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ABSTRACT OF THESIS 

Polymers and Covalent Organic Frameworks as Positive Electrodes for Lithium-ion Cells 

Hui Gao 

Rechargeable lithium-ion (Li-ion) cells are widely used within portable electronics and 

increasingly for electric vehicles. With the increasing performance demand of Li-ion cells for 

today’s applications, the use of organic materials as electrodes in rechargeable Li-ion cells has 

become increasingly attractive for the following reasons: (1) Organic electrode materials have 

lower environmental footprints and greater safety as compared to inorganic metal oxide 

electrodes; (2) organic electrode materials allow eco-efficient production and disposal; (3) 

organic electrode materials afford high energy storage capabilities as their structures can be 

engineered at the molecular level to support multiple redox reactions. However, organic small 

molecules suffer from dissolution in organic electrolytes leading to poor cyclic stability.  

To suppress the solubility of organic electrode materials, a polyimide material (PI) was 

synthesised by the polycondensation reaction and investigated the electrochemical 

performance. One of the problems of polymeric electrode materials is that they often exhibit 

low utilisation of the redox-active sites. In Chapter 3, to improve the electrochemical 

performance of PI, a series of PIX (“X” value refers to either 10, 30 and 50 = wt.% of reduced 

graphene oxide (rGO)) composites were synthesised through in situ polycondensation on rGO. 

By optimising the content of rGO in the composite, it was found that the composite with 50 

wt.% rGO exhibited the largest specific capacity. All the PI and PIX composites showed good 

cyclic stability and rate performance. The redox mechanism was studied by ex situ FT-IR. 

In Chapter 4 and 5, the utilisation of redox-active sites in two covalent organic framework 

materials (COFs), DAPQ-COF and PT-COF, were improved using a similar strategy. The COF 

composites (DAPQ-COFX and PT-COFX, where X = 10, 30, and 50 wt.% of carbon nanotubes, 

CNT) were synthesised by in situ polycondensation on CNTs. These COF composites feature 

an abundance of redox-active units, β‑ketoenamine linkages, and well-defined pores. The 

optimised composites possess tube-type core-shell structures with intimately grown COF 

layers on the CNT surface. This synergistic structural design enables superior electrochemical 

performance. DAPQ-COF50 showed 95% utilisation of redox-active sites, long cycling 

stability (76% retention after 3000 cycles at 2000 mA g-1), and ultra-high rate capability, with 

58% capacity retention at 50 A g-1. This rate translates to charging times of ca. 11 seconds (320 

C), implying that DAPQ-COF50 holds great promise for high-power cells. The rate capability 
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outperformed all previous reports for carbonyl-contained organic electrodes by an order of 

magnitude; indeed, this power density and the rapid charge/discharge time are competitive with 

electrochemical capacitors. In addition, as the COFs contained an abundance of electron-

withdraw groups, the COFs based electrode has relatively high discharge voltage as compared 

to other carbonyl-functionalised polymer electrode materials. What is more, by designing the 

electrochemically redox-active building block to increase the number of active redox sites, the 

capacity of the PT-COF50 composite achieved 280 mAh g-1 at 200 mA g-1, with an average 

discharge capacity of 2.55 V.  
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1.1 Introduction 

To meet the demand for efficient and clean energy sources, corresponding high-performance 

energy storage devices must be developed and, for this regard, new and improved battery 

technologies are under intense investigation.1,2 During the past 30 years, the comprehensive 

battery performance of Li-ion batteries has been improved significantly compared to other 

kinds of batteries such as lead-acid, nickel-cadmium and nickel-metal hydride batteries. 

However, Li-ion cells are limited by conventional inorganic solid-state positive electrode 

materials (e.g. LiCoO2 and LiFePO4) with limited theoretical specific capacity and structural 

stability. Second, the environmental and resource issues caused by the large-scale production 

and use of transition metal (e.g. Co, Ni) based positive electrode materials are gaining more 

attention. These challenges inspire the development of high-capacity positive (e.g., 

xLi2MnO3∙(1 - x)LiMO2)
3 and negative electrodes (e.g., Si)4, in addition to exploring other 

alternative battery technologies such as Li–organic cells.5,6  

Li-organic cells have the potential for lower environmental pollution and greater safety 

compared to inorganic metal oxide electrodes and allow eco-efficient production and disposal.1 

As such Li-organic cells are a strong candidate energy storage technology for large-scale power 

systems, such as smart grids.2,3 

The history of the Li-organic battery can be traced back to 1969 when a tricarbonyl compound 

(dichloroisocyanuric acid) was used as the cathode for a primary Li-ion cell.7 Afterwards, the 

use of carbonyl compounds in rechargeable Li-ion batteries was successfully demonstrated.8 

However, the high solubility of carbonyl compounds in non-aqueous electrolytes often limits 

their performance, which results in a rapid decay in capacity during charge/discharge cycling.9–

11 Recently, growing attention has been given to organic electrodes due to the potential 

advantages of high theoretical capacity and structural diversity. Organic materials can also in 

principle be obtained from biomass-derived resources using low-temperature synthesis routes. 

For instance, dilithium rhodizonate (Li2C6O6), an electrochemically redox-active material, can 

be produced from the natural sugar myo-inositol, which exists in plants such as corn in the 

hexaphosphate form, phytic acid. Since the first report of organic electrode materials for Li-

ion batteries was published in 1969,7 several kinds of organic materials have been explored for 

Li-ion batteries during the last few decades including conductive polymers,12–18 organosulfur 

compounds,19–22 organic radicals,23–27 carbonyl compounds,28–32 and other molecules based on 

C=N,33 cyano,34 and N=N.35–37 The reaction mechanisms of organic compounds are 
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summarised in Table 1-1. Conductive polymers show low capacity because the doping level of 

conductive polymers is typically below 50%, which means that less than half of the redox-

active groups undergo charging/discharging. The organosulfur compounds generally suffer 

from sluggish reaction kinetics and, additionally, the self-discharge that occurs with organic 

radicals generally impedes their practical application. Encouragingly, however, carbonyl and 

imine compounds can exhibit relatively high specific capacities, thus are the focus of current 

research in organic electrode materials. For example, cyclohexanehexone (C6O6) with a high 

capacity of 902 mAh g-1 at 20 mA g-1 in lithium-ion batteries was reported by Chen et al. 38  

Carbonyl organic materials have been widely investigated in Li-ion cells though some issues 

remain to be resolved, such as the dissolution of small molecules in organic electrolytes, poor 

electronic conductivity, and low working potentials (ca. 1.5 to 3.2 V). For example, 

cyclohexanehexone has a high capacity (902 mAh g-1), but the average voltage of 

cyclohexanehexone redox reactions occurs at 1.7 V, and its cycling stability is still far away 

from practical use. For example, cyclohexanehexone showed a capacity decrease of 12% after 

100 cycles at 50 mA g-1. The dissolution of the small organic active materials in electrolytes 

can be suppressed by various strategies, including grafting the electroactive molecule to a 

conductive backbone, forming a salt with organic compounds, and forming polymers. To 

increase the conductivity of organic materials, the primary method is to incorporate conductive 

additives, which are relatively simple and easy to apply at large scales. Also, increasing the 

conjugation carbonyl compounds or reducing the bandgap of the material would contribute to 

improving the electronic conductivity of the materials. 
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Table 1-1. Electrochemical storage mechanisms in redox-active organics together with examples. 

Reversible redox-

active moiety 

Classification General mechanism Examples of electrode reaction Ref 

Conjugated 

carbonyls 

n-type 

  

32 

Organodisulfides n-type 

 
 

21 

 

Conjugated azo 

groups 

n-type 

  

36 

Conjugated nitriles n-type 

 
 

34 

Conjugated imines n-type 

  

39 

Conjugated amines p-type 

 
 

17 

Conjugated ether 

oxides 

p-type 

 
 

26 

Conjugated 

thioethers 

p-type 

 
 

18 

Nitroxide radical n/p-type 

(bipolar) 

 

 

27 
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1.2 Working Principle of Organic Electrode Materials 

Generally, organic electrode materials can be divided into three categories (n-type, p-type, and 

bipolar) depending on their different redox reactions (Figure 1-1). the concept of n-type and p-

type categories has its origins from semiconductors. Also, these categories can be used in the 

classification of organic electrode materials. N-type organics are reduced during 

electrochemical reactions, which results in negatively charged anions. By contrast, p-type 

organics are oxidised in the redox reaction to positively charged cations. Bipolar organics can 

be reduced and oxidized; therefore, they are a combination of n- and p-type. 

 

Figure 1-1. The redox reaction of three types of electroactive organics: (a) n-type; (b) p-type; 

(c) bipolar. A- means anion of the electrolyte and Li+ can be replaced by other alkali ions.  

 

Almost all carbonyl compounds are n-type organics that can be reduced when discharging the 

corresponding electrode. The negatively charged carbon-oxygen groups require other 

surrounding functional moieties to stabilise them. According to the different stabilisation 

mechanisms of the reduced anion, the materials can be categorised into three different groups 

(Types I, II and III, Figure 1-2).30,40 Compounds in group I use the neighbour carbonyls to form 

stable enolates during reduction (e.g.polymer-bound pyrene-4,5,9,10-tetraone).41 This enolate 

can be further stabilised by neighbour aromatic systems. Carbonyl compounds in type II are 

aromatic carbonyl derivates. The carbonyl groups are directly connected to an aromatic core, 

which can stablise the negative charge by delocalization. The third group of compounds (type 

III) normally consists of quinone sub-structures, sharing some features with type I and II 

compounds, but the main stabilisation force is the formation of an additional aromatic system 
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after electron injection. Also, the anions formed in the redox reaction should be balanced by a 

suitable cation (i.e., Li+) derived from the electrolyte salt that will go back to the electrolyte 

upon oxidation. 

 

Figure 1-2. Illustration of the carbonyl-based electrode of three groups. 

 

To date, most carbonyl-containing polymeric electrodes are used as positive electrodes, and 

lithium metal or lithiated silicon or tin alloys are typically used as the negative electrode 

materials. The representation of the discharge and charge process of a rechargeable lithium-ion 

battery with the n-type organic material as the cathode is shown in Figure 1-3. Due to the 

reverse nature of the redox reaction of n-type materials, the n-type organic positive electrode 

is in an oxidised state in a fresh cell. This means the battery is already charged after assembly. 

Therefore, the first step of charge/discharge cycling is discharging the cell (Figure 1-3a). When 

both electrodes are connected electrically, the n-type organic material (positive electrode) is 

reduced (accepting electrons) and the lithium cations are transported from the electrolyte to the 

positive electrode. Meanwhile, the Li metal is oxidised (releasing electrons) to form lithium 

cations, which are transported through the electrolyte. During the charging process, the positive 

electrode releases the accepted electrons and lithium cations, and Li is plated back onto the 
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lithium metal (Figure 1-3b). Some carbonyl-containing polymeric electrodes exhibit a low 

redox potential (< 1.5 V) and can, therefore, in principle be utilised as the negative electrode. 

In this case, different compounds with higher redox potentials (> 2.5V), such as metal alloys, 

organic compounds, or oxygen, can be used as the positive electrode. To provide comparable 

test systems for organic electrode materials, the majority of new materials are not tested in a 

full cell, but in a metal-organic battery (half cells). In this case, the metal serves as the negative 

electrode and metal ion source and both p- and n-type organic materials are tested as the 

positive electrode.42 

 

Figure 1-3. Schematic representation of the processes during (a) discharging and (b) charging 

of a Lithium-organic cell. The red curved line in the figure represents the polymer backbone. 

Redrawn from reference 43. 

