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Abstract

Covalent organic frameworks (COFs) have garne@usiderable interests materials for energy
storage systems @5s)owning totheir robustporousarchitectureflexibility in selecting redoactive
building blocks andtheir well-defined pores to facilitate directional and accelerated charge as well as
ion transport.While conventional electrodes are frequently tied to scarce and environmentally
damaging mining practices, traditionkdjuid electrolytes introduce inherent safety hazaraisd
together, these limitations highlight the promise of rgederation technologies derived from abundant,
sustainable resources that ensure cleaner and safer energy storage. COFs unite ultralight architectures
with exceptional tunability, porosity, améliance on eartabundant elements, placing them among one
of the most promising candidates for ngeneration sustainable energy storage. This thesis centers on
the development of COBased battery componen@nd investighon on the influence of thei
molecular architecturen the electrochemical dynamics and overate performance of the battery

system

In the first study, two Ndon quasisolid-state electrolytes (QSSES) incorporating anionic COFs,
TpPaS@\a and Tp(PaSfDa),, were investigated asolid scaffolds, differing in pore widthand
sulfonate group density. The ionic liquiN-methytN-propylpyrrolidinium bis(fluorosulfonyl)imide
(PynsFSI), was incorporated at varying mass fractions as the liquid component, yieldindp&30&
ionogel compsites with impressive thermal stability (<3253 1 AC), hi gh ©ieldi ¢ conc
3 Scm?), and elevated sodiuion transference numbersy{ ~ 0.670.79). Ab inito molecular
dynamics (AIMD) simulationsighlight how tailoring nanochannel dimenssoandthe concentration
of anionic moietiesalong the pore wallgjoverns sodiunon transport, revealing a synergistic
mechanism in whichsodiumions migrate via hopping along the anionic COF backbone while

simultaneous!| y -tuynged dgthroagtytheisolvatadiionit liguid phase.

The second project shifts focus towards designing a bigBl&8OF electrodeengineered for high
rate kinetics to enhance electrochemical performance,egalliated across diverde-ion battery
configurationsA novel highly crystallinéipolartype WTTF-COF,wassynthesizedby integratingp-
type electreactiveN,N,NNjiNjetrakis(4aminophenyBl,4p heny |l enedi ami ne - ( W) an
([2,2-bi(1,3-dithiolylidene)}4 , 4 Ngtray|)tétrdlpenzaldehyde (TTF) maldar building blocks via-

type imine linkagesThe combination of electronich and electromleficient redox functionalities,



alongwith'- i nteractions bet we e nduatHoreredex@Remibty pee unis |
cell, corresponding to a gt theoretical capacity of 31BAh g'L. In a Liion halfcell configuration,
the WTTF electrode deliveredn efficient pseudocapacitidominatedchargestorage mechanism,
with reversible specific capasof 271mAh g'* at 0.1A g'* (~0.3C rate) and 6/Ah gt at 5.0A g'*
(~16C rate) within a stable wide potential window ofi@5V versus Li/Li", storing both Liand
PR aniors as charge carriers. fina diffusion pathways and diffusion coefficients for* aind
PR transport areesolved through lectrochemical impedance spectroscd@S) and theoretical
modeling, reveahg the intrinsic kinetic advantages of the framewdfkrthermore, symmetric alll
organic duaion full cells demonstrate the bipolar versatility of WFCPF, operating effectivelgs
both cathode and anadeith enhanced pseudocapacitive/capacitive chstgage dynams;retaining
reversibility andstability at scan rates as highz0mV s'*.

Building upon the insights gained from the first two projects, we further probed the electrochemical
kinetics of a novel bipolar PyTFEOF electrode, focusing on the role of the COF scaffold as well as
the influence of electrolytenvironment, includig ionic composition and concentratidro this end,
we designeda 2D imine linked PyTTRCOF, synthesized by integratirgp-type 4,4',4",4%([2,2-
bi(1,3-dithiolylidene)}4,4',5,5tetrayl)tetraaniline (TTANH2) building unit and a noveln-type
7,77, 7" (pyrenel,3,6,8tetrayl)tetrakis(benza][1,2,5]thiadiazole4-carbaldehyde) (PyBT-CHO)
monomerforming a donadiracceptor (DA) framework with a low optical band gafh~1.84 eV, and a
total 16 € duation redox chemistry per unit cello investigate the dudbn redox dynamics of PyTFF
COF, Ltion haltcells were assembled ®mployingthe PyTTF electrode to systematically pethe
role of electrolyte compositionVhen paired with Id3LiPFs or LITFSI electrolytes, the electrode

e a

exhibited a broad operating window of 081. 6 V v s. Li/ Li . Strikingly,

pseudocapacitivehargestorage kinetics and ion transport comparedi®d-s, as reflected in specific
capacities of 2860 A h' 'agnd 184mA h' 'ag0.3A "¢ ~ 1 C , respectiwely. Beyond anion identity,
concentration effects proved equally decistuaing LiTFSI from 1 to 3izestablished clear correlations
between salt content, iestorage dynamics, and interfacial dpatransfer resistancgeultimately

tailoring the overall redoybehavior ofCOF-basediuation batteries.
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Introduction

This chapter providean overview of the asearchsubjectpresented in this thesis. It begins by
establishing the broader context and significance ofigheé of secondaryon batteries and covalent
organic frameworks, highlighting the key challenges and gaps in the cuaenbtknowledge. The
motivation behind undertaking this research is discussed, along with its relevance to the field. This
chapter also defines the specific objectives of the study, presenting the research questions that guide the
investigationaiming to orient the readdowards aclear understanding of the purpose and direction of

the thesis, establishing a strong foundation for the research projects that follow.

NOTE: More specified introductianto the individual topics ar@resentedat the beginnig of each
research chapténroughout the thesis



Chapterl. Introduction

1.1. Secondaryion batteries

Secondaryon batteries are a class of energy storage syste88sjEhat have revolutionized modern
energy storage by enabling efficient, portable, and reusable power sourceswide range of

applications from consumer portable electronics to electric vehi¢egs), and renewable energy

systemsT he tseconaargi r ef ers to their rechar granarkdi | i ty,

batteries, which argypically singleuse™? Primary batteries rely on irreversible chemical reactions
that lead to their eventual depletiom dischargeand oncecompletely dischargedhey must be
discarded, contributing to environmental waste and necessitating resuermive poduction
processes for replacementie quest for sustainable energy solutidéed to the origin okecondary
(rechargeablebatteriesallowing for multiple cycles of use, which not only extends their lifespan but

also reduces waste and resource consompt

The first successful secondary battery wadeheacid batteryinvented byFrench scientisGaston
Planté in 185%4 It marked a significant leap ithe energy storage, as it could be recharged by
reversing the chemical reaction that occurred duttiregdischargeprocess This innovation laid the
groundwork for a wide range of rechargeable battery technologies, includkegcadmium (NiCd)
and nickelmetal hydride (NiMH) batteries, which gained popularity in #sely 20" century®®!
However, these early systems had limitations in terms of energy density, weight, and environmental
concerns. As the demand for lightweight, hitpacity, and poable energy sources greespecially
with the rise of portable electronics and the visionHbfs, theresearchers began to explore battery
chemistries involving the movement ofetalions into and out of electrodesThis led to the
development oecondry-ion batteriesmost notablyithium-ion batteriegLIBs), which emerged as a
revolutionary advancement in the 1970s and 198@inlyincentivized by the ongoing oil crisi The
British chemist M. Stanley Whittingham initiated easlbstantiatesearch into lithiurbased batteries,
proposing the use of titaniumisulphide (TiS) as a cathode materi&f] followed by significant
contributions from John B. Goodenough by identifying lithinabalt oxide(LiCoO. or LCO) as a
superior cathod®& and Akira Yoshindor creatng the first commercial prototype using a cardmased
anode? These efforts culminated in the commercial launch of the first lithambattery by Sony in
1991, marking the beginning of widespread use in portable electfShissecognition of their seminal
contributionsin the development of LIBsWhittingham, Goodenough, and &dno were jointly
awarded the Nobel Prize in Chemi st r ythesematt@riesl 9 .
haverevolutionizedvireless technology and paved the way for a fossilffeel societg.*V! In the years
following the commercialization of LIBs, alternativeecondaryion batteries such as sodiusion
(SIBs), potassiunon (KIBs), and zingon bateries (ZIBs) have emergexs promising candidates,

particularly in response the concerns regardimgpst, safety, andvailability of raw material&?

As
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Discharging Charging

vy

sy

Anode Cathode Anode Cathode

Current collector Separator O Metalion (M*) <  Solvent molecule

Figure 1.1 Working principle of seaadaryion batteries duringischarging(left) and chargindright)

processes.

The working principle of secondargn batteries is based on the reversible movement of metal ions
such ad.i*, Na", orK* between two electrodes through an electrolyte dutiagging and discharging
cycles. These batteries consist primarily of threpn@mponents(1) the anode (hegative electrode),

(2) the cathode (positive electrode), a@jithe electrolyte, which acts as a medium for ion transport
(more detailed informain on battery components presented in Section2).” When the battery is
discharging tgrovide electrical energy to a device, positively charged metal ions move from the anode
to the cathode through the electroly@ancurrently electrons are released from the anode and flow
through an external circuit to the cathode, generating an eleatrent that powers the device.ede
electrochemical reactieat both electrodegrecarefully designed to be reversible, allowing the battery

to be rechargeduring charging, an external power source applies a voltage to force the ions to move
back fiom the cathode to the anoded simultaneouslythe electrons flow in the opposite direction
through the external circuit. Once the ions are stored again in theianbeie reduced fornthe battery

is ready for another discharge cyclée ability torepeat this chargdischarge cycle hundreds or even
thousands of times makes seconedarybatteries highly suitable for lorigrm energy storage. Their 3
efficient ion transport, high energy density, and cycle stability are the key features that distireguish
from other ESSs.
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1.1.1.Lithium -ion batteries (LIBS)
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Figure 1.2 (a) Variation in lithiumion battery cell prices relative to battery pack dem@y/h) from
1991 to 2021, including historical trends, obs&ores from consumer electronics, and Bloomikéegv
Energy FinancéBNEF) datd®® (b) Projectedncrease in demand for LIBs from 2022 to 2030, shown
by region (top) and by sector (bottom). (c) Tteehnologyreadiness level (TRL) scale for Edattery
technology As the TRL increases, the estimated capital investment also rises, while the rigkref fail
decreases, being highest at TRL 1 and lowest at TR¥10.

The demand for LIBs has surged mhatically over the past two decades, owing to their exceptional
combination of high energy density, long cytife, low self-discharge rate, and scalability across a
wide range of applicationattributes that remain unmatched by alternative chemisuiids & SIBs,
KIBs, andaluminumion batteries (AIBs}® This superior performance is fundamelytaboted in the
electrochemical properties of lithium, the lightest metal (atomic mass 6)9#hich exhibits digh
negativest andard reduction potential (T 3A04Thede vs. Sl
characteristics enable lithium ions to migrate efficiently between the anode and cathode with high
diffusion coefficients during chareggischarge cycles, contributing to both fast kinetics and high energy

storage capacity®! In the early 2000s, the rapid expansion of consumer electranidsiding
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smartphones, laptops, and wearables served as the initial catalyst for LIB adoption. However, it was the
automotive sector that truly propelled LIB demand to new heitfhithe introductiorof EVs, such as

Tes | aos, déhwodsedted tBat LIBs cllideliver energy densities o250/ 300Whk d, a
substanti al | e a p!offered oy the first comriiecial LIBEhdevielgped by Sony in
1991, thereby making them viable alternatives to internal combustion eRgife€oncurrently,
intensive research and development (R&D) efforts led to significant advancements in both performance
and costThe cost of LIBs plummeted from over $10,000 KW the early 2010s to approximately

$100 kwh'! by 2021, driven by innovations in materials and manufactufffigure 1.29. Key
breakthroughs included the transition from cobalavy cathode materials, such as LCO, to more cost
effective and abundaniternativedike NMCg11 with reduced cobalt content, and lithium iron phosphate
(LFP), known for its thermal stability and saféf{" 1% Other advancements, such as the stabilization

of the solidelectrolyte interphase (SEI), the engineering of nanoscale electrode architectures to enhance
ion transport, and theegtelopment of scalable manufacturing methods like dry electrode coating, have
collectively contributed to lowering production costs while simultaneously improving power density,
cycle life, and overall thermal performant®®?? As a result, LIBs have not only become more
affordable but also more reliable and efficient across divergéeaons.

According to theénternational energy agenche@), battery demand cross&d0 GWh in 2022, more
than doubling since 2020, and is expected to exed@d0 GWh by 208 (Figure 1.2b).2% This
exponential rise stems from global commitments tezeed carbon targets, government subsidies, and
improvements irEV affordability?®! Simultaneously, stationary energy storage for grid applications
critical for balancing the intermittency of solar and wind paovers emerged as a key growth sector.
However, this surge poses several challendgsnaterial scarcitynotably, Li, Ni, andCo, (2) supply
chain vulnerabilities(3) ecologicalconcerns from mining, @a4) endof-life battery disposal. These
stress points underscore the newt just for nextgeneration LIB chemistriesbut also for the
development of entirely new battery systems (ég-jon, Caion, solidstateor all-organiclithium
systems). Addressing these issues necessitates both advasmueg)y storage researeimd a closer

integration of academigndindustrialinterests.

As outlined by Frittet al's Technology Readiness LevalKL) framework, academic research (TRL
11 4), requires significatty less funding ($10K100K), but comes with a higher risk of failure and often
overlooks scalability or user requireme(fgure 1.29.1%24n contrast, moving technologies beyond
TRL 5 requires increasingly large capital investments, often reachintO3dillion to scale battery
production to #20 GWh annually oto bring a new EV platform to market. As the risks and costs rise
with TRL progression, collaboration between academia and industry becomes #litfcdiight-net 5
partnershipcanensue that promising innovations can beriked, refined, and engineered for real

world applicationsmaking scalable, higherformance, and coesffective energy storage a reality.
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Present geopolitical, humanitarian and ecologicalkostof electrification:
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Figure 1.3 Global distribution of total reserves @) lithium, (b) nickel, (c) cobalt, andd) graphite by
country. (e) Comparison of the carbon footprint of a petrol vehicle and two electric vehicles (&
built-in batteries corresponding to th& &nd 9% carbon footprint percentiles during production (left),
and (right) total carbon footprint including the use phase is shown for operatoarice (pinkjand
Poland (blue)with breakeven mileags indicated by dashed vertical lirk&5.

The global transition towards renewable energy and electrified transportation has significantly
increased the demand foiBs, which depend on critical raw materials such as Li, Co, arsbitices
The extraction of these mirss has led to substantial ecological degradation and humanitarian
concerns. Primarily, lithium reserves are geographically concentrated, with approximately 58% of the
global known resources located iraaled "Lithium Triangle" of Chile, Argentina, ablivia, while
Australia accounts for ~55% of current global Li productt®&® According to the 2022 S&P Global
report, extraction of onwn of lithium carbonate (LCOs) from brine consumes approximately 500,000
liters of water and emits around 15 kg €@quivalent per kilogram of k€Os, with production
volumes between 250,000 and 400,805 Cobalt production is even more geographically skewed
with approximately ~71% of glob&o beingmined in the Democratic Republic of the Congo (DRC),
with ~50% of CF resuitg from the mining processes, oftender conditions that have been widely
criticized for human rights violatior’$:2°l The humanitarian consequences of mining critical battery
raw materialsparticularlyCo, Ni, Li, and graph@have been extensively documented in both academic

literature and investigative journaligfi3!! A notable example ighe 2016 Washington Post
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investigative seriedy Todd C. Frankel and Peter Whoriskayhich brought widespread public
attention to the socienvironmental costs of battery material extraction, reaching audiences beyond the
scientific community®>3 In DRC, an estimated 40,000 children are engaged in arti€armaining,

often working in hazardous conditions without protective equipntaenther, polonged exposure to
Codust ca cause a severe form of pneumoconiosis,dmdnic exposure has been associated with
congenital birth defects in local populatidf¥sOn the other handylickel reserves are more broadly
distributed, with significant production in Indonesia (37% of global output), the Philgpare
Russid?? Life-cycle assessments (LCA) indicate that mining and refiningamef batterygradeNi

from nickel sulphatgNiSQO..6H,0) can generate up te36 tons of CO-equivalent emissiori&>2!
Furthemore China holds over 65% of global natural graphite production and dominatesdtie a
material supply chailR®3°-33IHowever, graphite mining and processing in China have raised concerns
over air and water pollution, regulatory opacity, and labor practitieis. uneven distribution of
resources has profound humanitarian and geopolitical consequences, particularlynakisiprogected

to increasssixfold by 2030

Consequently, although EVs offer lower operational emissions compared to internal combustion
engines, the upstream emissions associated with battery production must be considered when evaluating
their true envionmental impactFor instance, in France, where electricity generation is largely
decarbonized, the bre@ven mileaggthe point at which anSpercentile (lower environmental impact)

EV compensates for its embedded emissions relative to a traditidmaleves 50,000 km®! In
contrast, ina high-carbon grid scenarisuch as Poland, the breakken mileage can be achieved at

~140,000km, potentially postponing the climate benefits of EV adoption by several§®ars.

While battery recycling reduces environmental impagtsing rare earthmetalswill remain the
primary source of materials due to rising EV demand and delayed returns from used batteries. Closed
loop recycling is essential but insufficient on its g@nd therefore, amereas of research into organic
electrode matals derived from abundant, renewable sources could provide truly sustainable solutions.
Organicmaterials eliminate reliance on scarce, Figipact metals likeCo andNi. Thereforeat TRL
11 4 level, advancing organic battery chemistrisessential for a resilient and environmentally benign

energy future.
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1.1.2.Sodium-ion batteries (SIBs)

The development of sodiuion batteries (SIBs) can be traced to the late 1960s, when researchers at

the Fad Motor Company first demonstrated thit" could migrate rapidly through ceramic electrolytes

at elevated temperatures300 °C334 Their work led to the first rechargeable sodismfur (N& S)

system, which employed moltendium metalas the anode, a solid ceramic electrolyte, and molten
sulfur embedded in carbon felt as the catH&leAlthough the elevated operating temperature

(>300 °C) rendered this chemistry unsuitable for wide commercialization, the findings were

foundational in advarieg the study of solid electrolytes and stimulating interest in alkali rhesed

electrochemical storad®.
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In parallel, progress in LIBs accelerated after the discovery of stable layered LCO cathodes and
graphte anodes, which enabled high energy density and reversible cyefthdhese breakthroughs
pushed LIBs to the forefront of portable energy storage, and from the 1990s om&andjority of
industrial ancacademic efforts were directed toward lithium systems. As a result, saahiugsearch
declined sharply for several decades, despite its early pr&fhis@mm a mechanistic pemgtive, SIBs
function analogously to LIBs, operating through the intercalation and deintercalation of alkali metal
ions within host structures. However, the larger size of thie(N@2 A) compared with Li(0.76 A)
has importantmplications on the overabattery performancé! This ~34% increase in size lowers
cycle life and energy densitglelivered by sodium celldue to theaffecied diffusion pathways, and
higher structural strain on electrode framewdt#$=or instancegraphite has a layered structure with
interlayer spacing 0£3.35 A whichis ideal for lithium insertionL i intercal ates bet
sheets to form Ligat a low potential (~0.1 V v&i/Li ), which makes it an excellent anode. However,

Na" ionsare too large to fit stably into this spacing, preventing efficient intercalation, and thereby cannot
form an equivalent Nag phasd*”! Further, the compound Na@ thermodynamically unsée,
meaning sodium cannot stay intercalated in graphite under normal battery operating cdfidlitions.
These differences necessitatedearch omlternative electrode chemistries tailored to accommodate
sodi umds b Edrdxangpleincladang hardcarbon, withalarger interlayer spacing (>34,
offering practical capacity 250/ 350mAh ¢ *,#?! titaniumbased oxides.g., NaTizO; or polymorphs

of TiO*® which provide structuratability but lowerenergydensity Prussian blue derivativé$! and
alloying anodes sh as S8 Sb*5! and F4®l that deliver ery high capacities but suffer from severe

volume expansion during cycling.

Despite these limitations, sodidnased systems offer significant practical benefitedium is thes™
most abundant el ement i n the Eaf~2300Gppn (2.8%)t , wi t
whereas lithium is present at only ~20 pf002%),represerihg a more than 1,00fbld difference
in natural availability (Figure 1.48.°%1 These geochemical realities directly influence material
economicssuch asn 2022, battengradeli,CO; reached market prices of approximately US $78,000
perton, while sodium carbonate remathnear US $350 p&wn, a cost difference exceeding two orders

of magnitudé®!

However, acost andysis conducted by Vaalmet al (2018) revealed that substituting lithium with
sodium alone does not markedly improve the overall economic performance of a battery*8ysbem.
total cost of a cell arises from multiple components, including electrode active materials, electrolyte
solvents and salts, functional additives, and external packagthgr than from the alkali metal alone
(Figure 1.4hc).B%47 An additional advantage of sodidma s ed systems i s th a9 N a
alloy with aluminum under standard operating conditions, enabling the use of aluminum current
collectors for both electrod&S$! In contrast,LIBs require copper on the anode side, whis

considerably more expensive. Consequently, replacingtb@hdCu with NaandAl, respectivelyin
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acell modelutilizing LMO cathode, and a synthetic graphar@odeyields an estimated cost reduction

of about$128 per cé) with the majority of sawmgs attributed to the substitution Gf1 with Al rather

than lithium with sodium(Figure 1.4c).*” Another cosssaving advantage with fewer ecological
ramifications is that SIBs do noequire scarce Goor Li-containing active materials for cathodes,
instead cathode materials for SIBs mainly consist of abundant transition (fégaise 1.4b).[5647]

Despite advances such as the adoption efr€@ cathodes and the use of Al current collectors, LIBs
currently maintain greater econamialue compared to SIBs. The latter still face limitations related to
electrochemical performance, especially with respect to energy density and durability over prolonged
cycling. Nevertheless, rising concerns about the scarcity and escalating costaraf Ciohave
intensified research and development in alternative systems, making SIBs increasingly attractive as
costeffective and sustainable solutions for future lssgale energy storage.

