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Abstract
Designing sustainable active materials for energy storage systems has become a
critically important research area. Given the increasing demand for metal-ion batteries,
researchers are focusing on developing alternative materials to address issues with
graphite and currently available commercial anode materials.
This thesis explores the potential applications of conjugated polymers in energy storage
devices. It highlights how introducing heteroatoms can increase theoretical capacity.
Moreover, by creating ion channels through microstructure regulation, researchers can
reduce diffusion path lengths, facilitating fast-charging applications.
Chapter 1 provides an introductory review. Chapter 2 discusses the synthesis and
application of a novel donor-acceptor type conjugated network polymer, POL 202, as an
active material in Li-ion secondary batteries. It emphasizes POL 202's remarkable
capability to support extremely fast charge-discharge cycles, directly attributed to its
structural advantages.
In Chapter 3, a triazine-bithiophene-based porous organic polymer is designed and used
as a precursor material for carbons. A hierarchical N, S co-doped micro/mesoporous
carbon is synthesized from a POP, POL 102, at two different temperatures, 600°C and
800°C. Physical and chemical characterizations provide insights into variations in
surface area, pore volume, and defects with increasing carbonization temperatures, and
their impact on electrochemical and charge storage properties.

Chapter 4 summarizes the findings and discusses the prospects for this research.

Keywords: organic polymers, nanoporous carbon, fast charging batteries, lithium-ion batteries,
sodium-ion batteries
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Preface
This thesis is a part of the doctoral research work conducted at Japan Advanced Institute
of Science and Technology, Nomi, Japan between FY 2021 and FY 2024. It outlines the
design and development of donor acceptor based conjugated polymeric active materials
for improving the rate and storage performances in Li/Na-ion batteries and thereby
addressing the issues of high-density anodes.
With the increase in the demand for energy, it is imminent to dive deeper into this area
to understand and design materials with augmented performance to meet the needs.
Donor acceptor polymers are known to have a low redox potential which can in turn
help in achieving faster charge transfer and higher rate performance and also high-
power density. Besides, presence of such atoms can also undergo reversible
coordination with Li-ions resulting in provision of active sites and thereby increasing
the specific capacity.
Moreover, such donor acceptor based porous polymers can also be used as robust
precursors to derive hierarchical micro/mesoporous carbon materials without the use of
hazardous chemicals like KOH and H3PO4 as activating agents. This thesis summarizes
the synthesis, characterization, and application of such materials and tries to provide a
fundamental understanding on potential applications of such materials and aims to add

to the development of basic science.

Saibrata Punyasloka

Graduate School of Advanced Science and Technology
Japan Advanced Institute of Science and Technology
September 2024.
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CHAPTER 1 INTRODUCTION

Charting the Course: From Fossil Fuels to Electrochemical Energy Solutions

In the contemporary era, energy serves as the cornerstone of economic progress. The rapid
industrialization of the late 18th century heavily relied on easily accessible fossil fuels
such as oil, natural gas, and coal as primary energy sources. Fossil fuels, formed over
time through the degradation of organic matter within the Earth's crust across various

geological periods, played a pivotal role in this process.

Over the past three centuries of globalization, humanity's perspective on life has
undergone a substantial shift. Meeting the evolving demands for a better lifestyle has
made energy an indispensable requirement. Human innovation has led to significant
technological progress in harnessing various forms of fossil fuels such as natural gas and
petroleum, serving a multitude of purposes. Petroleum, commonly referred to as crude
oil, undergoes refining to produce various derivative fuels like gasoline, kerosene, diesel,
and petroleum jelly, extensively used in transportation, synthetic materials, and asphalt
production. Similarly, non-renewable natural gas plays a vital role in everyday activities
such as cooking, plastic production, and energy generation. The abundant availability of

fossil fuels ignited a technological revolution spanning centuries.

However, the unchecked consumption of these non-renewable energy sources has raised
several pressing issues including environmental pollution, greenhouse gas emissions, acid
rain, deforestation, and disruption of habitats and seasonal cycles, alongside concerns
regarding their finite reserves leading to eventual depletion. According to the IEEJ's
Asia/World Energy Outlook 2016 analysis, global primary energy consumption is
projected to rise by 1.2% annually, reaching 18.9 billion TOE (tons of oil equivalent) by
2040 from 13.7 billion TOE in 2014. Fossil fuels are expected to remain the predominant
energy sources, constituting 78% of the total by 2040. According to Precedence Research,
the global energy storage systems market size is projected to surpass around US$ 435.32
billion by 2030 and growing at a CAGR of 8.4% from 2022 to 2030 (Fig 1.1)!*
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Figure 1.1: Predictions about the global energy storage market size.

Consequently, the necessity for sustainable energy sources at affordable rates,
environmentally friendly, and capable of meeting the energy needs of future generations
is paramount today. Electrochemical Energy Storage (EES) solutions function by
converting and storing electrical energy in materials and devices that can later be
converted back to electricity when necessary.

This chapter provides a brief overview of different energy storage devices that have
recently drawn a lot of attention in terms of research. A brief account of ways to increase

the energy density and power density has also been provided.

Supercapacitors

Supercapacitors, sometimes referred to as electric double-layer capacitors (EDLCs) or
ultracapacitors, are advanced energy storage devices with quick energy delivery and
storage. Supercapacitors store energy electrostatically, facilitating rapid cycles of charge
and discharge, in contrast to conventional rechargeable batteries, which store energy
through chemical reactions.®* They are perfect for applications needing quick energy
transfer, such energy harvesting systems, portable electronics, and regenerative braking
in cars, because of their high-power density, which enables them to deliver energy bursts
efficiently. Supercapacitors have the potential to completely transform energy storage
technology with continued research and development, providing high-performance and
sustainable power solutions to a wide range of sectors.>®

Compared to traditional batteries, supercapacitors have several notable advantages. One
such advantage is their extraordinary cycle life, which can reach hundreds of thousands
or even millions of charge-discharge cycles. Because of their endurance, they are
especially appealing for uses like electric and hybrid cars that need to charge and
discharge at high speeds on a regular basis. Additionally, supercapacitors have a high

power density, enabling them to rapidly charge and discharge currents. Fig 1.2 represents




a schematic diagram of a supercapacitor.

Supercapacitors may also function well across a broad variety of temperatures and show
great temperature performance. Their adaptability increases their potential applicability
in a variety of settings, including industrial, aecronautical, and automotive ones.

To close the gap between supercapacitors' and conventional batteries' energy storage
capacities, research efforts are still being made to increase the energy density of these
devices. The performance of supercapacitors could be further enhanced by developments
in materials science and nanotechnology, opening the door for their wider use in cutting-
edge technologies like wearable electronics, smart grids, and energy-efficient

transportation systems.

7.8
Porous Permeable Porous
Electrode (+) Sepilrator Electrode (-)
Current
collector

Electrolyte ions

Figure 1.2: A schematic diagram of a supercapacitor at a charged state.

Fuel cells.

Because of their high efficiency, affordability, and green credentials, fuel cells have
gained great interest. In essence, they offer a wide range of uses for both stationary and
portable power generation. Within fuel cells, energy is directly converted from chemical
energy to electrical energy, producing heat and water as byproducts. The anode of these
cells receives hydrogen fuel, while the cathode receives oxygen from the surrounding air.
The two electrodes of these cells are divided by an electrolyte. At the anode, hydrogen
fuel is constantly broken down into protons. At the cathode of a fuel cell, oxygen from
the air combines with electrons and protons (hydrogen ions) that have migrated through
the electrolyte from the anode. °

Fig 1.3 shows a schematic diagram of a hydrogen fuel cell and its components. The
electrolyte-membrane, which is an electron insulator, works as a bridge permitting only
positive ions to travel toward the cathode. To recombine and preserve the charge

equilibrium of the system, electrons move from the negative electrode to the positive

10
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electrode via an external circuit.

Fuel cells can be classified into nine types based on the electrolyte and fuel used'’:

EXTERNAL ELECTRICAL PATH-WAY

<
Hvdrogen fuel in Electrons e

— & Airin
Hydrogen
ions
H*
L | I—
— Gases out
ELECTROLYTE =
<:| |:4> Water out
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Hydrogen ANODE CATHODE

out

Figure 1.3 Schematic diagram of hydrogen fuel cell

I Proton exchange membrane fuel cell (PEMFC)
ii. Direct formic acid fuel cell (DFAFC)
ii. Direct ethanol fuel cell (DEFC)
(\2 Alkaline fuel cell (AFC)
V. Proton ceramic fuel cell (PCFC)
Vi, Direct borohydride fuel cell (DBFC)
Vil. Phosphoric acid fuel cell (PAFC)
viil. Molten carbonate fuel cell (MCFC)
iX. Solid oxide fuel cell (SOFC)

Batteries

An externally assembled battery is a chemical energy storage device made up of one or
more electrochemical cells. It allows electrons to flow from the anode to the cathode via
an external circuit. It is composed of two electrode terminals: the cathode (positive) and
the anode (negative). The tendency of the reactants to go through chemical changes that
result in the production of lower energy products triggers a redox reaction when they are
connected to a load. The load receives this electrical energy conversion from the chemical
energy source through an external connection.

In addition to the anode and cathode, the electrolyte plays a crucial role within the battery
structure. It serves as an ion-conducting medium, and moreover is electronically
insulating, meaning it only conducts ions and not electrons. However, while facilitating
ionic conduction, the electrolyte enables electron transport through the external circuit,

thus completing the electrochemical circuit. ! 13

11
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Batteries are broadly categorized into two types: primary batteries and secondary
batteries, primarily distinguished by their rechargeability. Primary batteries, often termed
non-rechargeable batteries, cannot undergo recharging due to the irreversible chemical
reactions that occur upon discharge. Some of the prominent examples of primary batteries
are lead acid batteries and nickel cadmium batteries. Consequently, they are commonly
referred to as single-use or disposable batteries. As a result of their finite lifespan and
inability to replenish energy, primary batteries fall short in meeting the escalating demand
for energy.!!"1*

Rechargeable batteries, commonly referred to as secondary batteries, were developed in
response to this constraint. A secondary battery's anode experiences reduction during
charging while the cathode undergoes oxidation, giving off electrons. On the other hand,
during discharge, the opposite procedure occurs. The electrolyte does not undergo
oxidation or reduction throughout these cycles of charging and draining. As a result,
rechargeable batteries have a long operating life before their basic parts—such as
electrodes and electrolytes—wear out from repeated cycles of charging and discharging.
As such, they offer a more ecologically responsible, economically feasible, and

sustainable substitute for traditional power sources.

Lithium-ion secondary batteries

Lithium-ion batteries (LIBs) have emerged as the primary choice among secondary
batteries for electrochemical energy storage, surpassing alternatives such as nickel-
cadmium, lead-acid, nickel-zinc, and nickel-iron batteries. This superiority stems from
several factors, including their low reduction potential, rapid diffusion, facile
compatibility of lithium ions within various solid matrices, and high volumetric power
density. As depicted in the Figure 1.4, a standard LIB comprises an anode capable of
lithium intercalation or alloying or undergoing a redox reaction (e.g., graphite or silicon,
redox organic polymers) and a cathode constructed from lithium-rich materials based on
transition metal oxides like lithium cobalt oxide. Additionally, it features a porous
polymer separator and an organic electrolyte containing lithium salt. Unlike other
secondary batteries that generate energy through reversible redox reactions of electrode
materials, the fundamental mechanism of a typical LIB hinges on "intercalation"
chemistry.!1-141

Working principle: Figure 1.4 provides a schematic outlining of the working principle of

a lithium-ion battery. The electrode at which reaction occurs at lower potential or the

electrode where oxidation occurs is termed as a cathode and similarly the electrode at

12
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Fig 1.4 Schematic representation of working principle of a lithium-ion battery

which reaction occurs at higher potential or the electrode at which reduction takes places
is anode. Lithium atoms on the positive electrode of a lithium-ion battery (LIB) are
oxidized during the charge phase, producing lithium ions in the process. After migrating
through the electrolyte to the negatively charged anode, these ions absorb an electron that
is moved from the cathode to the anode via an external circuit. Conversely, during the
discharge phase, the intercalated lithium within the anode's structure migrates back to the
cathode through the electrolyte. This reversible process facilitates the exchange and
shuttling of lithium ions between the electrodes, balanced by the electron flow in the
external circuit. Electrolyte is sandwiched between both the electrodes. The general redox
reaction in case of LiCoO; and graphite electrode materials are as follows'®!":

Cathode: LiCoO2 = CoOz + Li" + ¢

Anode: Li" + e+ Cs = LiCs

Full reaction: LiCoO> + Cs = LiCs + C002

A pictorial representation has been presented in Fig 1.5 outlining the growth of the

lithium-ion batteries in the recent past.

A brief overview of basic components of a lithium-ion battery has been presented below.

Electrolyte

The development of lithium-ion batteries with high energy density, power density, and
extended cycle life is largely dependent on the chemistry of the electrolytes. In order to
create innovative electrolytes for enhanced lithium batteries, sophisticated research on

13
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Fig 1.5 Growth of Lithium-ion battery in the recent past

new electrolytes has been conducted in conjunction with electrodes, binders, and salts.
The following are the distinctive qualities of electrolytes:

i High ionic conductivity >10* S/cm and low electronic conductivity (10°2° S/cm).
ii. Inert towards cell components to prevent explosion or short circuit.

iii. Low glass transition temperature for faster ion kinetics.

iv. Lower crystallinity leads to better ionic conductivity.

V. Wide potential stability window for high energy density batteries.
Vi. High trade-off temperature of electrolyte degradation.

Vii. High cation transference number.

Binders

Binders play a crucial role in lithium-ion batteries by connecting the active material,
conductive additive, and current collector at both the anode and cathode sides. Research
on binders is generally less discussed. However, there is an increasing need for long
cyclability, particularly for electric vehicles and portable electronics, which means that
improved binders need to be thoroughly researched.

They majorly play two crucial roles:

(1)providing mechanical strength to active material during continuous cycling.
(i))maintaining adhesion with current collector.

(111) plays a significant role in the composition and morphology of the Solid Electrolyte
Interphase (SEI).

Traditional binders, often based on polyvinylidene fluoride (PVDF) or its copolymers,

14
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have been widely employed due to their excellent adhesion properties and chemical
stability. However, when used in high-loading electrodes or in combination with silicon-
based anode materials, which experience large volume changes during cycling, PVDF-
based binders may have certain drawbacks, such as reduced flexibility and increased
brittleness.

To get over these problems and enhance the functionality of LIB anodes, researchers have
investigated employing various polymeric binders. Using polymeric binders has several
advantages, including higher robustness against mechanical stress caused by volume
variations, improved flexibility, and greater compatibility with high-capacity active
materials. Some well-known examples of polymeric binders are sodium alginate, poly
(acrylic acid) (PAA), styrene-butadiene rubber (SBR), and carboxymethyl cellulose
(CMC). Polymeric ionic liquids are among the numerous classes of polymers that have
garnered interest lately (PILs). PILs contain ionic liquid moieties attached to the polymer
backbones thus exhibiting synergistic effects of both components. Recently, Matsumi
et.al have reported the synthesis and application of an allylimidazolium-based poly(ionic
liquids) as anodic binder for graphite.'® Owing to the increased wettability and lowered
LUMO leading to a thin SEI, a higher lithium-ion diffusion coefficient was obtained.
Further, a discharge capacity of 210 mAh/g was observed at 1C with 95 % capacity
retention even up to 500 cycles in contrast to 140 mAh/g for PVDF based anodic half
cells.”

