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Abstract 

 
 

 

Covalent organic frameworks (COFs) have garnered considerable interest as materials for energy 

storage systems (ESSs) owning to their robust porous architecture, flexibility in selecting redox-active 

building blocks, and their 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, traditional liquid electrolytes introduce inherent safety hazards, and 

together, these limitations highlight the promise of next-generation technologies derived from abundant, 

sustainable resources that ensure cleaner and safer energy storage. COFs unite ultralight architectures 

with exceptional tunability, porosity, and reliance on earth-abundant elements, placing them among one 

of the most promising candidates for next-generation sustainable energy storage. This thesis centers on 

the development of COF-based battery components, and investigation on the influence of their 

molecular architecture on the electrochemical dynamics and overall rate performance of the battery 

system: 

In the first study, two Na-ion quasi-solid-state electrolytes (QSSEs) incorporating anionic COFs, 

TpPaSO3Na and Tp(PaSO3Na)2, were investigated as solid scaffolds, differing in pore width and 

sulfonate group density. The ionic liquid, N-methyl-N-propylpyrrolidinium bis(fluorosulfonyl)imide 

(Pyr13FSI), was incorporated at varying mass fractions as the liquid component, yielding COF-based 

ionogel composites with impressive thermal stability (~375ï431 ÁC), high ionic conductivities (ůi ~10ï

3
 S cmï1), and elevated sodium-ion transference numbers (tNa

+ ~ 0.67ï0.79). Ab inito molecular 

dynamics (AIMD) simulations highlight how tailoring nanochannel dimensions and the concentration 

of anionic moieties along the pore walls governs sodium-ion transport, revealing a synergistic 

mechanism in which sodium-ions migrate via hopping along the anionic COF backbone while 

simultaneously undergoing ñvehicle-typeò transport through the solvated ionic liquid phase. 

The second project shifts focus towards designing a bipolar 2D COF electrode, engineered for high-

rate kinetics to enhance electrochemical performance, and evaluated across diverse Li -ion battery 

configurations. A novel highly crystalline bipolar-type WTTF-COF, was synthesized by integrating p-

type electro-active N,N,Nǋ,Nǋ-tetrakis(4-aminophenyl)-1,4-phenylenediamine (W) and 4,4ǋ,4ǌ,4ǋǌ-

([2,2'-bi(1,3-dithiolylidene)]-4,4ǋ,5,5ǋ-tetrayl)tetrabenzaldehyde (TTF) molecular building blocks via n-

type imine linkages. The combination of electron-rich and electron-deficient redox functionalities, 



  

 

 

 

along with ́ -ˊ interactions between the COF layers, lead to a 12 eï dual-ion redox chemistry per unit 

cell, corresponding to a high theoretical capacity of 315 mAh gī1. In a Li-ion half-cell configuration, 

the WTTF electrode delivered an efficient pseudocapacitive dominated charge-storage mechanism, 

with reversible specific capacities of 271 mAh gī1 at 0.1 A gī1 (~0.3C rate) and 66 mAh gī1 at 5.0 A gī1 

(~16C rate) within a stable wide potential window of 0.1ï3.6 V versus Li/Li+, storing both Li+ and 

PF6
ī anions as charge carriers. Distinct diffusion pathways and diffusion coefficients for Li+ and 

PF6
ī transport are resolved through electrochemical impedance spectroscopy (EIS) and theoretical 

modeling, revealing the intrinsic kinetic advantages of the framework. Furthermore, symmetric all-

organic dual-ion full cells demonstrate the bipolar versatility of WTTF-COF, operating effectively as 

both cathode and anode, with enhanced pseudocapacitive/capacitive charge-storage dynamics, retaining 

reversibility and stability at scan rates as high as 200 mV sī1. 

Building upon the insights gained from the first two projects, we further probed the electrochemical 

kinetics of a novel bipolar PyTTF-COF electrode, focusing on the role of the COF scaffold as well as 

the influence of electrolyte environment, including ionic composition and concentration. To this end, 

we designed a 2D imine linked PyTTF-COF, synthesized by integrating a p-type 4,4',4'',4'''-([2,2'-

bi(1,3-dithiolylidene)]-4,4',5,5'-tetrayl)tetraaniline (TTF-NH2) building unit, and a novel n-type 

7,7',7'',7'''-(pyrene-1,3,6,8-tetrayl)tetrakis(benzo[c][1,2,5]thiadiazole-4-carbaldehyde) (PyBT-CHO) 

monomer, forming a donorïacceptor (DïA) framework with a low optical band gap of ~1.84 eV, and a 

total 16 eī dual-ion redox chemistry per unit cell. To investigate the dual-ion redox dynamics of PyTTF-

COF, Li-ion half-cells were assembled by employing the PyTTF electrode to systematically probe the 

role of electrolyte composition. When paired with 1 ʤ LiPF6 or LiTFSI electrolytes, the electrode 

exhibited a broad operating window of 0.1ï3.6 V vs. Li/Li . Strikingly, LiTFSI enabled far superior 

pseudocapacitive charge-storage kinetics and ion transport compared to LiPF6, as reflected in specific 

capacities of 286 mAh gī1 and 184 mAh gī1 at 0.3 A gī1 (~1C rate), respectively. Beyond anion identity, 

concentration effects proved equally decisive; tuning LiTFSI from 1 to 3 ʤ established clear correlations 

between salt content, ion-storage dynamics, and interfacial charge-transfer resistance, ultimately 

tailoring the overall redox-behavior of COF-based dual-ion batteries. 
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1 Introduction 

 
 

This chapter provides an overview of the research subject presented in this thesis. It begins by 

establishing the broader context and significance of the field of secondary-ion batteries and covalent 

organic frameworks, highlighting the key challenges and gaps in the current state of knowledge. 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 

investigation, aiming to orient the reader towards a clear understanding of the purpose and direction of 

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

 

NOTE: More specified introductions to the individual topics are presented at the beginning of each 

research chapter throughout the thesis. 
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1.1. Secondary-ion batteries 

Secondary-ion batteries are a class of energy storage systems (ESSs) that have revolutionized modern 

energy storage by enabling efficient, portable, and reusable power sources for a wide range of 

applications, from consumer portable electronics to electric vehicles (EVs), and renewable energy 

systems. The term ñsecondaryò refers to their rechargeability, distinguishing them from ñprimaryò 

batteries, which are typically single-use.[1,2] Primary batteries rely on irreversible chemical reactions 

that lead to their eventual depletion on discharge, and once completely discharged, they must be 

discarded, contributing to environmental waste and necessitating resource-intensive production 

processes for replacements. The quest for sustainable energy solutions led to the origin of secondary 

(rechargeable) batteries, allowing for multiple cycles of use, which not only extends their lifespan but 

also reduces waste and resource consumption. 

The first successful secondary battery was the lead-acid battery, invented by French scientist Gaston 

Planté in 1859.[3,4] It marked a significant leap in the energy storage, as it could be recharged by 

reversing the chemical reaction that occurred during the discharge process. This innovation laid the 

groundwork for a wide range of rechargeable battery technologies, including nickel-cadmium (NiCd) 

and nickel-metal hydride (NiMH) batteries, which gained popularity in the early 20th century.[3,5] 

However, these early systems had limitations in terms of energy density, weight, and environmental 

concerns. As the demand for lightweight, high-capacity, and portable energy sources grew, especially, 

with the rise of portable electronics and the vision for EVs, the researchers began to explore battery 

chemistries involving the movement of metal-ions into and out of electrodes. This led to the 

development of secondary-ion batteries, most notably lithium-ion batteries (LIBs), which emerged as a 

revolutionary advancement in the 1970s and 1980s, mainly incentivized by the ongoing oil crisis.[5] The 

British chemist M. Stanley Whittingham initiated early substantial research into lithium-based batteries, 

proposing the use of titanium disulphide (TiS2) as a cathode material,[6,7] followed by significant 

contributions from John B. Goodenough by identifying lithium cobalt oxide (LiCoO2 or LCO) as a 

superior cathode,[8] and Akira Yoshino for creating the first commercial prototype using a carbon-based 

anode.[9] These efforts culminated in the commercial launch of the first lithium-ion battery by Sony in 

1991, marking the beginning of widespread use in portable electronics.[10] In recognition of their seminal 

contributions in the development of LIBs, Whittingham, Goodenough, and Yoshino were jointly 

awarded the Nobel Prize in Chemistry in 2019. As aptly stated by the Nobel Committee, ñthese batteries 

have revolutionized wireless technology and paved the way for a fossil fuel-free societyò.[11] In the years 

following the commercialization of LIBs, alternative secondary-ion batteries, such as sodium-ion 

(SIBs), potassium-ion (KIBs), and zinc-ion batteries (ZIBs) have emerged as promising candidates, 

particularly in response to the concerns regarding cost, safety, and availability of raw materials.[12] 
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Figure 1.1  Working principle of secondary-ion batteries during discharging (left) and charging (right) 

processes. 

The working principle of secondary-ion batteries is based on the reversible movement of metal ions, 

such as Li +, Na+, or K+ between two electrodes through an electrolyte during charging and discharging 

cycles. These batteries consist primarily of three major components: (1) the anode (negative electrode), 

(2) the cathode (positive electrode), and (3) the electrolyte, which acts as a medium for ion transport 

(more detailed information on battery components is presented in Section 1.2).[2] When the battery is 

discharging to provide electrical energy to a device, positively charged metal ions move from the anode 

to the cathode through the electrolyte. Concurrently, electrons are released from the anode and flow 

through an external circuit to the cathode, generating an electric current that powers the device. These 

electrochemical reactions at both electrodes are carefully designed to be reversible, allowing the battery 

to be recharged. During charging, an external power source applies a voltage to force the ions to move 

back from the cathode to the anode, and simultaneously, the electrons flow in the opposite direction 

through the external circuit. Once the ions are stored again in the anode in their reduced form, the battery 

is ready for another discharge cycle. The ability to repeat this charge-discharge cycle hundreds or even 

thousands of times makes secondary-ion batteries highly suitable for long-term energy storage. Their 

efficient ion transport, high energy density, and cycle stability are the key features that distinguish them 

from other ESSs. 
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1.1.1. Lithium -ion batteries (LIBs)  

 

Figure 1.2 (a) Variation in lithium-ion battery cell prices relative to battery pack demand (GWh) from 

1991 to 2021, including historical trends, observations from consumer electronics, and Bloomberg New 

Energy Finance (BNEF) data.[13]  (b) Projected increase in demand for LIBs from 2022 to 2030, shown 

by region (top) and by sector (bottom). (c) The technology readiness level (TRL) scale for EV battery 

technology. As the TRL increases, the estimated capital investment also rises, while the risk of failure 

decreases, being highest at TRL 1 and lowest at TRL 10.[13] 

The demand for LIBs has surged dramatically over the past two decades, owing to their exceptional 

combination of high energy density, long cycle life, low self-discharge rate, and scalability across a 

wide range of applications, attributes that remain unmatched by alternative chemistries such as SIBs, 

KIBs, and aluminum-ion batteries (AIBs).[13] This superior performance is fundamentally rooted in the 

electrochemical properties of lithium, the lightest metal (atomic mass 6.941 u), which exhibits a high 

negative standard reduction potential (ī3.04 V vs. SHE) and a small ionic radius (0.76 Å).[14] These 

characteristics enable lithium ions to migrate efficiently between the anode and cathode with high 

diffusion coefficients during charge-discharge cycles, contributing to both fast kinetics and high energy 

storage capacity.[15] In the early 2000s, the rapid expansion of consumer electronics, including 
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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 heights.[16] The introduction of EVs, such as 

Teslaôs Model S, demonstrated that LIBs could deliver energy densities of ~250ï300 Wh kg1, a 

substantial leap from the ~120 Wh kg1 offered by the first commercial LIBs developed by Sony in 

1991, thereby making them viable alternatives to internal combustion engines.[13,15] Concurrently, 

intensive research and development (R&D) efforts led to significant advancements in both performance 

and cost. The cost of LIBs plummeted from over $10,000 kWhī1 in the early 2010s to approximately 

$100 kWhī1 by 2021, driven by innovations in materials and manufacturing (Figure 1.2a). Key 

breakthroughs included the transition from cobalt-heavy cathode materials, such as LCO, to more cost-

effective and abundant alternatives like NMC811 with reduced cobalt content, and lithium iron phosphate 

(LFP), known for its thermal stability and safety.[13,17ï19] Other advancements, such as the stabilization 

of the solid-electrolyte interphase (SEI), the engineering of nanoscale electrode architectures to enhance 

ion transport, and the development 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 performance.[13,20ï22] As a result, LIBs have not only become more 

affordable but also more reliable and efficient across diverse applications. 

According to the international energy agency (IEA), battery demand crossed 700 GWh in 2022, more 

than doubling since 2020, and is expected to exceed ~4700 GWh by 2030 (Figure 1.2b).[23] This 

exponential rise stems from global commitments to net-zero carbon targets, government subsidies, and 

improvements in EV affordability.[23] Simultaneously, stationary energy storage for grid applications, 

critical for balancing the intermittency of solar and wind power, has emerged as a key growth sector. 

However, this surge poses several challenges: (1) material scarcity, notably, Li , Ni, and Co, (2) supply 

chain vulnerabilities, (3) ecological concerns from mining, and (4) end-of-life battery disposal. These 

stress points underscore the need not just for next-generation LIB chemistries, but also for the 

development of entirely new battery systems (e.g., Na-ion, Ca-ion, solid-state or all-organic lithium 

systems). Addressing these issues necessitates both advanced energy storage research and a closer 

integration of academic and industrial interests.  

As outlined by Frith et al.'s Technology Readiness Level (TRL) framework, academic research (TRL 

1ī4), requires significantly less funding ($10Kī100K), but comes with a higher risk of failure and often 

overlooks scalability or user requirements (Figure 1.2c).[13,24] In contrast, moving technologies beyond 

TRL 5 requires increasingly large capital investments, often reaching $1ī10 billion to scale battery 

production to 4ī20 GWh annually or to bring a new EV platform to market. As the risks and costs rise 

with TRL progression, collaboration between academia and industry becomes critical.[24] A tight-net 

partnership can ensure that promising innovations can be de-risked, refined, and engineered for real-

world applications, making scalable, high-performance, and cost-effective energy storage a reality. 
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Present geopolitical, humanitarian and ecological cost of electrification: 

 

Figure 1.3 Global distribution of total reserves of (a) lithium, (b) nickel, (c) cobalt, and (d) graphite by 

country. (e) Comparison of the carbon footprint of a petrol vehicle and two electric vehicles (EVs) with 

built-in batteries corresponding to the 5th and 95th carbon footprint percentiles during production (left), 

and (right) total carbon footprint including the use phase is shown for operation in France (pink) and 

Poland (blue), with break-even mileages indicated by dashed vertical lines.[25] 

The global transition towards renewable energy and electrified transportation has significantly 

increased the demand for LIBs, which depend on critical raw materials such as Li, Co, and Ni sources. 

The extraction of these minerals has led to substantial ecological degradation and humanitarian 

concerns. Primarily, lithium reserves are geographically concentrated, with approximately 58% of the 

global known resources located in so-called "Lithium Triangle" of Chile, Argentina, and Bolivia, while 

Australia accounts for ~55% of current global Li production.[26ï28] According to the 2022 S&P Global 

report, extraction of one ton of lithium carbonate (Li2CO3) from brine consumes approximately 500,000 

liters of water and emits around 15 kg CO2īequivalent per kilogram of Li2CO3, with production 

volumes between 250,000 and 400,000 tons.[25] Cobalt production is even more geographically skewed, 

with approximately ~71% of global Co being mined in the Democratic Republic of the Congo (DRC), 

with ~50% of CF resulting from the mining processes, often under conditions that have been widely 

criticized for human rights violations.[28,29] The humanitarian consequences of mining critical battery 

raw materials, particularly Co, Ni, Li , and graphite have been extensively documented in both academic 

literature and investigative journalism.[29ï31] A notable example is the 2016 Washington Post 
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investigative series by Todd C. Frankel and Peter Whoriskey, which brought widespread public 

attention to the socio-environmental costs of battery material extraction, reaching audiences beyond the 

scientific community.[30,31] In DRC, an estimated 40,000 children are engaged in artisanal Co mining, 

often working in hazardous conditions without protective equipment. Further, prolonged exposure to 

Co dust can cause a severe form of pneumoconiosis, and chronic exposure has been associated with 

congenital birth defects in local populations.[29] On the other hand, Nickel reserves are more broadly 

distributed, with significant production in Indonesia (37% of global output), the Philippines, and 

Russia.[32] Life-cycle assessments (LCA) indicate that mining and refining one ton of battery-grade Ni 

from  nickel sulphate (NiSO4.6H2O) can generate up to ~36 tons of CO2-equivalent emissions.[25,28] 

Furthermore, China holds over 65% of global natural graphite production and dominates the anode 

material supply chain.[28,30,33] However, graphite mining and processing in China have raised concerns 

over air and water pollution, regulatory opacity, and labor practices. This uneven distribution of 

resources has profound humanitarian and geopolitical consequences, particularly as demand is projected 

to increase sixfold 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 environmental impact. For instance, in France, where electricity generation is largely 

decarbonized, the break-even mileage, the point at which an 5th percentile (lower environmental impact) 

EV compensates for its embedded emissions relative to a traditional vehicle is ~50,000 km.[25] In 

contrast, in a high-carbon grid scenario such as Poland, the break-even mileage can be achieved at 

~140,000 km, potentially postponing the climate benefits of EV adoption by several years.[25] 

While battery recycling reduces environmental impacts, mining rare earth metals will 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 own, and therefore, an increase of research into organic 

electrode materials derived from abundant, renewable sources could provide truly sustainable solutions. 

Organic materials eliminate reliance on scarce, high-impact metals like Co and Ni. Therefore, at TRL 

1ī4 level, advancing organic battery chemistries is essential for a resilient and environmentally benign 

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

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

the Ford Motor Company first demonstrated that Na+ could migrate rapidly through ceramic electrolytes 

at elevated temperatures  >300 °C.[3,34] Their work led to the first rechargeable sodiumïsulfur (NaïS) 

system, which employed molten sodium metal as the anode, a solid ceramic electrolyte, and molten 

sulfur embedded in carbon felt as the cathode.[35] Although the elevated operating temperature 

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

foundational in advancing the study of solid electrolytes and stimulating interest in alkali metal-based 

electrochemical storage.[3] 

 

Figure 1.4 (a) Estimated global battery production potential (TWh) derived from the concentration of 

essential metal reserves in the Earthôs crust (ppm).[36] (b) Compositional breakdown of constituents of 

anode, cathode, electrolyte and elemental cell for a SIB cell.[36] (c) Comparative cost analysis (USD) 

between two model cells: (top) utilizing LiMn 2O4 (LMO) cathode, a synthetic graphite anode and Cu 

current collector with (bottom) the same cell model only replacing Li with Na and Cu with Al  current 

collector.[37] Copyright 2018, Springer Nature. (d) Comparative plot of five critical parameters, resource 

availability, economic value per cell, safety risks, carbon emissions, and overall environmental impact, 

for 1 kg of end-of-life LIBs versus SIBs.[36] Copyright 2023, Springer Nature. 
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In parallel, progress in LIBs accelerated after the discovery of stable layered LCO cathodes and 

graphite anodes, which enabled high energy density and reversible cycling.[35,38] These breakthroughs 

pushed LIBs to the forefront of portable energy storage, and from the 1990s onward, the majority of 

industrial and academic efforts were directed toward lithium systems. As a result, sodium-ion research 

declined sharply for several decades, despite its early promise.[39] From a mechanistic perspective, SIBs 

function analogously to LIBs, operating through the intercalation and deintercalation of alkali metal 

ions within host structures. However, the larger size of the Na+ (1.02 Å) compared with Li+ (0.76 Å) 

has important implications on the overall battery performance.[14] This ~34% increase in size lowers 

cycle life and energy density delivered by sodium cells due to the affected diffusion pathways, and 

higher structural strain on electrode frameworks.[40] For instance, graphite has a layered structure with 

interlayer spacing of ~3.35 Å, which is ideal for lithium insertion. Li  intercalates between graphene 

sheets to form LiC6 at a low potential (~0.1 V vs. Li/Li ), which makes it an excellent anode. However, 

Na+ ions are too large to fit stably into this spacing, preventing efficient intercalation, and thereby cannot 

form an equivalent NaC6 phase.[41] Further, the compound NaC6 is thermodynamically unstable, 

meaning sodium cannot stay intercalated in graphite under normal battery operating conditions.[41] 

These differences necessitated research on alternative electrode chemistries tailored to accommodate 

sodiumôs bulkier nature. For example, including hard carbon, with a larger interlayer spacing (>3.7 Å), 

offering practical capacity ~250ï350 mAh gï1,[42] titanium-based oxides e.g., Na2Ti3O7 or polymorphs 

of TiO2
[43] which provide structural stability but lower energy density, Prussian blue derivatives,[44] and 

alloying anodes such as Sn,[37] Sb,[45] and P[46] that deliver very high capacities but suffer from severe 

volume expansion during cycling. 