Commercialization of SIBs: Over the past few years, several gamies have begun commercializing
SIB technology, primarily targeting stationary energy storage kmited electric mobility
applicationd®® Leading Chinese manufacturers, suchCAsTL and HiNa Battery Technologyhave
launched pouch cells with energy densities ranging fradi 1 6 0 W offeiigg rapid charging
capabilities and moderate cycle life. In Europe, companielikis have develope®russian White
sodiumion cells thatclaim tocombinesustainability and industrializationhile the French company
TIAMAT focuses a ultrafast charging cells for industrial and mobility applications. In the United
StatesNatron Energypioneered commerciacale Naon cells with Prussian blue analog electrodes,
emphasizing long cycle life and higate performance for critical bagkupower and microgrid
applications, although operations have recently ceased. Despite these advances, SIBs still face
significant limitations, including lower energy density compared to LIBs, which restricts their
suitability for highenergy applicationsugh as longangeEVs.% Additionally, SIB adoption remains
limited, representing1% of the current global battery market, wittojections rising only modestly to

3% by 2035 in @onservative scenario, or up to 15.5% in an optimistic @e@ending on technological
improvements in performance, cycling stability, and cost reduBflo@onsequently, SIBs are
positioned as a complementary technology to LIBs, particularly in applications where material
abundance, safety, and cost are prioritized over maximum energy density, Highligbth their

potential @ well aghe challenges that must be addressed for broader commercialization

1.2.Battery components

As described imprevious section (Section 1.1), a battery cell is an integrated electrochemical system
in which each component Ifills a distinct role to ensure efficient, safe, and durable operation.
Figure 1.5 illustrates the major components of a battery pack: electrodes, electrolyte, separator, and

current collectors, which are deliberately engineered components, whsldithelectrolyte interphase
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(SEIl) andcathodeelectrolyte interphas€CEl) aretypically the sel-formed interphases that emerge
during early electrochemical cycling. Tarode(negative electroddlinctions as the host for Lduring
charging, and its perforance is closely tied to the formation of the SEI, which prevents continuous
electrolyte decomposition at lower potential ~0.1 V vs. LifiZnile allowing ion transpoifsee Section
1.2.1)2% Opposite to this, theathode(positive electrodeerves as the lithium source and sink during
cycling, and its surface is often stab#id by the CEI to mitigate degradation at high potentilsile

often overlookedbindersand conductive additiveare essential to the integrity and performance of
both electrodes. Polyvinylidene fluoride (PVDF) dissolvetlimethyt2-pyrrolidone (NMP)solvent

is the most common binder, providing chemical stability and adhesion of active materials to current
collectors. Alternatives such as carboxymethyl cellulose (CMC) and sthrgadiene rubber (SBR)

have been increasingly adopted for wdtased adctrode processing, which is more environmentally
benign and costffective. Conductive additives, typically carbon black (eKetjenblack,
Acetyleneblack) or carbon nanotubes, improve the electrical conductivity of composite electrodes,
especially imposdnt for cathode materials with inherently poor conductivity, sudifePQ, (LFP).
Although binders and additives represent only a small fraction of electrodg<288s) they play a
decisive role in cycling stability and rate capability.
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Figure 1.5 Schematic representation of major lithiiom battery components.

The preparation of electrode slurry is a critical stefh@batteryproduction as it dictates electrode
homogeneity, adhesion, atitereby he electrochemical performanceand cycle life(Figure 1.6).??
Typical active materialoadings range from 605 wt%, while binder and conductive additive together
can range from ~2A5wt.%, depending on the dispersion stability, and electronic conductivity of the
active material, respectiveR#:*®! Mixing sequence is critical: conductive canbis dispersed first to
avoid agglomeration, binder is dissolved in solvent, and active material is incorporated under controlled
mixing speed ~100@000 rpm.Doctor bladng uniformly spreads the slurry onto current collectors, 1 1
followed by controlled dryig to remove solvents amnayield a stable, adherent electrode film. Further,

vacuum degassingvaporates the solveahdeliminates microbubblesyhich is usually followed by
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compressing dried electrode films between heated rotlaksr(daring to adjusthickness, and improve

electrodécollector contactensuring smooth electrode filpand consistent cycling stabilii?!

(1) Slurry preparation (2\ Electrode fabrication (3) Electrode calendering

Solvent evaporation

| Qg a C
 Preparation of binder solution « Electrode coating Balender
« Dispersion of electrode components « Electrode drying eLaienaering

Figure 1.6 Schematic representation of the best practices for electrode slurry prep&afiopyright
2025 Springer Nature.

The electrolyte typically composed of a solvent and a lithium gadtcase of LIBs) provides the
medium for ionic conductigrdictating conductivity and stabilityElectrolyteadditives are intrduced
to enhance interphase formation, suppress gas evolution, and extend cydlaoliée detailed
description is presented in Sectior2.3). Separators consisting of porous insulating membranes,
prevent electronic contact between electrodenultaneasly enabling ion flow.Common separator
materials include polyethylene (PE) and polypropylene (PP), often arranged in multilayer
configurations (PP/PE/PP) to improve mechanical and thermal stéiliykey safety feature is the
Aishut down me c heseparatonportes collapse at elevated temperatures (~130 °C for PE),
stopping ion transport and preventing thermal rundf¥afpespite their importance, separators are
electrochemically inactive, thereby adding to the battery mass without contributing gy deasity.
Therefore, researchers have focused on enhancing sepsglgttivity, safety, mechanical strength,
and electrolyte wettability without significantly increasing thickness or weight. Coated separators with
ceramic or polymer layers have alsoebedeveloped to improve performance in higtwer
applicationsCurrent collectorgrovide electronic pathwayhi LIBs, Cu is used on the anode side due
to its stability at low potentials, whereakis employed at the cathode side for its resistanceitiaton.
As stated in Section 1.1.2., the choice of current collesimificantly influences battery cost and
weight®” Therefore,studieshave beermreported oninvestigating lighte and thinner foils, surface
texturing, and conductive coatings to reduce interfacial resistance, and improve adhesion of active
materials. Overall, desirable properties across components include high ionic and electronic

conductivity, mechanical integritynterfacial stability, and compatibility over losigrm cycling.
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1.2.1.Anode’i The ngyative electrode

1.2.1.1.Inorganic anode materials
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Figure 1.7 (a) Classification of inorganic anode materials into three primamggoaies: intercalation

type, alloyingtype, and conversietype, along with representative examp(e3Schematic of Limetal

anode failure pathway aragbproacheto mitigate dendrite formation and enhance interfacial stability:

(1) surface coatings withlassy or composite layers, (2) ultrathin carbon or graphene coatings, (3)
promotion of uniform i on f | ux, (4) electrolyte modificatio
engineering via 3D architectures or-mietal powdef? Copyright 2016 Springer Nature(c)

lllustration of the RufforffHofmann and Daumasler ol d i nserti on mechani sms
hosts® Principal degradation processes affeciidpgraphite anodéd! and(e) Si anodes in LIB§?
respectively(f) Morphological engineering and composite design strategies developed to alleviate the
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Anode materials play a crucial role in tbeerall performance oLIBs by determining capacity,
electrochemical, mechanical and thermialbility, and cycle life. They & generally categorized into
three types: insertion materiabd)oy-type materials, and conversitype materials based on the' Li
storage mechanism followeBigure 1.7).°? Lithium metal was first introduced as an anode in 1976
and | ong c dreasianbder € drt g sit ul t r a k3 ehO t rhadatdavgest | c a |
el ectrochemi ca lvs. $HE), ppomisingdar gre@ter @ne@yidengity than grapfiite.

However, by the 1980mesearchersealizeda major disadvantagequltiple cycles of (dgplating
lithium leading to dendrite growth and continuous electrolyte degradation forming thick and unstable
SEl layes, forcing a shift towat safer graphite anodéBigure 1.7b).1125354Since the 2000s, due to
low capacity output of graphite, a renewed inteln@sl driverseveral outstandingjrategiegsee Figure
1.7b) such as, protective ceramic or composite coat{dgmroach 1) ultrathin carbon/graphene
interlayers(Approach 2) homogenized Lion flux engineerindApproach 3) electrolyte additives like
C s(Approach 4)and 3D scaffolds or kinetal powder¢Approach 5)*2 However,despite decades of
researchli-metal anode$ave remaired far from being safe stableor economicfor commercial
purposesAmong insertion materials, graphtas dominated commercial ansdar LIBs owing to its
low operating potential (~0.00 . 5 V v s. Li/ Li ), good reversibi
372mAh g corresponding to the formation of Li(Stagel), seerigure 1.7¢P% Lithium storage in
graphite occurs through intercalation between graphene layers, a process historically described by two
classical staging models. In 1938, Bigdorfi-Hofmann model introduced the concept of staging, where
the intercalant (%) ionsoccupy entire galleries in an ordered fashion, leading to a periodic expansion
of the interlayer spacing with galleries either completely filled or effyt However, this rigid and
idealized description failed to capture experimental observations of partial occupancy and coexistence
of stages. To address this, the Dawidasold model proposed a more flexdhinechanism in which
intercalant distributglocally within galleries, allowing regions of filled and empty layers to coexist and
enabling sliding of adjacent graphene pladff@8Vhereas the Ridorflofmann framework implied
constrained ion molify, the DaumasHerold model supported more continuous diffusion pathwéys.
Although graphite has been the dominant anode material fquadiethree decades due to its high
stability and long cycle life, it exhibits significant limitations under higte cycling (Figure
1.7d).5%5 nitial nucleationof lithium at the anode surfactallowed by highrate cyclingcan lead to
dendrite growth posing safety concerns, atitereafterpunctuing the SEI layer resuling in a
chemically  and mecharaty unstable electrodeelectrolyte interface. Repeated
intercalation/deintercalation further induces graphite exfoliation, where graphene layers partially
separate, causing capacity fading and structural degradatlditionally, accidental ovedischargng
can lead to Cu current collector corrostdhThese drawbacks have motivated the exploration of
alternative titaniurbased insertion materials. For instance, ;Tédables lithium insertion with a

capacity of170' 200 mAh ¢! at ~1.51.8 V vs. Li/Li*, offering enhanced safety and long cycle life,

(
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albeit with lower energy density/! Similarly, lithium titanate (LiTisO12 or LTO) operates at ~1.55 V

vs. Li/Li*wi t h ~17 5c ampAahc i geyoistrainot s har acteri stic ensur es
stability and fast charging, though the higher operating poteuitillis anodereduces overall cell

voltage and energy denslt.

Alloy-type anodes include silicon (Si), which forms.43i, was envisioned as a transformative anode
material capable of dramatically increasing egedgnsity with an impressiveheoretical capacity
>4000 mAh ¢ and an operating voltage of ~0.3 ¥.1z i / & However, in practiceSi faces major
challengs including~300% volume expansion durifparging cyclecausng particle pulverization,
continuous electrolyte degradation leadinginefficient and thick SEI formation, antherebyrapid
capacity fadingFigure 1.76.12254 Although many studies have explored nanostructuring, compositing,
and encapsulation to mitigate these effects, the material remains far from comményigFigure
1.7).122 ConsequentlySi is currently limited to minor fractions {85 wt%) in graphitésilicon (Sii C)
composite anodes, where it provides only modest improvements in energy density and perféfmance.

Conversiortype anodes undergo reversible conversion reactdgs, + y L i z aM + Ly Xy,
where M = Mg, Fe, Co, Ni, etc., and XN; O, P, andS, achieving high capacitiemnging between
600 1000 mAhg'L®Yl They operate typically between D55 V vs. Li/Li*, with advantages of
abundance and high storage capability, bubdiiantages of large voltage hysteresis, structural

instability, and low initial coulombic efficiendj? 5461

1.2.1.2.0rganic anode materials

As discussed in Section111.2.1.1, and later in 1.2.2.lhetaccelerating global demand for sustainable
and resourcefficient energy storage has intensified the search for alternatives to conventional
inorganic electrode materials based on transition metals. Organic electabelgals (OEMs) have
recently emerged as compelling candidates, owing to their structural versatility, environmental
compatibility, and potential for cosffective largescale deploymert?54 Unlike transition meta
(TM)-based electrodes, which depend on finite and geographically concentrated mineral resources,
OEMs can be derived from eafibundant, renewable feedstocks, circumventing the environmental
and socieeconomic issues associated with mining and refipragessesAdditionally, their redox
activity is usually governed by the electron distribution of functional groups rather tharaduas
constraints, enabling unique crexzmpatibility across both agueous and -Haguieous metdabn

batteriedt4

Despite their many advantag€3EMs face several intrinsic limitations that hinder their practical15
implementation in commeral ESSs One of the most critical challenges is their high solubility in
common electrolyte solvents, which often leads to active material loss, rapid capacity fading, and short

cycle lifel®4% In addition, most OEMs dmbit inherently low electronic conductivity, requiring
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extensive use of conductive additives such as carbon blacks, graphene, or carbon ng@@ieiid) &s
ensure sufficient charge transport within the electrode compgtsitaVhile many OEMs demonstrate
high gravimetric capacities due to mediectron redox activity, they frequently suffer from low
volumetric energy density and insufficient power density, stemming fromrtieéecular nature, low
packing density, and sluggish chatgensfer kinetic®:%¢ These drawbacks collectively limit the
scalability and competitiveness of OEMs against inorganic electrode materials 4penigimance

battery applications.
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Figure 1.8 (a) Most prominent categorseof organic electrode materials (OEMs) and (b) strategies to
improve their overall performance by enhancing energy density, power density, and cycle lifeqHere,

the Far aMiasythe s cons

is energy densityQ is the chargek is the potentialvindow, Fi s
molecular weight of the OEME_andE. are the oxidation and reduction potentidlds the current
experienced, anB is the charge transfer resistaffée(c) Schematic representation of the working
principle of ann-type OEM acting as an anol&,with (d) illustrating the corresponding reaction
mechanism. (e) Mosts&ablishedh-type compounds, carbonyl, imine, nitrile, organosulfur, and azo,
and their corresponding reversible redox reactions, storing lithium asgedaaarier during reduction

and releasing it during oxidatidil Copyright 2020 Springer Nature.
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Nevertheless, thstructural tunability of OEMs offers powerful opportunities to overcome these
shortcomingsFKigure 1.8a,H.1*¥ Solubiity issues can be mitigated by designing redotive units as
extended conjugated polymers, or by embedding them within rigid, insoluble frameworks such as
covalent organic frameworks (COFs) or metal organic frameworks (MOFs), where strong
intermoleculaforces suppress dissolution while maintaining electrochemical activity. Capacity output
can be enhanced through molecular engineering strategies such as increasing the number of redox
active sites per repeat unit, reducing molecular weight to maximiage amintent, and expanding
surface area via porous frameworks to improve ion accessibility. Further, power density can be
significantly improved by rational structural design, such as, transitioning from amorphous polymers to
ordered frameworks with dir@ohal ion transport pathways promoting faate kinetics. Such design
flexibility allows the same molecular backbone to be optimized for different battery chemistries,

ultimately enabling the realization of higlapacity, stable, and higiower organic ectrodes.

OEMs can be broadly classified irngaype,n-type, and bipolar systendistinguished by the direction
of their dominant redox procesd&s*%¢n-Type materials undergo reversible reduction first at low
potentials,i.e., accepting electron in the lowest unoccupied molecular orbital (LUAM}hereby
storinga wide raage of metakations M= L i , B4€p-Type ald Gpolartype electrode will
be discussed in detail in Section 1.2.2.2, and SectioB.2.4espectivelyn-Type electrodes can be
utilized as both cathode and anode based on their redox ability, however, in this section we focus on
the ability of n-type maegrials to serve athe negative electrod@igure 1.8 c,d).®¥ Their electron
accepting nature enables them to reibdysstabilize diverse cations beyond monovalent alkali metals,
providing opportunities for applicatisin multivalention batteries where transitionetal oxides often
suffer from sluggish diffusion or structural instability. The redox activity-bfpe organic materials
arises from diverse functional groups with distinct electiocepting capabilitiegFigure 1.8¢.164
Carbonyl compounds QO, such as, quinones, anhydrides, imjdese been extensively studied for
their high theoretical capacities and tunable poterffalNitrile Ck N and imine C N systems offer
reversible storage atlatively low potentials, while azo NN compounds contribute rich muklectron
chemistry’® Organosulfiibased materials provide high capacities through reversib®& nd
cleavage and reformation, although often challenged by dissolution and polysulfide sHtitipg.
systematically engineering these functional motifs, researchers have demomstyatednodesvith
operating potentials ranging from near 0 V up to
into a wide spectrum of rechargeable battery chemistfi¢s.addition seweral efforts have been made
to developn-type OEMs with increaskoperating potentials3V v s . the correspond
reference.However so far, such n-type materials have not been able demonstrate optimal 17

electrochemical stability.
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1.2.2.Cathodei The positive electrode

1.2.2.1.Inorganic cathode materials
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Figure 1.9 Comparison of the electronic density of states (DOS) profiles for three representative layered
cathode compoundga) LiCoQ, (b) LiNiO,, and (c)LiMnO.. (d) Crystal structures of the LiMO
family (M = Ni, Co, or Mn), illustrating the layered arrangemenlithium and transitiormetal (TM)
ions, which is critical for reversibl e () i nt et
Ternary compositional phaséagram of stoichiometric layered lithium TM oxides within the LiGbO
LiNiO 2l LiIMNnO, system. The diagram shows the relative positions of various compositions, with dots
marking the LiNi x yCoMn,O, (MNC) compounds that have been widely investigated as practical
cathode materials due to their tunable electrochemical piegiéftCopyright 2015John Wiley & Sons

Inc. (f) Schematic representation of the layeredpinel phase transformation that can occur during
repeated charging, a key degradatjmthway that influences the lotgrm cycling stability and
performance of layered oxide cathoéésCopyright 2016 Springer Nature.

Inorganic cathodes, particulafiickel (Ni), Manganese (Mn), and Cobalt (Ebased layered oxides
(MNC), are among the most widely studied and commercialized materials for rechaig&sbiiie
to their highpotential >3.4 V, higrenergy density and tunable redox propertiéigure 1.9).[12:7375]
The performance ling of layered cathode materials stem from the interaction between transgiah
(TM) orbitals and oxygen stat€d. In LiCoO,, practical Li extraction stops atughly half the
theoretical capacity (full theoretical capacity ~274 ngdh achievedcapacity ~140 mAlg'?) since,
removing more Li duringhe charging process pushes the’*Ct o4 electrons into strong overlap with
oxygends 2p or bhe latace and causieds evaldiion (Figurei 1r0g.[° in contrast,
LITMO2 (TM = Ni, Mn) do not share this limitation due to the placementdbx activee; band of
LiNiO, only slightly touching oxygen stateBigure 1.9b), andthe Mn®*#* redox activeey band in
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LiMnO: lies well above the 2p orbital of oxygefigure 1.99, making them chemically more stable
than LiCoQ.l"2738ITherefae, the Fermi (or HOMO) level of a cathode determines the energy at which
electrons are removed durihg” extraction, andhe voltage window corresponds to the range over
which Li* can be reversibly intercalated without causing structural or chemical inst&Bilitgryered
cathodes LiNi@ and LiMnQ, can achieve capacities of ~220 mgh and ~B0i 200 mAh g'?,
respectively’>’ However, Ni and Mrbased LiTMQ face structural challenges, for instanici&iO »

can undergo cation mixing and thermal issues,LaMahO, tends to distort due to JafTreller effects,

eventually transforming from a layeredaspinel frameworkHigure 1.9d-f).[2

Each materialwith different Mn, Ni, and Co contenibalances capacity, chemical, and structural
stability differently. The main advantages of MNC cathodes include high theoretical capacity, voltage
tunability, and established manufacturing processes, while their disadvantages involve irreversible
phase transitions, thermal instability, release, and resource concerns related to Co. Overall, MNC
cathodes balance energy density and rate performari¢belrdongterm stability hinges on mitigating
structural degradation during repeated cycling.

1.2.2.2.0rganic cathode materials

Organiccathode materials, a class@EMs, are composed primarily of earétoundant, lightweight
elements (C, H, N, O, S), grantitigem significant advantages in terms of sustainability, molecular
tunability, and recyclability in comparison to the traditional inorganic cathode materials forionetal
batteried®?¢4 Their redox behavior is governed by wedfined molecular orbitals rather than
crystlline lattice constraints, enabling fine modulation of redox potential, electron affinity, and
capacity through rational molecular desitjhAs already described in Section 1.2.1.2, betipe and
p-type materials can batilized as active materials for cathodes based on their redox fegitiFgpe
cathodes undergo reversible oxidation of donor moieties, accommodating chargevimmt er ani on
insertion from the electrolyte during the charging pro&és$he electrondonating nature op-type
redox entersresults fromhigh-lying highest occupied molecular orbital (HOMO) levels, facilitating
oxidation at elevated potentials, often in the range of2.05 V v igure LL.ILOA).E77% In
contrastn-type cathodes require a prior discharge to loagwhich they prefer to losky undegoing
reversible oxidation reaction, similar to inorganic cathodes, such as NAitfisg 1.10b).%4 p-Type
organic cathodes offer distinct advantages over tigfpe counterparts, for instance, their operation
at high potentials arises from the intrinsic election n at i ng n ariclulbragkbormes$, which e i r
often undergo oxidation to generate stable rddiaions. The rapid stabilization of these radical
intermediatesby extended conjugation and favorable molecular orbital alignnmeparts intrinsically 19
fast chargdransfer kinetics Additionally, p-type cathodesst or e A ve a wich wdakerh a
solvation shell in comparison to the*iand therefore,thedesat i on ener gy of A i s

for thecounter cationHowever p-type cathodes typically exhibitodest capacitiesompared witm-
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type materials, ranging betweeb0F150 mAhg'! due tothe limited number of reversible electron

transfers per donor uniFigure 1.10¢).1"]
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Figure 1.10 Schematic representation of the working principlewnf(a)p-type and (bn-type OEM

acting as the positive electro®.Copyright 2020 Springer Naturéc) Voltagé capacity profiles of
organic electrodes, highlightingtype (red region) materials at higher voltages with lower capacities
andn-type materials (blue region) at lower voltages with bigtapacities. Inorganic references (stars)

are shown for comparisdfi! (d) Most prominentp-type compounds, viologen, phenoxai

phenylamine, tetrathiafulvalene, nitroxyl, and thianthrene along with their corresponding operating

potentials versus lithium as reference. (e) Various anions, TFSI, PR, and BF', which can be

reversibly stored ip-type organic cthodes.