Also, the synthesis and application of a robust polymerized BIAN (p-BIAN) based
binders for stabilization of graphite and silicon anodes have been studied. The excellent
performance of these type of binders was attributed to the low-lying LUMO that enabled
n-doping during lithiation and facilitated the formation of a thin SEI leading to lowered
impedance and enhanced lithium-ion diffusion. The p-BIAN moiety of the composite
provided n-type characteristics and dynamic self-healing electrostatic hydrogen bonding
leading to robust mechanical support in case of Si based anodes.!®!” Besides, the design
of the lithiated composite BIAN/LiPAA not only helped in providing structural integrity
at faster current rates of 10C in graphite but also helped in lowering the activation energy
and increasing the diffusion coefficient across the interface.?’

Overall, the choice of binder for LIB anodes depends on factors such as electrode
composition, desired performance characteristics, and manufacturing considerations.
Polymeric binders offer a promising avenue for optimizing the performance and
durability of LIB electrodes, paving the way for advancements in lithium-ion battery
technology.

——
| —
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Cathodes

The other important component of any secondary battery is the cathode which plays a
critical role in lithium-ion batteries (LIBs), serving as the site of lithium-ion insertion and
extraction during charge and discharge cycles. The most common cathode materials used
in commercial LIBs include transition metal oxides, such as lithium cobalt oxide
(LiC00»), lithium nickel manganese cobalt oxide (LiNiMnCoO; or NMC), lithium iron
phosphate (LiFePO4), and lithium manganese oxide (LiMn20Os). Each material offers
unique advantages and limitations, making them suitable for different applications and

performance requirements.

The high energy density and steady cycling behavior of lithium cobalt oxide (LiCoO2)
made it one of the first cathode materials for lithium-ion batteries to be commercialized.
Notwithstanding, apprehensions regarding the expense, scarcity, and safety risks
associated with cobalt, especially at elevated voltages, have spurred investigations into
substituting cobalt with alternative transition metals such as manganese, aluminum, and
nickel in varying ratios, with the aim of attaining elevated capacity, durability and

potential energy density.

Lithium nickel manganese cobalt oxide (NMC) cathodes, with varying ratios of nickel,
manganese, and cobalt, offer improved energy density, cycling stability, and safety
compared to LiCoO>. NMC cathodes are widely used in electric vehicles (EVs) and
portable electronics, where high energy density and long cycle life are critical.

Lithium iron phosphate (LiFePO4) cathodes are known for their excellent thermal stability,
safety, and long cycle life, making them suitable for applications requiring high power
output and durability, such as power tools and energy storage systems. To further enhance
the energy density, sustainability, and safety of LIBs, ongoing research efforts are
concentrated on creating novel cathode chemistries, such as solid-state cathodes, sulfur-
based cathodes, and lithium-rich layered oxides, in addition to these conventional cathode

materials.'4?1-%2

Anodes

The electrode at which reaction occurs at higher potential or the electrode at which
reduction takes place is known as anode. Based on the mechanism by which Li-ions are
stored, anodes can be classified into three different types such as intercalation-type,

conversion-type, and alloy-type

——
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Intercalation type anodes

The intercalation-type anodes mainly include carbonaceous anodes (e.g., graphite)
however transition metal oxides (TMO) can also be intercalation type TMOs or
conversion type TMOs. Apart from modified graphite and other carbon-based anodes,
intercalated TMOs are also gaining attention. The insertion of ions into intercalated
TMOs does not cause any crystal structure distortion. Further, it also causes insignificant
volume changes. Intercalated TMOs such as TiO», Li4TisO12 (LTO), and Na>TizO7 store
Li-ions using titanium as redox active site wherein it is reduced to Ti*" when lithiated and
oxidizes to Ti*" when de-lithiated. The specific advantage of anodes like LTO lies in their
high lithiation potential of 1.5 V Li/Li+ which eliminates chances of Li-plating and SEI
film formation thus facilitating Li-ion diffusion. Carbon based anodes are especially
attractive for commercial LIBs due to their features such as low toxicity, low cost of

production, widespread availability, and high electronic conductivity,!>-1723-24

Conversion type anodes

The primary characteristics of conversion type anodes are their high specific capacity and
stable cycling. LiO; is formed via the lithiation of conversion type TMOs, whereas TMOs
themselves are converted back to TMOs during de-lithiation. Low ionic conductivity and
volume expansion are two common issues with TMOs. A few example of conversion-
based TMOs include Fe;03, Co304, MnO, CuO, and NiO. Dichalcogenides of transition
metals (TMDs) can also be classified as conversion or conversion-alloying types. MoS>
has been extensively studied as a TMD, mostly because of its layered structure's

resemblance to graphite.>> 2’

Alloy type anodes

Semi-metallic materials like Si and Ge are combined with metallic elements like Sn, Sb,
and Bi to create alloy type anodes. Because these anodes alloy with numerous Li-ions to
create Lisg4Si, Li25Sn, and other compounds, they are well recognized for having large
specific capacities. Theoretical capacities of elements like Si, Sn, Ge, and Sb are as high
as 4200, 994, 1625, and 665 mAh/g, respectively. The alloy anodes have a high specific
capacity and can operate at a safe working voltage of 0.3-0.6 V versus Li/Li+, which is
significantly higher than the 0.0 V Li-plating potential. Based on the research conducted
by various groups, alloy type anodes mainly face three drawbacks:*%%
) Material pulverization: During lithiation, alloy-type anodes, including silicon (Si)
and tin (Sn), have a large volume expansion (>300%). The sharp expansion causes
mechanical stress inside the electrode, which in turn causes the active material

particles to shatter and pulverize.
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i) Loss of electrical contact with neighboring particles: Particles separate from the
current collector because of mechanical stress that material pulverization places
on the electrode structure. The separation between the active material and the
current collector is made worse by the active material's volume expansion and
contraction during charge-discharge cycles.

i) Unstable Solid Electrolyte Interface: Due to mechanical fatigue during cycling,
an unstable SEI may result in electrolyte loss and thicker SEI which impedes the

fast charging and increases the resistance at the interface.

Organic anodes

Because of their low carbon footprint, sustainable production, and structure tunability,
organic electrodes have also garnered a lot of interest and have emerged as a compelling
substitute. Unfortunately, their broad and practical applications have been limited due to
the low electronic conductivity and solubility of the organic molecules in the electrolyte,
which causes a subsequent loss in capacity. Based on polyacetylene, polyaniline,
polypyrene, and polythiophenes, these are the most researched conductive organic
polymers. It is commonly known that Li-ions are stored by conductive polymers via redox
processes. The imine response is one of the most studied tactics. Furthermore, since the
organic electrodes' kinetics depend on the electron transfer of the redox reactions and the
migration ratio of electrolyte ions, we can anticipate enhanced kinetics there as well.**34
Also, the limitations of these small organic molecules are overcome by covalent organic
polymers and porous organic polymers. Especially the high crystallinity, ordered
frameworks, and uniformly distributed pores favor excellent conductivity and can support
fast charging. Furthermore, a highly networked structure guarantees low solubility,
enhancing the materials' cyclability. Lithium coordination occurs on active sites, as
demonstrated by DFT simulations and ex-situ techniques. Therefore, a higher number of
active sites may contribute to a higher number of lithiation sites, possibly increasing the
specific capacity. Recently, Matsumi et.al., reported the application of a BIAN-melamine
based n-type porous organic polymer (PBM) as anode in lithium-ion battery.>> The
presence of nitrogen rich triazine moiety in the framework of the anode led to a higher
reversible capacity and faster kinetics. At a current density of 750 mA/g, a reversible
capacity of 740 mAh/g was observed for 2000 cycles with a coulombic efficiency of more
than 99%.

2D materials

The range of two-dimensional (2D) materials is expected to broaden in the decades to

come beyond graphene and its derivatives made of weakly bound van der Waals solids.
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Two-dimensional (2D) materials have piqued the curiosity of researchers due to their
large specific surface area. In addition to offering open 2D channels for quick ion
transport and electrochemically active sites for ion storage, these materials effectively
manage the mechanical strain brought on by volume change during cycling. Moreover,
the reduced dimensions may shorten the routes for electron and ion transport..?® The
horizons with 2D materials as anodes are further expanded with black phosphorus (BP)
which renders a higher theoretical capacity of 2596 mAh/g. However, its wide range of
commercial uses has been constrained by its significant volume increase during the
electrochemical process. According to recent findings, layered transition metal sulfides,
such MoS;, have been used because of their weak van der Waals contacts and ability to
support Li insertion/extraction without significantly altering volume changes, which leads
to increased cycling stability. The intrinsic structural design of many 2D materials can be
well exploited for their application in fast charging batteries. The presence of boron
honeycomb surfaces and multivalent transition metal atoms can provide much more
interesting platforms for exploring the applications of the 2D materials based on the
transition metal borides. Recently, Matsumi et. al., reported the application of a transition
metal diboride based nanostructure—titanium diboride (TiB2) hierarchical nanosheets
(THNS) as anode material in LIBs which demonstrated a capacity of 385 mAh/g, at 0.025
A/g and at high current densities of 15 and 20 A/g, the capacity was observed to be 60
mAh/g with a charge-discharge time between 9 and 15 seconds.*® This vouchsafes for the
fact that indeed 2D transition materials can support ultrafast charge-discharge

applications.
Strategies to obtain high power density and fast charging capability.

Heteroatom doping

One of the best methods for enhancing anode material electronic conductivity (o),
lithium-ion diffusivity, electrode wettability, and quick charging capability is heteroatom
doping. N, S, P and B heteroatom doping in carbon materials is a broadly explored topic
particularly with respect to active materials in battery anodes.>**”*® Generally, boron
doping introduces p-type characteristics to the carbon framework by introducing holes
with charge carriers and tuning the band gap thereby promoting excellent electron
conductive properties. N-doping raises ¢ by p-m conjugation between lone pair electrons
of nitrogen and & electrons of the carbon framework. P and S, being n-type dopants, also
considerably contribute to 6. Apart from these, N, S and P doping introduce redox active
sites which can store Li-ions through surface interactions called pseudo capacitance.>**°
By virtue of the larger atomic size of N (75 pm), S (102 pm), and P(195 pm) than C(77
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pm), they also enlarge the distance between planes which is further helpful for faster
diffusion of Li-ions thus increasing the mass transport in electrode bulk. Recently,
Matsumi et.al for the first time reported the synthesis of a heavily nitrogen doped carbon
PYPBIS00, from the pyrolysis of a bio-derivable poly(2,5-benzimidazole) (PBI) at 800°C,
which had ~17 wt% nitrogen content and exhibited extremely fast charging (XFC)
capability at 18.6 A/g and ultralong cyclability (3000 cycles) with 90% capacity retention.
Further, the full cells fabricated using PY-PBI-800 based anodes and LiCoO; based
cathodes an excellent cycling performance with a high initial capacity of 1.69 mA h and
average coulombic efficiency of 99.9% with capacity retention of ~80% even after 350
cycles delivered at 0.2C current density (1.5 mAh/cm? = 1C). The XFC capability of this
carbon material has been attributed to the conglomerative effects of heavy nitrogen
doping, increased defect sites as well as enlarged d-spacing.*!

Moreover, porous organic polymer based precursors can be used as a single source for
obtaining uniformly distributed heteroatoms. Mitra et al studied the structural and
morphological characteristics of a N-doped carbon derived from BIAN based porous
organic polymer (PBM) at carbonization temperatures of 600 and 800°C (PyPBM 600
and PyPBM 800) and assessed their Li-ion storage properties. PyPBM600 and
PyPBM&800 based anodic half-cells demonstrated exceptional rate capability and capacity
up to 4 A/g for more than 1000 cycles. Additionally, the full cell with PyPBM800 15-

minute charging time, a 1.2 mAh reversible capacity, and 99.8% columbic efficiency.*

Microstructure regulation

Another effective strategy for promoting Li-ion kinetics at the material level is through
modification of the microstructure of the anode, for example, introduction of pores and
disorderliness in the carbon planes. Porous structure helps in reducing the ion diffusion
length for Li-ions. It also improves the wettability of the anode material through increased
electrode-electrolyte interaction thereby reducing the impedance at the anode surface.
Ordered porous carbons are well known for their fast Li-ion kinetics owing to the
presence of ordered pathways for ion diffusion. A detailed overview has been provided in
chapter 3 where applications of hierarchical micro and mesoporous carbon as active
materials in lithium and sodium ion batteries have been explored.

Hard carbons are another class of carbon materials which have been excellent contenders
for high power density applications owing to their short-range graphitized domains and
enlarged d-spacing than graphite. The disordered arrangement of graphitic domains
introduces defect sites and pores which act as ion storage sites as well as transport

channels for ions. However, the boon itself turns into a bane when a full cell is fabricated.
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The large number of defects and nanovoids irreversibly trap ions leading to a significant

lithium inventory loss.540:43

Sodium ion batteries

As we have understood so far, energy production and storage technologies have gained
significant attention for various everyday applications. We realize that LIBs have become
ubiquitous in most portable electronic devices and zero-emission electric vehicles,
contributing to their widespread adoption. However, concerns have emerged regarding
the integration of renewable energy sources into the grid, load leveling, and the
sustainability of lithium sources due to their limited availability and potential price
escalation. Furthermore, the uneven distribution of lithium in earth’s crust is another
major concern. Consequently, the ability of LIBs alone to meet the escalating demand for

energy storage across small to large scales remains uncertain.

G — 6 —
—06 —6
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Cathode Electrolyte Anode

Figure 1.6 Schematic of the working principle of a sodium-ion battery.

In response to the challenges faced by current energy storage technologies, recent
research has increasingly focused on the development of alternative systems, with
sodium-ion batteries (SIBs) emerging as promising candidates. Due to the natural
abundance of sodium and its chemical properties that closely resemble lithium, SIBs offer
significant potential as next-generation alternatives to lithium-ion batteries (LIBs).
Notable advancements have been made in the development of sodiated layer transition
metal oxides, phosphates, and organic compounds as cathode materials for SIBs.
Similarly, significant progress has been achieved in utilizing various carbonaceous
materials, transition metal oxides (or sulfides), intermetallic compounds, and organic

compounds as anode materials. Beyond electrode materials, the realization of practical
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SIBs also depends critically on the development of suitable electrolytes, additives, and
binders, 27444

Despite strides in electrode materials and ancillary components, challenges persist,
including cell design optimization and electrode balancing, hindering the widespread
application of sodium-ion cells. Fig 1.6 shows the basic components of a sodium ion
battery.

Hard carbons have been the subject of much research for use as anode materials in
sodium-ion batteries. A general mechanism explaining the observed electrochemical
processes is, however, still lacking, despite the interesting explanations that have been
offered. Also, research has grown towards optimizing the Initial Columbic Efficiency
(ICE) by electrolyte optimization, defect and surface engineering, and presodiation
process. Moreover, microstructure regulation can be an effective method to develop
anodes suitable for fast charging applications. Developing porous structures is an
effective strategy. Furthermore, heteroatoms like sulfur can be introduced to increase the
d-spacing of carbon and hence accommodate the larger Na* ions.

