803. The
surface morphology of the cycled cathode was observed by FESEM using Hitachi S-4500

instrument at 1.0 kV voltage.
Results and discussion:

Characterization of PECM:

The incorporation of ethoxycarbonyl ester sidechain in every carbon of backbone of the
polymer poly(substituted methylene) is to ensure obtaining high functional group
concentration polymer. Polymer PECM was synthesized using radical bulk

polymerization at 70 °C with AIBN as initiator with a ca. 80-90% conversion (Figure 1).

COOEt
COOEt .
AIBN g
70 OC n B q;g_A N
Et0OC b o
2% It COOEt  JiEad s
Diethyl fumarate PECM B 4

Figure 1. Schematic illustration of the synthesis of PECM. Inset: dried PECM polymer in

a vial.
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'"HNMR, *C NMR and FT-IR confirmed PECM formation. 'H NMR of diethyl fumarate
is shown in Figure 2(a) for peak comparison with '"H NMR of PECM. Figures 2(b) and
2(c) show peaks at 3.3 ppm (‘H NMR) and 45.8 ppm (!*C NMR), respectively, assigned
to poly(substituted methylene) backbone. Besides, the ethyl peak was observed at 4.27
ppm and 1.33 ppm in '"H NMR. Compared to ethyl peak in '"H NMR of diethyl fumarate
the peak in PECM is shifted slightly to higher ppm after polymerization (Table 1). While
the ethylene hydrogen peak of diethyl fumarate shifted from 6.79 to 3.32 ppm in PECM.
Ethylene hydrogen of diethyl fumarate is singlet due to no coupling with adjacent
hydrogen because it is opposite, while the methylene hydrogen in PECM is quintet due
to B-hydrogen coupling from the polymer chain. The peak value, peak splitting and J
value of diethyl fumarate and PECM hydrogen are tabulated in Table 11.  Wherein *C
NMR shows an ethyl peak at 61.6 ppm and 14.1 ppm, and carbonyl peak at 170 ppm. The
peak at 170 ppm from the '3C NMR shows identical NMR spectra with the reported NMR
spectra by Eiji Thara et al'*’) thereby indicating the polymer to be syndiotactic in a
stereospecific manner. The C-H stretching vibration peak of alkane at 2900 cm™ was
observed in the FT-IR spectra as shown in Figure 2(d). The ester absorption bands were
observed at 1730 cm™ and 1150 cm™!. The absence of C-H signal at 3100 cm™ which

belongs to alkene confirms that the monomer was polymerized completely.

(2) (b)
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Figure 2: (a) '"H NMR of diethyl fumarate. (b) 'H NMR spectrum (EtOD). (c) 3*C NMR
spectrum (CDCIl3). (d) FT-IR spectrum of PECM.
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Diethyl '"H NMR
fumarate Peak (ppm) Peak splitting | J value (Hz)
a 6.79 singlet
c 4.21 quartet 6.8
1.27 triplet 7.2
PECM '"H NMR BC NMR
Peak (ppm) | Peak splitting | J value (Hz) | Peak (ppm)
i 3.32 quintet 1.6 45.8
il 170
il 4.27 quartet 7.2 61.6
v 1.33 triplet 7.2 14.1

Table 1: 'H NMR peak values, peak splitting and J values of diethyl fumarate; and '*C
NMR peak values of PECM.

As for PECM, the average number molecular weight was determined to be around 4400
m/z. MALDI-TOF-MS spectra showed peak at intervals of m/z = 172 (CHCO:zEt x 2)
(Figure 3(b)). Characterization of polymer polarity in the field of polymer electrolytes
has not been investigated before and the effect of polarity on the electrochemical
performance of PE had been unknown to the best of our knowledge. In our work the
polarity of the polymer PECM was determined using solvatochromic dye (Reichardt’s
dye) it 1s a chemical agent that produces optical properties modification when
immobilized with analyte chemical composition. Reichardt’s dye where common name
i1s pyridinium-N-phenoxide betaine dye shows solvatochromic effect, which is a
hypsochromic shift of long wavelength absorption band by 357 nm from a non-polar
solvent (diphenyl ether, Amax=810 nm) to high polar solvent (water, A=453 nm). Er (30)
and EN scale were used to find the solvent polarity using the classification made by
Reichardt in 1994. Et (30) values are molar electronic transition energies of dissolved
solvatochromoic dye, measured in kcal/mol at room temperature and normal pressure.
While EY is a normalized dimensionless value ranging from 0.0 for tetramethylsilane,
the most nonpolar solvent, to 1.0 for water, the most polar solvent. Et values are divided
into three different groups: (a) hydrogen bond donor (HBD)/protic solvents [E1(30): 47-
63 kcal mol™!; EY:0.5-1.0], (b) dipolar non-hydrogen bond donor/aprotic solvents (non-
HBD) [E1(30): 40-47 kcal mol™!'; EN:0.3-0.5], and (c) apolar non-hydrogen donor donor

solvents [E1(30): 30—40 kcal mol!; EN: 0.0—0.3]. The Er(30) and EY values of
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PECM are determined to be 43.85 kcal mol™! and 0.40 respectively (Figure 3(a)). Hence
the empirical parameter of polymer polarity E1(30) and normalized EY obtained from
the absorption band of negatively solvatochromic Reichard's dye are in the range of DMF
(E1(30): 43.2 kcal mol™; EN: 0.38) and DMSO (Er(30): 45.1 kcal mol; EN: 0.44)
which confirms the polymer to be polar aprotic (non-HBD)!**!#!_ The high polarity of
PECM, despite its ester side chain, is due to the strong dipole moment of the ester groups
and their repetitive presence along the polymer backbone, which creates a highly polar

environment similar to DMF and DMSO.

(a) (b)) ; MALDI-TOF/TOF
2.54 1 Positive Linear mode

E(30) (keal mol™") = hovyy N, = 43.85

Matrix ; DHB
Cationic Reagent ; TFANa
m/z ; 700-25000

=0.40

2] BN = Er(solvent) — Er(TMS)
T = Er(water) — Er(TMS)

400 500 700 800
Wavelength(nm)

Figure 3: (a) UV-visible absorption spectrum of Reichardt's dye-doped PECM polymer.
(b) MALDI-TOF spectra of PECM.

Thermal Performance and FT-IR studies of PEs:

PECM was considered for use as a polymer host for PE for the reason of its excellent
compatibility with lithium salt and affordable synthesis. The different weight ratio of
PECM and LiTFSI were obtained for further studies of PE and are abbreviated as
PECM:LiTFSI(1:0.5), PECM:LiTFSI(1:1), PECM:LiTFSI(1:2), PECM:LiTFSI(1:5).

PEs samples are shown in Figure4.

Figure 4: Polymer electrolytes sample of different concentration (a) PECM:LiTFSI(1:0.5),
(b) PECM:LiTFSI(1:1), (¢) PECM:LiTFSI(1:2) and (d) PECM:LiTFSI(1:1).
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TGA, DSC and flame tests were conducted on the electrolytes to evaluate thermal
stability and affirm the composition of all the PEs. Thermal stability and affirming the
PEs component were evaluated through TGA. The values of 10 wt.% loss temperature
(Ta10) of the four PEs were above 200 °C, as shown in Figure 5. In other words, the PEs
showed thermostability until 200 °C, which is much safer than commercial liquid
electrolytes that catch fire due to leakage of solvent electrolytes at high temperatures and
meet the practical applicability of LIBs!*. PECM showed two degradation
temperatures, initial and maximum degradation temperatures at ~200 °C and ~380 °C
respectively which was reported by Otsu et al'*’. Besides, another step at T> 400 °C is

associated with the thermal degradation of LiTFSI'®,
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Figure 5: TGA profile of PECM and different polymer electrolytes.
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The weight % of the starting point of LiTFSI degradation is shown to be increasing as the
concentration of LiTFSI salt in polymer electrolytes increases. This indicates the polymer
electrolyte components and compositions. The influence of the structure on thermal
properties becomes noticeable and can be used to tune the electrochemical behavior for

examination in battery applications.

DSC was used to investigate the phase behavior of PEs and is summarized in Table 2.
The DSC curves of PEs with different concentrations of LiTFSI composition are shown
in Figure 6, and it can be seen that PECM:LIiTFSI (1:1) has a lower glass transition
temperature (T,). Tg significantly impacts ionic conductivity because a decrease in Tg
value enhances the smooth migration of ions. Therefore, improvement in ionic
conductivity is expected'**. However, the T, value trend is not systematic with salt
concentration due to the presence of two polymer electrolyte domains showing two
different trends. The coordination of the Li" with ester group is weak and the effect of
soft anion TFSI” makes the polymer electrolyte soft which leads to a decrease in Ty value
in salt in polymer domain. However, the polymer in salt domain wherein an increase in
Tg is observed, owing to the presence of more crystalline LiTFSI and the effect of soft

anion on the polymer is less due to the low amount of polymer in PE.
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Figure 6: DSC profile showing T, of PECM and different polymer electrolytes.
44




Flame tests of the PE were performed by subjecting a small amount of the electrolyte to
a direct flame for a specific time frame (1 min). PECM:LiTFSI(1:1) exhibited non-
flammability (Figure 7). The PE did not support a flame when the flame source was

removed and only melted due to the flame’s heat.

Figure 7: Flame test PECM:LiTFSI(1:1) for 1 minute.

We performed FT-IR spectroscopic studies to understand the coordination mechanism of
Li" with the polymer. Figure 8 shows the FT-IR spectra of the distribution of lithium
coordinated and free carbonyl units and ether units in the wavenumber region of 1800-
1650 cm™! and 1250-1000 cm™! respectively. The region covers the stretching vibration of
the C=0 (Figure 8(a)) and C-O (Figure 8(b)) of the ester group. The pristine PECM
showed a sharp peak at 1730 cm™ in analogy to literature reports on polycaprolactones,
polycarbonates and polyacrylates-based electrolytes'®. Upon increased salt
concentration, three significant changes are observed in the carbonyl peaks, overlapping
additional peaks, increasing in intensity and shift in the peak attributed to the carbonyl
group coordinating with lithium-ion. The FT-IR studies also observed splitting and
shifting of the ether peak (Figure 8(b)). Figure 8 shows the IR spectra of PEs with molar
ratios coordinating ester groups of the polymer to Li" are 67:1, 33:1, 17:1, 6:1. The spectra
of PECM:LITFSI(1:5) show high intensity of C=0...Li" peak indicating maximum
coordination of polymer with LiTFSI at 6:1 molar ratio. The peak shift is mainly due to
the direct coordination and electrostatic influence of electrophilic cations (Li") on the
carbonyl group surrounded in a sphere shape. The influence of the coordination of Li+
with the carbonyl group has restricted the amplitude of vibration, causing a redshift of the

carbonyl double bond.
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Figure 8: (a)) FT-IR spectra of PEs and pristine PECM showing carbonyl oxygen (~1725
cm™). (b) FT-IR spectra of PEs and pristine PECM showing ether (~1100 cm™'). Note:

Molar ratio of ester groups to lithium are mentioned on right side.

Comparative studies of ionic conductivity, transference number and linear sweep

voltammetry of PEs:

A comparison study was conducted to screen for better PE ratio containing optimum salt
concentration and determine the effect of glass transition temperature on ionic
conductivity and transference number. Since there are reports on high ionic conductivities
of two regimes, first is that of polymer in salt domain (>50 wt.% salt) and the other in salt
in the polymer (>50 wt.% salt), the two regimes were screened to check their ionic
conductivities influenced by salt concentration. Comparative studies of different salt
concentrations with ionic conductivity at 51 °C, transference number, T, and activation
number are displayed in Table 2. Arrhenius plots of the PEs of the PEIS measurement at
different temperatures are displayed in Figure 9(a). The R-squared value for the linear
fitting of the Arrhenius plots was in the range of 0.92-0.99 indicating the fitting to be
good. The activation energies for the diffusion of Li" ions in the PEs are shown in Figure
9(b). We observed maximum ionic conductivity with PECM:LiTFSI(1:1) values of
3.08*10% S cm™ at 51 °C which was higher than other solvent-free polymer complexes

reported by Dias et. al.!*¢ .
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Figure 9: (a) Ionic conductivity measurements under different electrolyte concentrations
at 30-60 °C temperature range, (b) Comparison of E, values of PEs, (c) Linear sweep
voltammograms of various electrolytes indicates electrolyte stability in the range of 1.5
to4.5V.

PECM:LiTFSI 9.76%107 0.80 43.0 33
(1:0.5)

PECM:LiTFSI 3.08*%10 0.98 27.4 10
(1:1)

PECM:LiTFSI 2.25%10% 0.95 37.1 28
(1:2)

PECM:LiTFSI 1.55*10* 0.88 61.5 33
(1:5)

Table 2: Comparison of various electrolyte concentrations.
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The ionic conductivity increases at higher temperatures due to increased vibrational mode
chains segmental motion and mobile carriers causing voids formation and free volume
that promotes better charge conduction and conductivity enhancement '#’. The T, values
are in accordance with the ionic conductivity and better ionic conductivity is at the trade-
off between charge carrier concentration and segmental mobility of the polymer governed
by T,. We observed a decline in ionic conductivity at 51 °C from PECM:LiTFSI(1:2).
This concluded that for better ionic conductivity of the polymer electrolyte, low T, and
optimum concentration of Li" are not only crucial, but the presence of balanced and
sufficient amounts of both lithium influenced carbonyl groups and unoccupied carbonyl
groups are needed. According to Ebadi et al. polymers with side chains prevent interchain
coordination and Li" ion hopping between interaction sites. This limitation results in
reduced Li" diffusion and consequently, lower conductivity!*®. In contrast our work on
sidechain functional group polymer observed an increase in ionic conductivity and
transport number, possibly due to the high density of polar aprotic functional group
polymer at the side chain. Hence the polarity of the polymer plays a crucial role in the Li*

diffusion and weak coordination with the interaction sites.

In these electrolytes, commonly referred to as salt-in-polymer electrolytes, ionic motion
is linked to the local segmental motion. This system is known as a coupled system, where
the conduction relaxation time is dependent on the relaxation time of the polymer matrix's
segmental motion. To achieve fast ion transport in such systems, molecular design focuses
on creating polyethers with low Tg and hyperbranched structures. This design influences
the rapid molecular motion of the ion-coordinating side chains to enhance ionic transport.
Still, the ionic conductivity of such modulation is lower than conventional aprotic
electrolyte solutions. Hence, high ionic conductivity at ambient temperature may be
achieved without coupling to the segmental motion of the polymers, allowing the
conduction relaxation time to be decoupled from and much faster than the structural
relaxation time. To understand the issue of coupling between ion transport and relaxation

based on polymer electrolytes. Angell formalized the use of decoupling index, defined by
log(R;) = 14.3 + log a(Tg) w..eq(5)

The decoupling index (R:) defined as the ratio of the conductivity relaxation time (15) to
the structural relaxation time (ts) uses the ionic conductivity value at Tg (o(Tg)). The
log(R:) value of PECM:LiTFSI electrolytes are in the range of 9.49-10.45. Such high
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value of Rt indicates that the ionic motion of Li" is poorly influenced by the immobile
part of the polymer, suggesting significant decoupling of conductivity from the polymer

chains segmental motion'#-150,

A linear sweep voltammogram was conducted to evaluate the electrochemical stability
window of the PEs and PECM. Figure 9(c) shows no degradation of PEs between 1.5 to
4.5V vs. Li'/Li, although the current intensity of oxidation peaks increases with increased
concentration. This demonstrates that the PEs are stable at high voltage and can be applied
to lithium-based cathodic half cells. Overall, the oxidation peak of the PEs indicates that
the instability after 4.5 V is mainly due to the electrochemical oxidation of LiTFSI as the
PECM didn’t show major oxidation peak after 4.5 V!°!. The reduction peak at ~1 V is
shown to be increasing with concentration of LiTFSI indicating that the polymer

reduces/degrades in the influence of Li-salt at lower potential.

PEs were subjected to further electrochemical characterization because of their optimal
conductivity. The lithium-ion transference number of the polymer electrolytes was
determined by the method developed by Evans and Vincent at fixed temperature using
impedance analysis and DC polarization (chronoamperometry) (Figure 10). The
transference number values are in the same line as the ionic conductivity, which has a
trade-off at a salt concentration of more than 50 wt.%. PECM:LiTFSI(1:1) was observed
to be of a higher transference number of 0.98 than common polymer electrolytes (<0.5)
(Table 2). The higher lithium transport value is attributed to the weak Li‘-polymer
interactions, which facilitate lithium-ion movement along the polymer chain. Additionally,
the rigid backbone of the polymer reduces the dependency on segmental motion,
commonly observed in PEO-based polymer electrolytes, and acts as a rigid matrix similar
to inorganic solid electrolytes which have tLi+ close to 1. The consecutive ester groups on
the polymer backbone help form ion channels and increase the Li* transport due to the
presence of adjacent polar groups. The anion movement is hindered due to large size and
repulsion from all sides by the polar ester groups, making the anion static. Therefore, the
PEs lower the polarisation and concentration gradient in electrolyte and in turn, improves

lithium-ion diffusion in the electrolyte and cyclability of cells'>>!53,
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Figure 10: Chronoamperometry of different polymer electrolytes at potential step of 30

mV. The inset shows the ac impedance spectra of before and after polarization at 25 °C.

Lithium plating/stripping experiments was conducted with the polymer electrolyte and
showed high ionic conductivity (PECM:LiTFSI(1:1)) to evaluate interfacial impedance
and Li" transport across polymer electrolyte and lithium metal interface. Galvanostatic
cycling of symmetric coin cell Li/PECM:LiTFSI(1:1)/Li at a current density of 0.2 mA
cm™  and charging-discharging for 2 hr. was performed (Figure 11). The symmetric cell
showed a stable voltage of 70 mV for 130 hr., which confirmed that the electrolyte/lithium
interphase is stable in the coin cell. The result indicates that longer cycling performance
of LIBs is possible with polymer electrolytes without dendrite formations'3>. Hence A

polar aprotic polymer with better lithium-ion solvation properties can mitigate dendrite

by providing a favorable environment for lithium platting and striping.
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Figure 11: Lithium plating and stripping test using galvanostatic cycling of
Li/PECM:LIiTFSI (1:1)/LiNCAO at a current density of 0.2 mA cm™ at 25 °C.

Electrochemical performance of cathodic half-cell:

To evaluate the potential application of PEs in commercial application of lithium-ion
batteries, cathodic half-cell was fabricated. Among the PEs studied, PECM:LiTFSI(1:1)
showed better ionic conductivity and transference number. LNCAO material was chosen
as a cathode to evaluate cathodic half-cell due to its thermal stability, operating voltage
2.8-4.2 V vs Li/Li", environmental friendliness, low cost and better cycling capability.
Cyclic voltammogram of Li/PECM:LiTFSI(1:1)/LiNCAO coin cell was studied at a scan
rate 0.1 mV s as shown in Figure 12(a). From the CV curve, the first cycle displays a
higher abnormal current peak and an overpotential from the second to fourth cycles.
Various authors reported that such initial overpotential in rich Ni containing cathode
electrodes is due to electrode exposure to moisture, which was recognized to deposition
of surface impurites. Some common impurities are hydroxides formed via. NCA surface
reaction with humidity and carbonates via. CO; reaction with formed surface hydroxides.
These impurities form an insulating and resistive layer on the cathode surface leading to
overpotential. The absence of overpotential in subsequent cycles indicates that the
impurities get decomposed in the first cycle!>*!%7. Cell galvanostatic charge-discharge
rate capability was studied at varied C-rates/current densities (1C=190 mA g'') as shown
in  Figure 12(b). High  reversible discharge capacities of the
Li/PECM:LiTFSI(1:1)/LINCAO were 178 mAh g'! (1.42 mAh cm™) at 0.1C, 164 mAh
g (1.31 mAh cm™) at 0.2C, 149 mAh g (1.19 mAh cm™) at 0.5C, 134 mAh g (1.07
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mAh cm™) at 0.75C, 117 mAh g (0.93 mAh cm™) at 1C, 65 mAh g (0.52 mAh cm?)
at 2 C. Furthermore, the cell showed a reversible discharge capacity of 174 mAh g! (1.39

mAh cm?) at 0.1C after cycles at 2C, similar to the initial stable capacity, indicating the

cell delivered better rate performance.
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Figure 12: (a) Cyclic voltammograms of cathodic half-cell at 0.1 mV/s, (b) Charge

Discharge studies of cathodic half-cell at different current density, (c) Potential vs.

Specific capacity curve of cathodic half-cell at 0.1C and 2C, (d) dQ/dV curves of lithiation

and delitiation at 25 °C.

During the charge-discharge of the cell, a continuous voltage change at a wide potential

range is observed as shown in Figure 12(c). Such slanted charge-discharge profiles are

due to the diffusion of ions within electrolytes, electrodes, and interface of the two

electrodes over a wide voltage range rather than at a particular voltage. The ohmic loss

was seen in the initial voltage drops during lithiation which was further confirmed by the

differential capacity profiles (Figure 12(d)). In differential capacity profiles, the sudden

peak increase during lithiation at 3.6 V is due to intercalation of lithium in the cathode.