Despite these limitations, sodium-based systems offer significant practical benefits. Sodium is the 6th  

most abundant element in the Earthôs crust, with an average concentration of ~23,000 ppm (2.3%), 

whereas lithium is present at only ~20 ppm (0.002%), representing a more than 1,000-fold difference 

in natural availability (Figure 1.4a).[36] These geochemical realities directly influence material 

economics, such as in 2022, battery-grade Li 2CO3 reached market prices of approximately US $78,000 

per ton, while sodium carbonate remained near US $350 per ton, a cost difference exceeding two orders 

of magnitude.[36]  

However, a cost analysis conducted by Vaalma et al. (2018) revealed that substituting lithium with 

sodium alone does not markedly improve the overall economic performance of a battery system.[47] The 

total cost of a cell arises from multiple components, including electrode active materials, electrolyte 

solvents and salts, functional additives, and external packaging, rather than from the alkali metal alone 

(Figure 1.4b,c).[36,47] An additional advantage of sodium-based systems is that Na  does not readily 

alloy with aluminum under standard operating conditions, enabling the use of aluminum current 

collectors for both electrodes.[47] In contrast, LIBs require copper on the anode side, which is 

considerably more expensive. Consequently, replacing both Li  and Cu with Na and Al , respectively, in 
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a cell model utilizing LMO cathode, and a synthetic graphite anode yields an estimated cost reduction 

of about $128 per cell, with the majority of savings attributed to the substitution of Cu with Al  rather 

than lithium with sodium (Figure 1.4c).[47] Another cost-saving advantage with fewer ecological 

ramifications is that SIBs do not require scarce Co- or Li-containing active materials for cathodes, 

instead cathode materials for SIBs mainly consist of abundant transition metals (Figure 1.4b).[36,47]  

Despite advances such as the adoption of Co-free cathodes and the use of Al current collectors, LIBs 

currently maintain greater economic value 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 costs of Li and Co have 

intensified research and development in alternative systems, making SIBs increasingly attractive as 

cost-effective and sustainable solutions for future large-scale energy storage. 

Commercialization of SIBs: Over the past few years, several companies have begun commercializing 

SIB technology, primarily targeting stationary energy storage and limited electric mobility 

applications.[39] Leading Chinese manufacturers, such as CATL and HiNa Battery Technology, have 

launched pouch cells with energy densities ranging from ~140ï160 Wh kgï1, offering rapid charging 

capabilities and moderate cycle life. In Europe, companies like Altris have developed Prussian White 

sodium-ion cells that claim to combine sustainability and industrialization, while the French company 

TIAMAT focuses on ultra-fast charging cells for industrial and mobility applications. In the United 

States, Natron Energy pioneered commercial-scale Na-ion cells with Prussian blue analog electrodes, 

emphasizing long cycle life and high-rate performance for critical backup power 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 high-energy applications such as long-range EVs.[39] Additionally, SIB adoption remains 

limited, representing <1% of the current global battery market, with projections rising only modestly to 

3% by 2035 in a conservative scenario, or up to 15.5% in an optimistic one, depending on technological 

improvements in performance, cycling stability, and cost reduction.[36] Consequently, SIBs are 

positioned as a complementary technology to LIBs, particularly in applications where material 

abundance, safety, and cost are prioritized over maximum energy density, highlighting both their 

potential as well as the challenges that must be addressed for broader commercialization. 

1.2. Battery components 

As described in a previous section (Section 1.1), a battery cell is an integrated electrochemical system 

in which each component fulfills 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, while the solid-electrolyte interphase 
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(SEI) and cathode-electrolyte interphase (CEI) are typically the self-formed interphases that emerge 

during early electrochemical cycling. The anode (negative electrode) functions as the host for Li+ during 

charging, and its performance is closely tied to the formation of the SEI, which prevents continuous 

electrolyte decomposition at lower potential ~0.1 V vs. Li/Li+ while allowing ion transport (see Section 

1.2.1).[21] Opposite to this, the cathode (positive electrode) serves as the lithium source and sink during 

cycling, and its surface is often stabilized by the CEI to mitigate degradation at high potentials. While 

often overlooked, binders and conductive additives are essential to the integrity and performance of 

both electrodes. Polyvinylidene fluoride (PVDF) dissolved in N-methyl-2-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 styrene-butadiene rubber (SBR) 

have been increasingly adopted for water-based electrode processing, which is more environmentally 

benign and cost-effective. Conductive additives, typically carbon black (e.g. Ketjenblack, 

Acetyleneblack) or carbon nanotubes, improve the electrical conductivity of composite electrodes, 

especially important for cathode materials with inherently poor conductivity, such as LiFePO4 (LFP). 

Although binders and additives represent only a small fraction of electrode mass (<20%), they play a 

decisive role in cycling stability and rate capability.  

 

Figure 1.5 Schematic representation of major lithium-ion battery components. 

The preparation of electrode slurry is a critical step in the battery production, as it dictates electrode 

homogeneity, adhesion, and thereby the electrochemical performance, and cycle life (Figure 1.6).[22] 

Typical active material loadings range from 60ï75 wt.%, while binder and conductive additive together 

can range from ~20ï15 wt.%, depending on the dispersion stability, and electronic conductivity of the 

active material, respectively.[22,48] Mixing sequence is critical: conductive carbon is dispersed first to 

avoid agglomeration, binder is dissolved in solvent, and active material is incorporated under controlled 

mixing speed ~1000ï2000 rpm. Doctor blading uniformly spreads the slurry onto current collectors, 

followed by controlled drying to remove solvents and to yield a stable, adherent electrode film. Further, 

vacuum degassing evaporates the solvent and eliminates microbubbles, which is usually followed by 
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compressing dried electrode films between heated rollers (calendaring) to adjust thickness, and improve 

electrodeïcollector contact, ensuring smooth electrode films, and consistent cycling stability.[22] 

 

Figure 1.6 Schematic representation of the best practices for electrode slurry preparation.[22] Copyright 

2025 Springer Nature. 

The electrolyte, typically composed of a solvent and a lithium salt (in case of LIBs), provides the 

medium for ionic conduction, dictating conductivity and stability. Electrolyte additives are introduced 

to enhance interphase formation, suppress gas evolution, and extend cycle life (more detailed 

description is presented in Section 1.2.3). Separators, consisting of porous insulating membranes, 

prevent electronic contact between electrodes, simultaneously 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 stability.[49] A key safety feature is the 

ñshutdown mechanism,ò where the separator pores collapse at elevated temperatures (~130 °C for PE), 

stopping ion transport and preventing thermal runaway.[49] Despite their importance, separators are 

electrochemically inactive, thereby adding to the battery mass without contributing to energy density. 

Therefore, researchers have focused on enhancing separator selectivity, safety, mechanical strength, 

and electrolyte wettability without significantly increasing thickness or weight. Coated separators with 

ceramic or polymer layers have also been developed to improve performance in high-power 

applications. Current collectors provide electronic pathways: In LIBs, Cu is used on the anode side due 

to its stability at low potentials, whereas Al  is employed at the cathode side for its resistance to oxidation. 

As stated in Section 1.1.2., the choice of current collector significantly influences battery cost and 

weight.[47] Therefore, studies have been reported on investigating lighter 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 integrity, interfacial stability, and compatibility over long-term cycling. 
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1.2.1. Anode ï The negative electrode 

1.2.1.1. Inorganic anode materials  

 

Figure 1.7 (a) Classification of inorganic anode materials into three primary categories: intercalation-

type, alloying-type, and conversion-type, along with representative examples. (b) Schematic of Li-metal 

anode failure pathway and approaches to mitigate dendrite formation and enhance interfacial stability: 

(1) surface coatings with glassy or composite layers, (2) ultrathin carbon or graphene coatings, (3) 

promotion of uniform Li-ion flux, (4) electrolyte modification with Cs  additives, and (5) structural 

engineering via 3D architectures or Li-metal powder.[12] Copyright 2016 Springer Nature. (c) 

Illustration of the RüfforffïHofmann and DaumasïHerold insertion mechanisms of Li  ions in graphite 

hosts.[50] Principal degradation processes affecting (d) graphite anodes[51] and (e) Si anodes in LIBs,[12] 

respectively. (f) Morphological engineering and composite design strategies developed to alleviate the 

severe volume expansion of Si anodes.[12] Copyright 2016 Springer Nature. 
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Anode materials play a crucial role in the overall performance of LIBs by determining capacity, 

electrochemical, mechanical and thermal stability, and cycle life. They are generally categorized into 

three types: insertion materials, alloy-type materials, and conversion-type materials based on the Li+ 

storage mechanism followed (Figure 1.7a).[52] Lithium metal was first introduced as an anode in 1976 

and long considered the ñdream anodeò for its ultrahigh theoretical capacity ~3860 mAh g1 and lowest 

electrochemical potential (ī3.04 V vs. SHE), promising far greater energy density than graphite.[10]  

However, by the 1980s researchers realized a major disadvantage, multiple cycles of (de-)plating 

lithium leading to dendrite growth and continuous electrolyte degradation forming thick and unstable 

SEI layers, forcing a shift toward safer graphite anodes (Figure 1.7b).[10,12,53,54] Since the 2000s, due to 

low capacity output of graphite, a renewed interest had driven several outstanding strategies (see Figure 

1.7b), such as, protective ceramic or composite coatings (Approach 1), ultrathin carbon/graphene 

interlayers (Approach 2), homogenized Li-ion flux engineering (Approach 3), electrolyte additives like 

Cs (Approach 4), and 3D scaffolds or Li-metal powders (Approach 5).[12] However, despite decades of 

research, Li -metal anodes have remained far from being safe, stable or economic for commercial 

purposes. Among insertion materials, graphite has dominated commercial anodes for LIBs owing to its 

low operating potential (~0.01ï0.5 V vs. Li/Li ), good reversibility, and a theoretical capacity of 

372 mAh gï1 corresponding to the formation of LiC6 (Stage-1), see Figure 1.7c.[50] Lithium storage in 

graphite occurs through intercalation between graphene layers, a process historically described by two 

classical staging models. In 1938, the Rüdorff-Hofmann model introduced the concept of staging, where 

the intercalant (Li+) ions occupy entire galleries in an ordered fashion, leading to a periodic expansion 

of the interlayer spacing with galleries either completely filled or empty.[50,55] However, this rigid and 

idealized description failed to capture experimental observations of partial occupancy and coexistence 

of stages. To address this, the Daumas-Herold model proposed a more flexible mechanism in which 

intercalant distributes locally within galleries, allowing regions of filled and empty layers to coexist and 

enabling sliding of adjacent graphene planes.[56] Whereas the Rüdorff-Hofmann framework implied 

constrained ion mobility, the Daumas-Herold model supported more continuous diffusion pathways.[50] 

Although graphite has been the dominant anode material for the past three decades due to its high 

stability and long cycle life, it exhibits significant limitations under high-rate cycling (Figure 

1.7d).[51,54] Initial nucleation of lithium at the anode surface, followed by high-rate cycling can lead to 

dendrite growth posing safety concerns, and thereafter puncturing the SEI layer, resulting in a 

chemically and mechanically unstable electrode-electrolyte interface. Repeated 

intercalation/deintercalation further induces graphite exfoliation, where graphene layers partially 

separate, causing capacity fading and structural degradation. Additionally, accidental over-discharging 

can lead to Cu current collector corrosion.[51] These drawbacks have motivated the exploration of 

alternative titanium-based insertion materials. For instance, TiO2 enables lithium insertion with a 

capacity of 170ï200 mAh gï1 at ~1.5ï1.8 V vs. Li/Li+, offering enhanced safety and long cycle life, 
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albeit with lower energy density.[57] Similarly, lithium titanate (Li4Ti5O12 or LTO) operates at ~1.55 V 

vs. Li/Li+ with ~175 mAh g ĭ capacity; its ñzero-strainò characteristic ensures exceptional cycle 

stability and fast charging, though the higher operating potential of this anode reduces overall cell 

voltage and energy density.[58] 

Alloy-type anodes include silicon (Si), which forms Li4.4Si, was envisioned as a transformative anode 

material capable of dramatically increasing energy density with an impressive theoretical capacity 

>4000 mAh gï1 and an operating voltage of ~0.3 V vs. Li/Li .[59] However, in practice, Si faces major 

challenges including ~300% volume expansion during charging cycle, causing particle pulverization, 

continuous electrolyte degradation leading to inefficient and thick SEI formation, and thereby rapid 

capacity fading (Figure 1.7e).[12,54] Although many studies have explored nanostructuring, compositing, 

and encapsulation to mitigate these effects, the material remains far from commercial utility  (Figure 

1.7f).[12] Consequently, Si is currently limited to minor fractions (5ï15 wt%) in graphite/silicon (SiïC) 

composite anodes, where it provides only modest improvements in energy density and performance.[60] 

Conversion-type anodes undergo reversible conversion reactions: MaXb + yLi  + ye  ᵶ aM + Li yXb, 

where M = Mg, Fe, Co, Ni, etc., and X = N, O, P, and S, achieving high capacities ranging between 

600ï1000 mAh gï1.[61] They operate typically between 0.5ï1.5 V vs. Li/Li+, with advantages of 

abundance and high storage capability, but disadvantages of large voltage hysteresis, structural 

instability, and low initial coulombic efficiency.[12,54,61] 

1.2.1.2. Organic anode materials 

As discussed in Section 1.1, 1.2.1.1, and later in 1.2.2.1, the accelerating global demand for sustainable 

and resource-efficient energy storage has intensified the search for alternatives to conventional 

inorganic electrode materials based on transition metals. Organic electrode materials (OEMs) have 

recently emerged as compelling candidates, owing to their structural versatility, environmental 

compatibility, and potential for cost-effective large-scale deployment.[62ï64] Unlike transition metal 

(TM)-based electrodes, which depend on finite and geographically concentrated mineral resources, 

OEMs can be derived from earth-abundant, renewable feedstocks, circumventing the environmental 

and socio-economic issues associated with mining and refining processes. Additionally, their redox 

activity is usually governed by the electron distribution of functional groups rather than ion-radius 

constraints, enabling unique cross-compatibility across both aqueous and non-aqueous metal-ion 

batteries.[64] 

Despite their many advantages, OEMs face several intrinsic limitations that hinder their practical 

implementation in commercial 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 life.[64,65] In addition, most OEMs exhibit inherently low electronic conductivity, requiring 
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extensive use of conductive additives such as carbon blacks, graphene, or carbon nanotubes (CNTs) to 

ensure sufficient charge transport within the electrode composite.[64,66] While many OEMs demonstrate 

high gravimetric capacities due to multi-electron redox activity, they frequently suffer from low 

volumetric energy density and insufficient power density, stemming from their molecular nature, low 

packing density, and sluggish charge-transfer kinetics.[67,68] These drawbacks collectively limit the 

scalability and competitiveness of OEMs against inorganic electrode materials in high-performance 

battery applications. 

 

Figure 1.8 (a) Most prominent categories of organic electrode materials (OEMs) and (b) strategies to 

improve their overall performance by enhancing energy density, power density, and cycle life. Here, Ed 

is energy density, Q is the charge, E is the potential window, F is the Faradayôs constant, Mw is the 

molecular weight of the OEM, E_ and E+ are the oxidation and reduction potentials, Id is the current 

experienced, and Rct is the charge transfer resistance.[64] (c) Schematic representation of the working 

principle of an n-type OEM acting as an anode,[64] with (d) illustrating the corresponding reaction 

mechanism. (e) Most established n-type compounds, carbonyl, imine, nitrile, organosulfur, and azo, 

and their corresponding reversible redox reactions, storing lithium as a charge carrier during reduction 

and releasing it during oxidation.[64] Copyright 2020 Springer Nature. 
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Nevertheless, the structural tunability of OEMs offers powerful opportunities to overcome these 

shortcomings (Figure 1.8a,b).[64] Solubility issues can be mitigated by designing redox-active 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 

intermolecular forces 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 maximize active content, 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 directional ion transport pathways promoting fast-rate kinetics. Such design 

flexibility allows the same molecular backbone to be optimized for different battery chemistries, 

ultimately enabling the realization of high-capacity, stable, and high-power organic electrodes. 

OEMs can be broadly classified into p-type, n-type, and bipolar systems, distinguished by the direction 

of their dominant redox processes.[62,64,66] n-Type materials undergo reversible reduction first at low 

potentials, i.e., accepting electron in the lowest unoccupied molecular orbital (LUMO) and thereby 

storing a wide range of metal-cations (M+ = Li , Na , K ).[64,68] p-Type and bipolar-type electrode will 

be discussed in detail in Section 1.2.2.2, and Section 1.4.2.2, respectively. n-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 materials to serve as the negative electrode (Figure 1.8 c,d).[64] Their electron-

accepting nature enables them to reversibly stabilize diverse cations beyond monovalent alkali metals, 

providing opportunities for applications in multivalent-ion batteries where transition-metal oxides often 

suffer from sluggish diffusion or structural instability. The redox activity of n-type organic materials 

arises from diverse functional groups with distinct electron-accepting capabilities (Figure 1.8e).[64] 

Carbonyl compounds CO, such as, quinones, anhydrides, imides, have been extensively studied for 

their high theoretical capacities and tunable potentials.[69] Nitrile CḳN and imine C N systems offer 

reversible storage at relatively low potentials, while azo NN compounds contribute rich multi-electron 

chemistry.[70] Organosulfur-based materials provide high capacities through reversible SïS bond 

cleavage and reformation, although often challenged by dissolution and polysulfide shuttling.[71] By 

systematically engineering these functional motifs, researchers have demonstrated n-type anodes with 

operating potentials ranging from near 0 V up to ~2 V (vs. Li/Li  or Na/Na ), enabling their integration 

into a wide spectrum of rechargeable battery chemistries.[68] In addition, several efforts have been made 

to develop n-type OEMs with increased operating potentials >3 V vs. the corresponding M/M  in 

reference. However, so far, such n-type materials have not been able to demonstrate optimal 

electrochemical stability. 
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1.2.2. Cathode ï The positive electrode 

1.2.2.1. Inorganic cathode materials 

 

Figure 1.9 Comparison of the electronic density of states (DOS) profiles for three representative layered 

cathode compounds: (a) LiCoO2, (b) LiNiO2, and (c) LiM nO2. (d) Crystal structures of the LiMO2 

family (M = Ni, Co, or Mn), illustrating the layered arrangement of lithium and transition-metal (TM) 

ions, which is critical for reversible Li  intercalation and deintercalation during battery cycling.[12] (e) 

Ternary compositional phase diagram of stoichiometric layered lithium TM oxides within the LiCoO2ï

LiNiO 2ïLiMnO2 system. The diagram shows the relative positions of various compositions, with dots 

marking the LiNi1 x yCoxMnyO2 (MNC) compounds that have been widely investigated as practical 

cathode materials due to their tunable electrochemical properties.[72] Copyright 2015 John Wiley & Sons. 

Inc. (f) Schematic representation of the layered-to-spinel phase transformation that can occur during 

repeated charging, a key degradation pathway that influences the long-term cycling stability and 

performance of layered oxide cathodes.[12] Copyright 2016 Springer Nature. 

Inorganic cathodes, particularly Nickel (Ni), Manganese (Mn), and Cobalt (Co)- based layered oxides 

(MNC), are among the most widely studied and commercialized materials for rechargeable LIBs due 

to their high potential >3.4 V, high energy density and tunable redox properties (Figure 1.9).[12,73ï75] 

The performance limits of layered cathode materials stem from the interaction between transition-metal 

(TM) orbitals and oxygen states.[73] In LiCoO2, practical Li extraction stops at roughly half the 

theoretical capacity (full theoretical capacity ~274 mAh gï1, achieved capacity ~140 mAh gï1) since, 

removing more Li during the charging process pushes the Co3+/4+ t2g electrons into strong overlap with 

oxygenôs 2p orbitals, destabilizing the lattice and causing O2 evolution (Figure 1.9a).[73] In contrast, 

LiTMO 2 (TM = Ni, Mn) do not share this limitation due to the placement of redox active eg band of 

LiNiO 2 only slightly touching oxygen states (Figure 1.9b), and the Mn3+/4+ redox active eg band in 
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LiMnO2 lies well above the 2p orbital of oxygen (Figure 1.9c), making them chemically more stable 

than LiCoO2.[72,73,75] Therefore, the Fermi (or HOMO) level of a cathode determines the energy at which 

electrons are removed during Li + extraction, and the voltage window corresponds to the range over 

which Li + can be reversibly intercalated without causing structural or chemical instability.[72] Layered 

cathodes LiNiO2 and LiMnO2 can achieve capacities of ~220 mAh gï1 and ~180ï200 mAh gï1, 

respectively.[72,74] However, Ni and Mn-based LiTMO2 face structural challenges, for instance, LiNiO 2 

can undergo cation mixing and thermal issues, and LiMnO2 tends to distort due to Jahn-Teller effects, 

eventually transforming from a layered to a spinel framework (Figure 1.9d-f).[12] 

Each material, with different Mn, Ni, and Co content, balances 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, O2 release, and resource concerns related to Co. Overall, MNC 

cathodes balance energy density and rate performance, but their long-term stability hinges on mitigating 

structural degradation during repeated cycling. 