 

1.3 Characteristics of Electrochemical Cells 

Some of the basic characteristics and main parameters (i.e. voltage, capacity, specific energy) 

relating to organic batteries are defined and introduced in Section 1.3.42 

Negative electrode: the electrode of an electrochemical cell that is oxidised and releases 

electrons to the external circuit during discharge.  

Positive electrode: the electrode of an electrochemical cell that is reduced and acquires 

electrons from the external circuit during discharge. 
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Electrolyte: the electrolyte is the medium that only allows the conduction of ions between the 

electrodes of a cell (i.e., the electrolyte is ionically conductive but electronically insulating). 

The liquid electrolytes used herein consist of salts dissolved in solvents. 

Theoretical voltage (V (V)): The theoretical cell voltage of a battery can be calculated from 

the potentials of the respective electrodes: 

 Positive electrode potential (V) – Negative electrode potential (V) = cell voltage (V)  

(Equation 1-1) 

Specific capacity (Cspec (Ah kg−1)): the capacity of electrodes is usually provided per mass of 

active material. The specific capacity of a single electrode can be calculated as follows: 

Cspec =
𝑛×F

𝑀w
=

𝑛×26.8 (Ah mol−1) 

𝑀w (kg mol−1)
                     (Equation 1-2) 

Where n is the number of electrons transferred per redox reaction. F represents the Faraday 

constant, and Mw is the molar weight of the repeat unit of the organic component.  

Theoretical Energy (Etheo (Wh)): An even more important parameter is the energy of the 

electrochemical cell. The theoretical energy is the maximum energy that can be delivered by a 

given system with a theoretical voltage V and a theoretical capacity Ctheo. Meanwhile, specific 

energy (Espec (Wh kg−1)) is the energy of the cell that can be utilized per mass of the active 

materials. In like manner, energy density (Edens (Wh dm−3)) means the maximum energy that 

can be used per volume of the active materials. 

𝐸theo = 𝐶theo × 𝑉(V)                                (Equation 1-3) 

𝐸spec =
E (Wh)

m (kg)
                                          (Equation 1-4) 

𝐸dens =
𝐸 (Wh)

volume(dm−3)
                             (Equation 1-5) 

Coulombic efficiency (ηc (%)): the ratio of the obtained discharging and charging capacity.  

  𝜂c =
𝐶discharge

𝐶charge
                                        (Equation 1-6) 

C-rate: a character for the charging/discharging current of a cell. 

  

C =
𝑖applied

𝑖1h
                                           (Equation 1-7) 
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Where i1h is the current that is used to fully charge/discharge the cell in 1 h based on the 

theoretical capacity.  

The most commonly used housing for a lab-scale test cell is the coin cell (Figure 1-4a). In coin 

cells, low masses of active material can be tested. The positive electrode is separated from the 

negative electrode by a porous separator wetted with a liquid electrolyte. The cell housing is 

crimp sealed under an inert atmosphere with the presence of the spacer and spring to apply 

uniform compression to the electrode stack during cycling. A so-called Swagelok cell (Figure 

1-4b) is also used in an alternate cell configuration, which is conceptually similar to that of 

coin cells. These consist of two stainless steel rods as the current collectors sealed in a straight 

union using compression fittings also loaded with a spring to apply compression to the 

electrode stack. The main benefits of the Swagelok configuration are its reusability and 

straightforward cell disassembly, enabling the ex situ investigations of the electrodes after 

charge/ discharge cycling by, for example, scanning electron microscope (SEM) to visualize 

structural changes.  

 

Figure 1-4. Schematic representation of (a) coin cell and (b) Swagelok cell. Reprinted with 

permission from reference 42. Copyright 2016, American Chemical Society.42 

 

1.4 Requirements for Electrochemical Performance 

The basic requirement for an organic rechargeable battery is that the electrodes can undergo 

reversible electrochemical redox reactions. For polymeric electrode candidates, some basic 

requirements for electrochemical performance are summarised as follows: 
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1.4.1 Reaction Reversibility 

Reversibility means chemical reversibility and thermodynamic reversibility. It is an important 

factor determining the electrochemical polarisation and rate capability of the electrode 

materials. Carbonyl-containing polymer electrodes have the potential for very fast reaction 

kinetics and high rate performance. By contrast, organosulfides show slow reaction kinetics, 

since the working principle of organosulfides involves the bonds breaking/forming of the S-S 

and S=O, which needs high activation energy. 

 

1.4.2 Cell Energy 

As stated above, the energy that is stored in the cell is calculated from the capacity and the cell 

voltage (Equation 1-3). The cell potential of a battery can be calculated by the difference 

between the potentials of the positive and negative electrodes. Therefore, to obtain a battery 

with high potential, a cathode with high redox potential and an anode with low redox potential 

are required. In general, carbonyl functionalized polymer electrodes have a low redox potential 

(< 3.0 V vs. Li+/Li), which is lower than that of inorganic cathode materials (around 3.2-4.0 

V).44–49 However, the redox potential of organic materials can be adjusted by introducing 

different functional groups. The introduction of electron-withdrawing groups (e.g., –CF3, –CN, 

–F, –Cl, –Br) or electron-donating groups (e.g., –NH2, –CH3, –OCH3) can expand or shrink the 

voltage difference between the anode and cathode materials (Figure 1-5). The electron-

withdrawing groups (like C=O)decrease the lowest unoccupied molecular orbital (LUMO) 

level and in turn raise the reduction potential.50 For the theoretical capacity, as in the formula 

shown above (in the section on characteristics of batteries Equation 1-2), two approaches can 

be used to improve the theoretical specific capacity: one is to reduce the molar weight of the 

structural unit, the other is to introduce more redox groups into the structural unit. 
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Figure 1-5. Schematic open-circuit energy diagram of a lithium-ion battery. µa and µc are the 

electrochemical potential (Fermi energy of electrons) of the anode and cathode, respectively. 

Eg is the electrochemical window of the electrolyte for thermodynamic stability. VOC is the 

open-circuit voltage of the lithium-ion cell. Redrawn from reference 51. 

 

1.4.3 Synthesis and Cost 

Facile synthesis routes and cheap raw materials are required for organic Li-ion batteries if 

considering the scale-up practical application. As reported, many carbonyls functionalised 

organic electrode materials can be produced from biomass and bulk industrial chemicals. For 

instance, electrochemically redox-active polyquinones can be synthesised by polycondensation 

of malic acid, which is a natural product found in apples.2  

 

1.5 Aspects Affecting the Electrochemical Performance for Positive Polymeric Electrodes 

The redox potential of the carbonyl-containing polymeric electrode is tuneable by the 

introduction of electron-donating or electron-withdrawing functional groups surrounding the 

active carbonyl groups. However, the introduction of substituents that are not directly taking 

part in the redox reaction increases the component mass and thus decreases the theoretical 

capacity of the carbonyl-containing polymers. The capacity depends on the molecular mass 
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and the number of electrons involved in the redox reaction in the structure unit. The 

charge/discharge cycling stability is affected by several factors such as solubility of the active 

material, side reactions, and relative stabilities of the formed anions. For carbonyl-containing 

polymers, the solubility is not the most crucial factor resulting in capacity drop as most 

polymers show poor dissolution in the electrolyte. For example, Xu et al. reported the solubility 

of cis-exo-2,3-Bis(hydroxymethyl)bicyclo[2.2.1]hept-5-ene (monomer 1) and linear polymers 

of monomer 1 with molecular weight of 4200, 36200 and 91500 g mol-1, and a cross-linked 

polymer (Figure 1-6a). The polymers are named P10, P100, P500 and CP100, respectively.52 

The solubility was examined by immersing three pieces of the corresponding electrodes in 2 

ml of 1,3-dioxolane (DOL)/ dimethoxyethane (DME) (1/1, v/v) solvent. It showed that the 

solvents with Monomer 1 and P10 electrodes became yellow after one week of soaking, while 

the solvent with P100, P500, and CP100 remained clear (Figure 1-6b). The results indicated 

that the solubility of high molecular weight linear polymers and cross-linked polymers is much 

lower than the monomer and low molecular weight linear polymers. The conductivity of the 

polymeric electrode is one of the factors that hinder the electrochemical performance of 

polymeric active materials. So conductive additives are necessary because of the poor 

conductivity of the polymers. Conductive coatings and the incorporation of conductive 

additives like carbon nanotubes, graphene, or reduced graphene oxide, have been used to 

enhance charge transport in polymeric electrochemical active materials, and these methods 

have been shown to improve rate capability. For example, a 2D microporous poly(imide-

benzoquinone) covalent-organic framework (COF) was synthesised by in situ polymerization 

on graphene (PIBN-G).53 At the current density of 10 C, PIBN-G delivered reversible specific 

capacities of 193 mAh g-1, while PIBN delivered a capacity of around 80 mAh g-1. Compared 

with redox-active small molecules (i.e. non-polymeric form), the utilization of the 

electrochemical redox-active sites in the polymeric electrode is lower because of polymer 

chains resulting in poor access of redox-active groups by Li+ or electrons. Making polymer 

carbon composite materials by this in situ method reduces the particle size, which enhances the 

utilization of the redox-active site and improves conductivity at the same time.54 Also, there 

are other methods to promote the accessibility of redox-active sites including improving the 

surface area, as well as the synthesis of nanostructured polymer or polymer/carbon 

nanocomposites.55 
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Figure 1-6. (a) Structure of monomer 1, linear polymer and cross-linked polymer; solubility 

test of Monomer 1, P10, P100, P500, and CP100 electrodes, (b) photographs and (c) UV/Vis 

spectra of the immersed solvents (DOL/DME, 1/1, v/v, total 2 mL) for a week. Reprinted with 

permission from reference 52. Copyright 2019, American Chemical Society.52  

 

1.6 Advantages of Polymeric Electrode 

As discussed at the beginning of the chapter, conjugated carbonyl groups have the advantages 

of high reversibility in electrochemical reactions and fast kinetics. Hence materials containing 

conjugated carbonyl groups are considered one of the most promising electrodes candidates.56 

 

1.6.1 High Gravimetric Energy Density 

Although the organic cathode electrodes have relatively low redox potential, which can be 

offset by their much higher theoretical capacity, thus it is still possible for them to obtain high 

energy density. Lithium-organic batteries have higher gravimetric energy densities compared 

to commercial batteries. For example, poly (pyrene-4,5,9,10-tetraone) electrode possesses a 

theoretical specific energy of 980 Wh kg-1, calculated from its redox potential of 2.4 V vs 
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lithium metal and theoretical capacity of 412 mAh g-1.57 This is higher than that of and LiFePO4 

(540 W h kg-1) LiCoO2 (about 740 W h kg-1).58  

 

1.6.2 Structure Diversity 

For organic carbonyl-containing polymers, there are huge possibilities in both the structures 

and properties. Carbonyl-containing polymers with different porous networks can be prepared 

by using different precursors to promote the transportation of electrolyte ions.59 Besides, by 

the introduction of electron-donating/withdrawing groups, the redox potential of organic 

carbonyl-containing polymers can be adjusted.  

 

1.6.3 Flexibility 

To achieve fully stretchable electronics such as wearable electronics and roll-up displays, 

flexible power supplies are required.60,61 Organic materials, especially polymers, are flexible 

and do not sustain structural failure during bending or deformation.  

 

1.6.4 Insolubility 

The solubility of small organic molecules in electrolytes leads to poor cycling stability when 

small organic molecules are used as the electrode. Compared with organic small molecules, 

organic polymers always have much lower solubility in the non-aqueous electrolyte, especially 

highly polymerised materials or cross-linked polymers.32,62–64 Therefore, polymerisation 

should be a good strategy to improve cycling stability. 