The selection of electrolytes for sodium-ion batteries (SIBs) is crucial and is primarily
guided by considerations of conductivity and electrochemical stability. Given that SIBs
operate within a voltage range of 2.5 to 4.3 V, aqueous electrolytes are unsuitable as they
decompose at a potential lower than 1.23 V versus H/Ha. Electrolytes for SIBs can take
include aqueous, organic, solid-state, hybrid, or ionic liquids. Aqueous-based sodium-ion
batteries, for instance, exhibit lower specific energies and rate capabilities compared to
lithium-ion batteries. Also, solid-state electrolytes are emerging as a promising avenue
for enhancing battery safety, reducing flammability risks, and improving electrochemical
stability. A well-known sulfide-based inorganic solid electrolyte (Cubic Na3PSs)
electrolyte is reported to have a high conductivity (10* S/cm) at room temperature. Ionic
liquid-based electrolytes like NaTFSI-Pyri4TFSI in Na-ion battery reported by Hasa et al
shows an overall ionic conductivity of 10 S/ cm and 102 S /cm.***” Cathodes for SIBs
are another major area of research. Cathodes in sodium-ion batteries require materials
with high sodium ion insertion/extraction capabilities and good structural stability.
Sodium transition metal oxides, such as NaCoOz, NaFePO4, and Na3;V2(POs);, are widely
studied cathode materials for SIBs.

Outline of this thesis

The underlying objective of this research work is to explore and understand the

applications of conjugated organic polymers embedding donor acceptor moieties and
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exploiting their structural and chemical characteristics to increase the power density of
energy devices. The aim of carrying out such a research work is to add to the
understandings and knowledge of the scientific community about the potential advantages
of designing a donor-acceptor based conjugated polymers which can act as active
materials in LIBs. The research also motivates the development of fundamental science
and accelerates the generation of new and potentially commercial and industrial products
in the field of LIBs and SIBs.

Outline of Chapter 1:

The first chapter outlines a general introduction to energy storage systems and in
particular, lithium-ion batteries, a field in which the research has frog leaped during the
last couple of decades.

Outline of Chapter 2:

In the second chapter, the synthesis and application of a novel donor acceptor type
conjugated network polymer as an active material in Li-ion secondary battery has been
elucidated and its remarkable capability to support extremely fast charge-discharge has
been discussed which is in direct relation to its structural advantages.

Uniqueness: In the recent past, most of the research that has been carried out in the field
of COFs has been about employing n-type polymers for energy storage. In comparison,
very few research work has been dedicated towards designing donor-acceptor type
conjugated polymers with an innate porosity. Furthermore, the donor acceptor based
microporous polymers do not outline simple synthetic procedures. Even though D-A type
conjugated porous polymers have been explored for their optical properties, such
polymers have not been well explored in Li-ion batteries. Moreover, D-A polymer with a
rhombus type pore structure has not been explored for their lithium storage properties and
mass transport properties which can benefit significantly the fast-charging applications.
Rhombic-shape pores render the advantages of both acute and obtuse angles in each pore,
and this can result in obtaining two different environments at the corner nanogrooves.
The acute and obtuse angles create different diffusion pathways, allowing ions to move
more efficiently through both narrow and wide channels. Besides, the sharp corners of
the acute angles can enhance capillary action, drawing lithium ions into the pores more
effectively. Hence, designing such porous materials can be advantageous for a faster and
efficient mass and charge transport and the D-A pair can result in an increase in the power
density, leading to development of more efficient battery systems.

Outline of Chapter 3:

Building upon the second chapter, in the third chapter, a triazine-bithiophene based

porous organic polymer has been designed and is used as a precursor material for carbons.
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Pore architecture manipulation plays an important role in the development of fast
charging anode materials and in this regard, organic polymers with innate porosity
provide an interesting avenue for pore structure engineering. Hence, herein the
advantages of such carbon materials have been explored in the field of lithium-ion
batteries.

Since current day techniques involve use of hazardous chemicals and expensive
techniques to design porous materials, POP/COF based precursors can be a strategic
imperative. The innate porosity and the high surface area of such polymers can be
exploited to derive high surface area hierarchical nanoporous carbon. Furthermore, since
the textural properties affect the electrochemical and charge storage properties, in this
chapter, the change in the textural properties with change in the carbonization temperature
was studied and its effect on the charge storage properties was evaluated.

Outline of Chapter 4:

Chapter 4 serves as a comprehensive summary, consolidating the outcomes and insights
obtained from these explorations and scientific endeavors and a note on prospects of such

materials.

24

——
| —




CHAPTER 2 DONOR ACCEPTOR BASED CONJUGATED POLYMERIC
ACTIVE MATERIAL WITH ENHANCED PSEUDOCAPACITIVE
CONTRIBUTION FOR ULTRA-FAST CHARGING LITHIUM-ION
BATTERIES.

Abstract

In the current LIBs, the capacity and the fast-charging applications are limited by the
available active materials. In this regard, organic conjugated polymers, due to their
tunability in the structure and high conductivity, have gained much focus in the current
research community. Further,
the introduction of a donor-
acceptor structure into the
framework helps in achieving
a very narrow band gap
between the HOMO and
LUMO levels and enhances R

the electronic interaction, pessle-sapaclisase

thereby increasing the power
density. Hence, such organic
polymers are expected to aid in fast-charging applications and help render a very high
capacity making them an attractive choice as an anode material. Therefore, in this work,
a donor-acceptor based imine linked conjugated network type porous polymer, POL 202
was designed via a simple polycondensation reaction of 2,2'-Bithiophene-5,5'-
dicarboxaldehyde and 1,2,4,5-Benzene tetraamine tetrahydrochloride. The charge storage
mechanism was found to be predominantly by a pseudocapacitive process which becomes
a crucial factor when we consider fast charging applications in batteries. The polymer
delivered a very high capacity of 850 mAh/g at a current density of 100 mA/g with a
capacity retention of 100%. Further a reversible capacity of 205 mAh/g at the current rate
of 5000 mA/g and a capacity of 270 mAh/g was observed at the current rate of 2000 mA/g.
A striking feature of this polymer was the total time for charging which was 8 mins at a
current rate of 2000 mAh/g and 2.5 min at a current rate of 5000 mA/g, making it avery

attractive avenue as a next-generation electrode material
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Introduction

With the growing energy needs of the ever-increasing population, the search for better
alternatives of resources to meet the energy demands has always been on the fore.
Traditional fossil fuels which are the common source of energy are in depletion and hence
this makes the push for the search of renewable alternatives even more imminent. Further,
the overuse of fossil fuels has resulted in serious climate issues like global warming and
acid rain. Coupled with the recent rise in the consumer demands for electronic products
and development in Electric Vehicles (EVs), the development of alternative renewable
and clean energy resources is desirable, and the research has frog leaped during the last
decade. In this regard, metal ion batteries, especially lithium-ion batteries (LIBs) have
generated a huge interest in the scientific community.!*!
One of the key approaches recently made has been to develop and modify the electrode
performance of anodes and develop batteries with faster charging rates and higher specific
capacity. Graphite dominates the current day market, however the concerns about the
cyclability and the specific capacity remain pertinent.?**34 Further, its application in the
fast charging is doubtful as the slow kinetics of lithium ions can result in plating and
serious safety issues.*! However, owing to its easy availability and low cost, it is widely
used in commercial lithium-ion batteries. Recently, a lot of effort and focus have been
directed using materials such as silicon and graphene as an anode material to increase the
scope of lithium-ion batteries. Although graphene-based materials and silicon-based
anodes offer better capacities, the expensive synthetic route to produce graphene and large
volume expansion in the case of silicon in association with an unstable solid electrolyte
interphase (SEI) has motivated scientists to look for alternatives which can support fast
charging rates and at the same time can deliver a higher capacity.*
One of the approaches can be that of building molecules which can shorten the diffusion
length. It is very desirable to design LIB electrodes with the lowest possible through-
plane (i.e., along the electrode thickness) tortuosity factor. We can understand the
following statement through the equation i

Dn= Deff/ Do = € /T (equation 1)
wherein ‘Dy’ 1s the normalized effective diffusion coefficient, ‘Deg’ is the effective
diffusion coefficient, ‘D,’ is the bulk diffusion coefficient of the ionic species which is to
be considered in the absence of any obstacles or porous structure, ‘€’ is the porosity of the
material, and ‘1’ is the tortuosity factor, the path that the ions follow during the diffusion

process.
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Furthermore, introducing polarity in the active materials through heteroatom doping can
result in an augmented performance of the anode because of pseudo capacitance by
involving fast and reversible surface redox reactions.*® Pseudocapacitive reactions and
materials can render more stable and have lower degradation rates than materials where
intercalation mechanism is seen for charge storage, resulting in improved cyclability and
longer battery lifetimes.>!

Owing to shorter diffusion length and pseudocapacitive charge storage properties,
researchers have recently shifted their focus towards organic electrode materials.
Moreover, in view of their potentially sustainable production and low carbon footprint,
besides structure tunability and low electrode volume change and ample number of
precursor materials that are available, they are being considered as potential candidates
when it comes to their application in lithium-ion or lithium organic batteries.’®>>>> A
special position in the research development of organic anodes is held by porous organic
polymers.

Though the research in the field of organic anodes, especially porous organic materials is
in its early stages from an industrial perspective, it motivates the development of
fundamental science and accelerates the generation of new and potentially commercial
and industrial products.

The structural robustness of the materials offers us the advantage of strategically tweaking
the energy levels by the introduction of heteroatoms which can result in better
conductivity and electrochemical performance. In this regard, introduction of a donor
acceptor (D-A) pair not only helps in tuning the band gap; but also, a low redox potential
arising due to the strong electronic interaction between the D-A can result in the increase
of the power density.’® Introducing polarity in the active material can improve the
performance of the anode because of pseudo capacitance.”’ A non-diffusional redox
process can lead to pseudo capacitance which is a very important characteristic when it
comes to overcoming slow and sluggish ion diffusion kinetics through the anode material.
Furthermore, the electrical conductivity of organic charge transfer complexes (OCTC)
has been reported to have an electrical conductivity of 8 x 107® S/cm which is 105 and
20 times higher than that of phenazine and Tetracyanoquinodimethane respectively.’®
Chen et al. have reported the 2,4,6-triaminopyrimidine based organic anodic active
materials with 1,3,5-triformylbenzene and 1,4-pthaladehyde, wherein the anodic half
cells delivered a reversible discharge capacity of 401.3 and 379.1 mAh/g respectively.>’
Besides, there have been reports by Haldar et al which focuses on the application of a
triazole- triformyl phloroglucinol-based active material, which delivered 720 mAh/g.®

Wang et al have demonstrated hexaazatrinaphthylene based porous organic polymers as
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organic cathode materials which deliver a high specific capacity of 309 mA h/g, and long-
term cycling stability with 92% capacity retention after 1200 cycles.®' Most of the work
so far in the field of porous organic polymers has been dedicated to the 2D and 3D
covalent organic frameworks (COFs) and there are several reports of their applications as
high energy density anode materials.

It has also been observed that polymerization not only enhances the capacity of the
organic material, but also results in the augmentation of the cyclability. Moreover, Liang
and co-workers have studied the donor—acceptor based copolymers such as poly {[N,N’'-
bis(2-octyldodecyl)-1,4,5,8-naphthalenedicarboximide-2,6-diyl]-alt-5,5'-(2,2'-
bithiophene)} or (P(NDI20OD-T2)) and poly{[N,N'-bis(2-octyldodecyl)-1,4,5,8-
naphthalenedicarboximide-2,6-diyl]-alt-5,5'-[2,2'-(1,2-ethanediyl)bithiophene] } or
(P(NDI2OD-TET)) and have shown their potential applications as ultrafast lithium-ion

battery cathodes.>’

Li de-intercalation

Realizing the need to push the
research in the field of organic
polymers to exploit their potential as
suitable anode materials, in this work

a bithiophene based imine linked

conjugated network type porous

polymer, POL 202, which serves as

Li Uit foil an anodic active material for the LIBs
will be presented. Thereby the issues

Li intercalation of high energy density anode

Fig 2.1: Schematic representation of POL 202 based Li- materials which can support fast

charging applications through the

ion anodic half cell

design of this anode material is
addressed. Even though it has been predicted that graphite is to dominate the market in
upcoming years, this work adds to the understandings and knowledge of the scientific
community about the potential advantages of designing a donor-acceptor based organic
molecules which can act as charge host materials in LIBs. Hence, the research aims at

exploring such materials and their prospective applications as anode materials.
Materials and Methods

Materials

2,2'-Bithiophene-5,5'-dicarboxaldehyde, glacial acetic acid and N-methyl pyrrolidone

——
| —

28




(NMP) were purchased from Tokyo Chemical Industries, Ltd., and were used without
further purification. 1,2,4,5-benzene tetraamine tetrahydro-chloride, 1.0 M LiPFs(50/50)
ethylene carbonate/diethyl carbonate (EC/DEC) electrolyte and poly(vinylidene
difluoride) (PVDF) binder (molecular weight: 540,000) were purchased from Sigma-
Aldrich. Battery-grade acetylene black was purchased from Denka Japan Private Co., Ltd.
Copper foil of a thickness of 20um was purchased from the Nilaco Corporation.

Synthesis

2,2'-Bithiophene-5,5'-dicarboxaldehyde (1 mmol, 222 mg) and 1,2,4,5-benzene
tetraamine tetrahydrochloride (0.5 mmol, 142 mg) were taken in a Schlenk tube with 1:1
volume ratio of n-butanol (2 mL) and o-dichlorobenzene (2 mL). To the reaction mixture
0.2 mL of acetic acid (6 M) was added. The contents of the tube were degassed via three
freeze-pump thaw cycles. The reaction was carried out at 120°C for 72 hours. A reddish-
brown product was obtained which was filtered and was washed with 20 mL acetone and
methanol. The product (yield amount=60%) was then dried at 80°C in vacuum following

which it was used as the active material.

Synthetic Characterization

Following the synthesis of POL 202, the physical and chemical properties of the polymer
were characterised using various techniques. The ATR-FTIR spectra were recorded with
a PerkinElmer 100 FTIR spectrometer, averaging 50 scans at a resolution of 2 cm™. *13C
cross-polarized magic angle spinning (CP MAS) NMR measurements were performed
using a Bruker Avance 500 MHz Solid State spectrometer equipped with a Bruker 4 mm
double resonance probe-head, operating at a spinning rate of 10 kHz. X-ray photoelectron
spectroscopy (XPS) measurements were conducted using a Fisons Instruments S-Probe
TM 2803 instrument. Surface area and pore size distributions were determined using a
BELSORP mini accelerated surface area and porosity analyser. Powder XRD studies were
carried out on a SmartLab X-ray diffractometer (Rigaku) with Cu Ka radiation (A=0.154
nm, step size of 0.02°). Transmission Electron Microscopy (TEM) and Scanning TEM
(STEM) observations were performed at an acceleration voltage of 200 kV using a JEM-
ARM200F microscope from JEOL Ltd.

Electrode Fabrication

First, a slurry composing of POL 202 was used as the active material with PVDF as binder
and acetylene black as the conductive additive in the weight ratio 80:10:10 in N-
methylpyrrolidine (NMP) was prepared. The slurry was then cast onto a 20pum copper foil

using a 0.Imm doctor blade and was dried under vacuum at 80°C for 24 hours. Then it
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was roll pressed at 0.4 mm thickness at 80°C and electrodes were punched and weighed.
The mass of the active material (80% of the weight of the electrode) was calculated to be
between 1.0 mg and 1.1 mg (0.56 mg/cm?) in the electrodes punched. Following this,
CR2025 Li-ion anodic half cells were fabricated inside the glove box (H20 and Oz <
0.5ppm). Lithium metal was used as the counter and reference electrode and LiPF6 (1.0M
in EC: DEC 50:50) was used as the electrolyte. Electrochemical studies were performed
using lithium-ion anodic half cells (CR 2025) where lithium metal foil was used as the

counter and reference electrode (Fig 2.1).