1.2.2.2. Organic cathode materials 

Organic cathode materials, a class of OEMs, are composed primarily of earth-abundant, lightweight 

elements (C, H, N, O, S), granting them significant advantages in terms of sustainability, molecular 

tunability, and recyclability in comparison to the traditional inorganic cathode materials for metal-ion 

batteries.[62,64] Their redox behavior is governed by well-defined molecular orbitals rather than 

crystalline lattice constraints, enabling fine modulation of redox potential, electron affinity, and 

capacity through rational molecular design.[67] As already described in Section 1.2.1.2, both n-type and 

p-type materials can be utilized as active materials for cathodes based on their redox features. p-Type 

cathodes undergo reversible oxidation of donor moieties, accommodating charge via counter anion (A ) 

insertion from the electrolyte during the charging process.[67] The electron-donating nature of p-type 

redox centers results from high-lying highest occupied molecular orbital (HOMO) levels, facilitating 

oxidation at elevated potentials, often in the range of 2.0ï4.5 V vs. Li/Li (Figure 1.10a).[67,76] In 

contrast, n-type cathodes require a prior discharge to load M+, which they prefer to lose by undergoing 

reversible oxidation reaction, similar to inorganic cathodes, such as NMCs (Figure 1.10b).[64] p-Type 

organic cathodes offer distinct advantages over their n-type counterparts, for instance, their operation 

at high potentials arises from the intrinsic electron-donating nature of their ˊ-rich backbones, which 

often undergo oxidation to generate stable radical cations. The rapid stabilization of these radical 

intermediates, by extended conjugation and favorable molecular orbital alignment, imparts intrinsically 

fast charge-transfer kinetics. Additionally, p-type cathodes store A , which have a much weaker 

solvation shell in comparison to the M+, and therefore, the desolvation energy of A  is much lower than 

for the counter cation. However, p-type cathodes typically exhibit modest capacities compared with n-
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type materials, ranging between ~50ï150 mAh gï1 due to the limited number of reversible electron 

transfers per donor unit (Figure 1.10c).[67] 

 

Figure 1.10 Schematic representation of the working principle of an (a) p-type and (b) n-type OEM 

acting as the positive electrode.[64] Copyright 2020 Springer Nature. (c) Voltageïcapacity profiles of 

organic electrodes, highlighting p-type (red region) materials at higher voltages with lower capacities 

and n-type materials (blue region) at lower voltages with higher capacities. Inorganic references (stars) 

are shown for comparison.[67] (d) Most prominent p-type compounds, viologen, phenoxazine, 

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

potentials versus lithium as reference. (e) Various anions, TFSIī, FSIī, PF6
ī, and BF4ī, which can be 

reversibly stored in p-type organic cathodes. 

A wide array of redox-active electron-rich groups has been investigated for p-type organic cathodes, 

including derivatives of viologen (~2.0ï2.2 V),[77] phenoxazine (~3.6 V),[78] triphenylamine (~3.7 V),[79] 

tetrathiafulvalene (TTF, ~3.5 V),[65] nitroxyl (~3.6ï3.8 V),[77] and thianthrene (~4.0 V vs. Li/Li )[80] 

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

systematically tailored by intermolecular engineering, such as through ˊ-conjugation extension or 

donorïacceptor (DïA) substituents.[76] Furthermore, by incorporating n-type redox moieties with p-type 

frameworks through intermolecular conjugation, bipolar-type organic cathodes can be engineered.[81] 

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 

capacity of the electrode. This dual redox behavior not only leverages the high working potential of p-
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type units but also the multi-electron storage capability of n-type centers, offering a promising route 

toward high energy density organic cathode systems. Anion storage in p-type cathodes is commonly 

mediated by salts containing A  = PF6
ï, TFSIï, FSIï, and BF4ï.[67] These anions differ significantly in 

ionic radii: BF4
ï < PF6

ï < FSIï < TFSIï, influencing insertion kinetics, reversibility, and overall energy 

density (Figure 1.10e).[82,83] The tunability of anion intercalation chemistry opens pathways for 

optimizing the potential window and rate capabilities. 

As discussed in detail in Section 1.2.1.2, (molecular) organic positive electrodes, similar to their anode 

counterparts, face intrinsic limitations such as dissolution in liquid electrolytes and poor electronic 

conductivity, both of which hinder long-term cycling stability and high-rate performance.[64] Similar 

strategies, such as polymerization of redox-active units into insoluble macromolecular backbones, 

and/or incorporation of p-type motifs in extended ˊ-conjugated, robust, and porous architectures like 

COFs can be used to enhance electronic transport. These approaches not only suppress dissolution but 

also create continuous and interconnected 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 electrolytes.[84] This research disparity is particularly 

consequential, as the 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 charge-transfer kinetics, and long-term stability.[85ï88] Beyond supplying mobile ions, 

electrolytes fundamentally shape electrodeïelectrolyte interfacial chemistry, thereby dictating 

performance and degradation pathways.[20,21] Electrolytes in rechargeable batteries can be broadly 

classified into liquid, solid (organic and inorganic), and composite systems (Figure 11a).[89] Liquid 

electrolytes are dominated by carbonate-based solvents, such as ethylene carbonate (EC), dimethyl 

carbonate (DMC), ethyl methyl carbonate (EMC), diethyl carbonate (DEC), and propylene carbonate 

(PC), typically combined with a lithium salt, alongside ether-based solvents 1,3-dioxolane (DOL) and 

dimethoxyethane (DME) for LiïS systems, and ionic liquids imidazolium-, pyrrolidinium-, or 

phosphonium-based cations with bulky anions like bis(trifluoromethanesulfonyl)imide [TFSIī], 

offering wide electrochemical stability windows and non-flammability.[87,88] Liquid carbonate-based 

electrolytes, while enabling superior ionic conductivity (10ï2 S cmï1) and low interfacial resistance, 

suffer from several intrinsic disadvantages that limit safety and performance.[90] EC, though solid at 

room temperature, becomes combustible when molten with a flash point ~160 °C, while PC has a flash 

point ~132 °C and DMC ignites easily ~17 °C.[91] These low ignition thresholds, combined with high 
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volatility, make liquid electrolytes a major fire risk during a case of thermal runaway. Dahn and co-

workers established ethylene carbonate (EC) as a stable co-solvent, and despite extensive efforts to 

identify superior alternatives, LiPF6 in EC-based solvent systems remains the state-of-the-art electrolyte 

formulation for new electrode tests.[10] Therefore, understanding the chemistry behind electrolyte 

formulations and the associated SEI/CEI layers is 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 discussed. Solid-state electrolytes (SSEs), mainly focusing on the COF-based electrolytes, and 

their importance will be elaborated in later Section 1.4.1. 

 

Figure 1.11 (a) Classification of electrolytes, liquid, solid-organic, solid-inorganic, and composite 

electrolytes.[89] (b) The energy levels of anode, cathode and electrolyte in a battery (schematic).[92] 

Copyright 2010 American Chemical Society. (c) The calculated reduction potentials of various 

electrolyte constituents, solvent, salt, and additives. (d) The binding energy levels for Li+īXī and 

Li +īnXī, where n is the number of anions, and Xī being PF6ī, TFSIī or NO3
ī.[93] Copyright 2024 John 

Wiley & Sons. Inc. (e) The relationship between the ionic conductivity and the salt concentration of the 

electrolyte system.[94] Copyright 2024 Angewandte Chemie. (f) Types of interactions between Li+, anion 

(Aī) and solvent molecules. (g) Predicted interaction between Li+, Aī and solvent molecules, in a 

conventional liquid electrolyte (1 ʤ), high concentration electrolyte (>3 ʤ) and localized-high 

concentration electrolyte.[95] 
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The electrolyte dictates the potential window of the battery window through its electrochemical 

stability (Eg), which is intrinsically linked to the HOMO and LUMO energies of the solventïsalt mixture 

(Figure 1.11b,c).[21,92] When the electrochemical potentials of anode (µA) and cathode (µC) lie within 

the electrochemical window of the electrolyte, passivating layers, SEI on the anode side and CEI on the 

cathode side, are formed due to reduction and oxidation of the electrolyte. Since the LUMO of the 

electrolyte typically lies higher than the potentials of a reduced (or charged) anode, the formation of the 

SEI layer is more usual than the formation of CEI.[21] Since a SEI layer is a product of electrolyte 

degradation, in addition to the solvent molecules, charge carriers are consumed during its formation. 

However, a uniform SEI layer, once formed, ceases the electron tunneling, and prevents further 

electrolyte decomposition, effectively extending the usable voltage range.[20,21,84,96] Additionally, an SEI 

layer is comprised of inorganic and organic sub-layers, consisting of Li2CO3, Li 2O, and LiF as inorganic 

constituents, and Li2EDC and ROLi (where, R depends on the organic solvent) as the organic 

constituents.[21] Over the years, several studies have shown that an inorganic-rich SEI layer, especially 

if LiF-rich, is mechanically more stable and more ionically conductive, and thereby enhances the charge 

storage kinetics and the cycle life of the battery. Liquid electrolyte additives, such as fluoroethylene 

carbonate (FEC) have high reduction potential, and readily reduce at the anode to form a LiF-rich SEI 

layer.[97] Additionally, FEC can improve performance at low temperatures and stabilize high-voltage 

cathodes by reducing side reactions at the electrodeïelectrolyte interface.[97] 

Liquid electrolytes deliver high ionic conductivity due to the low activation energy (ȹE) required for 

the ions to migrate through the liquid phase (ȹEmig). However, liquid electrolytes face a high activation 

energy for ion migration through the SEI layer (ȹESEI), and high desolvation activation energy (ȹEdes) 

due to strong interactions between Li+, counter anion, and especially solvent molecules with high 

dielectric constants.[20,85] Several electrolyte formulations have been proposed to weaken these 

interactions and to improve the kinetics of the electrochemical cell.[93ï95] Recently, Liang et al. proposed 

combining three salts, LiPF6, LiTFSI, and LiNO3, with Li + binding energy in the order Li+ïTFSIï < 

Li +ïPF6
ï < Li+ïNO3

ï in one electrolyte system.[93] This strategy reduced the Li+ïanion interactions, by 

inducing electrostatic repulsion between the anions and therefore reducing the binding energies 

significantly for Li+ï3Aï systems in comparison to Li +ïAï systems (Figure 1.11d).[93] Further, high 

concentration electrolytes (>3 ʤ) have been tested as electrolyte systems to improve electrochemical 

stability of the cell, despite their obvious limitations of high viscosity, low ionic conductivity, and high 

internal resistance (Figure 1.11e). In conventional electrolytes (~1.0ï1.1 ʤ), the salt concentration is 

low, and most cations are fully solvated by solvent molecules, leading to a predominance of cationï

dipole (M+ïsolvent) interactions or M+ïAï interactions, providing high ionic conductivity but 

vulnerability to reduction or oxidation at electrode surfaces (Figure 1.11f).[98] Whereas, in high-

concentration electrolytes (HCEs), the solvent-to-salt ratio is low, forcing most M+ and Aï to form 

contact ion pairs (CIPs) or larger aggregates (AGGs), and significantly reduces the amount of free 
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solvent molecules (Figure 1.11f,g).[95,98,99] HCEs alter the solvation environment, enhancing 

electrochemical stability, suppressing solvent decomposition, and favoring the formation of robust, 

inorganic-rich SEI layers. However, their high viscosity reduces ion mobility, limiting rate performance, 

and further makes cell fabrication expensive. To control the viscosity issue, HCEs can be diluted with 

an inert and non-coordinating co-solvent, forming localized high-concentration electrolytes (LHCEs) 

(Figure 1.11g).[95,99] LHCE systems preserve high stability and SEI quality, however so far only slightly 

improving viscosity and overall ionic conductivity. Overall, while HCEs and LHCEs systems are 

promising, they feature complicated mass transport mechanisms, which are yet to be fully understood. 
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1.3. Covalent organic frameworks (COFs) 

 

Figure 1.12 (a) Schematic representation of the formation of covalent organic frameworks (COFs).[1] 

(b) Topological diagrams depicting the guiding principles for designing 2D COFs with various lattice 

geometries, including hexagonal, tetragonal, kagome, trigonal, and rhombic pore structures.[1] 

Copyright 2023 Springer Nature. (c) Illustration 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 an emerging class of organic crystalline porous materials 

that have garnered immense attention owing to their structural precision, tunable porosity, and 

exceptional stability.[1] COFs were first conceptualized and developed by Yaghi and co-workers in 2005, 

representing a milestone in reticular chemistry, wherein organic building blocks can be linked by strong 

covalent bonds into predetermined architectures with long-range order.[2] The pioneering example, 

COF-1, was synthesized through the condensation of 1,4-benzenediboronic acid (DBA) into a two-

dimensional (2D) framework, followed by COF-5, which showcased the versatility of the design 

principle.[2] COFs are the first class of purely organic crystalline porous materials constructed via 

covalent bonds, paralleling the significance of another class of crystalline porous materials, i.e., metalï

organic frameworks (MOFs), which are formed by coordination between metal-centers and organic 

building blocks.[3] Additionally, COFs share similarities with conventional organic polymers as well, 
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for example, both are composed of light elements (C, H, O, N, and B) and rely on covalent connectivity 

of repeating units. However, while traditional polymers are generally amorphous or semicrystalline, 

COFs possess a well-defined, long-range ordered lattice. This crystallinity arises from the judicious 

selection of rigid linkers and nodes that direct the framework into periodic arrays, yielding highly 

predictable pore sizes, shapes, and functionalities.[1,4ï7] 

The design of COFs follows a modular strategy, involving three primary components: nodes (main 

building block), and auxiliary building blocks, and the linkages (Figure 1.12a).[1] The connectivity and 

symmetry of these building units dictate the resulting topology.[6] As depicted in Figure 1.12b, a 

hexagonal framework typically arises from either the combination of 3 linear linkers (C2) or a trigonal 

planar linker (C3) with linear linkers, yielding honeycomb-like architectures. On the other hand, 

tetragonal pore COFs can be yielded via connecting 2 square-planar linkers (C4) together, or with linear 

building blocks, while Kagome topology emerges when tetrafunctional linkers (C4) alternate with linear 

linkers to generate a lattice with dual pore sizes.[1,6] Rhombic and trigonal arrangements can be 

engineered through rational linker geometry selection, offering a broad structural landscape. Beyond 

2D lattices, COFs can extend into three-dimensional (3D) architectures through tetrahedral or 

octahedral nodes, producing frameworks such as dia (diamond), bor (boracite), ctn (C3N4), etc.[1] More 

recently, cage-type 2D and 3D COFs with discrete polyhedral geometries have expanded the structural 

diversity further.[8,9] In this thesis we mainly focus on 2D COFs, and will discuss their structure, 

functionalities, and applications. Similar to graphene sheets in graphite, 2D layers (along the x-y plane) 

are stacked in z-direction by ˊḯ  interactions, yielding crystalline porous networks.[1,2,6] Furthermore, 

stacking modes in layered 2D COFs play a 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 staggered (AB), 

inclined, serrated, or random arrangements with small offsets (Figure 1.12c).[5] These stacking 

variations not only influence the crystallinity and surface area but also profoundly affect charge 

transport and guest diffusion within the pores.[10,11]  

Despite remarkable advances, COF synthesis and application face intrinsic challenges, often described 

as the ñtrilemmaò articulated by the Lotsch group.[5] This trilemma arises from the competing 

requirements of crystallinity, stability, and functionality, where enhancing one property often 

compromises the others. For example, frameworks constructed with highly reversible linkages exhibit 

superior crystallinity but may suffer from reduced chemical robustness, whereas stable irreversible 

linkages can lead to poorly ordered or amorphous products.[5] Balancing these three aspects remains at 

the forefront of COF research, driving innovation in synthetic methodologies, linker design, and post-

synthetic modification, which will be discussed in detail in the next section. 
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1.3.1. Synthetic methodologies 

 

Figure 1.13 (a) Key reversible linkages (boroxine, boronate ester, imine) and (ultimately) irreversible 

linkages (triazine, ɓ-ketoenamine, benzoxazole) employed in COF construction.[1] Copyright 2023 

Springer Nature. (b) Reaction mechanism illustrating the formation of imine linkage. (c) Schematic 

depiction of imine-linked COF growth through slow crystallization, highlighting reversible bond 

dynamics and defect-healing processes.[5] (d) Overview of synthetic strategies for producing COFs in 

the form of bulk powders, thin films, 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.[5] Reversibility during COF formation plays a significant role in this, for instance, reversible 

bond formation enables dynamic error correction, allowing the framework to ñself-healò defects and 

approach a thermodynamically stable and highly ordered crystalline structure.[5,12] Therefore, utilizing 

dynamic covalent chemistry in COF synthesis is of key importance, 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 frameworks (Figure 1.13a,c).[5,6,12] However, reversibility, leading to defect correction and 

crystallinity, often compromises chemical, thermal, and electrochemical 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 temperatures.[5] 

Under such conditions, reversible bonds are prone to cleavage, leading to loss of crystallinity as well as 

structural integrity. Imine COFs are considerably more robust than boronate esters, while still 

preserving a degree of reversibility during formation. Since the first demonstration of imine-linked 3D 

COF-300 in 2009, imine chemistry has inspired the design of numerous COFs with improved balance 

between order and stability.[13] The formation of imine bonds follows an acid-catalyzed condensation 

mechanism (Figure 1.13b). Protonation of the carbonyl oxygen increases electrophilicity 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 formation of a resonance-stabilized iminium ion. Final deprotonation 

yields the imine linkage, also known as a Schiff base.[14] Crucially, the acidity of the reaction medium 

must be finely tuned such that it is sufficient to catalyze the dehydration step, but not excessive, as high 

acidity protonates the amine, suppressing nucleophilic addition.[5] 

While irreversible linkages such as triazine,[15] benzoxazole,[16] and ɓ-ketoenamine (via keto-enol 

tautomerism)[17] provide exceptional stability against hydrolysis, when utilized for electrochemical 

applications, their inability to undergo defect healing often results in poor crystallinity. To mitigate this 

limitation, modulation strategies have emerged, whereby reaction kinetics are deliberately slowed using 

modulators or solvent engineering.[18] The modulation approach, first seen in MOFs synthesis, can 

operate  when small monofunctional molecules are introduced to the reaction mixture to compete with 

the main linkers during bond formation, thereby slowing down nucleation and framework growth.[19] 

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 thereby enabling the framework to reorganize toward a thermodynamically stable, highly ordered 

structure.[18] 

COFs can be synthesized in diverse morphologies ranging from bulk powders to thin films and 

composites, with the choice of method dictating crystallinity, scalability, and functional integration 

(Figure 1.13d).[4,7,20] Bulk COF powders are most commonly obtained by solvothermal condensation, 

where organic monomers undergo condensation reactions in organic solvents under sealed, elevated-

temperature conditions, typically 80ī200 °C for ~3ī7 days.[7,12,20] Alternative bulk strategies include 

ionothermal synthesis, utilizing solvent as a reaction catalyst, such as the formation crystalline imide-

COF with anhydrous ZnCl2 at elevated temperatures of ~200ī300 °C under vacuum, completing the 

reaction within 10 hours.[21] On the other hand, microwave-assisted synthesis can be even more rapid 
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(~60 min) and provides energy-efficient crystallization.[22] Mechanochemical routes, first proposed by 

Banerjee et al., exploit simple pestle grinding to achieve solvent-minimized and scalable production.[23] 

In parallel, thin-film fabrication has become critical for device-oriented applications, with methods such 

as vapor-assisted conversion (VAC),[24] direct solvothermal growth on substrates,[25] and composite film 

approaches including spin coating or drop casting.[26] COF films can be deposited/grown on substrates 

such as glass, fluorine tin oxide-coated glass (FTO), metallic mesh, etc. Beyond powders and films, 

COF composites extend functionality through either in situ one-pot syntheses, where COF domains 

nucleate and grow alongside other components, such as COF@CNT,[27] COF@graphene,[28] or post-

synthetic modification, in which pre-formed COFs are chemically or physically integrated with 

secondary phases.[29,30] These synthetic methodologies provide tunable control over COF crystallinity, 

functionality as well as interfacial properties, thereby expanding their applicability across various 

application, like catalysis, energy storage, sensing, and membrane technologies, to be discussed in the 

next section. 

1.3.2. Applications 

 

Figure 1.14 Schematic illustration of design principles for COFs for various applications, including (a) 

semiconductors, (b) catalysis, (c) adsorption, storage, and separation, (d) luminescence and sensing, 

(e) energy storage, and (f) mass transport.[1] Copyright 2023 Springer Nature. 

Owing to their tunable ordered structure and electronic properties, COFs have emerged as a versatile 

class of organic materials with extensive (potential) applications across several advanced fields, making 

them a futuristic and revolutionary technology.[1,4,6,7] COFs as semiconductors represent one of the most 

promising directions in organic materials research because, unlike amorphous polymers, they uniquely 
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combine repeating units, 1D channels, ˊ-conjugated skeletons, and tunable electronic structures.[11,31ï33] 

COFs can be engineered to exhibit p-type, n-type, or ambipolar/bipolar semiconduction, depending on 

the electronic characteristics of their building blocks and chemical linkages. For instance, strong 

electron donating (EDG) subunits, such as tetrathiafulvalene (TTF) based TTF-Ph-COF, demonstrate 

p-type behavior with hole mobilities as high as 0.2 cm2 Vï1 sī1, owing to periodically repeating TTF 

units in ˊ-channels.[11] On the other hand, a phthalocyanine and benzothiadiazole-based COF, NiPc-

BTBA-COF exhibited n-type conduction with electron mobility of ~0.6 cm2 Vī1 sī1.[33] Ambipolar 

transport has been achieved in donorïacceptor (DïA) frameworks such as the DA-COF, with HHTP as 

electron rich and BTDADA as electron deficient subunits, exhibiting 0.04 cm2 Vī1 sī1 electron and 

0.01 cm2 Vī1 sī1 hole mobility.[32] 

Photocatalysis in COFs can arise from both their 2D conjugated ˊ-systems, 1D channels in z-direction, 

and tunable band structure via DïAïD heterojunctions, such as in Tz-BTPA-W COF, which allow for 

light harvesting and charge separation, and thereby showing potential as photocathodes.[34] 

Electrocatalysis is enabled by the incorporation of redox-active linkers and conductive backbones that 

facilitate electron transfer; for example, Co- or Mn-based metal-coordinated COFs are frequently 

employed for electrocatalysis.[35,36] Mn-PhenPy COF demonstrated exceptional turnover frequency of 

617 hī1 and a CO evolution of ~222 µmol cmī2 when utilized in a MEA cell for CO2 electroreduction.[36] 

The long-range ordered pores, tunable pore sizes and pore-topology of COFs enable ionic adsorption, 

gas storage, and molecular separation.[37] Furthermore, COFs have shown promise in luminescence 

and sensing applications, owing to their rigid ˊ-conjugated structures and ordered channels allowing 

for efficient exciton migration, fluorescence emission, and photoluminescence.[38] Additionally, by 

tailoring functional groups of the building units and linkages, COFs can act as sensors for volatile 

organic compounds, toxic gases, metal-ions and biomolecules.[39] 

Finally, COFs are being actively explored in energy storage and mass transport applications.[40ï45] By 

the incorporation of redox-active linkers, and conductive backbones with their intrinsic high porosity 

and chemical stability, COFs can serve as promising candidates for supercapacitors,[46] LIBs,[47] and 

SIBs,[48] where they function as electrodes or active host materials. The 1D pore network allows rapid 

and directional ion transport, leading to high mass transport rates.[40] The applicability of COFs as 

battery components will be discussed in detail in the upcoming section. Overall, the modularity of COFs 

enables 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 electrolyte material 

Organic polymer electrolytes (OPEs) have been extensively investigated as solid or gel electrolytes 

for next-generation electrochemical energy storage devices due to their structural versatility and safer 

operation. Several classes of organic polymers, such as polyethylene oxide (PEO),[49] polyvinylidene 

fluoride (PVDF),[50] poly(methyl methacrylate) (PMMA),[51] polyethylene glycol (PEG)[52] and 

poly(ionic liquid)-based systems,[53] have been employed either in solid-state or gel configurations. 