 

1.7 Introduction of Covalent Organic Frameworks  

Covalent organic frameworks (COFs) were first reported by the Yaghi group in 2005 (Figure 

1-7).65 COF are a class of 2D or 3D structures formed by connecting organic precursors with 

strong, covalent bonds to afford porous crystalline materials. By choosing different building 

blocks, the geometry and pore size of the COFs can be easily adjusted, which enables fine-
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tuning of physical and chemical properties. The well-defined porous channels facilitate the 

mass transfer, beneficial to the COFs’ application in catalysis, separation, sensing, and 

electrode materials. Moreover, the diversity of building blocks and synthesis reactions allow 

us to design COFs with abundant electrochemical redox-active groups.  

 

Figure 1-7. Synthesis of the first COF (COF-1) by self-condensation of 1,4-benzenediboronic 

acid. Redrawn from reference 65.  

 

Since the first COF was synthesised by the self-condensation of boronic acids (Figure 1-7), a 

variety of the synthesis routes have been developed to afford COFs (Figure 1-8), providing the 

possibility to synthesise the COFs that meet different requirements. To ensure a clear direction 

for each covalent bond, the monomers are required to have relatively rigid backbones in which 

the reactive sites are distributed in a distinct geometry. Figure 1-9 shows the simplified design 

concept of the geometry of the COFs with hexagonal pores. Generally, when synthesising 

COFs, a mixture of polar solvent and the nonpolar solvent is used as a reaction medium for the 

reversible covalent bond formation reaction. The combinations of solvents, catalyst, reaction 

temperature, and reaction time are major factors to be considered for the thermodynamic 

control of the reaction. These factors determine the crystallinity and porosity of the resulting 

COFs. With the efforts of researchers all over the world, COFs synthesis has been extended 

from the first boroxine and boronate-ester,65–67, linked COFs to a variety of other linkages 
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including borosilicate,68 triazine,69 imine,70–72 hydrazone,73 borazine,74 squaraine,75 azine,76 

phenazine,77 imide,78 double-stage,79,80 spiroborate,81 C=C,82–85 amide,86 viologen,87 

hypercoordinate silicon,88 urea,89 and 1,4-dioxin linkages90,91 (Figure 1-8). The size of the π 

systems and the type of the reactive units determine the solubility of the COFs. For example, 

the boroxine-based COFs easily decompose in water and Schiff-base linked COFs are not 

stable in basic conditions generally. On the other hand, the imide-based COFs structures are 

more robust.  
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Figure 1-8. Synthesis routes for the COFs. Redrawn from reference 92. 
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Figure 1-9. Basic topological diagrams for the COFs with hexagonal pores.  

 

1.7.1 Boroxines and Boronic Esters 

COF-1 was synthesised by self-condensation of 1,4-benzenediboronic acid.65 The 

condensation of diboronic acid and hexahydroxy triphenylene to synthesize boronic esters 

crystalline frameworks was also reported (Figure 1-10).65 

Figure 1-10. Synthesis of COF-5 by condensation of diboronic acid and hexahydroxy 

triphenylene. Redrawn from reference 65. 
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The usage of boroxine and boronic ester linkages was extended from 2D COFs to 3D COFs by 

Yaghi and co-workers. By self-condensation of tetrahedral boronic acid tetra(4-

dihydroxyborylphenyl) methane and tetra(4-dihydroxyborylphenyl)silane or co-condensation 

with hexahydroxy triphenylene,  they formed 3D COFs which have high surface area and 

crystallinity.93 Instead of using a two-component condensation system consisting of one knot 

and one linker, Jiang et al reported a general strategy to form tetragonal and hexagonal 

multiple-component COFs based on the boroxines and boronic ester linkage by using one knot 

and two or three linkers.94 Although boroxine and boronic esters chemistry shows good 

reversibility and form crystalline frameworks, the poor hydrolytic stability of these linkages 

hinders the applications of the materials. These linkages also break the extended conjugation 

in the materials. 

 

1.7.2 Imine 

Imine-linked COF is formed by Schiff base condensation of aldehydes and amines. Compared 

to boroxines and boronic esters linkages, the imine linkage is more much stable, which allows 

imine COFs can be applied in a wide range of applications. What is more, unlike boroxine and 

boronic ester linkages, imine linkages extend conjugation over whole 2D layers. This has made 

imine coupling the most common synthesis method to form COFs to date. The first imine-

linked COF was reported by Yaghi et al. in 2009 (Figure 1-11).70 The tetrahedral 3D COF was 

synthesised through co-condensation of tetra-(4-anilyl)methane and terephthalaldehyde.70  

 

Figure 1-11. Synthesis of 3-D imine-linked COF. Redrawn from reference 70. 
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The first 2-D imine-linked COF (COF-LZU1) was reported by Wang et al. in 2011.95 COF-

LZU1 with hexagonal channels was made by condensation of 1,3,5-triformylbenzene and 1,4-

phenylenediamine. COF-LZU1 is robust and stable showing great potential for heterogeneous 

catalysis.  

 

1.7.3 Ketoenamine 

The stability of COFs is a critical issue to widen the application of COFs. enhancing the 

stability of COFs has been a challenge since the first COF was reported. In 2012, a chemically 

stable COF with β-ketoenamine linkages was reported by Banerjee et al.96 1,3,5-

Triformylphloroglucinol and p-phenylenediamine were used for COF synthesis. An enol-imine 

COF was formed initially, followed by an irreversible enol-keto tautomerization to form a β-

ketoenamine-linked COF (Figure 1-12). The resulting ketoenamine-linked COF showed good 

acid stability (9 N HCl) and boiling water for 7 days. For battery applications, the stability of 

the electrode in the electrolyte affects the cycling life of the cell. 

 

Figure 1-12. Synthesis of ketoenamines COFs (TpPa-1) by the combined reversible and 

irreversible reaction of 1,3,5-triformylphloroglucinol with p-phenylenediamine. Redrawn from 

reference 96. 
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1.7.4 Imide 

A series of large pore crystalline polyimide COFs was reported by Yan et al. by using a 

reversible imidization reaction (Figure 1-13).78 These polyimide COFs show remarkable 

thermal stability and Brunauer-Emmett-Teller surface areas (SABET) up to 2346 m2 g-1. As the 

polyimide is electrochemically redox-active, Huang et al. explored the application of PI-COFs 

as cathode materials in Li-ion cells.97  

Figure 1-13. Synthesis of polyimide PI-COF-1 by imidization. Redrawn from reference 78. 

 

1.7.5 Olefin 

In 2017, Jiang et al. synthesised a 2-D sp2c-COF by C=C condensation reactions of tetrakis(4-

formylphenyl)pyrene and 1,4-phenylenediacetonitrile (Figure 1-14).83 The sp2c-COF was fully 

p-conjugated and constructed from all sp2 carbons to form extended conjugation along with 

both x and y directions. sp2c-COFs are of interest in terms of their high chemical stability and 

enhanced delocalized electronic structures. In 2019, Feng et al. reported an olefin-linked 

nitrogen-rich hexaazatrinaphthalene based COF and explored their application in a Li-ion 

cell.98 
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Figure 1-14. Synthesis of olefin-linked sp2 c-COF. Redrawn from reference 83. 

 

Other coupling reactions have been used to build COFs as described in the literature, but at 

present, only boroxine, imine, ketoenamine, and olefin-linked COFs have been studied as 

electrode materials in Li-ion cells. 

 

1.8 Preparation Methods of Polymer and Reduced Graphene Oxide/Carbon Nanotube 

Composites 

Reduced graphene oxide (rGO) is made from graphene oxide by chemical, thermal and other 

methods to reduce the oxygen content, while graphite oxide is a material produced by oxidation 

of graphite which leads to increased interlayer spacing and functionalisation of the basal planes 

of graphite.99 The electrical conductivity of rGO is 102 to 103 S m-1.100  Carbon nanotubes 

(CNTs) are cylindrical large molecules consisting of a hexagonal arrangement of hybridized 

carbon atoms, which may be formed by rolling up a single sheet of graphene (single-walled 

carbon nanotubes) or by rolling up multiple sheets of graphene (multiwalled carbon 

nanotubes).101 The electrical conductivity of CNT can be as high as 106 to 107 S m-1.102 

Therefore, rGO/CNT has been widely used to prepare composites with organic materials to 

improve conductivity. To maximise the advantage of rGO/CNTs in the composites, the 

rGO/CNTs should not form aggregates and must be well dispersed to enhance the interfacial 

interaction with the matrix. Several processing methods have been used to fabricate polymer 

including solution mixing, bulk mixing, sonication mixing, melting mixing, and in situ 

polymerisation. 
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1.8.1 Solution Mixing  

Solution mixing is the most common method to fabricate the polymer and rGO/CNT 

composites. This technique involves mixing both components into a certain solvent and 

evaporating the solvent to form a composite film. rGO/CNT powders are dispersed into a 

suitable solvent by vigorous stirring and/or sonication while applying mechanical energy to 

unbundle the rGO/CNT. The rGO/CNT dispersion is then mixed with a polymer solution, 

followed by controlled evaporation of the solvent with or without vacuum conditions. Finally, 

the dispersed rGO/CNT and polymer matrix are mixed and form a composite film.  

The choice of solvent is key, as it depends on the solubility of the polymer matrix. The solvents 

for both components (rGO/CNT) can be the same or different, but they must be miscible. 

Additionally, the boiling point of the solvent has a great influence on the property of the formed 

composite. High-boiling point solvents are hard to be removed and tend to get trapped in the 

composite. The trapped solvent may deteriorate the electrical, thermal, or mechanical 

properties. Low-boiling points solvents are generally preferred for they are easily removed 

from the solution-made composites. 

 

1.8.2 Bulk Mixing 

Bulk mixing is a mechanical process that leads to local generation of high pressure as a result 

of collisions throughout the grinding media. For example, ball milling was employed to 

incorporate rGO/CNTs into polymer matrices.97,103 In this way, a satisfactory level of 

dispersion of rGO/CNTs was introduced into the polymer matrix, resulting in an improvement 

of the physical and electrical properties of the samples.  

 

1.8.3 Sonication Mixing 

Sonication mixing is widely used for the fabrication of polymer and rGO/CNT composites. In 

this method, the rGO/CNT powers are dispersed in a solvent solution and ultrasound before 

the addition of the polymer matrix. The rGO/CNT bundles are broken down to individual 

rGO/CNT during sonication and the polymers are adsorbed to the surface of the rGO/CNT. 
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The power of sonication, the solvent, the rGO/CNT geometry are the factors that influence the 

final composite structure. 

 

1.8.4 Melt Mixing 

Melt mixing is a fast, inexpensive, and industry-friendly process for thermoplastic-based 

composites. This method is suitable for insoluble polymers which can not be processed with 

solution techniques. In general, melt mixing involves the blending of melt polymer with 

rGO/CNT powders by application of intense shear forces at elevated temperatures. Depending 

on the final shape of the composites, the bulk products can then be prepared by several 

techniques, such as extrusion.104 This technique requires no solvents/chemicals and has a low 

cost with the least effect on the environment. This method is suitable for large-scale industrial 

applications.  

 

1.8.5 In situ Polymerisation 

In situ polymerisation method is based on the dispersion of rGO/CNT powder into the 

monomer mixture, then followed by a standard polymerisation procedure. The advantage of 

this method is that the dispersion can be improved if the rGO/CNT are modified with functional 

groups compatible with the monomer.105 What is more, owing to the small size of monomeric 

molecules, the homogeneity of the resulting composite is much higher than mixing rGO/CNT 

and polymer chains in solution/bulk. Therefore, in situ method allows the preparation of 

homogenous composites with high CNT weight fractions. 