Electrochemical Test

Cyclic voltammetry (CV) studies were conducted using Bio-Logic Science Instruments,
with a voltage range of 0.01-3.0 V and scan rates of 0.1, 0.3, 0.5, 0.8, and 1.0 mV/s to
determine the lithium-ion diffusion coefficient in the anode. Electrochemical impedance
spectroscopy (EIS) was performed before and after CV in the frequency range of 1.0 MHz
to 0.1 Hz with an AC amplitude of 10 mV. Dynamic electrochemical impedance
spectroscopy (DEIS) measurements were conducted at various voltage perturbations
within the same frequency range and AC amplitude. Galvanostatic cycling measurements
were carried out using an Electrofield ABE 1024 instrument, operating between 0.01-3.0

V in constant-current mode.

DFT Studies

The theoretical calculations were based on density functional theory in the DMol3 module
of the Materials Studio. The Gibbs free energy was utilized to assess the energy levels of
the lithiated states at various stages of lithiation. AG is evaluated using the following
equation,

AG= ELitpolymer - Epolymer
where ELipolymer 18 the energy of lithiated polymer and Eyolymer 1s the energy of POL 202

in the unlithiated state.
Results and Discussion

Material Characterization

POL 202 was synthesized by a polycondensation via a Schiff’s base reaction between
2,2'-bithiophene-5,5'-dicarboxaldehyde and 1,2,4,5-benzene tetraamine
tetrahydrochloride in a 1:1 volume ratio of n-butanol and o-dichlorobenzene as shown in

Fig 2.2a. To characterize the obtained product, various physical and chemical techniques
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POL 202 (d) HOMO—-LUMO energy level comparison of POL 202 with EC and DEC (e)ss-NMR
spectrum of POL 202

were used. The HOMO and the LUMO energy levels were evaluated using DFT studies
(DMol3 module of Material Studios software) (Figure 2.2d). The results show that the
LUMO energy level of POL 202 is significantly lower than used EC: DEC-based
electrolyte.

This ensures that the material undergoes reduction more easily than the electrolyte and
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Fig 2.3 (a)Synthetic scheme for model compound MOC 202 (b)UV-Vis spectrophotometry absorbance
plot of MOC 202
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Fig 2.4 (a) (a) p-XRD diffractogram of POL 202 (b) TGA profile of POL 202 (c)Deconvoluted C Is
XPS spectra (d) Deconvoluted N 1s XPS spectra (e) Deconvoluted S 2p XPS spectra

there is no excessive reduction of the electrolyte during the initial charge discharge
cycles.®? In this kind of a molecule, we predicted that there is a charge transfer that can
be occur between the N and the S moieties. To confirm this, a model compound MOC
202 was prepared using aniline and 2,2'-Bithiophene-5,5'-dicarboxaldehyde (Fig 2.3a).
The intramolecular charge transfer was studied under different solvents
spectrophotometrically and the results have been presented in Fig 2.3b and Table 2.1. An
intramolecular charge transfer in these kinds of molecular systems ensures that there is a
polarity that exists in the molecule, enhancing its electrochemical properties.

In the case of POL 202, an ATR-IR spectroscopy (Fig 2.2¢) was conducted to understand
the chemical nature of the bonds of the synthesized material. A peak at 1659 cm™ was
observed which corresponds to the imine -C=N bond in the polymer. Furthermore, the
peaks at 1430 cm™! correspond to the -C=C and this shift can be because of the extensive
conjugation.*? An XPS spectrum of the polymer showed the presence of carbon, nitrogen,
and sulfur at their respective binding energies. On deconvolution, the carbon 1s (C 1s)
spectrum (Fig 2.4c) showed the presence of -C=N bond at 298.5 eV and C-S bond at 284
eV. Further, on deconvolution of the nitrogen 1s spectra (N 1s) (Fig 2.4d), the 399.8 eV
peak confirmed the presence of the -C=N (imine) linkage, and we can draw the conclusion
of a successful synthesis of the polymer. Furthermore, the deconvoluted sulfur 2p spectra

(S 2p) (Fig 2.4e) showed the presence of an S 2p*? and 2p"? doublet with an energy
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Fig 2.5 (a)Nitrogen adsorption isotherm of POL 202 (b)t-plot for micropore analysis of POL 202.

separation of 1.3 eV, which reconfirms the presence of C—S bonds.

35,63,64

Table 2.1 Values of MOC 202 in different solvents with respective Er(30)values and

Amax(nm)
Solvent E(30) hax (nm)
Hexane 70.8 404
1.4-Dioxane 69.4 412
Acetone 70.1 408
DMF 69.2 413
DMSO 68.7 416
Acetonitrile 70.1 408
Ethanol 69.9 409
Methanol 70.4 406

In 3C CP/MAS NMR spectrum (Fig 2.2¢) for POL 202 a peak at

~144-145 ppm can be

assigned to the carbon atoms of the C=N bonds, confirming the condensation reaction of

aldehyde.% In addition, thermogravimetric analysis (TGA) studies

were performed in the

temperature range of 30-800 °C under flow of nitrogen (N2) at 200 mL/min. Figure 2.4b

illustrates the thermogravimetric analysis (TGA) profile of POL

202 under a nitrogen

atmosphere, revealing a 5% weight loss between 50 and 200 °C attributed to desorption

of adsorbed gas or moisture. A significant 60% weight loss occurs between 200 and

300 °C due to degradation of edge groups and the polymer backbone. Differential thermal

analysis (DTA) indicated a molecular phase change around 260 °C, marked by an
exothermic peak at 250 °C indicating POL 202 decomposition. Beyond 300 °C, a broad
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plateau suggests a transition from a porous polymer to a carbonaceous material. X-ray
diffraction (XRD) studies were conducted to examine crystallinity and morphology.
Figure 2.4a displays a sharp peak at 8.0°, corresponding to the (2 2 0) plane, crucial for
porous materials, suggesting an interlayer spacing of 0.98 nm conducive to Li-ion
diffusion. Additional peaks at 13.35°, 15.73°, 16.42°, 17.1°, and 19.22° correspond to the
(420),(231),(411),(441),and (42 0) planes, respectively, providing further insights
into the material's crystalline structure.®%® The interlayer spacing of 0.98 nm supports
enhanced lithium-ion diffusion through the anode material, reinforcing the potential of
porous organic materials like POL 202 to facilitate fast charging. Nitrogen adsorption and
desorption studies (Fig. 2.5a) were conducted to assess the surface area and porosity
characteristics of POL 202. Utilizing the Brunauer-Emmett-Teller (BET) method, it was
determined that the polymer exhibits a surface area of approximately 40 m?/g. Besides,
the pore diameter of the polymer was found out to be ~1.8 nm (Fig 2.5b) which is in very
good agreement with the computational data. The pore volume was determined to be
0.1425 cm®/g. The structure of the POL 202 was theoretically optimized using DMOI
module of Material Studios software and the pore diameter is well supported by BET and
computationally determined value.

We expect the material to be layered taking into consideration the extensive n-n stacking
and confirm such expectations of ours in the design of our experiment is correct since the

TEM micrograph (Fig 2.6) show stacking structures with quasi-spherical shaped particles

around 10 to 20 nm in size. Besides, the uniform distribution of the pores can be observed
1.9

in the TEM images confirming the porous nature of the materia

Fig 2.6 (a,b) TEM images of POL 202 at different magnifications showing the porous and stacked nature
of the polymer (c)STEM image of POL 202 at 20nm.




Electrochemical Studies

Cyclic voltametric and impedance studies
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Fig 2.7 (a)PEIS Nyquist plot of Li-ion anodic half-cell before and after cyclic voltammetry (b) CV
studies at 0.1 mV/s scan rate (c) CV studies at different scan rates (d) comparative data of the current
contribution from capacitance and diffusion (e) Equivalent circuit used for fitting impedance data
before conducting cyclic voltammetry (f)Equivalent circuit used for fitting impedance data after

conducting cyclic voltammetry.

Cyclic voltametric (CV) studies were conducted for the CR 2025 cells in the potential
window of 0.01V and 3V (vs Li/Li+) at a scan rate of 0.1 mV/s. During the initial cycle,
asymmetric peaks were observed at 0.6/1.5 V and 2.5/1.6 V, in addition to an irreversible
peak at 0.3 V during the lithiation half (Fig 2.7b). The irreversible peak at 0.3V can be
assigned to the formation of the Solid Electrolyte Interface (SEI) layer due to electrolyte
reduction. In the voltammogram half, the asymmetric peaks at 0.6/1.5 V can be assigned
to the redox process taking place at the nitrogen moiety while the asymmetric peaks at

2.5/1.6V can be assigned to the redox process occurring at the thiophene unit.”%’! At a
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@ DEIS plot

Fig 2.8 DEIS plot for the POL 202 based anodic half-cell
recorded at different potentials between 0.01 and 3V (vs Li/Li")

scan rate of 0.1 mV/s, in the
subsequent cycles, overlapping
voltammograms were observed

which shows the electrode

stability. Potentiostatic
Electrochemical = Impedance
Spectroscopy  (PEIS)  was

conducted on OCV before and
after CV studies. Figure 2.7a
shows the Nyquist plots. As we
observe, there is a significant
the

resistance of the cell after the

decrease in internal

CV studies were conducted.
This can be attributed to the

ease of lithium-ion diffusion through the interface facilitated by the conductive solid

electrolyte interphase (SEI) layer.’>’?Additionally, equivalent circuit fitting was

performed, and the contributions of individual components were recorded (Figure 2.7e,

f). Galvanostatic charge-discharge studies were conducted in the potential range of 0.01-

3 V vs. Li/Li* at various current densities to evaluate the specific capacity of the active

material POL 202 when used as an electrode. Dynamic Electrochemical Impedance

Spectroscopy (DEIS) was also conducted to understand and analyze the types of

interfaces and their contribution to the impedance.

Table 2.2 Circuit fitting details for PEIS data

Re Ret Rs Ruaitf XZ
BeforeCV | 2.198 |[36.4 |1116 |2695 |935x104
(ohms)
After CV | 0.2417 | 2.82 |5476 |51.71 |572x10%4
(ohms)

Rate and long cycling studies.

Rate studies and long cycling studies were conducted to understand the capacity and
cyclability of the cells at very high current densities of 1000, 2000 and 5000 mA/g. At a
current density of 50 mAh/g the specific capacity of POL 202 was recorded to be 850
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Fig 2.9 Long cycling studies with POL 202 as the active material at a redox active sites can

current density of 100 mA/g

interact with the Li* ions

and hence foster a higher

capacity with a cation insertion mechanism.”® While carrying out the rate studies, after

cycling at 5000 mA/g current, the cell was cycled at 50 mA/g current rate, and the capacity

was observed to be 820 mAh/g, and this proves the electrode stability and the integrity of

the electrode materials. At a current density of 100 mA/g, when the cell was cycled for

200 cycles, a reversible capacity of 850 mAh/g was observed with a retention of 100%
(Fig 2.9). When the cells based on POL 202 as the active material was studied for
understanding the material cyclability under very high currents of 1,2 and 5 A/g (1000,
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Fig 2.10 (a) Rate studies conducted with POL 202 based Li-ion anodic half cell (b) Charge-Discharge

profile for anodic half-cell at a current rate of 2 A/g (c)Long cycling studies with POL 202 based Li-
ion anodic half-cell (d)Full cell studies with POL 202 based anode vs LiFePOy cathode.
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2000 and 5000 mA/g), the specific capacity was observed to be 515, 270 and 205 mAh/g
for 1000 cycles with a capacity retention of around 80% in each of the cases (Fig 2.10c).
Another striking feature was the charging time that was recorded. At a current rate of 2
Al/g, the charging rate was observed to be 7.5 minutes while at a current rate of 5 A/g, the
charging time was recorded to be only 3 minutes with a mass loading of 0.56 mg/cm?. A
full cell fabricated with LiFePOj as the cathode (specific capacity = 122 mAh/g) and POL
202 based anode (1.5 mg loading or 0.85 mg/cm?) rendered a reasonable capacity of 85
mAh/g after 50 cycles at 1 A/g current density with respect to the anode (Fig 2.10 d). The

041 (a) 941 (b)
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w 03 = -0.8 4
-]
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—
0.2 1.2 4 a
0.15 4— r . . . r v T .4 . r . T T T
03 04 05 06 07 08 09 1 11 1 0.8 0.6 0.4 0.2 0
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Fig 2.11 (a)log i vs log v plot. The value of b was determined to be 0.89 (b) i/(v)0.5 vs (v)0.5 (v=scan

rate)

full cell was cycled between the potential 2.8 V and 3.8 V.

This following feature of fast charging can be attributed to the highly stacked and porous
nature of the POL 202. The nanochannels aid the process of the lithium-ion diffusion
through the anode material.”>’* The stacking is a resultant of the n-r interaction between
the adjacent monolayers. Owing to the well-defined and regular channels, as we expected,
POL 202 shows excellent ion conducting abilities. The regular channels help in the
process of the lithium-ion diffusion as these decrease the ionic diffusion energy barrier
and the diffusion length. The nanochannel renders a host guest interaction which favors
the ion conduction. It also provides a free volume for the fast conduction of the lithium
ion and the structure is stable even when a very high current density is applied. The
presence of a dense electron cloud generated in the slab region due to m-m interaction
allows the establishment of a conduit or a pathway for charge transport between the layers.
This contributes to an increase in electrical conductivity.’® In the case of an
electrochemical redox reaction, the ionic conduction can be achieved by 4 pathways and

a crystallographic orientation of the molecule plays a very important role. As evident from
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the XRD and computational simulation, POL 202 is believed to be an AA stacked
molecule and it can be speculated that the ion conduction is along a perpendicular
pathway.
To evaluate the charge storage mechanism in POL 202, CV studies were carried out at
various scan rates and power law as mentioned in the equation ii was employed?**3,
i=av® (equation ii)
In the above equation, ‘i’ the peak current, while v is the scan rate, ‘b’ is the exponent of
the scan rate, and ‘a’ is the proportionality constant. Figure 2.7c¢ shows the cyclic
voltammograms at 0.1, 0.3, 0.5, 0.8, and 1.0 mV/s. Figure 2.11a shows a plot of linear
log i vs log v and the value of b was evaluated from the slope and was determined to be
0.89.
The cathodic peak current observed in the cyclic voltammogram corresponds to the
delithiation process of the anode in half-cells. In graphite, which follows a bulk-controlled
charge storage mechanism, lithium-ion diffusion kinetics are typically sluggish due to
limited surface area and interlayer spacing. This results in a current response dependent
on the square root of the voltage scan rate (b = 0.5). However, materials exhibiting a
surface-controlled charge storage mechanism show a current response directly
proportional to the voltage scan rate (b = 1).
The determined b value of 0.89 suggests a mixed charge storage mechanism in the studied
material, indicating a combination of diffusion-controlled and capacitive processes,
which are predominantly surface phenomena. Furthermore, to quantitatively evaluate the
charge storage contribution from the diffusion and pseudocapacitive processes, equation
111 was employed. Additionally, to rigorously assess the contributions of charge storage
mechanisms from diffusion and pseudocapacitive processes, equation iii was employed:
i =kev + kav* (equation iii)
wherein 1 is the peak current, k. and kq
are the proportionality constants for

M\ﬁ — M%m capacitance and diffusion,

respectively, and v is the scan rate.