Solid-state systems typically exhibit ionic conductivities in the range of ~10ī6ī10ī4 S cmī1 at room 

temperature, while after incorporating plasticizers, like organic solvents and ionic liquids (ILs), or by 

following the copolymer design strategies, ionic conductivities Ó10ī3 S cmī1, similar to liquid 

electrolytes, could be achieved.[54,55] Fundamentally, the ion transport mechanism in OPEs involves 

segmental motion of the polymer chains, where coordination sites provided by electronegative atoms, 

such as ether oxygen in PEO or functional moieties (ïCOO , ïSO3 ) facilitate cation solvation and 

hopping from one energetically favorable site to another.[49,55] While, OPEs have an advantage of 

flexible molecular design, tailoring the polymer backbone to control crystallinity and mechanical 

flexibility, they suffer from several challenges. For instance, the presence of inevitable crystalline 

domains and entanglement of long polymer chains in OPEs reduces segmental mobility of the chains, 

and thereby lowering ionic conductivity.[55] 

Taking inspiration from the OPEs, researchers have looked towards other organic, highly tunable 

electrolyte alternatives, such as COFs.[56] COFs not only have the advantage of tunability, which allows 

easy incorporation of moieties, such as ïCOO , ïSO3 , ïOH, ïC=O and imidazolium, through building 

blocks, but also provide 1D channels (and others in 3D COFs) with periodically occurring coordinating 

motifs as continuous ion-conduction pathways, unlike the amorphous domains in many OPEs.[45,56ï62] 

Furthermore, the covalent bonding within COFs can impart high thermal stability and robust chemical 

resistance, ensuring safer operation compared to flammable organic solvents and less stable polymer 

electrolytes. By rational design, discussed in Section 1.4.1.1 and 1.4.1.2, COFs can achieve an 

electrochemical stability window of >4.5ī5 V, high ionic conductivity of ~10ī3 S cmī1, and high cation 

transference number (t+) of ~0.9, allowing compatibility with high-voltage cathodes as well as high-rate 

electrodes. 
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1.4.1.1. All -solid-state electrolyte 

 

Figure 1.15 (a) Design strategies for COF-based solid-state electrolytes (SSEs) as neutral COF, neutral 

COF with polymer side chains (neutral COF @ polymer), anionic COF, cation COF, and Zwitter-ion 

COFs. The orange ball represents metal cations (M+), the green ball represents the counter anion (Aï), 

purple and blue balls represent auxiliary cation and anion. (b) Example of zwitterionic COF (Zwitt-

COF), together with its AA- and AB-stacking configurations upon LiTFSI incorporation, along with 

the corresponding dissociative adsorption energies of LiTFSI, reported in kcal molī1.[58] Copyright 2023 

Wiley-VCH. (c) Example of COFïTpPaSO3Li, and (d) its crystal structure and the interlayer stacking 

distance between adjacent COF sheets.[62] (e) Theoretical analysis of Li-ion migration with axially and 

planar pathways in the COF (top), accompanied by the corresponding energy profiles (bottom). The 

migration process is illustrated through initial (IS), intermediate (IM), transition (TS), and final (FS) 

states.[62] Copyright 2019 American Chemical Society. 

The ionic conductivity of an electrolyte depends on several interconnected factors, including 

(1) concentration of mobile ions, (2) their mobility, and (3) the energy barrier that governs their 

migration (Ea).[55] High ionic conductivity requires not only a large number of charge carriers but also 

efficient transport pathways that minimize ion trapping and reduce Ea. In practice, both cations and 

anions contribute to total ionic conduction, however, for classical rechargeable metal-ion batteries, only 

M+ transport is desirable, since energy storage relies on the reversible insertion and extraction of the 

metal cation, M+= Li , Na , Mg+ etc. In contrast, Aï movement is undesirable as it lowers the effective 

t+ and further leads to the formation of a concentration gradient due to anion accumulation near the 
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electrode surface, and henceforth acting as an extra energy barrier.[63] Therefore, an ideal electrolyte 

maximizes the number of mobile M+ while simultaneously suppressing Aï migration, through 

immobilization strategies. For instance, covalent tethering or electrostatic trapping of Aï can effectively 

enhances the t+.[62,64] Moreover, designing structural environments that promote cation coordination 

flexibility, and fast hopping dynamics can reduce Ea.[58,61] These design principles also form the 

foundation for COF-based electrolyte materials, where tailored porosity, functionality, and framework 

polarity have been exploited. As illustrated in Figure 1.15a, four main categories of COF-based solid-

state electrolytes have emerged:  

Neutral COF electrolytes are designed so that the framework itself does not carry a permanent charge 

but instead incorporates polar functional groups, such as īC=O, īOH, or īOī, as coordination sites for 

solvated cations such as Li  or Na .[45,65ï67] The conduction mechanism in neutral COFs is typically 

analogous to that of polymer electrolytes, i.e., ion migration occurs through repeated coordinationï

dissociation processes between M+ and electron-rich donor groups, arranged in an ordered manner along 

the framework walls, creating directional and interconnected transport channels. However, a larger 

stacking distance can lead to higher values of Ea and restricted migration, which limits the functionality 

aspect of the COF design.[40] To enhance conduction, polymer chains such as polyethylene oxide (PEO) 

have been integrated into COF building blocks. Li+@TPB-BMTP-COF demonstrates periodically 

aligned oligo(ethylene oxide) flexible chains along the pore walls of the COF, facilitating superior ion 

pair (M+ï Aï) dissociation, and M+ hopping via segmental motion of polymer chains in well-defined 

oriented pores, resulting in an ionic conductivity of 6.04 × 10ī6 S cmī1 at 40 °C.[67] Furthermore, Zhang 

et al. tested the impact of length of the polymer chain on the ionic conductivity for COF-PEO-x-Li , 

with x= 3, 6, and 9, and reported a proportional relationship between ionic conductivity and the length 

of the PEO side-chain.[66] Therefore, this combination of ordered nanochannels and flexible polymer 

segments promotes efficient, directional ion migration, reducing Ea for ion transport while retaining the 

mechanical stability and porosity of the COF. 

Anionic COF electrolytes are designed such that the COF framework itself bears a negative charge, 

typically introduced through incorporation of anionic functional groups, either through linkers or the 

linkage, into the COF backbone.[45,61,62,68] Since, the framework itself carries negatively charged 

moieties, it can undergo straightforward cation exchange with alkali metal ions such as Li  or Na, 

thereby eliminating the requirement to add lithium or sodium salts, reducing the risk of salt precipitation, 

and simplifying the electrolyte composition.[62] The negatively charged groups, such as ïSO3 ,[62] ï

COO ,[61] and ïBO3 ,[68] are covalently tethered to the pore walls, creating a negatively charged scaffold 

that immobilizes the anion, while providing hopping sites for the cation. Consequently, only the metal 

cations remain mobile within the pores, leading to a substantial increase in the t+, often approaching 

unity.[61,62] The primary advantage of anionic COFs lies in this anion immobilization mechanism, which 

eliminates concentration polarization and ensures that current flow is dominated by cations. This 
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combination of anion immobilization and directional cation hopping was demonstrated by Jeong and 

co-workers, where all-solid COF-TpPaSO3Li exhibited single cation transport with tLi
+= 0.9, and ionic 

conductivity of 2.7 × 10ī5 S cmī1 (Figure 1.15c,d).[62] Notably, DFT calculations revealed that the Li + 

migration barrier was much higher for ion migration in the xy-plane compared to the z-plane, i.e. through 

the COF pores, and thereby proving the concept of COF-pores acting as directional pathway for ion 

transport (Figure 1.15e).[62] 

Cationic COF electrolytes consist of periodically reccurring positively charged functional groups, 

such as quaternary ammonium (ïNR4 ) or imidazolium, judicially positioned in the framework 

backbone.[60,64] Subsequent addition of lithium or sodium salt into the framework leads to the 

coordination of positive units with the anion of the salt, weakening the cationïanion interactions. 

Therefore, the positively charged pore wall reduces the ion pair dissociation energy and provides 

hopping sites for the cation. COF Li-CON-TFSI, consisting of ïNR3
+ linker and TFSIï counter anion, 

delivered a Li-ion ionic conductivity of 2.09 × 10ī4 S cmī1 at 70 °C.[64] 

Finally, Zwitter-ion COFs are often a combination of anionic and cationic COF electrolytes, 

consisting of both positively and negatively charged groups integrated into the framework backbone, 

leading to an overall charge-neutral structure that nevertheless carries localized ionic 

functionalities.[45,58] A recent investigation by Kang et al. demonstrated the synthesis of Zwitt-COF 

from its precursor N-COF through a reaction with sodium iodoacetate (Figure 1.15b).[58] This structural 

transformation induced a preference for AA-stacking in the Zwitt-COF, contrasting with the AB-

stacking favored by the parent framework, thereby enabling highly directional transport of mobile ions. 

Notably, the all-solid Zwitt-COFïLiTFSI complex exhibited outstanding Li + conductivity of ~1.65 × 

10ī4 S cmī1 at room temperature, accompanied by a tLi
+ of 0.3.[58] 

1.4.1.2. Quasi-solid-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 flammability, volatility, and susceptibility to 

leakage upon mechanical failure, as well as the inherently low structural compactness of the resulting 

cells.[55,69] Moreover, their fluidic nature facilitates uncontrolled lithium dendrite growth, which can 

lead to short-circuiting and thermal runaway. On the other hand, solid-state electrolytes (SSEs) offer 

nonflammability, mechanical robustness that can inhibit dendrite penetration, and compact cell 

architecture. However, SSEs continue to face critical limitations, most notably high interfacial 

resistance caused by poor electrode-electrolyte contact and relatively low ionic conductivity at ambient 

temperature.[55] Quasi-solid-state electrolytes (QSSEs) offer a promising compromise between these 

two extremes, seeking to harness the merits of both liquid and solid electrolytes while mitigating their 

respective limitations.[53,61,70] QSSEs are typically constructed by incorporating a small fraction of liquid 
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or plasticizing agents within a solid matrix.[70] This hybrid architecture provides ion solvation, and low 

interfacial resistance, similar to liquid electrolytes, while the solid framework offers mechanical 

stability, avoid spillage, and possibly suppresses dendrite formation. In QSSEs, ion transport typically 

proceeds via two complementary pathways, bulk diffusion of solvated ions through confined liquid 

domains, and directional migration along ordered channels or functional groups provided by the solid 

matrix.[53,55,57,70] The structural design of QSSEs can be highly tunable by integrating a polymeric or 

crystalline scaffold with plasticizers such as organic solvents or ILs, to achieve the desired balance 

between thermal stability and conductivity.  

 

Figure 1.16 (a) Design strategies for COF-based quasi-solid-state electrolytes (QSSEs) as neutral COFs 

with mobile ions and solvent molecules, and anionic-COFs with mobile M+ along with solvent 

molecules, confined in the COF sub-nanochannels. (b) Schematic illustration of Li+ migration in COF-

TPB-DMTP-based polymeric ionic liquid/ Pyr14TFSI (PIL/IL) gel electrolyte, demonstrating the 

preferential Li+ conduction pathway through the COF pore than the PIL/IL phase.[57] Copyright 2021 

American Chemical Society. (c) The rational design of the bio-inspired COF-based QSSEs. The ion 

conduction mechanism through the COF pores replicates the migration of Na+/ K+ in biological 

membranes exhibiting negatively charged (ïCOOï) inwalls.[61] (d) Optimized binding coordinates of 

COF-TPDBD and COF-TPDBD-COOī with NaTFSI salt, with the white, gray, red, blue, and purple 

balls denoting H, C, O, N, and Na atoms, respectively.[61] (e) Impact of PC solvent incorporation on the 

NaïO coordination distance of NaTFSI within the COF-TPDBD-CNa-NaTFSI system.[61] 

Ionic liquids (ILs), such as 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

([EMIM][TFSI]), [71] 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 

([BMIM][TFSI]), [53] 1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide ([Pyr13][FSI]) [72] 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 (~10ī3 S cmī1) , and strong solvation ability. 

When integrated to OPEs, ionic liquids have shown to soften the solid-host framework by lowering its 

glass transition temperature (Tg), which increases chain dynamics and enables faster ion migration.[53,70] 

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, 

charge-delocalized ions.[72] 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 effectively non-volatile.[72] 

Recently, COFs have been explored as highly promising solid matrices for QSSEs following two 

primary strategies (Figure 1.16a): (1) incorporating lithium salts and solvents into neutral COF 

frameworks, thereby exploiting the functional groups of COFs to weaken the M+ïAï interactions, while 

utilizing the ordered channels to direct ion migration facilitated with respect to solvent phase,[57] and 

(2) designing anionic COFs that immobilize counter Aï, leaving mobile M+ to migrate freely, with 

plasticizers further promoting solvation and accelerating ion transport.[61] COF-TPB-DMTP, when 

added to the polymeric ionic liquid/ Pyr14TFSI (PIL/IL) -based gel electrolyte, exhibited approximately 

twofold higher ionic conductivity (2.8 × 10ï4 S cmï1 at 30 °C) than PIL/IL-based gel electrolyte without 

COF.[57] The COF framework disrupted the ionic interactions between Pyr14
+ and TFSIï, thereby 

generating a mobile anionic solvation shell that enhanced Li + 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 phase (Figure 1.16b).[57] 

Furthermore, in a recent study, the addition of a methoxy-functionalized COF, COF-OMe to a glyme-

based IL/LiTFSI electrolyte reduced the dissociation energy of the LiïTFSI  ion pair, effectively 

suppressed dendrite growth, and prolonged cycling stability in lithium-metal batteries.[60] Yan and 

colleagues proposed a bio-inspired strategy for constructing COF-based QSSEs, in which ion transport 

within the COF channels mimics the migration of Na  and K  ions across biological membranes lined 

with negatively charged carboxylate (īCOO ) groups (Figure 1.16c).[61] Two types of composite 

electrolytes were developed: (i) COF-TPDBD-NaTFSI, consisting of a neutral COF-TPDBD 

framework with NaTFSI salt, and (ii) COF-TPDBD-CNa-NaTFSI, in which the pore walls of COF-

TPDBD are functionalized with īCOO  groups coordinated to Na , in combination with NaTFSI salt. 

In the latter system, the īCOO  functionalities not only facilitate the dissociation of Na  and TFSI  ions 

but also provide localized binding and hopping sites along the COF scaffold for Na transport (Figure 

1.16d).[61] Incorporation of a small fraction of PC solvent to the COF-TPDBD-CNa-NaTFSI system 

was further shown to elongate the NaīO coordination distance in NaTFSI, thereby weakening 

Na+īTFSIï association. At the same time, confinement of PC molecules within the COF pores, driven 

by strong interaction energies with the TPDBD-CNa framework, suppresses PC volatilization and 
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enhances Na  conductivity, reaching ~1.30 × 10ī4 S cmī1 at 30 °C.[61] Both approaches exemplify how 

COF-based QSSEs can bridge the gap between solid rigidity and liquid-like ionic conductivity, 

advancing the development of safe, high-performance electrolytes for next-generation energy storage. 

1.4.2. COF-based electrode material 

1.4.2.1. Design strategies 

 

Figure 1.17 (a) Design strategies to elevate in-plane and out-of-plane eï mobility in 2D-COF via 

rational incorporation of strongly ˊ-stacked and highly conjugated building units, as well as donorï

acceptor (DïA) heterojunctions.[40] (b) Influence of pore architecture and exfoliation of 2D COFs layers 

on enhancing ion transport (cation: M ; bulky anion: B ) and facilitating redox interactions between 

functional moieties and guest ions in COF-based electrodes.[40] 

COFs have emerged as exceptionally promising electrode materials in secondary-ion and multivalent-

ion batteries (Li -ion, Na-ion, Zn-ion, Al -ion, dual-ion, etc.) owing to a confluence of structural, 

chemical, and electronic features that can be precisely tuned.[10,48,73,74] Foremost among these are the 

presence of redox-active groups, high specific surface area with modifiable pore topology, and highly 
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conjugated, ˊ-stacked ñgraphite-likeò layers that form ordered 1D nanochannels conducive to both ion 

and electron transport. Redox-active moieties such as quinones,[48] imines,[47] triphenylamines,[75] 

phenazines,[76] thiadiazoles,[77] etc. can be embedded in either the framework nodes or the covalent 

linkages, providing the resulting COF architecture with intrinsic electrochemical activity. For instance, 

triphenylamine-based 2D TA-TP COF can undergo reversible 2 eī redox reactions at triphenylamine 

sites, while imine linkages provide additional four reversible redox centers per unit cell.[47] The density 

and accessibility of such redox sites are amplified by the ordered and open pore channels in COFs, 

allowing full utilization of the framework.[40] Unlike amorphous polymers where redox sites may be 

sterically inaccessible, COFs facilitate periodic exposure of these functional groups, exhibiting higher 

rate capabilities and specific capacities.  

Similar to OEMs, COFs can be categorized as n-type, p-type, or bipolar/ambipolar 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 

organic building blocks and linkages, as will be discussed in detail in Section 1.4.2.2. The rational 

choice of linkers and linkages not only governs the intrinsic redox chemistry of the framework but also 

dictates the degree of ́-  ́stacking and conjugation, which in turn regulate the electronic conductivity 

in a COF-based electrode (Figure 1.17a).[40] Planar linkers with rigid aromatic polycycles and highly 

conjugative linkages favor ́-overlap, reducing interlayer slip or twist, increasing interlayer orbital 

overlap, thereby enhancing out-of-plane (z-axis) electron mobility. By contrast, twisted or non-planar 

linkers/linkages, such as the imine linkage, may disrupt these interactions, raising band gaps and 

impeding both in-plane and out-of-plane conduction. Alternating electron-rich (EDG or donors) and 

electron-deficient (EWG or acceptor) units within the COF backbone, establish DīA heterojunctions, 

promoting internal charge-transfer pathways that enhance both in-plane (xy) and out-of-plane (z) 

conductivity.[40,78] Charge transfer between donor and acceptor domains facilitates a hopping 

mechanism in which electrons migrate from electron-rich to electron-poor centers, lowering charge-

transfer resistance and sustaining continuous electron flow.[40] This mitigates one of the central 

limitations of COFs, i.e. their inherently moderate conductivity, and allows the ionic conduction to be 

synergistically coupled with efficient electron transport, thereby improving power density and rate 

capability in electrochemical devices. 

The redox activity of COFs can be fundamentally altered by the electronic configuration of their 

building blocks, particularly through the relative positions of molecular orbitals, HOMO and LUMO. 

n-Type COFs, constructed from electron-deficient moieties, possess stabilized LUMO levels that 

facilitate electron uptake and cation insertion. Conversely, p-type COFs, based on electron-rich donors 

feature elevated HOMO levels that readily donate electrons, supporting anion or counterion insertion. 

The incorporation of EDG raises the HOMO energy, lowering oxidation potentials, while strong EWG 

lowers the LUMO energy and enables easy reduction.[40] However, the actual 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 valence (VB) and conduction bands 

(CB).[40] Electron pushïpull interactions, interlayer ˊḯ  stacking, intralayer hydrogen bonding, and 

charge-transfer pathways redistribute electron density, altering the effective redox behavior relative to 

the molecular building blocks. 

Equally significant in the context of batteries are the structural characteristics of COFs, namely their 

high surface area and modular porosity. With BET surface areas typically in the 700ī4000 m2 gī1 range 

and pore sizes spanning from micropores to mesopores, COFs provide abundant accessible channels 

for electrolyte infiltration and ion diffusion (Figure 1.17b).[40] Ordered 1D channels in 2D frameworks 

or 3D pore networks in 3D COFs minimize tortuosity, reducing ionic resistance and facilitating the 

transport of bulky species (with solvent shell) such as Na+, K+, Zn2+, Al3+, or bulky anions (Bī) in p-

type and bipolar electrodes.[47,79] Structural engineering can further enhance ion kinetics through the 

exfoliation (chemical or mechanical) of layered COFs into covalent organic nanosheets (CONs), which 

maximize exposure of electroactive sites and shorten diffusion pathways.[80] Collectively, these 

electronic and structural design features render COFs highly adaptable electrode materials for diverse 

secondary-ion batteries. 