The ohmic loss observed during the initial voltage might be due to volume change. Also,
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the gap created during the process of charge-discharge is not being filled immediately by
PE. Such ohmic loss does not take place during delithiation due to no gap present between
the interfacial of polymer electrolyte and cathode. The cell polaraization calculated from
the maximum peak of lithiation and delithiation is 18 mV which is lower. Long cycling
galvanostatic charge-discharge showed better discharge capacities of 167 mAh g (1.33
mAh cm™) at a low C-rate (0.2C). Despite the capacity fading due to slow irreversible
consumption of Li at the cathode, the obtained capacity retention is close to 80% after
100 cycles. This proves that the PE can afford an excellent cycle performance even at 25
°C (Figure 13(a)). While at C rates of 0.5C and 1C the capacities were 149 mAh g! (1.19
mAh cm?) and 143 mAh g (1.14 mAh cm™) respectively (Figure 13 (b) and 13(c)).
Despite the current rate being doubled the capacity values are almost similar indicating
the electrolytes' fast charging capability and the influencing the lithiation-delithiation at
high C-rate. The good long cycling charge-discharge can be attributed to free ion transport
between the electrodes and better compatibility between electrode and electrolyte. The
ionic conductivity of PECM:LiTFSI(1:1) at 25 °C is determined to be 6.95%10° Scm™'.
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Figure 13: Long cycling charge discharge of Li/ PECM:LiTFSI(1:1)/LNCAO at (a) 0.2C
(b) 0.5C and (c) 1C (25 °C).
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Dynamic electrochemical impedance spectroscopy (DEIS) was performed to evaluate the
changes after long cycling galvanostatic charging and discharging. The circuit
RRL(QRcEN(QRcT)(QRpPp)(QRcDW) was used to analyze the interfaces and overall cell
impedance. The abbreviations of the circuit are “R” in this circuit which stands for
internal resistance (IR), charge transfer resistance (CT), CEI resistance (CEI), pre-
diffusion process (PD), and complex diffusion (CD). The term pre-diffusion represents
the fast migration of Li" at the interface between the electrode and the electrolyte in low
impedance phase. Complex diffusion refers to slower diffusion of Li" within the bulk
electrode materials during the intercalation and deintercalation of ions. The “Q” is
constant phase element, “L” stands for inductance and “W” is Warburg diffusion
coefficient. The data was segregated according to specific frequency ranges such as
1,000,000—100,000 Hz for internal resistance; 100,000—-10,000 Hz for charge transfer
resistance; 10,000—1,000 Hz for CEI resistance; 3.0-0.3 Hz for prediffusion resistance
and 0.3-0.01 Hz for complex diffusion resistance.
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Figure 14: Rcrr and Rer vs. Potential plot of (a) lithiation and (b) delithiation using
PECM:LiTFSI(1:1). DEIS Nyquist profile in the (c) lithiation and (d) delithiation of

cathodic half-cell after long cycling respectively.
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The CEI resistance at different potential was shown to be lower than charge transfer
resistance due to the less decomposition of electrolytes on the surface of the cathode
(Figure 14(a) and 14(b)). Impedance graphs were obtained at different potentials along
the charging and discharging potential range, which reflects various interfacial processes
during the cycling (Figure 14(c) and 14(d)). A surge in Rct leading to a dip in Rcgr at two
different potentials (2.9 V and 3.5 V) during lithiation can be attributed to voltage-
dependent charge transfer and voltage-dependent CEI behavior. The surge in Rcr
indicates that rate of charge transfer reactions is slow at specific potentials possibly due
to the limitation in availability of active sites on the electrode for electrochemical
reactions. While at potentials, CEI may be more stable and less reactive resulting in low
Rcer In contrast, some potentials the CEI become less stable and changes, leading to an
increase in Rcer. These changes in CEI can influence the overall Rcet. The Rer and Rcgr
traits are inherent to dynamic nature of LIB chemistry and operation. A surge in both Rcgi
and Rcr at 3.1 V during delithiation might be due to formation of thicker CEI which can
hinder ion transport, leading to higher Rcr. Higher Rer also suggests that rate of
deintercalation is slow at that particular potential due to kinetic limitation or change in
electrochemical activity of cathode. At specific states of charge cathode electrolytes
electrochemical environment may be different leading to variations in Rcgr and Rer.
Further, to probe Lithium-ion diffusion coefficient, Warburg plots (Z real vs. o) have
used from low frequency of the DEIS Nyquist plots. The diffusion coefficient during
lithiation and delithiation was calculated through the following equation'>*:

D+ = % ...eq(6)

Where D - diffusion coefficient, R - universal gas constant, T is temperature, A - surface
area of electrode, n - no. of electrons taken per Li', F - Faraday’s constant, C - Li"
electrolyte concentration and ¢ - the slope fitting of @2 vs. Zreal. The Li* ion diffusion
coefficient increases from ~1071° to -10"" cm? s! in the lithiation/delithiation potential
range of 3.6-4.2 V (Figure 15). The high value of diffusion coefficient supports stability
and reversibility of charge-discharge during long cycling and enduring enhanced Li" ions

storage ability.
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from DEIS profiles.

Post-mortem studies of the surface composition and morphology of the cathode after long

cell cycling were characterized using ex-situ XPS and SEM techniques. The XPS analysis

of the cathode surface after 100 cycles suggests the presence of an inorganic layer

consisting of lithium carbonate-based compounds in the CEI, as observed from O 1s and

C 1s which were due to sacrificial polymer electrolyte decomposition at the cathode

surface (Figure 16). The top surface also reveals the presence of LiF from the F 1s spectra

which suggests rich inorganic (LiF) and organic fluoride (CF3) distribution at surface of
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56




O Kal

10
SKal "

10 um 10 pm
Figure 17: Postmortem EDS map of (a) carbon, (b) nitrogen, (¢) oxygen, (d) fluorine and ()

sulphur of cathode surface after long cycling studies.

Map Sum
Spectrum
Element Line Type Weight % Weight % Atomic %
Sigma

C K series 30.84 0.49 37.64
N K series 2.63 0.97 2.75
O K series 59.56 0.77 54.57
F K series 5.90 0.62 4.55
S K series 1.07 0.06 0.49
Total 100.00 100.00

Table 3: Atomic percentage of different elements obtained from the EDS mapping.

TFSI anion of the lithium salt was shown to be present on the surface of cathode which
was confirmed from the C Is and F 1s spectra due to presence of CF3 and from N 1s and
S 2p spectra (Figure 16). The uniform distribution of the different elements on the surface
of the cycled electrode was validated by EDS elemental mapping (Figure 17) which also
supports the XPS data. The atomic percentages of different elements present are
mentioned in Table 3. The effect of the CEI and long cycling on the morphology of
cathode surface was studied using SEM. Figure 18(c) and 18(d) shows uniform particle
distribution of cycled cathode material. Cross-sectional and surface-view SEM image of
the cycled cell was observed to understand the effect of long cycling on cathode material.
The comparision with the pristine LINCAO electrode SEM images is shown in Figure
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18(a) and 18(b). Small cracks are being observed on the spherical particles which might
be due to continuous charge and discharge at high current rate. These cracks lead to
irreversible consumption of Li-ion and capacity fading as observed in long cycling.
Noting that complete eradication of the cracking using electrolyte is not possible, the aim
of the work was to find a better electrolyte with high conductivity, transference number
and compatibility with cathode for LIB'®!. No dendrite formation was observed at the

cross-sectional studies.

1.8 kV x1.886K 38.0rm

Figure 18: The SEM images of the cathode electrode after charge discharge cycling (a)

Cross-sectional view of the electrode, (b) top surface view of the electrode.
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Conclusion:

We investigated battery performance of high-density functional group polymer of the
poly(substituted methylene) with ethoxy carbonyl ester group on each carbon of the
polymer chain known as poly(ethoxycarbonylmethylene) (PECM). Three main evident
traits are as follows: (i) an approach towards using high-density functional group polymer
as polymer electrolyte (ii) introducing the effect of polymer polarity in performance of
electrolyte (iii) high ionic conductivity and transference number without any additives.
The polar aprotic polymer with abundant ethoxy carbonyl ester group exhibited ionic
conductivity 3.08*10* S cm™ at 51 °C and demonstrated higher transference number of
0.98 for PECM:LiITFSI (1:1). The polar aprotic side chain groups help in the formation
of weak interaction and solvation sphere around lithium-ion from LiTFSI, thereby
allowing the free movement of lithium and hindering the bulky anion. The Li/LINCAO
cathodic half-cell with PECM exhibits a better cycle life of 167 mAh g (1.33 mAh cm"
%) capacity with capacity retention of 80% at 0.2C for 100 cycle. It also performed better
long cycling performance at low and high current density. A polar aprotic polymer in LIBs
electrolyte enhances solvation of lithium-ion, contributes to formation of stable SEI,
reduces the risk of dendrite formation, offers thermal stability and broadens the
electrochemical stability window. It is noteworthy that the research work will contribute
significant in affordable and environmentally friendly polymer electrolyte. The approach
towards finding a new category of PE will help in potential development of commercial

lithium-ion battery based on organic polymer electrolyte.
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Chapter 3
Robust Electrochemical Performance of LIB using
Polymethylene-based High-Density Carboxylic Acid Binder in
Graphite Anode

Abstract

A durable electrochemical performance in lithium-ion batteries is increasingly important
in future applications. Various strategies were used to develop functional binders for long
cycles, high loading, and fast charging. However, despite constant efforts, the strategies
mentioned above remain critically challenging and must be addressed. Herein, we utilised
a non-toxic, water-soluble and bio-derived polymethylene-based binder containing a high
concentration of carboxylic acid functional groups as side chains, demonstrating
improved lithium-ion transport and minimising electrolyte decomposition. Polymeth-
ylene’s less flexible rod-like polymer architecture succeeds in exhibiting long cycling at
1C with a specific capacity of 336 mAh g! and capacity retention of 81% for 700 cycles.
It also performed better fast charging behavior at SC with a specific capacity of 54 mAh
g’! and showed better rate and long cycling stability with high loading of graphite up to
3.4 mg cm™. Hence, a poly(fumaric acid) binder enhances the LIB's electrochemical

performance and mechanical strength.
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Introduction:

Carbon-based graphite anode has revolutionized energy storage and is widely used in
various lithium-ion battery (LIBs) applications. LIBs offer several advantages including
high energy density, long cycle life and low self-discharge, leading to their ever-
increasing market demand!®>!'%*, The continuous pursuit of enhancing LIB performance,
energy density and safety has prompted researchers to explore various aspects of battery

componentsl12’“3’164’165.

The performance and reliability of LIBs depend mainly on the electrochemical properties
and integrity of the electrode (both anode and cathode) materials. Electrochemical
performance primarily depends on the solid electrolyte interphase (SEI). SEI is a
passivation layer that forms due to in-situ electrolyte degradation on the negative
electrode. Stable and uniform SEI helps reversible charge-discharge, enabling long
cycling. A thin SEI has low resistance due to which it facilitates Li* transport into the
electrode and increases the lithium diffusion kinetics'®®. SEI stability is improved by
additives, polymer coating and binders'®’"'®, Dense functional polymer binders might
alter electrode surface chemistry and act as local electrolyte components at the SEI,
providing better interaction between the polymer and its surroundings'’%!”!, Regarding
integrity, binder plays an integral part in maintaining the stability of the electrodes by
binding the active material (graphite) and conductive carbon together and holding them
to the current collector through multiple interactions such as hydrogen bonding, Vander
Waals forces, mechanical interlocking, etc., which is predominantly related to the
functional groups and backbone structure of polymer binders'’?. According to the solvent
used for dissolving the binder, the suspension containing graphite, conductive additive

and binder is classified into aqueous-based and nonaqueous-based slurry.

Traditionally, poly(vinylidene fluoride) (PVDF) is a commercial binder for LIBs, but its
interaction with electrode components through van der Waals force results in weak
adhesion and lowers the long cycling stability!”>. Besides it requires toxic, flammable,
and environmentally unfriendly solvent N-methyl-1-2-pyrrolidine (NMP) for
processing!7*. As a result, there has been a growing interest in exploring binders to replace

PVDF and address the environmental aspect.

Thus, aqueous binders have attracted much attention for their environmental friendliness

and fabrication cost. Some water-soluble functional binders are chitosan, poly(acrylic
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acid) (PAA), sodium alginate and sodium carboxyl methylcellulose-based binders'”>~177,

Among the above polymers, PAA has a higher functional group concentration. A few
important characteristics of PAA are (i) strong self-associated polymer!’®; (ii)Better
rheological properties due to increasing adhesion strength; (iii) enhancement in the ionic
conductivity '7%; (iv) capability to undergo electrostatic interaction with cation, thereby
enhancing the desolvation of Li* and increases reversible lithium intercalation!8%!8!,
However, the graphite/PAA electrode observed a thick SEI layer due to inhomogeneous
binder distribution in the electrode matrix due to PAA's inability to modify the surface
chemistry!7%!82, In addition, the electrochemical performance and adhesive strength

decrease significantly at high mass loading of the electrode!”’.

Considering the drawbacks of PVDF and the benefits of carboxylic acid group of PAA,
this study proposes a polymethylene-based polymer binder with high-density carboxylic
acid functional groups at the side chain. The presence of dense and well-distributed
functional groups has shown a high affinity towards graphite and increases the capacity
retention of LIBs'®3. Poly(fumaric acid) is one of the polymethylene group molecules, a
less flexible rod-like polymer and is also known as poly(hydroxycarbonylmethylene). As
brittle or stiff binders (Na-CMC) have shown enhanced long cyclability and retention
capacity compared to flexible polymer binder (PVDF-HFP)!34. Such polymethylenes are
expected to exhibit superior properties that differ from polyethylenes such as PAA and
PVDF due to their stiffness in structure'*’. Otsu et al. and Kitano et al. synthesised
poly(fumaric acid) from poly(di-t-butyl fumarate) and poly(di-trimethylsilyl fumarate),

respectively, which are expensive and hazardous'3%!8,

To the best of our knowledge,
there have been no such articles based on high-density functional groups of
polymethylene-based binders for LIBs. Herein, a novel synthesis route using precursor
di-ethyl fumarate, which can be obtained from biomolecule fumaric acid, was used to
obtain poly(fumaric acid) (PFA) through economical and unhazardous chemicals.
Fumaric acid is an intermediate product of the citric acid cycle, which is a cellular process
generating energy in mitochondria. It can also can be produced or isolated from plants
(genus Fumaria) and filamentous fungi (Rhizopus spp.) '3¢1%8. Fumaric acid esters have
been used for oral treatment of psoriasis, indicating that the starting molecule is non-
toxic!®. PFA contains -COOH functional group on every backbone carbon compared to
PAA and PVDF in which functional groups are present in alternate carbon of the backbone.

Water-soluble PFA polymer offers the potential to form thin and stable SEI by preventing

62




electrode cracking during cycling and providing better adhesion to electrode components
due to high-concentration of functional groups. As a result, they would enhance the

overall electrochemical performance of LIBs.

By delving into the electrochemical properties, adhesion of electrode material, and overall
impact on cell performance, we seek to shed light on using high-density functional group
polymer as a binder to improve the functionality and performance of graphite anodes in
LIBs.

Experimental:
Materials:

Diethyl fumarate (98%), Hydrochloric acid (12N), 2,2'-Azobis(isobutyronitrile) (AIBN),
poly(vinylidene difluoride) (PVDF) binder (MW: 540,000), polyacrylic acid, 1.0 M
LiPFs (50/50) ethylene carbonate/diethyl carbonate (EC/DEC) electrolyte and battery
grade graphite were purchased from Sigma-Aldrich. The potassium hydroxide, ethanol
(99.5), N-methyl pyrrolidone (NMP) were purchased from Wako. Super P conductive
(99+% (metal basis)) was ordered from Alfa Aesar. Dialysis tubing was obtained from

Fisherbrand regenerated cellulose dialysis tubing.
Preparation of poly(fumaric acid):

Diethyl fumarate (2 gm, 11.6 mmol) was polymerized using freeze-thaw vacuum-sealed
bulk polymerization method at 70 °C in the presence of radical initiator AIBN (38 mg,
0.23 mmol) for 24 hr. The content obtained after 24 hr. was poured into an excess of
hexane (50 ml) and stirred, followed by removing hexane and vacuum drying the polymer
overnight. The polymer was hydrolyzed using excess KOH in a solvent mixture of
ethanol: water (2:1) under reflux for 24 hr. Then the mixture was concentrated and
acidified with 1 N HCI. The resulting solution was treated for dialysis using a cellulose
acetate tube. The pure poly(fumaric acid) polymer was obtained after evaporation of the
aqueous polymer obtained after dialysis. The PFA polymer was obtained in good yields
(1.1 gm, 82%).

Characterization of poly(fumaric acid):

"H NMR and *C NMR spectra were recorded in DO solvent using Bruker Advance II-
400 MHz spectrometer. PerkinElmer 100 FTIR spectrometer was used for obtaining
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Fourier transform infrared absorption spectra. TGA of PFA was conducted using a Hitachi
STA7200 thermal analysis system at 10 °C min™! heating rate and N> flow rate of 200 ml

min!.

Electrode fabrication:

An anode slurry was prepared by mixing 80 wt.% graphite, 10 wt.% super P conductive
carbon and 10 wt.% PFA in water and ball milled for 1 hour. Using a doctor blade of 100
um, the obtained slurry was coated onto a copper foil (20 um thickness) and dried under
vacuum at 80 °C for 12 h. Subsequently, the dried electrode was compressed using a hot
rolling machine and cut into circular discs of 13 mm diameter. The coin cells of CR2025
were fabricated within an argon-filled glove box under O, and H>O levels below 0.5 ppm.
A lithium disc was used as the counter electrode, a polypropylene Celgard 2500 as the
separator and 70 pl of commercial 1.0 M LiPFs in EC:DEC as electrolyte. To compare
the battery performance, 10 wt.% of PAA in water and 10 wt.% of PVDF in NMP were
used as binders and followed the above procedure for fabrication of anodic half-cells. The
graphite areal loading and areal capacity are in the range of 0.85-1.37 mg cm™ and 0.318-
0.510 mAh cm, respectively. The porosity and thickness of the electrodes are kept almost
constant for all the studies. The PFA-based anodic half-cell is named PFA/Gr, while the
PA A-based anodic half-cell is PAA/Gr and the PVDF-based anodic half-cell is PVDF/Gr.

Electrochemical test:

Cyclic voltammetry (CV) studies were carried out in the potential range of 0.01-2.1 V
and were subjected to varied scan rates of 0.1, 0.2, 0.4, 0.6, 0.8 mV s™! using Bio-Logic
Science Instruments for determining lithium-ion diffusion coefficient of the anode. The
electrochemical impedance spectroscopy (EIS) was performed before and after CV in the
frequency range of 1.0 MHz to 0.1 Hz at an AC amplitude of 10 mV. Dynamic
electrochemical impedance spectroscopy (DEIS) measurement was done after 700 cycles
of charge and discharge at different voltage perturbations in the frequency range of 1.0
MHz to 0.1 Hz at an AC amplitude of 10 mV. Galvanostatic cycling measurements were
carried out using Electrofield ABE 1024 between 0.01-2.1 V in constant-current mode.
The activation energy of the cycled anodic half-cells was calculated using the EIS method
using cycled anodic half-cells after the output circuit potential was brought to 0.2 V at
which lithium intercalates in graphite vs. Li*/Li. The potential was maintained, and EIS

was measured at different temperature ranges.
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Physical characterization of electrode:

The rheology of the slurries and electrodes was determined using viscosity and peel tests
respectively. The viscosity measurement was carried out using Toki Sangyo Viscometer
TV-35. The peel test was conducted using Instron 3342 for a 40 mm long electrode. The
adhesive tape was attached to the roll-pressed coated electrode and was peeled at 90°

angle at a constant displacement rate of 1 mm min™’.

Postmortem studies of the long-cycled electrodes were undertaken using XPS and SEM.
The morphology of the graphite anode was analyzed using Field Emission SEM (FESEM,
Hitachi S-4500) images at an accelerating voltage of 1.0 kV. Chemical composition
analysis on the surface of the cycled anode was identified using X-ray photoelectron

spectroscopy (XPS, Fisons instruments S-probe TM 2803).
Results and discussions:
Characterization of PFA:

Poly(fumaric acid), a high-density carboxylic acid functional group polymer was
synthesized to enhance the performance of LIBs as a high-efficiency binder compared to
PVDF and PAA. The PFA was synthesized using radical-initiated bulk polymerization,
followed by ester hydrolysis and dialysis as depicted in Figure 1(a). The polymer
formation can be initially confirmed by checking the dissolved PFA’s pH in water. The

polymer failed to form if bulk polymerization was carried out in the presence of air.
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Figure 1: (a) Schematic illustration of the synthesis of PFA, (b) 'H NMR spectrum
(D;0), (C) 3C NMR spectrum (D20).

HOH
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The 'H and '*C NMR spectra of PFA are demonstrated in Figure 1(b) and 1(c) respectively.
The peak at 3.25 ppm in the "H NMR corresponds to C-H group of the main chain'®®. The
characteristic peaks at 170.8 ppm and 62.4 ppm from '3C NMR correspond to the
carboxylic acid's carbonyl and C-H carbon respectively. The FT-IR spectrum of PFA is
depicted in Figure 2(a). The board peak at 3500 cm™ was observed due to O-H stretching
of carboxylic acid which was absent in the poly(ethoxycarbonylmethylene) polymer. The
characteristic absorption peaks at 2977 cm™ correspond to -CH- stretching of the
methylene backbone. The carbonyl and ether peaks were absorbed in 1715 and 1090
cm’!, respectively. The molecular weight was determined to be 3000 m/z by MALDI-TOF
(Figure 2(b)). The measured pH of the PFA was determined to be 4.57 (Figure 2(c)). These
results suggest that the current approach towards the synthesis is suitable for obtaining

PFA.
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Figure 2: (a) FT-IR spectra of PFA and poly(ethoxycarbonylmethylene). (b) MALDI-TOF
of PFA. (c) pH measurement of PFA using pH meter.

The thermal stability of the PFA was investigated through thermogravimetric analysis
(TGA). TG and DTG profiles of PFA are demonstrated in Figure 2(d). The initial weight
reduction of around 100 °C was assigned to the vaporization of adsorbed moisture by the
hydrophilic acidic groups. PFA exhibited thermal stability up to ~235 °C. With the

increase in temperature, a steep slope of degradation was observed, which could likely
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indicate dehydration due to the formation of anhydrous linkages from the intra and inter-
bond formation and subsequent evolution of CO2'®. Hence PFA can be used as a binder

for high-temperature LIBs due to its good thermal stability.
Binders effect on rheology:

The interfacial adhesion of anode materials containing different binders was investigated
by observing the amount of material removed from the electrode and measuring the
average peel force. The average peel force of the electrode film using PFA (10.94 N) as
binder is higher than that of PAA (9.96 N) and PVDF (9.22 N) binder, indicating PFA's
enhanced adhesion ability (Figure 3(a)). This can be ascribed to the Vander Waals force
resulting from the high-density functional groups in PFA that effectively holds the
electrode components and the current collector together. The physical properties of the
PFA binder can accommodate the volume expansion during lithiation without
disintegrating the electrode component during delithiation'*°. Inset in Figure 3 (a) shows
the optical images of the adhesive tape of the electrodes containing different binders after
the peel test. It was clearly seen that PFA adhesive tape contains less active material than
PAA and PVDF adhesive tape.
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Figure 3: (a) Peel curves of graphite electrodes with different binders; Inset: photographs
of the tape after the peel test. (b) Viscosity profile of graphite slurry with different binders.