 

1.9 Carbonyl-containing Polymeric Electrode Materials 

Only a few examples of carbonyl compounds as electrode materials were studied in the 1970s 

and 80s.8,106–112 The development of the carbonyl-compound electrodes was limited by the 

dissolution of carbonyl compounds in aprotic electrolytes, which leads to fast capacity fading. 

However, carbonyl-containing polymers attracted a lot of attention for their application in 

energy storage during the last ten years. As the carbonyl group is a common organic 
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functionality, a variety of synthetic routes can be chosen to design new active materials, like 

quinone-based polymers, polyimides, and other polymeric carbonyl derivatives.  

 

1.9.1 Polyquinone 

Quinone compounds were included in the earliest materials to be investigated for use in Li-ion 

cells.7,8 In 1986, a polymeric quinone, which has a high theoretical capacity (505 mAh g-1), 

energy density, and insolubility in organic electrolytes, used as the positive electrode for Li-

ion cell was reported by Foos et al.113 However, the practical capacity of the polymeric quinone 

is 25% of its theoretical capacity with poor cycle performance, which may result from the 

synthetic techniques, the electrolyte used and non-optimised electrode construction. These 

earlier works demonstrated the potential of carbonyl-containing polymers for organic batteries. 

During the last few decades, numerous attempts have been made to synthesize and use 

carbonyl-containing polymers as the electrode for Li-ion cells. 

A quinone-based polymer electrode, poly(anthraquinonylsulfide), was made from the 

polycondensation of 1,5-dichloranthraquinone with sodium sulphide, which exhibited a 

reversible redox reaction at 2.33 V (vs Li+/Li) which is similar to anthraquinone.114 

Poly(anthraquinonylsulfide) electrode achieved a capacity of 185 mAh g-1 (at 50 mA g-1) and 

showed better cycling stability compared to anthraquinone. However, it still cannot meet the 

requirements for practical application. A follow-up study systematically investigated the 

factors influencing the performance of batteries containing this active material.115  

2D COFs also can be used as electrode materials in Li-ion cells. For 2D COFs, however, 

because 2D extended layers tend to close pack in an eclipsed arrangement in COFs due to the 

strong interlayer π−π interactions, inside the 1D channels the deeply buried active sites are 

difficult to access due to the long ion transportation path, especially at a high charge/discharge 

rates. The sluggish Li+ migration in 1D channels will inevitably lead to the insufficient 

utilization of the redox-active sites and thus reduce their capacity and rate performance.69 To 

solve this challenge, Wang et al. first reported a general strategy to exfoliate COFs into few-

layer nanosheets (Figure 1-15).118 The exfoliated COF was prepared by a facile and scalable 

mechanical milling procedure. It was demonstrated that the ball milling method just changes 

the thickness of the COF particles without destroying the chemical structure. And the thickness 

of the exfoliated COFs is tunable by varying vibration frequency and time. At the same current 
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density, the exfoliated COF showed a higher capacity than the raw COFs. The exfoliation 

strategy opens up a new avenue for preparing the next generation of sustainable and high-

performance Li-ion electrode materials. 

 

Figure 1-15. (a) Chemical structures of DAAQ-TFP-COF, DABQ-TFP-COF, and 

TEMPO−COF, (b) Schematic illustration for the exfoliation of 2d redox-active COSs into 

exfoliated COFs as cathodes for lithium-ion batteries. Reprinted with permission from 

reference 118. Copyright 2017, American Chemical Society.118  
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Polymerisation often introduces electrochemically inactive motifs into the structure, leading to 

a reduced theoretical specific capacity. To improve the theoretical specific capacity, the 

generation of extra redox-active sites by self-polymerisation has also been reported.119 2,7-

dianitropyrene-4,5,9,10-tetraone (PT-2NO2) was self-polymerised by electrochemical 

reduction and then applied as the positive electrode for Li-ion cells. The nitro groups in the PT-

2NO2 could be electrochemically reduced to azo groups, which also can serve as a redox-active 

site. Besides the high irreversible capacity of the first cycle, PT-2NO2 showed discharge 

capacities of 301 mAh g-1 at 50 mA g-1 and the highest reversible capacity of 82 mAh g-1 after 

500 cycles. Furthermore, PT-2NO2 showed high specific energy of 1047 Wh kg-1 and specific 

power of 2246 W kg-1. Self-polymerisation to introduce an extra redox-active site is a good 

way to solve the poor cycling performance of small molecules and to reduce the capacity loss 

after polymerisation at the same time. 

To improve the energy density of an electrode, less non-active material should be included in 

its formulation. Zhang et al. reported 2D COFs as cathodes for binder-free lithium-ion batteries 

(Figure 22).120 A 2D boroxine-linked chemically-active pyrene-4,5,9,10-tetraone (PTO) 

covalent organic framework (PPTODB) was synthesised and a binder-free organic cathode 

electrode was prepared by the mixing of 70% PPTODB with 30% carbon nanotube (CNT). At 

20 mA g-1, PPTODB based electrode has a capacity of 198 mAh g-1 at the second discharge 

process and an average output voltage of 2.8 V. PPTODB based electrode also showed good 

capacity retention of 68.3% after 150 cycles with a stable Coulombic efficiency of ~99.6%. 

The capacity at 1000 mA g-1 is 76% of the capacity at 100 mA g-1.  

The high theoretical specific capacity of the organic electrode is because of the lightweight of 

the organic molecule. However, the lightweight also leads to a low density, which results in 

low volumetric energy density. To solve this problem, Marcilla et al. reported polymer 

nanostructures to make the polymeric electrode packing better.121 Anthraquinone-based 

conjugated microporous polymers (IEP-11) were prepared by Sonogashira cross-coupling 

reaction with 2,6-dibromoanthraquinone and 1,3,5-triethynylbenzene following two different 

synthetic protocols. IEP-11-E made from mini emulsion polymerisation exhibited enhanced 

specific surface area, enhanced solution dispersibility, and increased tap density compared to 

IEP-11-C synthesised from the conventional polymerization. IEP-11-E12 which has the same 

chemical structure as IEP-11, is synthesised by mini emulsion polymerization followed by 12 

h solvothermal treatment. The IEP-11-E12 based electrode has triple the density of IEP-11-C. 

This is directly related to the volumetric capacity, for example, IEP- 11-E12 delivered a 
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volumetric capacity of 23 mAh cm-3 at 5 C, 7 times higher than that for IEP-11-C. For the same 

materials, the improved volumetric capacity would lead to a higher volumetric energy density.  

 

1.9.2 Polyimides 

The research on polyimides represents a relatively young field in the development of redox-

active polymers for electrochemical energy storage. Generally, polyimides are synthesised 

through a simple polycondensation reaction of dianhydrides and diamines. The imide 

functionalities undergo two one-electron reduction steps, one carbonyl group can undergo fully 

reversible reduction. While the second carbonyl group required deep discharging to below 1.5 

V, which leads to the decomposition of the redox-active structure. Therefore, only the first 

redox stage can be utilized in a rechargeable battery application.42,122  

In 2010, Song et al. investigated the battery application of five polyimides.122 The polyimides 

were prepared by the condensation of different combinations of pyromellitic dianhydride and 

1,4,5,8-naphthalenetetracarboxylic dianhydride with 1,4-phenylenediamine and 1,2-

ethanediamine. The five polyimide samples are all electrochemically active and exhibited 

output voltages in the range from 2.0 to 2.5 V vs Li+/Li. They delivered specific capacities of 

around 200 mAh g-1 with Coulombic efficiencies close to 100% and a moderate loss after 100 

cycles. In general, the naphthalene diimides reveal higher potentials because of their larger 

delocalized system, resulting in easier reducibility. To optimize the rate performance, the same 

group developed a nanocomposite combining graphene with polyimide which was made 

through the polycondensation of 1,4,5,8-naphthalenetetracarboxylic dianhydride and 

ethylenediamine.55 At a charging rate of 10 C, a capacity of 135 mAh g-1 was obtained. A 

significant drawback of this material is a large voltage gap of 0.9 V between the charge and 

discharge plateaus. 

Jiang et al. reported a redox-active, crystalline, mesoporous COF on carbon nanotubes (DTP-

ANDI-COF@CNTs) used as electrodes.123 The composite was made by in situ polycondensation 

of DTP-ANDI-COF on CNT wires under solvothermal conditions (Figure 1-16e). In the DTP-

ANDI-COF@CNTs composite electrode, only the naphthalene diimide (NDINA) units are 

electrochemically redox-active and experience the reversible two-electron redox reaction. the 

triphenylene knots and boronate linkages are electrochemically inactive (Figure 1-16a-c). The 

charge/discharge capacity of DTP-ANDI-COF@CNTs cathode was stable upon cycling and 
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delivered a capacity of 67 mAh g−1 at the current density of 200 mA g-1 (corresponding to a 

rate of 2.4 C). under the same conditions, DTP-ANDI-COF exhibited a capacity of 42 mAh g−1, 

and about 50% capacity decrease after the 50 cycles. DTP-ANDI-COF@CNTs delivered a 

capacity of 58 mAh g-1 when increasing the current density to 12 C, which corresponds to a 

retention of 85% (relative to that of 2.4 C) and shows much better rate performance compared 

to the electrode without CNTs. With the current rate increasing, the charge/discharge plot 

always remained stable and displayed a small voltage polarization, indicating that the electronic 

or ionic transport is fast enough to respond to the charge/discharge reaction at a high current 

density.  

 

Figure 1-16. Structure of redox-active organic electrode materials. (a) Schematic of the AA-

stacking of DTP-ANDI-COF with redox-active naphthalene diimide walls (red) and one-

dimensional mesoscale channels; (b) Chemical structure of one pore in DTP-ANDI-COF; (c) 

Electrochemical redox reaction of a naphthalene diimide unit. (d) Photographs of a coin-type 

battery. (e), Graphical representation of DTP-ANDI-COF@CNTs (grey for CNTs) and electron 

conduction and ion transport. Reprinted with permission from reference 123. Copyright 2012 

John Wiley & Sons.123 

 

Another example of improving the utilization of the redox-active site by the cooperation of 

CNT is a crystalline 2D-PAI@CNT, which was synthesised by the in situ polycondensation 

reaction between tris(4-aminophenyl)amine (TAPA) and 1,4,5,8-naphthalenetetracarboxylic 
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dianhydride (NTCDA) in the presence of CNTs (Figure 1-17a).124 The 2D-PAI@CNT was 

used as the positive electrode in lithium-ion batteries. At a current density of 100 mA g−1, the 

2D-PAI cathode exhibited a limited capacity of 29 mAh g-1, corresponding to low utilization 

of active sites (22.6%). With the presence of CNTs, under 100 mA g-1 2D-PAI@CNT delivered 

a capacity of 104 mAh g−1 with the utilization of the redox-active site improved to 82.9%, 

indicating the introduction of CNT beneficial to make the most use of the redox-active site. 

Further, 2D-PAI@CNT exhibited the state of art long-term cycling performance with 100% 

capacity retention after 8000 cycles at 500 mA g-1 (Figure 1-17d).  