1.4.2.2. Redox functionalities 

The operation of LIBs relies on a reversible chargeïdischarge process in which Li -ions shuttle 

between the positive and negative electrodes through an electrolyte, while electrons flow through an 

external circuit.[81] COFs have emerged as a promising class of OEMs because of their modular 

architectures, porosity, and chemical tunability. By incorporating polar functional groups such as 

carbonyls, imines, and heteroatoms, COFs can strongly interact with M+ or A , facilitating reversible 

redox processes. As discussed above, n-type COFs operate at lower potentials vs. M/M+, undergoing 

reduction first and storing metal cations such as Li , Na , K , or Zn2+. Their electron-accepting 

functionalities (e.g., quinones, imides) allow multiple redox events per repeat unit, giving rise to high 

gravimetric capacities (mAh gī1). In contrast, p-type COFs oxidize first at higher potentials and 

predominantly store anions such as PF6
ī, FSIī, or TFSIī. p-Type COFs usually benefit from enhanced 

radical cation stability, which improves redox kinetics and supports rapid chargeïdischarge 

performance. Therefore, while n-type COFs excel in capacity output, p-type materials often offer faster 

kinetics, highlighting the complementary nature of the two classes.[82] 

Bipolar-type or ambipolar COFs combine both redox features, enabling the storage of metal cations 

at low potentials and counter anions at high potentials, respectively.[10,73,75,83ï86] This dual functionality 

could yield both high capacity and rapid kinetics, placing them in the category of pseudocapacitive 
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materials, systems that store charge with ñbattery-likeò energy density but at ñcapacitor-likeò rates. 

Such redox versatility permits their application in symmetric and dual-ion batteries.  

 

Figure 1.18 (a) Synthetic scheme of TPPDA-CuPor COF, and (b) the redox features of the 

individual building units, TPPDA and CuPor.[75] (c) Cyclic voltammograms and (d) 

galvanostatic charge discharge profiles of Li-ion half-cell utilizing TPPDA-CuPor COF 

electrode as WE, Li-foil as CE and RE.[75] (e) Proposed charge-discharge mechanism of 

TPPDA-CuPor COF electrode.[75] Copyright 2022 Royal Society of Chemistry. (f) Redox 

mechanism of bipolar TA-TP COF electrode, along with corresponding (g) cyclic 

voltammograms depicting the n-type and p-type redox features and (h) charge-discharge profiles 

of Li-ion half-cell at current density of 0.2 A gī1.[47] Copyright 2021 Wiley -VCH. (i) Schematic 

structure of bipolar TPAD-COF, (j) along with preferential Na+ diffusion pathways, in-plane 

(left) and out-of-plane (right), and (k) the calculated energies corresponding to the pathways.[10] 

Copyright 2024 Wiley -VCH. 
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In dual-ion 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 operating voltages, and fast kinetics. [10,73,75,83ï86] When the working principle of dual-ion batteries 

combines with the same bipolar-type material used for both anode and cathode, it can deliver dual-ion 

symmetric batteries, with a single bipolar electrode, possessing redox-active sites accessible across a 

wide potential window, allowing reversible charge storage on both ends of the spectrum, and thereby 

serving as both anode and cathode.[87,88] 

Since the exact redox potentials and mechanisms of COFs often deviate from those of their molecular 

building blocks due to framework effects such as extended conjugation and pore confinement, 

combination of theoretical modeling and experimental measurements helps decipher the probable redox 

and ion diffusion mechanism of COF-based electrodes. For instance, density functional theory (DFT) 

calculations, molecular electrostatic potential (MESP) and experimental techniques, including X-

ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR), Raman 

spectroscopy, nuclear magnetic resonance (NMR), energy-dispersive X-ray spectroscopy (EDX), and 

electrochemical impedance spectroscopy (EIS), can be utilized for unravelling the electrochemical 

pathways of the COF electrodes. Such insights are crucial for guiding the rational design of next-

generation COF-based electrodes for advanced energy storage. 

Recently, a bipolar-type COF, TPPDA-CuPor COF was synthesized by combining N,N,N,N-

tetra(p-aminophenyl)-p-phenylenediamine (TPPDA) and copper-5,10,15,20-tetrakis(4-formylphenyl)-

porphyrin (Cu-TFPP) via imine linkages, and utilized as a cathode in a Li -ion half-cell (Figure 1.18a-

e).[75] Both TPPDA and Cu-TFPP units exhibited 2 e reversible oxidation each at the higher potentials 

~3.2 3.7 V vs. Li/Li+, while the Cu-TFPP subunit could also store 2 Li-ions at the lower potential ~1.75 

vs. Li/Li+ (Figure 1.18b,d). With a total of 6 e redox chemistry, TPPDA-CuPor COF delivered a 

specific capacity of ~145 mA gī1 at 60 mA gī1 (Figure 1.18c). DFT calculations revealed the most 

probable redox sequence: initially, two PF6  anions are stored at one TPPDA site and one CuïTFPP 

site, followed by the storage of an additional two PF6  anions at the same TPPDA and CuïTFPP sites. 

During discharge (negative potential sweep), the PF6
ī anions are released, while two Li  ions are 

subsequently accommodated at the CuīTFPP subunit (Figure 1.18e). Furthermore, Wu et al. 

demonstrated the bipolar-type COF TA-TP, synthesized by coupling the p-type N,N,N,N-tetra(p-

aminophenyl)-p-phenylenediamine (TP) and terephthalaldehyde (TA) linker via n-type imine (C=N) 

linkage (Figure 1.18f-h).[47] TA-TP COF exhibited a wide stable potential window of ~1.2 4.2 V vs. 

Li/Li +, with a specific capacity of 200 mAh gī1 at 0.2 A gī1 current flux. The electrochemical 

performance was attributed to the reversible storage of two PF6
ī anions at the TP unit and four Li  ions 

at the imine linkages per unit cell. Furthermore, preferential diffusion pathways in the bipolar TPAD-

COF were investigated by Cheng and co-workers, initially demonstrating that the electrode can 

accommodate two PF6
ī anions during charging and two Na  cations during discharging (Figure 1.18i-
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k).[10] To simplify the analysis, they focused on two possible diffusion pathways for Na : (i) in-plane 

migration along the COF sheets (pathway 1) and (ii) out-of-plane migration across the interlayer 

galleries (pathway 2) (Figure 1.18j). Owing to the strong ˊḯ  stacking interactions between the COF 

sheets, enabled by the planar geometry of the building units, the in-plane pathway was found to be 

energetically more favorable (Figure 1.18k). This facilitated directional ion transport within the COF 

framework, thereby enhancing reversibility of the redox process, and delivering a specific capacity of 

186 mAh gī1 at 0.05 A gī1.[10] To conclude, engineering COFs through functionality, pore topology, 

and 1D nanochannels offers a powerful lever to control ion and electron transport, transforming them 

from structural curiosities into possible game-changers 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 

The possible exhaustion of fossil fuel reserves, limited availability of critical elements, and even more 

so the dangerous consequences of global warming underscore the urgent need for green energy 

strategies, while without advanced storage technologies, the intermittency of renewable sources remains 

a fundamental bottleneck. Therefore, to build a modern, sustainable society, with efficient storage 

solutions capable of bridging the gap between supply and demand, high-performing energy systems 

must be derived from abundant, non-toxic resources, without environmental and ethical compromise. 

COFs, designed within the context of reticular chemistry, have emerged as excellent organic 

alternatives to conventional battery components, serving as host materials for electrodes, as base 

electrolytes, and as passivating layers. The 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 COF-based components, demonstrating how their 

structural precision and functional adaptability can be harnessed to advance the frontier of sustainable 

energy storage, as outlined below: 

In the first project, presented in Chapter 3, two quasi-solid-state COF electrolytes were designed, with 

an anionic COF scaffold featuring uniformly distributed sulfonate anions as hopping sites for sodium 

ions, and ionic liquid at varying mass fractions as the liquid component. Ionic 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 the gel-like nature 

of the composites. Furthermore, the study underscored the critical influence of tuning COF nanochannel 

dimensions and the density of sulfonate functionalities along the pore walls. These structural 

modifications unveiled distinct sodium-ion transport pathways, arising from a synergistic interplay 

between sodium-ions hopping through the anionic COF backbone and a vehicle-type mechanism 

mediated by solvated sodium-ions within the ionic liquid phase. 

In the second project, detailed in Chapter 4, the focus was shifted towards COF-based electrodes, with 

an emphasis on probing their redox behavior and ion-diffusion properties as host materials. Here, a 

highly crystalline electroactive bipolar-type COF was synthesized by connecting two p-type building 

blocks via n-type linkage, enabling simultaneous storage of metal cations and counter anions, and 

thereby serving as Li-ion battery electrodes. A comprehensive investigation of the structural, chemical, 

and electrochemical properties of the COF was conducted through a combination of experimental 

characterization and computational modeling. Charge-carrier diffusion was examined experimentally, 

and the underlying different transport mechanisms of cations and anions within the framework were 

further elucidated through computational analysis. To demonstrate the practical implementation of the 
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COF in all-organic lithium-ion batteries, symmetric full cells were fabricated, employing the COF 

dually as both the negative and positive electrode. 

In the third project, presented in Chapter 5, the concept of COF-based electrodes was further advanced 

by fine-tuning both the electrolyte constituents and the intrinsic COF architecture. A novel, highly 

crystalline COF was constructed by integrating an n-type building block with a p-type linker, forming 

a donorïacceptor (DïA) framework with a low optical band gap. The bipolar COF was employed as an 

electrode, enabling reversible dual cationïanion storage, and examined by means of comprehensive 

electrochemical analyses. This work highlights how the interplay between charge-carrier characteristics, 

electrolyte composition, and framework architecture can control the electrochemical performance of 

bipolar COF electrodes in dual-ion configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

          2 

2 Characterization 

 
 

This chapter provides a brief overview of the key techniques employed in the characterization of the 

COF materials and the corresponding electrochemical behavior. Firstly, the various methods used to 

analyze and identify the chemical composition, structural features, physical and photophysical 

properties are described, highlighting their significance in understanding the material's characteristics 

at both the molecular and macroscopic levels. Following this, the theoretical foundations and practical 

implementation of electrochemical methodologies are presented, emphasizing their importance in 

assessing the electrochemical behavior, stability and potential for practical applications. 

 

NOTE: Information on the instruments used in this work is presented at the end of the individual 

descriptions, any exceptions from the standard measurement practice are mentioned specifically in the 

experimental sections throughout the document.  

 

 



 Chapter 2. Characterization 

 

 

 

56 

2.1. Materials characterization 

2.1.1. Fourier  transform infrared spectroscopy (FTIR) 

 

 

Figure 2.1 Schematic illustration of the working principle of an FTIR spectrometer. 

 

Fourier transform infrared (FTIR) spectroscopy is a powerful and non-destructive technique to 

identify the molecular structure and composition of organic materials by analyzing the vibrational 

modes of its molecules. FTIR spectroscopy works on the basic principle that molecules absorb specific 

frequencies of infrared radiation that can assist in their physical characterization. FTIR typically utilizes 

the mid-infrared region (4000ī400 cmī1) of the IR spectrum, and each molecule has a unique IR 

absorption spectrum, like a fingerprint, corresponding to the different bond and molecular vibrations, 

which can be used to identify and characterize the substance.[1,2] The absorption occurs if  the energy of 

the IR radiation matches the energy required to excite the vibration of the particular molecule. Therefore, 

IR radiation is absorbed when the energy of the incoming IR photon matches the energy difference 

between the current vibrational state and an excited vibrational state of the molecule. The vibrations 

can be characterized as stretching vibrational modes (symmetric and asymmetric) and bending 

vibrational modes (scissoring, rocking, wagging and twisting) based on relative movements of the 

atoms in the molecule. Further, for absorption of IR radiation to occur, the change of vibrational state 

should result in a change of the dipole moment of the molecule, and therefore, if the corresponding 
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vibrational mode does not change the dipole moment (for example with symmetric stretch vibrations in 

symmetric molecules), this particular vibration is typically IR-inactive. Instead of measuring the 

absorption at each individual wavelength, FTIR utilizes Fourier transformation which allows the 

simultaneous measurement of all wavelengths resulting in faster data acquisition. 

An FTIR spectrometer is equipped with an IR source emitting infrared radiation (Figure 2.1). This 

IR beam is then split into two parts by the beam splitter, reflecting on two mirrors, one is the fixed 

mirror and another is the sliding mirror. The fixed mirror remains stationary and reflects the first portion 

of the IR beam back to the beam splitter, ensuring that the path length of this portion of the IR beam 

remains constant.[1,2] The sliding mirror oscillates back and forth, and this movement of the mirror 

changes the path length of the second portion of the IR beam which is then reflected back to the beam 

splitter to recombine with the first portion of the IR beam. This creates interference in the IR beam and 

therefore this setup is called interferometer (or Michelson interferometer). The beam illuminates the 

sample and certain frequencies of the IR beam are absorbed depending on the molecular structure of 

the sample. The intensity of the transmitted or reflected light is determined by a detector. Finally, the 

absorption at a particular wavelength is contained in the obtained interferogram (time/pathway domain), 

which is then Fourier transformed into an IR spectrum (frequency domain) with high signal-to-noise 

ratio. 

Instrument: The IR spectra were captured using a Bruker Vertex 70 FTIR instrument, featuring a globar 

(silicon carbide) as mid-infrared beam source along with a KBr beam splitter, and two gold mirrors. 

The MCT detector was cooled by liquid nitrogen (LN2), and FTIR spectra were measured with a 

resolution of 4 cmī1 and averaged over 1000 scans. 

2.1.2. X-ray diffraction (XRD)  

X-ray diffraction (XRD) is a powerful analytical technique for materials research to determine the 

crystalline structure and lattice parameters of crystalline materials. During the XRD measurement, the 

X-rays interact with the atoms of the crystal and the subsequently scattered X-rays can interfere with 

each other constructively (intensifying the signal) and destructively (diminishing the signal). The 

constructive interference results in a diffraction pattern corresponding to the crystal symmetry of the 

material, and therefore by analyzing the intensities and angles of the diffracted beams, the crystal 

structure can ultimately be determined. In 1913, William Henry Bragg and his son William Lawrence 

Bragg derived a relation between the wavelength of incident X-rays (ɚ), the angle of incidence (ɗ) at 

which a constructive interference occurs and the distance between the crystal planes (d), mathematically 

expressed as:[3]  

                                                                        ὲ‗ ςὨ ίὭὲ—                                         (Equation 2.1) 
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where ὲ is the order of diffraction, which can only be an integral. As depicted in Figure 2.2a, when 

monochromatic X-rays hit a crystal, one ray may be scattered from one plane and the other from the 

plane below the first plane; the extra distance travelled by the lower ray is the sum of the distances 

travelled into and out of the crystal planes, and equals ςὨ ίὭὲ—. Braggôs law (Eq. 2.1) predicts that for 

constructive interference to take place, the path difference between X-rays scattered from two 

successive planes should be an integral multiple of the wavelength of the incident X-rays. When Braggôs 

condition is satisfied, a diffracted beam is detected. 

 

Figure 2.2 Schematic illustration of (a) Braggôs law and (b) the working principle of an X-ray 

diffractometer. 
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As presented in Figure 2.2b, the X-ray source consists of a cathode ray tube where electrons are 

accelerated and collide with a metal target, producing X-rays of specific wavelengths followed by a 

filter or monochromator to filter out unwanted wavelengths. The generated incident X-ray beam is 

directed towards the sample which can be powdered, thin films or single crystals. The intensities of the 

diffracted X-ray beams are measured by the detector at different angles, creating (often) sharp peaks in 

diffraction pattern. However, broadening of the diffraction peaks may occur due to extremely small 

crystallites, leading to fewer planes of atoms to contribute towards constructive interference of X-rays. 

Scherrerôs formula directly links the broadening of the diffraction peaks to the crystallite size:[4]  

                                                                 Ὀ                                            (Equation 2.2) 

where, Ὀ is the crystallite size, ὑ is Scherrerôs constant, ‗ is the wavelength of the X-rays, ‍ is the 

full width at half maximum (FWHM) of the diffraction peak, and — is the angle (Braggôs angle) of the 

incident X-ray. This law assumes that the peak broadening is mainly caused 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: Diffractograms were obtained using a Bruker D8 Discover, featuring a LynxEye position-

sensitive detector, configured in Bragg-Brentano 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 materials, in this case, COFs. N2 sorption relies on the physical interaction between 

nitrogen molecules and the surface of porous materials called physisorption. Physisorption is a 

reversible process since weak van der Waals forces are involved and no chemical bonds are formed 

between the adsorbate (N2 gas) molecules and the surface (COF). At a temperature of 77 K (boiling 

temperature of liquid nitrogen), the gas molecules adhere to the surface of the material through van der 

Waals forces, and the amount of gas molecules adsorbed with increasing partial pressure can be 

measured. Subsequently, as the relative pressure (ὴȾὴ) approaches 1, the pressure is again reduced 

allowing the nitrogen molecules to leave the surface. For the complete process, the relationship between 

the amount of gas adsorbed and the relative pressure (ὴȾὴ) yields an isotherm, which can be 

categorized into eight types according to the International Union of Pure and Applied Chemistry 

(IUPAC) classification (Figure 2.3). Since the adsorption behavior is influenced by the pore size and 

surface characteristics of the material, different types of isotherm correspond to different material 

properties:[5] 
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Figure 2.3 Depiction of various types of physisorption isotherms as recognised by IUPAC. 

Type I: Also known as the Langmuir-isotherm, represents microporous materials (pore size < 2 nm), 

showing a steep uptake at low pressures due to the completely filled micropores. Type I 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 II: Represents non-porous or macroporous materials with a continuous adsorption curve. 

Type III: Represents non-porous or microporous materials that show weak interactions with the 

adsorbate.  
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Type IVa: Represents mesoporous materials (2-50 nm), exhibiting a hysteresis loop due to capillary 

condensation in the pores. 

Type IVb: Represents mesoporous materials (2-50 nm), exhibiting reversible isotherm with smaller pore 

width. 

Type V: Represents weak interactions between adsorbate and adsorbent, similar to Type III, however, 

with a hysteresis loop. 

Type VI: Represents uniform non-porous surfaces, exhibiting multilayer adsorption. 

The Brunauer-Emmett-Teller (BET) theory, named after Stephen Brunauer, Paul Emmett, and Edward 

Teller, is utilized to describe the physical adsorption of gas molecules on a solid surface and to calculate 

the surface area of porous materials.[6] The BET theory is an extension of the Langmuir adsorption 

model, which assumes that adsorption occurs only as a monolayer on a surface.[7] In contrast, BET 

theory recognizes that multiple layers of gas molecules can adsorb on the surface, making it more 

versatile for characterizing real-world surfaces. According to BET, the 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 can 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, 

(iii) there is no lateral interaction between molecules within the same layer, and (iv) the surface is 

homogeneous in terms of adsorption sites.[8] Further, the BET theory is applicable over a limited range 

of the adsorption isotherm, typically in the range of 0.05 < ὴȾὴ < 0.30 (where  ὴ is the equilibrium 

pressure and ὴ is the saturation pressure). The BET equation is derived to express the relationship 

between the amount of gas adsorbed and the relative pressure ὴȾὴ: 

                                                                                               (Equation 2.3)          

where C is the BET constant, ὲ  is the amount of the adsorbate adsorbed for a monolayer, and ὲ is 

the amount of adsorbate adsorbed at a relative pressure ὴȾὴ. 

Instrument: 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 0.05 Ò p/p0 Ò 0.30. 
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2.1.4. Thermogravimetric analysis (TGA)  

Thermogravimetric 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 

provides valuable insights into the thermal stability, composition, and decomposition behavior of 

materials. During the experiment, the sample is heated at a controlled rate, typically between 1-20  

per minute, while a thermocouple ensures precise temperature control. As the sample undergoes 

physical or chemical changes, such as decomposition, oxidation, reduction, or the loss of moisture and 

volatile compounds, the instrument continuously records the mass change. These data can be plotted as 

a ñthermogramò, showing mass change (in percentage or absolute terms) against temperature or time 

(Figure 2.4). The temperature at which significant mass loss begins is often referred to as the materialôs 

thermal stability (this is sometimes misleading because these processes occur under dynamic 

conditions). The decomposition temperature (onset and endpoint) provides crucial information about 

the suitability of materials for high-temperature applications.  

 

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. TGA-DTA (Differential Thermal 

Analysis) or TGA-DSC (Differential Scanning Calorimetry) curves show a more accurate temperature 

of maximum mass loss rate and quantify heatflow (with the latter), providing a complete picture of 

thermal events like melting, crystallization, and decomposition.[9] 

Figure 2.4 Schematic of a typical thermogravimetric analysis (TGA) curve or thermogram. 
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Instrument: The thermal stability measurements were performed on a Netzsch Jupiter ST 499 C 

instrument equipped with a Netzsch TASC 414/4 controller. Samples were heated from room 

temperature to 900  under a synthetic air flow at a heating rate of 10  minī1. 

2.1.5. Electron microscopy (EM)  

Electron Microscopy (EM) operates by using a beam of electrons to produce high-resolution images, 

offering a significant advantage over traditional light microscopy, which relies on visible light.[10] The 

fundamental reason for this enhanced performance lies in the drastically shorter wavelength of electrons 

compared to visible 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 as scanning electron microscopy (SEM), and transmission electron microscopy (TEM), 

discussed in detail in Section 2.1.5.1 and 2.1.5.2, respectively. 

 

Figure 2.5 Schematic illustration of particles involved in electron microscopy (EM). 

At the core of the process is the electron gun, which serves as the source of the primary electron beam. 