. AG = -616.24 ¢V

5 g 1.4 , . The values for kg and kc were deter-
W T z%} mined though a plot of i/v*® vs v03
R o o (Figure 2.11b)

As we see in Figure 2.7d, the

»{"8:&&} ¢ dominant mechanism that is followed
for the charge storage is through a
Flg 2 12 Lithiation scheme OfPOL 202 Capacitive process and thlS is Very

‘ AG =-3722.5 ¢V
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evident when the cell was studied at higher scan rates. The surface/interface involved
pseudo-capacitance largely contributes to the fast Li-storage kinetics of the POL 202
based electrode. While the contribution due to diffusion mechanism was 49% at 0.1mV/s
scan rate, it reduces to 27% at a scan rate of 0.8 mV/s and just 25% at a scan rate of 1.0
mV/s. Consequently, we see there is an increase in the capacitive current with the increase
in the scan rate and 75% contribution of the same is seen at a scan rate of 1.0 mV/s as

shown in Figure 2.7d.

DFT-based theoretical studies

were undertaken to analyze and

A . Cycle 1 @ 2Alg —— Cyele 100 @ 2Aig)
comprehend the lithium storage :

“£=5
L5 2 +35.04 mAh/g
15 26.67 mANg Cal N

mechanism. Using CV studies as

Voltage (V)
Voltage (V)

a reference, these investigations

identified three distinct lithiation

stages per monomer unit of POL ¢ AT AT e T a T R N
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202, as illustrated in Figure 2.12. - —Gwwenn] —Goe o @ ne
2.5 435.46 mAhig 25 h
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AN £=§
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stage of lithiation is the lithium
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nitrogen followed by the . -
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coordination of the sulfur with Capacity (mAhig) Capacity (mAn/s)

v+ . . .
the Li" ion by an oxidation f, ig 2.13 Lithiation scheme and capacity contribution of each
process occurring at the S of the storage sites in POL 202 anodic half-cell at cycles 1,

moiety. Computational studies 709, 500, and 1000 when cycled at 2 A/g.
highlighted the charge transfer

interactions between nitrogen and lithium ions, underscoring the effectiveness of C=N
groups in coordinating and storing lithium ions. The theoretically determined AG value
for the monomer unit after lithiating all imine moieties was calculated as -616.24 eV.
Subsequently, each thiophene unit underwent lithiation with a AG of -1502.1 eV.
Following this, the benzene and thiophene rings were lithiated, involving coordination of
Li" ions through donation of w electrons. The overall AG for the fully lithiated POL 202
unit, encompassing all potential storage sites, was determined to be -3722.5 eV. This
calculation indicates that the molecule achieves its lowest free energy state, representing
its most stable configuration after full lithiation across all available lithium storage sites.
On evaluation of the Mulliken atomic charges on N and S (Fig 2.14 a), a significant

decrease in the atomic charges can be seen on N and S atoms (Table 2.2) which suggests
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Fig 2.14 Different heteroatoms storage sites in POL 202

that the lithium ions are distributed over the N and S atoms mostly and undergo a possible
coordination as shown in the Figure 2.13.7 The theoretical capacity was calculated to be
953.76 mAh/g. Figure 2.13 illustrates the contribution of each of the storage sites when
the cell was studied under a current density of 2000 mA/g (2 A/g).

Table 2.2 Decrease in the Mulliken atomic charges upon lithiation of POL 202

0 Li 2 Li 4 Li 8 Li
N7 -0.21043 | -0.347877 | -0.402423 | -0.4606678
NI13 | -0.22542 | -0.347036 | -0.362824 | -0.485291
N21 | -0.21994 | -0.520834 | -0.460979 | -0.456669
N23 -0.218 -0.521246 | -0.621553 | -0.606235
S12 10.242895 | 0.193961 0.18085 0.113452
S15  10.241316 | 0.192246 0.17978 0.118664
S33 1 0.240426 | 0.213187 0.206953 0.164004
S40 | 0.244074 | 0.210613 0.206454 0.159764

Several inferences can be drawn from the dq/dV vs voltage plots (Figure 12.15a). We see
electrolyte degradation occurring in the first cycle resulting in an SEI formation and an
irreversible loss of Li-ions occurring between 0.5V and 0.1V (vs Li/Li+). On assessing
the dg/dV plots of the 100th, 250th, 500th, 750th and 1000th cycle, it is evident that with
the increase in potential from 1.0 to 3.0 V, there is a noticeable increase in peak height
and broadening of the double layer region. This observation is accompanied by a decrease
in the lithiation peak potential, indicating enhanced lithium diffusion during cycling. This
phenomenon likely stems from the exposure of new active sites available for lithium
storage, similar to findings reported for the PBM polymer synthesized by Matsumi and
co-workers.*?

Furthermore, it can also be inferred that an increase in the interlayer spacing of POL 202
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layers facilitates the lithium ions insertion into its layers. Hence, we see a gradual increase
in the capacity and an activation of the polymeric anode.

However, a decrease in peak height observed after the 1000th cycle indicates electrode
decomposition and the consequent loss of active material, leading to capacity degradation.
Following 1000 charge-discharge cycles at a current rate of 2000 mA/g current rate, the
electrode was disassembled within an argon-filled glovebox (with Oz and H>O
concentrations < 0.5 ppm). It was then washed with fresh EC/DEC solvent dropwise and
subsequently dried overnight under vacuum for further analysis, including X-ray
photoelectron spectroscopy (XPS) and field emission scanning electron microscopy (FE-
SEM). FE-SEM studies were done to understand the change in the surface morphology
and the volume expansion occurring in the electrode. Figure 12.15¢ shows the cross
section of the cycled electrode and a clear contrast can be seen when we look at the cross
section of the pristine electrode (Fig 12.15 ). The cross-section images reveal the
electrode thickness to be 23 um and 31 um in the case of pristine and cycled electrodes
respectively. Figure 12.15f and 12.15h show the lateral (aerial) FE-SEM images of the
cycled and pristine electrode. In the case of the pristine electrode, the surface morphology
reveals a distinct particle size and shape. However, in the case of the cycled electrode the
electrode particles looked smaller and lacked clear boundaries as in the case of pristine
electrode. This may be attributed to the SEI formation and the results of cycling an

electrode at a very high current density. The volume expansion observed was 47.6% and

Cycle 750
—— Cycle 1000

0 0s 1 15 2 25 3 292 290 288 286 84 282 280172 170 168 166 164 162 160 158 406 404 402 400 398 396
Voltage (V) Binding energy (e.V.) Binding energy (e.V.) Binding energy (e.V.)

Fig 2.15 (a) dq/dV plot for different lithiation and delithiation cycles (b)Deconvoluted XPS spectra of
C Is in the POL 202 cycled electrode (c) Deconvoluted XPS spectra of S 2p of cycled electrode(d)
Deconvoluted XPS spectra of N 1s cycled electrode. FE-SEM images of (e, f) Cross section and lateral

view of pristine electrode (g, h) Cross section and lateral view of cycled electrode
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the thickness can be attributed to the SEI formation and the change in the During the
charge-discharge cycles, the morphology of the particles underwent significant changes.
FE-SEM images revealed a noticeable volume increase in the electrode, indicating
morphological evolution over 1000 cycles. This transformation exposed new active sites
for lithium storage, contributing to a gradual rise in specific capacity. Remarkably, even
with only 10% PVDF binder, the electrode surface showed minimal cracking after such
extensive cycling at high rates. Additionally, XPS analysis of the disassembled cycled
electrode in a lithiated state provided insights into its chemical composition post charge-
discharge studies. Deconvolution of the C 1s spectra (Figure 12.15b) showed peaks at
283.5 eV corresponding to C-Li bonds, and at 284.1, 285.3, and 286.9 eV corresponding
to functional groups like C-C, C=N, and C-S found in POL 202. Peaks at 286.2, 288.6,
289.7, and 290.5 eV in the deconvoluted spectra corresponded to C=0, C-O-C, Li2CO3,
and C-F groups, components typically found in the solid electrolyte interface (SEI). The
deconvoluted N 1s spectra (Figure 12.15d) exhibited peaks at 399.5 eV and 401.3 eV,
corresponding to C=N and N-Li groups, respectively. The S 2p spectra (Figure 12.15¢)
showed peaks at 162.3 eV, 164.3 eV, and 167.5 eV, indicating the presence of Li2S, Li2Sx,
and sulfonate species, highlighting the chemical transformations occurring during
cycling. 370

Given that the detection depth of XPS is typically around 5 nm, the identification of
nitrogen and sulfur, elemental components of the active material POL 202, suggests that
the solid electrolyte interface (SEI) layer is thinner than this depth.*>**> The formation of

a thinner SEI layer also indicates the resistance of the material toward reducing the

O1s

(a) F1s (b)
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Li,CO,
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Fig 2.16(a) XPS spectra of F Is in the POL 202 cycled electrode. (b) XPS spectra of O Is in the POL
202 cycled electrode.
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electrolyte and better kinetics. Besides Fls, and Ols signals of XPS were also
deconvoluted and the peaks were assigned to the species that may result during the
formation of the SEI layer (Figure 12.16 a, b).

As discussed in the above sections, this bithiophene based donor acceptor organic active
material showcases diffusive and capacitive charge storage properties. An excellent
charge storage property and cyclability were observed at very high current densities. In
comparison to the BIAN based porous organic polymer reported by us®® this shows
augmented capacity and charging rates. It has a superior performance to the BIAN based
POP which was only n doped. The presence of a donor acceptor pair, as in this case can
result in increased power density due to an enhanced electronic interaction. Further, a
narrow band gap and the change in the dipole moment due to an intramolecular charge
transfer from donor to an acceptor aids the electronic and the electrochemical properties.
Introduction of such species into porous frameworks can lead to very excellent
electrochemical properties to the anode material. As we saw, in this case we were able to
achieve a maximum specific capacity of 850 mAh/g at a current rate of 100 mA/g and
205 mAh/g at a current rate of 5000 mA/g within 5 minutes. This is comparable to the
zinc blende variant of silicon carbide reported by us which provides a capacity of 1066
mAh/g at a current rate of 100 mA/g.”® Jiang et al. have showcased the anodic applications
of polythiophene and porous poly(3,3"-bithiophene) polymers in lithium-ion batteries.”
Porous poly(3,3'-bithiophene) demonstrated a remarkable reversible capacity of 663
mAh/g at a current density of 500 mA/g over 1000 cycles. In comparison, polythiophene
exhibited a lower reversible capacity of 100 mAh/g under identical cycling conditions.
The research on donor-acceptor based porous organic materials has been relatively few.
Liu et al have reported the electrochemical performance of conjugate donor—acceptor
organic polymers as anode materials of lithtum-ion battery and have also studied the
storage mechanism. In their research, they developed donor—acceptor (D-A) type
polymers that integrate phenanthraquinone (PQ) as the acceptor unit and thiophene as the
donor unit, specifically designed for use as anode materials.’® Three polymers were
synthesized with varying content of the donor unit to explore its impact on
electrochemical properties. Their investigations revealed that reducing the donor unit
content in the polymer enhances specific capacities. However, this adjustment did not
lead to an improvement in the rate capability of the electrode. Also, Wang et al have tried
to introduce an aqueous electrolyte design using asymmetric donor-acceptor molecule in
their studies. Chen et al have reported polymeric Schiff bases comprising of benzene and

thiophene rings for sodium ion batteries.” Their studies concluded that the introduction
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of the thiophene ring fostered enhanced properties of electron delocalization, structural
stability, and intrinsic conductivity which led to an improved electrochemical
performance. On incorporation of multi walled carbon nanotubes, there was a further
improvement in the reversible capacity (from 174.7 mAh/g to 290 mAh/g at a current
density of 50 mA/g). A porous framework and a low redox voltage achieved by the
introduction of sulfur and nitrogen species is believed to aid the superior performance of
POL 202 as an electrode material and opens a vast scope for the scientific community to

research and analyze such type of donor-acceptor based organic active materials.

Conclusion

In conclusion, a polymeric Schiff’s base type network porous polymeric material POL
202 was synthesized via a polycondensation reaction between 2,2'-bithiophene-5,5'-
dicarboxaldehyde and 1,2,4,5-benzene tetraamine tetrahydrochloride. Due to the presence
of a donor acceptor moieties i.e., sulfur and nitrogen, a very low redox potential was
achieved. POL 202 based anodic half cells showed excellent electrochemical properties,
rendering a reversible capacity of 850 mAh/g at 100 mA/g current density. At higher cur-
rent densities of 1000, 2000 and 5000 mA/g, the reversible capacity observed was 510,
270 and 205 mAh/g respectively. The most striking feature of the polymer was that apart
from having a very high capacity, the charging time was observed to be just 2.5 minutes.
We believe that the low redox potential and the strong electronic interaction increases the
power density of the material. The porous structure helps in the lithium-ion diffusion by
shortening the diffusion length and aiding the fast-charging process. The lithium-ion
storage mechanism was evaluated by DFT studies, and we found that pseudocapacitive
behavior was responsible for the storage. POL 202 can be considered as a very
prospective anode material as it shows high capacity, supports fast charging, and has

stable electrochemical activity at the same time.
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CHAPTER 3 ENHANCING THE PERFORMANCE OF LITHIUM- AND
SODIUM-ION BATTERIES WITH POROUS POLYMER DERIVED N, S CO-
DOPED HIERARCHICAL MICRO/MESOPOROUS CARBON

Abstract: The microstructure and morphology of carbonaceous materials are critical in
regulating the diffusion of lithium and sodium ions within the anode. Yet, synthesis of
carbon materials with optimal pore structures, textural properties, and surface areas poses
challenges, often involving template methods or the use of hazardous chemicals for
activation. However, Porous Organic Polymers (POPs) serve as considerable precursors
due to their high rigidity and n-n stacking arrangement, facilitating the preservation of
high surface area, porosity, and uniform

incorporation of heteroatoms from a isdlmmesiing

electrolyte infiltration

singular source. Herein, a hierarchical N, R R .