A wide array of redoactive electrofrich groups has been investigated fetype organic cathodes,

including derivatives of viologen (~2.0.2 V)" phenoxazine (~8.V),["® triphenylamine (~3.7 VY
tetrathiafulvéene (TTF, ~3.5 VI nitroxyl (~3.6/3.8 V)"l and thianthrene~4 . 0

V%

(Figure 1.10d). Several studies have demonstrated that tlogierational potentials can be

systematically tailored by intermolecular engineeriagch as h r o tcgnjugation extensiomr

donoii acceptor (DA) substituent§'® Furthermore, by incorporatingtype redox moietiewith p-type

frameworks through intermoleculaonjugation bipolartype organic cathodes can be engineldf8

Li/ L

Such hybridization enables simultaneous anion and cation storage within a single molecular or

polymeric backbone, thereby expanding the overall potential window and enhancing the practical

capady of the electrode. This dual redox behavior not only leverages the high working poteptial of
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type units but also the muktlectron storage capability oftype centers, offering a promising route
toward highenergydensity organic cathode systemsion storage irp-type cathodes is commonly
mediated by salts containidy PE', TFSI, FSI, and BF' .*”! These anions differ significantly in
ionic radii BF4' < PR' < FSI < TFSI, influencing irsertion kineticsreversibility, and overall energy
density (Figure 1.106).8283 The tunability of anion intercalation chemistry opens pathways for

optimizingthe potentialwindow and rate capabilities.

As discused in detail in Section 1.2.1(yolecular)organicpositiveelectrodessimilar to their anode
counterparts, face intrinsic limitations such as dissolution in liquid electrolytes and poor electronic
conductivity, both of which hinder lorgrm cycling sability and highrate performanc&¥ Similar
strategies, such as polymerization of redgkve units into insoluld macromolecular backbones,
andor incorporation ofp-t y pe mot i f sconjugate@, xobustnaddepdrous architectures like
COFscan be usetb enhance electronic transpdrhese approaches not only suppress dissolution but
also create continuous @rninterconnected ion/electron transport channels, thereby significantly
improving both charge storage kinetics and electrochemical durability.

1.2.3.Electrolyte

Over the past three decades, battery research has been predominantly directed toward the development
and performance optimization of electrode materials, while comparatively fewer studies have focused
on the exploration and advancement of electroKftesThis research disparity is particularly
conseguential, athe physiochemical properties of the electrolyte have a profound influence on the
overall cell performance, with a dominant role in governing ionic conductivity, potential window,
interfacial chargdransfer kinetics, and lorAgrm stability®>% Beyond supplying mobile ions,
electrolytes fundamentally shape electiialectrolyte interfacial chemistry, thereby dictating
performance and degradationtipaays?®2! Electrolytes in rechargeable batteries can madly
classified into liquid, solidorganic and inorganicland composite systemBigure 113).% Liquid
electrolytes are@lominated by carbonateased solvents, such athylene carbonate (EClimethyl
carbonate (DMC), ethyl methyl carbonate (EMC), diethyl carbonate (DEC), and propylene carbonate
(PC), typically combined with a lithium salt, alongside eth@sed solvent$,3-dioxolane (DOL) and
dimethoxyethane (DMEXor LiiS systems,and ionic liquids imidazolium, pyrrolidinium, or
phosphoniurrbased cations with bulky anions like bis(trifluoromethanesulfonyl)imide [TFSI
offering wide electrochemical stability windowsdanonflammability 8788 Liquid carbonatebased
electrolytes, while enablinguperiorionic conductivity (1> Scm'?) andlow interfacial resistange 21
suffer from several intrinsic disadvantages that limit safety and perforffdrg€, though solid at
room temperature, becomes combustible when molten with a féirsth~160 °C, while PC has a flash

point ~132 °C and DMC ignites easily ~17 P& Theselow ignition thresholds, combined with high
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volatility, make liquid electrolytes a major fire riskiringa case othermal runaway. Dahn and-co
workers established ethylene carbonate (EC) as a stafslelvamt, and despite extensive efforts to
identify superior alternatives, LiRfn EC-based solvent systems remains the sifitbe-art electrolyte
formulation for new electrodéess.'®! Therefore, understanding the chemistry behind electrolyte
formulations and the associated &HI layersis unavoidable when testing new electrode materials. In
this section, liquid electrolyte, formation of SEI layer, and the effect of anion and salt concentration
will be discussedSolid-stateelectrolyte SSEs) mainly focusing on the COBased electrolytesind

their importance will be elaborated in latecsen 1.4.1.
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Figure 1.11 (a) Classification of electrolytes, liquid, sol@rganic, solidnorganic, and composite
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The electrolyte dictates theotential window of thebattery window through its electrochemical
stability (Eg), which is intrinsically linked to the HOMO and LUMO energies of theesaf salt mixture
(Figure 1.11hc).?2%2'When he electrochemical potentials of anogig)(and cathodepg) lie within
the electrochemical window of the electrolypassivating layer$SEl ontheanode sidand CEIl orthe
cathode side, are formed due to reduction and oxidation of the electrolyte. Since the LUMO of the
electrolyte typically lis higher tharthe potentials of a reduced (or charged) anode, the formation of the
SEl layer is more usual than the formation of €EISince a SEI layer is a product of electrolyte
degradationin addition to the solvent moleculed)arge carriers are consumegharing its formation.
However, a uniform SEI layeronce formedceases the eltron tunneling and prevents further
electrolytedecomposition, effectively extending the usable voltage réthgé*°Additionally, an SEI
layeris comprisel of inorganic and organic stlayers, consistig of Li.CO;s, LiO, andLiF as inorganic
constituents, and LEDC and ROLi (where, R depends on theganic solvent) as the organic
constituent$!! Over the years, several studies have shoatathinorganicrich SEllayer, especially
if LiF-rich, ismechanicdy morestable and more ionically conductive, and therelbfpanesthe charge
storage kineticendthe cycle life of the battery. Liquid electrolyte additives, sucklasroethylene
carbonate (FEChave high reduction potential, and readily reduce at the anode to forrriahLiGEI
layer®”! Additionally, FEC can improve performance at low temperatures adiz¢ highvoltage
cathodes by reducing side reactions at the eledtedeietrolyte interfacé’!

Liquid electrolytes deliver high i dhrequirecfarnduct i
the ions to migr at eEnd.Hawevardituid eléceolytefacephighdctivatom s e ( @
energy for ion migration througheS E| | Bsyeandh { @gh desol vati oBeacti vat
due to strong interactierbetween Li, counter anionand especiallysolvent moleculesvith high
dielectric constanté®®%l Several electrolyte formulations have been proposed to weaken these
interactions antb improve the kinetics of the electrochemical &81P> Recently, Liangetal. proposed
combining three salts, LIRFLITFSI, and LiINQ, with Li* binding energyin the order Lii TFSI <
Li*i PR < Li*iNO3' in one electrolyte systel# This strategy reduced the*Lanion interactions, by
inducing electrostaticrepulsion between the an®mnd therefore rading the binding energies
significantly for Li'i 3A" systemsin comparison td.i*i A" systems(Figure 1.119.°% Further, high
concentration electrolytes (> have been tested as electrolyte systanmimprove ebctrochemical
stability of the cel] despite their obvious limitations of high viscosity, low ionic conductivity, and high
internal resistancd~(gure 1.11¢. In conventional electrolytes (~1.0.1 d3, the salt concentration is
low, and most cations arellfp solvated by solvent molecules, leading to a predominance of tation
dipole (Msolvent) interactions or KIA" interactions, providing high ionic conductivity but
vulnerability to reduction or oxidation at electrode surfafiigure 1.11%.°8! Whereas,in high- 23
concentration electrolytes (HCES), the solviensalt ratio is low, forcing most Mand A’ to form

contact ion pairs (CIP9)r larger aggregates (AGGsind significantly reduces the amount of free
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solvent molecules(Figure 1.11,g).°>%%1 HCEs alter the solvation environment, enhancing
electrochemical stability, suppressing solvent decompositionfeading the formation of robust,
inorganicrich SEI layers. However, their high viscosity reduces ion mobility, limiting rate performance
andfurthermakescell fabricationexpensiveTo control the viscosity issue, HCEs can be diluted with
an inert and nowgoordinating cesolvent, formingocalized hgh-concentration electrolytes (LHCES)
(Figure 1.119.°>%ILHCE systems preserve high stability and SEI quality, howeiar smly slightly
improving viscosity and overall ionic conductivity. Overall, while HCEs and LHCEs systems are
promising, theyfeaturecomplicatednass transporhechanismswhichareyet to befully understood.
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1.3. Covalent organic frameworks (COFs)

(a) (b) Hexagonal Tetragonal
C/ C/ C/ C! C/ C‘ C‘ C4 C/ C.. CJ
+ — é ;
1 I 1 | |
Node Linker
Crystalline COF
Kagome Trigonal Rhombic
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Figure 1.12 (a) Schematic representation of the formation of covalent organic frameworks (8OFs).
(b) Topological diagrams depicting the guiding principles for designing 2D COFs with various lattice
geometries, including hexagonal, tetragonal, kagormigonal, and rhombic pore structufés.
Copyright 2023 Springer Naturge) lllustration of different possible stacking arrangements of 2D COF
layers, highlighting variations such as random with small offset, eclipsed, inclined, serrated, and

staggered

Covalent organic frameworks (COFs) are ameming class of organic crystalline porous materials
that have garnered immense attention owing to their structural precision, tunable porosity, and
exceptional stability¥! COFs were first conceptualized and developed by Yaghi amgdcers in 2005,
represerning a milestone in reticular chemistmyherein organic building bloclean bdinked by strong
covalent bonds into predetermined architectures with-tange ordel?! The pioneering example,
COF1, was synthesized through the condensation ebéntenediboronic acid (DBA) into a two
dimersional (2D) framework, followed by CQ¥, which showcased the versatility of the design
principle®? COFsare the first class of purely organic crystalline porouaterialsconstructed via
covalent bonds, paralleling the significanceonbther class afrystalline porous materials, i.eetal
organic frameworks (MOFs)which are formed by coordination between metaltes and organic

building blocls.®! Additionally, COFs share similarities with conventional organic polysras well
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for exampleboth are composed of light elements (C, H, O,nid, B) and rely on covalent connectivity

of repeating units. However, while traditional polymers are generally amorphous or semicrystalline,
COFs possess a walefined, longrange ordered lattice. This crystallinity arises from the judicious
selection of igid linkers and nodes that direct the framework into periodic arrays, yielding highly
predictable pore sizes, shapes, and functionalitfe’s.

The design of COFs follows a modular stratdgyolving three primary components: nodesain
building block) and auxiliarybuilding blocks, and the linkageigure 1.123.1*! The connectivity and
symmetry of these buildingnits dictate the resulting topolod§. As depicted inFigure 1.12h a
hexagonal framewortypically arisesfrom eitherthe combination o8 linear linkers C) or atrigonal
planar linker(Cs) with linear linkers,yielding honeycomilike architecturesOn the other hand,
tetragonaporeCOFs can bgieldedvia connecting Zquareplanar linkergC.) together, or with linear
buildingblocks while Kagometopologyemergswhentetrafunctionalinkers(C,) alternate wih linear
linkers to generate a lattice with dual pore siz8sRhombic and trigonal arrangentencan be
engineered through rational linker geometry selection, offering a broad structural landscape. Beyond
2D lattices, COFs can extend into thidienensional (3D) architectures through tetrahedral or
octahedral nodes, producing frameworks sudtiaéliamond) bor (boracite) ctn (CsNa), etc!!] More
recently, cageype 2D and 3DCOFs with discrete polyhedral geometries have expanded the structural
diversity further®® In this thesis we mainly focus on 2D C§Fandwill discusstheir structure,
functionalities and applicatios Similar to graphene sheets in graph®B,layers(alongthe x-y plane)
arestacked inz-directionb y 71"~ i nt e yieddng crystatliseporous network8:>6 Furthermore,
stacking modes in layere®D COFs playa critical role in determining their porosity, stability, and
electronic properties. While an ideal eclipsed (AA) stacking maximizes pore alignment, it is often
destabilized by interlayer repulsions, leading to alternative stacking modes such as stg@)ered
inclined, serrated, or random arrangements with small off$gtgire 1.129.5) These stacking
variations not only influence the crystallinity and surface area but also profoundly affect charge

transport and guest diffusion within the pofés!

Despite remarkable advances, COF synthesiapplitation face intrinsic challenges, often described
as ttilkemman articul at ed PyThig thleammd arises &rdm thg rcampeiing
requirements of rystallinity, stability, and functionality where enhancing one property often
compromises the others. For example, frameworks constructed with highly reversilijedieikdibit
superior crystallinity but may suffer from reduced chemical robustness, whereas stable irreversible
linkages can lead to poorly ordered or amorphous prolB@lancing these three aspects remains at
the forefront of COF research, driving innovation in synthetic methodologies, linker design, and p(%l

synthetic modifiation, which will be discussed in detail in the next section
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1.3.1.Synthetic methodologies
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Figure 1.13(a) Key reversible linkages (boroxine, boronate ester, imine)atichately)irreversible
linkages (triazine p-ketoenaminepenzoxazole employed in COF constructidt. Copyright 223
Springer Nature(b) Reaction mechanism illustrating the formation of imine linkdge Schematic
depiction of iminelinked COF growth through slow crystallization, highlighting reversible bond
dynamics and defettealing processéd3.(d) Overview of synthetic strategies for producing COFs in

the form of bulk powders, thin fits, and composite materials.

As briefly described in the previous section, the development of COFs is fundamentally governed by
the challenge of simultaneously achieving high crystallinity, stability, and functionality within a single
framework®™ Reversibility during COF formation plays a significant role in this, for instancersible

32 bond formation enables dynamic error correction, allowing the framewdsetbheab defects and
approach a thermodynamically stable and highly ordered crystalline striétlifénerefore utilizing

dynamic covalent chemistry in COF synthdsisf keyimportance where reversible linkages such as
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boroxine, boronate ester, and imine bonds have enabled the formation of highly crystalline and long
range order framework§&igure 1.13a,9.55'2 However, reversibility, leading to defect correction and
crystallinity, oftencompromises chemical, thermahd eleaibchemical stability. In many applications
(described in detail in Section 1.3.2), COFs must operate under conditions harsher than those of their
original synthesis, such as exposure to moisture, acidic or basic media, and elevated teniperatures.
Under such conditions, reversible bonds are prone to cleavage, leading to lostatifrity as well as
structural integrity. Imine COFs are considerably more robust than boronate estetsle still
preserving a degree of reversibility during formati®mce the first demonstration of imitiaked 3D
COFR-300in 2009, imine chemistryas inspired the design of numerous COFs with improved balance
between order and stabilify!! The formation of imine bonds follows an addtalyzed condensation
mechanism Kigure 1.13H. Protonation of the carbonyl oxygen increaséectrophilicity at the
carbonyl carbon, which undergoes nucleophilic attack by a primary amine. The resulting hemiaminal
intermediate, stabilized through deprotonation, undergoes dehydration upon protonation of the
hydroxyl group, leading to the formatiai a resonanestabilized iminium ion. Final deprotonation
yields the imine linkage, also known as a Schiff bds€rucially, the acidity of the reaction medium
must be finely tuneduch that it isufficient to catalyze the dehydmati step, but not excessive, as high
acidity protonates the amine, suppressing nucleophilic adtion.

While irreversible linkages such as triazitte benzoxazoléf and b-ketoenamingvia ketoenol
tautomersm)*” provide exceptional stability against hydrolysighen utilized for electrochemical
applicdions, their inability to undergo defect healing often results in poor crystallidtynitigate this
limitation, modulation strategies have emerged, whereby reaction kinetics are deliberately slowed using
modulators or solvent engineeridg.The nodulation approach, first seen in MOFs synthesas)
operatewhen small monofunctional molecules are introduced to the reaction mixture to compete with
the mainlinkers during bond formation, thereby slowing down nucleation and framework giéwth.

By transiently capping reactive sites or engaging in reversible competitive interactions, modulators
reduce the rate of irreversible aggregation and extend the time window for dynamic error correction,
and therebyenabling the framework to reorganize toward a thermodynamically stable, highly ordered

structure?l8l

COFs can be synthesized in diverse morphologies rarfging bulk powders to thin films and
composites, with the choice of method dictating crystallinity, scalability, and functional integration
(Figure 1.139.4729Bulk COF powders are most commonly obtained by sotrtial condensation,
whereorganic monomers undergo condensation reactions in organic solvents under sealed; elevated
temperature conditions, typically BR0O °C for ~3 7 days”*22% Alternative bulk strategies include 33
ionothermal synthesisitilizing solvent asa reactioncatalyst,such aghe formation crystallineimide-

COF with anhydrouZnCl; at elevated temperature$~200 300 °Cunder vacuum, completing the

reactionwithin 10 hourd?Y! On the other handnicrowaveassisted synthesan beeven moreapid
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(~60 min) andprovidesenergyefficient crystallizatior?? Mechanochemical routefirst proposed by
Banerjeeet al, exploitsimplepestle grindindo achieve solvermninimizedandscalable productiold!

In parallel, thirfilm fabrication has become critical for deviogented applications, with methods such
as vaporassisted conversidqiv AC),?* direct solvothermal growth on substrafésand compoaise film
approaches including spin coatiagdrop casting?® COF films can be depositegtownon substrates
such as glass, fluorine tin oxideated glass (FTO), metallic mesh, &eyond powders and films,
COF composites extend functionality through either in situpmiesyntheses, where COF domains
nucleaé and grow alongside other componests;h as COF@CNF! COF@grapheng® or post
synthetic modification, in which pfermed COFs are chemically or phydigaintegrated with
seconday phase$?®2% These synthetimethodologieprovide tunable control over COF crystallinity
functionality as well asnterfacial properties, thereby expanding their applicability acvas®us
application, likecatalysis, energy storage, sensing, and membrane tectasptodie discussed in the

next section

1.3.2.Applications

(a)Semiconductor (b) Catalysis (c)Adsorption. storage and separation
CO,
“ p-Type Photocatalyst 1 ]
co Electrocatalyst =g
Organocatalyst
. Gas storage Adsorption  Separation
/—\ Chiral catalyst Water vapour  lonic Size exclusion
n-Type or HO Carbon dioxide Chiral
ambipolar O, H, ! lodina
\
| |
(d) Luminescence and sensing (e)Energy storage A ",/(f)Mass transport
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lonic species Supercapacitor €€’ % Lithium-ion
Biomolecular V, LIL.i", battery O Qi Lir Proton transport
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; N \g%s {OH p Anion transport
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Figure 1.14 Schematic illustration of design principles for COFs for various applicgiiociuding(a)
semiconductors, (b) catalysis, (c) adsorption, storage, and separatiamifggdcence and sensing,

(e) energy storage, and (f) mass tramsf! Copyright 2023 Springer Nature.

Owing to their tunablerderedstructure and electronic properties, COFs have emerged as a versatile

class of organic materials with extens{petential)applications across seveealvanced fieldamaking
them &uturistic and revolutionartechnology*+®1COFs asemiconductoreepresent one of the most

promising directions in organic materials research because, unlike amorphous pohyegarajquely
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combine repeat i ngonugatedskeletons,Andctuhable aleetiorsc structir@s?
COFs can be engineered to exhphtiype, n-type, or ambipoldbipolar semiconduction, depending on
the electronic characteristics of their building blogksd chemical linkaged-or instance, strong
electron donatingEDG) subunis, such asdtrahiafulvalene (TTF) based TTPhCOF, demonstrate
p-type behaviorwith hole mobilities as high a6.2 cn? V't s'1, owing to periodicallyrepeating TTF
unitsi n-channes.!'¥1 On the other hand phthalocyanine and benzothiadiazblesed COF, NiRc
BTBA-COF exhibited n-type conduction with electromobility of ~0.6 cn? V' s 1.3 Ambipolar
transport has been achieved in démaceptor (DA) frameworks such as the DBOF, with HHTP as
electron rich and BTDADA as electron deficient subsgjnétxhibiting 0.04 crhV'! s'!electron and
0.01cn? V' 't hole mobility.2

Photocatalysish COFscanarise fromboththeir2Dc o n j u gsesterasdD channels iz-direction,
and tunable band structuwia Di AT D heterojunctionssuch as in TRBTPA-W COF,which allowfor
light harvesting and charge separatioand therebyshowing potential asphotocathode8*
Electrocatalysigs enabled by the incorporation of redastive linkers and conductive backbones that
facilitate electron transferfor example,Co- or Mn-based metatoordinatedCOFs are frequently
employedfor electrocatalysi§®3¢ Mn-PhenPy COF demonstrated exceptional turnover frequency of
617 Rand a CO evolution of ~222 umol Ehwhen utilized in a MEA cell for C&electroreductiof®!