Electrons are typically generated by heating a tungsten filament or via a field emission gun (FEG) which 

provides a more coherent and precise electron beam. Once emitted, the electron beam is meticulously 

focused using electromagnetic lenses. Upon interaction with the sample, the electron beam induces a 

range of signals that arise from the specific interactions between the incident electrons and (mainly) 

with the electron shells of atoms within the material (Figure 2.5). The transmitted eï are detected in 
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TEM, providing information on the inner structure of the sample. Electrons can also be reflected back 

to the surface through elastic interactions, without the loss of kinetic energy, leaving the sample again 

as backscattered eī. Th electron beam can also scatter inelastically with the atoms within the sample, 

originating secondary eī, Auger eī or X-rays. For SEM analysis, secondary eī and backscattered eī are 

mainly detected providing information on the surface morphology and contrast in the image based on 

atomic number, respectively.[11,12] 

2.1.5.1. Scanning electron microscopy (SEM)  

 

Figure 2.6 Schematic illustration of working principle of scanning electron microscopy (SEM) with 

beam path illustrated. 

Scanning electron microscopy (SEM) is a powerful imaging technique used to observe the surface 

morphology and structure of materials at the nanometer scale. SEM provides detailed, three-

dimensional-like images of a sample's surface by scanning it with a focused high-energy electron beam. 

The beam interacts with the atoms in the sample, producing signals that provide information about the 

surface's topography, composition, and other properties. The electron source or the electron gun 

produces an electron beam, typically generated by a tungsten filament, as depicted in Figure 2.6.[13,14] 

As the electron beam strikes the sample, secondary electrons (low-energy electrons) are ejected from 
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the surface of the sample. These low-energy electrons are primarily used to form the SEM image, 

providing high-resolution detail of the surface morphology. Back-scattered electrons (or higher-energy 

electrons), reflected back from the sample, provide contrast in the image based on atomic number, with 

heavier elements appearing brighter. The secondary and backscattered 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 and the interaction volume beneath the surface, and the 

detectorôs sensitivity. Specialized detectors can also capture generated characteristic X-rays, which can 

be used for Energy-Dispersive X-ray spectroscopy (EDX) to determine the elemental composition of 

the sample (presented in detail in section 2.1.5.3). 

The SEM samples are prepared by coating a thin layer of the material over a conductive material such 

as carbon or gold to avoid charging and ensure clear imaging. The SEM chamber is typically kept under 

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

Instrument: SEM images were obtained using an FEI Helios NanoLab G3 UC scanning electron 

microscope equipped with a Schottky field-emission electron source operated at 3-5 kV. 

2.1.5.2. Transmission electron microscopy (TEM) 

Transmission Electron Microscopy (TEM) operates on the principle of transmitting a beam of high-

energy electrons through an ultra-thin sample, where electron-sample interactions produce various 

signals. These signals are then used to form high-resolution images, with 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 achievable due to the highly 

energetic electron beam, typically accelerated at voltages between 60ī400 kV, focused by a series of 

electromagnetic condenser lenses and directed toward a thin sample, usually less than 200 nm thick.[15] 

Such thin 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 of the working principle of a TEM is presented in Figure 2.7. A typical TEM 

setup includes an electron source, condenser lenses to focus the beam, a specimen stage to hold the 

sample, an objective lens for initial image formation, and projector lenses for further magnification. 

The selected area aperture and objective aperture are used to enhance contrast by limiting scattered 

electrons that would otherwise reduce image clarity. As the electron beam passes through the sample, 

the transmitted electrons are influenced by the internal structure of the sample, which is then imaged by 

objective and projector lenses to produce an image. The final image can be detected by a fluorescent 

screen or an area detector, converting the high-energy electron signal into a visible or digital image.[15] 

The contrast in TEM images arises from a complex interaction between electrons and mass-thickness 
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differences, where denser areas scatter more electrons and appear darker, and phase difference, which 

results from the interference of diffracted electrons when interacting with crystalline regions. 

 

Figure 2.7 Schematic illustration of imaging and diffraction mode of transmission electron microscopy 

(TEM).  

The arrangement of electromagnetic lenses allows the user to switch between different modes, including 

bright-field, dark-field, and diffraction modes. In diffraction mode, electron diffraction patterns are 

produced via Bragg scattering, which is particularly useful for analyzing crystalline 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 operates under high vacuum conditions to maintain the high 

energy of the electron beam and minimize interactions with air molecules that could degrade the beam 

and reduce resolution. 

Instrument: TEM images were obtained on an FEI Titan Themis instrument equipped with a 

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

 

Figure 2.8 Schematic illustration of the working principle of energy-dispersive X-ray spectroscopy 

(EDX). 

Energy-Dispersive X-ray 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 materials.[16] When a high-energy electron beam (from SEM in this case) strikes the atoms in 

the sample, it displaces the inner-shell electrons from the electron orbitals of the individual atoms, and 

subsequently creating vacancies in the inner electron shells, making the atom unstable. To restore 

stability, electrons from higher energy levels transition downward to fill these vacancies (as depicted in 

Figure 2.8). This process releases energy in the form of characteristic X-rays, and each element emits 

X-rays at distinct energies, unique to its atomic structure. These emitted X-rays are captured by an EDX 

detector, which converts the X-ray photons into electrical signals. These signals are then processed and 

displayed as an energy spectrum, where each peak corresponds to the characteristic X-ray energies of 

specific elements within the sample. The intensity of these peaks is directly proportional to the 

concentration of the respective elements, facilitating both qualitative identification and quantitative 

compositional analysis. 

Instrument: EDX measurements were performed in conjunction with SEM on a Dual beam FEI Helios 

G3 UC instrument equipped with an X-Max 80 EDS detector from Oxford Instruments plc. The EDX 

spectra were recorded at 5 kV. 

2.1.6. Ultraviolet -visible spectroscopy (UV-vis) 

UV-Vis spectroscopy (Ultraviolet-Visible Spectroscopy) is a widely used analytical technique based 

on the absorbance of light in the ultraviolet (UV; 200ī400 nm) and visible light (400ī700 nm) regions 
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of the electromagnetic spectrum. It is primarily used to study the electronic transitions of molecules and 

materials, particularly those involving conjugated systems, aromatic rings, or metal complexes. In 

molecules, electrons are confined to discrete energy levels, which are described by molecular orbitals. 

Upon absorption of electromagnetic radiation, these electrons undergo excitation from a lower-energy 

orbital, known as the ground state, to a higher-energy 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:  

                                                                      Ὁ Ὤ’                                           (Equation 2.4) 

where Ὁ is the energy difference between the ground and excited states, ’ is the frequency of the light, 

Ὤ is Planckôs constant, ὧ is the speed of the light, and ‗ 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) or visible regions 

of the electromagnetic spectrum. The most common types of electronic transitions that occur in UV-

Vis spectroscopy are related to molecular orbitals, particularly bonding (ů, )́ and non-bonding (n) 

orbitals, and their corresponding antibonding orbitals (ů*, ˊ*). For instance, high energy transitions 

(e.g., ů Ÿ ů*) absorb light in the vacuum UV region (short wavelengths, below 200 nm), moderate 

energy transitions (e.g., ́ Ÿ ́* and n Ÿ ů*) absorb light in the UV region (200ī400 nm), and lower 

energy transitions (e.g., n Ÿ ́*) absorb light in the visible region (400ī700 nm) or near-IR region. In 

general, the more conjugated a system is, the less energy is required for  ́Ÿ ́* transitions, meaning 

the absorption will shift toward longer wavelengths (lower energy) in the UV-Vis 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 absorption spectrum is 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. 

Lambert-Beerôs law can be utilized to determine the concentration of the solution by measuring 

absorbance of the sample, such as: 

                                                                ὃ ὰέὫ  ὧὰ                                       (Equation 2.5)  

where ὃ is the absorbance,  is the molar absorptivity (molar extinction coefficient), ὧ is the 

concentration of the absorbing species in the solution, and ὰ is the path length through the sample. Ὅ is 

the intensity of light before passing through the sample, and Ὅ is 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 amorphous semiconductors, it 

establishes a relationship between the photon energy (Ὤὺ) and the absorption coefficient of the material 

(‌) through the equation:[17] 

                                                             ‌Ὤὺ ὃὬὺ Ὁ                                         (Equation 2.6) 

where Ὁ represents the optical band gap, ὃ is a proportionality constant, and ὲ defines the type of 

electronic transition, typically ὲ = 0.5 stands for indirect allowed transitions and ὲ = 2 for direct 

allowed transitions. By plotting ‌Ὤὺ  vs. Ὤὺ, a linear region can be obtained near the absorption edge, 

and extrapolating this line to the energy axis yields the Ὁ. 

However, COFs are typically synthesized as fine powders or films that might exhibit a significant 

level of light scattering, making direct measurement of the absorption coefficient difficult. To overcome 

this limitation, the KubelkaïMunk (KM) theory can be applied, where the KM model converts diffuse 

reflectance data obtained from UVïVis spectroscopy into a quantity proportional to absorption using 

the transformation:[18] 

                                                                 ὊὙ                                                   (Equation 2.7) 

where Ὑ is the measured reflectance and the function ὊὙ  acts as an equivalent to ‌ in the Tauc 

equation, allowing estimation of the optical band gap even for opaque 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 desired electronic properties.[19] 

Instrument: UV-vis spectra were recorded using a Perkin-Elmer Lambda 1050 spectrometer equipped 

with a 150 mm integrating sphere, photomultiplier tube (PMT) and InGaAs detector. 
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2.2. Electrochemical characterization 

2.2.1. Cyclic voltammetry (CV) 

Cyclic voltammetry (CV) is essential in battery research for studying the redox behavior of materials, 

understanding their electrochemical properties, and diagnosing performance issues. It provides key 

insights into the reversibility, kinetics, stability, and degradation of battery materials. CV allows the 

identification of the redox potentials at which the battery's active materials undergo oxidation and 

reduction reactions. These potentials provide important information about the voltage window in which 

the battery operates.  

 

Figure 2.9 Schematic illustration of the working principle of cyclic voltammetry (CV). (a) Applied 

potential (E, in V) as a function of time (t, in s) for a generic cyclic voltammetry producing a (b) ñduck-

shapedò cyclic voltammogram, representing both anodic and cathodic sweeps. Eonset is the potential 

where the oxidation (or reduction) begins, Epc and Epa are the potentials at which reduction peak current 

(ipc) and oxidation peak current (ipa) appears, respectively. 

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 cyclic pattern 

(Figure 2.9a).[20] The sweep consists of two main phases, forward 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, the sweep direction 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 is called ñanodic sweepò. 

And consequently, if during the reverse sweep, the applied voltage forces the electroactive species to 

undergo reduction (accept electrons), then it is called ñcathodic sweepò.[20,21] 

As depicted in Figure 2.9b, during anodic sweep, as the potential reaches a certain value, the species 

starts to oxidize at Ὁ , indicating that the species are forming its oxidized state by losing electrons 
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and an oxidation peak appears. On the reverse sweep, the oxidized species starts to reduce back to its 

original state by gaining electrons, and a reduction peak appears. The potential at which the oxidation 

(Ὁ ) or reduction (Ὁ ) peak occurs corresponds to the formal redox potential of the species and 

provides information about the redox properties of the system. The peak current (Ὥ  or Ὥ ) is 

proportional to the concentration of the electroactive species and the rate of electron transfer. The height 

of the peak not only depends on the number of electrons involved, concentration and diffusion of ionic 

species but also on the scan rate (’) of the measurement, as described by the RandlesïĠevļ²k equation: 

                                                     Ὥ ςȢφω ρπὲȾὃὈȾὅὺȾ                                 (Equation 2.8) 

where Ὥ denotes the peak current, ὲ is the number of electrons involved in the redox process, ὃ 

represents the electrode surface area, Ὀ is the diffusion coefficient of the redox-active species, ὅ is its 

bulk concentration in the electrolyte, and ὺ is the scan rate of the measurement performed at 25 . 

In batteries, a power law can be applied to rate-dependent CV to analyze the electrochemical processes 

at the electrode surface and to distinguish between different types of charge storage mechanisms, such 

as faradaic diffusion-controlled (battery-like) processes and non-faradaic surface-controlled 

(capacitive) processes. The relationship between the peak current (Ὥ) and the scan rate (’) can often be 

expressed using a power law:[22,23] 

                                                                         Ὥ ὥ’                                                  (Equation 2.9)  

where both a and b are constants. The value of b can provide insights into the charge storage 

mechanism in a cell, for instance, a ὦ-value of 0.5 implies slower diffusion dependence, while a ὦ-value 

of 1 indicates faster capacitive behavior. Furthermore, Dunnôs method is utilized to quantitatively 

separate the current responses into diffusive- and capacitive-dependent:[23] 

                                                                 Ὥὠ  Ὧ’ Ὧ’Ⱦ                                     (Equation 2.10) 

where Ὥὠ is the current response at a specific potential, Ὧ’ is the fraction of total current dominated 

by capacitive behavior, and Ὧ’  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 diffusion-limited processes.  

Instrument: Cyclic voltammetry measurements were carried out on a Metrohm Autolab 

potentiostat/galvanostat PGSTAT302N equipped with a FRA32M module. 
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2.2.2. Linear sweep voltammetry (LSV) 

Linear Sweep Voltammetry (LSV) is a valuable technique in battery research, used for investigating 

the electrochemical behavior of battery materials, assessing the stability of electrolytes and electrodes, 

and characterizing key processes like degradation and corrosion. LSV is commonly used to measure 

the voltage range in which an electrolyte remains stable. By sweeping the potential, the onset of 

decomposition reactions of the electrolyte can be identified, which determines the electrochemical 

stability and the safe operating voltage range of the battery. The potential is swept from a lower voltage 

to a higher one (or vice versa) to explore oxidation (or reduction) behavior of the electrolyte or electrode 

materials. Similar to CV, the onset of current indicates the voltage (Ὁ ) where a reaction starts, such 

as electrolyte decomposition, and the peak current (Ὅ) corresponds to the oxidation or reduction of 

active materials. 

During voltammetry, the current increases with scan rate due to enhanced reaction kinetics and 

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 rates create a steeper concentration gradient near the electrode, 

causing larger number of electroactive species to diffuse rapidly to the surface, further increasing the 

current. 

 

Figure 2.10 Schematic illustration of relation between scan-speed and observed current in a linear 

sweep voltammetry (LSV). 

Instrument: Linear-sweep 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 charge-discharge cycling (GCD) 

 

Figure 2.11 Schematic illustration of the working principle of galvanostatic charge-discharge (GCD). 

GCD cycling provides detailed information about the charge-discharge behavior, efficiency, and 

stability of energy storage devices, making it an essential technique in battery and capacitor research. 

In GCD, the electrochemical cell is charged and discharged at galvanostatic mode (constant current), 

while the voltage is monitored as a function of time (Figure 2.11a).[24] During the charge cycle, a 

constant positive current is applied to the cell, resulting in a gradual increase in the voltage until it 

reaches a pre-set upper cut-off voltage. Whilst, during a discharge cycle, a constant negative current is 

applied, leading to decrease in the voltage until it reaches a lower cut-off voltage. The duration of a 

(dis-)charge cycle of the device under constant current provides information about the energy capacity 

of the cell. Typically, longer charge/discharge times indicate higher energy storage capacity. The 

specific capacity (Unit: mAh gī1 for batteries) is calculated from the charge or discharge time and the 

applied current using the following formula: 

                                                         ὛὴὩὧὭὪὭὧ ὧὥὴὥὧὭὸώ Ὓὅ                              (Equation 2.11) 

where Ὅ (A) is the current applied, ὸ (h) is the duration of charge (or discharge) cycle, and ά (g) is the 

mass of the active material of the electrode. Further, coulombic efficiency (CE) represents the ratio of 

the charge extracted during discharge to the charge supplied during charging. The formula employed to 

determine the coulombic efficiency (CE) is:  

                     ὅέόὰέάὦὭὧ ὩὪὪὭὧὭὩὲὧώ ὅὉ  
  

  
ρππ           (Equation 2.12) 

A coulombic efficiency of ~99% indicates that most of the charge input during charging is recovered 

during discharging and therefore, no significant charge is lost due to side reactions, such as electrolyte 

decomposition or parasitic processes. 
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Moreover, the voltage profile of GCD measurements provides key insights into the charge storage 

mechanism of energy devices. For instance, batteries rely on faradaic redox reactions, and typically 

show distinct voltage plateaus during charge and discharge, reflecting the electrochemical processes 

occurring within the electrodes. In contrast, supercapacitors store charge through non-faradaic, 

electrostatic processes, resulting in a linear voltage profile without plateaus. Pseudocapacitor electrode 

materials, which combine both mechanisms, exhibit slight curvature or small plateaus in their GCD 

curves.[22] These features help to differentiate between the energy storage behaviors and to assess the 

performance of the device in terms of energy and power density. During (dis-)charging cycles, the 

voltage profile usually shows an abrupt voltage drop at the moment the current is switched from charge 

to discharge (or vice versa). This immediate voltage drop is called the ñiR dropò, which is a direct 

consequence of the internal resistance of the cell, and serves as a useful indicator of self-discharge and 

overall efficiency of an electrochemical cell (Figure 2.11b). A lower internal resistance exhibits smaller 

iR drops, leading to better energy and power performance of the battery. 

Instrument: Galvanostatic charge-discharge (GCD) measurements were conducted using an Autolab 

Multipotentiostat M101 by applying different current densities corresponding to the respective projects. 

2.2.4. Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) is a highly versatile and non-destructive 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 frequencies. It can provide 

a detailed understanding of electrochemical phenomena, such as charge transfer, mass transport, and 

double-layer capacitance at the electrode-electrolyte interface. 

 In potentiostatic EIS, a small sinusoidal AC voltage (Ὁὸ ὉÓÉÎ ‫ὸ) perturbation is applied as 

the input signal to an electrochemical system and the frequency (Ὢ) of the AC signal is swept over a 

broad range, from a few millihertz (mHz) to several megahertz (MHz) (Figure 2.12a).[25] The small 

perturbation, ranging between 10ī20 mV, ensures that the system operates within its linear regime, 

where the relationship between voltage and current is approximately proportional. The response or the 

output signal of the system is measured in terms of current (Ὅὸ ὍÓÉÎ ‫ὸ ‰ ), where the resulting 

current is phase-shifted ‰) relative to the input signal, and this shift contains information about the 

system's capacitive or inductive properties (Figure 2.12b).[25] 
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Figure 2.12 Schematic illustration of the working principle of potentiostatic electrochemical impedance 

spectroscopy (EIS). (a) The applied excitation sinusoidal perturbation signal and (b) sinusoidal current 

response along with the phase shift. (c) Complex impedance ȿὤȿ in vector representation with ὤ  at 

the abscissa and ὤ  on the ordinate with phase angle ‰). The electrochemical impedance spectrum 

represented as typical Nuquist and Bode plots. 

The core principle of EIS involves calculating the impedance (ὤ), which is a complex quantity 

describing the resistance imposed by the AC system, utilizing the voltage and current in the frequency 

domain:[25] 

                                                         ὤ‫ ὤ Ὦὤ                                 (Equation 2.13) 

where, ὤ  is the real component of impedance, ὤ  is the imaginary component of impedance, and 

Ὦ is the imaginary unit, representing the phase shift. ὤ  corresponds to pure resistance, while the  ὤ  

reflects capacitive or inductive effects. The magnitude of impedance ȿὤȿ can be calculated using the 

following equation:[25] 

                                                            ȿὤȿ  ὤ ὤ                                            (Equation 2.14) 

EIS data is commonly represented using Nyquist and Bode plots (Figure 2.12d,e). In a Nyquist plot, 

the real part of impedance is plotted on the x-axis, while the imaginary part is on the y-axis, 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 diameter 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 frequency, making it easier to visualize how 

different processes dominate at different frequencies. 

 

Figure 2.13 Schematic illustration of the interpretation of a Nyquist plot. 

The key to EIS is that different electrochemical processes dominate the impedance response at 

different frequencies, for instance, at very high frequencies, the impedance is dominated by elements 

with a fast response, such as the (ohmic) solution resistance (electrolyte resistance) or any high-

frequency processes (e.g., electronic conduction). While, at mid frequency range, processes such as 

charge transfer (related to the electron transfer reactions at the electrode) and double-layer capacitance 

(the accumulation of charge at the electrode/electrolyte interface) are dominant. Finally, at low 

frequencies, mass transport processes like diffusion begin to dominate. This is often modeled by 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 45° in a Nyquist plot (Figure 2.13).[26] 

To interpret EIS data, they are often modelled using equivalent electrical circuits (EECs) consisting 

of elements like resistors (Ὑ), capacitors (ὅ), inductors (ὒ), constant phase elements (ὗ), and Warburg 

element (ὡ). These components represent real physical processes in the system. For example, a resistor 

can model solution resistance, a capacitor may represent the double-layer capacitance, 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, double-layer capacitance, and diffusion 

coefficients can be extracted. 

Instrument: EIS measurements were performed with an Autolab potentiostat workstation equipped with 

a FRA32M module over the frequency range of 106ï0.1 Hz with an applied perturbation voltage of 

10 mV. The obtained Nyquist plots were modeled using either Zsim or Zfit  software. 