POP based
Self-template
method for
N,S co-doped
carbon

porous carbon without
activating agents

S co-doped micro/mesoporous carbon is
reported using a POP, POL 102, as a
carbon precursor at two temperatures of
600 and 800°C. Characterization via
BET, Raman, XRD, XPS, and HR-TEM
was done to understand variations in the

Fast
Li/Na-ion
diffusion

High surfacearea
and mesopore
volume

surface area, pore volume, and defects
with increasing carbonization
temperatures, impacting electrochemical properties and charge storage. Particularly, the
carbon synthesized at 800°C exhibited superior electrochemical properties in both Li/Na-
ion anodic half cells, owing to its optimal pore volume and surface area for ion diffusion
and interaction with active sites. It demonstrated a high reversible capacity of 208 mAh/g
at 2 A/g for over 2000 cycles in LIBs, 80 mAh/g at 10 A/g for up to 8000 cycles, and 250
mAh/g at 1 A/g in the case of SIBs. Further the cycled electrodes were analyzed via XPS
and FE-SEM to understand the nature of the solid electrolyte interphase (SEI). This
research investigates the potential applications of designing heterodoped nanoporous
materials from conjugated polymers with enhanced electrochemical properties.
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Introduction

An indispensable material in lithium-ion batteries (LIBs) that has underpinned the
narrative of its success for over nearly three decades is graphite, fulfilling the critical role
of providing a lithium-ion host structure within the negative electrode. However, even
though graphite has so far remained the workhorse anode in lithium batteries, it is often
considered unsuitable for fast-charging applications in lithium-ion batteries limiting their
applications in certain extreme conditions. For example, there is a significant loss in
capacity that is seen when graphite-based anodes are cycled at 2C or higher current
densities.? Furthermore, the application of graphite as a charge host is only limited to
LIBs is not suitable in sodium ion batteries (SIBs). The intercalation and deintercalation
of sodium ions into graphite can lead to structural instability and irreversible changes in
the graphite structure over multiple charge-discharge which results in drastic capacity loss
leading to poor cycling stability. Hence more robust material designing is imminent
considering the limitations of graphite.*

Carbonaceous materials, for example, expanded graphite, graphene, carbon nanotubes,
and other amorphous carbon, have been studied as alternatives. The high chemical
stability in addition to high electrical conductivity makes carbon-based materials one of
the sought after materials to serve as the charge host.”” Hence, if we are looking into a
future where the primary idea is to employ carbonaceous materials as the active material,
one of the important strategies is to understand and develop carbon materials with
optimized pore structure and high surface area. Exploring precursor materials for
designing nanoporous carbons remains one of the scientific endeavors. The intricate
microstructure and morphology of carbonaceous materials hold significance as these
features intricately regulate lithium-ion diffusion within the anode, and fundamentally
influence its electrochemical characteristics.”®

In this regard, heteroatom doped porous carbon materials (HPCMSs) have been recognized
to have outstanding electrochemical performance in alkali metal ion batteries. These
materials are endowed with the structural advantage of porous structures, which results
in fostering a high density and low diffusion resistance towards active sites. Furthermore,
the physicochemical properties of the carbons can be modified and tailored by the
introduction of the different heteroatoms.”® However, the modification strategies of
carbon-based materials to comprehensively improve their electrochemical application in
energy storage devices remains a challenge. Even though introduction of heteroatoms into
porous carbon architectures is an effective method, most of the heteroatom doping
techniques involve the use of template methods which can be time consuming, by direct
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addition of the dopant to the preformed carbon which can be environmentally hazardous
or involve expensive techniques like Chemical Vapor Deposition or plasma treatment
which are expensive. Hence, the judicious choice of the carbon precursors is crucial for
the manufacture of heteroatom doped porous carbon materials to synthesize such
materials in a more environmentally more friendly manner.39:79-82

Deriving carbon from porous organic polymers (POPS) emerge as a strategic imperative.
POPs have demonstrated great promise because of their versatile molecular and nanoscale
structures, tunable chemical compositions, and versatile processing techniques of
synthesis. Furthermore, such polymers have highly conjugated polymeric main chains as
well as a sufficient content of heteroatoms. Homogenously introducing the heteroatoms
into the polymer in a sp? or sp hybridization state is advantageous as it guarantees
improved preservation compared to nonconjugated species during carbonization.
Besides, heteroatoms introduced in such manner exhibit greater stability under the typical
conditions applied to carbons. Furthermore, POP based materials can offer the advantage
of introducing multiple dopants into the carbon framework from a single source. Hence,
POP based self-templating ensures the potential preservation of high surface area and a
hierarchical micro/mesoporous architecture without post modification and activation,

Fig 3.1: Synthetic scheme for the synthesis of PY 102@x

facilitating more active sites for lithium-ion storage besides minimizing the volume
expansion. The interconnected pore network also allows for efficient electrolyte
penetration and ion diffusion porosity with a uniform distribution of the
heteroatoms. *0:79:82
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Metal Organic Polymers as precursors for porous carbons for application in battery has
been explored relatively more than covalent organic materials and POPs.8%88 While most
of the porous carbons derived from such sources have been evaluated as electrocatalysts,
they hold a lot of potential as active materials in anodes as well. Recently, Zhang et al
synthesized porous carbon materials with high surface area from hyper crosslinked
porous organic polymer as porous precursor with KOH activation.®9 Even though the
resultant carbon delivered high specific discharge capacity of 1221 mAh/g at 100 mA/g,
the retention in capacity was a matter of concern. Also, Mitra et al reported carbon derived
from The BIAN-Bismarck brown based azo and imine functional porous organic polymer
(BBP), specifically PyBBP600 (pyrolyzed at 600°C) and PyBBP800 (pyrolyzed at
800°C), demonstrated outstanding rate capability and long-term cyclability at a high
current density of 4 A/g. PyBBP800 exhibited exceptional performance, delivering a
specific capacity of 125 mAh/g over 5000 cycles.” Also, carbon derived from BIAN-
Melamine based POP, PyPBM600 and PyPBM800 based anodic half-cells demonstrated
exceptional rate capability and capacity up to 4 A/g for more than 1000 cycles. Besides,
a 15-minute charging time with a reversible capacity of 1.2 mAh could be achieved with
a99.8% columbic efficiency for up to 300 cycles.*> However, the effects of pore volume
and size, and the application of POP based precursor to design hierarchical nanoporous
structures for active materials in SIBs were not explored in these materials.

Realizing the need to address the existing gaps, herein we report a porous organic polymer
POL 102 derived N, S co-doped hierarchical micro/mesoporous carbon with high surface
area and pore volume which was studied for its lithium and sodium storage properties.
Nitrogen atoms effectively enhance the conductivity of carbon electrodes, while sulfur
atoms can increase the interlayer spacing within carbon structures. This dual effect
enhances charge mobility and accessibility to reactive species, making such carbon
materials well-suited for storing lithium and sodium ions.®>%? Through this study, the
effects of surface area and pore volume of the obtained porous carbon on lithium ion and
sodium ion storage was assessed. It also addresses the advantages of designing
hierarchical nanoporous carbon architectures without the use of any activation agents like
KOH, which combine high specific surface areas with proper channels and provide free
volume to allow efficient diffusion of any substance and are advantageous in rapid
charging applications in LIBs and SIBs. This research aims towards the development of
fundamental science and aims at exploring the possible alternatives to the traditional
graphite material. Moreover, it tries to add to the existing pool of knowledge of HPCMs
and their prospective applications as anode materials in metal ion batteries.
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Experimental

Materials

2,2'-bithiophene-5,5'-dicarboxaldehyde, glacial acetic acid and N-methyl pyrrolidone
(NMP), Propylene carbonate (PC) was procured from Tokyo Chemical Industries,
Ltd.(TCI), and were used without further purification or modification. Melamine (1,3,5-
Triazine-2,4,6-triamine), 1.0 M LiPFs(50/50) ethylene carbonate/diethyl carbonate
(EC/DEC) electrolyte and poly (vinylidene difluoride) (PVDF)binder (MW: 540,000)
were purchased from Sigma-Aldrich. Battery-grade Carbon black Super P was purchased
from Alfa Aesar. Copper foil of a thickness of 20pum was purchased from the Nilaco
Corporation. Sodium perchlorate (NaClO4) was purchased from Wako Chemicals.

Synthesis of Heterodoped Porous Carbons (PY 102 @x)

POL 102 was synthesized via a Schiff’s base condensation reaction between 2,2'-
Bithiophene-5,5'-dicarboxaldehyde and Melamine. Briefly, 6 mmol (1.32 g) of 2,2'-
Bithiophene-5,5'-dicarboxaldehyde was taken with 4 mmol (0.504 g) of melamine in 20
mL of DMSO and 0.5 mL of 6M acetic acid was added to the reaction mixture. The
contents were heated under reflux at 160°C for 72 hours.  An orangish precipitate (POL
102) was obtained (yield = ~60%) which was washed with THF, Acetone and Methanol
in succession and dried at 80°C under vacuum. Following this, POL 102 was pyrolyzed
at 2 different temperatures, i.e., 600°C, and 800°C. The precursor was first heated up to
200°C at a rate of 5°C followed by pyrolysis for 1 h at 600°C and 800°C in two different
cases to obtain PY 102@600 PY 102@800 respectively (yield=~40%). The carbon
obtained was washed with 1M HCI to remove any carbonates formed and was then
washed with copious amount of distilled water and dried under vacuum at 70°C for 12h
to obtain the final product PY POL 102@x (x = 600/800°C) (Fig 3.1).

Synthetic Characterization

Following the synthesis of PY 102@600 and PY 102@800, the physical and chemical
nature of the polymer was investigated by characterization techniques. Surface area and
pore size distributions were determined using a BELSORP mini accelerated surface area
and porosity analyzer. X-ray photoelectron spectroscopy (XPS) measurements were
performed using a Fisons Instruments S-Probe TM 2803 instrument. Powder X-ray
diffraction (XRD) studies were conducted on a SmartLab X-ray diffractometer from
Rigaku, utilizing Cu Ka radiation (A = 0.154 nm) with a step size of 0.02°,
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Electrode fabrication

A slurry composed of PY POL 102@x as the active material, PVDF as the binder and
Super P as the conductive additive in the weight ratio 80:10:10 was prepared in N-
methylpyrrolidine (NMP).

The slurry in each of the cases was then cast onto a 20um copper foil using a 0.1mm
doctor blade and was dried under vacuum at 80°C for 24 hours. Then it was roll pressed
at 0.4 mm thickness at 80°C. Electrodes were punched and weighed. The mass of the
electrode was calculated to be between 1.0 mg and 1.1 mg (0.56 mg/cm?). Following this,
CR2025 anodic half cells were fabricated inside the glove box (H20 and Oz < 0.5ppm).
For lithium-ion anodic half-cell, lithium metal was used as the counter and reference
electrode and LiPFs (1.0M in EC: DEC 50:50 v/v) was used as the electrolyte.
Electrochemical studies were performed using lithium-ion anodic half cells (CR 2025)
where lithium metal foil was used as the counter and reference electrode.

In the case of sodium ion anodic half-cell, sodium metal was used as the counter and
reference electrode. NaClO4 (1.0 M in EC: PC 50:50 v/v) was used as the electrolyte.

Electrochemical Tests

Cyclic voltammetry (CV) studies were conducted using Bio-Logic Science Instruments.
For lithium-ion anodic half-cells, scans were performed between 0.01 V and 3.0 V, and
for sodium-ion anodic half-cells, between 0.005 V and 3.0 V. Various scan rates of 0.1,
0.3,0.5, 0.8, and 1.0 mV/s were applied to investigate the charge storage mechanisms for
lithium and sodium ions. Electrochemical impedance spectroscopy (EIS) was performed
both before and after CV over a frequency range from 1.0 MHz to 0.1 Hz, using an AC
amplitude of 10 mV. Dynamic electrochemical impedance spectroscopy (DEIS)
measurements were also conducted at different voltage perturbations within the same
frequency range and AC amplitude. Galvanostatic cycling measurements were carried out
using an Electrofield ABE 1024 instrument. For lithium-ion batteries (LIBs), cycling was
performed between 0.01 V and 3.0 V in constant-current mode, while for sodium-ion
batteries (SIBs), the range was from 0.005 V to 3.0 V. Activation studies were conducted
using Bio-Logic Science Instruments at different temperatures to determine the activation
energy of lithium diffusion in LIBs.
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Results and discussions

Material characterization

POL 102 was synthesized via a simple polycondensation reaction (Fig 3.1) between 2,2'-
Bithiophene-5,5'-dicarboxaldehyde and melamine and the final product was characterized
via ATR and BET to understand its chemical nature and the surface area (Fig 3.2).

Considering the potential advantages of using POP based precursors as discussed earlier,
POL 102 was pyrolyzed at two different temperatures and the effects of the temperature
on the surface and pore morphology of the N, S co-doped carbon derived from POL 102
was studied and subsequently its effect on lithium-ion storage was evaluated.
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Fig 3.2 (a)ATR characterization of POL 102. The peak at 1650 cm™* shows the formation of the imine
linked polymer. (b)Nitrogen adsorption isotherm for POL 102. The BET surface area was determined

to be 736 m?/g confirming the high surface area of this conjugated polymer.

The nitrogen adsorption-desorption isotherm was carried out to evaluate the surface area
of the synthesized carbon. A high surface area in the pyrolyzed materials was observed.
This shows that porous organic polymers can be used as robust precursor materials as
such high surface area carbons can be obtained without any post modification of the
obtained carbon such as etching with KOH/acid was seen. PY 102@600 shows a surface
area of 411 m?/g while the surface area of PY 102 @800 is observed to be 579 m?/g (Fig
3.3a). Furthermore, the pore volume (calculated by BJH method) is observed to be 0.20
cm?/g, and 0.29 cm®/g for PY 102@600 and PY 102@800 respectively. For both the
carbon samples, at a relative pressure of p/po ranging between 0.4 and 1, the isotherms
exhibit a combination of type | and type IV patterns with H4-type hysteresis loops. This
observation suggests the presence of both micro- and mesopores in the material.**-*® The
pore size distribution, analyzed using the NL-DFT method as shown in Figure 3.4, shows
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the distribution of both micro and mesopores. The increase in the surface area was
complemented with an increment in the amorphous nature which was concluded from the
XRD data (Fig 2b). On increasing the carbonization temperature from 600 to 800°C, the
material becomes more disordered. This change is evident not only in the XRD (as shown
by the full width at half maximum values and XRD Crystallite grain size in Table 1) but
also in Raman spectroscopy (Fig 2c), where we observe an increase in the l4/lg ratio. As
the temperature increases, thermal decomposition and loss of more edge groups and
functional groups results in creation of more defects leading to a higher surface area and
pore volume.®® This can be observed in the decline of the atomic weight percentage of N
and S with the increase in the carbonization temperature as well. Moreover, due to the
shrinkage and the collapse of pore structure with the increase in the carbonization
temperature, we see an increase in the pore volume with an increase in the temperature
(Table 3.1). The pore volume and surface area become an important factor when we
consider the charge storage applications in lithium and sodium ion batteries as discussed

'

53

——




0.4 - PY 102@600
-~ PY 102@800

0.35 4

dV/dW (cm?/g)
e

=1
=3
@
1
—

0 1‘0 B 2‘!}l . 3‘0 4’0 50
Pore diameter (nm)
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of micro and mesopores is seen in PY 102@600

and PY 102@800

later. We can speculate that the carbonization
procedure involves a slow elimination of
CO, CO, SO, H.S, NH3 and other gases
along with the creation of the sp?

carbon at 600°C. The BET, Raman, XPS and
EDS analysis provides an understanding that
at a carbonization temperature of 800°C, a
larger scale formation of sp? carbon network
and pore development occurs (Table 3.1). ¥
XPS was conducted to understand the
chemical states of the elements present and
for the quantitative analysis the elements
present. The table showing the atomic

concentration of different elements has been presented in Table 3.2.  In the deconvoluted
C 1s spectrum, in both the pyrolyzed materials (Fig 2d) we can observe the -C=C, -C-S
and C-N peaks. The C-O peaks observed may be due to the oxygen functionalities present
at the edge of the carbon.% 8 It is noteworthy that on deconvolution of the N1s spectrum
(Fig 2e), the amount of pyrrolic nitrogen is higher in the case of PY POL 102@600
compared to that of the 800. This result is of significance when we try to understand the

electrochemical and  charge
storage properties of the individual
materials as discussed later. The
deconvoluted XPS spectra of S 2p
(Fig 2f) showed the presence of an
S 2p*? and 2p*? doublet with an
energy separation of 1.2 eV in PY
102@600 and 1.3 eV in PY
102@300, which reconfirms the
presence of C-S bonds and it can
be concluded that the sulfur is
present in the form of thiophene
rings.*® Furthermore, the FE-SEM
micrographs for PY 102@600 at
2um (Fig 3 a) and PY 102@800
(Fig 3.5 ¢) show the porous nature

Fig 3.5 FE-SEM images at 2um (a)PY 102@600 (c)PY
102@800. HR-TEM images at 20nm(b)PY 102@600 (d)PY
102@800

of the material. Besides, the HR-TEM micrographs at 20nm for the materials (Fig 3.5 b,

——

54

'




d) shows an amorphous porous stacked nature of the materials. The TEM-EDS plot
(Figure 3.6) shows a uniform distribution of the heteroatoms.

Table 3.1 Physical characteristics of PY 102@x

Material FWH M CrySta|- d‘ Id/lg Vmeso Vmic Smeso Smic
lite | spac | ratio | (cm®g) | (cm®/g) | (m?/g) | (m?/g)
grain ing
size | (nm)

(nm)

PY 102@ 5.21 1.63 | 0.34 | 0.55 0.20 0.32 159.1 | 653.8

600

PY 102@ 5.95 143 | 037 | 0.73 0.29 0.46 1925 | 921.9

800

Table 3.2 Atomic weight percentage of the elements present in PY 102@x.