 

Figure 1-17. (a) Schematic illustration of the synthesis of crystalline 2D-PAI@CNT and 

energy storage process, (b) CV curves at 1 mV s−1, (c) galvanostatic charge-discharge curves, 

(d) long-term cycling stability of 2D-PAI@CNT at 0.5 A g−1. Reprinted with permission from 

reference 54. Copyright 2019 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.54  

 

Bu et al. reported the synthesis of crystalline porous polyimide-based COFs (Tp-DANT-COF) 

by reacting 1,3,5-triformylphloroglucinol (Tp) and 2,7-

diaminobenzo[lmn][3,8]phenanthroline-1,3,6,8(2H,7H)-tetraone (DANT).125 Tp-DANT-COF 

has a capacity of 78.9 mAh g-1 (corresponding to the 59% utilization of the redox-active site) 

at the current density of 1.5 C (corresponding to 200 mA g-1) and kept the capacity for more 

than 200 cycles. Tp-DANT-COF delivered a capacity of 66.3 mAh g-1 at a current density of 

14.9 C corresponding to 84% retention of the capacity at 1.5 C, implying a good rate 

performance.125 In addition, when the monomer Tp is replaced by 1,3,5-triformylbenzene, the 

resultant Tb-DANT-COF exhibited a lower polarization value (the gap between the oxidation 

and reduction potential) and higher initial discharge capacity compared to Tp-DANT-COF. 



31 

 

This result reveals that the extension of the conjugation in the backbone is a fundamental 

strategy to improve the intrinsic electrical conductivity of COFs.  

Besides CNTs, reduced graphene oxide (rGO) is also employed to optimise the utilisation of 

the electrochemically redox-active sites in the polymeric electrodes.97 Huang and co-workers 

reported a composite of polyimide COF (PI-COFs) and rGO as positive electrode for Li-ion 

cells. It was found that the electrochemical capability of PI-COFs could be enhanced by rGO 

via the ball-milling strategy. 

For most cases, polymerisation would introduce electrochemically inactive components into 

the polymer, which will increase the molecular mass of the repeating unit leading to a reduced 

theoretical capacity. A feasible way to alleviate this issue is to use electrochemically redox-

active linkers to polymerize the monomer. Polyquinoneimines (PQIs), which were synthesised 

by hydrothermal polymerization reactions of 1,4,5,8-naphthalene tetracarboxylic anhydride 

and 2,6-diaminoanthraquinone, are used as cathode materials in lithium-ion batteries.62 

Because both quinones and anhydrides are electrochemically active, the direct polymerization 

of these two monomers did not introduce additional inactive monomers. Therefore, it did not 

sacrifice the theoretical specific capacity. Furthermore, the increased molar mass effectively 

suppresses the dissolution of the active materials in the electrolyte. Compared to polymeric 

precursors, a PQI-1 based electrode has a higher specific capacity of 210 mAh g-1 and better 

cycling performance (136 mAh g-1 after 200 cycles). 

Chen et al. synthesised 2D microporous poly(imide-benzoquinone) (PIBN) COFs by in situ 

polymerization on graphene (PIBN-G).126 (Due to the similar 2D features of PIBN COF and 

graphene, there exists a strong interaction between them in the PIBN-G composite and charge 

transfer through the conjugation of π–π stacking. The structure benefits from the charge transfer 

from graphene to PIBN and full access of both electrons and Li+ ions to the abundant redox-

active carbonyl groups. At a current rate of 0.1 C, PIBN-G and PIBN exhibited a discharge 

capacity of 271.0 and 244.8 mAh g−1, corresponding to 96.8% and 86.1% of their theoretical 

capacity (Figure 1-18). With the help of graphene, the utilization of the redox-active site is 

improved. Facilitated by the incorporation of graphene, fast Li+ and electron transport were 

achieved. When tested at the same current rate, the specific capacity of PIBN-G was always 

higher than that of PIBN, the capacity showing a larger difference with increasing of current 

density. For example, PIBN-G exhibited large reversible specific capacities of 193 mAh g-1 at 

10 C, while PIBN delivered a capacity of around 80 mAh g-1. Also, PIBN-G presented good 
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cycling stability with capacity retention of more than 86% after 300 cycles with Coulombic 

efficiencies approaching 100%. 

 

Figure 1-18. Synthesis route of PIBN and PIBN-G. Reprinted with permission from reference 

53. Copyright 2018 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.53  

 

The electrode composition, electrolyte, electrochemical performance of Li-ion coin cells, in 

which carbonyl-containing polymers and frameworks work as positive electrodes, were 

summarised in Table 1-2. High theoretical specific capacity can be achieved by designing the 

structure of the polymer. For example, a series of (2,7-dianitropyrene-4,5,9,10-tetraone based 

polymers has a theoretical capacity higher than 400 mAh g-1.119 However, the utilisation of the 

redox-active sites of the polymer electrode are often poor, for example, a crystalline 2D 

polyarylimide COF (2D-PAI) only exhibits 23% utilisation of its redox-active sites.54  
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Table 1-2. Carbonyl-containing polymeric cathode materials for Li-ion batteries in the recent literature. 

 

Sample Electrode composition  

(active materials/conductive 

additive/binder) 

Electrolyte Theoretical 

capacity  

(mAh g-1) 

Maximum 

discharge 

capacity; 

utilisation of the 

active sites 

Capacity retention  

(%)    

Rate performance 

 

Ref

. 

NDI-O 6/3/1; 

(AM/CB/PVDF) 

 

1 M LiPF6 in EC and 

DMC  

(v: v = 1: 1) 

257 227 mAh g-1 at 

0.1 C;  

88.3% 

55% after 100 cycles at 

0.5 C 

135 mAh g-1 at 20 

C 

127 

NDI-BQ 5/4/1; 

(AM/Timical Super 

C65/PVDF) 

1 M LiPF6 in DOL and 

DME  

(v: v = 2: 1) 

289 165 mAh g-1 at 

0.1 C; 

57% 

50% after 200 cycles at 

0.1 C 

125 mAh g-1 at 

0.5 C 

128 

PT-NO2 4/5/1; 

(AM/acetylene black/PVDF) 

 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

490 301mAh g-1 at 

50 mA g-1; 

61.4% 

51.1% after 120 cycles 

at 50 mA g-1 

104 mAh g-1 at 

1000 mA g-1 

119 

PT 4/5/1; 

(AM/acetylene black/PVDF) 

 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

408 190 mAh g-1 at 

50 mA g-1; 

46.6% 

26.3% after 120 cycles 

at 50 mA g-1 

25 mAh g-1 at 

1000 mA g-1 

119 

PT-Br 4/5/1; 

(AM/acetylene black/PVDF) 

 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

255 250 mAh g-1 at 

50 mA g-1; 

98% 

44% after 120 cycles at 

50 mA g-1 

55 mAh g-1 at 

1000 mA g-1 

119 

PT-NH2 4/5/1; 

(AM/acetylene black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

366 310 mAh g-1 at 

50 mA g-1; 

84.7% 

29% after 120 cycles at 

50 mA g-1 

50 mAh g-1 at 

1000 mA g-1 

119 

PAQI-B14 4/4/2; 

(AM/Ketjen black/PVDF) 

 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

252 210 mAh g-1 at 

0.2C; 

83% 

67% after 200   cycles 

at 0.2 C 

55 mAh g-1 at 4 C 129 

PAQI-B15 4/4/2; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

252 189 mAh g-1 at 

0.2C; 

75% 

65% after 200 cycles at 

0.2 C 

45 mAh g-1 at 4 C 129 
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PAQI-N14 

 

4/4/2; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

230 202 mAh g-1 at 

0.22C; 

88% 

80% after 200 cycles at 

0.22 C 

137 mAh g-1 at 

4.35 C 

129 

PAQI-N15 

 

4/4/2; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

230 190mAh g-1at 

0.22C; 

83% 

77% after 200 cycles at 

0.22 C 

130 mAh g-1 at 

4.35 C 

129 

DAAQ-ECOF 6/3/1; 

(AM/Super P/PVDF) 

1M LiTFSI in 

TEGDME 

151 145 mAh g-1 at 

0.13 C;  

96% 

97% after 1800 cycles 

at 3.3 C 

76 mAh    

g-1 at 19.9 C 

118 

DAAQ-TFP-

COF 

6/3/1; 

(AM/Super P/PVDF) 

1M LiTFSI in 

TEGDME 

151 110 mAh g-1 at 

0.13 C; 73% 

- 25 mAh    

g-1at 19.9 C 

118 

DTP-ANDI- 

COF@CNTs 

7/2/2; 

(AM/Super P/PVDF) 

 

1 M LiPF6 in EC and 

DMC  

(w: w = 1: 1) 

83 67 mAh g-1 at 

2.4 C;  

81% 

100% after 700   cycles 

at 2.4 C 

58 mAh  

g-1 at 12 C 

123 

DTP-ANDI- COF 7/2/2; 

(AM/Super P/PVDF) 

1 M LiPF6 in EC and 

DMC  

(w: w = 1: 1) 

83 42 mAh g-1 at 

2.4 C; 51% 

34% after 50 cycles   at 

2.4 C 

4 mAh g-1 at 12 C 123 

2D-PAI@CNT 8/1/1; 

(AM/Super P/Alginate 

sodium) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

126 104 mAh g-1 at 

0.8 C;  

83% 

100% 

after 8000 cycles at 

15.9 C 

100mAh g-1 at 

15.9 C 

54 

2D-PAI 8/1/1; 

(AM/Super P/Alginate 

sodium) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

126 28 mAh g-1 at 

0.8 C; 

23 % 

100% 

after 50cycles at 0.8 C 

- 54 

IEP-11-C 5/4/1; 

(AM/MWCNTs/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

149 40 mAh g-1 at 1 

C;  

26% 

89% after 100 cycles at 

0.1 C 

About 18 mAh g-1 

at 30C 

121 

IEP-11-E6 5/4/1; 

(AM/MWCNTs/PVDF) 

1 M LiTFSI in DOL 

and DME 

(v: v = 1: 1) 

149 79 mAh g-1 at 1 

C;  

53% 

- About 39 mAh g-1 

at 30C 

121 

IEP-11-E12 5/4/1; 

(AM/MWCNTs/PVDF) 

 

1 M LiTFSI in DOL 

and DME 

(v: v = 1: 1) 

149 104 mAh g-1 at 1 

C;  

70% 

58% after 8000 cycles 

at 30 C 

47 mAh g-1 at 30 

C 

121 
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PMAQ 6/3/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME 

(v: v = 1: 1) 

214 

 

 

170mAh g-1 at 

0.1 C;  

79% 

45% after 100 cycles at 

0.2 C 

80 mAh g-1 at 1 C 130 

NTAQ 6/3/1 

(AM/Kentjen black/PVDF) 

1 M LiTFSI in DOL 

and DME 

(v: v = 1: 1) 

195 145 mAh g-1 

at 0.1 C;  

74% 

80.3% after 1000 cycles 

at 0.5 C 

108 mAh g-1 at 1 

C 

130 

Tp-DANT-COF 6/2/2; 

(AM/Super P/PVDF) 

1 M LiPF6 in DMC, EC 

and EMC 

 (v: v: v = 1: 1: 1)  

133 78.9 mAh g-1 at 

1.5 C;  

59% 

90.5% after 600 cycles 

at 7.5 C 

66.3 mAh g-1 at 

14.9 C 

126 

Tb-DANT-COF  4/4/2; 

(AM/Ketjen black/PVDF) 

 

1 M LiPF6 in DMC, EC 

and  EMC  

(v: v: v = 1: 1: 1) 

147 135mAh g-1 at 

0.34 C; 

92% 

76% after 300 cycles at 

3.4 C 

66.6 mAh g-1 at 

13.7 C 

126 

PIBN-G 8/1/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME 

(v: v = 1: 1) 