2.2.5. Warburg element 

In 1899, Emil Warburg first described a diffusion-dependent contribution to the impedance in an 

electrochemical cell. In a Nyquist plot, the Warburg element is represented by a linear segment inclined 

at approximately 45° to the real axis in the low-frequency region, typically below 10 Hz, corresponding 

to the regime of semi-infinite linear diffusion.[27] Accordingly, the Warburg impedance serves as a 

diagnostic indicator of diffusion-controlled charge or mass transport phenomena, arising from the finite 

rate of ionic diffusion within the medium. The magnitude and profile of this diffusion impedance are 

intrinsically linked to the diffusion coefficient of the involved species. To quantify this, the Warburg 

plot (ὤ  ÖÓ ‫ Ⱦ), is constructed at specific potential steps during cycling, utilizing the following 

equation:[28] 

                                                                  ὤ Ὑ „‫ Ⱦ                                     (Equation 2.15) 

where ὤ  is the real component of impedance, Ὑ  is the total resistance, ɤ is the angular frequency, 

and „ is the Warburg coefficient (ɋ sī1/2) obtained as the slope of the graph. The fingerprint region of 

the Warburg impedance is low-frequency domain, and therefore ὤ  associated with low frequency 

was considered while building the Warburg plots. Further, the diffusion coefficient can be calculated 

from the Warburg coefficient using the following relationship:[28] 

                                                                      Ὀ                                          (Equation 2.16) 

where Ὑ is the gas constant (8.314 J Kī1 molī1), Ὕ is the operational temperature of the 

electrochemical cell (298.15 K), ὲ is the number of electrons transferred from electrolyte to the 

electrode, Ὂ is Faradayôs constant (96458 C molī1), ὅ is the concentration of the charge carriers in the 

electrolyte solution (1.0 ʤ), and ὃ is the surface area of the electrode, respectively. Potential dependent 

EIS provides the ability to monitor how the diffusion coefficient changes with different applied 

potentials. 

Instrument: The measurements were performed on a BioLogic VMP-3e Multichannel Potentiostat 

workstation at a frequency range of 106-0.1 Hz with an applied perturbation voltage of 10 mV. The 

obtained Nyquist plots were modeled using the Zfit  software. 
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2.2.6. Cell assembly 

 

Figure 2.14 (a) Schematic representation of PAT-Core electrochemical test cell configuration from 

EL-Cell GmbH[29,30] in (b) half-cell and (c) full-cell assembly. 

To perform electrochemical measurements, half- and full-cells were assembled using an ECC-PAT-

Core battery test cell from EL-CELL GmbH (see Figure 2.14a). The body of ECC-PAT cells is 

composed primarily of stainless steel and PEEK (polyether ether ketone), rendering them compatible 

with standard aprotic organic electrolytes utilized in Li-ion batteries, Na-ion batteries, and 

supercapacitors. A gold-plated spring is employed to apply uniform mechanical pressure on the precise 

 ʟ=18 mm electrodes, ensuring consistent performance. The cells feature a low-leakage sealing system 

using PE washers and allow for easy and accurate electrolyte filling during assembly. A notable 

advantage of the ECC-PAT cells is their sustainability, which surpasses that of traditional one-time-use 

coin cells. The ECC-PAT cells allow rapid and straightforward assembly, facile cleaning, and 

convenient access to the electrodes for post-mortem analysis.[29,30] 

Half-cell and full-cell testing assemblies are critical components in the evaluation of the performance 

of lithium-ion and sodium-ion batteries. In a half-cell configuration, the anode or cathode is tested 
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against a reference (and counter) electrode, typically lithium metal for lithium-ion batteries and sodium 

metal for sodium-ion batteries (Figure 2.14b). This configuration enables to investigate the 

electrochemical behavior of individual electrodes, encompassing their capacity, voltage profile, and 

stability. This configuration is particularly useful for the assessment of novel electrode materials prior 

to their integration into a complete battery system. Additionally, EIS is easier to deconvolute in a half-

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

charge transfer and resistance. 

Conversely, a full-cell testing assembly comprises both an anode and a cathode, along with a reference 

electrode, thereby emulating the configuration of a commercial battery. 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. Full-cell testing is critical for 

understanding how the anode and cathode interact and perform together under realistic conditions. It is 

imperative to calibrate the mass loading of the electrodes in order to accurately determine the capacity 

of the full cell. The mass loading of the electrodes can be calibrated according to the following 

equation:[28] 

                                                           Ὓὅ ὓ  Ὓὅ ὓ                                          (Equation 2.17) 

where Ὓὅ  is the anode-specific capacity (in mAh gī1), Ὓὅ is the cathode-specific capacity (in 

mAh gī1), ὓ   (in g) is mass loading at the anode and ὓ  (in g) is the mass loading of the cathode. The 

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 half- or full -cell configurations 

assembled using an ECC-PAT-Core battery test cell from EL-CELL GmbH if not stated otherwise 

throughout the thesis. 
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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 conduction. This study introduces two 

quasi-solid-state COF electrolytes, featuring uniformly distributed sulfonate anions as hopping sites for 

sodium ions, and investigates the effect of their varied functionalities on the Na+ diffusion mechanism. 

The sulfonate COFs are coupled with 1-methyl-1-propylpyrrolidinium bis(fluorosulfonyl)imide 

(Pyr13FSI), without additional sodium salt, to generate electrolyte composites with high ionic 

conductivities in the range of 10ī3 S cmī1. These composites not only inherit thermal 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 walls by elucidating the unique sodium-ion diffusion mechanisms.  
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3.2. Introduction  

Sodium-ion batteries (SIBs) are considered to be among the most appealing candidates to replace their 

state-of-the-art lithium counterparts.[1ï3] Since their introduction to the market in 1991, lithium-ion 

batteries (LIBs) have been the predominant choice in the energy storage sector, primarily attributed to 

their exceptional energy density.[4,5] However, LIBs face certain limitations such as risk of thermal 

runaway, expensive and limited lithium (Li) and cobalt (Co) reserves, and the environmental and 

socioeconomic repercussions of mining these metals.[3,6] Sodium-ion batteries, on the other hand, have 

advantages of using abundant sodium (Na) as charge carrier and environmentally benign raw materials 

for electrodes, which make SIBs a cost-competitive and more sustainable alternative.[3,7ï11] 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 rates.[12,13] However, the current technology 

trades off high power density (PD) for high energy density (ED) due to several reasons: (1) slow 

diffusion of alkali metal cations into the electrode material,[13] (2) slow diffusion of metal cations in the 

electrolyte,[14,15] and (3) high energy barrier and high desolvation energy at the electrode-electrolyte 

interface.[16,17] The electrolyte plays an important role in defining and improving the rate capabilities of 

the electrode and the overall battery performance.[18,19] For instance, the Newman model illustrates how 

the efficiency of a battery can be constrained when the diffusion of anions surpasses that of cations.[18] 

The traditional liquid electrolytes are characterized by low cation transference number (t+) < 0.5 and 

high desolvation energy.[20,21] Further, the potential safety risks associated with these organic-liquid 

electrolytes can potentially override their advantage of possessing low resistance towards the migration 

of ionic species.[22] 

 Inorganic crystalline solid-state electrolytes, such as sodium superionic conductors (NASICON) and 

sodium sulfides, demonstrate single cation transport with an ionic conductivity at the order of 

10ҍ3 S cmҍ1.[23ï25] However, due to their rigid structures, these electrolyte materials exhibit high 

electrode-electrolyte interfacial resistance, which acts as a rate-limiting factor.[24,26] On the other hand, 

organic-polymer electrolytes (PEs) can exhibit superior electrode contact and structural tunabilty.[27,28] 

The ion conduction within a bulk polymer, such as polyethylene oxide (PEO), is governed by the 

combination of cation complexation with oxygen atoms and segmental motion of the polymer chains.[29] 

Therefore, the potential of amorphous polymer electrolytes is controlled by the glass transition 

temperature (Tg) of the polymer, which imposes a temperature restriction on the cation migration.[26] 

Therefore, it is crucial to design safer electrolyte materials with an effective cation transport mechanism, 

especially for fast-charging batteries. 

Covalent organic frameworks (COFs), porous crystalline polymer structures, have garnered 

significant attention in the energy storage community, serving as materials for both electrodes and 

electrolytes.[30,31] The physical and chemical properties of COFs can be widely modulated by tailoring 
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the symmetry, structure and functionalities of their building blocks.[32,33] Further, their channels can act 

as highways for directional transport of the alkali metal ions.[31,34] In the past, several designs have been 

explored for COFs as electrolyte materials, mainly by incorporating either Lewis acidic moieties to trap 

the anion of a salt or by integrating anionic sites into the COF structure to achieve single cation 

transport.[35,36] In contrast to amorphous polymers, these well-defined crystalline frameworks can 

eliminate the dependence of cation migration on electrolyte reorganization and enable cation hopping 

from one energetically favorable site to another.[26] Moreover, the addition of plasticizers, such as ionic 

liquids (ILs), has been demonstrated to accelerate the migration of ionic species and to establish 

efficient electrode contact without compromising safety standards.[37]  

 In the present work, we investigate the correlation of structural, chemical and transport properties in 

two COF@IL composites as quasi-solid-state electrolytes (QSSEs) for SIBs. Firstly, two porous COFs 

containing sulfonate groups (-SO3
ҍ) as the coordinating anion species with Na-ions were synthesized, 

and characterized using various spectroscopic techniques. Further, to reduce interfacial and migration 

impedance, ionogels were prepared using the respective COFs and N-propyl-N-methylpyrrolidinium 

bis(fluorosulfonyl)imide (Pyr13FSI) ionic liquid at different mass fractions. Ionic conductivity 

measurements of these ionogels revealed the most suitable composition for the respective COF systems. 

Finally, we explore the structural impact of these systems on ion migration through computational 

studies, and propose a Na+ transport mechanism in these COF-based QSSEs.  

3.3. Results and discussion 

3.3.1. Materials synthesis and characterization 

COF- TpPaSO3H and COF- TpPa(SO3H)2 were synthesized by utilizing 2,4,6-trihydroxybenzene-

1,3,5-tricarbaldehyde (Tp) as the node and, 1,4-phenylenediamine-2-sulfonic acid (PaSO3H) and 2,5-

diaminobenzene-1,4-disulfonic acid (Pa(SO3H)2) as the linear building blocks, respectively (Scheme 

3.1 and 3.2, Section 3.6.2, Appendix). The COFs were synthesized using dioxane and mesitylene as 

solvents under solvothermal conditions at 120 . COFs consisting of the trigonal monomer Tp exhibit 

high chemical and electrochemical stability, deriving from the combination of reversible and 

irreversible reactions during solvothermal synthesis.[38,39] However, this class of COFs often suffers 

from low crystallinity due to the keto-enol tautomerism occurring in addition to the Schiff base reaction 

under solvothermal conditions. Therefore, a modulation strategy reported by our group was applied to 

improve crystallinity and obtain well-ordered nanoscale pore structures.[32] In this case, benzaldehyde, 

acting as a modulator, competes with the building blocks, enhancing self-healing mechanisms and 

decelerating COF crystallization. This results in the generation of highly crystalline and porous 

frameworks. 
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Powder X-ray diffraction (PXRD) patterns revealed improved crystallinity compared to COFs of these 

combinations reported in the literature.[31,34] By correlating experimental PXRD data with simulated 

PXRD patterns obtained from first-principles structure optimizations at the PBE level, we successfully 

identified the crystal structure of both COFs.[40ï43] By means of screening different possible stacking 

modes, we identified two structural models (inclined and serrated) that closely corresponded to the 

experimental PXRD signals (Figure 3.5 and 3.6, Section 3.6.2, Appendix). Among these, the serrated 

stacking arrangement emerged as the energetically stable system (Table 3.1 and 3.2, Section 3.6.2, 

Appendix). Pawley refinement was performed using the Reflex module of Materials Studio to fit the 

obtained experimental data with the theoretically obtained stable structures of the respective COFs 

(Figure 3.1a,d). The resulting lattice parameters are a = 22.54 , b = 22.55 , c = 7.02 , Ŭ = 90.39°, 

ɓ = 89.11°, and ɔ = 120.14° for TpPaSO3H, and a = 22.55 Å, b = 22.50 , c = 7.01 , Ŭ = 87.45°, 

ɓ = 83.11°, and ɔ = 120.03° for TpPa(SO3H)2. Additionally, the indexed hkl (100) plane was attributed 

to the diffraction at 4.7° 2ɗ for TpPaSO3H and at 5.0° 2ɗ for TpPa(SO3H)2. While the peak for the hkl 

(001) plane, corresponding to the z-stacking, appears at 26.6° 2ɗ for TpPaSO3H with an interplanar 

distance of 3.5  and at 26.1Á 2ɗ for TpPa(SO3H)2 with an interplanar distance of 3.7 . Both COFs 

feature a honeycomb structure with hexagonal pores of 17.1  and 13.0  (atom-to-atom diameter) for 

TpPaSO3H and TpPa(SO3H)2, 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 other.[44] This results in interlayer displacement while maintaining 

planarity, representing the most stable structural arrangement for these sulfonic acid COFs (Table 3.1, 

and 3.2, Section 3.6.2, Appendix). Scanning electron microscopy (SEM) images (Figure 3.7, Section 

3.6.2, Appendix) revealed a sponge-coral fibrillar morphology of both COF- TpPaSO3H and 

COF- TpPa(SO3H)2.[44] TpPaSO3H possesses about 500 nm long intergrown fibrils, while TpPa(SO3H)2 

features thinner fibrils agglomerated to larger nanoparticles. Transmission electron microscopy (TEM) 

analysis (Figure 3.1c,f) was conducted to further confirmed the crystallinity of the COFs. Characteristic 

COF domains can be seen in the TEM images of COF-TpPaSO3H and TpPa(SO3H)2. To produce 

sodiated COFs, cation exchange reactions were carried out to replace the acidic proton of the sulfonic 

acid (-SO3H) group with Na+ (Figure 3.1g). To achieve this, COF- TpPaSO3H and TpPa(SO3H)2 were 

stirred in 6M NaOAc solution for 72 h at room temperature to obtain COF- TpPaSO3Na and 

COF- TpPa(SO3Na)2, respectively (Scheme 3.3 and 3.4, Section 3.6.3, Appendix). The retained 

crystallinity of the COFs after the cation exchange reaction was revealed through PXRD patterns, which 

exhibited an intense peak at lower 2ɗ angles (Figure 3.8, Section 3.6.3, Appendix).  
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Figure 3.1 Structural characterization. PXRD profiles and Pawley refinement of (a) COF TpPaSO3H 

and (d) COF TpPa(SO3H)2, and corresponding simulated structure of (c) COF TpPaSO3H and (d) 

COF TpPa(SO3H)2. Transmission electron microscopy (TEM) images of the bulk (c) COF 

TpPaSO3H and (f) COF TpPa(SO3H)2. (g) Schematic presentation of cation exchange reaction of COF 

TpPaSO3H to synthesize COF TpPaSO3Na, along with (i) TEM image. (h) A closer look at the 

simulated stacking behavior of COF TpPaSO3Na featuring layer displacement. Gray, white, red, blue 

and yellow- colored balls represent C, H, O, N and S atoms, respectively. 

Theoretical calculations indicated that, similar to their unsodiated counterparts, COF-TpPaSO3Na and 

COF-TpPa(SO3Na)2 retain the serrated structural/ stacking arrangement (Figure 3.9, 3.10, Table 3.3 and 

3.4, Section 3.6.3, Appendix). The anticipated serrated stacking of the COFs aligns closely with the 

experimental PXRD results (Figure 3.11a,b, Section 3.6.3, Appendix). Upon closer examination, the 

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

displacement among the sheets in the serrated stacking pattern and 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 shown in Figure 3.1h. Scanning electron 

microscopy (SEM) images reveal the sponge-coral fibrillar morphology of TpPaSO3Na and 

TpPa(SO3Na)2, similar to the pristine sulfonic acid COFs (Figure 3.12, Section 3.6.3, Appendix). 

TpPa(SO3Na)2 exhibits smaller particle sizes than TpPaSO3Na. SEM-EDX analysis confirmed the 

substantial concentration of Na per S atom in the samples, providing evidence for the effectiveness of 

the cation-exchange reaction (refer to Figure 3.13, 3.14, Table 3.5 in the Section 3.6.3, Appendix). 

Additionally, the crystallinity of the sodiated COFs were confirmed by TEM analysis (Figure 3.1i, 

Figure 3.1, Section 3.6.3, Appendix). 

To evaluate the porosity of sodiated COFs, N2 gas physisorption experiments were performed at a 

temperature of 77 K. The nitrogen sorption for the COFs TpPaSO3Na and TpPa(SO3Na)2 revealed Type 

I sorption isotherm profiles (Figure 3.16a,b, Section 3.6.3, Appendix). For both COFs, the adsorption 

isotherms show a fully reversible behavior and the uptake of nitrogen saturated at about 50 cm3 gī1 at 

low partial pressure (ὴὴ  < 0.05), which is typical for such microporous keto-enol COFs.[45] 

Additionally, the BrunauerïEmmettïTeller (BET) surface areas of these porous COFs were estimated 

to be 179 m2 gī1 for TpPaSO3Na and 172 m2 gī1 for TpPa(SO3Na)2. 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 of ~1.5 nm for COF- TpPaSO3Na, while the pore 

size in TpPa(SO3Na)2 reduced to ~1.1 nm (refer to Figure 3.17a,b, Section 3.6.3, Appendix). 

To prepare COF@IL composite ionogels, we added 1-methyl-1-propylpyrrolidinium 

bis(fluorosulfonyl)imide (Pyr13FSI) ionic-liquid to the COFs TpPaSO3Na and TpPa(SO3Na)2 at various 

COF:IL wt/wt% ratios (60:40, 50:50, 40:60, 20:80, and 15:85) inside an argon-filled glovebox. The 

composites were stirred overnight inside the glovebox to ensure that the electrolyte samples were 

homogeneous and free from ambient atmosphere (Figure 3.18, Section 3.6.3, Appendix). Fourier 

transform infrared (FTIR) spectroscopy was employed to study the interactions between the pristine 

COFs and Pyr13FSI ionic-liquid (Figure 3.19a,b, Section 3.6.3, Appendix). To differentiate between the 

IR bands associated with COFs and IL, FTIR analysis was conducted with TpPaSO3Na, TpPa(SO3Na)2, 

Pyr13FSI, and their corresponding ionogels across different weight ratios. The vibrations corresponding 

to the [FSI]ï anion, including the symmetric and asymmetric stretching of SïNïS at 741 cmī1 and 

824 cmī1 increase with an increase in ionic-liquid content. Conversely, the vibrations corresponding to 

the COFs, C=O, CīC aromatic, CīN, and S=O at approximately 1573 cmī1, 1430 cmī1, 1220-

1186 cmī1, and 1024 cmī1, respectively, diminish with an increase in the amount of Pyr13FSI. To 

understand the interactions of the organic ions present in the ionic-liquid with Na+ and the COF 

structures, density functional theory (DFT) calculations were employed using a simulation model of a 

1 × 1 × 1 set of COF unit cells that includes a single Pyr13FSI molecule.[41,42,46,47] Two different 

orientations of Pyr13FSI IL in the COF pores were compared on the basis of their binding energies with 
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the COF TpPaSO3Na (Figure 3.2a). The energetically more stable orientation of IL shown in Figure 

3.2a (TOP) furnishes the binding energy (BE) of (ī1.56 eV). The distribution models of Na+, [FSI]ï, 

and [Pyr13]+ in COF TpPaSO3Na suggest a preferable placement of [FSI]ï near the edge zone, close to 

Na+ ions and sulfonate groups. Additionally, [FSI]ï forms bonds with Na ions, specifically Na-F and 

Na-O bonds. The [Pyr13]+ 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(SO3Na)2 COF. However, this orientation exhibits a higher binding energy (-2.84 eV), indicating 

a stronger interaction of the IL in close proximity to Na ions within the TpPa(SO3Na)2 COF. 

3.3.2. Transport properties 

During the design of the COFs, we selected the linear building blocks PaSO3H and Pa(SO3H)2, based 

on the presence of sulfonate groups (SO3
ī). Several prior publications on solid-organic electrolyte 

materials have noted the enhancement of carrier ion conduction due to the high Lewis basicity and 

stability of the sulfonate anion (SO3
ī).[31,48] 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 transport properties of an electrolyte are crucial in determining the rate-capabilities of 

a battery since an electrolyte with higher ionic conductivity can promptly offer charge carriers at 

elevated current rates without developing overpotential in an electrochemical cell. 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 concentrations.[26] Here, we utilize the AC impedance 

technique to determine the ionic conductivity of all samples in the temperature range between 30 

to 65 . The resulting impedance data were individually fitted for an equivalent electrical circuit (EEC) 

to determine the corresponding resistances to ion conduction (Figure 3.20, Section 3.6.4, Appendix). 

Ionic conductivities were calculated using Equation 3.1 (Section 3.6.1, Appendix) utilizing the bulk 

resistance (Rb) determined from impedance of the individual measurement. At a given temperature, the 

resistance value is the resultant of the activation energy required to produce free ion pairs and their 

mobility.[26] Both the COFs, TpPaSO3Na and TpPa(SO3Na)2, demonstrated linear behavior in the 

corresponding Arrhenius plot based on the data at different temperatures (Equation 3.2, Section 3.6.1; 

Figure 3.21, Section 3.6.4, Appendix). Further, COF TpPa(SO3Na)2 exhibited a higher ionic 

conductivity than COF TpPaSO3Na at all recorded temperatures, with ionic conductivities of 

2.5 × 10ī4 S cmī1 and 2.0 × 10ī4 S cmī1 at 50  for TpPa(SO3Na)2 and TpPaSO3Na, respectively 

(Table 3.6, Section 3.6.4, Appendix). The higher conductivity values for TpPa(SO3Na)2 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 composites were prepared 

and the transport properties of the resulting COF@IL systems were investigated. The results revealed 
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linear patterns in the Arrhenius plots (Figure 3.2b,d) for all COF: IL systems, regardless of the amount 

of ionic liquid or the sulfonate group (SO3
-). 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, COF: Pyr13FSI 20:80> 15:85> 40:60> 50:50> 60:40 

(Figure 3.2c). 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 (Table 3.6, Section 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 (Figure 3.22a,b, Section 

3.6.4, Appendix).[49] At 50 , ionogels containing COF TpPaSO3Na demonstrated higher ionic 

conductivity ranging between 2.1 ī 5.6 × 10ī3 S cmī1 in comparison to the ionogels with 

COF TpPa(SO3Na)2, which displayed conductivity values ranging from 1.7ī 4.1 × 10ī3 S cmī1 at the 

equivalent ratios. Among all the prepared samples, the ratios COF: Pyr13FSI 20:80 (naming: 

TpPaSO3Na: Pyr13FSI 20:80 = TpPaSO3Na@Pyr13FSI and TpPa(SO3Na)2: Pyr13FSI 20:80 = 

TpPa(SO3Na)2@Pyr13FSI) showed the best performance for both sulfonated COF-ionogels, and 

therefore were further analyzed in detail. 