In rheology, slurry viscosity provides insights into achieving the optimal dispersion state
of electrode materials, which is essential for enhancing the bond formation within binder
and with the electrode components. The stabilized viscosity varies with changes in mixing
sequence due to the solvent’s diffusion into the solid particle's internal pores and is also

affected by the mixing method'!. Slurry rheology is also important for subsequent
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production and commercialization, as the homogenous binder solution must be optimized
to obtain uniform electrode material distribution'®?. At a shear rate of 3.75 s, the
viscosity of slurry containing PFA binder was 4.9 Pa.s, which is higher than PAA with 4.2
Pa.s and PVDF with 2.9 Pa.s (Figure 3(b)). Higher viscosity slurry is reported to facilitate
the production of uniform electrode coating!®>. The suspension properties can impact

adhesion strength which is a key factor in achieving high cyclability of the battery.
Electrochemical performance:

The electrochemical stability of the binders in the graphite electrodes was assessed by
cyclic voltammogram. The CV curves of the graphite electrodes containing different
binders at a scanning rate of 0.1, 0.2, 0.4, 0.6 and 0.8 mV s! were illustrated in Figure 4.
All the samples identified a reduction peak at 0.7 V associated with the electrolyte's
decomposition, leading to a SEI. Cyclic voltammograms demonstrate the decrease in
overpotential difference in delithiation peak between 0.1 mV s and 1.0 mV s™! in the
PFA/Gr (0.117 V) compared to PAA/Gr (0.129 V) and PVDF/Gr (0.132 V). The presence
of more carboxylic acid in the PFA binder induces facile penetration of lithium ions
through the SEI layer and participation in the diffusion kinetics of Li*, which keeps the
anode surface away from lithium plating'®*. The high overpotential in PAA/Gr and
PVDF/Gr suggest that the capacity attainment is impeded. The peak shift towards the
right with scan rates is attributed to the interfacial kinetics of Li" during the
deintercalation process. An increase in scan rate in higher current density at electrode
surface, thereby enhancing interfacial reaction and leading to increase in peak current
with rise in scan rate. This induces higher polarization and shifts in peak, even with small

changes in scan rate, as observed in reported papers'®.
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Figure 4: Characterizations of CV curves for graphite electrodes with different binders at
scan rates from 0.1 to 0.8 mV s! (a) PFA/Gr, (b) PAA/Gr, (C) PVDF/Gr.
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To further investigate and understand the diffusion kinetics of lithium-ion, the lithium-
ion diffusion coefficient was determined using the Randles-Sevick equation'*®, wherein
the slope values were obtained from the plot of different scan rates vs. peak current
(Figure 5(a)).

I, = 2.69x10°n*?ADLCLiV'? ...... eq(1)

Where Ip denotes peak current in amperes, n is the number of electrons involved in the
reaction, A represents the area of the electrode in cm?, D denotes diffusion coefficient of
the lithium-ion in cm? s™!, C represents the molar concentration in mol cm™ and V denotes
scan rate in V s7'. The lithium-ion diffusion coefficient was observed to be highest for
PFA/Gr with 3.57x10 cm? s!, whereas PAA/Gr and PVDF/Gr exhibited values of
2.11x10® ecm? s and 6.59x10° cm? s'! respectively. Therefore, PFA promotes lithium
diffusion owing to a dense functional group that undergoes weak interaction with Li" ions
and conducts ions in the electrode domain'®’.
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Figure 5: (a) Relationship of CV peak current to scan rate of anodic half-cells. (b) Nyquist
plots obtained before and after CV of different binders. (c) Temperature dependence of

lithtum-ion transfer through electrode/electrolyte interface.

The electrode's interfacial resistance consists of SEI resistance and charge transfer
resistance!®®.  Figure 5(b) illustrates the Nyquist plots of anodic half-cells containing
three binders. The semicircle observed from the Nyquist plots is from the overlap of two
semicircles contributing from interfacial layer resistance (SEI resistance, Rsgr) at high
frequency region and charge transfer resistance (Rcr) at medium frequency region. The
straight line at the low-frequency range corresponds to diffusion-controlled Warburg
impedance (W). It is observed from the plot that the semicircle diameter decreases after
CV 1n all three cells, indicating a decrease in interfacial resistance and charge transfer
resistance due to the formation of SEI film on the electrode surface. The Nyquist plots

after CV were simulated using the software Zsimpwin with an equivalent circuit
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(Re(QRsEN(QReT)(QW), inset of Figure 4(b)) to obtain ohmic resistance (Re), Rsgr and
Rct. The Rser and Rer values of PFA/Gr are 2.57Q and 26.19 Q respectively, which are
much lower than those of PAA/Gr (Rsg1 = 6.06 Q and Rcr = 71.71 Q) and PVDF/Gr (Rsgr
=3.92 Q and Rct = 60.24 Q). This suggests that less flexible, high-density carboxylic
acid-based PFA binder facilitates the formation of thin SEI and decreases the impedance
to Li" charge transfer. In addition, the impact of Ret value, influenced by the binder, can
negatively affect cycle life, as it is related to the concentration of Li* ions on the surface
of the electrode, forming the SEI layer. Hence, PFA binder, which lowers Rct value and
plays a role in reducing lithium-ion concentration on the electrode surface, thereby

suppressing lithium lithium plating!®.

To further understand the influence of dense carboxylic acid of PFA in Li" desolvation on
the electrode surface, activation energy was evaluated from Rcr at different temperature
ranges. The Arrhenius-type behavior was observed in the plot of conductivity as a
function of reciprocal temperature and demonstrated a decrease in charge transfer

resistance with increased temperature (Figure 5(c)).

Ln(o) = In(A) — % (%) ....... eq(2)

Where o or 1/Rct, R, Ea, A and T denote charge transfer conductivity, gas constant (8.314
J K' moll), activation energy, pre-exponential entropic factor and temperature
respectively. The activation energy values of PFA/Gr, PAA/Gr and PVDF/Gr are 32.5,
55.7 and 57.6 kJ mol™! respectively as calculated from the slopes of the Arrhenius plots
(Figure 5(c)). The lower value of activation energy by PFA/Gr is attributed to the
formation of smooth pathway for Li* transport within the electrode system with the help
of a dense polar carboxylic group involved in the desolvation of Li" and the creation of
binder-electrolyte affinity, which is crucial for the wettability of electrode by the liquid
electrolyte?®. In contrast, the PAA/Gr and PVDF/Gr exhibited high ionic charge transfer
resistance. This is attributed to the reduced impact of the less dense polar functional

groups in PAA and the poor influence on Li" from the fluorine of PVDF.

Given the promising results, the influence of binders on the galvanostatic charge-
discharge cycle was evaluated to provide insight into practical applicability in LIB. Figure
6 compares the lithiation/delithiation voltage profiles of anodic half-cells with different
binders (PFA/Gr, PAA/Gr and PVDF/Gr). The peak at 0.7 V observed in all the anodic
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half-cells containing different binders during the first lithiation at 0.1C corresponds to
SEI formation resulting from the electrolyte reduction. The initial coulombic efficiency
is determined to be 75% for PFA/Gr, 66% for PAA/Gr and 71 % for PVDF/Gr. The first
lithiation capacity is higher than the subsequent lithiation capacity due to electron
consumption by the electrolyte, leading to decomposition and trapping of solvated cations
in the SEI. The initial lithiation-specific capacity for PVDF/Gr (465 mAh g!) is higher
than PFA/Gr (424 mAh g ') and PAA/Gr (404 mAh g'!), possibly resulting in thick SEI
as indicated by impedance and activation energy studies. Wherein PFA/Gr showed higher
capacity than PAA/Gr, this might be attributed to high concentration of carboxylic acid
groups in PFA. The protons of carboxylic acid in PFA may be ion-exchanged by Li* in
the electrolyte media, or the carboxylate group directly would have interact with solvated
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Figure 6: Lithiation-delithiation profiles of (a) PFA/Gr, (b) PAA/Gr and (c) PVDF/Gr.

The SEI formation and lithiation/delithiation on graphite were further confirmed by the
differential capacity plots of the first lithiation and delithiation cycle. The dQ/dV plots
(Figure 7) show a broad cathodic peak at ~0.7 V in all the different binders-based anodic
half-cells. This peak is attributed to surface film formation on the electrode. Below 0.2 V,
a sharp cathodic current peak is ascribed to lithium-ion intercalation into the graphene
layer, consistent with the capacity voltage profile plateau in Figure 6. In the first

delithiation cycle, no additional oxidation peak except lithium-ion deintercalation was

observed.
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Figure 7: dQ/dV plot of (a) PFA/Gr, (b) PAA/Gr and (c) PVDF/Gr.
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Rate capability studies were performed on anodic half cells at different current densities,
as shown in Figure 8. The PFA/Gr demonstrated an average discharge specific capacity
of 335, 301, 240, 175, 136, 70 mAh g' at 0.1C, 0.25C, 0.5C, 0.75C, 1C and 2C
respectively. Comparative analysis on the influence of binder at varied C-rates indicates
that PFA/Gr demostrated greater lithiation/delithiation charge transfer kinetics at higher
current densities than PAA/Gr and PVDF/Gr. The average discharge-specific capacity
values for PFA/Gr, PAA/Gr and PVDF/Gr in rate studies are summarized in Table 1.
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Figure 8: Galvanostatic charge-discharge of (a) PFA/Gr, (b) PAA/Gr and (c) PVDF/Gr at

varied current densities.

Table 1: Comparison of average discharge specific capacity at different current densities
of the PFA/Gr, PAA/Gr and PVDF/Gr.

Binder/Gr | 0.1C 0.25C 0.5C 0.75C 1C 2C
PFA/Gr 335 mAhg! | 301 mAhg"' | 240 mAhg! | 175 mAhg! | 136 mAhg' | 70 mAhg"!
PAA/Gr 331 mAhg"! | 242 mAhg' | 172 mAhg! | 132 mAhg' | 104 mAhg"! | 44 mAhg!

PVDF/Gr 338 mAhg! | 246 mAhg! | 165 mAhg! | 111 mAhg! | 85 mAhg! | 58 mAhg!

The investigation into long-term cycle durability investigated for the electrodes with
different binders is summarized in Figures 9(a) and 9(b). At a 1C current density, PFA/Gr,
PAA/Gr, and PVDF/Gr achieved the highest reversible specific capacity of 325, 251, and
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254 mAh g, respectively (Figure 9(a)). The high specific capacity attainment of the
PFA/Gr suggests that the high concentration of carboxylic acid functional group in the
PFA plays arole in providing high ionic conductivity and stronger adhesive force between
the active material and the substrate. Such mitigation of volume change during
lithiation/delithiation enhances the capacity retention of PFA/Gr with 79% at 710™ cycle
(calculated with respect to the maximum capacity), compared to 60.4% for PAA/Gr and
72% for PVDF/Gr. The initial decline in specific capacity and subsequent recovery are
ascribed to the activation process occurring in graphite, a phenomenon observed in
previous works on graphite?! 2%, Interestingly, PFA/Gr attained the maximum capacity
in 122 cycles comparable to that of PVDF/Gr, which reached after 140 cycles. In addition,
the capacity continuously increases due to further increase in accessible active sites for
Li intercalation. This enhancement is attributed to improved Li" transport to a maximum
number of graphite edges, supported by the continuous functional groups in the polymer
chain of the PFA binder within the electrode domain, acting as efficient ion channels.
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Figure 9: Charge-discharge performance of PFA/Gr, PAA/Gr and PVDF/Gr at (a) 1C, (b)
5C. Galvanostatic charge-discharge of high active mass loading PFA/Gr for (c) rate

studies at varied current densities and (d) long cycling at 1C.
Considering the outcomes observed from the electrochemical studies, fast charging and
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discharging at a 5C rate were studied (Figure 9(b)). The PFA/Gr delivered a maximum
reversible specific capacity of 54 mAh g! for 1000 cycles, outperforming PAA/Gr with
33 mAh g! and PVDF/Gr with 24 mAh g™!. Thinner SEI and low Rct of PFA/Gr facilitate
high Li" diffusion and reduce lithiation/delithiation overpotential, increasing the reaction
sites and enhancing the fast-charging capability. Even though carboxylic acid groups are
present in PAA, the poor electrochemical performance of PAA/Gr can be ascribed to two
main factors: (1) The carboxylic acid groups on alternate carbons in PAA do not
efficiently act as ion channels for Li" transport within the electrode domain, leading to a
capacity similar to PVDF/Gr. (2) The strong electrostatic forces and hydrogen bonding in
PAA cause powder agglomeration, reducing contact between graphite and conductive
carbon, resulting in poor electronic conduction and capacity retention’**. This effect is
not observed in PFA/Gr due to PFA's non-flexible backbone, exhibiting different physical

properties than polyethylene-type polymers!36-137

. Fabricating high energy density
electrodes is closely tied with the high packing efficiency of graphite sheets, which
depends on particle stability and suspension properties’”. A high loading of 3.4 mg cm™
2 active mass containing electrode using PFA binder was fabricated for testing its
suitability in commercial application. The anodic half-cell was subjected to rate studies
at varied current densities and long cycling charge-discharge at 1C current density as
shown in Figure 9 (c) and 9 (d) respectively. A good rate capability was shown due to its
low activation energy and better SEI formation which nullified the trade-oft with high

loading, while long cycling displayed good cyclability without any cell failure.

To determine real-time interfacial phenomenon during the lithiation and delithiation
process, dynamic electrochemical impedance spectroscopy (DEIS) was studied after
cycling the anodic half-cell at 1C. This technique measured impedance at a potential
range of 0.01-2.1 'V and frequency range of 0.01 Hz-1.0 MHz. All the DEIS profiles of
anodic half-cells with different binders are portrayed in Figure 10. The impedance values
were obtained by fitting impedance data to an equivalent circuit. The circuit
RintL(XRe1)(XRsen)(QW) was used wherein Rin is internal resistance, Rct is charge
transfer resistance, Rsgr is SEI  resistance, W is Warburg diffusion coefficient and X
equals Q (constant phase element) or C (capacitance). The lithiation and delithiation plots
of Rsgr against potentials as shown in Figure 11, reveal a lower impedance of SEI in the
case of PFA/Gr compared to PAA/Gr and PVDF/Gr in the potential range of 0.01-0.8 V

at which maximum lithiation/delithiation takes place.
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Figure 10: DEIS profiles of PFA/Gr, PAA/Gr and PVDF/Gr during (a), (¢), (e) charging
and (b), (d), (f) discharging.

This confirms the formation of thin and efficient lithium-ion conducting SEI, which was

also justified by lower activation energy at lithiation and better reversible capacity and

performance by the PFA/Gr. We see fluctuation in the Rsgr value between 0.8-2.1 V at

which no intercalation/deintercalation occurs, which might be due to interface dynamics

at varied voltage. Despite PVDF/Gr interfacial resistance being only slightly higher than

PFA/Gr in the lithiation/delithiation potential range, its galvanostatic charge-discharge
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performance is poorer compared to PFA/Gr. This trend can be justified by considering
that Rsgr is not the only factor influencing the specific capacity of an electrode. Other
factors, such as binder's facilitation in Li" transfer within electrode and activation energy

for Li" desolvation, need to be considered, as these are lower in the case of PVDF/Gr.
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Figure 11: Rsgr vs. potential of anodic half-cell consisting of different binders (a) lithiation,
(b) delithiation.

Post-mortem studies such as XPS and SEM were conducted to understand the SEI
composition formed while cycling and the impact on electrode morphology after cycling
respectively. To obtain an insight into the surface chemistry of the cycled electrodes due
to the decomposition of electrolytes and formation of SEI, XPS analysis was performed.
The Fls spectra confirm the presence of LixPFy and LiF in the PFA and PAA binder-
based electrodes which were derived from the LiPFs salt (Figure 12 (a1) and (a2)). While
F 1s spectrum of the PVDF binder-based electrode showed the presence of LixPFy and C-
F (Figure 12 (a3)). The C-F peak was from the PVDF exposed due to cracks on the surface
of the electrode. It is also hard to dissolve even at high temperatures, porous to only
lithium-ion and resists further electrolyte attacks'¢®2%, In the Cls spectra, species such
as C-C/C-H, C-O, C=0 and Li,CO3; were observed on all the different binder-based
electrodes, which is attributed typically to the decomposition of organic solvent (Figure
12 (b)). Compared to PFA and PAA binder-based electrodes, the PVDF binder-based
electrode shows higher peak intensity for all the organic species (e.g., C-O, C=0O and
Li>COs3)*7. Moreover, the LiC peak observed in C 1s of PVDF electrode is from the
presence of Li intercalated compound on the surface of graphite electrode?®®. In the Ols
spectrum (Figure 12 (c)), the peak located at ~531.8 eV is assigned to LioCO3 which is
present in all the different binder-based electrodes. PVDF binder-based electrode exhibits
a high fraction of LixCO3 possibly due to severe electrolyte decomposition. It is

reasonable to conclude that high-density functional carboxylic acid group-based binder
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induces enhanced electrode stability and suppresses electrolyte decomposition compared
to PVDF binder during repeated volume expansion and contraction.
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Figure 12: Characterization of the SEI compositions on cycled graphite electrodes by XPS.
(a) F 1s, (b) C 1s and (c) O 1s are XPS profiles of the cycled PFA/Gr, PAA/Gr, and
PVDF/Gr electrodes.

The surface morphology of the pristine and cycled electrodes with PFA, PAA and PVDF
binder were investigated using scanning electron microscopy. All the electrodes
containing different binders are observed to have good integrity of electrode components
in pristine electrodes with porous morphology (Figure 13(ai), (b1), (c1)). The cycled PFA
binder-based electrode surface shown in Figure 13 (a), (a3) did not show a significant
difference compared to the pristine electrode. The smooth surface and absence of cracks

on the PFA binder-based electrode indicates the formation of uniform and stable SEI layer
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without further slow continuous electrolyte reduction. The SEM images of PAA (Figure
13 (b2), (b3)) and PVDF (Figure 13 (c2), (c3)) binder-based electrodes indicate multiple
cracks compared with the pristine electrodes. The cracks might be formed due to weak
interaction and holding capacity of the binder with the graphite and conductive carbon
leading to failure in preventing volumetric changes in the graphite during
lithiation/delithiation. This led to slow electrolyte decomposition and the formation of
thick SEI, which was also justified by Rsg; and XPS. The presence of cracks in PVDF has
exposed the intercalated lithium on the graphite surface, as observed by the presence of
LiC peak in XPS spectra. Cross-sectional studies of the cycled electrodes were obtained
as shown in Figure 13 (a4), (b4), and (c4). PAA and PVDF binder-based electrodes exhibit
poor integrity within the electrode material and with the current collector. The PFA
binder-based electrode has maintained the electrode intact without any change in
morphology, possibly due to the dense functional groups and the less flexible backbone
of binder helping to form hydrogen bonding and strong interaction with the copper current

collector. Thus, PFA exhibited excellent binding performance during the extended cycling.

Figure 13: Morphological characterization of graphite electrodes with different binders
of pristine and after cycling. Top-view SEM images of (a1) PFA/Gr, (b1) PAA/Gr, and (c1)
PVDF/Gr pristine electrodes. Top-view SEM images of (a2) (az) PFA/Gr, (b2) (b3) PAA/Gr,
and (c2) (c3) PVDF/Gr electrodes after long cycling at 1C. Cross-sectional SEM images
of (as) PFA/Gr, (bs) PAA/Gr, and (c4) PVDF/Gr electrodes after long cycling at 1C.
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PFA, as a binder, significantly enhances cell performance by promoting Li" transport
across electrode domain and interfacial layer due to its dense and continuous polar
carboxylic acid functional groups along the polymer chain. Its non-flexible backbone
prevents powder agglomeration, promoting strong bonds with the current collector and
electrode material for improved capacity retention. The polar carboxylic acid groups also
influence SEI formation by facilitating inorganic species deposition, preventing
continuous electrolyte degradation and crack formation. Table 2 presents comparative
studies of the electrochemical performance of PFA/Gr with various water-soluble binders

containing -OH and -COOH functional groups for graphite anodes.

Table 2: Electrochemical performance comparison of PFA/Gr and other binders reported

for graphite anode.

Binders Discharge | Current | Reference
capacity | density
(mAh g
PFA/Gr 325 1C this work
54 5C
CMC-Na ~200 1C 209
Na-Alginate ~110 1C 209
Gelatin ~190 1C 209
Li-PAA 102 1C 163
PAA/Gr ~250 1C 210 this work
Acryl S020 ~166 1C 21
AMAC ~210 0.5 212
mA/cm
PAA/CMC/SBR | ~150 0.5C 213
Guar gum 124 1C 214
PVDF ~250 1C 215 this work
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Conclusion:

In this study, a novel route for synthesis was executed for obtaining poly(fumaric acid)
that attempts to address the cost and use of hazardous chemicals while maintaining the
functionality of the polymer. The utilization of poly(fumaric acid) provides enhanced
rheology, such as high viscosity and high peel strength that is beneficial towards better
lamination of graphite anodes, adversely impacting electrochemical performances.
Polymethylene-based polymer’s decreased flexibility and its higher concentration of
carboxylic acid than polyethylene-based polymers have been shown to offer better
lithium-ion diffusion kinetics from studies such as impedance spectroscopy (Rcr),
activation energy and diffusion coefficient. PFA-based anodic half-cells achieved better
rate capability at varied current densities. Moreover, at 1C long cycling galvanostatic
charge-discharge, a reversible specific capacity of 336 mAh g! was achieved with
remarkable capacity retention of 81% for more than 700 cycles. PFA/Gr exhibited
enhanced fast charging performances at 5C with reduced polarization and stabilized
coulombic efficiency, leading to attaining a specific capacity of 54 mAh g' with a
charging time of 1.5 mins. Furthermore, DEIS studies have shown a low Rsgr value in the
lithiation and delithiation voltage region which helps Li" easily pass into the electrode.
Postmortem studies confirm the formation of thin SEI on the electrode surface of PFA/Gr
from the XPS and SEM without any exfoliation and cracks. Concomitantly, our work on
high-density functional group polymer binder has shown to be environmentally friendly.
It exhibits better long cycling, fast charging and high-loading charging/discharging
electrochemical performance in lithium-ion batteries. Hence further work on
polymethylene-based high-density functional group polymer binders will open the door
for better rechargeable high-energy battery applications.
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Chapter 4

Water soluble densely functionalized
poly(hydroxycarbonylmethylene) binder for higher
performance of hard carbon anode-based sodium-ion batteries

Abstract

A promising anode material in developing sodium-ion batteries (SIBs) has been hard
carbon(HC). Due to diminish ion diffusion kinetics, low initial coulombic efficiency
(ICE) and continuous electrolyte decomposition, HC based SIBs led to sluggish rate
capability and specific capacity. Herein, we utilised a dense functional groups polymer
containing carboxylic acid at side chains as a binder that demonstrates ion transport,
defect passivation and better mechanical stability. The consecutive polar functional
groups provide ion transfer channels and enhanced adhesion to electrode components.
Poly(hydroxycarbonylmethylene) (PFA) binder for HC electrode achieved the highest
ICE of 80.8 % and specific capacity of 288 mAh g and 254 mAh g! at 30 mA ¢! and
60 mA g! respectively which are superior to HC electrode containing PAA and PVDF
binders. Anodic half-cells containing PFA binder showed high capacity retention of
85.4 % (250 cycles) and 91.6 % (200 cycles) at current densities of 60 mA g and 30 mA
gl respectively. In addition, the presence of dense polar groups boosted the diffusion
kinetics and lowered the Na' activation energy. XPS and SEM studies have further
verified that dense functional groups influence the formation of thin, stable and inorganic-
rich SEI and crack-free electrodes. Therefore, dense functional group polymers will help
in the early adoption of SIBs in the market.
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Introduction:

The growing demand for energy storage systems has led to the search for low-cost and
abundant resources-based rechargeable batteries'’”®. SIBs have become a promising

alternative to lithium-ion batteries'®?, potassium ion batteries?'® and zinc ion batteries?!’