Material C at weight % N at weight % S at weight %
PY 102@600 73 21.4 5.6
PY 102@800 83.6 12.9 35

———— 200 nm

©————200 nm

————200 nm

C———— 200 nm

c———200 nm

C————200 nm

Fig 3.6 TEM-EDS mapping of Carbon, Nitrogen and Sulfur (a, b, ¢) PY 102@600 (d, e, f) PY 102@800
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Electrochemical Studies

Cyclic Voltametric and Impedance Studies

Cyclic voltagrammic (CV) studies were conducted for the CR 2025 Li-ion anodic half
cells in the potential window of 0.01V and 3V (vs Li/Li*). During the initial cycle, an
irreversible peak was observed at 0.3-0.5 V during the lithiation half (Fig 3.7 a, b) which
can be assigned to the formation of the Solid Electrolyte Interface (SEI) layer due to
electrolyte reduction.’® At a scan rate of 0.1 mV/s, in the subsequent cycles, overlapping
voltammograms were observed which shows the electrode stability. Redox peaks at
2.3/1.5 V can be attributed to the redox reaction at sulfur moiety.”® Potentiostatic
Electrochemical Impedance Spectroscopy (PEIS) was conducted on OCV before and
after CV studies in both sodium and lithium-ion anodic half cells. Figure 3.8 a, b shows
the Nyquist plots for PY 102@x-based Li -ion anodic half-cells. As observed, there was
a notable decrease in the internal resistance of the cell following the completion of CV
studies. This reduction can be attributed to improved lithium-ion diffusion across the
interface facilitated by the conductive solid electrolyte interphase (SEI) layer. A further
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Fig 3.7 Cyclic Voltammograms for Li/Na- anodic half cells at 0.1mV/s (a, ¢) for PY 102@600 based
electrode (b, d) PY 102@3800 based electrode.
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analysis conducted by fitting the data shows the contribution of individual components.

(Figure 3.10 and Table 3.3).
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Fig 3.8: PEIS Nyquist plot of anodic half-cell before and after cyclic voltammetry (a)PY 102@600
(b)PY 102@800 based Li-anodic half-cell. CV studies at various scan rates for (c) PY 102@600 (d) PY
102@800 based Li-anodic half-cell. Comparison of the capacitive and diffusive current (e) PY

102@600 () PY 102@800 based

Li-anodic half-cell (g)Galvanostatic charge discharge studies with

PY 102@x-based Li-ion anodic half cells at different current rates (h, i) Voltage-Capacity curve profile

with PY 102@x-based Na-ion anodic half cells at different current rates

For Na-ion anodic half cells,

CV studies were conducted between 0.005 V and 3 V at

various current rate densities to evaluate the specific capacity of the active material when
used as an electrode. An irreversible peak between 0.3-0.5V was observed which is due
to the SEI formation (Fig 3.9 ¢, d) PEIS was recorded for PY 102@x based Na-cells
before and after the CV (Fig 3.9 a, b) and there was a decrease in the charge resistance
after the CV was conducted proving an ease in the Na* ions transfer across the interface
due to the conductive SEI. The anodic and cathodic peaks in the cyclic voltammograms
at 0.9 V and 1.8 V (vs Na/Na*) can be attributed to the redox reaction occurring at the S
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moiety. As we can observe, this peak is consistent with all CV curves which indicates
that doped S supplies great Faraday contribution on the reversible capacity.10:192
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Fig 3.10 Circuit fitting analysis for PEIS data after conducting CV studies (a)PY 102@600 based Li-
ion anodic half cell (b)PY 102@800 based electrode (c) PY 102@600 based Na-ion anodic half cell
(b)PY 102@800 based Na-ion anodic half-cell.

Table 3.3 Circuit fitting details for PEIS data.

Re Ret Rs Ruifr 72
PY 102@600-L1B 2.369 54.76 215 50.54 5.72 x 1074
PY 102@800-L1B 2.22 35.59 19.71 20.24 4.98 x 104
PY 102@600-SIB 2.746 42.7 34.69 39.437 1.312 x 104
PY 102@800-SIB 2.57 43.97 41.45 1135 8.92 x10™2

Charge Storage Mechanism Evaluation

To evaluate the charge storage mechanism in the case of Li-ion anodic half cells, CV
studies were carried out at various scan rates and power law as mentioned in the equation
3.1 was employed*-%,

i=av® (equation 3.1)

In the above equation 3.1, the peak current, while v is the scan rate, ‘b’ is the exponent of
the scan rate, and ‘a’ is the proportionality constant. Cyclic voltametric studies at 0.1, 0.3,
0.5, 0.8, and 1.0 mV/s were carried out for PY 102@x-based Li-ion anodic half cells (Fig
3.8 ¢, d) and Na-ion anodic half cells (Fig 3.9 c, d). Figure 3.11 (a, b, c, d) shows a plot
of linear log i vs log v. In the case of Li anodic half cells, the value of b was evaluated
from the slope to be 0.74 for PY 102@600 and 0.87 for PY 102@800 which signifies a
mixed charge storage mechanism including both diffusion and a capacitive process which
is a surface phenomenon.
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Similarly, the value of b was calculated in the case of Na-ion anodic half cells, the value
of b was calculated to be 0.70 and 0.86 for PY 102@ 600 and PY 102@800 respectively
which verifies the pseudocapacitive storage mechanism that is followed by the materials.
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Fig 3.11 log i vs log v plots to calculate the value of b from power law (a)PY 102@600 in Li ion anodic
half cell (b) PY 102@800 in Li ion anodic half cell (c) PY 102@600 in Na ion anodic half cell (d) PY
102@800 in Na ion anodic half-cell. inv"> vs v’ plots to calculate the contribution of capacitive and
diffusive current (e)PY 102@600 in Li ion anodic half cell (f) PY 102@600 in Li ion anodic half cell
(g) PY 102@600 in Na ion anodic half cell (h) PY 102@800 in Na ion anodic half-cell.

Considering the pseudocapacitive nature, the contribution of the diffusion controlled and
pseudocapacitive current in the charge storage was evaluated in each of the cases. It was
observed that with the increase in the amorphous nature of the material and increase in
the surface area, there was an increase reaction on the surface leading to more capacitive
than faradaic current. Furthermore, at higher scan rates, the charge storage mechanism
was predominantly by a capacitive behavior (Fig 3.8 e, f)*2°,

i = kev + kav®?® (equation 3.2)

wherein i is the peak current, ke and kq are the proportionality constants for capacitance
and diffusion, respectively, and v is the scan rate. The values for kg and ke were
determined by constructing a plot of iv®® vs V%% (Figure 3.11 ¢, f, g, h)

A similar behavior was observed in the case of sodium ion anodic half cells, wherein with
an increase in the scan rate the charge storage mechanism tended more towards a
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capacitive behavior as shown in Fig 3.9 (e, f). PY 102@800 showed predominantly
capacitive behavior compared to PY 102@600.

Calculation of activation energy and diffusion coefficient

The activation energy for PY 102@x was calculated from the charge transfer resistance
during the lithiation/sodiation. In the case of Li-ion anodic half cells, the cycling was
carried out at 2A/g current density and at 0.2V, PEIS was recorded. Similarly for Na-ion
anodic half cells, the cycling was carried out at 0.5A/g current density and a PEIS was
carried out at 0.2V during the sodiation process. This was done at different temperatures,
and a plot of In(1/Rc) vs 10°/T was plotted (Fig 3.12 g and 3.13 b). The activation energy
was calculated from the slope from the formula?°,

In (1/Ret) = In A + Eo/RT (equation 3.3)

wherein 1/R¢t corresponds to conductivity, A denotes the pre-exponential factor, R is the
gas constant (8.314 J/K mol), and Ea denotes the activation energy and T is the
temperature (in Kelvin). Moreover, the diffusion coefficient for both the materials were
calculated in both Li/Na-ion half cells.

cells in the Warburg region of the PEIS data using equation 3.4%%103,
Diivia+ = R?T?2A2n*F*C%52 (equation 3.4)

In this given context, R is the gas constant, T is the absolute temperature, A is the area of
the electrode, n is the charge number of the electroactive species (n = 1), F is the Faraday
constant, C is the concentration of lithium ions, and ¢ is the Warburg factor. The Warburg
factor is determined from the slope of the plots of Z' vs 1/ 2 (wherein o denotes the
angular frequency) in the Warburg region (Fig 3.12 h and Fig 3.13 ¢).

The results have been tabulated below in table 3.4

Table 3.4 Activation energy and diffusion coefficient values for PY 120@x based
electrodes in Li/Na-ion half cells.

Material Activation energy (kJ/mol) Diffusion coefficient (cm?/s)
LIB SIB LIB SIB
PY -42.93 -39.90 3.25%1012 5.59*1013
120@600
(o]




PY -41.27 -35.76 1.39*10! 2.24*1012
102@800

A higher surface area results in shorter diffusion pathways and higher number of transport
channels and hence PY 102@800 shows a higher diffusion coefficient and lower
activation energy than PY 102@600.

Rate and Long Cycling Studies for Lithium/Sodium-Ion Batteries
To investigate and evaluate the reversible lithium-ion storage, the PY POL 102@x-based

coin cells were cycled at different current densities between the potential range of 0.01 V
and 3 V.

In the case of Li-ion anodic half cells, for PY 102@600 based cells, the capacities
observed at 50 mA/g current density is 485 mAh/g while at higher current densities of
500, 750 and 1000 mA/g the specific capacity is observed to be 200mAh/g, 168 mAh/g
and 148 mAh/g respectively. In the case of PY 102@800, the specific capacity is observed
to be 700 mAh/g at 50 mA/g while the specific capacities at 500 and 1000 mA/g current
rate density is observed to be 358 mAh/g and 286 mAh/g respectively (Fig 3.8 g).

To understand the long cycling behavior of the materials at very high current rates,
galvanostatic charge discharge studies were conducted at 1, 2, 5 and 10 A/g current
density. The PY 102@600 based cells show a reversible capacity of 268 mAh/g at 1 A/g,
172 mAh/g at 2 A/g and 133 mAh/g at 5A/g current density for up to 2000 cycles with a
capacity retention of more than 80% in each of the cases. The reversible capacity recorded
at a very high rate of 10 A/g current density is 51 mAh/g with a retention of around 80%
after 8000 cycles (Fig 3.12 a, b, c).

However, the reversible capacity obtained is 330 mAh/g, 204 mAh/g and 155 mAh/g at a
current density of 1, 2 and 5 A/g for up to 2000 cycles with a retention of more than 80%.
An attractive result of this material was that at a current density of 10 A/g which is
equivalent to 26 C in case of graphite, the reversible capacity obtained is 80 mAh/g with
a retention of 85% after 8000 cycles (Fig 3.12 d). These results show the excellent
electrochemical and charge storage properties of the material and its long cycling high
performance ability.

Considering the excellent performance in the LIBs and the d-spacing as calculated earlier,
the materials were studied for their Na-ion storage properties in Na-ion anodic half cells.
Galvanostatic charge discharge was carried out at different current densities between
0.005 Vand 3 V.

——
| —

62




- - . e ——
gm 2 g (b) Long eycling studies @ 2Ag . %‘ . (C) Loy udies @ I ?%’ o . i .
» 80 £ 3
i. S Rt Nis g
gm $ §-w 3 % gw" ‘ % § (d) E
: wgg"™ Pv 102
- iF i S P
1 £ 3§ » S8 wlf . A
£ 00 &w & s
° 50 % T 100 130 180 170 2000 160 900 3000 4600 8000 4300 7600 8000
90 300 450 €00 750 %00 1080 1200 VMO MO . Cycls
ccccc
s (g) nergy studies_LIB ™ (h) " ootk
25 i
51637
s 12 £ 200
s? 5 @ g
€
§i 5 1
, )
0
s
o & v ioagem “| 2 Froades
. a :

Fig 3.12: Long cycling studies with Li ion anodic half-cell at high current densities (a) 14/g (b)2 A/g
(c)54/g (d)10 A/g. Stages of charge storage in (e)PY 102@600 ()PY 102@800 (g) Temperature-
dependent Arrhenius plot during lithiation for activation energy calculation (h) Re(Z) vs 1/w'? plot for

diffusion coefficient calculation from the Warburg impedance

In the study, PY 102@600 and PY 102@800 exhibited varying specific capacities across
different current densities. For PY 102@600, the specific capacity was observed to be
400 mAh/g at a current density of 50 mA/g. However, as the current density increased to
500, 750, and 1000 mA/g, the specific capacities decreased to 150 mAh/g, 120 mAh/g,
and 100 mAh/g, respectively. Conversely, PY 102@800 demonstrated a specific capacity
of 415 mAh/g at 50 mA/g. At higher current densities of 500 and 1000 mA/g, the specific
capacities were recorded as 260 mAh/g and 220 mAh/g, respectively (see Figure 3.9g).
These findings highlight the performance differences between PY 102@600 and PY
102@3800 under varying charge and discharge conditions, providing insights into their
suitability for different applications in energy storage technologies.

Furthermore, long cycling studies at current rates of 1 A/g were studied for PY 102@x-
based materials in Na-ion anodic half cells. While PY 102@600 shows an initial capacity
of 120 mAh/g at 1 A/g respectively, an initial capacity of 250 mAh/g is recorded at 1 A/g
current density for PY 102@800 based cells (Fig 3.13 a).

To test the practical applicability of such materials, PY 102@x-based Li-ion full cells
were fabricated (anode mass loading = ~2.8 mg/cm?) and were cycled against NCA
cathode (capacity = 175 mAh/g) between the potentials 2.8 V and 4.2 V at a current rate
of 0.5 C current rate (with respect to cathode, 1C = 2.64 mAh/cm?). PY 102@600 based
electrode rendered a capacity of 150 mAh/g while PY 102@800 based electrode rendered
a capacity of 165 mAh/g (Fig 3.13d).

The relationship between surface area, pore volume, and charge storage is important in

understanding the performance of materials with respect to their charge storage
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properties. A higher surface area material provides more active sites for reactions to
occur.>#¥ Furthermore, since the reaction occurs at the surfaces leading to the capacitive
current, these materials can be employed for fast charging applications. The difference in
the specific capacity and the stability of PY 102@600 and PY 102@800 based cells can
be explained based by drawing relationship between specific surface area and pore size
and volume of the obtained carbon and its crystallinity. A lower surface area and pore
volume in the case of PY 102@600 leads to poor interaction of the lithium ions with the
active sites as this can limit the electrolyte infiltration and reduce the area available for
ion adsorption leading to a lower specific capacity. In comparison to micropores,
electrode materials with mesopores are reported to enable fast diffusion of electrolyte ions
onto the inner surface of the electrode.'® Hence, even the high number of dopants in PY
102@600, which probably can serve the active sites are failed to be accessed by the Li
and Na ions. Furthermore, since the PY 102@600 has a more crystallite grain size, a
higher diffusive charge storage behavior is observed which makes it relatively unsuitable
compared to PY 102@800 for fast charging applications.!® This also leads to the

understanding that as we saw in the case of Na-ion anodic half cells, the charge storage
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Fig 3.13 (a)Long cycling rate studies with PY 102@x-based electrodes in Na-ion anodic half cells at 14/g current
density (b) Temperature-dependent Arrhenius plot during lithiation for activation energy calculation (c) Re(Z) vs
1/w'? plot for diffusion coefficient calculation from the Warburg impedance (d)Li-ion full cell studies with NCA at
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mechanism is highly diffusion controlled. PY 102@600 type materials may not be best
suited for fast charging applications in SIBs. However, in the case of PY POL 102@800,
the higher mesopore volume results in an increased access and interaction with the active
sites on the electrode surface for the ion storage.*%%

The adsorption within mesopores can be significant owing to the capillary condensation
occurring within them. Hence, optimal usage of the active sites results in higher charge
storage and capacity. The high amorphous nature, higher d-spacing and lower crystallite
grain size of the material makes it suitable for fast charging applications in LIBs and is
better suited than PY 102@600 for fast charging in sodium-based cells. Hence at higher

rates, capacity fading also becomes very evident in the case of PY 102@600. The
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lithiation of the carbons can be speculated to occur in three sequential steps: adsorption
on the carbon layers, intercalation between the layers, and pore filling which was
schematically depicted in Fig 3.12 e/f.'% Furthermore, the amount of pyridinic nitrogen
in the case of PY 102@800 is higher compared to PY 102@600. As per Ma et al and
Kong et al, pyridinic nitrogen is highly favorable for the Li-ion storage and high storage
capacity as it being a p type dopant results in a strong interaction with lithium for lithium
adsorption.!?”!% Hence this can be speculated to be another reason for a higher specific
capacity obtained in the case of PY 102@800 carbon in comparison to PY 102@600.