 

Figure 3.2 (a) The binding energies (BE) between COF TpPaSO3Na and Pyr13FSI ionic liquid in two 

different binding orientations (at specific ratio). Arrhenius curves of COF: Pyr13FSI composites at 

various wt/wt% fractions for (b) TpPaSO3Na and (d) TpPa(SO3Na)2, respectively. (c) Comparative 

ionic conductivity values for COF: Pyr13FSI composites as a function of weight-percent of ionic-liquid. 

(e) Thermogravimetric 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 rate-efficiency of a battery. A larger cation transport 

number limits unwanted energy consumption by restricting anionic motion and inhibits the development 

of a concentration overpotential.[50] We utilized the combination of AC impedance and DC polarization 

techniques and applied the Bruce-Vincent equation (Equation 3.3, Section 3.6.1, Appendix) to calculate 

the Na-ion transference number (ὸ ) (Table 3.7, Section 3.6.4, Appendix). TpPaSO3Na@Pyr13FSI 

demonstrate a  ὸ  of 0.79, whereas TpPa(SO3Na)2@Pyr13FSI displays a lower ὸ  of 0.67. Both the 

systems exhibit higher cation transport numbers compared to the traditional carrier salts in organic 

solvents or ionic-liquid electrolyte systems.[24] The higher Na-ion transference number can be attributed 

to the plausible interactions formed between Lewis acidic groups present in sulfonate COFs and [FSI]ï 

anions. The thermal stability of these quasi-solid-state electrolyte materials was assessed through 

thermogravimetric analysis (TGA). As shown in Figure 3.2e, pristine COFs experienced improved 

thermal stability after addition of ionic-liquid, i.e. ~375  for TpPaSO3Na@Pyr13FSI and ~431  for 

TpPa(SO3Na)2@Pyr13FSI. QSSEs TpPaSO3Na@Pyr13FSI and TpPa(SO3Na)2@Pyr13FSI demonstrate 

one of the highest ionic conductivities and thermal stability amongst previously reported COF-based 

electrolytes (Table 3.8, Section 3.6.4, Appendix). 

3.3.3. Ion diffusion mechanism 

To reveal the structure and transport properties of Na+ in Pyr13FSI ionic-liquid confined in sulfonate 

COFs, ab inito molecular dynamics (AIMD) simulations were performed. We primarily focus on the 

transport of Na+ through the pores (in the z-direction), with comprehensive computational setup and 

conceptual details provided in the Section 3.6.1, Appendix. In the channel perpendicular to the 2D-COF 

layers, Pyr13FSI molecules were initially distributed in a random manner at a density of ~1.35 g mLī1. 

Subsequently, they were allowed to equilibrate for 2 ps at 300 K through AIMD simulation, with the 

simulated structures illustrated in Figure 3.23, Section 3.6.5, Appendix. Following the equilibration, 

geometric data were gathered over a 50 ps period at 324 K. Figure 3.3a,c and Figure 3.24 (Section 3.6.5, 

Appendix) show the snapshots from AIMD trajectories for TpPaSO3Na@ Pyr13FSI and 

TpPa(SO3Na)2@ Pyr13FSI. The images reveal that throughout the simulation, ILs undergo 

rearrangement, actively solvating Na ions and reducing their proximity to the COF pore walls. This 

effect is particularly pronounced in TpPaSO3Na@Pyr13FSI, suggesting a potential enhancement in the 

diffusion of Na+. 

The mean square displacement (MSD) of Na+ was calculated from the AIMD trajectories to 

understand the effect of the presence of ketone/sulfonate groups and Pyr13FSI on the ion transport 

properties in COF systems (refer to Figure 3.3d). The slope of the MSD curve for a specie corresponds 

directly to the diffusion coefficient of that specie, making MSD analysis a potent tool for examining the 



Chapter 3. COFīBased Quasi-Solid-State Electrolytes 

 

 

93 

mobility of ions. TpPaSO3Na@Pyr13FSI exhibits a larger MSD slope compared to 

TpPa(SO3Na)2@Pyr13FSI, which indicates increased ionic motion. Accordingly, the diffusion 

coefficients, obtained by fitting the slope of the MSD profiles, are 13.00 × 10ī7 cm2 sī1 and 

7.06 × 10ī7 cm2 sī1 for TpPaSO3Na@Pyr13FSI and TpPa(SO3Na)2@Pyr13FSI, respectively. Notably, 

TpPaSO3Na@Pyr13FSI exhibits diffusive behavior at room temperature with a linear time dependence 

of the MSD. 

 

Figure 3.3 Side view of the simulation structures of (a) TpPaSO3Na@Pyr13FSI and (c) 

TpPa(SO3Na)2@Pyr13FSI equilibrated by AIMD at 300 K for 2 ps and at 324 K for 50 ps. (b) Ion 

transport mechanism in TpPaSO3Na@Pyr13FSI. (d) Comparative MSD plots of Na+ obtained from 

AIMD trajectories. (e) Visualization of Na ion diffusion event in TpPaSO3Na@Pyr13FSI during the 

AIMD simulation within the timescale of 0 to 38 ps. 

In the case of TpPa(SO3Na)2@Pyr13FSI, the diffusion of Na+ within the pore initially follows a linear 

behavior similar to that observed in TpPaSO3Na@Pyr13FSI. However, after 20 ps, the diffusion curve 

levels off and becomes flat. This plateau can be attributed to the confinement of the sodium ion motion. 

During the time scale of 20 ps to approximately 40 ps, the sodium ions explore neighboring SO3
ī groups 

that surround them. Figure 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 ions through the pore. However, after 20 ps, the diffusion 

becomes restricted in the vicinity of the SO3
ī groups. These interactions with the SO3- groups limit the 

movement of the sodium ions in TpPa(SO3Na)2@Pyr13FSI, 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 SO3
ī groups slows down the diffusion 

of Na+ in TpPa(SO3Na)2@Pyr13FSI, leading to a reduced overall displacement compared to the 

displacement in TpPaSO3Na@Pyr13FSI. Importantly, the confinement is prominent in 

TpPa(SO3Na)2@Pyr13FSI due to the higher concentration of anionic SO3
ī groups and the smaller free 

volume for Pyr13FSI that restrict the motion of the sodium ions. This observation quantitatively explains 

the importance of incorporating ionic liquid as a óplasticizerô to enhance the sodium ion conductivity 

in COF-based electrolytes. 

 

Figure 3.4 The pair correlation function (g(r)) of TpPaSO3Na@Pyr13FSI and TpPa(SO3Na)2@Pyr13FSI 

demonstrating the interactions of Na ions with (a) O atoms and (b) other neighboring Na ions. Snapshots 

of AIMD trajectories of (c) TpPaSO3Na@Pyr13FSI and (d) TpPa(SO3Na)2@Pyr13FSI (t = 50 ps). The 

figure below displays an enlarged view of the dynamics in the black ellipse, representing the Na-ions 

under consideration for analyzing time-evolved distance plots.  Distance plots of (e) NaҍOsulfonate and (f) 

NaҍOFSI- for TpPaSO3Na@Pyr13FSI and TpPa(SO3Na)2@Pyr13FSI. 

To fundamentally understand the increased Na+ diffusivity in TpPaSO3Na@Pyr13FSI, the pair 

correlation function (g(r)) of Na-ions and oxygen atoms was calculated for both COF systems (Figure 

3.4a,b). In both COF systems, we observed a sharp peak at ~2.3 Å for NaīO (Figure 3.4a), which 

validates the presence of NaīO bonds in the first coordination sphere and indicating substantial 

interactions. This aligns with the findings observed in the AIMD structural snapshots. Furthermore, for 
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TpPaSO3Na@Pyr13FSI, the pair correlation 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 implies larger bond lengths for NaīO and NaīNa bonds compared to 

TpPa(SO3Na)2@Pyr13FSI. Consequently, it can be inferred that the Na+ ions in TpPaSO3Na@Pyr13FSI 

are more dispersed in the Pyr13FSI ionic liquid space, unlike in TpPa(SO3Na)2@Pyr13FSI, where Na 

ions are localized near the inner wall of the COF.  

For a closer observation, the time-evolved distance plots of sodium ions and first coordination sphere 

oxygen atoms of interest (highlighted by dotted circle in Figure 3.4c,d) in TpPaSO3Na@Pyr13FSI and 

TpPa(SO3Na)2@Pyr13FSI were analyzed (Figure 3.4e,f, Figure 3.25, 3.26, Section 3.6.5, Appendix). In 

both COF systems, time-evolved distance plots demonstrate increased distances of NaīOketone bonds 

and decreased distances of NaīOFSI- bonds. Meanwhile, the more dynamic NaīOsulfonate bonds either 

persist or undergo dissociation. This suggests that the proximity of Na+ to Osulfonate and OFSI- supports 

the formation of continuous ion transport pathways, fostering more seamless ionic conduction within 

COFs. Consequently, ion transport occurs through a synergistic interplay of hopping, arising from Na-

Osulfonate interactions, and a vehicle-type mechanism involving solvated Na ions in Pyr13FSI ionic liquid. 

However, in TpPa(SO3Na)2@ Pyr13FSI, the surfeit neighboring sulfonate groups as appeared in Figure 

3.24 (Section 3.6.5, Appendix) foster new Na-O interactions, potentially relying on a hopping 

mechanism, restricting Na-ion diffusion and flattening of MSD plot. Therefore, the distinct Na+ 

conduction characteristics observed in pristine COF- and ionogel-electrolytes can be attributed to 

variations in the pore size of the COFs and the density of SO3
ī groups within the pore walls. 

In future work with these materials it will be of interest to focus on device fabrication, using these 

electrolyte systems to evaluate the overall performance of batteries, and to elucidate interfacial 

phenomena, ion transport dynamics, and long-term stability, thereby providing insights for further 

optimization of the COF-based electrolyte designs. 

 

 

 

 

 

 

 



Chapter 3. COFīBased Quasi-Solid-State Electrolytes 

 

 

96 

3.4. Conclusion 

To summarize, here we present two crystalline COFs, containing sulfonate groups, as base materials 

for quasi solid-state electrolytes (QSSEs) for sodium-ion batteries. The ordered structure of the 

frameworks enabled the anionic backbone of SO3
ҍ groups 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 sulfonate and 

keto groups of the COFs, while maintaining the planarity between two neighboring layers. The newly 

designed composite ionogels containing the COFs TpPaSO3Na and TpPa(SO3Na)2, with ionic liquid 

Pyr13FSI serving as plasticizer, possessed ionic conductivities ranging at the order of 10ҍ3 S cmҍ1. The 

composite electrolytes with the COF TpPaSO3Na exhibited overall higher ionic conductivity and 

transport number ὸ   than electrolytes with COF TpPa(SO3Na)2, pointing to distinct diffusion 

mechanisms governed by the concentration of SO3
ҍ groups present in the COF skeletons. Ab inito 

molecular dynamics (AIMD) simulations demonstrated that ion transport in Pyr13FSI ionic liquid 

involves a synergistic interplay between hopping, driven by Na-Osulfonate interactions, and a vehicle-type 

mechanism featuring solvated Na ions. Moreover, solvated Na+ ions exhibit faster diffusion in 

TpPaSO3Na@Pyr13FSI compared to more de-solvated ions in TpPa(SO3Na)2@Pyr13FSI, which 

predominantly rely on a hopping mechanism. Hence, in this study we demonstrated that by 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 space of COFs, we expect that 

these results and concepts will open new vistas towards the design of efficient and sustainable sodium-

based quasi solid-state electrolytes. 
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3.6. Appendix 

3.6.1. Methods 

3.6.1.1. Structural characterization 

Powder X-ray diffraction (PXRD): Diffractograms were recorded on a Bruker D8 Discover instrument 

equipped with a LynxEye position-sensitive detector in Bragg-Brentano geometry, using Cu-KŬ 

radiation. 

Structure modelling: The proposed structures of respective COFs were simulated using the Accelrys 

Materials Studio software package. Pawley refinement for the modeled structures was carried out using 

the Reflex module.  

Scanning electron microscopy (SEM): SEM images were obtained using a FEI Helios NanoLab G3 

UC scanning electron microscope equipped with a Schottky field-emission electron source operated at 

3-5 kV.  

Energy Dispersive X-ray (EDX) microanalysis: Analysis was performed on a Dual beam FEI Helios 

G3 UC instrument equipped with an X-Max 80 EDS detector from Oxford Instruments plc. The EDX 

spectra were recorded at 5 kV.   

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

70 FTIR instrument, featuring a liquid nitrogen (LN2) cooled MCT detector.  

Thermogravimetric analysis (TGA): The thermal stability 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 flow (25 mL minī1) at a heating rate of 

10 K minī1. 

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 of 0.05 Ò p/p0 Ò 0.2. 

3.6.1.2. Transport properties 

Ionic conductivity: Ionic conductivities for COF-based electrolytes were measured using the AC 

impedance technique with a Metrohm Autolab PGSTAT potentiostat/galvanostat. Individual samples 

were sandwiched between two stainless-steel electrodes to carry out electrochemical impedance 



Chapter 3. COFīBased Quasi-Solid-State Electrolytes 

 

 

101 

spectroscopy (EIS) measurements over a frequency range of 106 to 0.1 Hz with an AC perturbation 

voltage of 10 mV over a temperature range of 30-65 . EIS data for all the samples were recorded with 

incremental temperature steps of 5 , stabilized for 10 min, respectively. 

Ionic conductivity was measured using the AC impedance technique. To carry out the measurements, 

the samples were sandwiched between two stainless steel electrodes. The dimensions of the powder 

pellet were measured using a Digital Vernier Caliper instrument, and for the gel samples, the thickness 

was standardized by adding a stainless-steel ring between the electrodes and placing the individual gel 

samples into the inner circle of the ring-shaped 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 conductivity:[1] 

                                                                       „                                                    (Equation 3.1) 

where „ is the ionic conductivity (S cmī1), ὰ is the thickness (cm), ὃ is the contact area (cm2), and 

Ὑ  is the bulk resistance (ɋ) of the electrolyte.  

 

To understand the ion-transport mechanism of the electrolyte systems,  Arrhenius plots were 

constructed using the following equation:[2] 

                                                                     „ Ὡὼὴ                                            (Equation 3.2) 

where „ is ionic conductivity (S cmī1), „ is the pre-exponential factor, Ὕ is the temperature (K), Ὁ 

is the total activation energy, and Ὑ is the gas constant. 

Transference number: The sodium-ion transference number was calculated using the VincentïBruceï

Evans method, which utilizes a combination of electrochemical impedance spectroscopy (EIS) and DC 

polarization techniques. The cells for this measurement were assembled with a Na/Electrolyte/Na 

configuration inside an argon-filled 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 determined employing the VincentïBruceïEvans 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 box filled with argon. Impedance was measured over a frequency range of 

106 to 0.1 Hz with an AC perturbation voltage of 10 mV. 
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The following equation was used to calculate the sodium-ion transference number:[3] 

                                                                 ὸ                                          (Equation 3.3) 

where Ὅ is the initial current, Ὅ is the steady-state current, Ὑ is the resistance before polarization 

experiment, Ὑ  is the resistance after attaining steady-state, and ɝὠ is the applied perturbation voltage. 

3.6.1.3. Theoretical calculations 

The DFT calculations were performed using the Vienna ab initio simulation package, with the 

projector augmented wave pseudopotentials used to describe the interaction between the core and the 

valence electrons.[4ï7] The PerdewīBurkeīErnzerhof (PBE) exchange correlation functional was 

employed with the plane wave basis set and kinetic energy cutoff of 470 eV.[8,9] Calculations used 

Gimmeôs D-3 dispersion correction which typically provides excellent geometries and properly 

describes the short-range van der Waals interactions, which are crucial for the target systems.[10] 

Structural optimization was done with k-point sampling of a 2 × 2 × 6 mesh within the Monkhorst-Pack 

scheme. A convergence threshold of 0.01 eV/Å in force was reached for structural optimization. 

Importantly, the unit cells of individual COFs were enlarged to become 1 × 1 × 3 supercells in x, y, 

and z directions, respectively. The supercells of COFs were then filled with Pyr13FSI ionic liquid (IL) 

at a density (Ḑ1.35 g/mL) close to the bulk one using the Amorphous module in Packmol software.[11] 

The total amount of Pyr13FSI in each pore can be estimated by the following formula, 

                                                                   ὔ  ”ὠὔ ὡϳ                                                (Equation 3.4) 

where ” is the density of IL, ὠ is the accessible volume of each pore in a unit cell, NA Avogadro's 

number, and ὡ is mass per mole 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. A Nos® Hoover chain thermostat was applied 

for temperature control.[12,13] The temperature of 700 K was below the critical limit for the 

decomposition of all the chemical entities involved in our work. Considering the large size of COF@ILs, 

only the ũ-point was used in the k-point sampling for AIMD simulations. Crystal structures and 

diffusion paths are visualized using the programs VESTA and VMD.  

The mean square displacement (MSD) of sodium ions is expressed as,[14] 

                                                       ὓὛὈ ὸ В ȿὶὸ ὶπȿ                            (Equation 3.5) 

where ὔ is the total number of sodium ions, and ὶὸ is the coordinate of sodium ion Ὥ at time ὸ. 
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The self-diffusion coefficient is then calculated as:[15] 

                                                        Ὀ ÌÉÍ
ᴼ

                                                (Equation S3) 

 Herein, our focus primarily lies on the diffusion of charge carriers along the z-direction. This is due 

to (1) the elongated one-dimensional pore structure with a larger cross-section in the xy-plane and a 

smaller cross-section along the z-axis, and (2) the presence of charged functional groups along the pore 

walls. Thus, a higher activation energy for ion transport parallel to the pore walls (xy-plane) is 

experienced compared to moving along the z-axis. Hence, the ion diffusion is primarily controlled by 

ion movement along the z-axis.[16]  

3.6.2. COF synthesis and characterization 

 

Scheme 3.1 Synthesis of COF-TpPaSO3H. 

2,4,6-Trihydroxybenzene-1,3,5-tricarbaldehyde (Tp, 21 mg, 0.1 mmol, Tokyo Chemical 

Industry Co., Ltd.), 1,4-phenylenediamine-2-sulfonic acid (PaSO3H, 28 mg 0.15 mmol, Tokyo 

Chemical Industry Co., Ltd.), benzaldehyde (2 ÕL) and 0.2 mL of 6 M aqueous acetic acid were 

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

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

120 ̆  for 3 days. The resulting COF powder was thoroughly washed with dimethylacetamide 

followed by deionized water and acetone. The obtained red-brown COF powder was then dried 

at room temperature under vacuum for 6 h. 
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Scheme 3.2 Synthesis of COF-TpPa(SO3H)2. 

2,4,6-Trihydroxybenzene-1,3,5-tricarbaldehyde (Tp, 10.5 mg, 0.05 mmol, Tokyo Chemical Industry 

Co., Ltd.), 2,5-diaminobenzene-1,4-disulfonic acid (Pa(SO3H)2, 20 mg, 0.07 mmol, BLDpharm), 

benzaldehyde (2 µL) and 0.1 mL of 6 M aqueous acetic acid were added into a Pyrex tube containing a 

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

tube was then sonicated for 10 min and heated at 120 ̆ for 3 days. The resulting COF powder was 

thoroughly washed with dimethylacetamide followed by deionized water and acetone. The obtained 

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

 

 

 

Figure 3.5 Simulated structures of COF- TpPaSO3H; (a) inclined, and (b) serrated, respectively. 
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Table 3.1 Stable stacking arrangements (calculated), relative energy difference, and lattice parameters 

of COF TpPaSO3H. 

Structural 

arrangement 

Relative energy 

difference (eV) 
Lattice parameters 

inclined 0.67 a=22.59, b=22.38, c=7.29 ¡; Ŭ=91.04, =76.81, ɔ=120.03Ǔ 

serrated 0.00 a=22.54, b=22.55, c=7.02¡; Ŭ=90.39, =89.11, ɔ=120.14Ǔ 

 

 

 

Figure 3.6 Simulated structures of COF- TpPa(SO3H)2; (a) inclined, and (b) serrated, respectively. 

 

Table 3.2 Stable stacking arrangements (calculated), relative energy difference, and lattice parameters 

of COF TpPa(SO3H)2. 

Structural 

arrangement 

Relative energy 

differ ence (eV) 
Lattice parameters 

inclined 0.012 a=22.55, b=22.49, c=7.29 ¡; Ŭ=71.28, =94.65, ɔ=120.33Ǔ 

serrated 0.00 a=22.55, b=22.50, c=7.01 ¡; Ŭ=87.45, =83.11, ɔ=120.03Ǔ 
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Figure 3.7 Simulated structures of COF- TpPa(SO3H)2; (a) inclined, and (b) serrated, respectively. 

 

 

3.6.3. Electrolyte preparation and characterization 

 

Scheme 3.3 Synthesis of COF-TpPaSO3Na. 

COF-TpPaSO3H was stirred in 20 mL 6 M sodium acetate solution at room temperature for 72 h to 

obtain COF-TpPaSO3Na. The sodiated COF was then washed thoroughly with distilled water to remove 

excess salt and then vacuum dried for 6 hr. COF-TpPaSO3Na changed color from red-brown to bright 

red due to the formation of O-Na bonds. 

 












































































































































































































































































































