13,216

due to unlimited sodium resources in seawater and salt deposits and safe shipping at

218 Moreover, the chemistry of lithium

and sodium is similar; sodium is the lightest and smallest alkali metal after lithium?".

0 V when Al is used as current collector on anode

The key components of SIBs explored in the last decade are positive electrodes (transition
metal oxides??°?%!, Prussian blue analogues??>??®), negative electrodes (hard carbon?*
(HC), TiOz polymorphs®*, Na-Sn alloy system??®) and electrolytes, to deliver long cycles
and stable and thin solid electrolyte interface (SEI). A promising anode for practical
application has been hard carbon, however, it suffers from commercialisation due to low
ICE and poor rate capability in traditional organic electrolytes??’. It was observed that
defect-rich hard carbon leads to the formation of uneven, thick and poor mechanical
strength SEI due to increased electrolyte consumption, which lowers cycling stability and

228-233

reaction kinetics Much research was focused on electrolytes®*, defects

optimization and introducing oxygen functional groups in HC?**, artificial SEI**%%%7,
presodiation?*®, HC/MoS2/NC nanocomposite?* etc., to obtain a stable, uniform, and thin
SEI. However, such methods are complicated and challenging for large-scale applications.
Therefore, a need for a solution that is easy, low-cost and can be considered for practical

application in SIBs.

The influence factors of the electrochemical performance of HC depend on electrolyte
composition and concentration, active materials properties, choice of binders, electrode
morphology, operating conditions, cycling rate, electrolyte additives, electrolyte solvent
choice, interface stability and passivation layer composition®?6249242_ Concerning binders,
they play an essential role in the mechanical integrity of anode material’s adhesion,
impedance, cycling stability and SEI formation!®*16>194 At the same time, functional
binders participate between the metal ion-solvated structures and interfaces, which affects
the decomposition of ester electrolytes and induces SEI formation compositions®*>>44,
The factor affecting the dynamic performance of SIBs is the desolvation kinetics, wherein,
reducing the energy barrier of sodium ions from the solvated sphere will help form stable
SEI and initiate faster Na* transport?*246.  However, a few papers on functional binders

have been reported for HC in SIBs. Komaba et al. reported that sodium carboxymethyl
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cellulose (CMC) demonstrated superior binding, reversibility and cycling ability
compared to poly(vinylidene fluoride) (PVDF) binder. Surface analysis revealed a
different surface and passivation chemistry due to the presence of carboxylate polyanion
in the CMC binder which improves the sodiation reversibility. Whereas,
Monofluoroethylene carbonate as an electrolyte additive is essential for PVDF electrodes
to improve cyclability?*. Li et al. demonstrated a trifunctional SA/PEO binder exhibiting
a better rate capability and cycling stability with higher ICE than traditional PVDF binder.
The structural design of SA/PEO binder leads to the formation of uniform SEI film which
inhibits slow continuous electrolyte decomposition. The ionic SA/PEO enhances the
11248

diffusion kinetics of Na" by reducing impedance and facilitating ion transpo

et al. reported a sustainable biopolymer LgSA binder for HC in SIBs**. They fabricated

. Naylor

full cells with prussian white cathode, which showed better cycling stability for 40 cycles
with 122 mAhg™! specific capacity at 60 mA g in 1M NaPF¢ EC:DEC electrolyte. This
might be due to the functional group (sodium sulfonate) present in lignin polymer which
helps form stable and uniform SEI and affects the diffusion kinetics of Na®. Shen et al.
reported using a composite binder consisting of chondroitin sulfate A and polyethylene
oxide for HC in SIB. The anodic half-cell exhibits 84% ICE and long cyclability with
94% retention capacity for 150 cycles at 50 mA g!. The -SO3- and -CO-NH- functional
groups of the chondroitin sulfate A are involved in the fast transportation of Na*, reducing
electrolyte decomposition and helping in formation of inorganic-rich SEI?*°. Trivedi et al.
reported use of inorganic binders such as (NaPOs)s;, (NaPOs3)s and (NaPOs3), in HC
electrode showed better capacity than organic binders due to enhanced electronic and
ionic conductivity?*. These binder studies have indicated that not only do functional
groups form good coordination with hard carbon, but also reduce electrolyte consumption,
and build better SEI than PVDF?!. However, there are no studies on countering the poor
rate capability and specific capacity owing to the slow Na' diffusion kinetics and
facilitating Na" transmission by providing ion channels. Therefore, there is an urgent need
for a dense functional group binder to improve the electrochemical rate capability
performances by influencing the surface chemistry of SEI and enhancing the Na®

transport in the electrode domain.

Herein, we propose using polymethylene-based polymer
poly(hydroxycarbonylmethylene), also known as poly(fumaric acid) (PFA), as a dense

carboxylic acid functional group polymer binder. PFA is synthesised through a novel
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synthetic route using precursor diethyl fumarate that uses cost-effective and non-
hazardous chemicals'®. Diethyl fumarate can be obtained from biomolecule fumaric acid,
a product of the citric acid cycle in mitochondria and isolated from plants and fungi'®¢
188 In contrast, PVDF synthesis involves using costly fluorinate precursors, which affects
the environment. PAA and styrene-butadiene rubber require acrylic acid and styrene-
butadiene monomer from petrochemical sources, impacting sustainability, environment
and cost-effectiveness?>> 2%, Polymethylene-based polymers are less flexible at their
polymer backbone and expected to show different properties than polyethylene
polymers'3®!37. PFA as a binder can passivate the hard carbon’s surface defects through
hydrogen bonding between the binder's dense carboxylic acid polar functional group and
the oxygen functional group present on the surface defects of HC. Thereby preventing the
defects from being exposed to electrolytes due to more functional groups covering the
defects and reducing the ability of the defects to decompose the electrolyte and form thick
SEI?*°, Moreover, cross-linkable and intermolecular hydrogen bonding hybrid binder has
shown stable electrode-electrolyte interphase, increased ionic conductivity, prevented
electrolyte decomposition, mitigated transition metal dissolution and enhanced rate
capability?>>. The polar carboxylic functional group could interact with the Na* and
reduce the activation energy of sodium ions from the solvation sphere?*®?*’, PFA binder
offers water solubility and non-toxicity compared to PVDF binder which requires N-
methyl-2-pyrrolidone, a hazardous and expensive organic solvent®®. At the same time,
the carboxylic acid group provides better adhesion with the electrode material through
hydrogen bonding, ion-dipole and chemical bonds which is absent in PVDF as it contains
an inactive C-F functional group®”. Introducing functional groups at every carbon of the
polymer chain can provide a directional Na" transmission path and thereby counter the
sluggish diffusion kinetics of Na' due to its large ionic radius and atomic mass**.
Furthermore, the dense carboxylic acid groups will reduce the agglomeration effect due
to electrostatic repulsion, which makes the binder wet and uniformly covers the hard
carbon particle's surface’**2%!. PFA’s binder performance was evaluated using cyclic
voltammetry, Impedance and galvanostatic charge-discharge against PAA and PVDF. In
addition, the impact of binders on rheology and surface chemistry of electrodes was
investigated. Our findings offer a new perspective on choosing a binder that sheds light

on the charge-discharge mechanism and interfacial Na™ transport.
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Experimental:
Preparation of PFA polymer:

The PFA was prepared from ester hydrolysis of poly(ethoxycarbonylmethylene).
poly(ethoxycarbonylmethylene) was derived from radical bulk polymerisation of diethyl
fumarate (Sigma-Aldrich, 98%) in a vacuum Schlaker reaction tube using 2,2’-
azoisobutyronitrile (AIBN, Sigma-Aldrich, >98%) as radical initiator at 70 °C for 24 hr.
It was further purified by washing with excess hexane and dried overnight under vacuum.
Poly(ethoxycarbonylmethylene) was base hydrolysed using an excess of KOH (Wako) in
an EtOH:H>O (2:1) solvent mixture under reflux?®?. After hydrolysing, the mixture was
acidified using 1N HCI (Sigma-Aldrich, 12N) and dialysed using a cellulose acetate tube
(Fisherbrand). Water was evaporated from aqueous polymer after dialysis to obtain PFA.

The yield of PFA was 82% with respect to diethyl fumarate.
Electrode preparations:

Hard carbon (Kuranode Type 2 (5 pm), Kuraray), Super P carbon (Alfa Aesar, 99+%) and
PFA were mixed in water at a weight ratio of 80:10:10 to obtain a homogenous slurry.
The slurry was cast onto copper foil and dried overnight. The coated copper was
calendared and punched into 13 mm-diameter discs. CR-2025 coin cells were assembled
using the obtained HC electrode as anode, sodium metal disc as the counter electrode,
glass fibre from Whatman as separator and 1M NaClO4 in EC:PC (1:1, by vol.) as an
electrolyte in an argon-filled glove box with O, and H>O levels < 0.5 ppm. Before
electrochemical measurements, the coin cells were kept at rest to allow them to reach
open circuit voltage for 24 hr. Various weight percentages (wt%) of PFA binders (3, 5 and
15 wt%) along with corresponding HC amounts, keeping wt% of super P carbon at 10%,
were fabricated. In addition, PAA (polyacrylic acid, Sigma-Aldrich) and PVDF (Sigma-
Aldrich, MW: 540,000) binders were used for HC electrode using the above procedure

and CR2025 coin cells were fabricated for comparative studies.
Characterization:

PFA was characterized using '"H NMR, and '*C NMR using Bruker Advance 11-400 MHz
spectrometer in D>O solvent. FT-IR was performed using PerkinElmer 100 FT-IR
spectrometer. Thermogravimetric analysis (TGA) was recorded using instrument Hitachi

STA7200 at 10 °C min™ heating rate under 200 ml min™' N» flow rate. The rheology of
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the HC-coated electrode was tested using a peel test (Instron 3342). Galvanostatic charge-
discharge was tested using Electrofield ABE 1024 in the 0.01-2.5 V Vs. Na/Na" voltage
range. Cyclic voltammetry (CV) measurements were performed on Bio-Logic Science
Instruments with scan rates of 0.1, 0.2, 0.4, 0.6, 0.8 and 1 mVs™'. The electrochemical
impedance spectroscopy (EIS) measurements were tested in the frequency range from 1.0
MHz to 0.1 Hz with an AC amplitude of 10 mV. Using the EIS method, the cycled
electrodes were further used for dynamic electrochemical impedance spectroscopy
(DEIS) measurement and activation energy evaluation at different voltage perturbations
and temperatures respectively. Postmortem studies were carried out for the surface
morphology structure and elemental composition distribution of prolong cycled HC using
a scanning electron microscope (SEM, Hitachi S-4500) and X-ray photoelectron
spectroscopy (XPS, Fisons instruments S-probe TM 2803) respectively.

Results and discussion:

A highly dense functional group polymer binder, PFA was utilised based on the desired
physicochemical properties such as better adhesion, self-healing ability, rate capability
and ionic conductivity in SIBs. The reaction method for synthesising PFA utilising radical

bulk polymerisation and base-catalyzed ester hydrolysis is depicted in Figure 1(a).

(a) 1.aq. KOH
EtOH
COOEt 100°C COOH
COOEt . -
i AIBN }
EtOOC 70 °C ] n 2. Dialysis n
i COOEt COOH
Diethyl fumarate Poly(ethoxycarbonylmethylene) Polyfumaric acid (PFA)
(b) r
© )
COOH COOH
A A n
n
COOH
HOD COOH

A MWWWW

5.0 45 4.0 35 3.0 25 {ppm] 180 160 140 120 100 80 [ppm]

HOH

Figure 1: (a) Schematic representation of the syntheses of poly(fumaric acid). (b) 'H
NMR spectrum (D,0), (C) '3C NMR spectrum (D20).
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To examine the purity of the PFA obtained, NMR and IR analyses were executed. Figure
1 (b) shows that the peak at 3.25 ppm of 'H NMR spectra corresponds to the polymer
chain's methylene proton and is consistent with the reported literature. In '*C NMR
spectra (Figure 1 (c)), the peaks at 170.8 ppm and 62.4 ppm were assigned to the carbonyl
of carboxylic acid and methylene carbon respectively. Further, PFA was confirmed by FT-
IR spectra, as observed in Figure 2(a). The strong board peak at 3500 cm™ is attributed to
the O-H stretching vibration of carboxylic acid. The 1715 and 1090 cm™ peaks are
assigned to carboxylic acid's carbonyl and ether peaks. The MALDI-TOF data reveal the
molecular weight of the PFA polymer to be 3000 m/z (Figure 2(b)). The pH of the polymer
is determined to be pH 4.5 as shown in Figure 2(c). The thermal stability analysis of PFA
was evaluated using TGA. Figure 2(d) shows the TG and DTG profiles of PFA. The initial
weight loss at ~100 °C corresponds to vaporization of moisture absorbed by the
hydrophilic carboxylic group. PFA is shown to be stable up to ~235 °C, after which a
steep degradation slope is observed, making it suitable as a binder for high-temperature
SIB. These observations reveal that the PFA polymer was formed through the new

synthetic route undertaken.

T
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Figure 2: (a) FT-IR spectra of PFA and poly(ethoxycarbonylmethylene). (b) MALDI-TOF
of PFA. (c) pH measurement of PFA using pH meter.

The peeling test was performed to test the binder effect on adhesion between electrode
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components and the current collector. For a better cycle life of SIBs, a stronger adhesion
force of electrode material to copper is needed. The peeling force vs. displacement curves
are shown in Figure 3. The peeling force of the PFA binder-containing HC electrode was
12.5 N, which was higher than PAA (11.5 N) and PVDF (9.8 N) electrodes due to the
dense amount of -COOH groups present in PFA. PAA and PVDF have low carboxylic
groups and no polar group for binding to copper respectively which lead to poor adhesion
capability. The tape in the inset exposes the amount of HC peeled from the peel tests,
indicating a better binding of PFA to copper and exposes a severe amount of HC sticking
onto the tape containing PAA and PVDF binder.

13
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Figure 3: Force vs. displacement profiles of peel test for coated electrode with varied

binders.

To determine the influence of binders on electrochemical performances, CV and
galvanostatic charge-discharge studies were conducted. HC-based anodic half cells using
PFA, PAA and PVDF binders are named PFA/HC, PAA/HC and PVDF/HC, respectively.
NaClO4 in EC-PC (1:1) is used as an electrolyte for our studies because of its better cycle
performance among various electrolyte solutions for HC reported by Ponrouch et al.>*!,
as also confirmed by the studies of Komaba et al.>*?%, In addition, PC doesn’t co-
intercalate with Na" due to unique structure of HC containing defects, nanovoids and
random graphene layer orientation, which restrains graphene layer exfoliation***. All the
CV curves of anodic half cells reveal that the board cathodic peak observed between 0.3
V and 1.0 V in the first cycle is ascribed to the decomposition of electrolyte and SEI
formation (Figure 4 (a), (b), (c)). The second and third curves reveal no large additional
irreversible electrolyte consumption, and an SEI film is only in the first cycle. The two

main redox peaks at ~0.01 and ~0.3 V correspond to intercalation and deintercalation of

88




Na" in HC. Considering the batteries' overpotential due to internal and interfacial
resistances is also necessary. The CV profiles at different potential rates showed
overpotentials of 0.200 V, 0.221 V and 0.237 V for PFA/HC, PAA/HC and PVDF/HC
respectively. Suggesting PFA/HC has less over potential than PAA/HC and PVDF/HC
due to the presence of dense polar groups on the surface and in the electrode domain
which is helpful for facile sodium ion transport. In addition, it prevents continuous side

reactions between the electrolyte and active material!**2%,
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Figure 4: Cyclic voltammograms (CV) curves of (a) PFA/HC, (b) PAA/HC and (c)
PVDF/HC. Inset CV at 0.1 mV/sec. (d) EIS profiles before and after CV of PFA/HC,
PAA/HC and PVDF/HC. (e) Arrhenius plots at various temperatures. (f) Warburg plots

are deduced from the low-frequency portion of Figure 3(d).

Furthermore, to investigate Na* storage kinetics in HC anode and SEI layer formation
during cycling, electrochemical impedance spectroscopy (EIS) was performed. The
Nyquist plots of before and after CV are depicted in Figure 4 (d). The charge transfer
from the electrolyte into the active material through SEI is in the mid-frequency range
(~1 kHz-10 mHz), represented by a semicircular arch in the impedance spectrum154. The
smaller semicircle diameter corresponds to low charge transfer resistance (Rct). All the
anodic half-cells showed lower charge transfer resistance after the CV impedance than
the before CV cycle impedance. The SEI formed shows the lowest Rsgr (18.1 Q) and Rer
(673.4 Q) in PFA/HC compared to PAA/HC (Rsei=22.3 Q, Rc1=4051 Q) and PVDF/HC

(Rser= 31.6 Q, Rcr=412.2 Q) by circuit fitting of EIS using RL(QR)(QR)W after CV
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cycles. This implies that the dense carboxylic acid might influence the formation of a thin
SEI layer on the surface of the HC electrode consisting of PFA binder and will enhance
the sodium-ion transport process across the electrode-electrolyte interface. To understand
the effect of binder on Na" desolvation and ion crossing in the SEI, activation energy was

calculated from the following equation.

E, /1
Ln(o) = In(A) — 7 (T) ..eq(l)

Where o corresponds to conductivity or Rcr'!, A denotes pre-exponential entropic factor,
R is gas constant (8.314 JK-'mol™!), E. denotes activation energy and T is temperature.
According to Arrhenius's law, the activation energies of the anodic half-cells were
calculated from the Rct obtained from circuit fitting of the EIS measured at different
temperatures using R(QR)(QR)W (Figure 4 (e), Figure 5). The activation energy of
PFA/HC is 50.7 kJmol!, which is lower than PAA/HC (52.9 kJmol ™) and PVDF/HC (58.6
kJmo™).
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Figure 5: EIS measurement of anodic half-cells (a) PFA/HC, (b) PAA/HC and (c)
PVDEF/HC at different temperatures.
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Further, sodium-ion diffusion coefficient was calculated by analysing the EIS after CV at
low frequency through the following equation:

R?T?

D =——— ...eq(2
Nat = S uzpapiczge q9)

Where D is the diffusion coefficient, R is universal gas constant, T is temperature, A is
surface area of electrode, n is no. of electrons taken per Na, F is Faraday’s constant, C is
Na* electrolyte concentration and o is the slope fitting of ®'? vs. Zea. The Na™ ion
diffusion coefficient for PFA/HC is estimated to be 1.90E-13 cm?s™! compared to 1.75E-
13 cm?s™! for PAA/HC and 8.80E-14 cm?s™! for PVDF/HC (Figure 4(f)). The dense polar
carboxylic acid functional groups in the PFA polymer offer reversible weak bonding with
Na" during sodiation/desodiation in the HC electrodes and act as self-healing component
by hydrogen bonding during volume change. Thereby, the continuous carboxylic acid
group facilitates the Na* transport within the polymer domain by surface hopping
mechanism, resulting in a high diffusion coefficient and lower activation energy at the
surface of the electrode?®”*%. The Rsgr, Rer, Ea and Dya+ values reveal the formation of
thin SEI due to the influence of the dense carboxylic acid group present on the surface of
the HC electrodes.

The galvanostatic charge-discharge curves of the first two cycles at 10 mAg™! are depicted
in Figure 6 (a) (b) (c). The first sodiation capacities are 441.9 mAhg™!, 404.7 mAhg™! and
273.1 mAhg! with the ICEs of 80.8%, 75.7% and 76.3% for PFA/HC, PAA/HC and
PVDF/HC respectively. The low ICE in the PAA/HC and PVDF/HC indicates a large SEI
amount was accumulated in the first cycle. As expected, two sodium storage regions are
observed in the sloping region (>0.1 V) and plateau region (<0.1 V) . In some recent
articles, the sloping region is ascribed to Na intercalation into a misaligned graphene layer,
whereas the plateau region corresponds to the insertion of Na into HC-closed pores®®.
The slope region exhibits a lack of reversibility during the initial cycle, indicating it
possesses a high surface area which develops SEI, resulting in low ICE. This SEI film
formation mainly impacts the specific capacity of slope region. Moreover, it contains
large defects and oxygen-related functional groups which could entrap sodium. PFA/HC
exhibits highest plateau capacity with better reversibility. Both slope and plateau capacity
are considered for calculating coulombic efficiency. The impact of irreversible capacity

on ICE at high voltage was mitigated by the improved plateau capacity of PFA/HC.
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A low discharge voltage and longer plateau region are important for high output voltage,

high ICE and high energy density batteries. However, capacity from the slope region

limits energy density®*°. To further understand the impact of the plateau region on the ICE,

the percentage and capacity of the plateau region in the initial sodiation cycle were
determined to be 52.4% and 214.7 mAhg' for PFA/HC, 48.4% and 196 mAhg' for
PAA/HC and 46.4% and 126.8 mAhg! for PVDF/HC. The values indicate that the high

percentage of plateau region resulting from sodiation in the PFA/HC helps in increasing

the ICE and minimising the impact of SEI from the slope region®!. In addition, the high

capacity in the plateau region obtained by PFA/HC is due to Na" transport to all the edges

of the graphene layers and helping in the intercalation of ions. An electrolyte reduction

peak was observed in CV between 0.7 and 0.01 V in the first cycle. A similar irreversible

capacity peak occurs in the first sodiation in all the anodic half-cells containing different

binders?°,
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Figure 6: Galvanostatic charge-discharge profiles at 10 mAg™' of (a) PFA/HC, (b)
PAA/HC and (c) PVDF/HC. (d) Rate performances at different current densities of the
varied anodic half cells. Long cycle at current densities (¢) 30 mAg™! and (f) 60 mAg.
dQ/dV curves at different cycles of the (g) PFA/HC, (h) PAA/HC and (1) PVDF/HC.
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To compare the electrochemical properties and structural stability of HC containing
different binders, rate capabilities and long cycling tests were further conducted. The rate
capability of the HC electrodes was evaluated at different current densities from 10 to 200
mAg ! (Figure 6(d)). The discharge capacity of PFA/HC reaches 332 mAhg™! at a current
density of 10 mAg™!, which decreases to 313, 303, 251, and 132 mAhg™! at 20, 30, 60,
150 mAg™! respectively. When the current density is 20 times the initial current density, a
capacity of 119 mAhg™! is achieved. For comparison, the PAA/HC and PVDF/HC showed
poorer rate performance (Table 1). At a current density of 10 mAg™, the rate capacity of
PAA/HC and PVDF/HC are 316 and 208 mAhg™! respectively, which decline to 105 and
67 mAhg! respectively at the current density of 200 mAg™! (Table 1) (Figure 6(d)).