Thelongrangeordered poresgunable pore sizeend poretopologyof COFs enabl@nic adsorption,
gas storageandmolecular separatio®”! Furthermore COFs have shown promise lunminescence
andsensing applications o wi ng t econfudateistructures gnd drdered channels alhgw
for efficient exciton migration, fluorescence emission, and photoluminesé&nadditionally, by
tailoring functional group®f the building units and linkage€OFs can act as sensors for volatile

organic compounds, taxgasesmetationsand biomoleculeg

Finally, COFs are being actively exploreckimergy storagandmass transporapplicationg*® 4 By
the incorporation of redeactive linkers, and conductive backbeneith teir intrinsic high porosity
andchemical stability COFs carserveas promisingcandidates for supercapacit&fLIBs,*" and
SIBs® where they function as electrodes or active host materialslDlpere network allows rapid
and directionalon transport, leading to higimass transpontates.*® The applicability of COE as
battery components will be discussed in detail in the upcoming sedtrerall the modularity of COFs
enaltes precise structural engineering to meet diverse functional requirements, placing them at the

forefront of advanced materials research.
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1.4.Covalent organic frameworks for battery applications

1.4.1.COF-based éectrolyte material

Organic polymer electrolytes REs) have been extensively investigated as solid or gel electrolytes
for nextgeneration electrochemical energy storage devices due to their structural versatiigfesind
operation Several classes of organic polymers, such as polyethylene oxide {Pp6Iyvinylidene
fluoride (PVDF)P? poly(methyl methacrylate) (PMMA3YY polyethylene glycol (PEGY and
poly(ionic liquid)-based system®] have been employed either in sedihte or gel configurations.
Solid-statesystemstypically exhibit ionic conductivities in the range ofG:%1 104 S cm?® at room
temperature, while after incaymating plasticizerdjke organic solventandionic liquids(ILs), or by
following the copolymer design strategies, ionic conductiviti@s03Scni?, similar to liquid
electrolytes, could be achieve®:*> Fundamentally, the ion transport mechanism in OPEs involves
segmerdl motion of the polymer chains, where coordination sites provided by electronegative atoms,
such as ether oxygen in PEO or functional moiefi€s@ O i SO; ) facilitate cation solvation and
hopping from one energeticalkavorablesite to anotheF*%! While, OPEs hee an advantage of
flexible molecular design, tailoring the polymer backbone to control crystallinity and mechanical
flexibility, they suffer from several challengdsor instance, th@resence ofnevitable crystalline
domains aneéntanglement of long pginer chaingn OPESs reduces segmental mobility of the chains,

and thereby lowering ionic conductivify!

Taking inspiration from the OPEs, researchers have looked towards other organiciungblg
electrolyte alternativ@ such as COF&! COFs not only haviheadvantage of tability, which allows
easy incorporation of moietiesuch ag C O O SGs , 1 OH, 1 C=0Oandimidazolium through building
blocks but also provide 1D channébnd others in 3D COFsjith periodically occurringoordinating
motifs as continuous iogonduction pathways, unlike tl@norphous domains in many OPf$462]
Furthermore, the covalent bonding within CQasimpart high thermal stability and robust chemical
resistance, ensuring safer operation compared to flammable organic solvents and less stable polymer
electrolytes. By ratioa design, discussed iSection 1.4.1.1 and 1.4.1.Z,0Fs can achievan
electrochemical stability windowf >4.5 5 V, high ionic conductivityf ~10 S cm' !, and high cation
transference numbet:) of ~0.9, allowing compatibility with higivoltage cathdes as well as higrate

electrodes.
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1.4.1.1.All-solid-stateelectrolyte
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Figure 1.15(a) Design strategies for COfased soliestate electrolytes (SSESs) as neutral COF, neutral
COF with polymer side chains (neutral COF @ polymer), anionic €&gn COF, and Zwitteion
COFs. The orange ball represents metal cafiri), the green ball representse counter anion (4,
purple and blue balls represent auxiliary cation and afi@rExampleof zwitterionic COF (Zwitt
COF), together with its AAand AB-stacking configurations upon LiTFSI incorporation, along with
the corresponding dissociative adsorption energies of LiTFSI, reported in ktaPthGopyright 2023
Wiley-VCH. (c) Exampleof COR TpPaSGLi, and (d) its crystal structure and the intgdastacking
distance between adjacent COF sh&8t&e) Theoretical analysis of Libn migrationwith axially and
planar p¢ghways in the COF (top), accompanied by theresponding energy profiles (bottom). The
migration process is illustrated through initial (1S), intermediate (IM), transition (TS), and final (FS)

stated®? Copyright 2019American Chemical Society

The ionic conductivity of an electrolyte depends on several interconnected factors, including
(1) concentration of mobile ions, (2)din mobility, and (3) the energy barrier that governs their
migration ). High ionic conductivity requires not only a large number of charge carriers but also
efficient transport pathways that minimize ion trapping and re@iict practice, both cations and
anions contribute to tationic conduction, however, fotassi@l rechargeable metabn batteries, only 7
M* transport is desirable, since energy storage relies on the reversible insertion and extraction of the
metal cation, M= L i , Tektdn contrabtg' movement is unekirable as it lowers the effective

t+ and further leads tthe formation ofa concentration gradierttue to anion accumulatiamear the
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electrode surface, and henceforth acting as an extra energy 6&rfieerefore an ideal electrolyte
maximizes the number of mobile *Mvhile simultaneously suppressing’ Anigration through
immobilization strategies-or instance,avalent tethering or electrostatic trappofgd’ caneffectively
enhances thé.*2%4 Moreover, designing structural environments that promote cation coordination
flexibility, and fast hopping dynamics caeduceE.[*85Y These design principles also fortine
foundation for COFbased electrolyte materials, where tailored porosity, functionality, and framework
polarity have been exploiteAs illustrated inFigure 1.15g four main categoriesf COFbased solid

state electrolytesave emerged:

Neutral COFelectrolytesare designed so that tframework itself does not carry a permanent charge
but instead incorporates polar functional grqugueh ag C=0,T OH, or1 O1 , as coordination sites for
solvaedc at i ons s uc B®% Fhe tonductiom mechaaism. in neutral COFs is typically
analogous to that of polymer electrolytés., ion migration occurs through repeated coordindtion
dissociation processes betwééhand electrosrich donorgrous, arranged in an ordered manang
the framework walls, creating directional and interconnected transport chaHpelever,a larger
stacking distance can lead to higher values.@ind restricted migration, which limits the functionality
aspect of the COF desi§ff.To enhance conduction, polymer chasnsh as polyethylene oxide (PEO)
have been integrated into COF building block&i*@TPBBMTP-COF demonstrage periodically
aligned oligo(ethylene oxiddlexible chains along the pore walls of the C@dgilitating superioiion
pair (M*i A") dissociation, and Khopping via segmental motiaf polymer chainsn well-defined
oriented poresresulting in an ioniconductivity of 6.04 x 16 Scm't at 40 °C®” Furthermore, Zhang
et al. tested the impact of length of the polymer chain on the ionic condudiivitgORPEOXx-Li,
with x= 3, 6, and 9, and reportegeoportional relationship bewenionic conductivityandthe length
of the PEO sidehain!®® Therefore, his combination of ordered nanochannels and flexible polymer
segments promotes efficient, directional ion migration, redugigr ion transport while retaining the

mechanical stability and porositf the COF.

Anionic COFelectrolytes are designed such that the COF framework itself bears a negative charge,
typically introduced through incorporation of anionic functional groups, either throughdiokéne
linkage, into the COF backbof{&562¢8 Since, the framework itself carries negatively charged
moieties,itc an undergo straightforward cation exchang:
thereby eliminating theequiremento addlithium or sodium salts, reducing the risk of salt precipitation,
and simplifying the electrolyte compositiof?! The negatively chargedroups such as SQ; 2 i
C O O%Y andi BO;s '8 are covalently tethered to the pore walls, creating a negatively charged scaffold
that immobilizes the anion,hile providing hopping sites for the catidbonsequentlyonly the metal
catiors remain mobile within the pores, leading to a substantial increase tn aften approaching
unity %621 The primary advantage of anionic COFs lies in &ni®n immobilization mechanisrwhich

eliminates concentration polarizati@nd ensures that current flow is dominated by catidrtss
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combnation of anion immobilizatiomnddirectional cation hoppingras demonstrated by Jeong and
co-workers, wherall-solid CORTpPaSG@Li exhibitedsingle cation transport with*= 0.9, and ionic
conductivity of 2.7 x 1¢ S cm? (Figure 1.15¢,d.%?) Notably, DFT calculations revealagtattheLi*
migration barrier was much higher for ion nagon inthexy-plane compared to tteplane, i.e. through
the COF pores, and thereby proving the concept of-B@Es acting as directional pathway for ion
transport Figure 1.1%).162

Cationic COFelectrolytes consist of periodically reccurring positively charged functional groups,
such as quaternary ammoniumNRs ) or imidazolium, judicially positionedin the framework
backboné®®®4 Subsequentaddition of lithium or sodium sk into the frameworkleads tothe
coordination ofpositive units with the anion of the salt, weakening the cigioion interactios
Therefore, the positively charggore wall reduces thion pair dissociation energy and provides
hopping sites for theation COF Li-CON-TFSI, consistingf i NRs* linker and TFSI counter anion,
delivered a Liion ionic conductivity of 2.09 x 10S cm* at 70 °C¢4

Finally, Zwitter-ion COFs are often a combination of anionic and cationic COF electrolytes,
consistingof both positively and negatively charged groups integrated into the framewotoback
leading to an overall chargeutral structure that nevertheless carries localized ionic
functionalitiesl*>®! A recent investigation by Kanet al. demonstrated the synthesis of ZwilOF
from its precursor ACOF through a reaction with sodium iodoacetBtgure 1.150).1°¢ This structural
transformation induced a gfierence for AAstacking in the ZwitCOF, contrasting with the AB
stacking favored by the parent framework, thereby enabling highly directional transport of mobile ions.
Notably, theall-solid Zwitt-COHR LiTFSI complex exhibited outstanding™ conductiviy of ~1.65 x
104 S cm? at room temperature, accompanied hiy*aof 0.358

1.4.1.2.Quastsolid-state electrolyte (QSSE)

As outlined in Section 1.2.3, conventional liquid electrolytes based on organic carbonates exhibit
intrinsic safety and stability concerns, including high flaabitity, volatility, and susceptibility to
leakage upon mechanical failure, as well as the inherently low structural compactness of the resulting
cells’>¢ Moreover, their fluidic nature facilitates uncontrolled lithium dendrite growth, which can
lead to shortircuiting and thermal runawa@n the other handsolid-state electrolytes (SSEs) offer
nonflammability, mechanical robustness tlean inhibit dendrite penetration, and compact cell
architecture However, SSEs continue to face critical limitations, most notably high interfacial
resistance caused by poor electretirtrolyte contact and relatively low ionic conductivity at ambient
tenperature® Quasisolid-state etctrolytes (QSSES)ffer a promising compromise between these 39
two extremes, seeking to harness the merits of both liquid and solid electrolytes while mitigating their

respective limitation§3¢179QSSEs are typically constructed by incorporating a small fraction of liquid
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or plasticizing agents within a solid matH¥.This hybrid architecture prades ionsolvation,andlow
interfacial resistangesimilar to liquid electrolytes, while the solid framework offers mechanical
stability, avoid spillage, ang@ossiblysuppresses dendrite formatidm.QSSEs, ion transport typically
proceeds via two compigentary pathways, bulk diffusion of solvated ions through confined liquid
domains, and directional migration along ordered channels or functional groups provided by the solid
matrix 53555770 The structural design of QSSEs can be highly tunable by integratpolymeric or
crystalline scaffold with plasticizers such as organic sofventLs, to achieve the desired balance
betweerthermalstability and conductivity.

Design strategies for
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Figure 1.16(a) Design strategies for Cafased quassolid-state eleeblytes (QSSES) as neutral COFs
with mobile ions and solvent molecules, and ani@@Fs with mobile M along with solvent
molecules, confined in the COF suhnochannelgb) Schematic illustration of Eimigration in COF
TPB-DMTP-based polymeric ionic duid/ PyisTFSI (PIL/IL) gel electrolyte, demonstrating the
preferential L conduction pathwaghrough the COF porthan the PIL/IL phas&” Copyright 2021
American Chemical Societyc) The rational desigof the bicinspired COFbased QSSEs. The ion
conduction mechanism through the COF pores replicates the migration*/oKNan biological
membranes exhibiting negatively chargé€QO) inwalls®! (d) Optimizedbinding coordinates of
CORTPDBD and COFTPDBD-COO with NaTFSI salt, with the white,gray, red, blue,andpurple
ballsdenotng H, C, O,N, andNa atomsrespectively!! (e) Impact of PC solvent incorpoiah on the
Nai O coordination distance of NaTFSI within the GOPFDBD-CNa-NaTFSI systenf!

lonic liquids (ILs), such as -&thyl3-methylimidazolium bis(trithtoromethylsulfonyl)imide
([EMIM][TFSI)), "4 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide
([BMIM][TFSI)), B3 1-methyk1-propylpyrrolidinium bis(fluorosulfonyl)imide ([Pyg][FSI])["? etc.,
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have been utilized as plasticizers due to their negligible volatility, wide electrochemical stability
window (~4.5 V vs. Li/Li"), intrinsic ionic conductivity(~10°3Scn'?) , and strong solvation ability.

When integrated to OPEs, ionic liquids have shown to softesolieehost framework by lowering its

glass transition temperatui®,), which increases chain dynamics and enables faster ion migpatin.

In principle, ILs are molten salts, composed of bulky, asymmetric organic cations and inorganic or
organic anions, with their low melting points arising from poor lattice packing between the large,
chargedelocalized ion§Z In ILs, cations and anions are held together by Coulombic interactions,
resulting in high cohesive energy within the liquid phase, consequently, a substantial energy input is

required to separate them into the gas phase, which makes ionic liquids effectiveiylaiie [

Recently, COFs have been explored as highly promising solid nsafoce€)SSEdollowing two
primary strategiegFigure 1.163: (1) incorporating lithium salts and solvents into neutral COF
frameworks, thereby exploitintge functional groups of COFs to weaken th& M interactionsyvhile
utilizing the ordered channeles tlirect ion migratiorfacilitatedwith respect tsolvent phas€” and
(2) designing anionic COFs that immobilize coungé, leaving mobileM* to migrate freely, with
plasticizers furthepromotingsolvation and accelerating ion transp6#. CORTPB-DMTP, when
addedo the polymeric ionic liquidPyri4«TFSI (PIL/IL) -based gel electrolytexhibitedapproximatey
twofold higher ionic conductivity (2.8 104 Scm* at 30 °C) than PIL/Itbased gel electrolyte without
COFDB The COF framework disrupted the ionic interactions betweens'Pamd TFSI, thereby
generatig a mobile anionic solvation shell thahhancedLi* hopping within the COF pores.
Additionally, density functional theory (DFT) calculations revealed that ion transport preferentially
occurred through the COF channels rather than the bulk PIL/IL pRiaged 1.160.57

Furthermore,n a recent studyhe addition of a methoxjunctionalizedCOF,COFROMe to a glyme
based I L/ LI TFSI el ectrolyte r &TdFruxled itohne pdaiisrs,océd
suppressed dendrite growth, and prolonged cycling stahbilitithium-metal batterie§” Yan and
colleagues proposed a Hiwspired strategy for constructit@OFbased QSSEs, in which ion transport
within the COF channels mimics the migration of
with negatively charged carboxylateGO O ) gFigorel p.169.%¢ Two types of composite
electrolytes were developed: (TORTPDBD-NaTFS| consisting of a neutral COGRPDBD
framework with NaTFSI salt, and (ifOFTPDBD-CNaNaTFS| in which the pore walls of COF
TPDBD ae functionalized with C O O groups coordinated t osaliNa |, i n
In the latter system, theC O O functionalities not only facilita
but also provide |l ocalized bindi ngtraaspatFigueep pi ng s
1.16d).%% Incorporation of a small fraction of PC solventthe CORTPDBD-CNaNaTFSI system 41
was further shown to elongate the 1NXla coordination distancen NaTFSI, thereby weakening
Na'T TFSI association. At the same time, confinement of PC molecules within the COF pores, driven

by strong interaction energies with the TPDBDa framework, suppresses PC volatilization and
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enhances b conduct i vixl@?Scmean3d tCeUBgth apdroachdés exemplify how
COFbased QSSEsan bridge the gap between solid rigidity and ligiikd ionic conductivity,

advancing the development of safe, hgrformance electrolytes for neyéneration energy storage.

1.4.2.COF-based éectrode material

1.4.2.1.Design strategies
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4 2 COFs have emerged as exceptionally promising electrode materials in sedondargt multivalent
ion batteries(Li-ion, Naion, Znrion, Al-ion, duation, etc.)owing to a confluence of structural,
chemical, and electronic features than be precisely tuné:*®7374Foremost among these are the

presence of redeactive groups, high specific surface area with modifiable pore topology, and highly
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conj ugsuatteadk ed-l i kredpHiatyer s that form ordered 1D
and electron transport. Redaxtive moieties such aguinones?® imines!*” triphenylamineg™
phenazine&?! thiadiazoled!” etc. can be embedded in either the framework nodes or the covalent
linkages, providing the resulting COF architecture with intrinsic electroda¢activity. Forinstance
triphenylaminebased 2D TATP COFcanundergo reversibl@ € redox reactionst triphenylamine

sites while imine linkages provideadditionalfour reversible redoxentergper unit cell*”! The density

and acessibility of such redox sites are amplified by the ordered and open pore channels in COFs,
allowing full utilization of the framework® Unlike amorphous polymers where redox sites may be
sterically inaccessible, COFacilitate periodic exposure of these functional groupd)ibiting higher

rate capabilities anspecific capacities.

Similar to OEMs, COFs can be categorized raype, p-type, or bipolar/atipolar materials
depending on whether their dominant electrochemical process involves cation insertion (electron
uptake), anion insertion (electron loss), or both, a classification that stems from the redox nature of their
organichbuilding blocks and linkages, as will be discussed in detail in Section 1.4.2.2. Thalration
choice of linkers and linkages not only governs the intrinsic redox chemistry of the framework but also
dictates the degree 6f  stacking and conjugation, whidh turn regulate the electronic conductivity
in a COFbased electrod@Figure 1.17a).19 Planar linkers with rigid aromatic polycys and highly
conjugative linkages favor-overlap, reducing interlayer slip or twist, increasing interlayer orbital
overlap, thereby enhancing eaftplane g-axis) electron mobility. By contrast, twisted or Aglanar
linkers/linkages, such ahe imine linkage, may disrupt these interactions, raising band gaps and
impeding both implane and oubf-plane conductionAlternating electromiich (EDG or donors) and
electrondeficient (EWG or acceptopnits within the COF backbonegstablishDi A heterojunctios,
promoting internal chargdransfer pathways that enhance botkplane &y) and outof-plane ¢)
conductivity®®78 Charge transfer bewen donor and acceptor domains facilitates a hopping
mechanism in which electrons migrate from electiich to electrorpoor centers, lowering charge
transfer resistance and sustaining continuous electron®“floihis mitigates one of the central
limitations of COFsi.e.their inherently moderate conductivignd allows the ionic conduction to be
synergistically coupled with efficig electron transparthereby improvingpower density and rate

capability in electrochemical devices.

The redox activity of COFsan be fundamentally alterdxy the electronic configuration of their
building blocks, particularlghroughthe relative posions of molecular orbitals, HOMO and LUMO.
n-Type COFs, constructed from electrdeficient moieties, possess stabilized LUMO levels that
facilitate electron uptake and cation insertion. Convergetype COFs, based on electrooh donors 4 3
feature elevatd HOMO levels that readily donate electrons, supporting anion or counterion insertion.
The incorporation of EDG raises the HOMO energy, lowering oxidation potemifzls,strongEWG

lowersthe LUMO energyandenablesasyredudion.* However theactual redox potentials of COFs
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often deviate from those of their isolated building units. This arises because the extended conjugation

and polymeric band structure of COFs generate delocalized va(®®R)eand conduction bands

(CB).% Electron pushpull interactionsi nt eril" aysearac’ki ng, intral ayer hy
chargetransfer pathways redistribute electron density, altering the effective redox behavior relative to
themolecularbuilding blocks

Equally significanin the context of batteriemre the struciral characteristics of COFs, namely their
high surface area and modular porosity. With BET surface areas typically7ddi000 n% g' ! range
and pore sizes spanning from micropores to mesopores, COFs provide abundant accessible channels
for electrolye infiltration and ion diffusiorfFigure 1.17).°l OrderedlD channels in 2D frameworks
or 3D pore networks in 3D COFs minimize tadsity, reducing ionic resistance and facilitating the
transport of bulky specigsvith solvent shellsuch as Ng K*, Zré*, Al®*, or bulky anions(B') in p-
type and bipolar electrod&&’? Structural engineeringanfurther enhance ion kinetics through the
exfoliation(chemical or mechanicadf layered COFs into covalent organic nareets (CONs), which
maximize exposure of electroactive sites and shorten diffusion patFlagsllectively, these
electronic and structural design features render COFs highly adaptable electrode materials for diverse

secondaryon batteries.

1.4.2.2 . Redox functionalities

The operation of LIBs relies oa reversible chargelischarge process in whidhi-ions shuttle
between theositive and negative electrodigsough an electrolyte, while electrons flow through an
external circuif®¥ COFs have emerged as a promising class of OEMs because ofmtidhitar
architectures, porosity, and chemical tunability. By incorporating polar functional groups such as
carbonyls, imines, and heteroatoms, COFs can strongly interact witin M, facilitating reversible
redox processes. As discussdmbve n-type COFs operate at lower potentials vs. M/Mhdergoing
reduction first and storing Zmé fTheil electraracceptingg s uc h
functionalities (e.g., quinonesnides) allow multiple redox events per repeat unit, giving rise to high
gravimetric capacities (mAh'Y. In contrast,p-type COFs oxidize first at higher potentials and
predominantly store anions such as'PFSI, or TFSI. p-Type COFs usually benefitom enhanced
radical cation stability, which improves redox kinetics and supports rapid th&dearge
performance. Therefore, whifetype COFs excel in capacity outppttype material®ftenoffer faster

kinetics, highlighting the complementary nagwf the two classd¥!

Bipolar-type or ambipolar COFs combine both redox features, enabling the storagéabtatios
at low potentials andounter aniosat high potentialsrespectively:?73758%86 This dual functionality

could yield both high capacity and rapid kinetics, placing them in the categqrgenfdocapacitive
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materials systems that store chargetwit A b dtitkemetgyd ensi ty butl i&kteofcapacs
Suchredoxversatility permits their application in symmetric and eioal batteries.
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Figure 1.18 (a) Synthetic scheme ofPPDA-CuPor COF, and (b) the redox features of the
individual building units, TPPDA and CuPBt. (c) Cyclic voltammograms and (d)
galvanostatic charge discharge profiles ofidn halfcell utilizing TPPDACuPor COF
electrode as WE, Lioil as CE and REY (e) Proposed charggischarge mechanism of
TPPDA-CuPor COF electrodé’] Copyright 2022Royal Society ofChemistry (f) Redox
mechanism of bipolar TATP COF electrode,along with corresponding (g) cyclic
voltammograms depictinthen-type ando-type redox features and (h) chatdjscharge profiles

of Li-ion halfcell at current density of 0.2 & .14l Copyright 2021 WileyVCH. (i) Schematic
structure of bipolar TPABCOF, (j) along with preferential Naliffusion pathways, ifplane
(left) and outof-plane (right), and (k) the calculatedergies corresponding to the pathw@ys. 45
Copyright 2024 WileyVCH.
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In duation batteries (DIBs), both cations and anions from the electrolyte participate in charge storage,
typically with cations intercalating into the anode and anions intercalating into the cathode, enabling
wide opeating voltagesandfast kinetics['%7375886l \When the working principle of du@bn batteries
combines with the same bipolatype material used for both anode and cathibaen deliverduation
symmetric batteriesyith a single bipolaelectrode possessg redoxactive sites accessible across a
wide potential window, allowg reversiblecharge storage on both ends of the specgtamd thereby
sening as both anode and cathd#e?!