Hence nanoporous materials from POP based precursors can be attractive carbon
alternatives as the adsorption in nanopores can be significant due to the enhanced volume
filling and high surface area of nanoporous walls resulting in rendering of high capacity

and fast charging.

Postmortem Studies

PY 102@600-LIB C1s PY 102@800-LIB C1s PY 102@600-SIB C1s ( d) PY 102@800-S1B C1s

(a) (b)

Intensity (a.u.)

Intensity (a.u)

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

202 2% 288 286 284 282 280
Binding energy (e.V.)

Fig 3.14: Deconvoluted Cls spectrum of cycled electrodes (a)PY 102@600 based anode in LIB (b) PY
102@800 based anode in LIB (c) PY 102@600 based anode in SIB (d) PY 102@800 based anode in
SIB. FE-SEM images of cycled electrode in LIBs (e)PY 102@600 based electrode (f)PY102@800 based
electrode. FE-SEM images of cycled electrode in SIBs (g)PY 102@600 based electrode (h)PY 102@800

based electrode.

XPS analysis was carried out on the disassembled cycled Li/Na-electrode (cycled at 2 A/g
current density for LIB and 0.1 A/g for SIB) in a lithiated state to study the chemical
composition after the charge—discharge studies and understand the nature of SEI and the
interfacial properties and composition. The deconvoluted C 1s spectra of the
disassembled cycled electrode showed a peak at 283.7 eV in case of PY 102@600 (Fig
8a) and 283.4 eV in PY 102@800 (Fig 3.14 b) based electrode, which corresponds to the
C-Li group. Also, peaks around 285.4eV and 286.2 eV in PY 102@600 based electrode
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are resultant from the heteroatoms.>® Peaks at 286.2, 288.6, 289.7 and 290.5 eV in the
deconvoluted spectra correspond to C=0, C—O—C, Li,CO3, and C—F groups respectively,

and these are the components of SEI resulting from the electrolyte degradation.
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Fig 3.15 (a, b) Deconvoluted Fls and Ols spectra of cycled PY 102@600 based electrodes (LIB) (c, d)
Deconvoluted Fls and Ols spectra of cycled PY 102@800 based electrodes (LIB) (e, f) Deconvoluted
Cl2p and Ols spectra of cycled PY 102@600 based electrodes (SIB) (g, h) Deconvoluted CI2p and Ols
spectra of cycled PY 102@800 based electrodes (SIB)

In the case of the disassembled cycled electrode from Na-ion anodic half-cell, the
deconvoluted spectra showed peaks at 289.5 eV in PY 102@600 and 289.2 ¢V in PY
102@800 which corresponds to the carbonate species formed due to the electrolyte
degradation during the initial cycles. The other deconvoluted spectrum from the
components of SEI, i.e. F 1s in lithium batteries and CI 2p in the case of sodium batteries,
and Ols for each of the batteries considered under this study has been presented in the
Fig 3.15.The presence of rich inorganic species in the inner of the double layer of SEI
helps in the easy and fast diffusion of lithium and sodium 1ons helping in better kinetics
and prevention of continuous reduction of electrolyte. Besides, FE-SEM was carried
out on the cycled electrodes in each of the cases to understand the change in the

morphology of the active material and SEI after cycling (Fig 3.14 e, f, g, h).

Conclusion

In conclusion, a Porous organic Polymer, POL 102 was synthesized via Schiff’s base
reaction to obtain a highly conjugated porous polymeric material which was pyrolyzed at
two different temperatures, 600 and 800°C to obtain PY 102@600 and PY 102@800
respectively. The high surface area of the precursor material was preserved as the carbon
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obtained was found out to have high surface area and pore volume without the use of any
activating agents. Considering these advantages, it was considered as an exploratory
active material in the case of lithium and sodium-ion batteries. POL 102 based Li/Na-
anodic half cells showed excellent electrochemical properties. Notably, PY 102@800
owing to its greater surface area and higher mesopore volume renders a reversible
capacity of 850 mAh/g at 100 mA/g current density. At higher current densities of 1000,
2000 and 5000 mA/g, the reversible capacity observed was 510, 270 and 205 mAh/g
respectively. The most striking feature of the carbon derived was that at 10 A/g current
density, a reversible capacity of 80 mAh/g is observed. Furthermore, in the case of Na-
ion anodic half cells, with PY 102@800 based electrodes, a reversible capacity of 270
mANh/g is recorded. Moreover, the rich inorganic species in the inner of the double layer
of SEI which was characterized by FE-SEM and XPS in all the electrodes facilitates the
easy diffusion of the Li/Na-ions. While the applications of carbons obtained from such
self-template-based POP precursors in metal ion batteries is limited, this work adds to the
scientific knowledge and development and provides an avenue for such materials.
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CHAPTER 4 CONCLUSION

General Conclusion

In conclusion, this thesis has explored the enhancement of storage and rate performance
in lithium and sodium-ion batteries through the application of donor-acceptor based
conjugated polymers and N, S-co doped carbon materials derived from porous organic
polymers. The research demonstrated that these types of materials offer significant
improvements in electrochemical properties, attributed to their unique structural features
and functional properties. Polymers designed with donor-acceptor motifs, exhibited
abundant active sites, and a low redox potential facilitating efficient ion transport and
robust electrochemical stability. These properties were critical in achieving high-capacity
retention and superior rate capabilities in lithium-ion batteries.

Furthermore, porous organic polymer derived hierarchical porous carbon materials were
explored and these had the advantages of enhanced electrical conductivity and optimal
textual and pore properties resulting in an augmented electrochemical performance in
lithium and sodium ion batteries.

Experimental results confirmed that the synthesized materials not only surpassed
conventional electrode materials in terms of capacity and cycling stability but also
provided insights into the mechanisms driving these improvements. In summary, this
work underscores the potential of donor-acceptor based conjugated porous polymers and
their carbon derivatives as attractive avenues for active materials. By addressing the key
challenges in battery technology, such as capacity degradation and rate performance, the
findings of this research contribute to the advancement of more efficient, durable, and
high-performing lithium and sodium-ion batteries. Future research may build upon these
insights to further refine material properties and explore new applications in energy
storage.

Learnings from the work:

With graphite's limitations as a suitable anode material for fast-charging applications and
as an active material in sodium-ion batteries, the scientific community has recently shown
interest in developing sustainable polymers. One key strategy to enhance materials with
fast-charging abilities is to reduce path length and increase specific capacity by
incorporating more active sites. Due to their tunable structure and low carbon footprint,
conjugated organic polymers have garnered significant attention.

In Chapter 2, a donor-acceptor-based conjugated polymer with enhanced
pseudocapacitive nature was investigated. The presence of donor-acceptor motifs—

nitrogen and sulfur—results in increased power density. The alternating electron-donating
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and electron-accepting groups create pathways for efficient charge transport along the
polymer chain, while porosity aids in reducing diffusion path length, facilitating fast-
charging processes. In POL 202, a low redox potential enables efficient electron transfer
between donor and acceptor units within the polymer, enhancing charge carrier mobility
crucial for fast electron movement in batteries and capacitors.

Tuning precursor materials can yield different pore complexities, impacting charge and
mass transport within the material, making organic polymers attractive as anode
materials. Furthermore, inherent porosity in such materials can be exploited to derive
nanoporous carbon materials without additional modification steps. By altering precursor
materials from benzene tetraamine to melamine, introducing more nitrogen moieties into
resulting polymers enhances carbon derived from pyrolysis, expectedly increasing
nitrogen content. The high surface area of such materials can effectively yield nanoporous
carbon with superior surface area utilization. This feature of high surface area and
nanopores can aid in the reduction of the diffusion length and hence can help in the fast-
charging applications.

Overall, Chapter 2 and Chapter 3 outline the advantages of designing tunable conjugated
polymers and their multiple advantage in terms of their evaluation of their applications in

energy storage devices.

Chapter 1 Summary

In the modern era, with energy pivotal for economic advancement, the reliance on fossil
fuels like oil, natural gas, and coal has led to environmental concerns and highlighted the
need for sustainable energy sources. Electrochemical Energy Storage (EES) solutions,
including supercapacitors and fuel cells, have emerged as promising technologies to
address these challenges.

Supercapacitors, or electric double-layer capacitors (EDLCs), store energy
electrostatically, offering rapid energy delivery and storage, making them ideal for
applications requiring quick energy transfer such as regenerative braking in cars and
energy harvesting systems. With high power density, exceptional cycle life, and
temperature performance, they surpass traditional batteries. Research focuses on
enhancing their energy density through materials science and nanotechnology for broader

applications.

Fuel cells, renowned for their high efficiency and environmental friendliness, convert

chemical energy directly into electrical energy while generating heat and water as
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byproducts. They find applications in stationery and portable power generation, with
various types like proton exchange membrane fuel cells (PEMFC) and solid oxide fuel
cells (SOFC) offering diverse advantages. Ongoing research aims to improve fuel cell

performance and broaden their applications.

Batteries, crucial for storing and providing electrical energy, consist of electrochemical
cells enabling electron flow from anode to cathode through an external circuit. Lithium-
ion batteries (LIBs) have become preferred for their low reduction potential, rapid
diffusion, and high volumetric power density. They operate on "intercalation" chemistry,
wherein lithium ions migrate between electrodes during charge and discharge cycles.
Advanced electrolytes and innovative polymeric binders are integral for enhancing LIB

performance, ensuring high ionic conductivity, stability, and temperature resilience.

Innovative electrolytes contribute to higher energy density, power density, and extended
cycle life, supporting the evolution of secondary batteries as sustainable energy storage
solutions. Polymeric binders, crucial components in LIBs, link active materials,
conductive additives, and current collectors. Traditional binders like poly(vinylidene
fluoride) (PVDF) pose issues with high-loading electrodes, prompting research into
alternative polymers like sodium alginate, poly(acrylic acid) (PAA), and polyionic liquids
(PILs). PILs show promise for improving wettability, solid electrolyte interphase (SEI)
formation, and lithium-ion diffusion coefficient, enhancing LIB performance and

longevity.

Cathodes, essential for facilitating lithtum-ion insertion and extraction, include various
materials like lithium cobalt oxide (LiCoQO3), lithium nickel manganese cobalt oxide
(NMC), and lithium iron phosphate (LiFePO4), each with unique advantages for diverse
applications. Research explores novel cathode chemistries like solid-state cathodes and
sulfur-based cathodes to enhance energy density and sustainability alongside

conventional materials.

The different types of anodes are intercalation-type, conversion-type, and alloy-type and
are based primarily in the way they store charge. Carbonaceous materials and transition
metal oxides (TMOs) represent intercalation-type anodes, offering minimal structural
distortion and volume changes during ion insertion. Conversion-type anodes, exemplified
by TMOs like Fe>O3 and MnO, boast high specific capacity but face challenges with low

ionic conductivity. Alloy-type anodes, blending Si, Ge, Sn, and other metals, promise
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large capacities but encounter issues with material pulverization and SEI instability.

Furthermore, heteroatom doping with elements like N, S, P, and B in carbon materials
stands as a prominent method to enhance anode properties crucial for LIBs. Boron doping
introduces p-type characteristics, enhancing electron conductivity, while N-doping
improves conductivity and introduces redox active sites. P and S doping contribute to
conductivity and facilitate faster Li-ion diffusion. Microstructure regulation, introducing
pores and disorderliness, enhances Li-ion kinetics, although challenges with hard carbons

remain.

Sodium-ion batteries (SIBs) emerge as promising alternatives to LIBs, with research
focusing on electrode materials, electrolytes, and cell design optimization. The thesis
aims to explore the applications of conjugated organic polymers in energy devices,
particularly LIBs and SIBs, contributing to scientific understanding and potential

industrial products.

Chapter 2 Summary

Current research in lithium-ion batteries (LIBs) focuses on high-capacity materials and
improved kinetics. Organic conjugated polymers have drawn interest for their tunable
structure and robustness. An effective strategy to enhance the electrochemical
performance is by the introduction of a donor-acceptor pairs as it improves the electronic
interaction due to reduction in the band gap and results in increasing the power density.
The study introduced POL 202, a donor-acceptor-based porous polymer, synthesized via
simple polycondensation. Cyclic voltammetry revealed a pseudocapacitive charge
storage mechanism crucial for fast charging. POL 202 exhibited impressive capacity
retention, with 850 mAh/g at 100 mA/g and 8-minute charging time, alongside reversible
capacities at various current densities. This research highlighted the potential of designing
donor acceptor based polymeric active materials with improved electrochemical

properties.

Chapter 3 Summary

The microstructure of carbonaceous materials crucially influences ion diffusion in
anodes, but synthesizing optimal carbon structures is challenging. Porous Organic
Polymers (POPs) show promise due to their rigid, n-r stacking, enabling high surface
area and heteroatom incorporation from one source. This chapter focused upon a
hierarchical N, S co-doped micro/mesoporous carbon, derived from a POP, POL 102 at

600°C and 800°C. Carbon at 800°C exhibited superior electrochemical performance in
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Li/Na-ion cells, owing to its ideal pore volume and surface area, rendering high reversible
capacities in both Li and Na-ion anodic half cells. This research highlighted the potential
of heterodoped nanoporous materials from conjugated polymers for enhanced

electrochemical applications.
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PROSPECTS

Organic polymers offer a sustainable, versatile, and safer alternative to conventional
battery materials. With abundant renewable sources, they promise affordable energy
storage solutions. Their tunable properties enable tailored performance, including high
charge capacities and fast charging rates. Despite challenges like limited conductivity and
scalability issues, ongoing research aims to optimize their performance. As we address
these hurdles, organic polymer-based batteries could drive innovation in energy storage,
fostering a greener and more sustainable future. Furthermore, research can be dedicated
towards finding more inexpensive starting reactants for the development of porous
organic polymers. Using porous organic polymers or porous carbon materials holds
promise due to their tunable pore structures, high surface areas, and chemical versatility
without the use of any hazardous chemicals and activating agents. These also employ
renewable resources and reduce environmental impact, aligning with sustainability goals.
Also, a certain amount of research can be dedicated towards finding renewable precursors
like biomass-derived monomers or sustainable synthetic routes.

Hence, POPs may contribute towards mitigating environmental impact and advancing

sustainability objectives in materials science and engineering.
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