316 208

10 mA/g 332

20 mA/g 313 289 189
30 mA/g 303 268 163
60 mA/g 251 200 107
150 mA/g 132 111 68
200 mA/g 119 105 67

Table 1: Specific capacity values at different current densities of PFA/HC, PAA/HC and
PVDF/HC.

The exceptional rate performances of PFA/HC are mainly due to the dense polar
carboxylic acid accelerating the ion transport rate. PFA binder has reflected a better result
for ICE and rate capability that was challenging in HC due to significant effect of dense
carboxylic acid in formation of crosslinking via hydrogen bonding, influencing thin SEI
formation and enhancing the ion transmission. To evaluate the service lifespan of the HC
electrode, Figure 6 (e) and Figure 6 (f) display the long cycling capacities at current
densities of 30 mAg' and 60 mAg"! respectively. PFA/HC achieved stable higher

reversible specific capacities of 288 mAhg™! and 254 mAhg™! at 30 mAg™! and 60 mAg’!
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respectively than PAA/HC (260 mAhg™! at 30 mAg™! and 224 mAhg! at 60 mAg™!) and
PVDEF/HC (171 mAhg™! at 30 mAg! and 145 mAhg! at 60 mAg™!). After 250 cycles the
capacity retentions of PFA/HC, PAA/HC and PVDF/HC at 60 mAg™! are 85.4%, 46.1%
and 74% respectively. Whereas at 30 mAg™! the capacity retention of PFA/HC, PAA/HC
and PVDF/HC after 200 cycles are 91.6%, 90.3% and 85.1% respectively. The differential
capacity profiles of different cycles for the anodic half-cells sodiation clearly indicate the
loss of active material from the HC electrode in the PAA/HC (Figure 6 (h)) and PVDF/HC
(Figure 6 (1)) as the peak height decreases at approximately constant voltage. Whereas
the PFA/HC (Figure 6 (g)) dQ/dV peaks remains almost constant which attributes to no
loss of electrical contact in the electrode. The dense hydrogen bonding within the
electrode system holds the electrode materials together and enhances the stability of HC

electrode during cycling?’!-?72,

To evaluate the influence of binder loading on specific capacity and stability, charge-
discharge cycles were carried with 3, 5 and 15 wt% of PFA, as shown in Figure 7 (a).
Interestingly, increasing the binder loading to 15 wt% results in higher specific capacity,
showing a capacity of 267 mAhg™!, higher than 10 wt% of PFA. Whereas, decreasing
binder content to 5 and 3 wt% led to a decrease in capacity of 249 mAhg™' and 231 mAhg"
!, respectively, compared to 10 wt% PFA. This signifies that increasing binder amount led
to obtaining higher specific capacity, as increasing binder content does facilitate Na*
transport to additional activation sites, whereas decreasing binder content lowers the ion
transport to several active sites. All wt% of PFA showed higher capacity than 10 wt%
PVDF and 10 wt% PAA binders. However, a decrease in stability is observed in 3 wt%
after 25 cycles due to insufficient binder content to hold the electrode material together.
The compatibility of a binder with various types of electrolytes is important to understand
binder's adaptability to various SIB chemistries. Figure 7 (b) shows the charge-
discharge performance of 10 wt% PFA binder in various electrolytes such as 1M NaClOg4
in EC:DMC, IM NaTFSI in EC:PC, 1M NaTFSI in EC:DMC, 1M NaTFSI in EC:DEC
and 1M NaClO4 in EC:DEC. 1M NaTFSI in EC:PC, 1M NaTFSI in EC:DEC and 1M
NaClO4 in EC: DEC showed better capacity and stability than electrolytes containing
EC:DMC solvent. In both Komaba et al.'s study and ours, the EC:DMC solvent system
results in a reduced capacity due to severe decomposition of DMC, leading to the
formation of Na alkoxide and Na alkyl on HC?%. The result suggests that PEA-containing
electrodes showed better performance and compatibility with EC:PC and EC:DEC
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solvents containing NaClO4 and NaTFSI salts than EC:DMC solvent system. These
results of galvanostatic charge-discharge show that the dense functional group inhibit the
loss of irreversible capacity and maintains high-capacity retention during long cycling.
The PFA binder helps Na* to percolate into every graphitic domain of the HC and
increases the specific capacity through ion conduction by the consecutive presence
of carboxylic acid in the polymer backbone. Moreover, PFA keeps intact the
electronic conductivity during long cycling and facilitates Na* transport which
proved to be an effective approach for low temperature performance?’?. Therefore,
using the PFA binder led to better rate capability, electrochemical stability and

specific capacity.
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Figure 7: (a) Long cycling of PFA/HC containing varied amount of PFA binder. (b) long
cycling of PFA/HC in different electrolyte system. Rsgr vs. potential plot of (a) sodiation
and (b) desodiation of cycled anodic half cells.
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The properties of SEI and its effects on Na* diffusion into electrodes were determined by
DEIS and Rsgg vs. potential during sodiation and desodiation as shown in Figure 7 (c) and
(d). Nyquist impedance plots at different potentials within the range 0.01-2.5 V are plotted
as shown in Figure 8. The different EIS curves of different anodic half cells at varied
potentials are due to dynamic interphase performance. Fitting of impedance data to an
equivalent circuit using RL(QR)(QR)(Q/CR)W was conducted. The Rsgr vs. potential
during sodiation and desodiation are plotted as shown in Figure 7 (c¢) and (d). It was
observed that PFA/HC has lower Rsgi compared to PAA/HC and PVDF/HC. This
recommends that high Na® ion transference SEI is formed on the HC electrode surface
leading to better reversible capacity and rate performance in PFA/HC. The dense polar
carboxylic group influences the Rsgr by lowering the activation energy and resistance due
to more interaction with Na*. Rsgr vs. potential plots showed stable Rsgr values of PFA/HC
compared to PAA/HC and PVDF/HC owing to presence of uniform layer of SEI on the
surface of PFA/HC electrode, which is non-uniform in PAA/HC and PVDF/HC electrodes.
Elevated Rsgr values for PFA/HC (Figure 7 (d)) were noted within the desodiation voltage
range of 0.01-0.5 V. This observation can likely be attributed to the numerous interactions
between Na* ions and the densely packed polar functional groups of PFA. As a result, this
interaction may impede the desodiation process from the SEI within that specific potential

range.

PFA enhances cell performance due to various factors: (a) the dense carboxylic groups in
PFA serve as poly anions that cover the surface of HC and act as part of SEI. (b) The
solvated positively charged Na" interacts with unpaired electrons found in the negatively
polarised oxygen atom of the -COOH group, accelerating the Na" desolvation and
intercalation into HC. These factors induce a thin and stable SEI formation from the
electrolyte decomposition and enhance charge transfer of Na" across the electrode-
electrolyte interface’’*. The continuous presence of carboxylic acid groups on the
polymer chain enhances Na" diffusion within electrode, which increases specific capacity,
lowers polarization and enhances SIB performance. In addition, the dense carboxylic acid
forms many inter/intra polymer complexes through hydrogen bonding, increasing

structural integrity and capacity retention®'>.
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Figure 8: DEIS plot at different potential range of PFA/HC, PAA/HC and PVDF/HC

during sodiation and desodiation.
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The interphase analysis of HC electrodes will provide details on the dissimilarity of
surface chemistry that has occurred due to the presence of various binders. There might
be an influence of binders on the electrolyte decomposition mechanism. Thus, interfacial
properties such as SEI composition and electrode surface morphology after cycling might
have changed and need analysis. To investigate the interfacial composition chemistry,
XPS analysis was performed on cycled HC electrodes with PFA, PAA and PVDF binders.
High-resolution spectra and binding energies of deconvoluted peaks are presented. The C
Is spectra (Figure 9 (a), (b) and (¢)) in all the cycled HC electrodes with various binders
showed typical species such as sp® C-C, C-O, C=0 and NaxCO;. Wherein, the presence
of C-O and C=O0 is believed to result from electrolyte decomposition on the electrode
surface, as supported by the evidence provided by the O 1s spectra (Figure 9 (d), (e) and
())?">?76. The detection of a C=C peak from HC found only in the C 1s spectrum of
PFA/HC, indicates that the X-rays can scan beneath the thin SEI formed in PFA/HC
electrode. A higher concentration of C-O and C=0 observed in the cycled electrode with
PFA binder could be from the dense carboxylic groups present in the PFA binder and from
carbonate species present in the SEI. C-F peak is only observed from the cycled electrode
containing PVDF binder, indicating the peak might be from the PVDF binder functional
group. In addition, PFA/HC has a thick layer of inorganic species (Na2CO3, Na,O and
NaCl) confirmed by the composition percentage (Table 2 and 3) of the C 1s, O 1s and CI
2p (Figure 9 (g), (h) and (1)) spectra. The presence of rich inorganic species in the inner
of the double layer of SEI facilitates rapid transport of Na* and inhibits continuous
electrolyte decomposition®’”*’®, The composition percentage of ROCONa, C-O and C=0
in O 1s spectra of PAA/HC and PVDF/HC are higher, suggesting that SEI contains large
organic carbonate derived component due to constant degradation of organic solvent
(Table 3)*°2% Na KLL auger peak also appears in the O 1s spectra for all the
electrodes®®. The thick inorganic beneath and thin outer organic species SEI of PFA/HC
contribute towards robust SEI during long-term cycling stability of the HC electrode. The
dynamic nature of SEI, wherein the outer organic layer gets dissolved or stripped during
discharge, leaving the inner inorganic layer exposed directly to the electrolyte. Hence, a
rich thick inorganic layer with high modulus strength is needed to prevent continuous

electrolyte decomposition and enhance rate capability and Na* transport into the HC?!,
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Figure 9: XPS analysis of C 1s, O 1s and CI 2p of cycled HC electrode containing different

binders.

Table 2: Elemental composition percentage obtained from area under the curve of the C
Is XPS spectra.

Elemental species | PFA PAA PVDF
C=C 13.3%
C-C 33.1% 60.5% 56.8%
C-O0 24.8% 28.5% 16.5%
C=0 16.8% 6.3% 9%
Na,COs 11.7% 4.5% 8.5%
C-F 8.9%
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Table 3: Elemental composition percentage obtained from area under the curve of the O

Is XPS spectra.

Elemental species | PFA PAA PVDF
Na,O 20.9% 3.4% 9.3%
C-O0 18.6% 12.2% 20%
C=0 22.9% 27.5% 33.3%
ROCONa 24.4% 34% 24.5%
Na KLL Auger 13% 22.7% 12.6%

The morphology study of the cycled HC electrodes with PFA, PAA and PVDF binders
can shed light on the electrochemical performances of the respective coin cells. After 300
cycles the coin cells were disassembled, and the electrode surface morphologies were
observed under SEM. The freshly prepared HC electrodes with varied binders showed to
have a uniform, porous structure with good adherence to current collector (Figure 10 (a1),
(b1) and (c1)). The SEM images of cycled PFA/HC (Figure 10 (a2) and (a3)) electrode
indicate uniform SEI formation due to electrolyte reduction and a crack-free electrode
surface. While the PAA/HC (Figure 10 (b2) and (b3)) and PVDF/HC (Figure 10 (c2) and
(c3)) electrodes showed cracks from the top view. Note that the thread-like particles
observed in SEM images on top of the cycled electrode surface are of the separator’s glass
fibre. The cross-sectional view of the post-cycled PAA/HC (Figure 11 (e)) and PVDF/HC
(Figure 11 (f)) electrodes showed massive cracks and detachment/peeling off from the
current collector compared to pristine electrodes (Figure 11(b), 11(c)). Whereas cycled
PFA/HC (Figure 11 (d)) electrode maintains crack-free and structural integrity of the
electrode with intact electrical contact to the current collector compared to pristine
electrode (Figure 11(a)), which helps enhance the cycling performance. PFA binder
firmly holds the electrode materials to the current collector surface and maintains the
integrity of the HC electrode. It might be due to many chemical bonds formed between
binder polar groups and current collector, while only intermolecular forces form between
PVDF and current collector. The interface between the electrode material and SEI film
can't be identified because the thickness of SEI is ~8 nm, making interphase impossible
to be observed in SEM'®. Besides, the cross-link formation by the inter and intra-
molecular hydrogen bonding PFA binder has greater modulus and hardness, helping

alleviate volume change stress during sodiation/desodiation of HC electrode.
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Figure 10: Top view SEM images of pristine HC electrodes with (a;) PFA, (b1) PAA and
(c1) PVDF binders. Top view SEM images of cycled HC electrodes with (a2)(a3) PFA,
(b2)(b3) PAA and (c2)(c3) PVDF binders at two different magnifications (10 um and 50
um).
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Figure 11: Cross-section view of pristine HC electrodes containing (a) PFA, (b) PAA and
(c) PVDF binder. Cross-sectional SEM of cycled HC electrode with (d) PFA, (e) PAA and
(f) PVDF binders.
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Changes in electrode morphology and SEI after charging and discharging were observed.
The formation of SEI film on the surface of the electrodes containing different binders
can be confirmed by the slight disappearance of the electrode surface roughness compared
to the pristine electrodes. Additionally, crack formation on electrode material after long
cycling is observed in PAA/HC and PVDF/HC which is mitigated in the PFA/HC.
Therefore, dense hydrogen bonding and strong interaction with the current collector

preserve the integrity of the electrode material.
Conclusions:

In summary, we utilise dense polar carboxylic acid functional groups polymer
poly(fumaric acid) as a promising, cost-effective and environmentally friendly binder for
HC anodes in sodium-ion batteries. The less flexible polymer backbone and high
concentration of functional groups exhibited better rheology and electrochemical study
owing to carboxylic acid interaction with the electrode component and more importantly
with Na®. PFA/HC exhibits, higher ICE of 80.8 % and delivers higher reversible rate
capacities of 332, 313, 303, 251, 132 and 119 mAhg™! at current densities of 10, 20, 30,
60, 150 and 200 mAg™! compared to PAA/HC and PVDF/HC. Moreover, PFA/HC retains
85.4% of its reversible specific capacity for more than 250 cycles of sodiation/desodiation
at a higher current density of 60 mAg™! with the highest specific capacity achieved of up
to 288 mAhg!. The enhanced specific capacity is closely related to the continuous
carboxylic acid group present in the backbone of the polymer which forms an ion path
for augmenting the Na* migration and transporting ions to every edge of the disordered
graphite. PFA binder modifies the SEI, leading to enhanced Na* kinetics at the interface
such as lower activation energy of 50.7 kImol™!, higher Na" ion diffusion coefficient of
4.64E-11 cm?s! and lower Rsgi compared to PAA/HC and PVDF/HC. Due to the
passivation of HC defects by dense formation of hydrogen bonding with the oxygen
functional groups at the surface, continuous electrolyte decomposition was suppressed by
reducing the contact between the electrode and electrolyte. The cycling stability was
improved owing to inorganic-rich SEI and no loss of electrode integrity by dense
hydrogen bonding within the electrode was confirmed by XPS and SEM respectively.
Hence, the present study on water-soluble PFA binder opens an area of design
development of dense functional polar groups polymer for better electrochemical
performance in sodium-ion batteries such as enhancing the rate capability and specific

capacity, thereby showing great potential for sodium-ion batteries' practical application.

102




Chapter 5
Enhanced Performance of High-Density Functional Groups
Based Poly(ionic liquid) Binder for Graphitic Anode in Li-ion
Batteries

Abstract

In quest for better performance and extended cycle life in Li-ion battery electrodes, the
binder’s choice holds immense significance. Conventional binders like PVDF are passive
polymers lacking the ability to transport Li*. This limitation poses constraints in fast
charging and long cycle life. Thus, the imperative lives in the development of novel
binders designed to facilitate Li* transport within electrodes. Poly(ionic liquid) (PIL) is
shown to inherit high ionic conductivity, electrochemical stability and better interaction
with electrolytes. Herein, we synthesized a novel water-soluble high-density
imidazolium-based functional group PIL (PMAI) and evaluated it as binder in LIBs.
PMAI-based electrode (PMAI/Gr) exhibits excellent electro-chemical performance,
achieving 80% capacity retention at 750 cycles with specific capacity of 298 mAh g at
1C compared to PVDF binder. In fast charging at 5C rate, PMAI/Gr delivers a higher
discharge capacity of 85 mAh g' than PVDF/Gr (47 mAh g'). Postmortem analysis
reveals noticeable electrode degradation containing PVDF binder, characterized by high
charge transfer resistance and thick organic species at SEI. In contrast, when PMALI serve
as binders, high content of inorganic species in SEI and crack-less electrode is observed,
resulting in reduced overpotential, lower activation energy and enhanced Li" diffusion.
The novel design and thorough examination of densely functionalized groups of PMAI
binder have the potential to attract interest, not only for graphite electrodes but also for

various high-energy-density electrode materials.
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Introduction:

Lithium-ion batteries (LIBs) provide an effective solution for storing energy from
intermittent sources. As global demand for lithium is set to rise, the importance of LIBs,
which are currently the most competitive battery technology, becomes increasingly
evident. The pursuit of higher energy density storage is driven by the increasing need
for electric vehicles, mobile electronic devices and renewable energy systems.
Traditionally, much effort goes into improving electrode materials and electrolytes, with

less focus on enhancing electrically passive elements like binders in battery electrodes.

Binders play a crucial role in influencing the composition of the solid electrolyte
interphase (SEI), stability and irreversible capacity loss of LIBs?*%%3_ SEI layer improves
free Li" ion movement and insulates electron transfer, further enhancing the cycle life and
inhibiting electrolyte decomposition®®*. The tunability of SEI is mainly carried out using
additives (vinylene carbonate, fluoroethylene carbonate, lithium bis(oxalate) borate) and

285 However, novel binders can limit the use of additives,

electrolyte solvent composition
surface coating®®® and structural modification?®’ which requires additional steps in battery

fabrication.

Convention polymer binders such as poly(vinylidene fluoride) (PVDF) and styrene-
butadiene rubber (SBR) are non-ionic conducting polymer binders. These binders
encounter greater challenges when employed in high-capacity electrodes that undergo
substantial volume changes during cycling, resulting in electrode fractures and
delamination®®. In addition, PVDF needs environmentally hazardous organic solvent N-
methyl-2-pyrrolidone (NMP) for making electrode slurry'®*!7*2%? Brandell et al. reported
that PVDF infiltrates pores of various dimensions, significantly diminishing the surface

area and pore volume accessible to electrolytes after cell fabrication®*.

Considering
ionic conductivity in electrodes, which occurs by absorption of the electrolytes onto the
electrode surface, the transport of ions from the electrolyte into the electrode surface
facilitates lithiation/delithiation®’!. Developing novel binders with better mechanical
adhesion, enhanced surface compatibilities, self-healing and Li" transport/conducting
abilities will enhance rate capability and long cycling stability in LIBs. Hence, a novel
binder that aligns with the pragmatic requirements of industrial manufacturing is highly

desired.

Ionic liquids (IL) are molten salts comprised of organic cations and organic/inorganic
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anions that have lower melting points than 100 °C. Some promising properties are high
ionic conductivity, better electrochemical stability and low volatility, leading to their use

> % light emitting devices®* and

in many dye-sensitized solar cells?®?, capacitors?
electrolytes in lithium-ion batteries*”. Polymers containing IL moieties have been used
as polymer electrolytes for various applications>°. Poly(ionic liquid) (PILs) is an ionic
polymer consisting of a polymer backbone with cationic or anionic side chains bonded to
an opposite ionic species of ionic liquids. PILs are an emerging class of functional group
polymers. These polymers are gaining increasing interest due to their distinct chemical
and physical characteristics, derived from their ability to retain the properties of IL while
incorporating the inherent attributes of polymers. The advantages of such polymer are
better ionic conductivity, flexibility and wide electrochemical window?’. Few works
based on the PILs have been reported in the field of binders for LIBs such as thiazolium-

299 and imidazolium-based PILs>*

type PILs*®, polyvinylimidazolium nanoparticle PILs
for LiFePO4-based cathode. The results suggest that PIL binders enhances both the
specific capacity and cycle stability by establishing pathways for both ions and electrons
within the electrode domain while facilitating the desolvation of Li".
Poly(diallyldimethylammonium) based binders with fluorinated and non-fluorinated
counter anions showed better capacity retention and cycling stability when employed in
cathode electrodes. The results are due to the better ionic conductivity of binder and
electrolyte uptake which enhances the Li* transport in electrode®*!*?2, PIL nanoparticles
obtained from polymerization of 1-vinyl-3-alkyl imidazolium showed better capacities
and cyclability when combined with graphite and LisTi;O12 electrodes®®. Our lab
reported that poly[vinylbenzylallylimidazolium bis(trifluoromethane)sulfonylimide] as a
binder in graphite electrodes for LIBs. The binder showed better capacity retention and
cycle life due to ion-conducting pathways, limiting electrolyte degradation and enhanced
wettability facilitated by the binder!®*. In brief, integrating IL moiety into polymer
creates many advantages such as ionic conductivity, flexibility, good binding and

compatibility with electrode materials.