280 271 mAh g-1 at 

0.1 C;  

96.8% 

86% after 300 cycles at 

1 C 

193 mAh g-1 at 10 

C 

53 

PIBN 6/3/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

280 244.8mAh g-1 at 

0.1 C;  

86.1% 

- 80 mAh g-1 at 10 

C 

53 

PI-COF-1 6/3/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

142 103 mAh g-1 at 

0.1 C;  

72% 

75% after 300 cycles at 

1 C 

60 mAh g-1 at 10 

C 

97 

PI-

ECOF1/rGO50 

6/3/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

142 167 mAh g-1 at 

0.1 C;  

100% 

73% after 300 cycles at 

1 C 

90 mAh g-1 at 10 

C 

97 

PI-COF-2 6/3/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

128 103 mAh g-1 at 

0.1 C;  

80% 

50% after 300 cycles at 

1 C 

10 mAh g-1 at 5 C 97 

PI-COF-

2/rGO50 

6/3/1; 

(AM/Ketjen black/PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

128 124 mAh g-1 at 

0.1 C;  

97% 

56% after 300 cycles at 

1 C 

37 mAh g-1 at 5 C 97 

PTNDI 4/5/1; 

(AM/acetylene black/PVDF) 

1 M LiPF6 in EC, DMC 

and EMC 

143 140 mAh g-1 at 

0.1 C;  

89% after 100 cycles at 

0.1 C 

43 mAh g-1 at 2C 131 
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(v: v: v = 1: 1: 1) 98% 

PQ 5/2/2/1 

(AM/colloidal 

graphite/acetylene black/ 

PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

228 228 mAh g-1 at 

50 mA g-1;  

100% 

45% after 1000 cycles 

at 50 mA g-1 

85 mAh g-1 at 

5000 mA g-1 

132 

PQ 5/2/2/1 

(AM/colloidal 

graphite/acetylene black/ 

PVDF) 

1 M LiTFSI in DOL 

and DME  

(v: v = 1: 1) 

228 170 mAh g-1 at 

50 mA g-1;  

100% 

77% after 500 cycles at 

50 mA g-1 

- 132 

PPTODB 7/3 

(AM/CNT) 

 

1 M LiPF6 in   EC and 

DMC 

 (v: v = 1: 1) 

- 198 mAh g-1 at 

20 mA g-1;  

- 

68.3% after 150 cycles 

at 20 mA g-1 

98 mAh g-1 at 

5000 mA g-1 

120 
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1.10 Project Overview and Aims 

The aim of this project is to synthesise polymers and COFs with electrochemical redox-active 

functional groups for application as positive electrodes in Li-ion cells. Strategies for improving 

the utilization of redox-active sites in the polymers, enhancing the average discharge potential 

of the organic electrode, and promoting rate performance and achieving high capacity are 

investigated.  

Using carbonyl containing-polymers as positive electrodes solved the problem of the 

dissolution of small organic molecules in the electrolyte. However, the utilisation of the redox-

active site of the polymers is often limited because some redox-active sites are not always 

accessible. In Chapter 3, a redox-active polyimide (PI) and composites of PI and rGO (PI10, 

PI30, and PI50, where 10, 30 and 50 = wt.% of rGO) were synthesised and studied as the 

cathode materials in Li-ion cells (Figure 1-19). The relationship of the particle size of PI, SABET 

of the polymer and the PI composites, in addition to the effect on the utilisation of the redox-

active sites was studied.  

 

Figure 1-19. The highlight of Chapter 3. 

 

The results described in Chapter 3 show that it is difficult to generate intimate contacts between 

the polyimide particles and rGO sheets in the composites. Instead, to generate composites with 

intimate contact between the active materials and the conductive additives, a β-ketoenamine 
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COF with quinone redox-active functional groups was synthesised by in situ growth on the 

surface of CNTs. In Chapter 4, the battery application of these in situ grown COFs on CNTs 

is reported. Following the discussion in Chapter 3, structure-performance relationships are 

probed and interpreted so that fundamental insights and design principles can be drawn to help 

guide future studies and developments of COF electrode materials. Compared to the polyimide 

structure, the COF described in Chapter 4 has more electron-withdrawing groups, which leads 

to a high average discharge potential. By optimizing the proportions of the COF and the CNTs 

in the reaction mixture, thinner layers of crystalline COF on the CNT surfaces were fabricated, 

thus dramatically improving the electrochemical accessibility required to drive these redox 

reactions through ultrafast charge/discharge cycles with only a small drop in performance while 

also significantly improving the rate performance (Figure 1-20). 

 

Figure 1-20. The highlight of Chapter 4. 

 

Based on the knowledge gained from Chapter 3 and Chapter 4, a β-ketoenamine COF with 

abundant conjugated carbonyl groups was designed and explored for battery applications in 

Chapter 5. The electrochemical performance of the COF was optimised by the growth of the 

COF on the CNT. This composite has the highest capacity of the reported COF-based electrode 

materials. 
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2.1 Introduction 

In this chapter, the characterisation methods used to analyse the performance of the materials 

reported in this thesis are described, such as gas sorption, XRD, and TEM. Electrochemical 

measurements, including cyclic voltammetry (CV), galvanostatic charge/discharge, 

electrochemical impedance spectroscopy (EIS), are also introduced because of their importance 

in the characterisation of Li-ion batteries. 

 

2.2 Electrochemical Measurements 

2.2.1 Cyclic Voltammetry 

A basic requirement of the electrodes in rechargeable Li-ion batteries is that must be able to 

undergo reversible electrochemical redox reactions. Cyclic voltammetry (CV) is the primary 

method used to study the redox properties of electrochemically active compounds1 as it can 

investigate whether a compound is redox-active. CV can also be used to understand the 

reversibility of redox reactions, determine the redox potentials, which is a crucial value for the 

energy-storage systems, and probe reaction kinetics and diffusion properties. CV profiles are 

affected by a variety of parameters such as scan rate, temperature, electrolyte solutions, and 

materials utilised for the various electrode components. In a CV experiment, the applied 

potential (E) is swept at a fixed scan rate (v) and the resulting current (i) response is measured 

at the working electrode of interest (Figure 2-1a). The formal redox potential for a given simple 

process can usually be approximated, as E1/2, from the average of the two peak potentials for 

the oxidation (Ep,a)  and reduction (Ep,c) processes (where E1/2 = (Ep,a + Ep,c)/2) (Figure 2-1).2  

In the CV measurement, different kinds of behaviour can be observed from the current response, 

such as information about the chemical and electrochemical reversibility of redox processes. 

Chemical reversibility is used to denote whether or not the reduced species may undergo any 

subsequent reaction or it is completely returned to the reduced form on the reverse sweep. 

Generally, a chemically reversible reaction would have an oxidation and reduction peak in the 

CV (Figure 2-1b and 2-1c). For example, for a chemically irreversible oxidation reaction, the 

corresponding reduction reaction would not be observed in the CV (Figure 2-1d). For 

electrochemical reversibility (Figure 2-1b), it is featured with a 1:1 ratio of anodic and cathodic 

peak current (ip,a and ip,c) and a defined peak split ΔEp (the potential difference between the 

anodic and cathodic peak, 57/n mV (with n as the number of transferred electrons per reaction)). 
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This describes a relation to electron transfer kinetics such that a reversible system has fast 

kinetics with a low barrier to electron transfer (i.e. the rate constant for the electron transfer is 

greater than 0.020 cm/s).2 A quasi-reversible electrochemical system (with good chemical 

reversibility) will return the reduced species to the oxidised species but requires a greater 

overpotential to do so (due to more sluggish kinetics). An electrochemically irreversible system 

describes a case with a large barrier so that large potentials are required (i.e. the rate constant 

for the electron transfer is less than 5.0×10-5 cm/s). 

 

Figure 2-1. (a) CV waveform for the reduction of an electroactive species; Common types of 

CV curves: (b) electrochemically reversible, (c) quasi-reversible electrochemical system, and 

(d) chemical irreversible behaviour. Redrawn from reference 3. 
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Potential windows are chosen to enable the study of the electrochemical region of interest and 

selection of the upper and lower limits must be carefully considered to avoid irreversible 

oxidative and reductive decomposition reactions, respectively, of the various components 

including the electrode and electrolyte. Therefore, the requirements for the potential window 

should be large enough to allow the inclusion of most of the capacity of the device and be small 

enough to avoid undesirable irreversible redox processes to occur. 

 

2.2.2 Electrochemical Kinetic Study 

In CV measurements, the total current measured under a potential sweep rate can be expressed 

as the sum of the current related to the slow diffusion-controlled process (𝑖𝑑𝑖𝑓𝑓) and the current 

related to the fast surface-controlled process (𝑖𝑠𝑢𝑟𝑓) (Equation 2-1).4 The current also obeys a 

power-law relationship with the sweep rate, which is given by Equation 2-2. 

                          𝑖 = 𝑖𝑠𝑢𝑟𝑓 + 𝑖𝑑𝑖𝑓𝑓 = 𝑘1𝑣 + 𝑘2𝑣1/2                 (Equation 2-1) 

                                𝑖 = 𝑎𝑣𝑏                                                          (Equation 2-2)    

                            𝑙𝑛𝑖 = 𝑙𝑛𝑎 + 𝑏𝑙𝑛𝑣                                              (Equation 2-3) 

where a and b are adjustable parameters, v is the scan rate, k1 and k2 are constants.4–8 The b 

value can provide the kinetic information about the electrochemical reactions (Equation 2-2) 

and is determined from the slope of the linear plot of lni vs. lnv (Equation 2-3). Generally, as 

shown in Figure 2-2, there are two well-defined conditions, b = 0.5 and b = 1. A b-value close 

to 0.5 indicates that the current is controlled by semi-infinite linear diffusion. By contrast, a b 

value close to 1 indicates that the current is surface-controlled. Therefore, the energy storage 

mechanism (surface-controlled or diffusion-controlled process) can be determined by 

establishing the relationship between the peak current response and the sweep rate to estimate 

the value of b.  

The range of b values from 0.5 to 1.0 indicates a “transition” area; it means the electrochemical 

reaction contains a diffusion-controlled and surface-controlled process.  Generally, the smaller 

the b value is, the larger the contribution from diffusion-controlled processes, while the surface-

controlled process contribution increases with increasing the b value. It was found that the b 

value was strongly dependent on the potential, sweep rate, and charge storage mechanism, in 

addition to the material type. In Equation 2-1, the exact surface-controlled contribution (k1v) 
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and diffusion-controlled contribution (k2v
1/2) can be further quantified, where k1 and k2 

constants can be simulated by plotting iv−1/2 vs. v1/2, in which k1 and k2 are the slope and 

intercept of the linear fitting plot.  

 

Figure 2-2. Power-law dependence of the peak current on sweep rate (from Equation 2-2 and 

Equation 2-3) for surface-controlled materials (b = 1.0) and typical diffusion-controlled 

materials (b = 0.5). The “transition” area between surface-controlled and diffusion-controlled 

materials area is located in the range of b = 0.5–1.0. Redrawn from reference 8. 

 

2.2.3 Galvanostatic Charge/Discharge Cycling 

Galvanostatic charge/discharge (GCD) is an essential measurement to evaluate the available 

specific capacity (mAh g-1) of an electroactive material, as well as the cycling performance, 

rechargeability, and rate capability. In the GCD test, a constant current is applied to charge 

(positive current) or discharge (negative current) the cell to monitor the cell potential increasing 

(charging) or decreasing (discharging). The period of the measurement is determined by the 

applied current and the potential window that was chosen for the test. The GCD profile provides 

several types of useful information about the cell. First, the operational stability of the device 

can be implied by the shape of the GCD profile (Figure 2-3a). If the profile exhibits a single, 

distinct plateau, it implies a charge/discharge process that shows only negligible changes of the 

system until the redox-active material is almost fully reacted. Multiple plateaus indicate 

multiple redox reactions and lead to several operating voltages of the device. Furthermore, if 
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the charge/discharge profile is sloping, the respective redox system is significantly changing 

throughout the charge/discharge process impeding a constant operating voltage.9,10  

On the GCD profile, the discharge potential of the cell (at a given applied current density) can 

be directly inferred from the plateau if there is a prominent plateau on the discharge profile. 