Since the exact redox potentials and mechanisms of COFs often deviatldserof their molecular
building blocks due to framework effects such as extended conjugation and pore confinement,
combination of theoreticahodelingand experimental measurements helps decipher the probable redox
and ion diffusion mechanism of Cadfasd electrodes. For instance, density functional theory (DFT)
calculations molecular electrostatic potential (MES&)d experimental techniques, including X
ray photoelectron spectroscopy (XPS), Fodtiansform infrared spectroscopy (FTIRRaman
spectrecopy,nuclearmagneticresonance (NMR)nergydispersive Xray spectroscopy (EDXjand
electrochemical impedance spectroscopy (Et@h beutilized for unravelling theelectrochemical
pathwaysof the COF electrodesSuch insights are crucial for guidinige rational design of next
generation CObased electrodes for advanced energy storage.

Recently, a bipolatype COF, TPPDACuPor COF was synthesized by combiniy,N,N-
tetra(paminophenybp-phenylenediaminéTPPDA) and coppeb,10,15,2&tetrakis(4formylphenyl)
porphyrin (CuTFPP)via imine linkags, and utilized as a cathodearki-ion halfcell (Figure 1.18a
).’ Both TPPDA and CATFPP wuits exhibited 2 ereversible oxidation each tite higher potentials
~3.2 3.7 V vs. Li/Li*, while the CHTFPP subunit could also store 2ibhs atthelower potential ~1.75
vs. Li/Li* (Figure 1.18b,d. With a total of 6 eredox chemistryTPPDA-CuPor COFdelivered a
speeific capacity of ~145nA g'! at 60 mAg'! (Figure 1.189. DFT calculations revealed the most
probable redox sequence: initially, twosPBnions are stored at one TPPDA site and orieT EBP
site, followed by the storage of an additional twg Rifionsat the same TPPDA and CLFPP sites.
During discharge (negative potential sweep), thd RFni ons are rel eased, wh i
subsequently accommodated at thel TePP subunit Kigure 1.189. Furthermore, Wuet al.
demonstratedhe bipolartype CQ- TA-TP, synthesized by coupling the-type N,N,N,N-tetra(p
aminophenyBp-phenylenediamine (TP) and terephthalaldehyde (TA) linkenaype imine (C=N)
linkage (Figure 1.18£h).“" TA-TP COF exhibited a wide stable potential windofv1.2 4.2 V vs,
Li/Li*, with a specific capacity of 208Ahg! at 0.2 Ag'! current flux. The electrochemical
performance was attributed to the reversible storage of t¢cePfFi ons at the TP unit
at the imine linkages per unit celurthemore, peferential diffusion pathways in the bipolar TPAD
COF were investigated by Cheng andvearkers, initially demonstrating that the electrode can

accommodatetwoRFani ons during charging an d(Figuw d.18N a cat
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KY®%*To si mplify the analysis, they focus-plaheon t wo
migration along the COF sheets (pathway 1) and (iiyobytiane migration across the interlayer

galleries (pathway 2figure 1.18). Owi ng t d  statkiag irgeractions getwéeen the COF

sheets, enabled by the planar geometry of the building, uhé inplane pathway was found to be
energetically more favorabl&igure 1.18K). This facilitated directional ion transport within t6©F

framework, therby enhancing reversibility of the redox progesmsddelivering a specific capacity of

186 mAh ¢* at 0.05 A ¢-.1% To concludeengineering COFs throudhinctionality, pore topology,

and 1D nanochams offers a powerful lever twontrolion and electron transport, transforming them

from structural curiosities intpossiblegamechangers for energy storage, an endeavor that has been

the central focus of this thesis.
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1.5. Motivation and outline of the thesis

Thepossibleexhaustion of fossil fuel reservdignited availability of critical elementand even more
so the dangerousonsequences of global warminmderscore the urgent need fgreenenergy
strategieswhile without advanced storage technologies, the intermittency of renewable sources remains
a fundamental bottlenecRherefore, ¢ build a modern, sustainable societythwefficient storage
solutions capable of bridging the gap between supply and dermigheherforming energyystems
must be derivedrom abundant, netoxic resourceswithout environmental and ethical compromise
COFs designed within thecontext of reticular chemistry,have emerged as excellent organic
alternatives toconventional batteryromponentsservingas host materialfor electrods, as base
electrolytes, andspassivating layerslhe modularity of COFs enables precise structural engineering
to meet diverse functional requirements, placing them at the forefront of advanced materials research

for energy storage applications.

This thesis focuses on engineering versatile ®@sed components, demonstrating how their
structural precision and functial adaptability can be harnessed to advance the frontier of sustainable

energy storageasoutlined below

In thefirst project,presented ilChapter 3two quasisolid-state COF electrolytes weregiigned with
ananionic COF scaffold featuring uniformtlistributed sulfonate anions as hopping sites for sodium
ions, and ionic liquid at varying mass fractions as the liquid componehanic conductivity
measurements of these hybrid systems identified the optimal compositions for each COF architecture,
while preserving their intrinsic thermal stability and mitigating leakage risks owing to tfikeyehture

of the compositeg-urthermore, the study underscored the critical influence of tuning COF nanochannel
dimensions and the density of sulfonate functitiea along the pore walls. These structural
modifications unveiled distinct sodidion transport pathways, arising from a synergistic interplay
between sodiuAons hopping through the anionic COF backbone and a veljmée mechanism

mediated by solvatesbdiumions within the ionic liquid phase.

In the second projeatletailed inChapter 4 the focus was shifted towards COE&sel electrodes, with

an emphasis on probing their redox behavior anetlifasion properties as host materiditere a

highly crystalline electroactive bipoldype COF was synthesized bgnnecting twa-type building

blocks vian-type linkage enabling simultaneous storage of metal cations and counter aamhs
thereby servings LFon battery electrode A comprehensive invéigation of the structural, chemical,

and electrochemical properties of the COF was conducted through a combination of experimeS{B
characterization and computational modeling. Chagageer diffusionwasexamined experimentally,

and the underlying diffent transport mechanisof catiors and anios within the frameworkwere

further elucidated through computational analyssdemonstrate the practical implementation of the
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COF in allorganic lithiumion batteries, symmetric full cslwere fabricated, mploying the COF

dually as both the negative and positive electrode.

In the third projectpresentedn Chapter 5 the concept of COBased electrodes was further advanced
by finetuning both the electrolyte constituents and the intrinsic COF architeétunevel, highly
crystalline COF was constructed by integratingnappe building block with g-type linker, forming

a donor acceptor (DA) framework with a low optical band gap. The bipolar COF was employed as an
electrode, enabling reversible dual oatianion storageand examined bymeans ofcomprehensive
electrochemical analyseEhis work highlights how the interplay between chatgerier characteristics,
electrolyte composition, and framework architectca@ controlthe electrochemical performamof

bipolar COF electrodes in dui@n configurations.



Characterization

This chapter provideslarief overview of the key techniques employed in the characterizatithre of
COF materialsand the corresponding electrochemicahdagor. Firstly, the various methods used to
analye and identify the chemical composition, structural features, physical and photophysical
properties are described, highlightitigeir significance in understanding the material's characteristics
at both tle molecular and macroscopic levels. Following this, the theoretical foundations and practical
implementation of electrochemical methodologies are presented, emphasizing their importance in

assessing the electrochemibahavior stability and potential fgpractical applications

NOTE: Information on the instrumentsed in this works presented at the end of thlividual
descriptios, any exceptiogfrom the standard measurement pracéicementioned specificallin the

experimentakectiors throughow the document
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2.1.Materials characterization

2.1.1.Fourier transform infrared spectroscopy (FTIR)

Source

Detector —»

Slldlng Beam Sample e —
splitter

mirror
+—>r

Fixed
mirror

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fourier
transformation

Intensity
v

Ioptical path difference Wavenumber
Interferogram IR spectra
(Time domain) (Frequency domain)

Figure 2.1 Schematic illustration aheworking principle ofanFTIR spectrometer.

Fourier transforminfrared (FTIR) spectroscopy is powerful and nordestructivetechnique to
identify the molecular structure and composition of organic materialsnblyzingthe vibrational
modes of its molecules. FTIR spectroscopy works on the basic principle that molecoibsspbsific
frequencies of infrared radiation titan assist ither physical characterizatiof TIR typically utilizes
the midinfrared region (4000400 cm?) of the IR spectrum, and each molecule has a unique IR
absorption spectrum, like a fingerprint, corresponding to the different bond and molecular \8pration
which can be used to identify anbaracterizehe substancé? The absorption occuikthe energy of
the IR radiation matches the energy required to excite the vibration of the particular mdleerdéore,

IR radiationis absorbed when the energy of the incoming IR photon matches the energndédfer
between the current vibrational state amcexcited vibrational state of the moleculée vibrations
can becharacterizedas stretching vibrational mode(symmetric and asymmetri¢ and bending
vibrational mods (scissoring, rocking, wagging and twwsy) based on relative movemeraf the
atomsin the moleculeFurther, for absorption of IRadiationto occur, thechange oWibrational state

should result ira changeof the dipole moment of the molecyland thereforgif the corresponding
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vibrationd mode does not change the dipole moment (for exawitthesymmetric stretch vibratioris
symmetric molecules)this particular vibrationis typically IR-inactive. Insteadof measuring the
absorption at each individual wavelength, FTURlizes Fourier transformation which allows the

simultaneous measurement of all wavelengths resulting in faster data acquisition.

An FTIR spectrometeis equipped withan IR sourceemitting infrared radiatior(Figure 2.1). This
IR beam is then split into two parts by theam splitter reflecting on two mirrors, onis thefixed
mirror and another ithesliding mirror. The fixed mirror remains stationary and reflehtfirst portion
of the IR beam back to the beam splitesrsuringthatthe path length of this portion tfie IR beam
remains constaft? The sliding mirror oscillates back and fqritnd this movement of the mirror
changes the path length of the second portion of the IR beam whiemiseflectedack to the beam
spitter to recombine with the first portion dfeIR beam. This creates interference in the IR beam and
therefore thisetupis called interferometer (or Michelson interferometd@t)e beamilluminatesthe
sample and certain frequencies of the IR bearmahserbed depending on the molecular structure of
the sampleTheintensity of the transmitted or reflected lightdeterminedy adetector Finally, the
absorptiorataparticular wavelength isontainedn the obtained interferogram (tifpathwaydomain,
which isthen Fourier transformeitito an IR spectrum (frequency domain) with high sigioahoise

ratio.

InstrumentThe IR spectra were captured using a Bruker Vertex 70 FTIR instrument, featgiobga
(silicon carbide) asnid-infraredbeam sourcalong with a KBr beam splitteand two gold mirrors.
The MCT detector was cooled by liquid nitrogen @,Nand FTIR spectr weremeasuredwith a

resolution of4 cm' ! and averaged over 1000 scans.

2.1.2.X-ray diffraction (XRD)

X-ray diffraction (XRD) is a powedul analytical techniquéor materials research tetermine the
crystalline structure and lattice paramsta crystalline materialdDuring the XRD measurement, the
X-rays interact with the atoms of the crystal and the subsdygueatitered Xays caninterfere with
each other constructively (intensifying the signal) and destructively (diminishing the signal). The
constructive interference resultsardiffraction pattern corresponding to the crystal symmetry of the
materia] and therefore bwnalyzingthe intensities and angles of the diffracted beams, the crystal
structure camltimatelybe determined. In 1913, William Henry Bragg and his son William Lawrence
Bragg derived a relation betweerettvavelength of incident Xays (8), the angle of incidencgl) at
which a constructive interference occargl the distance between the crystal plédgsnathematically 5 7

expressed a3

€ _ Qi Q¢ — (Equation2.1)
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whereg is the order of diffractionwhich can only be an integras depicted irFigure 2.2a when
monochromatic Xays hita crystal, oneray may bescattered fronone plane andhe other from the
plane below the first planghe extra distance travelled by the lower ray is the sum of the distances
travelled into and out of the crystal planandequalsgQi "QéB—+ a g g OEs. 2.1) predictéthatfor
constructive interferemc to take place, the path difference betweenay§ scattered from two
successive planes should be an integral multiple of the wavelength of the incidgat X Wh en Br aggo
condition is satisfied, diffractedbeam is detected.
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As presented ifrigure 2.2b, the X-ray sourceconsiss of a cathode ray tube where electrons are

accelerated and collideith a metal targetproducing Xrays of specific wavelengshfollowed by a

filter or monochromator to filter out unwanted wavelengths. The generat@tent Xray beamis

directed towards theamplewhich can be powdered, thin films or single crystalg intensiesof the

diffracted Xray beans are measured by thieetectorat different anglesreating(often)sharp peaks in

diffraction pattern However, broadening of the diffraction peakay occur due textremelysmall

crystallites, leading to fewgrlanes of atoms to contribute towards constructive interferencaays<
Scherrerds formula directly links the :®hroadeni ng

o — (Equation2.2)

where,Ois the crgtallite sizebi s Sc her r eisths wacetemgth offze X rays,f is the
full width at half maximum (FWHM) of the diffraction peak, anrd s t he angl e (Braggd:
incident Xray. This law assumes that the peak broadening is gnainlsed by the small crystallite size
while, in fact, broadening can be caused by other factors such as instrument imperfections, temperature,

microstrain or disorder in the crystal lattice.

Instrument Diffractogramswere obtained using a Bruker D8 Diseo, featuringa LynxEye position
sensitive detector, configured in BraBgentano geometry.

2.1.3.Gas sorption

Nitrogen gas sorption is a widely used technique for characterizing the surface area, pore size, and
pore volume of solid materiali, this caseCOFs. N, sorption relies on thghysicalinteraction between
nitrogen molecules and the surface pirous materiak called physisorption Physisorption is a
reversible process since weak van der Waals forces are involved and no chemical bonds are formed
between the adsorbate gNjas) molecules and the surface (COF)aAemperaturef 77 K (boiling
temperature of liquid nitrogen), tlyas molecules adhere to the surface of the material through van der
Waals forcesand the amount of gas molecules adsorbed witreasing partial pressure can be
measuredSubsequently, as the relative presquy) ) approached, the pressure iagainreduced
allowing the nitrogen moleculésleave the surfac&.or the complete procesbetelationshipbetween
the amoun of gas adsorbednd therelative pressuregnfn ) yields anisotherm which can be
categorized intaeight types according to thinternational Union of Pure and Applied Chemistry
(IUPAC) classification Figure 2.3). Since the adsorptidmehavioris influenced by the pore size and
surface charactedtics of the material, different types of isotheroorrespondo different material 59

propertied®
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Figure 2.3 Depiction of various typesf physisorption isotherms as recognised by IUPAC.

Type | Also known as the Langmuirsotherm represents microporous materials (pore size < 2 nm),
showing a steep uptake at low pressutes to the completely filled microporeBype | is further
classified into Type I(a), describing materials with narrow micropores, and Type I(b), which refers to

materials possessing wider micropores and narrow mesopores.
Type It Represents neporous or racroporous materials with a continuous adsorption curve.

Type |l Represents neporous or microporous materials that show weak interactions with the

adsorbate
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Type IVa Represents mesoporous materials@2nm), exhibiting a hysteresis loop due to capillary
condensation in the pores.

Type Vb Represents mesoporous materialS@zim), exhibiting reversible isotherm with sreafjore
width.

Type V Representseak interactioa between adsorbate and adsorbgintilar to Type Il] however,
with a hysteresis loop.

Type VI Representaniform nonrporous surfaces, exhibitingultilayer adsorption

The BrunaueEmmettTeller (BET) theorynamed after Stephen BrumapyPaul Emmett, and Edward
Teller,is utilizedto describe the physical adsorption of gas molecules on a solid surface and to calculate
the surface area of porous materi@lhe BET theoryis an extension othe Langmuir adsorption
model| which assumes that adsorption occurs only as a monolayer on a Sliffac@ntrast BET
theory recognizes that multiple layers of gas molecules can adsorb on the sudhkicgy it more
versatike for characterizing reaborld surfacesAccording to BET, lue first layer of adsorbed molecules
attaches directly to the surface, while subsequent layers are adsorbed onto the previously adsorbed gas
molecules.BET assumes that (i) the gas molecules adsorb in multiple layers, and the rate of
adsorption and desorption is balanced for each layer, (ii) the first layer of adsorption is governed by the
heat of adsorption, which is different from the heat of liquefaction that governs the subsequent layers,
(i) there is no lateral interaction between molecules within the same layer, and (iv) the surface is
homogeneous in terms of adsorption sieBurther, he BET theory is applicable ovetimited range
of the adsorption isotherm, typically in the range of 0.0%I'& < 0.30 (wherenj is the equilibrium
pressure ang is the saturation pressiréfhe BET equation is derived to express the relationship

between the amount of gas adsorbed and the relative prgggure

— (Equation 2.3)
whereC is the BET constang, is the amount of the adsorbate adsorbed for a monokayet, is

the amount of adsorbate adsorbed at a relative prag&yre

Instrument The isotherms were recorded using Quantachrome Autosorb 1 and Autosorb iQ instruments
at a temperature of 77 K. BET surface asdar the respective COFs were calculated based on the
pressure pmdgk. PQ.05 O
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2.1.4. Thermogravimetric analysis (TGA)

Themogravimetric analysis (TGA) is an analytical technique used to measure the change in the mass
of a material as a function of temperature or time under controlled atmospheric conditions. TGA
providesvaluable insights into théhermal stability, compositig and decompositiobehavior of
materials During the experimenthe sample is heated at a controlled rate, typically betweeg 1
per minute, while a thermocouple ensures precise temperature control. As the sample undergoes
physical or chemical changesich as decomposition, oxidation, reduction, or the loss otuneiand
volatile compoundghe instrument continuously records the mass changsedatacan beplotted as
a At hermogramd, showing mass change (in percent
(Figure 2.4). The temperature at which signdimt mass | oss begins is often
thermal stability (this is sometimes misleading because these processes occur under dynamic
conditions) The decomposition temperatufenset and embint) provides crucial information about

the slitability of materials for hightemperature applications.
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Figure 2.4 Schematic of #@ypical thermogravimetric analysis (TGA) curve or thermogram.

The first derivative of the TGA curve (mass change rate) provides sharper peaks, making it easier to
identify the temperature at which decomposition events occur.-DGA (Differential Thermal
Analysis) or TGADSC (Differential Scanning Calorimetry) curves sh@more accurateemperature
of maximum mass loss rate agdantify heatflow (with the latterjproviding a complete picture of

thermal events like melting, crystallization, and decomjuosit
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Instrument The thermal stability measurements were performed on a Netzsch Jupiter ST 499 C
instrument equippk with a Netzsch TASC 414/4 controlleBamples were heated from room

temperature to 900 under a synthetic air flow

2.1.5.Electron microscopy(EM)

Electron Microscopy (EM) operates hginga beam of electrons to produce higisolution images,
offering a significanfidvantage over traditional light microscopy, which relies on visible figjfithe
fundamental reason for this enhanced performance lies in the drastically shorter wavelength of electrons
compared to visile light, allowing EM to achieve far greater magnification and resolution. The
technique consists of several critical steps, which may vary slightly depending on the specific type of
EM in use, such aganningelectronmicroscopy (SEM), anttansmissiorlectronmicroscopy (TEM),
discussed in detail iBection 2.1.5.1 and 2.1.5.2, respectively.
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Figure 2.5 Schematic illustration gbarticles involved irelectron microscopy (EM).

At the core of the processtlse electron gun, which serves as the source gifrtheary electron beam
Electrons are typically generated by heating a tungsten filament or via a field emission guwiii€iEG)
providesa more coherent and precise electron beam. Once emitted, therleeam is meticulously 63
focused using electromagnetic lenddpon interaction with the sample, the electron beam induces a
range of signals that arise from the specific interactions between the incident electrogmsiahg

with the electron shells aftoms within the materiaF{gure 2.5. Thetransmitted eare detected in
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TEM, providinginformation on thenner structure of theample Electrons camlsobereflected back

to the surfacéhrough elastiénteractionswithout the loss of kinetic energhgaving the sample again
asbackscattered'e Th electron bearnan also scatter inelastically with the atoms within the sample,
originatingsecondary 'g Augere’ or X-rays For SEM analysissecondary'eandbackscattered ere
mainly detectedproviding information on the surface morphology ammhtrast in the image based on

atomic numberrespectively'!12

2.1.5.1.Scanning electron microscopy (SEM)
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Condenser lenses
I |
Aperture
Scanning coil [ | B
Objective lens - -

Back-scattered

electron detector [ I
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Figure 2.6 Schematic illustration of working principle of scanning electron microscopy (Stiti)

beam path illustrated

Scanning electron microscopy (SEM)a powerful imagindgechnique used to observe the surface
morphology and structure of materials the nanometerscale SEM provides detailed, three
dimensionalike images of a sample's surface by scanning it with a fodughenergy electrobeam.