Looking into the benefits of PILs in the LIBs and the limited amount of work carried out
in the area of PILs as a binder for LIBs, has encouraged the authors to synthesise a PIL-
based novel binder for graphite anode. Otsu et al. reported many polymethylene-based
polymers and indicated that their stiff polymer backbone might show different properties

than the polyethylene-based binders'3®!*’. Herein, we synthesized a novel high-density
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functional group PILs binder based on polymethylene, poly(oxycarbonylmethylene 1-
allyl-3-methyimidazolium) (PMAI). This polymer consists of consecutive carboxylate
functional groups at every carbon unit of the polymer chain which is ionically interacted
to 1-Allyl-3-methyimidazolium cation species. The dense IL functional groups will
enhance the ionic conductivity by forming ion channels and transporting Li* across the
edges of the graphite layers, thereby increasing the specific capacity of the LIBs. 1-Allyl-
3-methyimidazolium is used due to its high thermal stability>**, low viscosities, better
ionic conductivity, and large potential windows**. Imidazolium-based binders are
shown to create a beneficial polarizing environment for the desolvation of Li*. This
desolvation process might lower the activation energy when Li" is inserted into a solid
material of electrode’”. Hence, considering the positive impact the dense functional
group will pose for enhancing the LIB's electrochemical performances, PMAI was used
as a binder for graphite anode. In the direction of commercialization of better LIB
technology, rheology and various electrochemical studies were carried out to study the
PMAT’s effect on SEI, electrode morphology after cycling and galvanostatic charge-

discharge and the results were compared with commercial counterpart PVDF binder.
Experimental:
Poly(ionic liquid) synthesis:

PMAI  was  synthesized from ion  exchange with the  polymer
poly(hydroxycarbonylmethylene) (PHCM) which was derived from
poly(ethoxycarbonylmethylene) (PECM). PECM was prepared from radical bulk
polymerization of diethyl fumarate (Sigma Aldrich, 98%) utilized 2,2’-
azobis(isobutyronitrile) (AIBN, Sigma-Aldrich, >98%) as radical initiator within a
vacuum Schlaker reaction tube at 70 °C for duration of 24 hours. Subsequently, the
polymer was purified by washing with hexane and dried in a vacuum environment
overnight. Further to obtain PHCM, PECM was base hydrolyzed in a solvent mixture of
EtOH:H>0O (2:1) using an excess of KOH (Wako) under reflux conditions. The reaction
mixture was slightly acidified by adding 1N HCI (Sigma-Aldrich, 12N) and then dialyzed
using a cellulose acetate tube provided by Fisherbrand. Finally, water from the aqueous
solution was evaporated post-dialysis to yield PHCM. 1-allyl-3-methylimidazolium
hydroxide was synthesized via anion exchange of 2 gm of 1-allyl-3-methylimidazolium
chloride (AmImCl) dissolved in 100 ml water using amberlite IRN78 OH hydroxide form
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(Supelco) column. Water was evaporated from the aqueous 1-Allyl-3-methylimidazolium
hydroxide (AmImOH) and dried overnight under a vacuum at 60 °C. PHCM (200 mg)
and AmImOH (482 mg) were dissolved in water and stirred overnight at room
temperature. Finally, the product was washed with acetone after evaporating water from

the aqueous PMALI and then dried under a vacuum. The yield of PMAI polymer is 78%.
Synthetic characterization:

The chemical structure of PMAI was confirmed by 'H NMR and '*C NMR (Bruker
Advance 11-400 MHz spectrometer) and FT-IR spectroscopy (PerkinElmer 100 FTIR
spectrometer). The thermal property was evaluated by TGA using Hitachi STA7200

thermal analysis system under nitrogen atmosphere at a heating rate of 10 °C min'.
Electrode preparation and cell assembling:

Graphite slurries were obtained by mixing 80% battery grade graphite (Sigma-Aldrich),
10% super P conductive carbon (Alfa Aesar) and 10% PMAI binder in water for 2 h using
mechanical mixing to obtain a homogenous slurry. The resulting slurry was coated on a
copper sheet using doctor blade of 100 um and dried under vacuum at 80 °C for 24 h. The
electrodes were calendared using a hot roll press machine and then punched in 13 mm
diameter circular discs. PVDF (Sigma-Aldrich) binder-based electrodes are obtained
using the above procedure. Coin cells of CR2025 were assembled with lithium as counter
and reference electrodes, while graphite electrode as working electrodes. Polypropylene
separator was wetted with 70 ul 1 M LiPF¢ in EC/DEC (1:1 v/v) (Sigma-Aldrich)
electrolyte. The cells were assembled in an argon-filled glovebox with 0.5 ppm< H>O and
0.5 ppm< O, atmosphere content. The PMAI binder-based anodic half cells are named
PMAI/Gr, while PVDF binder-based anodic half cells are named PVDEF/Gr.

Electrochemical characterization:

Cyclic voltammetry (CV) was conducted at sweep rates of 0.1, 0.2, 0.4, 0.6, 0.8 and 1
mV s under a voltage range of 0.01-2.1 V using Biologic Science Instruments.
Electrochemical impedance spectroscopy (EIS) measurement was performed on cycled
electrode using Biologic Science Instruments at a voltage amplitude of 10 mV and
frequency range of 1.0 MHz to 0.1 Hz. From the ESI result, SEI resistance (Rsgr) after
SEI formation and diffusion coefficient were determined. The galvanostatic charge-

discharge cycling was carried out with Electrofield ABE 1024 in a 0.01-2.1 V voltage
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range. The electrochemical performance was tested at varied C-rates of 0.1C, 0.25C, 0.5C,
0.75C, 1C and 2C and long-term cycling of 800 cycles at 1C and 5C. Using Biologic
Science Instruments, dynamic electrochemical impedance spectroscopy was measured
with the cycled electrodes at varied voltage perturbations at a frequency range of 1.0 MHz
to 0.1 Hz. The activation energy was calculated from the Arrhenius plot obtained from

the EIS data performed at different temperatures using cycled anodic half-cells.
Peel test and Postmortem characterization:

Peel tests were conducted on a 40 mm long graphite electrode using an Instron 3342
apparatus. During the peel test, adhesive tape was affixed to the roll-pressed coated
electrode and peeled at a 180° angle at a consistent displacement rate of 2 mm min’!. After
galvanostatic charge-discharge cycling, the coin cells were decrimped inside the glove
box and the anodes were washed with diethyl carbonate to remove LiPFs salts from the
surface. SEM images were obtained using Hitachi S-4500 at an accelerating voltage of
1.0 kV and compared with pristine electrodes. SEI composition of the electrodes was

determined using X-ray photoelectron spectroscopy (Fisons instruments S-probe TM
2803)

Results and discussions:

We reported the novel synthesis of high-density functional groups polymer based on
imidazolium type PIL PMAI via a three-step process: radical polymerization, ester
hydrolysis and neutralization. Figure 1 (a) shows the synthetic route of the PMAI
synthesis from the monomer diethyl fumarate. We confirmed the PMAI synthesis using
"H NMR, *C NMR and FT-IR. '"H NMR spectrum (Figure 1(b)) revealed the presence of
PHCM methine hydrogen peak at 2.98 ppm and imidazolium cation unit hydrogen peaks
are assigned in the spectrum. *C NMR peaks are assigned with respect to each carbon of
the PMALI as shown in Figure 1 (c). The characteristic *C NMR peaks are methine carbon
of PHCM at 62.4 ppm and methyl peak of 1-allyl-3-methylimidazolium at 30 ppm. To
confirm that all the carboxylate group of the PHCM is interacting with the cation
imidazolium unit, 'H NMR integration was performed for the methine peak of PHCM
and methylene peak of imidazolium (Figure 1(d) and 1(e)). The integration confirmed the

presence of 1:2 hydrogen value of methine to methylene peak.
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Figure 1: (a) Synthetic route to PMAIL (b) '"H NMR spectrum (D20). (C) *C NMR
spectrum (D20). '"H NMR peak and integration value of (d) methine peak of PHCM and

(e) methylene peak of imidazolium.

In addition, the pH of PMAI showed 8.0 which indicates that neither free carboxylic acid

nor hydroxide is present (Figure 2(a)). To further support the formation of PILs, FT-IR

spectroscopy was conducted. The IR spectrum of PIL in Figure 2(b) shows a board peak

at 3500 cm™ corresponds to C-O” AmIm™ stretching and a carbonyl peak at 1725 cm™.

Characteristics of imidazole ring peaks are indicated by the presence of a peak at 1582

cm! to C-N stretching vibration, 1157 cm™ to C-H unsymmetrical bending vibration and
3151 em™! to C=C-H?*%. The average molecular weight of PHCM was determined to be
3000 m/z from the MALDI-TOF and showed peaks at intervals of 58 m/z (CHCOOH) as
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shown in Figure 2(c). The thermal stability of PMAI binder was determined using TGA
analysis (Figure 2(d)). The value of 10 wt. % loss temperature is above 150 °C. Hence the
binder is stable at extreme operating temperatures of LIBs. The results from the

characterization of PMALI confirm the formation of the PIL.
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Figure 2: (a) pH measurement of PMAI using pH meter. (b) FT-IR profile of PMAL (c)
MALDI-TOF data of PFA. (d) TGA profile of PMAL

A stable structure of the electrode can be maintained during long cycling by strong
adhesion between the current collector and active material using a binder. The binding
capacity of binders was evaluated using a 180° peel test at a tensile speed of 2 mm/min.
The force vs. displacement profile of the peel test is shown in Figure 3. The average peel
force of the PMAI binder-based electrode is found to be 10.9 N which is higher than the
PVDF binder-based electrode with 9.8 N. This clearly shows that PMAI binder adhesion
capacity is stronger than PVDF binder systems. The existence of dense functional groups
in the PMAI-based PIL promotes chemical bonding within the active materials and also

to the current collector resulting in a stronger binding capability.
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Figure 3: Peeling curves of electrodes with PMAI and PVDF binders. Inset: Image of tape

after peel test.

In order to investigate the impact of binders' interactions with the active components and
electrolytes on the electrochemical performances, CV measurements were performed for
PMAI/Gr and PVDF/Gr. During the first cathodic sweep, the PMAI/Gr (Figure 4(a)) and
PVDF/Gr (Figure 4(b)) displayed electrolyte reduction peaks around 0.6 V and a
distinctive lithiation peak at a low potential of ~0.01 V. The electrolyte decomposition on
the graphite surface leads to the formation of the SEI which facilitates Li" transport and
prevents continuous electrolyte decomposition. In the consecutive scans, the electrolyte
decomposition peaks do not exist indicating the formation of stable SEI film. In the case
of PMAI/Gr, the first cycle cathodic curve between 1.7 V to 0.8 V shows a reduction peak,
while in PVDF/Gr the first cycle curve overlaps with the subsequent cycles at the range.
This indicates that the PIL binder gets reduced before the electrolyte decomposition. This
helps in the formation of functionalized SEI which influences the lithiation-delithiation
process. On the contrary, the anodic peak located at 0.2 V results from the delithiation
process of graphite. The overpotential, calculated as the difference in the anodic peaks
between 0.1 mV/sec and 1 mV/sec of CV for PMAI/Gr (Figure 4(c)), was found to be
lower (0.150 V) compared to PVDF/Gr (0.196 V) (Figure 4(d)). Indicating that the PIL

binders facilitate higher Li" transport and lowering internal impedance.
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Figure 4: CV curves of (a) PMAI/Gr and (b) PVDF/Gr at 0.1 mV s™.. CV curves at varied
potential rates of (¢) PMAI/Gr and (d) PVDF/Gr.

To further study interphase impedance and Li" diffusion coefficient in graphite anode,
EIS was carried out on cycled electrodes. Figure 5(a) shows the Nyquist diagram, which
consists of a semicircle sited in a high-medium frequency range corresponding to SEI
resistance (Rsgr) and charge transfer resistance (Rct). While the slash at low frequency
arises from the free diffusion of Li" within active material. An equivalent circuit fitting
using R(QR)(CR)W was used for obtaining resistance values. The lower Rct (21.9 Q)
observed in PMAI/Gr compared to PVDF/Gr (125.9 Q) suggests that the dense functional
group within the polymeric ionic liquid (PIL) binder could enhance the Li" conduction
network within the electrode domain. This improvement is attributed to the inherent ionic
conductivity of the PIL binder, setting it apart from PVDF. Furthermore, the PMAI/Gr
has a lower Rgsgr of 11.08 Q than PVDF/Gr with 29.97 Q, owing to PIL's influence in
forming thin and stable SEI. Compared to PVDF, the PMAI binder with dense functional
groups could maintain the structural integrity of electrode during a long cycling process.
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Thus, PMALI binder could ease graphite's expansion stress and accelerate the formation of

stable SEI film.

The ion diffusion coefficient and activation energy were measured to investigate the Li"
kinetics at the SEI and electrode. From the EIS data at low-frequency domain, the
Warburg factor (c) was obtained from the Randles equation by plotting the real impedance

vs. square root of angular frequency (o?)

7' = R, + Repntact + o0~ ? ...eq(1)

Using the Warburg factor, the Li" diffusion coefficient (Dri+) was calculated using the

following equation'®:

R2T?

Djj+ = ——
Li 2A2F4(C2 g2

...eq (2)

Where R-gas constant (8.314 J k'l mol ™), T- temperature, A- electrode surface area (1.76
cm?), F- Faraday constant (96500 C mol™!), C- Li* molar concentration (1 mol cm™). The
PMAI/Gr presents higher Dyi+ values of 1.03E-10 cm? sec! which is two order magnitude
larger than PVDF/Gr (3.08E-12 cm? sec!), boosting Li" mobility and better
electrochemical performance (Figure 5(b)). Further activation energies of PMAI/GR and
PVDF/Gr were calculated from EIS at different temperatures.
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Figure 5. (a) Impedance curves of cycled PMAI/Gr and PVDF/Gr. Inset: Equivalent
circuit for EIS fitting. (b) Correlation of Zrea and ™2 in the low-frequency region for

PMAI/Gr and PVDF/Gr.

The activation energy of ion charge transfer process signifies the barrier Li" must

overcome when transitioning between electrode and electrolyte interface. E. can be
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determined from the slope of plot log(1/RcT) versus reciprocal of temperature (1/T). The

Arrhenius equation for obtaining E, is'**:

In (R—iT) =In(4) - ()1 ... eq®3)

Where Rer- charge transfer resistance, In(A)-frequency factor, R-gas constant and T-
temperature in Kelvin. Figure 6(a) and 6(b) shows the Nyquist plots at lithiation state
(~0.1 V) measured after charge-discharge cycles. Equivalent circuit fitting of the
impedance spectra was carried out using R(QR)(QR)W to determine the Rcr.  Xu et al.
reported that the activation energy values change with the electrolyte compositions®?7-3%,
Suggesting that E, at graphite depends on either Li" desolvation or the SEI nature or both.
The PMAI/Gr activation energy is calculated to be 36.2 kJ mol™! which is lower than
PVDF/Gr with 62.1 kJ mol™! from the Arrhenius plots as shown in Figure 6(c). The Li*
kinetic studies indicate that the interfaces formed in the PMAI/Gr facilitate diffusion
through the system, owing to PIL ionic conductivity and electrolyte absorption, which

enhances ion mobility during charge-discharge.
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Figure 6: EIS curves at varied temperature of cycled (a) PMAI/Gr and (b) PVDF/Gr. (¢)

Arrhenius plots of Rsgr and Rer at varied temperatures.

The galvanostatic charge-discharge performance was investigated to analyze the binder's
ability to perform long cycle life. The formation of the SEI during the initial lithiation
process is attributed to an irreversible reduction reaction involving ethylene carbonate,
occurring at around 0.6 V. This phenomenon is clearly evident in the specific capacity vs.
voltage profile and the dQ/dV plot for both PMAI/Gr and PVDF/Gr, as illustrated in
Figure 7. Furthermore, a distinct PMAI reduction peak was observed in the voltage range

of 1.8-0.8 V, preceding the reduction of the electrolyte, in both the charge-discharge
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curves (Figure 7(a)) and the dQ/dV plot (Figure 7(c)) of PMAI/Gr, which aligns with
earlier observations recorded in CV curves. The peak is absent in the subsequent cycle
due to the formation of a stable film on the surface of electrode. The PMAI binder
reduction leads to a lower initial lithiation-specific capacity of PMAI/Gr to 428.9 mAh g
!, than PVDF/Gr with 606.4 mAh g! and not due to excess electrolyte degradation for
film formation. Hence, the initial coulombic efficiency of PMAI/Gr (78%) is higher
compared to PVDF/Gr (52%). Reduction of non-soluble PMAI binder at the interface can

improve binders' adherence to graphite by forming chemical bonds upon reduction®.
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Figure 7. Lithiation-delithiation voltage profiles at 0.1C rate of (a) PMAI/Gr and (b)
PVDF/Gr. dQ/dV plots for first and second lithiation cycle at 0.1C rate of (c) PMAI/Gr
and (d) PVDF/Gr.

The rate capability of the anodic half cells was measured by galvanostatic charge-

discharge at increasing current densities. Figure 8 summarizes the specific capacity of

PMALI and PVDF binders from 0.1C to 2C. The specific capacity of PMAI/Gr are 344
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mAh g, 207 mAh g!, 112 mAh g, 99 mAh g!, 96 mAh g! and 71 mAh g'lat 0.1C,
0.2C, 0.5C, 0.75C, 1C and 2C respectively. While PVDF/Gr showed 281 mAh g'!, 156
mAh g, 95 mAh g!, 72 mAh g 66 mAh g'and 44 mAh g at 0.1C, 0.2C, 0.5C, 0.75C,
1C and 2C respectively. It can be studied that the water-processed PMAI binder delivers
higher specific capacity values at all applied current densities than PVDF binder cells by

boosting Li" transport in the electrode domain.
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Figure 8. Charge-discharge performance at varied current densities of PMAI/Gr and
PVDF/Gr.

Further investigation on long cycling capability was executed at 1C and 5C. Figure 9(a)
shows PMAI/Gr and PVDF/Gr cycling performances up to 800 cycles at 1C. PMAI/Gr
achieved a maximum specific capacity of 298 mAh g! with approximately 80% capacity
retention of the maximum specific capacity after 750 cycles, while PVDF/Gr
demonstrated a specific capacity of 228 mAh g! with 72% capacity retention. Fast
charging capability at high current density of 5C, which provides harsh and accelerated
ageing of the electrode materials was assessed (Figure 9(b)). PMAI/Gr exhibits a high
specific capacity of 85 mAh g'!, while PVDF presents a low specific capacity 47 mAh g’
! for 1000 cycles. The PMAI binder showed remarkable specific capacity at 5 C-rate, due
to the formation of nano heterojunction between PIL/electrolyte of the electrode surface
which enhances charge carrier mobility. The increase of reduction species formed at the

graphite electrode caused a decline in long-cycling performance in PVDF/Gr due to
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growth in SEI. Whereas the high-capacity retention of PMAI/Gr at a high charging rate
is linked to reduced reduction products formed between electrode/electrolyte interface. It
is evident that PMAI binder has influenced electrolyte reduction in cells and demonstrated

better performance when compared to conventional PVDF binder.
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Figure 9: Galvanostatic cycling of PMAI/Gr and PVDF/Gr at (a) 1C and (b) 5C for 800
and 1000 cycles.

Battery ageing was investigated using differential capacity analysis (DCA) for
characterization of the State of Health (SOH) through peak identification corresponding
to phase transformations of active material. Figure 10 shows the DCA curves of
different cycles as dQ/dV vs. V for PMAI/Gr and PVDF/Gr during lithiation and
delithiation. The main cause for fast capacity fading of PVDF/Gr is analyzed by dQ/dV
curves. A shift in the peaks towards voltages and a decrease in the peak heights as the
cycle number increases during both the lithiation and delithiation is observed in Figures
10(b), 10(c). This indicates that the PVDF/Gr undergoes conductivity loss due to loss of
active material®'®, decomposition of electrolyte/SEI growth and lithium plating?’?. No
such difference in dQ/dV peak is observed during cycling of PMAI/Gr, indicating no
change in surface composition and loss of electronic pathway>!!. The analysis helped the
cell polarization resistance change observed in PVDF/Gr cell upon cycling leading to
capacity fade and degradation. Hence DCA analysis confirms that the PMAI binder helps
in maintaining the structural integrity of the electrode and prevents parasitic reaction on

the surface of the electrode.
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Figure 10: dQ/dV plots at different cycles of PMAI/Gr during (a) lithiation and (b)
delithiation. dQ/dV plots at different cycles of PVDF/Gr during (c) lithiation and (d)

delithiation.

To gain further insight into the kinetics of Li" during state of charge, dynamic
electrochemical impedance spectroscopy on the cycled electrodes was measured at varied
voltages. The Nyquist plots for PMAI and PVDF during lithiation and delithiation are
plotted in Figure 11(a), 11(b), 11(c) and 11(d). The experimental impedance data was
fitted using an equivalent circuit model RL(QR)(QR)(C/QR)W. The circuit consists of
ohmic resistance (Re), which is resistance from current collector and electrolyte; solid
electrolyte interphase resistance (Rsgi); charge transfer resistance (Rcr); diffusion
resistance (Ruifr), constant phase element (CPE), capacitance (C) and Warburg diffusion
element (W). The Rser and Rer influence the electrochemical performances of a cell. The
Rsgr values in PMAI/Gr during lithiation and delitiation are lower than PVDF/Gr (Figure
11(e) and 11(f)). Indicating the formation of thin and stable SEI on the surface of

PMAI/Gr electrode which protects and accommodates the volume change during cycling.
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In contrast, high Rsgr values of PVDF/gr are ascribed to poor influence of PVDF binder

on SEI formation and structural integrity of electrode!'>!°, The higher Rsg: values in the

lithiation voltage region than the rest of voltage region of PMAI/Gr due to the Li
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concentration gradient within the electrode is more pronounced. Thereby hindering the
lithiation process at the SEI and the electrode. The abrupt increase in Rsgr values at~ 1 V
for both PMAI/Gr and PVDF/Gr electrodes may be attributed to the initiation of lithiation
and the termination of delithiation processes. These events can result in changes to the
concentration gradient on either side of the SEI and alterations in ionic mobility within

the SEI, subsequently influencing the overall resistance of the cell.

Surface chemistry of the cycled cells was obtained from XPS analyses to understand the
species composition in the SEI. For the electrodes containing PMAI and PVDF binders,
the signals of C 1s (ca. 284 eV), O 1s (ca. 535 eV) and F 1s (ca. 686 eV) were recorded
and presented in Figure 12. The species concentration calculated from the XPS analyses
is tabulated in Tables 1, 2 and 3. In particular, the PMAI/Gr and PVDF/Gr electrodes C
1s spectra contributed significantly to sp3 carbon at 284.6 eV2°7312, Both the electrodes
contain the same species derived from electrolyte decomposition on the surface such as
C-0, C=0, and Li,COs; with almost the same concentration for C=0 and Li,COs.
However, the concentration of C-O species is high due to the contribution of the C-N
which overlaps with the C-O peak®!®. This confirms that the reduction of binder before
electrolyte degradation leads to the formation of SEI containing nitrogen species which
helps in the facile transport of Li* through SEI while limiting Li" flux localization®'#. The
C-0O and C=0 peaks can contribute from the binder, leading to a higher concentration of
the species. The presence of C-O, C=0 and Li>COs species in O 1s spectra and its similar
concentration in the PMAI/Gr and PVDF/Gr electrode confirms that the presence of the
species at the SEI and the high concentration of C-O peak in C 1s spectra is due to the
overlap of C-N species®!®. F 1s spectra showed the presence of LixPOFy and LiF in both
electrodes, but the PMAI/Gr electrode has the presence of a high concentration of LiF>'6,
Zhang et al. reported that the inorganic species in SEI, such as LioCO; and LiF, offer
mechanical and chemical protection while also regulating Li" transport. Despite the
moderately low ionic conductivity of Li2CO3 and LiF, surprisingly when they come into
contact, they promote accumulation of space charges at their interfaces. This phenomenon
generates higher concentration of ionic carriers, enhances Li" transport and reduces
electron leakage. Hence the high concentration of LiF and presence of Li2COj3 contributes

to increased current efficiency and long-term cycle stability>!”.
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Figure 12: XPS spectra of cycled PMAI/Gr of (a) C 1s, (b) O 1s and (c) F 1s. XPS
spectra of cycled PVDF/Gr of (d) C 1s, (e) O Is and (f) F 1s electrodes.