On the other hand, if the profile is a slope line, the discharge potential can be approximated 

from the average voltage value of the starting and finishing voltage of the slope. The theoretical 

voltage only depends on the redox systems used, the electrolyte, and the temperature, and it is 

usually close to the open-circuit voltage. However, the operating voltage can deviate from this 

due to internal-resistance losses and polarization effects, especially at high applied current, and 

this deviation is described as the overpotential required to drive the reaction in practical 

conditions (Figure 2-3b). Comparing the charge and discharge potential can provide further 

insight. Significant differences between the charge and discharge voltage can indicate strong 

polarization of the electrode during the charging/discharging process, or even result from 

different mechanisms (with differing energy barriers) for the charging and discharging steps.  

From the applied current and the obtained loading time, the capacity of the cell (i.e., the charge 

transferred during (dis)charge) can be determined, usually given in mAh. Considering the 

amount of active material leads to the specific capacity (in mAh g−1), which is a key parameter 

for cell performance.10 Comparison of the specific capacity to the theoretical specific capacity 

gives an evaluation of the electrochemical effectiveness of the compound (Figure 2-3d).  

Temperature is also an important parameter in the GCD measurements. The internal resistance 

of the system increases at low temperatures, which leads to a decreased voltage resulting in a 

lower capacity and stored energy. At high temperatures, the chemical activities of the involved 

redox-active species increase, likely resulting in intensified self-discharge.9,10 In this thesis, all 

the cell tests are carried out at 25 °C. 

Cycle life is an important property of an energy-storage device. With the discussed 

experimental techniques available, the cycle life of a cell can be studied.9 Cycle life is 

expressed by the development of the capacity and Coulombic efficiency over many 

charge/discharge cycles and is mainly determined by the reversibility of the electrochemical 

and related processes. The number of cycles is usually stated until 80% capacity retention of 

the initial capacity is achieved.9 Apparently, this characteristic is important in the case of 

applications that involve lots of charging and discharging per time. 
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Figure 2-3. Typical voltage-time profile for a discharging process: (a) for different redox-

system behaviour; (b) at different discharging currents (i3 > i2 > i1), Typical 

charging/discharging curve. Reprinted with permission from reference 3. Copyright 2015 John 

Wiley & Sons.3 

 

2.2.4 Electrochemical Impedance Spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful tool to characterise the charge-

transfer characteristics of an electrode and cell. EIS utilises a small amplitude, alternating 

signal (sinusoidal waveform) to probe the impedance characteristics of a cell, wherein the 

applied signal may be an alternating voltage or current with a fixed amplitude.11 The signal is 

scanned over a wide range of frequencies to generate an impedance spectrum for the 

electrochemical cell under test. EIS measurements described in this thesis utilised the 
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application of a sinusoidal voltage perturbation, where the current response is measured to 

generate the frequency-dependent impedance characterisation. 

The impedance spectrum is commonly displayed in the form of a Nyquist plot. A typical 

Nyquist profile is a plot of the imaginary part of impedance (Im(Z)) vs. the real part (Re(Z)) for 

different alternating current (AC) frequencies. 

 A resistor is the simplest electrical circuit. Resistors obey Ohm’s law: 

𝑅 =
𝑉

𝐼
                                                      (Equation 2-4) 

Where R is the resistance, V is the voltage, I is the current. Therefore, for a resistor, the current 

is always proportional to the voltage. There is no reactive, like phase shift, so the resistance is 

not dependent on the frequency. Therefore, the impendence of a resistor (ZR) can be written as:  

𝑍𝑅 = 𝑅                                                     (Equation 2-5) 

The Nyquist plot for a resistor is a single point on the x-axis at any frequency (Figure 2-3a).  

A capacitor has a purely reactive impedance and, ideally, zero resistance. The impedance of 

the capacitor (ZC) is inversely proportional to the frequency when an alternating voltage is 

applied across a capacitor. It means the impedance increase with decreasing the frequency. The 

impedance of a capacitor can be described as: 

𝑍𝐶 =
1

𝑗𝜔𝐶
                                                   (Equation 2-6) 

Where j is the imaginary unit, 𝜔 equals 2πf and C is the capacitance. The Nyquist plot of a 

capacitor looks like a vertical line with the zero Re (Z) (Figure 2-4b). 

In a series of resistors and capacitors, the impedance values are additive (Equation 2-7).  

𝑍 = ∑ 𝑍𝑛 𝑛 = 𝑍𝑅 + 𝑍𝐶  = R + 
1

𝑗𝜔𝐶
                               (Equation 2-7) 

Figure 2-4c shows the Nyquist plot of this circuit.  The Re(Z) is equal to the resistance of the 

resistor for all frequencies, and the Im(Z) follows the same behaviour as for the ideal capacitor. 

In a parallel circuit of resistors and capacitors, the admittances (the reciprocals of the 

impedances) are additive: 

𝑌 =
1

𝑍
= ∑

1

𝑍𝑛
𝑛  = 

1

𝑅
+  𝑗𝜔𝐶                             (Equation 2-8) 
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From rearranging Equation 2-8, we can get Equation 2-9 

𝑍 =
𝑅

1+𝑗𝜔𝐶𝑅
                                                     (Equation 2-9) 

Therefore, at high frequency, i.e., ω→∞, the impedance tends towards zero. At low frequency, 

i.e., ω→0, the total impedance of the circuit equals R. The Nyquist plot for this circuit is a 

semicircle, intercepting the Re(Z) axis at 0 and R (Figure 2-4d). 

 

Figure 2-4. (a)The Nyquist plot for a resistor; (b) The Nyquist plot for a capacitor; (c) The 

Nyquist plot for a series of resistor and capacitor; (d) The Nyquist plot for a parallel of resistor 

and capacitor. Redrawn from reference 12. 
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The Nyquist plot obtained from an EIS measurement of a redox-active compound shows a 

kinetic- and a diffusion-controlled region. It displays as a semicircle in the high-frequency 

region and a straight line in the low-frequency region, which are both offset by the electrolyte’s 

resistance RE (Figure 2-5). The semicircles in high-frequency regions denote charge transfer 

resistance (Rc), which is related to reaction kinetics, can be readily analysed: The abscissa-

based diameter represents the charge-transfer resistance RCT, which can be expressed as the 

function of exchange current i0: 

𝑅𝐶𝑇 =
𝑅𝑇

𝐹𝑖0
                                               (Equation 2-10) 

The double-layer capacitance, CD, can be determined by the peak AC frequency (ωp) of the 

semicircle: 

1

𝜔𝑝
= 𝑅𝐶𝑇𝐶𝐷                                          (Equation 2-11) 

The straight line that appeared at the low AC frequencies is the Warburg impedance, which is 

corresponding to the diffusion control. 

𝐼𝑚(𝑍) = 𝑅𝑒(𝑍) − 𝑅𝐸 − 𝑅𝐶𝑇 + 𝑅𝐶𝑇
2 𝐶𝐷(

𝑘𝑂𝑥

√𝐷𝑂𝑥
+

𝑘𝑅𝑒

√𝐷𝑅𝑒
)2            (Equation 2-12) 

Therefore, for an ideal Warburg-type system, the line has a slope  equal to 1 (i.e. 45 degrees)and 

intersects the abscissa at 𝑅𝐸 + 𝑅𝐶𝑇 − 𝑅𝐶𝑇
2 𝐶𝐷(

𝑘𝑂𝑥

√𝐷𝑂𝑥
+

𝑘𝑅𝑒

√𝐷𝑅𝑒
)2 , which reduces to 𝑅𝐸 + 𝑅𝐶𝑇 −

𝑅𝐶𝑇
2 𝐶𝐷

𝑘2

𝐷
 in case of equal rate constants and diffusion coefficients for the oxidation and 

reduction process.13  

Figure 2-6 is the corresponding equivalent circuit including a redox-active species interacting 

with an electrode surface. In this circuit, the capacitor (CD), the charge transfer resistance (RCT), 

the resistance of the solution (RE), and the mass transport resistance (ZW) were considered. The 

CD is in parallel to the resistance RCT and ZW, and they are connected in series to RE. If the 

semicircle is imperfect, appearing with suppressed dimensions, the capacitor may be replaced 

by the constant phase element (CPE) in the equivalent circuit.  
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Figure 2-5. Typical Nyquist plot for an electrochemically active system. Reprinted with 

permission from reference 3. Copyright 2015 John Wiley & Sons.3 

 

Figure 2-6. EIS equivalent circuit for the general case of a redox-active species interacting at 

an electrode surface. ZW refers to the diffusion-based Warburg element. Reprinted with 

permission from reference 3. Copyright 2015 John Wiley & Sons.3 
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2.2.5 Preparation of Electrodes 

The positive electrodes were prepared using the following procedure: The active material and 

carbon black (Super C65, IMERYS, particle size less than 50 nm) were ground by pestle and 

mortar for 30 minutes. The solid was transferred into a small vial that was equipped with a 

stirrer bar. Poly (vinylidene fluoride) solution (5 wt.% PVDF in NMP solution) was added to 

the vial. The mass ratio of active materials, carbon black, and PVDF was 6:3:1 or 7:2:1. 

Additional NMP was added to adjust the viscosity to form a slurry. After stirring the 

suspensions for 12 h, finely dispersed slurries were obtained and these were then coated onto 

aluminium foil substrates (thickness × width × height = 0.005 × 16 × 25 cm) using a doctor 

blade at a fixed thickness. The substrates were then dried at room temperature for 6 h followed 

by drying under vacuum pressure at 80 ℃ for 12 hours to afford dry films. The films were then 

punched into discs with diameters of 10 mm. The discs were dried overnight under vacuum at 

80 ℃ and transferred directly into a glovebox kept under an Ar atmosphere with H2O and O2 

concentrations ≤ 0.1 ppm. The resulting electrode loadings were in the range of 0.3-0.6 mg  

cm-2. 

Coin cells (CR2025) were assembled inside the Ar-filled glovebox (Figure 2-7). Lithium foil 

with a diameter of 12 mm and a thickness of 0.38 mm was used as the counter electrode, and 

glass microfiber (Whatman GF/F) was used as the separator. A mixture of 1,3-dioxolane and 

1,2-dimethoxyethane (1:1 vol/vol) containing 1 M lithium bis(trifluoromethanesulfonyl)imide 

(LiTFSI) was used as the primary electrolyte formulation (Duoduo Chemicals). After 

preparation, the coin cells were taken out of the glovebox and tested. 

In this thesis, CV (using a Biologic mpg2 potentionstat) was recorded starting from open circuit 

potential to the cathodic scan (discharge) direction. Electrochemical impedance spectroscopy 

(Biologic) was carried out over a frequency range from 1 MHz to 100 mHz, with an applied 

sinusoidal voltage amplitude of ±10 mV. Galvanostatic discharge-charge cycling of the cells 

was measured using a Maccor Series 4000 battery cycler. All potentials are given versus Li/Li+. 