The beam interacts withe atoms in the sample, producing signals that provide information about the
surface's topography, composition, and other properfies electron sourceor the electron gun
produces an electron beam, typically generated by a tungsten filament, asddiegtagure 2.6.01314

As the electron beam strikes tb@mple secondary electrons (legnergy electrons) are ejected from
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the surface of the sample. These lewergy electrons are primarily used to form the SEM image,
providing hgh-resolution detail of the surface morphologackscattered electrons (or highemergy
electrons), reflected back from the sample, provide contrast in the image based on atomic number, with
heavier elements appearing bright€he secondary and backtteaed electrons are collected by
detectors and converted into a signal that forms an image on a screen. The image resolution depends on
the electron beam's interaction with the surface the interaction volume beneath the surfacd,the

d et e c tsiivityd Spectalezed detectors can also capture generated charactetiatis, Xvhich can

be used for EnergRispersive Xray spectroscopy (EDX) to determine the elemental composition of

the sample (presented in detail in section 23).5

The SEM sampkeare prepared by coating a thin layer of the material ocsenductive materiaduch
as carbon or gold to avoid charging and ensure clear imadie@GEM chamber is typically kept under

high vacuum to prevent electrons from scattering in the air, vihither allows for clear imaging.

Instrument SEM images were obtained using BEI Helios NanoLab G3 UC scanning electron
microscope equipped with a Schottky fielohission electron source operated-&tid/.

2.1.5.2.Transmission electron microscopy (TEM)

Transmsgsion Electron Microscopy (TEM) operates on the principle of transmitting a beam of high
energy electrons through an ulttdn sample, where electresample interactions produce various
signals. These signals are then used to form-t@gblution imageswyith the capability of resolving
features as small as 0.1 nm and therefore gather detailed information about the internal structure,
composition, and properties of the sample material. This high resolution is achievatol¢hdineghly
energetic electrobeam, typically accelerated at voltages betweart@0 kV, focused by a series of
electromagnetic condenser lenses and directed toward a thin sample, usually less than 20¢*#m thick.
Such hin samples are essential because electrons strongly interact with matter, and only very thin

sections allow electrons to transmit through the sample for image formation.

A schematic illustration atheworking principle ofaTEM is presented iRigure 2.7. A typical TEM
setup includes aalectron sourcecondenser lensee focus the beam, a specimen stage to hold the
sample an objective lendor initial image formation, ang@rojector lensegor further magnification.
The selected area aperturandobjecive apertureare used to enhance contrast by limiting scattered
electrons that would otherwise reduce image clarity. As the electron beam passes through the sample,
the transmitted electromse influenced byhe internal structure of the sample, whicthisnimagedoby
objective and projector lenses to produce an image. The final image can be detected by a quore@dﬁ
screeror an area detectoronverting the higlenergy electron signal into a visible or digital imé&ge.

The contrast in TEM images arises from a complex interaction besleeimons ananassthickness
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differences, where denser areas scatter more electrons and appear datk@rasa difference, which
results from the interference of diffracted electrons when interacting with crystalline regions.

Electron source

/ Condenser lens /
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Objective lens

Objective aperture e
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Intermediate lens

Projector lens 0>

| Screen/ Camera
Imaging mode Diffraction mode

Figure 2.7 Schematic illustration dmaging and diffraction modef transmissionlectron microscopy
(TEM).

The arrangement of electromagnetic lenses allows the user to switch between different modes, including
brightfield, darkfield, and diffraction modes. In diffraction mode, electron diffraction patterns are
produced via Bragg sttaring, which is particularly useful f@nalyzingcrystalline materials, such as
COFs. These patterns can provide detailed information about the crystal structure, lattice spacing, and

orientation of the sample.

Similar to SEM, the entire TEM system optas under high vacuum conditionsmaintain the high
energy of the electron beam and minimize interactions with air molabate=ould degrade the beam

and reduce resolution.

Instrument:TEM images were obtained on REI Titan Themis instrument equieg with a

field emission gun operated at 300 kV.
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2.1.5.3.Energy-dispersive Xray spectroscopy (EDX)

Mshell —— —
Lshell e Incident e~ . characteristic
N\ ¥ X-rays
K shell
® ®

Figure 2.8 Schematic illustration ofhe working principleof energydispersive Xray spectroscopy
(EDX).

EnergyDispersive Xray Spectroscopy (EDX) is an essential technique for elemental analysis in
electron microscopy, providing both qualitative and quantitative data on the composition of a wide
range of material8® When a higkenergy electron beam (from SENIthis casgstrikes the atomin
the sampleit displa@stheinnershell electrons from the electron orbitafsheindividual atornrs, and
subsequenthcreatingvacancies in the inner electron shells, making the atom unstable. To restore
stability, electrons from higher energy levels transition downward to fill tesanciegas depicted in
Figure 2.8). This process releases energy in the form of characterisdgs{andeach elemergmits
X-rays at distinct energigsnique to its atomic structure. These emittedh¥(s are captured by an EDX
detector, which convis the Xray photonsnto electrical signals. These signals are then processed and
displayed as an energy spectrum, where each peak corresponds to the charactagisticexgies of
specific elements within the sample. The intensity of these peakseitlyliproportional to the
concentration of the respective elements, facilitating both qualitative identification and quantitative

compositional analysis.

Instrument EDX measurementsereperformedn conjunction with SEMon a Dual beam FEI Helios
G3 UC nstrument equipped with anMax 80 EDS detector from Oxford Instruments plc. The EDX

spectra were recorded at 5 kV.

2.1.6.Ultraviolet -visible spectroscopy (UWis)

67

UV-Vis spectroscopy (Ultravioleé¥isible Spectroscopy) is a widely used analytical technizaseel
onthe absorbance of light in thétraviolet (UV; 200 400 nn) and visible ligh{400 700 nm)regions



638

Chapter2. Characteeation

of the electromagnetic spectrutnis primarily used to study the electronic transitions of moleands
materials particularly those involving conjugated systems, aromatic rings, or metal comglexes.
modlecules, electrons are confined to discrete energy levels, which are described by molecular orbitals.
Upon absorption of electromagnetic radiation, these electrons undergo excitation from-enexggr

orbital, known as the ground state, to a higieery orbital, referred to as the excited state. The
difference in energy between these two states corresponds to the wavelength of the absorbed light. This
relationship is quantitatively expressed by the equation:

o Q — (Equation 2.4)

whereQis the energy difference between the ground and excited stagahge frequency of the light,
"G s Pl an c kdbsshe speen sftthe lighand_is the wavelength of the absorbed light. The
nature of the electronic transition is dictated by the type of orbitals involved, and the energy required
for these transitions determines whether absorption occurs within the ultraviolet (UV) ler ndgibns
of the electromagnetic spectrum. The most common types of electronic transitions that occur in UV
Vis spectroscopy are related nalecular orbitalsparticularly bonding @ ) and norbonding 6)
orbitals and their correspondingntibondingorbitals @ * * ¥. For instance, high energy transitions
(e.g.,0 Y (¥ absorb light in the vacuum UV region (short wavelengths, below 200 nm), moderate
energy transitions (e.g.,Y “*andnY () absorb light in the UV region (20800 nm), and lower
energ transitions (e.gn Y “*) absorb light in the visible region (4DB00 nm) or nealR region. In
general, the more conjugated a system is, the less energy is required for transitions, meaning
the absorption will shift toward longer wavelengthsv@go energy) in the UWis spectrum. This shift

is known as a bathochromic shift or redshift.

The amount and wavelength of the absorbed light provides valuable information about the structure,
concentration, and properties of compounds. The absorptiorrigpeis a plot of absorbance (or
transmittance) as a function of wavelength, and is characteristic of the specific chemical bonds and
electronic transitions within the molecules, thus it can be used for qualitative and quantitative analysis.
LambertB e e taw san beutilized to determine the concentration of the solution by measuring

absorbance of the sample, such as
0 aé e W & (Equaion 2.5)

whered is the absorbance, is the molar absorptivity (molar extinction coefficiend)js the
concentration of the absorbing species in the solutiongenithe path length through the samizis
the intensity of light before pasg through the samplendGs the intensity of light after passing
through the sample
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The Tauc plot is a widely employed graphical method used to determine the optical band gap of
semiconducting materials. Originally introduced by J. Tauc for amosplsmmiconductors, it
establishes a relationship between the photon en€byy(d the absorption coefficieot the material
( ) through theequation’”

| "D o® O (Equation 26)

whereO represents the optical band gaps a proportionality constant, agddefines the type of
electronic transitiontypically ¢ = 0.5 stands foindirect alloved transitions and = 2 for direct
allowed transitions. By plotting "® vs."®, a linear regiortan beobtained near the absorption edge,

and extrapolating this line to the energy axis yieldQhe

However, COFs are typically synthegizas fine powders or films thatight exhibit a significant
level of light scatteringnaking direct measurement of the absorption coefficient difficult. To overcome
this limitation, the KubelkaMunk (KM) theorycan beapplied where th&KM model convertsiffuse
reflectance data obtained from WVis spectroscopy into a quantity proportional to absorption using
the transformatiof®!

oY — (Equation 27)

where'Yis the measured reflectanaad the functiorlOY acts as an equivalent|toin the Tauc
equation, allowing estimation of the optical band gap evengage materials. This approach provides
insights into how variations in linker conjugation, substituents, and topology tune the optical properties,

guiding the rational design of COFs with desiedettronic properties?

Instrument UV-vis spectra were recorded using a Petkimer Lambda 1050 spectrometer equipped
with a 150 mm integrating sphere, photomultiplier tube (PMT) and InGaAs detector.

69
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2.2.Electrochemical characterization

2.2.1.Cyclic voltammetry (CV)

Cyclic voltammetry (CV]s essential in battery research for studying the réataviorof materials,
understanding their electrochemical properties, and diagnosing performance issuesdéspkeyi
insights into the reversibility, kinetics, stability, and degradation of battery matézMlallows the
identification of the redox potentials at which the battery's active materials undergo oxidation and
reduction reactions. These potentialsvile important information about the voltage window in which
the battery operates.
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Figure 2.9 Schematic illustration othe working principle of cyclic voltammetry (CV)a) Applied

potential €, in V) as a function of time,(in s) for a gened cyclic voltammetry producing@b ) fid uc k
shapedo c yaglam epresenting fzoti mnodic and cathodic sweBpss:is the potential

where the oxidation (or reduction) begiks; andEyaare the potentials at which reduction peakent

(ioe) and oxidatiompeak currentifs) appearsrespectively

The principle of CV revolves around measuring the current response of an electrochemical system as
the potential applied to the working electrode is swept linearly over time, forming a pgtiern
(Figure 2.9a).?% The sveep consists of two main phastsward sweep, during which the potential is
increased (or decreased) linearly, causing the oxidation (or reduction) of the electroactive species at the
working electrode, and after reaching a defined voltage limit, theswaieection is reversed, and the
opposite redox reaction occurs during reverse sweep. If during the forward sweep, the applied voltage
forces the electroactive species to undergo oxidation (lose electrons), then it iSiaadidid sweep.
And consequely, if during the reverse sweep, the applied voltage forces the electroactive species to

undergo reduction (accept electrons), then it is caltathodic sweep?°-2!]

As depicted irFigure 2.9b, during anodic sweep, as the potential reaches a certain value, tkes speci

starts to oxidizeat O , iIndicaing that the specgareforming its oxidized state bipsing electrons
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andanoxidation pealappearsOn the reverse sweep, the oxidized species starts to reduce back to its
original stateby gaining electras, and areduction pealkappearsThe potential at which the oxidation

(O ) or reduction 'Q ) peak occurs corresponds to the formal redox potential of the species and
provides information about the redox properties of the sysfidra. peak cuent ('Q or'Q) is

proportional to the concentration of the electroactive species and the rate of electron THaasfeight

of the peaknot only depends on the numlzgrelectrons involvegconcentratiorand diffusionof ionic
speciesutalso on the scan rate)(of the measurement, as described byRardlesGe v | 2 k :equat i «

N w pme o070 7 (Equation2.8)

where'Qdenotes the peak currestjs the number of electrons involved in the redox prodess,
represents the electrode surface a@eis, the diffusion coefficient of the redeactive specieq) is its

bulk concentration in the electrolyte, aimds the €an rateof the measurement performed at 25

In batteriesapower law can be applied tatedependenCV toanalyethe electrochemical processes
at the electrode surface and to distinguish between different types of charge storage mechanisms, such
as faradaic diffusiorcontrolled (battenjike) processes and ndaradaic surfaceontrolled

(capacitive) processeEhe relationship between tpeak curren(QQ) and thescan rat€’ ) can often be

expressed using@ower lawi??23]
QW (Equation 29)

where botha and b are constants. The value bfcan provide insights into the charge storage
mechanism in a cell, for instancepaalue of 0.5 implies slower diffusion pgendence, while @value
of 1 indicates faster capacitive behavibrur t her mo r e, isQutiliredtd quantiaitely o d

separate the current responses into diffusivel capacitivelependent®!

w7 (Equation 210)

where’Qw is the current response at a specific poterifl,is the fraction of total current dominated

by capacitive bhavior, andQ’  signifies the diffusive contribution. This equation can be used to
deconvolute the CV data to determine how much of the current is due to capacitive storage and how

much is due to diffusictimited processes.

Instrument Cyclic voltammetry measurements were carried out on a Metrohm Autolab
potentiostat/galvanostat PGSTAT302N equipped with a FRA32M module.

/1
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2.2.2.Linear sweep voltammetry (LSV)

Linear Sweep Voltammetry (LSV) is a valuable technique in battery research, used faogatwvest
the electrochemicdlehaviorof battery materials, assessing the stability of electrobielselectrodes
and characterizing key processes like degradation and corrosion. LSV is commonly used to measure
the voltage range in which an electrolyteneens stable. By sweeping the potential, the onset of
decomposition reactiongf the electrolytecan be identified, which determines tbakectrochemical
stability and thesafe operating voltagangeof the battery. The potential is swept from a loweragpyt
to a higher one (or vice versa) to explore oxidat@meduction behaviorof the electrolyte or electrode
materials. Similar to CV, the onset of current indicates the voftage ) where a reaction startsuch
as electrolyte decompositipandthe peak curren{"O) corresponds to the oxidation or reduction of

active materials

During voltammety, the current increases with scan rate due to enhanced reactioicskizred
diffusion effects. As the scan rate increases, the applied potential changes more rapidly, accelerating
the electron transfer reactions at the electrode surface, which leads to higher faradaic currents
(Figure 2.10). Additionally, faster scan raecreate a steeper concentration gradient near the electrode,
causing larger number of electroactive species to diffuse rapidly to the surface, further increasing the

current.

E(V) i(A)

T scan
Time (s) speed

E, ‘ E, E(V)
Figure 2.10 Schematic illustration of relation between sspeed and observed current in a linear
sweep voltammetry (LSV).

Instrument Linearsweep voltammetry (LSV) measurements were carried out on a Metrohm Autolab
potentiostat/galvanostat PGSTAT302N equipped with a FRA32M module.
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2.2.3.Galvanostatic chargedischargecycling (GCD)

(@ a) b))

A A

]iR drop

0 »
Time (s)

]iR drop
0 Time (s)

Figure 2.11 Schematic illustration aheworking principleof galvanostatichargedischarge (GCD).

GCD cycling provides detailed information about the chaligehargebehavior efficiency, and
stability of energy stoge devices, making it an essential technique in battery and capacitor research.
In GCD, theelectrochemicatell is charged and dischargatigalvanostatic modéconstant current)
while the voltage is monitored as a function of tirkég(re 2.11a).?* During the charge ©je, a
constant positive current is applied to the ,cedbulting ina gradualincreasen the voltageuntil it
reaches @re-set upper cudff voltage.Whilst, during adischarge cycle, a constant negative current is
applied,leading to decrease in theltage until it reaches a lower eoff voltage. Theduration of a
(dis-)chargecycle ofthe device under constant current provides information about the energy capacity
of the cell. Typically, longer charge/discharge times indicate higher energy stoeggeity. The
specific capacity (Unit: mAlg'! for batteries) is calculated from the charge or discharge time and the

applied currentising the following formula:
YR 'Q 0 ROND SEO ©— (Equation 211)

where @A) is the current applied (h) is the duration of charge (or discharge) cycle, @and) is the
mass of the active material of the electrode. Further, coulombic efficiency (CE)ergprdse ratio of
the charge extracted during discharge to the charge supplied during charging. The formula employed to

determine the coulombic efficiency (Ci8)

6EO00ERDUAODOM e pmm (Equation 212)

/3

during discharging and therefore, significantcharge is lost due to side reactions, such as electrolyte

A coulombic efficiency 0f~99% indicates that most ofthe charge input during charging is recovered

decomposition or parasitic processes.
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Moreover, the voltage profilef GCD measuremesprovides key insights into the charge storage
mechanism of energy devicdsor instance, &iteries rely on fadaic redox reactionsndtypically
show distinct voltage plateaus during charge and discharge, reflecting the electrochemical processes
occurring within the electrodes. In contrast, supercapacitors store charge throutdradaic,
electrostatic processeresulting in a linear voltage profile without plateaus. Pseudocapacitor electrode
materials, which combine both mechanisms, exhibit slight curvature or small plateaus in their GCD
curves?? These features help differentiate between the energy storage behaviord¢massess the
performance of the device in terms of energy and power density. Diigyrhargng cycles the
voltage profile usually shows an abrupt voltage drop at the maimeourrent is switched from charge
to discharggor vice versa This immediatevoltage dropis calledthe fiR drop, which is a direct
conseguence of the internal resistance of the amedl serves as a useful indicatoself-discharge and
overall eficiency of an electrochemical c¢Rigure 2.11b). A lowerinternal resistance exhibismaller

iR drops, leading to better energy and power performahttee battery.

Instrument Galvanostatichargedischarge(GCD) measurements were conducted usingiutolab
Multipotentiostat M101 by applying different current densitiesespondingo therespectiveprojecs.

2.2.4.Electrochemical impedance spectroscopy (EIS)

Electrochemical impedance spectroscopy (E$S) highly versatile and nettestructive analytical
technique that provides detailed information about electrochemical systems by probing their impedance
in response to a small alternating current or voltage signal across a range of frequeatigeoiide
a detailedunderstanding of electrochemical plenena, such as charge transfer, mass transport, and
doublelayer capacitance at the electraeslectrolyte interface

In potentbstaticEIS, a small sinusoidal AC voltag® 6 'O O E|1 0) perturbaton is applied as
theinput signalto an electrochemical system and the frequdi@yf the AC signal is swept over a
broad range, from a few millihertz (mHz) to several megahertz (MFigure 2.12a).%5! The small
perturbation ranging between I®0 mV, ensures that the system operates within its linear regime,
where the relationship between voltage and current is approximately propoifioeaksponse or the
output signabf the system is measured in terms of curf@it ‘OO E|T 0 %o), wherethe resulting
current is phasshifted %9 relative to the input signal, and this shift contains information about the

system's capacitive or inductive proper{iEgure 2.12b).5
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Figure 2.12 Schematic illustration dheworking principle ofpotentiostati@lectrochemical impedance
spectroscopy (EIS)a) The applied excitation sinuiglal perturbation signal and (b) sinusoidal current
response along with the phase shift. Gomplex mpedanceusin vectorrepresentation witdh  at
the abscissa and on the ordinate witlphase angle%). The electrochemical impedes specuim
represented as typiclluquist and Bode plet

The core principle of EIS involves calculating the impedafigg which is a complex quantity
describing theesistance imposed by tBe& systemutilizing the voltage and current in the frequency
domaink®!

©] — @ [?) (Equation 2.8)
where,&0 is the real component of impedande, is the imaginary component of impedance, and
"Os the imaginary unit, representing the phstsiéi. ©  corresponds to pure resistance, while éhe
reflects capacitive or inductive effeciBhe magnitude of impedang&scan be calculated using the

following equation2!

LB @ @ (Equation 2.2)

75

EIS data is commonly represented using Nyquist and Bode Ppigte¢ 2.12d,e). In a Nyquist plot,
the real part of impedance is plotted on theexs, while thamaginary part is on the-gxis, with each

point representing the impedance at a particular frequency. This representation often produces
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semicircles, corresponding to processes like charge transfer, and straight lines, indicating diffusion
control. The dameter of these semicircles is related to the charge transfer resistance, which is a key
parameter in determining the reaction kinetics of the system. A Bode plot, on the other hand, shows the
impedance magnitude and phase angle as a function of frequeslayng it easier to visualize how
different processes dominate at different frequencies.

Decreasing frequency

Active 4

material
Internal and electrolyte resistance

Conduction through SElI
Charge transfer

Diffusion in electrode phase
Diffusion in electrolyte phase

e wNe

Current collector
Electrolyte

Additive
carbon

Charge Diffusion in

transfer\\eelectrode phase

Figure 2.13 Schematic illustration aheinterpretation of a Nyquist plot.

v

real

The key to EIS is that different electrochemical processes domimatanffedance response at
different frequencies, for instance, at very high frequencies, the impedance is dominated by elements
with a fast response, such as {lefimic) solution resistance (electrolyte resistance) or any-high
frequency processes (e.g., @tenic conduction). Whileat mid frequency range, processes such as
charge transfer (related to the electron transfer reactions at the electrode) andageulti@pacitance
(the accumulation of charge at the electrode/electrolyte interface) are dantivaalty, at low
frequencies, mass transport processes like diffusion begin to dominate. This inadedby the
Warburg impedance, which arises due to ion diffusion to and from the electrode surface, and appears

as a straight line with a slope of*4f a Nyquist plot Figure 2.13).12%!

To interpret EIS datdhey areoften modelledusing equivalent electrical circai{fEECs) consisting
of elements like resistor®y, capacitorsd), inductors ), constant phase elemenis (and Warburg
element @ ). These components represent real physical processes in the system. For example, a resistor
can model solution resistance, a capacitor may represent the -thyébleapacitance, and a Warburg

element may describe ion diffusion. By fitting the measured data to these models, quantitative insights
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into various parameters such as charge transfer resistance,-dyableapacitance, and diffusion

coefficients can be epected.

Instrument EIS measurements were performeith an Autolab potentiostat workstation equipped with
a FRA32M module over the frequency range dfi 00l Hz with an applied perturbation voltage of
10mV. The obtained Nyquist plots were modeled usitiger Zsim or Zfit software.

2.2.5.Warburg element

In 1899, Emil Warburgfirst describeda diffusiondependent contribution to the impedance in an
electrochemical cell. Ia Nyquist plot, th&Varburg elemerit representetly a linear segment inclined
at approxinately 45° to the real axis in the ldvequency regiostypically below 10 Hz, corresponding
to the regime of seninfinite linear diffusion??’? Accordingly, the Warburg impedance serves as a
diagnostic indicator of diffusicontrolled charge or mass transport phenomena, arising from the finite
rate of ionic diffusion within the mediunthe magnitude and profile of this diffusion impedana ar
intrinsically linked to the diffusion coefficient of the involved species. To quantify this, the Warburg
plot (0 OO 7),is constructed at specific potential steps during cycliifjizing the following
equationz®!