Table 1: Species composition percentage is determined by analyzing the area under the

curve of C 1s XPS spectra.

Cls C-C C-O C=0 Li2COs
PMALI 27.30% | 28.30% |29.80% | 14.50%
PVDF 30.10% | 23.50% | 31.50% | 14.40%

Table 2: Species composition percentage is determined by analyzing the area under the

curve of O 1s XPS spectra.

O 1s LiCOs | C=0 C-O LixPOFy
PMAI 28.40% | 29.50% | 24% 17.90%
PVDF 26.50% | 30% 25.20% | 17.20%

Table 3: Species composition percentage is determined by analyzing the area under the

curve of F 1s XPS spectra.

F1s LiF LiPFs
PMAI 51.60% | 48.90%
PVDF 40.80% | 59.40%
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The surface morphology and microenvironment of the pristine and aged graphite
electrodes were studied using SEM to further investigate the effect of binder on graphite
electrode structure and electrochemical stability. The SEM images of the pristine
electrode surface are shown in Figure 13(al), 13(bl). As noted, the graphite particles
displayed uniform distribution throughout the surface and interior of electrodes. After
cycling, the aged electrodes' surface SEM images shown in Figure 13(a2), 13(a3) showed
shining with no cracks in the PMAI-based electrode, indicating the stable electrode
structure inhibits particle degradation and enhances lithium mobility during cycling. In
the PVDF-based electrodes cracks and voids are formed across the surface which may
hinder the Li" diffusion and increase the electrolyte decomposition (Figure 13(b2),
13(b3)). This supports the higher Rsgr observed after fitting impedance, impacting

electrochemical performances and Li" diffusion coefficient.

Figure 13: Top view: (al) SEM image of pristine PMAI/Gr electrode. (a2) and (a3) SEM
images of cycled PMAI/Gr electrode. Top view: (bl) SEM image of pristine PVDF/Gr
electrode. (b2) and (b3) SEM images of cycled PVDF/Gr electrode. Cross-sectional SEM
images of cycled (a4) PMAI/Gr and (b4) PVDF/Gr electrodes.

On the cross-section image of aged electrodes, as shown in Figure 13(a4), the graphite
particles are evenly distributed and compact with no contact gap between the current
collector and the graphite particles of aged PMAI-based electrodes. Whereas the cross-
section image of the aged PVDF-based electrode shows cracks in the electrode depth and
also loss of contact between the current collector and graphite particles (Figure 13(b4)).
Hence the capacity loss observed in PVDF/Gr was probably induced by electrode

structure degradation. The presence of PMAI binder is not solely located on base plains,
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but also aggregates at the edges, effectively bridging various graphene layers. Thereby
contributing to the prevention of exfoliation of graphite by acting as nano-scale stitches®®.
It can be concluded that incorporating PMAI binder with ionic conductive properties, will
enhance the Li" transport along the electrode and increase the specific capacity, thereby

aiding cell performance and preserving electrode’s integrity throughout cycling.
Conclusion:

In conclusion, a novel water-soluble poly(oxycarbonylmethylene 1-allyl-3-
methyimidazolium (PMALI), containing high-density imidazolium functional groups, was
synthesized and characterized using NMR and FT-IR. PMAI was evaluated as a binder
using an aqueous processing method for battery electrode fabrication of LIBs, offering
a more sustainable and cost-effective alternative to the conventional organic-processed
PVDF. The presence of dense polar groups and free anions enhances affinity with
electrolyte solvent and increases the Li" diffusion coefficient (1.03E-10 cm? sec!). The
CV, charge-discharge profile, and dQ/dV analyses have consistently demonstrated that
PMALI gets reduced before that of ethylene carbonate in PMAI/Gr. This unique behavior
plays a crucial role in the formation of a stable and thin SE that is enriched with inorganic
(LiF, Li2COs) and C-N species. The resulting SEI layer not only fosters reduced SEI
resistance (11.08 Q) but also contributes to lower activation energy (36.2 kJ mol™!) and
decreased overpotential (0.150 V), collectively enhancing the electrochemical
performance and efficiency compared to PVDF/Gr. PMAI/Gr showed enhanced long
cycling performances with higher capacity retention of 80% after 750 cycles at 1C with
a maximum specific capacity of 298 mAh g' than PVDF/Gr. In addition, PMAI/Gr
demonstrated superior charge-discharge at a 5C fast charging rate with a maximum
specific capacity of 85 mAh g™! for 100 cycles. This can be elucidated by the greater ionic
conductivity and enhanced electrolyte absorption exhibited by PMAI/Gr binders. These
properties further increase lithium mobility within the electrodes. Postmortem analysis
on the aged electrode reveals a crackless uniform surface on the PMAI/Gr electrode, in
contrast to PVDF/Gr electrode. The difference can be attributed to the exceptional peel
strength observed by the PMAI binder in the peel test. The results not only establish PMAI
as a better binder for replacing PVDF in LIBs but also act as a catalyst in exploring deeper
into the mechanisms of densely functional group polymers that underlie the unique

functionality of PIL binders in the enhanced electrochemical performance.

123




Chapter 6

Novel Densely Imidazolium Functionalized Water Soluble
Poly(ionic liquid) Binder for Hard Carbon Anode in Sodium-
Ion Batteries

Abstract

Sodium-ion battery (SIB) operation has always been challenging due to sluggish Na*
kinetics and transport limitations at the electrode interface and along the electrode domain.
Enhancing the specific capacity through tuning the desolvation energy, charge transfer
resistance and ionic conductance using functionalized binder in hard carbon (HC) is
poorly understood. Here, a novel water-soluble concentrated imidazolium functionalized
poly(ionic  liquid) (PIL)  binder,  Poly(oxycarbonylmethylene 1-allyl-3-
methyimidazolium) (PMAI), was synthesized. The electrochemical performance of HC
anode using PMAI binder was studied and compared with conventional PVDF binder.
The PMALI binder is shown to be reduced during cyclic voltammetry and charge/discharge
at 0.9 V vs. Na+/Na, leading to better adhesion with electrode components and formation
of functionalized SEI. The PMAI/HC's initial coulombic efficiency is 74% and a
maximum specific capacity of 254 mAh g! with a capacity retention of 96.2% after 200
cycles at 60 mA g'. PMAI-containing electrodes showed better rate capability at different
current densities than PVDF binder. PMAI-based HC electrode exhibits an enhanced Na*
diffusion coefficient, low Rsgr and Rer and decreased activation energy of desolvation,
which is ascribed to densely polar ionic liquid groups along the binder, enhancing the
ionic conductivity in electrode, influencing the Na* diffusion kinetics at the surface and
formation of functionalized SEI due to binder reduction. This work shows that the battery-
specific capacity can be enhanced using densely functionalized PIL, which is considered
for further optimization of SIB.
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Introduction:

In addressing modern societal demands for electronic devices characterized by enhanced
efficiency and performance, a need for high-performance, affordable and safe energy
storage technologies has become increasingly pressing'®**!3. Over the past thirty years,
lithium-ion batteries (LIBs) have served as attractive power sources, offering applications
ranging from small portable devices to transportation systems. However, concerns have
emerged regarding the sustainability of lithium as a resource, driven by concerns related
to its scarcity, cost and concentrated geographical distribution. Considering the growing
demand for rechargeable batteries, these drawbacks limit future large-scale applications.
Research hovering over sodium-ion batteries (SIBs) has garnered attention, mainly due
to the abundant and readily available sodium in nature, low cost, and high electrochemical
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potential . However, the larger sodium ionic radius has created challenges related to

phase stability, ion kinetics and interphase formation. Consequently, the quest for cost-
effective, high-performance electrode materials for SIBs remains a significant hurdle.

Recent interests are in exploring various cathodes for SIBs, such as layered transition

319-321 322-326

metal oxides and polyanion-type compounds . Simultaneously, potential

anode materials have been reported encompassing hard carbon®?’, soft carbon®%%, metal

oxide*?’, transition metal sulfide®°
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, transition metal dichalcogenides®! and nano
composite’”~. Among anode materials, sodium alloy anode materials offer significantly
higher capacities. However, they exhibit substantial volume expansion during sodiation,
leading to structural damage and consequently poor cycle durability®*. Therefore, hard
carbon remains promising, considering the cost implications for potential scaling up, and

stands out as the most promising anode material.

Hard carbon emerges as a promising anode for LIBs and SIBs, attributed to its low
operating potentials and high specific capacities***. The poor specific capacity and
capacity retention are caused by the formation of uneven, thick and poor mechanical

C335,336

strength solid electrolyte interphase (SEI) at the defect-rich H . Significant

approaches have been directed towards crafting better SEI by optimizing defects®37-3,
artificial SEI**”, dopant modification®*°, presodiation®*® and additives?”. Nevertheless,
these methods involve intricate synthetic routes, are sensitive to experimental conditions,
have high costs and lack desirable scalability. Enhancing battery performance involves
using a functional binder, a crucial component of electrodes. An alternative approach to

introducing a pre-existing protective layer is to choose a different functional polymer as
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a binder which creates a thin polymer layer on the HC. Functional polymers are expected
to modify the surface chemistry of the electrode, serving as a protective layer between
the active material and the electrolyte at the electrode-electrolyte interface!”°.
Furthermore, the poor rate capability of HC resulting from sluggish Na* diffusion kinetics
can be improved by incorporating Na* diffusion channels into the electrode domain. This
is achieved by employing a Na“ conducting functional binder, thereby enhancing the
stability and rate performance of SIBs. To date, poly(vinylidene fluoride)**’,

249 and

carboxymethyl cellulose®¥’, chondroitin sulfate A%*°, sodium lignosulfonate
trifunctional sodium alginate/polyethylene oxide?*® are reported as binders for HC. PVDF
contains inactive C-F functional groups that do not provide enough strength to hold the
electrode components, leading to poor cycle stability. In addition, it uses N-methyl
pyrrolidone, a toxic organic solvent in slurry preparation. While the other binders provide
electrode stability and somewhat influence SEI formation through the presence of
hydroxyl or carboxylic groups or sulfate. Nevertheless, these groups cannot offer
improved ion channels into the electrode, enhance the wettability of the electrolyte on the
electrode for Na' diffusion kinetics, or lower the activation energy of desolvation,
respectively. These factors enhance the rate capability and the electrodes’ long cycling
stability. Therefore, a suitable dense functional group binder is desired to improve the Na*

kinetics and SEI, impacting the electrochemical performance of SIBs.

This study synthesises a novel poly(ionic liquid) (PIL) binder incorporating high-density
oxycarbonyl 1-allyl-3-methylimidazolium functional groups. The PIL, designated
poly(oxycarbonylmethylene 1-allyl-3-methyimidazolium) (PMALI), is polymethylene
based polymer, featuring a rigid polymer backbone that distinguishes it from
polyethylene-based binders, suggesting unique properties'**!3”. The dense arrangement
of consecutive functional groups within the PIL is anticipated to enhance ion conduction
into the electrode domain through a hopping mechanism along the polymer chain. The
superior wettability of PIL with the electrolyte, coupled with polar functional groups, is
expected to boost ion mobility by forming a PIL/electrolyte heterojunction at the interface.
This phenomenon will likely reduce the activation energy associated with Na* desolvation
and influence electrolyte decomposition. Notably, the imidazolium group exhibits
reduction at a lower potential, facilitating the formation of a more effective SEI and
promoting adhesion to graphite upon reduction®*®. Furthermore, the dense functional

groups of PIL binder serve a protective role, mitigating excess electrolyte decomposition
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on the electrode surface. This work introduces, for the first time, the utilization of a PIL
binder in an HC anode for SIBs. Various electrochemical and post-mortem studies were
conducted to study the impact of dense functional group PIL binder on electrochemical

performance and provided a comparative analysis with the conventionally used PVDF.
Experimental:
Preparation of Binder:

Poly(oxycarbonylmethylene 1-allyl-3-methyimidazolium) was prepared by cation
exchange with the polymer poly(hydroxycarbonylmethylene) (PFA) that was obtained
from poly(ethoxycarbonylmethylene) (PECM) by ester hydrolysis. PECM was
synthesized following our previous reports*'®, PHCM was synthesized by base hydrolysis
of PECM by refluxing a solution containing EtOH:H>O (2:1) and excess of KOH for 24
hr. After the completion of the reaction, the reaction mixture was acidified upon adding
IN HCI and dialyzed using Fisherbrand regenerated cellulose dialysis tubing. Following
water from the resulting solution was vacuum evaporated to yield PHCM. 2 gm of 1-allyl-
3-methylimidazolium chloride (AmImCl) was added to 100 ml water and was anion
exchanged using a column containing amberlite IRN78 OH hydroxide form (Supelco) to
obtain 1-allyl-3-methylimidazolium hydroxide (AmImOH). AmImOH was concentrated
by evaporating water and then vacuum dried overnight under 60 °C. To obtain PMAI, 200
mg of PHCM and 482 mg of AmImOH were added to 20 ml of water and the resulting
mixture was stirred at room temperature overnight. After that, the water was removed,
followed by washing with acetone and then the product was dried under a vacuum. PMAI

polymer yield was determined to be 78%.
Hard Carbon Anodes preparation:

80 wt% HC (Kuranode Type 2(5um)), 10 wt% super P conductive carbon (Alfa Aesar)
and 10 wt% binders (PMAI or PVDF) were mixed using a solvent (water for PMAI and
NMP for PVDF) to form a homogenous slurry, which was coated on copper foil using
doctor blade (100pum) and dried under vacuum at 80 °C for 24 hr. respectively.
Subsequently, the dried coated electrodes were cut into 13 mm discs. CR2025 coin cells
were fabricated using 1M NaClOy in ethylene carbonate (EC)/propylene carbonate (PC)
electrolyte, glass fiber (Whatman) as separator and sodium disc as a counter electrode.
The anodic half-cells are named PMAI/HC and PVDF/HC.
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Synthetic and electrochemical characterization:

PMALI chemical structure was analyzed using '"H NMR and '*C NMR (Bruker Advance
I1-400 MHz spectrometer). Further FT-IR spectroscopy (PerkinElmer 100 FTIR
spectrometer) was used to evaluate functional groups of the polymer. The thermal
stability of the binder was determined using thermogravimetric analysis (TGA, Hitachi
STA7200 thermal analysis system) under N2 flow at a 10 °C min™!' heating rate. Binder
adhesion strength was tested by peel test using Instron 3342 apparatus. A 40 mm length
HC electrode was affixed with adhesive tape on the HC side and peeled at a displacement
rate of 2 mm min™! at 180 °C. Moreover, Biologic Science Instruments measured cyclic
voltammetry (CV) at different rates from 0.1 to 1 mV s between 0.01 and 2.5 V vs.
Na'/Na. The electrochemical impedance spectroscopy (EIS) was performed at
frequencies ranging from 1mHz to 1MHz using Biologic Science Instruments at an
amplitude of 10 mV. The galvanostatic charge-discharge curves were obtained from
Electrofield ABE1024 at different current densities. Microstructure morphology was
observed by SEM (using Hitachi S-4500) at an accelerating voltage of 1.0 kV. The
elemental analysis and chemical bonding formation were analyzed using X-ray

photoelectron spectroscopy (Fisons instruments S-probe TM 2803).

Results and discussions:

We synthesized novel high-density oxycarbonyl 1-allyl-3-methylimidazolium functional
groups containing PIL, as represented in Figure 1(a). The three-step process includes bulk
radical polymerization followed by base-catalyzed ester hydrolysis and, lastly,
neutralization. The use of 1-Allyl-3-methylimidazolium is assigned to its superior thermal
stability, diminished viscosities, improved ionic conductivity, and wide potential
windows®*3%_ Further, the chemical structure was tested using 'H NMR spectra, as
shown in Figure 1(b). The methine proton of the polymer main chain appeared at 2.98
ppm, and the signals of the imidazolium cation unit are assigned in the spectra. The *C
NMR spectrum of PMAI featured all carbon atoms of the polymer, wherein the
characteristic methine and methylene carbon peaks appeared at 62.4 ppm and 30 ppm,
respectively (Figure 1(c)). Peak integration of methine and methylene peaks was
performed to evaluate each carboxylate unit interacting with an imidazolium unit. The
integration ratio of the proton was determined to be 1:2 of methine to methylene proton

peak, as shown in Figure 1(d) and 1(e), proving the complete reaction.
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Figure 1: (a) Synthetic route to PMAI (b) 'H NMR spectrum (D,0). (C) *C NMR
spectrum (D20). "H NMR peak and integration value of (d) methine peak of PHCM and

(e) methylene peak of imidazolium

Initial confirmation of polymer formation was indicated from the pH, which was
determined to be 8.0 (Figure 2(a)). FT-IR spectroscopy revealed a board band centered at
3500 cm™ for COO'AmIm* stretching and a carbonyl peak of carboxylate at 1725 cm’!
(Figure 2(b))***2!8. Imidazolium unit is characterized by the presence of C-N stretching
vibration at 1582 cm™!, C-H unsymmetrical bending vibration®*'*#? at 1157 cm™ and C=C-
H at 3151 cm’'. Figure 2(c) presents PFA's MALDI-TOF mass data, revealing that the
polymer has continuous carboxylic molecules. For example, the ~44 g mol™! difference in
the 1007.61 and 1051.93 m/z values in Figure 2(c) for PFA is equal to the molecular
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weight of -COOH functional groups of the polymer. TGA of the resulting PMAI polymer
was carried out to determine the thermal stability (Figure 2(d)). The initial 10 wt.%
decomposition temperature is ~150 °C. Indicates the binder stability at higher operating
temperatures of SIBs. Characterization of PMAI revealed the formation of the polymer

through this novel synthetic route, paving the way for subsequent potential applications.
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Figure 2: (a) pH measurement of PMAI using pH meter. (b) FT-IR profile of PMAL (c)
MALDI-TOF data of PFA. (d) TGA profile of PMAL

The ability to maintain a stable structure even after extended cycling is attributed to strong
adhesion between the current collector and active material using a functional binder,

ensuring structural stability**

. Consequently, the 180° peel test investigated the strong
PMALI adhesion to active material and copper foil, correlating to stable electrochemical
performance®*. Figure 3 illustrates the force vs. displacement profile, revealing that the
average force exerted by a PMAI-based electrode is determined to be 11.0 N, whereas
that of a PVDF-based electrode is 9.9 N. The strong adhesion of the high-density
functional group polymer binder PMAI is due to the strong interaction of the functional
polar group of the binder with the HC and copper, which prevents separation of HC

particles and ensures retention of the electrode's mechanical and electrical integrity upon
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cycling forming self-healing capability.
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Figure 3: Displacement vs. load of electrode peel test containing different binders.

To compare the impact of the two binders on the HC material’s electrochemical properties,
we examined the Na' intercalation/deintercalation processes within the voltage range of
0.01-2.5 V vs. Na"/Na. This investigation includes cyclic voltammetry (CV), impedance
spectroscopy and galvanostatic charge—discharge. The CV profiles of both PMAI/HC
(Figure 4(a)) and PVDF/HC (Figure 4(b)) at 0.1 mV s’ exhibit SEI formation peak at
~0.5 V in the first reduction cycle before Na® reduction at ~0.1 V. The Na®
anodic/cathodic peaks of PMAI/HC and PVDF/HC exhibited at 0.01/0.14 V and
0.01/0.17 V, respectively, suggesting PMAI/HC has lower polarization and faster ion
kinetics than PVDF/HC. The second and third CV curves almost overlap, suggesting the
absence of continuous electrolyte reduction and a stable SEI layer formation during the
first cycle in both PMAI/HC and PVDF/HC. Additionally, only in PMAI/HC a board
peak is observed at ~0.7 V, corresponding to reduction of the imidazolium group within
the binder’®, which precedes reduction of EC in the electrolyte. Thus, leading to the
formation of functionalized SEI which might facilitate ion diffusion and limit excess
electrolyte reduction. CV curves of PMAI/HC and PVDF/HC at different scan rates are
shown in Figure 4(c) and 4(d).
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Further analysis was conducted to elucidate Na* diffusion kinetics at the interphase and
electrode bulk. Figure 5(a) shows the Nyquist plots of the HC-based anodic half-cell
before and after CV studies, exhibiting a semicircle in the high to medium-frequency
region and a linear line in the low-frequency range. The semicircle corresponds to internal
resistance, charge transfer resistance across electrolyte/electrode interface (Rcr) and SEI
resistance (Rsgr)’**~%6. The resistance values are determined by circuit fitting of EIS
curves using the circuit Rs(QRser)(QRct)W. Where Rs represents ohmic resistance, Q
denotes constant phase element and W is Warburg resistance. Both PMAI/HC and
PVDF/HC showed a decrease in the diameter of the semicircle after CV, indicating a
decrease in resistance due to the formation of SEI at the surface of the HC electrode. The
circuit fitting analysis of after CV EIS data for PMAI/HC reveals relatively smaller
resistances for Rer at 3360 Q and Rsgr at 29.44 Q compared to PVDF/HC, where Rcr is
9738 Q and Rsgr is 87.87 Q. This observation suggests that the PMAI binder contributes

to forming a thinner SEI, promoting favorable ion transfer processes and resulting in
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lower polarization. Moreover, the Warburg impedance (Zw), represented as an inclined

linear line within low-frequency region of Figure 5(a), correlates to Na® diffusion

coefficient (Dna+) of sodium ions. Dna+ is calculated using!>*3%:
R?T?
Dyg+ = iFiC2g2 ...eq(1)

Where R stands the gas constant, T represents temperature, A denotes surface area of
electrode, n is the no. of electrons per sodium during oxidation, F signifies Faraday

constant, C is Na" concentration, and o represents Warburg factor which is linked to Z:
Z' = R, + Reontact + o0~Y? ....eq(2)

Figure 5(b) shows the correlation between Zreal (Z') and o> of PMAI/HC and PVDF/HC
in the low-frequency region. With respect to eq (1) the slope of the linear fit is inversely
related to Dna+. The Dy calculated value of PMAI/HC is 3.35E-13 cm? s™!, three times
the value of PVDF/HC with 1.01E-13 cm? s™!. Here, the interfacial behavior influence
diffusion coefficient, attributed to the coupling of reduced charge transfer resistance,

decrease in SEI layer resistance and ionic conductivity promoted by PMAI in electrode

domain.
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Figure 5: (c) EIS spectra of anodic half-cells. (d) The Z* vs. o'’ curves in the low-

frequency range.