IR Y 1 7 (Equation 2.5)

where® s the real component of impedandg,is the total resistance, is the angular frequency,
and, i s t he War bu s’ omanedfaghe stopeeohthe grapiihe fingerprint region of
the Warburg impedance is lefrequency domain, and therefaibe associateavith low frequency
was considered while building the Warburg pldétarther, he diffusion coefficient can be calculdte

from the Warburg coefficient using the following relationsfip:

0O ——— (Equation 2.6)

where 'Y is the gas constant (8.314 K'!mol'?), "Yis the operational temperature of the
electrochemical cell (298.15 K3, is the number of electrons transferred from electrolyte to the
electrode;Oi s Far aday 6 s Cmobly&is therconcenti@tidr db tBe charge carrierthim
electrolyte solution (1.68, ando is the surface area of the electrode, respectifgliential dependent
EIS provides the ability to monitor how the diffusion coefficient changilk different applied

potentials

Instrument The measurements weperformed on a BioLogic VMBe Multichannel Potentiostat 77
workstation at a frequency range of*01Hz with an applied perturbation voltage of m¥. The

obtained Nyquist plots were modeled usihgZfit software.
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2.2.6.Cell assembly

(a)

ECC-PAT-Core battery test cell configuration

/8
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Figure 2.14 (a) Schematic representation of P&Dre electrochemical test cell configuration from
EL-Cell GmbH***%in (b) haltcell and (c) fullcell assembly.

To performelectrochemical measurements, haltid fullcells were assembled using an EBRG&T-
Core battery test cell from ECELL GmiH (seeFigure 2.14a). The body of ECE&PAT cells is
composed primarily oftainless steednd PEEK (polyether ether ketone), rendering them compatible
with standard aprotic organic electrolytes utilized irridri batteries, Ndon batteries, and
supercapators. Agold-plated springs employed to apply uniform mechanical pressure on the precise
L =18 mm electrodes, ensuring consistent performance. The cells featurécalkage sealing system
using PE washersand allow for easy and accurate electrolyténfjl during assembly. A notable
advantage of the EGEAT cells is their sustainability, which surpasses that of traditionafimeeuse
coin cells. The EC@®AT cells allow rapid and straightforward assembligcile cleaning, and

convenient access to thieetrodes for postnortem analysi&®3%

Half-cell and fullcell testingassemblies are critical components in the evaluation of the performance

of lithium-ion and sodiunion batteries. In a haffell configuration, the anode or cathode is tested
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againstareferencdandcounte) electrale typically lithium metal for lithiumion batteries and sodium
metal for sodiurdion batteries Figure 2.14b). This configuration enables to investigate the
electrochemical behavior of individual electrodes, encompassing their capacity, voltage prdfile, a
stability. This configuration is particularly useful for the assessment of novel electrode materials prior
to their integration into aompletebattery system. Additional\gIS is easier to deconvolute in a half

cell because it isolates the contribatiof a single electrode, allowing for more precise analysis of

charge transfer and resistance.

Conversely, a fulcell testing assembly comprises both an anode and a cathode, along with a reference
electrode, thereby emulating the configuration of a coroig@ebattery. In the context of lithium and
sodium batteries, this configuration is employed to assess the overall performance, encompassing
parameters such as energy density, cycle life, and efficiency-céllltesting is critical for
understanding hothe anode and cathode interact and perform together under realistic conditions. It is
imperative to calibrate thmass loading of the electrodes in order to accurately determine the capacity
of the full cell. The mass loading of the electrodes can be reaid according to the following

equation®!
Yy 0 YO O (Equation 2.7)

where™ is the anodepecific capacity (in mAlg'l), Y6 is the cathde-specific capacity (in
mAhg'?), 0 (in g) is mass loading at the anode and(in g) is the mass loading of the cathotlee
anode mass loading is usually made slightly higher than the cathode to maintain lithium balance and

prevent plating.

Instrument All electrochemical measurements were performed with balull-cell configuratiors
assembled using an EERAT-Core battery test cell from ECELL GmbH if not stated otherwise
throughout the thesis.

79
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3.1. Abstract

Covalent organic frameworks (COFs) have emerged as promising base materials for electrolytes,
leveraging their pores to facilitate directional and accelerated ion dwruthis study introduces two
guasisolid-state COF electrolytes, featuring uniformly distributed sulfonate anions as hopping sites for
sodium ions, and investigates the effect of their varied functionalities dtatrdiffusion mechanism
The sulfonateCOFs are coupled with -thethyl1-propylpyrrolidinium bis(fluorosulfonyl)imide
(PynsFSI), without additional sodium salt, to generate electrolyte composites with high ionic
conductivities in the range of 05 cn . These composites not only inherit tat stability from the
combination of COFs and ionic liquid, but also eliminate the risk of leakage due to their gel composition.
We demonstrate the importance of altering the dimensions of COF channels and the density of sulfonate

groups along the wallsytelucidating the unique sodiuion diffusion mechanisms.

\ Fast Na* |
| 3 “asC- diffusion

Limited Na*
diffusion
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3.2.Introduction

Sodiumion batteries (SIBs) are considered to be among the most appealing candidates to replace their
stateof-the-art lithium counterparts!® Since their introduction to the market in 1991, lithiion
batteries (LIBs) have been the predominant choice in the energy storage sector, primarily attributed to
thar exceptional energy densit{?! However, LIBs face certain limitations such as risk of thermal
runaway, expensive and limited lithium (Li) and cobalt (Co) reserves, and the envitahmed
socioeconomic repercussions of mining these mét&ISodiumion batteries, on the other hand, have
advantages of using abundant sodium (Na) as charge eardi@nvironmentally benign raw materials
for electrodes, which make SIBs a costmpetitive and more sustainable alternafiVé!! In the past
decade, the electric vehicle industries have focused on developing energy storage systems (ESSs) with
high energy density, longer cyclability and faster charging F&t€sHowever, the current technology
trades off high power density (PD) for high energy density (ED)tduseveral reasons: (1) slow
diffusion of alkali metal cations into the electrode matétia(2) slow diffusion of metal cations in the
electrolytel!*1% and (3) highenergybarrier and high desolvation energy at the electaldetrolyte
interface*®1"1 The electrolyte plays an important rolediéfiningand improving the rate capabilities of
the ekctrode and the overall battery performat&¥! For instance, the Newman model illustrates how
the efficiency of a battery can be constrained when the diffusion of anions surpasses that dftations.
The traditional liquid electrolytes are characterized by low cation transference nambed 6 and
high desolvation enerd$’.?!! Further, the potential safety risks associated with these ortigunid
electrolytes can potentially override their advantage of possessing low resistance towards the migration

of ionic specie&?

Inorganic crystalline solidtate electrolytes, such as sodium superionic conductors (NASICON) and
sodium sulfides, demonstrate single cation transport with an ionic conductivity at the order of
10 ScPL.2¥251 However, due to their rigid structures, these electrolyte materials exhibit high
electrodeelectrolyte inerfacial resistance, which acts as a-tmbéting factor242610n the other hand,
organicpolymer electrolytes (PEs) can exhibit superior electrode contact and structural tutiBilty.

The ion conduction within a bulk polymer, such as polyethylene oxide (PEO), is governed by the
comlbination of cation complexation with oxygen atoms and segmental motion of the polymer®hains.
Therefore, the potential of amorphous polymer elégdie is controlled by the glass transition
temperatureT;) of the polymer, which imposes a temperature restriction on the cation midgtdtion.
Therefore, it is crucial to design safer electrolyte materials with an effective cation transport mechanism,

especially for fastharging battees.

Covalent organic frameworks (COFs), porous crystalline polymer structures, have garnered5
significant attention in the energy storage community, serving as materials for both electrodes and

electrolyted3®3 The physical and chemical properties of COFs can be widely modulated by tailoring
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the symmetry, structure and functionaitiof their building block8233 Further, their channels can act

as highways for directional transport of the alkali metal [8r#4l.In the past, several designs have been
explored for COFs as electrolyte materials, mainly by incorporating either Lewis acidites\to trap

the anion of a salt or by integrating anionic sites into the COF structure to achieve single cation
transport®3%l In contrast to amorphous polymers, these efined crystalline frameworks can
eliminate the dependence of cation migration on electrolyte reorganization and enable cation hopping
from one energetically favorable site to anotfféMoreover, the addition of plasticizemjch as ionic

liquids (ILs), has been demonstrated to accelerate the migration of ionic species and to establish
efficient electrode contact without compromising safety stand&kds.

In the present work, we investigate the correlation of structural, chemicabasgortproperties in
two COF@IL composites as quasilid-state electrolytes (QSSESs) for SIBs. Firstly, two porous COFs
containing slfonate groups-8G;%) as the coordinating anion species withibias were synthesized,
and characterized using various spectroscopic techniques. Further, to reduce interfacial and migration
impedance, ionogels were prepared using the respective COR$aogy-N-methylpyrrolidinium
bis(fluorosulfonyl)imide (PyisFSI) ionic liquid at different mass fractions. lonic conductivity
measurements of these ionogels revealed the most suitable compaosition for the respective COF systems.
Finally, we explore the stictural impact of these systems on ion migration through computational

studies, angiroposea Na' transport mechanism in these GB&sed QSSEs

3.3.Results and discussion

3.3.1.Materials synthesis and characterization

COF TpPaSG@H and COF TpPa(SGH). were synthsized by utilizing 2,4 @rihydroxybenzene
1,3,5tricarbaldehyde (Tp) as the node and-dhénylenediaming-sulfonic acid (PaS¢é) and 2,5
diaminobenzend ,4-disulfonic acid (Pa(SéM).) as the linear building blocks, respectively (Scheme
3.1 and 3.2Sedion 3.6.2, Appendix The COFs were synthesized using dioxane and mesitylene as
solvents under solvothermal conditions at 120
high chemical and electrochemical stability, deriving from the combination of reversible and
irreversible reactions during solvothermal synth€%#l However, this class of COFRsften suffers
from low crystallinity due to the ketenol tautomerism occurring in addition to the Schiff base reaction
under solvothermal conditions. Therefore, a modulation strategy reported by qumgeapplied to
improve crystallinity and obtain wetirdered nanoscale pore structufédn this case, benzaldehyde,
acting as a modulator, competes wille building blocks, enhancing sélkéaling mechanisms and
decelerating COF crystallization. This results in the generation of highly crystalline and porous

frameworks.
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Powder xray diffraction (PXRD) patterns revealed improved crystallinity compare@tes®f these
combinations reported in the literat#e®* By correlating experimental PXRD data with simulated
PXRD patterns obtained from firptinciples structure optimizations at the PBE level, we successfully
identified the crystal structure of both COf&3l By means of screening different possible stacking
modes, we identified two structural models (inclined and serrated) that closely corresponded to the
experimental PXRD signals (FiguBb and3.6, Section 3.&, Appendiy. Among these, the serrated
stacking arrangement emerged as the energetically stable system3JTaaiel3.2, Section 3.6.2,
Appendi®. Pawley refinement was performed using the Reflex module of Materials Studio to fit the
obtained experimeal data with the theoretically obtained stable structures of the respective COFs
(Figure 3.1a,d). The resulting lattice parameters are 22.54 b=2255 ,¢=7.02 ,U=90.39°,
b=289.11°, ando=120.14° for TpPaS®i, anda=22.55A, b=2250 ,¢=7.01 ,U=87.45°,
b=283.11° and = 120.03° for TpPa(S£h).. Additionally, the indexetikl (100) plane was attributed
to the diffraction at 4.72d for TpPaSGH and at 5.02d for TpPa(SGH).. While the peak for thikl
(001) plane, correspondirtg the zstacking, appears at 26.8d for TpPaSGH with an interplanar
distance of 3.5 and &dfor PpBa(SHA). with an interplanar distance of 3.7. Bot h COFs
feature a honeycomb structure with hexagonal pores of 17.a n d  1(3atteaiomdiameter) for
TpPaS@H and TpPa(SeH),, respectively Figure 3.1b,e). Moreover, in the serrated stacking
configuration of these COFs, sulfonate groups in alternate layers are arranged in opposite directions
rather than directly on top of each otHérThis results in interlayer displacement while maintaining
planarity, representing the most stable structural arrangement for these sulfonic acid &34,
and3.2, Section 3.6.2, AppendjxScanning electron microscopy (SEM) images (Figure Section
3.6.2, Appendix revealed a spongmoral fibrillar morphology of both COFpPaSGH and
COF TpPa(SGH)..* TpPaSGH possesses about 500 long intergrown fibrils, while TpPa(SB)2
features thinner fibrils agglomerated to larger nanoparti€l@smsmission electron microscopy (TEM)
analysis Figure 3.1c Ywas conducted to further confirmed the crystallinity of the COFs. Characteristic
COF domains can be seen in the TEM images of -TFaS@H and TpPa(SeM).. To produce
sodiated COFs, cation exchange reactions were carried out to replacilih@raton of the sulfonic
acid £SG;H) group with N& (Figure3.1g). To achieve this, COHpPaSG@H and TpPa(Se¢H). were
stirred in 6M NaOAc solution for 72 h at room temperature to obtain -CPPaSGNa and
COF TpPa(S@Na),, respectively (Schem8.3 and 3.4, Section 3.6.3, Appendjx The retained
crystallinity of the COFs after the cation exchange reaction was revealed through PXRD patterns, which

exhibited an intense peak at lowefdhgles (Figure.8, Section 3.6.3, Appendjx
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Figure 3.1 Structural characterization. PXRD profiles and Pawley refinement of (a) COF TgPaSO
and (d) COHpPa(SGH)2, and corresponding simulated struetwf (c) COF TpPaS#l and (d)
COFTpPa(S@H).. Transmission electron microscopy (TEM) images of the bulk (c) COF
TpPaSG@H and (f) COFTpPa(S@H)2. (g) Schematic presentation of cation exchange reaction of COF
TpPaSGH to synthesize COF TpPaSa, along wih (i) TEM image. (h) A closer look at the
simulated stacking behavior of COF TpPaNeé featuring layer displacement. Gray, white, red, blue
and yellow colored balls represent C, H, O, N and S atoms, respectively.

Theoretical calculations indicated thain#ar to their unsodiated counterparts, GOPaSGNa and
COFRTpPa(S@Na), retain the serrated structural/ stacking arrangement (F3gr@.10 Table3.3and
34, Section 3.6.3Appendi®. The anticipated serrated stacking of the COFs aligns clostiythé
experimental PXRD results (FiguB11a,b, Section 3.6.3Appendi®y. Upon closer examination, the

incorporation of sodium (Na) fosters a more organized arrangement characterized by a subtle

displacement among the sheets in the serrated stackiegnpatid a consistent planarity between two
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neighboring layers. This structured arrangement emerges due to the interaction of Na ions with the
oxygen (O) atoms of the sulfonate and keto groups, as showigime 3.1h. Scanning electron
microscopy (SEM) imges reveal the spongeral fibrillar morphology of TpPaSfNa and
TpPa(S@Na), similar to the pristine sulfonic acid COFs (Figugd2 Section 3.6.3, Appendjx
TpPa(S@Na), exhibits smaller particle sizes than TpPalS& SEMEDX analysis confirmed the
substantial concentration of Na per S atom in the samples, providing evidence for the effectiveness of
the catiorexchange reaction (refer to Figuel3 3.14 Table3.5 in the Section 3.6.3, Append)x
Additionally, the crystallinity of the sodiated COR&re confirmed by TEM analysigigure 3.1j

Figure 3.1Section 3.6.3, Appendjx

To evaluate the porosity of sodiated COFs,gis physisorption experiments were performed at a
temperature of 7K. The nitrogen sorption for the COFpPaS@Na and TpPa(SfNa), revealed Type
| sorption isotherm profiles (Figui@16a,b,Section 3.6.3, AppendixFor both COFs, the adsorption
isotherms show a fully reversible behavior and the uptake of nitrogen saturated &Cadrold * at
low partial pressure r{fj <0.05), which is typical for such microporous keiool COFg#)
Additionally, the BrunauéEmmeti Teller (BET) surface areas of these porous COFs were estimated
to be 179m?g'  for TpPaS@Na and 1722 g ! for TpPa(SGNa). Further, the quenched solid density
functional theory (QSDFT) model was employed to extract the pore size distribution of these COFs
from the isotherms. The calculations revealed pores ofnth.Bor COF TpPaS@Na, while the pore
size in TpPa(SeNa), reduced to ~1.hm (refer to Figur&.17a,b,Section 3.6.3, Appendjx

To prepare COF@IL composite ionogels, we addedmethyll-propylpyrrolidinium
bis(fluorosulfonyl)imide (PyFSI) ionicliquid to the COFF pPaS@Na and TpPa(SfDla), at various
COF:IL wt/wt% ratios (60:40, 50:50, 40:60, 20:80, and 15:85) inside an -ditlgomhglovebox. The
composites were stirred overnight inside the glovebox to ensure that the electrolyte samples were
homogeneous and freeoin ambient atmosphere (FiguBel8 Section 3.6.3, Appendix Fourier
transform infrared (FTIR) spectroscopy was employed to study the interactions between the pristine
COFs and PygFSlionicliquid (Figure3.19,b,Section 3.6.3, AppendjxTo differentate between the
IR bands associated with COFs and IL, FTIR analysis was conducted with TpRaFPPa(SeNa),
PynsFSl, and their corresponding ionogels across different weight ratios. The vibrations corresponding
to the [FSI| anion, including the symetric and asymmetric stretching of ' S at 741cm'* and
824cm tincrease with an increase in iotiguid content. Conversely, the vibrations corresponding to
the COFs, C=0, CiC aromati c, CamiN,,143Gcm Yy 12&%=0 a't
1186cm't, and 1024&m' Y, respectively, diminish with an increase in the amount ofsP8$t. To
understand the interactions of the organic ions present in theligumd with Na* and the COF 89
structures, density functional theory (DFT) calculations were emplosied a simulation model of a
1 x 1 x 1 set of COF unit cells that includes a singlesP$l moleculé! 4246471 Two different

orientations of PygFSI IL in the COF pores were compared on the basis of their binding energies with
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the COFTpPaSGNa (Figure3.23. The energetically more stable orientatiorloshown inFigure

3.2a (TOP)furnishes the binding energ@E)of (1 1. 56 eV). The " dSIBtri buti
and [Pyig]* in COFTpPaS@Na suggest a preferable placement of [F&éar the edge zone, close to

Na" ions and sulfonate groups. Additionally, [FSthrms bonds with Na ions, specifically Nlaand

Na-O bonds. The [Pysf]* are predicted to be confined towards the center of the COF pore due to
electrostatic repulsion. Additionally, a comparable orientation of the ionic liquid (IL) is noted in the
TpPa(S@Na) COF. However, this orientation exhibithagher binding energy-2.84eV), indicating

a stronger interaction of the IL in close proximity to Na ions within the TpRPA&OCOF.

3.3.2.Transport properties

During the design of the COFs, we selected the linear building blocksRa&B® Pa(SeH)., based
on the presence of sulfonate gro@fe&'). Several prior publications on sclitganic electrolyte
materials have noted the enhancement of carrier ion conduction due to the high Lewis basicity and
stability of the sulfonate anigf80s').21*81 The presence of periodically recurring hopping sites in the
form of sulfonate anions decorating the COF walls motivates the examination of their transport
properties. The transpgotoperties of an electrolyte are crucial in determining theaapabilities of
a battery since an electrolyte with higher ionic conductivity can promptly offer charge carriers at
elevated current rates without developing overpotential in an electrardieril. For an electrolyte to
possess high ionic conductivity, it should facilitate the dissociation of ion pairs, exhibit minimal
resistance for ion motion, and allow for high ion concentraffhidere, we utilize the AC impedance
technique to determine the ionic conductivity of sdimples in the temperature range between 30
to65 . The resulting i mpedance data were individua
to determine the corresponding resistances to ion conduction (Bi@@yéection 3.6.4, Appendix
lonic conductivities were calculated using Equation (Béction 3.6.1, Appendixtilizing the bulk
resistanceR,) determined fronimpedance of the individual measuremeiita given temperature, the
resistance value is the resultant of the activation enegyired to produce free ion pairs and their
mobility.?s! Both the COFs, TpPaSRa and TpPa(Sfla), demonstrated linear behavior in the
corresponding Arrhenius plot based on the data at different temperdiqregion 3.2, Section 3.6.1;
Figure 3.21, Section 3.6.4, Appendix Further, COF TpPa(SG@GNa). exhibited a higher ionic
conductivity than COHpPaSG@Na at all recorded temperatures, with ionic conductivities of
25x104Scm?! and 2.0x 104Scm't at50 f or TapR and SPaSeNa, respectively
(Table 3.6, Section 3.6.4, Appwix). The higher conductivity values for TpPa(Ba), could be
attributed to the higher concentration of charged species available in the electrolyte sample. To further
improve the performance of the sulfonate COF electrolyte systems, ionogel compesi¢sapared

and the transport properties of the resulting COF@IL systems were investigated. The results revealed
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linear patterns in the Arrhenius plo&dure3.2bd) for all COF:IL systems, regardless of the amount

of ionic liquid or the sulfonate greuSQs). This confirms a monophasic behavior throughout the
temperature range. Adding ionic liquid in various mass concentrations to the respective COFs showed
a specific trend in ionic conductivity, i.e, COPyn3sFSI120:80>15:85>40:60>50:50>60:40

(Figure 3.29. As the fraction of the ionic liquid increases, there is a corresponding increase of the ionic
species in the system, which in turn results in a higher conductivity and in a decrease of the resulting
charge transfer resistance (TaBl6, Secton 3.6.4, Appendix However, an excess amount of ionic
liquid creates clusters of ionic species, giving less free volume for ionic liquid within the pores, which
elevates the overall activation energy and thus restricts the mobility of ions (Bigdad, Section

3.6.4, Appendix® At 50 i onogel s dpPalQHa demamgirate@ Oigher ionic
conductivity ranging between 2115.6 x 103Scm! in comparison to the ionogels with
COFTpPa(S@Na), which displayed conductivity values ranging fromi14z1x 103 Scm'! at the
equivalent ratios. Among all the prepared samples, the ratios B@REFSI20:80 (naming:
TpPaS@\a: PynsFSI120:80 = TpPaSeNa@PyisFSI and TpPa(SfNa): PyrnsFS120:80 =
TpPa(S@Na)x@PyrsFSIl) showed the best performance for both sulfonated -iG@dgels, and

therefore were further analyzed in detail.
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Figure 3.2 (a) The binding energies (BE) between CDOpPaSG@GNa and PyisFSI ionic liquid in two

different binding orientationgat specific ratio) Arrheniuscurves of COF: PyisFSI composites at
various wt/wt% fractions for (b) TpPaS®a and (d) TpPa(SfMa), respectively. (c) Comparative

ionic conductivity values for COF: PyFSI composites as a function of weigtgrcent of ionidiquid. 9 l
(e) Thermogravimeit analysis (TGA) of electrolyte materials, identified in the figure
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The fraction of ionic current carried by cations is responsible for beneficial redox reactions, hence, an
essential factor for augmenting the operational-effieiency of a battery. Aarger cation transport
number limits unwanted energy consumption by restricting anionic motion and inhibits the development
of a concentration overpotentizll. We utilized the combination of AC impedance and DC polarization
techniquesnd applied the Brue¥incent equation (Equatia® 3, Section 3.6.1, Appendito calculate
the Naion transference numbeo ( ) (Table3.7, Section 3.6.4, Appendix TpPaSGNa@PyisFSI
demonstrate @  of 0.79, whereas TpPa(@daL@PyrsFSI displays alowed  of 0.67. Both the
systems exhibit higher cation transport numbers compared to tlitiotraldcarrier salts in organic
solvents or ionidiquid electrolyte system&’! The higher Néon transference number can be attributed
to the plausible interactions formed between Lewis acidic groups preseffionate COFs and [FSI]
anions.The thermal stability of these quasilid-state electrolyte materials was assessed through
thermogravimetric analysis (TGA). As shown kigure 3.2e, pristine COFs experienced improved
thermal stability after addition édnic-liquid, i.e. ~375 for MNa®Ry@FSland~431 f or
TpPa(S@Nax@PynrsFSI. QSSEs TpPaSNa@PyisFSI and TpPa(SfDla)@PynrsFSI demonstrate
one of the highest ionic conductivities and thermal stability amongst previously reportedaSé&F
electolytes (Table 3.8, Section 3.6.4, Appendix).