To investigate, the binder influence on SEI layer and interfacial kinetics. Temperature-
dependent EIS experiment was conducted to reveal ion diffusion kinetics. By employing
temperature dependance Rcr and Rsgr values, activation energy (E.) can be determined

for Na* intercalation at potential 0.1 V using the Arrhenius equation'****7:
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E, /1
Ln(1/Rer) = In(A) - == (?) eq(3)

Where, A, R and T represent temperature (K), gas constant (8.314 JK'mol!) and
frequency factor, respectively. The Rcr and Rsgp values are obtained by fitting the Nyquist
curves (Figure 6(a) and 6(b)) using the circuit Rs(QRser)(QRct)W. Ret values are usually
larger than Rsgi, and the resistance decreases as temperature increases. PMAI/HC showed
lower Rsgr and Ret than PVDF/HC at different temperatures. The activation energy for
Na" transport through SEI and electrolyte/electrode interface (charge transfer step) were
calculated using the Arrhenius equation, illustrated in Figure 6(c). In PMAI/HC, E. due
to SEI (Esgi) and charge transfer (Ecr) are 47.43 kJ mol™! and 50.21 kJ mol™!, respectively,
which is lower than PVDF/HC with 47.43 kJ mol™! and 50.21 kJ mol™! for Esgr and Ecr
respectively. The result indicated that Na' transport faces lower impedance at the
interface of the PMAI containing electrode, which enhances faster Na* diffusion by better
decoordination of solvent from Na-ion solvation complexes**®**. Here, we propose that
PMALI binder helps in formation of thin functional SEI, better ion conduction along edges
of HC particles and facilitating desolvation of Na® at the interface by forming

heterojunction between PIL and electrolyte®®s.
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Figure 6: Nyquist plots at different temperatures of cycled (a) PMAI/HC and (b)
PVDF/HC electrodes. (c) Arrhenius plot of SEI resistance and charge transfer resistance.

In order to investigate the effect of binder on extended sodiation/desodiation of HC
electrode, galvanostatic charge/discharge (GCD) was carried out. Figure 6(a) shows long
cycling charge/discharge specific capacities of the PMAI/HC and PVDF/HC at 60 mA g
Iafter two cycles of precycling at 30 mA g™'. The maximum specific capacity attended
by PMAI/HC is 254 mAh g! with an initial coulombic efficiency (ICE) of 74 %, which
is higher than PVDF/HC with 178 mAh g™ and ICE of 47 %. The capacity retention with
respect to initial specific capacity at 60 mA g! of PMAI/HC electrode after 200 cycles is
calculated to be 96.2 %, which is much higher than that of PVDF/HC at 88.3 %. The rate

capability of the anodic half cells containing different binders were tested at different
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current densities from 10 mA g™ to 200 mA g’!, as shown in Figure 6(b). PMAI/HC shows
better rate capability and delivers a specific capacity of 224 mAh g at 10 mA g™! than
PVDF/HC with 193 mAh g''. In addition, PMAI/HC delivers a specific capacity of about
74 mAh g at 200 mA g'; the current density is 20 times higher than the initial current
densities and shows a higher capacity than PVDF/HC with 60 mAh g™
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GCD profiles of the first and second cycles of HC-based electrodes, as shown in Figure
6(c) and 6(d), showed two clear regions of sodium storage processes and SEI formation
in the first sodiation cycle. The two storage regions are sloping at high potential and
plateau at low potential <0.1 V. Dahn et al. proposed an insertion-filling mechanism for

330 Wherein the slope region from ~1 V to 0.1 V is due to Na* insertion

sodium storage
between parallel or nearly parallel layers, and the plateau corresponds to metal insertion
into nanovoids. This was experimentally proved by Dhabi et al. using X-ray diffraction
and pore size distribution®>!. The first sodiation curve does not overlap with second
sodiation, indicating electrolyte reduction reaction at the surface of HC electrode leading
to formation of SEI. Further, dQ/dV plots at 10 mA g are obtained to gain insight into
the reduction, as shown in Figure 6(¢), 6(f). In the first sodiation processes, PVDF/HC
displays two apparent reduction peaks at 1.09 V and 0.58 V, which are ascribed to PC
and EC decomposition, respectively and vanish in the following cycles**%. In contrast,
PMAI/HC showed three peaks at 1.13 V, 0.92 V and 0.61 V in the first sodiation cycle.
Where 1.13 V and 0.61 V are solvent reduction peaks, while 0.92 V corresponds to binder
reduction as initially indicated from the CV studies. Zamory et al. mentioned that
imidazolium-based IL undergoes reduction when combined with low operating potential
electrode, which can be taken advantage of when employing non-soluble PIL; the
reduction reaction occurs between PIL binder and other components of electrode helping
in binder adhesion to HC by chemical bonding*®. Hence, PMAI binder helps form
functional SEI containing reduced binder product which facilitates Na*

intercalation/deintercalation and stability of the electrode during extended cycling.

Differential capacity analysis was performed to investigate battery ageing and
characterise the State of Health (SOH) by peak change identification. The dQ/dV curves
at different cycles of PMAI/HC and PVDF/HC are shown in Figure 8. The peak intensity
steadily diminishes in PVDF/HC electrode, whereas the peak intensity remains somewhat
unchanged for PMAI/HC electrode. This indicates that PVDF binder-containing electrode
undergoes loss of conductivity due to active material loss, which is consistent with
cycling stability difference compared to little effect in the presence of PMALI

binder272,3 10,311
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Figure 8: dQ/dV curves at different cycles of (a) PMAI/HC and (b) PVDF/HC.

The impedance to Na” kinetics at different potentials in the 0.01 V-2.5 V range was
determined using dynamic electrochemical impedance spectroscopy on cycled electrode.
The PMAI/HC and PVDF/HC Nyquist plots during sodiation and desodiation are plotted
in Figure 9(a), 9(b), 9(c) and 9(d). An equivalent circuit RsL(QRsger)(QRct)(XRait) W
which fits with a high chi-square value, was used on impedance profile. In the circuit, R
denotes ohmic resistance, Rser corresponds to SEI resistance, Rcr represents charge
transfer resistance, Rgifr is diffusion resistance, Q is constant phase element, X = Q or
capacitance (C) and W is Warburg impedance. The PMAI/HC exhibits lower Rsgr (Figure
9(e)) and Rer (Figure 9(f)) than PVDF/HC at corresponding sodiation and desodiation
potential. Further confirming the formation of thin SEI by the influence and reduction of
PMALI binder, and the presence of polar groups in PMALI facilitates Na* transport at the
electrolyte/electrode interface. The stable Rsgr values along the potential range indicate
that PMAI/HC contains stable SEI at the HC electrode surface at different
potentials!''>19%173 Moreover, Ret values during sodiation are higher than desodiation in
both PMAI/HC and PVDF/HC. This might be due to increased resistance of Na* in deeper
penetration into electrode structure, while during desodiation, the structure becomes more
relaxed, leading to lower Rer. In addition, the Na* diffusion during sodiation into the

electrode might be a limiting factor, which is facile during desodiation'642%
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Figure 9: Nyquist profiles at varied voltage during (a) sodiation and (b) desodiation of
PMAI/HC and (c) sodiation and (d) desodiation PVDF/HC. (a) Rskr and (b) Ret values

during sodiation and desodiation of PMAI/HC and PVDF/HC.

Chemical analysis of HC surface was examined using XPS to understand the SEI film’s
chemical structure after long cycling of electrodes. Both PMAI/HC and PVDF/HC were

analyzed to understand binders' influence on SEI composition. The concentration
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percentage of each species composition is tabulated in Tables 1, 2. The C 1s XPS results
of PMAI/HC and PVDF/HC are shown in Figure 10(a) and 10(d), respectively. Both the
anodic half cells contain SP* C-C, C=0, C-O and Na,COj species at the SEI>**25°, Byt
the PVDF/HC electrode showed a C-F peak which is due to binder containing C-F bond,
whereas PMAI/HC electrode showed the presence of C=C and C-N peaks. The presence
of'a C=C peak originates from the binder reduction product containing imidazolium units
at SEI, which helps in ionic conduction along SEI during high Na" flux at sodiation
potential range. The overlap C-N peak with C-O peak is confirmed by the O 1s spectra
concentration analysis*!*3!°, The C-N/C-O peak is of higher concentration in C 1s spectra,
while in O 1s spectra (Figure 10(b)), the C-O and C=0 peak concentrations are the same,
confirming the two peaks' overlap®**2°°, This also confirmed the reduction of binder and
presence of C-N species at the SEI, enhancing Na* transport along the SEIL. The higher
concentration of C-O and C=0 species from the O 1s spectra of PMAI/HC electrode
might be from the contribution of the binder. An inorganic-rich phase at the inner layer
of SEI is confirmed from Na>O and NaCl peaks observed from the O 1s (Figure 10(b),
10(e)) and Cl 2p spectra (Figure 10(c), 10(f)), respectively, in both the PMAI/HC and
PVDEF/HC*?, The low ICE value in PVDF/HC, might be due to Na trapping at SEI during
the reduction of electrolytes, as confirmed by the high concentration of the inorganic

species containing sodium elements.

2200 8000
(a) PMAI c1s] () PMAI o1s| (€) 1s00] PMAI Ci2p
2000
7000 1600 /5|
1800 . £ \
6000 C=0 c-0 1400 4 . J
1600 533.2eV 531.6 eV %, NaCl 2py) |
z s / 7 £’ 1200 W
b~ b~ p—1 203.3 eV
® 1400 @ 5000 ) /
g 5 / g 10 7 NaCl (2p;,)
e 1200 = 40004 Na KLL Auger // Na,0 = ¢ - P
L - 536.1eV| // = 8007 /
/) /
3000 { 600 /!
800 A
] 400 7
600 2000 F - )
2004
400 1000 . . v : T T T T r : T v T
202 200 288 286 284 282 280 278 2% S0 S38 536 S S22 S0 528 526 208 206 204 202 200 198 196
Binding energy (eV) Binding energy (eV) Binding energy (eV)
1800
(d)z2000 PVDF c-o C1s| (e)so0 PVDF O1s U] PVDF Cl2p
; 1600
18004 2855 €V i) G0 NaCl(p,)
1600 4 531.9 eV 1400 203.9 eV
1400] - 6000 o
oy 284.5eV Py =0 3 2 1200
Z ] Z s 5332eV Naoo | g e
Na(Cl Y
Q1000 ] 5309¢V| o Pan
£ S 40004 = a0
800 / \ — Na KLL Auger —
: / \ ;
w0} 290 eV ) / \ 3000 4 536.3 eV 6004
400 £ 3 2000 e . P & % 400N A
200 =i o 1000 4 200 4
0

T T T T T T T T T T T T T T T T T T
292 290 288 286 284 282 540 538 536 534 532 530 208 206 204 202 200 198 196

Binding energy (eV) Binding energy (eV) Binding energy (eV)

Figure 10: O 1s XPS spectra of the cycled electrode containing (a) PMAI and (d) PVDF
binders. Cl 2p XPS spectra of cycled electrode containing (b) PMAI and (c) PVDF

binders.
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Table 1: The concentration percentage of each species in C 1s spectra is determined

using the area under the curve.

Cls C=C C-C C-O0 C=0 Li2COs | C-F
PMAI 105% [42% 239 % 154% | 8%
PVDF 253% [209% |255% 17.3 % 10.7 %

Table 2: The concentration percentage of each species in O 1s spectra is determined

using the area under the curve.

O 1s Na,O C-O C=0 Na KLL
Auger

PMALI 7.9 % 434% |444% |3.6%

PVDF 11.8% [356% |454% |7.5%

The morphology of HC electrodes with different binders after charge/discharge studies
was investigated using SEM. Pristine electrodes containing different binders showed a
uniform distribution of HC on the current collector, as shown in Figure 11(a), 11(d). A
significant change in morphology was observed in PMAI/HC (Figure 11(b)) and
PVDF/HC (Figure 11(e)) electrodes after cycling in terms of visible film formation.
PVDF/HC showed cracks on the surface, facilitating thick SEI formation, and leading to
continuous decomposition of electrolyte and sodium consumption. Moreover, the thick
closed membranous film will significantly affect Na-ion migration along the SEI film,
thus hindering cycling performance. The cracks on the surface also signify that the PVDF
binder provides weak adhesion between HC particles, leading to poor capacity and
stability of electrode. Nevertheless, the PMAI/HC electrode maintains a better structural
integrity after cycling, confirming the effect of dense polar functional groups in
facilitating adhesion with and between the particles. Besides, Figure 11(c), 11(f) present
cross-section images of PMAI/HC and PVDF/HC electrodes. When PMALI serves as
binder, no gap or cracks are observed within the electrode and between the electrode and
current collector, as seen in PVDF/HC electrode. This gap eventually leads to ion and
electron conductivity loss and will be widen during extended cycling. Hence, reducing

PMALI binder improves adhesion with copper foil and electrode stability.
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Figure 11: (a) and (d) pristine electrode containing PMAI and PVDF binder respectively.
Top view of cycled (b) PMAI and (e) PVDF binder containing electrodes. Cross-section
view of cycled (c) PMAI and (f) PVDF binder containing electrodes.

Conclusion:

In this work, we synthesised a water-soluble novel high-density 1-allyl-3-
methyimidazolium functional groups PIL binder, poly(oxycarbonylmethylene 1-allyl-3-
methyimidazolium (PMALI), which was characterised using 'H and '*C NMR and FT-IR.
PIL (PMAI) was utilized as a binder for the first time to fabricate low-cost,
environmentally friendly HC anode for SIBs. The concentrated functional groups in
PMALI play a key role in facilitating thin, stable, and functional species containing SEI
and enhancing the Na* kinetics compared to PVDF. In addition, PMAI enhances ICE, rate
capability and extended charge /discharge stability. HC electrode containing PMAI binder
demonstrates a high specific capacity of 254 mAh g, boasting capacity retention of
96.2 % with respect to initial specific capacity at 60 mA g™ current density after 200
cycles. These robust performances are attributed to better diffusion coefficient (3.35E-13
cm? s1), lower Rsgr and Rer, and reduced activation energy (Esgr = 47.43 kJ mol™! and
Ecr =50.21 kJ mol™") than PVDF electrode. The densely functionalized polymer provided
superior advantages such as inhibiting continuous electrolyte decomposition, binder
reduction for better adhesion, low polarization and good stability of electrode morphology.
Our work establishes that high-density functional group PIL binders for HC anodes are
an effective approach for making SIB commercialization and also open up an avenue for

enhancing SIB’s electrochemical performances.
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Chapter 7
Conclusion:

As global energy demands increase alongside rapid technological advancements, the need
for sustainable energy solutions becomes necessary. Traditional non-renewable resources
are reducing, prompting the exploration of alternative energy sources. Renewable energy
technologies, while addressing long-term energy needs, must also meet criteria such as
high energy density, economic feasibility, safety, and environmental sustainability. Metal-
ion batteries are at the forefront of this transition, lauded for their portability and high
energy density. However, several challenges remain, particularly regarding electrolytes,
water soluble bio-based binders, which are crucial for maintaining conductivity,
diffusivity of lithium ions, stability and enhanced specific capacity without compromising

electrode compatibility.

Chapter 1 presents an exhaustive review of materials relevant to secondary ion batteries,
detailing the roles of the anode, cathode, binder and electrolyte. The author provides a
comprehensive analysis of various components, discussing their classifications, material
properties, and production values. The focus then shifts to the challenges associated with
non-aqueous solvent electrolyte and polymethylene-based binders, emphasizing the
potential benefits of high-density functional group polymer chemistry. This foundation

sets the stage for the research objectives and scope.

Chapter 2 explores the usage poly(ethoxycarbonylmethylene) (PECM), a high-density
functional group polymer as polymer electrolyte. we identified three key traits: (i) the use
of a high-density functional group polymer as a polymer electrolyte, (ii) the impact of
polymer polarity on electrolyte performance, and (ii1) high ionic conductivity and
transference number without additives. PECM, characterized by its polar aprotic nature
and ethoxy carbonyl ester groups, demonstrated an ionic conductivity of 3.08 x 10 S
cm ! at 51 °C and a high transference number of 0.98 with PECM/LiTFSI (1:1). These
side chain groups facilitate weak interactions and solvation spheres around lithium ions,
promoting their movement while hindering bulky anions. The Li/LiNCAO cathodic half-
cell with PECM showed superior cycling performance, maintaining 167 mAh g
capacity with 80% retention over 100 cycles at 0.2 C, and performed well at various
current densities. This study highlights that incorporating polar aprotic polymers in
lithtum-ion battery electrolytes enhances lithium ion solvation, stabilizes the SEI, reduces
dendrite risk, offers thermal stability, and expands the electrochemical stability window.

Our findings suggest that this approach could lead to affordable, environmentally friendly
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polymer electrolytes, significantly contributing to the development of commercial

lithium-ion batteries based on organic polymer electrolytes.

In Chapter 3, the author investigates the application of poly(fumaric acid) (PFA) using
novel synthesis route aimed at reducing costs and minimizing hazardous chemicals while
maintaining polymer functionality. PFA offers enhanced rheological properties, such as
high viscosity and peel strength, improving graphite anode lamination and
electrochemical performance. Compared to polyethylene-based polymers,
polymethylene-based PFA, with its decreased flexibility and higher carboxylic acid
concentration, demonstrates superior lithium-ion diffusion kinetics, supported by
impedance spectroscopy (Rct), activation energy, and diffusion coefficient studies. PFA-
based anodic half-cells exhibited better rate capabilities at various current densities. At a
1C long cycling rate, the PFA-based cells achieved a reversible specific capacity of 325
mAh g with 79% retention after 700 cycles. PFA/Gr cells showed excellent fast charging
at 5C, with reduced polarization and stable coulombic efficiency, reaching 54 mAh g™' in
1.5 minutes. DEIS studies indicated a low Rsgr value in the lithiation and delithiation
voltage regions, facilitating Li" passage into the electrode. Postmortem analyses
confirmed a thin SEI layer on the PFA/Gr electrode surface, without exfoliation or cracks.
This work demonstrates that high-density functional group polymer binders are
environmentally friendly and exhibit superior long cycling, fast charging, and high-
loading performance in lithium-ion batteries. Continued research on polymethylene-
based high-density functional group polymer binders promises advancements in high-
energy rechargeable batteries.

Chapter 4 introduces poly(fumaric acid) as environmentally friendly binder for hard
carbon anodes in SIB. The polymer's less flexible backbone and high concentration of
functional groups enhance rheology and electrochemical performance due to interactions
with both the electrode components and sodium ions. The PFA/HC combination achieved
a higher ICE of 80.8% and superior reversible rate capacities at varied current densities,
outperforming PAA/HC and PVDF/HC. Additionally, PFA/HC retained 85.4% of its
specific capacity after over 250 cycles at 60 mA g', reaching a maximum specific
capacity of 254 mAh g'. The high specific capacity is attributed to the continuous
carboxylic acid groups in the polymer backbone, which create pathways for Na*
migration, enhancing ion transport throughout the disordered graphite. The PFA binder
also modified the SEI, improving Na" kinetics at the interface with a lower activation
energy, a higher Na" ion diffusion coefficient, and lower Rsgr compared to PAA/HC and

PVDF/HC. The formation of dense hydrogen bonds between the polymer and oxygen
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functional groups on the electrode surface reduced continuous electrolyte decomposition
by minimizing contact between the electrode and electrolyte. This resulted in improved
cycling stability due to an inorganic-rich SEI and maintained electrode integrity, as
confirmed by XPS and SEM analyses. This study suggests that the water-soluble PFA
binder, with its dense functional polar groups, can significantly enhance electrochemical

performance in sodium-ion batteries, offering great potential for practical applications.

Chapter 5 we developed a novel, water-soluble poly(oxycarbonylmethylene 1-allyl-3-
methylimidazolium) (PMALI), containing high-density imidazolium functional groups,
and characterized using NMR and FT-IR. Evaluated as a binder for LIBs through an
aqueous processing method, PMALI offers a sustainable and cost-effective alternative to
conventional PVDF. The dense polar groups and free anions in PMAI enhance its affinity
with electrolyte solvents, increasing the Li" diffusion coefficient. Electrochemical
analyses, including CV, charge-discharge profiles, and dQ/dV analyses, showed that
PMAI reduces before ethylene carbonate in PMAI/Gr, aiding in the formation of a stable,
thin SEI layer enriched with inorganic (LiF, Li2COs) and C-N species. This SEI layer
reduces SEI resistance, lowers activation energy, and decreases overpotential, enhancing
electrochemical performance compared to PVDF/Gr. PMAI/Gr demonstrated superior
long cycling performance at 1C and 5C with enhanced specific capacity of 298 mAh g!
and 85 mAh g respectively. These improvements are due to the greater ionic
conductivity and enhanced electrolyte absorption provided by PMAI/Gr binders,
increasing lithium mobility within the electrodes. Postmortem analysis revealed a
crackless, uniform surface on the aged PMAI/Gr electrode, contrasting with the PVDF/Gr
electrode, attributed to the superior peel strength of the PMAI binder. These results
establish PMALI as a superior binder for LIBs, encouraging further exploration of densely

functional group polymers and their role in enhancing electrochemical performance.

Chapter 6 deals with synthesizing a novel, water-soluble, high-density polymer binder,
poly(oxycarbonylmethylene 1-allyl-3-methylimidazolium) (PMAI), characterized using
NMR and FT-IR. For the first time, PMAI was used as a binder for fabricating low-cost,
environmentally friendly hard carbon HC anodes for SIBs. The functional groups in
PMALI play a crucial role in forming a thin, stable SEI and enhancing Na" kinetics
compared to PVDF. PMAI improved the ICE, rate capability, and charge/discharge
stability. The HC electrode with PMAI binder exhibited a high specific capacity of 254
mAh g!, retaining 96.2% of its initial capacity at a current density of 60 mA g after 200
cycles. This performance is attributed to a better diffusion coefficient (3.35 x 107"* cm?

s1), lower Rsgr and Rer, and reduced activation energy (Esgr = 47.43 kJ mol™ and Ect =
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50.21 kJ mol™) compared to PVDF electrodes. The densely functionalized polymer
provided benefits such as inhibiting continuous electrolyte decomposition, enhancing
adhesion, reducing polarization, and maintaining electrode morphology stability. Our
work demonstrates that high-density functional group PIL binders for HC anodes are an
effective strategy for advancing SIB commercialization and improving their

electrochemical performance.
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