3.3.3.1on diffusion mechanism

To reveal the structure and transport properties 6filNRynsFSI ionicliquid confined in sulfonate
COFs, ab inito molecular dynamics (AIMD) simulations were performed. We primadisfon the
transport of Nathrough the pores (in thedirection), with comprehensive computational setup and
conceptual details provided in the Sectdod.1, Appendix In the channel perpendicular to the-ZDF
layers, PyrsFSI molecules were initiallgistributed in a random manner at a density of ~f.8%."*.
Subsequently, they were allowed to equilibrate for 2 ps at 300 K through AIMD simulation, with the
simulated structures illustrated in FiglB23 Section 3.6.5, AppendiX¥-ollowing the equilibation,
geometric data were gathered over a 50 ps period at FAdue3.3a,cand Figure8.24(Section 3.6.5,
Appendi®y show the snapshots from AIMD trajectories for TpPa®(@ Pyr:FSI and
TpPa(S@Na)y@ PyrisFSI. The images reveal that throughout thienugation, ILs undergo
rearrangement, actively solvating Na ions and reducing their proximity to the COF pore walls. This
effect is particularly pronounced in TpPaBla@PyisFSI, suggesting a potential enhancement in the
diffusion of N&.

The mean squareigplacement (MSD) of Nawas calculated from the AIMD trajectories to
understand the effect of the presence of ketone/sulfonate groups ageSPwn the ion transport
properties in COF systems (referRtigure3.3d). The slope of the MSD curve for a sygecorresponds

directly to the diffusion coefficient of that specie, making MSD analysis a potent tool for examining the
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mobility of ions. TpPaSeNa@PyisFSI exhibits a larger MSD slope compared to
TpPa(S@Na)x@PynrsFSI, which indicates increased ionic oot Accordingly, the diffusion
coefficients, obtained by fitting the slope of the MSD profiles, are 181®’ cn?s?! and
7.06x 10 "cm?sS' ! for TpPaS@Na@PyisFSI and TpPa(SfNax@PyrsFSI, respectively. Notably,
TpPaS@\a@PyisFSI exhibits diffusivebehavior at room temperature with a linear time dependence
of the MSD.

(@) " Tossainas

1.2 TpPa(SO,Nu)@ Pyr,,FSI

MSD (A)

0 10 20 30 40 50
TpPa(SO;Na),@ Pyr,;FSI Time (ps)

©  om
= Xt
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L>

Figure 3.3 Side view of the simulation structures of (dpPaS@Na@PyrnsFSI and (c)
TpPa(S@Na)@PynsFSI equilibrated by AIMD at 30K for 2 ps and at 32K for 50 ps. (b) lon
transport mechanism iMpPaSGNa@PyrisFSI (d) Comparative MSD plots of Nabtained from
AIMD trajectories. (e) Visualization of Na ion diffusion eventTipPaS@Na@PyrsFSI during the

38 ps

C

AIMD simulation within thetimescale of 0 to 38 ps.

In the case of TpPa(SMa)@PyrsFSI, the diffusion of Nawithin the pore initially follows a linear
behavior similar to that observed in TpPaS@@Pyi:FSI. However, after 20 ps, the diffusion curve
levels off and becomes flathig plateau can be attributed to the confinement of the sodium ion motior93
During the time scale of 20 ps to approximately 40 ps, the sodium ions explore neighbgrigep8as

that surround themFigure 3.3e illustrates the mechanistic progression of sodium ion diffusion,
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displaying sequential configurations over a 50 ps timeframe. Notably, from 0 to 10 ps and up to 20 ps,
there is observable diffusion of sodium ionsotigh the pore. However, after @8, the diffusion
becomes restricted in the vicinity of the S@roups. These interactions with thesS@roups limit the
movement of the sodium ions in TpPagBA@PyrsFSI, resulting in the observed flat region in the
MSD plot. After 40 ps, the diffusion curve starts showing a linear variation again, but with a smaller
slope. This suggests that the confinement effect imposed by the®0ps slows down the diffusion

of Na in TpPa(S@Nayp@PynsFSI, leading to a redudeoverall displacement compared to the

in  TpPaSNa@PyisFSI.
TpPa(S@Nay@PynrsFSI due to the higher concentration of anionig'Sffoups and the smaller free

displacement Importantly, the confinement is prominent in
volume for PyrsFSI that restrict thenotion of the sodium ions. This observation quantitatively explains
the i mportance of

in COFbased electrolytes.
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Figure 3.4 The pair correlation function (g(rpf TpPaS@Na@PynsFSI andTpPa(S@Na)@PynsFSI
demonstrating the interactions of Na ions with (a) O atoms and (b) other neighboring Na ions. Snapshots
of AIMD trajectories of (c)TpPaSGNa@PyrisFSland (d)TpPa(S@GNap@PynrsFSI (t = 50 ps). The

figure below displays an enlarged view of the dynamics in the black ellipse, representingiths Na
under consideration for analyzing tiragolved distance plots. Distance plots of (eb®ionacand (f)

NabOrs- for TpPaSQNa@PynsFSlandTpPa(SGNay@PyrisFSI.

To fundamentally understand the increased Ni#fusivity in TpPaSGNa@PyisFSI, the pair
correlation function (g(r)) of Néons and oxygen atoms was calculated for both COF systameé
3.4a,b. In both COF sstems, we observed a sharp peak at ~2.3 ANfarT O ( B.4a)y whicte
t he NaT1T O bonds in the fi

interactions. This aligns with the findings observed in the AIMD structural snapshots. Furthermore, for

validat es presence of
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TpPaS@\a@PyisFSI, the paicorrelation function of a sodium ion, surrounded by oxygen atoms and
other neighboring sodium ions, reveals weaker peaks in short ranges, as depicted in Figure 6a,b. This
observation i mplies |l arger bond |l engt hs for
TpPa(S@Na)@PyrsFSI. Consequently, it can be inferred that thé iNas in TpPaSeNa@PyisFSI

are more dispersed in the B¥SI ionic liquid space, unlike in TpPa(8@PynrsFSI, where Na

ions are localized near the inner wall of the COF.

For a closer obseation, the timeevolved distance plots of sodium ions and first coordination sphere
oxygen atoms of interest (highlighted by dotted circl€igure3.4c,d) in TpPaSGNa@PyisFSI and
TpPa(S@Na)@PynrsFSI were analyzed-{gure3.4e.f, Figure3.25, 3.26, Section 3.6.5, Appendix In
both COF systems, timev ol ved di stance plots dema#dbondsat e i n
and decreased rg¢gbosndrcedMeahwihNibl &, tubhagbomdoaitter d y nam
persist or undergo dissociatiorhis suggests that the proximity of N@ Osuionareand Qis- supports
the formation of continuous ion transport pathways, fostering more seamless ionic conduction within
COFs. Consequently, ion transport occurs through a synergistic interplay of ha@pjgmgy from Na
Osuronateinteractions, and a vehietgpe mechanism involving solvated Na ions in:gR&I ionic liquid.
However, in TpPa(SfNax@ Py#sFSlI, the surfeit neighboring sulfonate groups as appeared in Figure
3.24 (Section 3.6.5, Appendjxfoster new N&D interactions, potentially relying on a hopping
mechanism, restricting Nan diffusion and flattening of MSD plot. Therefore, the distinct* Na
conduction characteristics observed in pristine €@id ionogeklectrolytes can be attributed to
variations in the pore size of the COFs and the density §f@6ups within the pore walls.

In future workwith these material# will be of interest tofocus on device fabricatiomising these
electrolyte systems to evaluate the overall performance of ibattand to elucidate interfacial
phenomena, ion transficdynamics, and lonterm stability, thereby providing insights for further

optimization of the CO#ased electrolyte designs.

95
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3.4.Conclusion

To summarize, here we present two crystalline COFs, containing sulfonate groups, as base materials
for quasi slid-state electrolytes (QSSEs) for sodion batteries. The ordered structure of the
frameworks enabled the anionic backbone of*$@ups in the hexagonal channel systems to serve as
hopping sites for Na facilitating a directional migration through the COF channels. Further, the
serrated structure of these COFs allowed for a favorable adsorption of Na in the cavity of sulfbnate an
keto groups of the COFs, while maintaining the planarity between two neighboring layers. The newly
designed composite ionogels containing the CDOBaSG@Na and TpPa(SGNa), with ionic liquid
PynsFSI serving as plasticizer, possessed ionic conduesvitinging at the order of #® cntl. The
composite electrolytes with the COF TpPalN® exhibited overall higher ionic conductivity and
transport numbeb than electrolytes with COF TpPa(g8\),, pointing to distinct diffusion
mechanisms governed by the concentratiolsOf> groups present in the COF skeletoAs. inito
molecular dynamicsAIMD) simulations demonstrated that ion transport inf®88l ionic liquid
involves a synergistic interplay between hopping, driven b¥DN&nacinteractions, and a vehictgpe
mechanism featuring solvated Na ions. Moreover, solvated iblas exhibit faster diffusion in
TpPaS@Na@PyisFSI compared to more démlvated ions in TpPa(SNay@PynrsFSI, which
predominantly rely on a hopping mechanism. Hence, in this study we demonttaatey altering the
COF scaffold, we can strongly impact the diffusion of the charge carriers through a composite
electrolyte. Given the enormous accessible architectural and functional sjE0€&$fve expect that
these results and concepts will opewrvistas towards the design of efficient and sustainable sedium

based quasi soligtateelectrolytes
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3.6. Appendix

3.6.1.Methods

3.6.1.1.Structural characterization

Powder Xray diffraction (PXRD): Diffractograms were recorded on a Bruker D8 Discover instrument
equipped with a LynxEye positiesensitive detector in Braggrentano geometry, using @uU

radiation.

Structure modelling:The proposed structures of respective COFs were simulated usiAgdbleys
Materials Studio software package. Pawley refinement for the modeled structures was carried out using
the Reflex module.

Scanning electron microscopy (SEMBEM images were obtained using a FEI Helios NanoLab G3
UC scanning electron microscopeugaped with a Schottky fiel@mission electron source operated at
3-5 kV.

Energy Dispersive Xay (EDX) microanalysis:Analysis was performed on a Dual beam FEI Helios
G3 UC instrument equipped with anrMax 80 EDS detector from Oxford Instruments plce HDX
spectra were recorded ak.

Fourier-transform infrared spectroscopy (FTIR)The spectra were captured using a Bruker Vertex

70 FTIR instrument, featuring a liquid nitrogen ({)dooled MCT detector.

Thermogravimetric analysis (TGA)The thermaktability measurements were performed on a Netzsch
Jupiter ST 499 C instrument equipped with a Netzsch TASC 414/4 controller. All the samples were
heated from room temperature to 900 °C under a synthetic air floml(26in'') at a heating rate of

10K min't.

Nitrogen sorption: The isotherms were recorded using Quantachrome Autosorb 1 and Autosorb iQ
instruments at a temperature of 77 K. BET surface areas for the respective COFs were calculated based

on the pressure range®f. 0 @p @ 0. 2.

3.6.1.2.Transport properties

lonic conductivity: lonic conductivities for COMbased electrolytes were measured using the AC
impedance technique with a Metrohm Autolab PGSTAT potentiostat/galvanostat. Individual samples

were sandwiched betweemwd stainlesssteel electrodes to carry out electrochemical impedance
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spectroscopy (EIS) measurements over a frequency rangé tf @ Hz with an AC perturbation
voltage of 10 mV over a temperature range 6639 . EI'S data f orordedwith t he s

incremental temperature steps of 5 , Stabilizedc

lonic conductivity was measured using the AC impedance technique. To carry out the measurements,
the samples were sandwiched between two stainless steel electrodesndimgashs of the powder
pellet were measured using a Digital Vernier Caliper instrument, and for the gel samples, the thickness
was standardized by adding a stainiete®l ring between the electrodes and placing the individual gel
samples into the inneircle of the ringshaped disk. The thickness and the inner diameter of this disk

were taken as the dimensions of the measured samples.

The following equations were used to calculate ionic conductiity
w (Equation3.1)

where, is the ionic conductivity (S ch), ais the thickness (cmi is the contact area (&nand

Yis the bulk resistance (q) of the electrolyte.

To understand théon-transport mechanism of the electrolyte system&trhenius plots were

constructed using the following equatién:

.  —Qwn (Equation3.2)

where, is ionic conductivity (S cfl),, is the preexponential factor,Yis the temperature (KD

is the total activation energy, aitis the gas constant.

Transferencenumber: The sodiurrion transference number was calculated using the VinBemte

Evans method, whichtilizes a combination of electrochemical impedance spectroscopy (EIS) and DC
polarization techniquesThe cells for this measurement were assembled avitte/Electrolyte/Na
configuration inside an argeflled glove box. AC impedance was measured before and after DC

polarization via a potentiostat/ galvanostat working station Metrohm Autolab PGSTAT302N.

The transference number of sodium ions was deterneimgdbying the VincefiBrucda Evans method,

a technique that combines electrochemical impedance spectroscopy (EIS) and direct current (DC)
polarization methods. Cells for this measurement were constructed with a Na/Electrolyte/Na
configuration in a glove bofilled with argon. Impedance was measuoe@r a frequency range of

1P to 0.1Hz with an AC perturbation voltage of hiV. 10 1
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The following equation was used to calculate the sodamiransferencaumbert®
0 _ (Equation3.3

where'Ois the initial current/O is the steadytate currentyY is the resistance before polarization

experimentY is the resistance after attaining steathte, and-wis the applied perturbation voltage.

3.6.1.3.Theoretical calculations

The DFT calculations were performed usithige Vienna ab initio simulation package, with the
projector augmented wave pseudopotentials used to describe the interaction between the core and the
valence electroné” The Perdewi BurkelErnzerhof ( PBE) exch:
employed with the plane wave basis set and kinetic energy cutoff &\A%® Calculations used
Gi mme &sdispbrsion correction which typically provides excellent geometries and properly
describes the sherange van der Waals interactions, which are crucial for the target sy$iems.
Structural optimization was done witkploint sampling of a 2 2 x 6 mesh within the Monkhorftack
schene. A convergence threshold of 0.€/A in force was reached for structural optimization.

Importantly, the unit cells of individual COFs were enlarged to becomg A 3 supercells in X, v,
and z directions, respectivelyhe supercells of COFs were thiilled with PyrisFSlionic liquid (IL)
at a density[1.35 g/mL) close to the bulk one using the Amorphous module in Packmol sdffivare.

The total amount of PyFSI in each pore can be estimated by the following formula,

0 D jw (Equation3.4)

where” is the density of ILwis the accessible volume of each pore in a unit bklKk\vogadro's

number, andv is mass pemole of IL.

After equilibration in the NVT ensemble at 300 K for 2 ps, a production simulation was run in the
NVT ensemble at 324 K for 50 ps at a time step of 1 fs. ARKm®Vver chain thermostat was applied
for temperature contrd?!® The temperature of 700 K was below the critical limit for the
decomposition of all the chemical entities involved in ourkw@onsidering the large size of COF@ILs,
onl y -poihtavasiused in the-proint sampling for AIMD simulations. Crystal structures and

diffusion paths are visualized using the programs VESTA and VMD.

The mean square displacement (MSD) of sodium ioazpsessed d&’)
102 DYOO -B g 0 i ms (Equation3.5)

where0 is the total number of sodium ions, and is the coordinate of sodium ¢t timeo.
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The selfdiffusion coefficient is then calculateast®!
0 -1 EH— (EquationS3)

Herein, our focus primarily lies on the diffion of charge carriers along the&izection. This is due
to (1) the elongated ondimensional pore structure with a larger crseastion in the xyplane and a
smaller crossection along the-axis, and (2)he presence atharged functional groups alotige pore
walls. Thus, a higher activation energy for ion transport parallel to the pore waldafg) is
experienced compared to moving along thexis. Hence, the ion diffusion is primarily controlled by

ion movement along theaxis*®!

3.6.2.COF synthesis and characterization

il
ol _o
/\IH o HOS N AN
N 7 ng/ H\Q "
HN H
Os NH o l 0
HO. OH @\ Mesitylene/ Dioxane Q/ =
- e SO 120°C, 72 h 0 [ Q\S‘)JH
\( i o |.Ho
HN H H
200 g =
(o) | (&)
NH
b
Scheme3.1 Synthesis of COH pPaSGH.
2,4,6Trihydroxybenzenel,3,5t r i car bal dehyde (Tp, 21 mg, 0.
Industry Co., Ltd.), 19henylenediamin@-sulfonic acid (PaSéH, 28 mg 0. 15 mmol
Chemical Industry Co., Ltd.), benzacidiv@mehyde (

adced into a Pyrex tube containing a mixture of dioxane (0.2 mL) and mesitylene (0.8 mL)

inside an argotiilled glovebox. The reaction tube was then sonicated for 10 min and heated at

120" for 3 days. The resulting COF powder was thoroughly e@dstith dimelhylacetamide

followed by deionized water and acetone. The obtainetymr@dn COF powder was then dried 103

at room temperature under vacuum for 6 h.
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Scheme3.2 Synthesis of COH pPa(SGH)-.

2,4,6Trihydroxyberzenel,3,5tricarbaldehyde (Tp, 10.5 mg, 0.05 mmol, Tokyo Chemical Industry
Co., Ltd.), 2,5diaminobenzend,4-disulfonic acid (Pa(Sé)2, 20 mg, 0.07 mmol, BLDpharm),
benzaldehyde (2 uL) and 0.1 mL of 6 M aqueous acetic acid were edoledPyrex tubeantaining a

mixture of dioxane (0.4 mL) and mesitylene (0.1 mL) inside an dfijed glovebox. The reaction

tube was then sonicated for 10 min and heated at 126r 3 days. The resulting COF powder was

thoroughly washed with dimethadetamide followedby deionized water and acetone. The obtained

red-brown COF powder was then dried at room temperature under vacuum for 6 h.

(b)
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Figure 3.5 Simulated structures of COFpPaS@H; (a) inclined, and (b) serratagspectively.
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Table 3.1 Stable stacking arrangements (calculated), relative energy difference, and lattice parameters
of COFTpPaSGH.

Structural Relative energy _
_ Lattice parameters
arrangement difference (eV)

inclined 0.67 a=22.59, b=22.38, c=7.29

serrated 0.00 a=22.54, b=22.55, c¢c=7.0%9;

(b)

L& » e ,» S P Q9 Q e I " e, X 3 "
P i Y e . S = o j,"?"“‘c""
M v T v 0, o v o e ¢ 4 -0 60§03 LN 4 408
s M e s A MY e el el R
M@’p’ : 80 o852 8- 0f e e 02 couht e A 2 a3 22 e
T ® e 2 S ) ¢ o e P i~ har W A" P ade e m -8 .

Figure 3.6 Simulated structures of COFpPa(S@H),; (a) indined, and (b) serratedespectively.

Table 3.2 Stable stacking arrangements (calculated), relative energy difference, and lattice parameters
of COFTpPa(SGH)..

Structural Relative energy .
] Lattice parameters
arrangement differ ence (eV)
inclined 0.012 a=22.55, b=22.49, c=7.29
serrated 0.00 a=22.55, b=22.50, c¢=7.07%
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Figure 3.7 Simulated structures of COFpPa(SGH)2; (a) inclined, and (b) seted, respectively.

3.6.3.Electrolyte preparation and characterization

Scheme3.3 Synthesis oCORTpPaSGNa.

COFRTpPaSO3H was stirred in 20 mL 6 M sodium acetate solution at room temperaturénftar 72
obtan CORTpPaSG@GNa. The sodiated COF was then washed thoroughly with distilled water to remove
excess salt and then vacuum dried foir 6CORTpPaS@Na changed color from regrown to bright

red due to the formation of-8a bonds.
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