All electrochemical measurements were performed on the coin cells at 25 °C. 
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Figure 2-7. Flow chart of the coin cell construction procedure. Coin cell housing includes 

spacer, spring, lower case, and upper case. First, a working electrode is prepared from the 

powder of the active material. Then, a counter electrode is prepared from a clean lithium foil 

and the separators are punched out. Finally, a cell is assembled inside an argon-filled glovebox. 

 

2.3 Gas sorption 

Gas adsorption is a well-established technique for the characterisation of the texture of porous 

solids and fine powders. Adsorption is defined as the enrichment of molecules, atoms, or ions 

in the vicinity of an interface.14 The material that is adsorbed is called the adsorbate, while the 

material that can adsorb other components is known as adsorbent. In general, adsorption can 

be classified as physical (physisorption) and chemical (chemisorption). Physisorption is a 

general phenomenon and describes the interaction between the gas molecules (absorbate) and 

the surface of the solid (absorbent) via intermolecular forces (e.g., van der Waals). The 

interactions, such as polarisation, can be affected by the geometric and electronic properties of 

the gas and the surface. Chemisorption is noted when forming chemical bonds between the gas 

and the surface of a solid via intermolecular forces. 
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The surface of the adsorbent contains three levels (Figure 2-8), (1) the van der Waals surface 

formed by the outer surface of the solid, (2) the gas probe-accessible surface (known as the 

Connolly surface in simulation studies) denoted by the gas probe rolling over the van der Waals 

surface, (3) the r-distance surface located at distance r from the probe-accessible surface. 

Smaller gases can be beneficial for obtaining more accurate information of solid pore size. The 

pore size can be classified as macropore (pores with widths exceeding 50 nm), mesopore (pores 

of widths between 2 and 50 nm), and micropore (pores with widths less than 2 nm). Physical 

filling of micropores usually starts at low relative pressures and vary with the shape and 

dimensions of pores, gas probe, and their interaction. For mesopores, filling occurs in multiple 

stages, as monolayer adsorption firstly occurs where all the gas molecules are in contact with 

the surface, followed by the multilayer adsorption when the gas accommodates more than one 

layer. The gas then condenses to a liquid-like phase in the pore at a pressure less than the 

saturation pressure of the bulk liquid, generally at a partial pressure (P/P0) of around 0.5. 

The complete analysis of mesopore and micropore requires the relative pressure range 10-7 ≤ 

P/P0 ≤ 1 with special instruments to ensure the sample cell and manifold can be evacuated to 

very low pressures, as well as the ≥99.999% purity of the absorptive gas and the amount of 

remaining un-adsorbed gas in the effective void volume (dead space). In general, the dead 

space under operational conditions is measured using a non-adsorbing gas such as helium. It 

should be noted that before the measurements, the sample should be degassed at an elevated 

temperature to remove all physisorbed species from the surface to avoid incorrect results. 

 

Figure 2-8. Schematic illustration of several possible surfaces of an adsorbent. 1: van der 

Waals; 2: Probe-accessible; 3: Accessible, r-distance. Reprinted from reference 14. Copyright 

2015 IUPAC & De Gruyter.14 
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In practical experiments, the gas probes include various subcritical fluids (e.g., N2 at 77 K, CO2 

at 298 K, H2 at 77 K), organic vapours, and supercritical gases. Gas adsorption measurements 

usually monitor the adsorption of these gas probes and give the relationship between the 

amount of gas adsorbed and the equilibrium pressure of the gas at constant temperature (known 

as adsorption isotherm). According to the 2015 IUPAC document, the physisorption isotherms 

are displayed in Figure 2-9.14  

Generally, uptakes at very low pressures represent abundant micropores, at around P/P0 = 0.5 

are associated with mesopores, and at high pressures mean rich macropores. The steepness of 

isotherms implies the distribution of pore sizes, for example, a steep Type Ia isotherm at very 

low pressures indicates enhanced adsorbent-adsorptive interactions in the narrow micropores 

while the broad Type I(b) isotherm indicates a broader pore size distribution in the micropore 

range. For Type I isotherms, the internal surface areas within the material are larger than the 

external surface areas, resulting in the bulging isotherm shape. By contrast, macropores and 

non-pores lead to the concave Type II isotherm. Adsorption at high P/P0 is a result of 

unrestricted monolayer-multilayer absorption. Point B indicates the completion of monolayer 

coverage and the onset of multilayer adsorption in the isotherm. For the Type III isotherm, the 

relatively weak interaction between the gas and the surface cannot generate the identifiable 

monolayer formation, and thus point B disappears, meanwhile the absorbed gas molecules 

occupy more favoured sites on the surface of the macroporous or non-porous solid. Type IV 

isotherms arise from hierarchical structures with both micropores and mesopores. Besides the 

gas-surface interaction, mesopore absorption behaviour also depends on the interaction 

between the molecules in the condensed state. The hysteresis loop in Type IV(a) isotherms is 

caused by the capillary condensation in the mesopores. This happens when the pore width 

exceeds a certain critical width dependent on the absorption system and temperature (under N2 

for pores wider than ~4 nm).14 Thus, Type IV(b) isotherms are observed with smaller 

mesopores. The Type V isotherm represents no adsorption at low pressure due to weak 

absorbent-absorbate interactions but a rise at higher pressure attributed to molecular clustering 

followed by pore filling. The stepwise shape of Type VI isotherm is attributed to layer-by-layer 

adsorption on a highly uniform non-porous surface. The step height represents the capacity of 

the absorbed layer whilst the sharpness is dependent on the system and temperature. 
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Figure 2-9. Classification of physisorption isotherms. Figure reprinted from literature source.14 

Type I isotherms with a steep increase of adsorption at relatively low pressures are given by 

microporous materials. Type II isotherms are normally associated with macroporous or non-

porous materials. Type III isotherms are not common. They only occurred when adsorbent and 

adsorbate show weak interactions between each other. Type IV isotherms are associated with 

mesoporous materials. The hysteresis loop is from capillary condensation in mesopores. This 

is a commonly observed isotherm type for COFs. Type V isotherms are similar to type III 

which adsorbent shows weak interaction with an adsorbate. Type VI isotherms can be observed 

in non-porous materials which shows stepwise multilayer adsorption. Reprinted from reference 

14. Copyright 2015 IUPAC & De Gruyter.14  



67 

 

2.3.1 Brunauer-Emmett-Teller Model  

The Brunauer-Emmett-Teller (BET) model assumes the adsorbate behaves as an ideal gas 

under isothermal conditions and considers multilayer adsorption. The following assumptions 

are made in the model: (1) The gas molecules can adsorb onto the surface in infinite layers; (2) 

The gas molecules only interact with adjacent layers; (3) Langmuir theory can be applied to 

each layer.14 The BET equation in linear form is:14 

𝑃 𝑃0⁄

𝑛𝑎(1−𝑃 𝑃0⁄ )
=

1

𝑛𝑚𝑐
+

𝑐−1

𝑛𝑚𝑐
× (𝑃 𝑃0⁄ )                        (Equation 2-13) 

Where P is the equilibrium pressure, P0 is the saturation pressure, na is the amount adsorbed at 

the relative pressure P/P0 and nm is the monolayer adsorbed gas quantity c is the BET constant, 

defined as: 

𝑐 = exp(
𝐸1−𝐸𝐿

𝑅𝑇
)                                          (Equation 2-14) 

Where E1 is the heat of adsorption for the first layer and EL is the heat of adsorption for the 

second layer and beyond. 𝑛𝑚 can thus be derived from the intercept of the BET equation by 

plotting 
𝑃 𝑃0⁄

𝑛𝑎(1−𝑃 𝑃0⁄ )
 vs. P/P0. Using 𝑛𝑚 derived from the BET model, SABET can thus be derived: 

𝑆𝐴𝐵𝐸𝑇 = 𝑛𝑚𝑁𝐴𝑎𝑚                                       (Equation 2-15) 

Where NA is the Avogadro constant and am is the cross-sectional area of the adsorbate molecule. 

The BET method is the most widely used procedure for evaluating the surface areas of solids, 

but it has some drawbacks. For example, the assumption of the homogeneous surface leads to 

ignorance of the differences between the surface and lateral adsorbate-adsorbate interactions.15 

This will result in the nonlinearity of BET plots at P/P0 < 0.5, as high energy sites are occupied 

at lower relative pressures. Besides, the differentiating mono-multilayer adsorption from pore 

filling just reflects an “apparent” BET surface area instead of a real internal surface, which may 

be an overestimation. 

 

2.3.2 Micropore Size Analysis 

To understand the micropore size distribution, many methods have been developed. An 

empirical method is the application of several molecular probes of progressively increasing 

molecular diameter. The method is based on the measurement of both adsorption rates and 
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capacities. However, this method does not consider the complexity of the most microporous 

materials. Various semi-empirical methods include those proposed by Horvath and Kawazoe, 

Saito and Foley, and Cheng and Yang for the study of the pore size distribution of slit, 

cylindrical and spherical pores, respectively.15–17 Despite the drawback of these semi-empirical 

methods is they tend to underestimate the pore size, these methods may be in some cases useful 

for the comparison of microporous materials. Microscopic treatments such as density 

functional theory (DFT) and molecular simulation are considered to be superior and to provide 

a more reliable approach to pore size analysis over the complete nanopore range because they 

can describe the configuration of the adsorbed phase at the molecular level. Different pore 

shape models, such as a slit, cylinder, and spherical geometries and hybrid shapes, have been 

developed for various material classes for instance carbons, silicas, zeolites. Non-local density 

functional theory (NL-DFT) based methods for pore size/volume analysis of nanoporous 

materials are now available for many adsorption systems.15,17 They are included in commercial 

software and are also featured in international standards.  

 

2.3.3 Mesopore Size Analysis 

The methods for mesopore size analysis, including those developed by Barrett, Joyner, and 

Halenda (BJH) and Broeckhoff and de Boer, make use of the modified Kelvin equation.15,16 

Considering the preadsorbed multilayer film, the Kelvin equation is combined with a standard 

isotherm (the t-curve), which is determined on certain well-defined nonporous solids. However, 

the standard t-curve is not entirely satisfactory for the analysis of narrow mesopores because 

the curvature and enhanced surface forces are not properly considered. The Kelvin equation-

based procedures, such as the BJH method, significantly underestimate the pore size for narrow 

mesopores (for pore diameter less than 10 nm, the pore size will be underestimated by ∼ 20–

30 %).15,17 The limitations of the Kelvin equation can be avoided by applying microscopic 

methods based on molecular simulation or DFT (e.g., NLDFT). They get the essential features 

of both micropore and mesopore filling and hysteresis.18,19 Therefore, a more reliable 

assessment of the pore size distribution over the complete range can be obtained through 

microscopic methods based on molecular simulation or DFT.17,19 It is important to ensure that 

the chosen DFT and molecular simulation-based methods are compatible with the experimental 

nanoporous system. 
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In this thesis, N2 adsorption isotherms of samples were obtained using a Micromeritics ASAP 

2020 or ASAP 2420 volumetric adsorption analyser with approximately 100 mg samples at 

77.3 K with an equilibration interval of 30 s. Samples were degassed at 120 ℃ for 12 hours 

under vacuum (10-5 bar) before analysis. The surface areas were calculated in the relative 

pressure range (P/P0) from 0.05 to 0.12 using Brunauer-Emmet-Teller (SABET) method. Pore 

size distributions of the samples derived from fitting the NL-DFT model to the adsorption data. 

 

2.4 Nuclear Magnetic Resonance 

Nuclear magnetic resonance (NMR) spectroscopy is a spectroscopic technique used to observe 

local magnetic fields around atomic nuclei. During a measurement, the sample is placed in a 

magnetic field and the NMR signal is produced by excitation of the nuclei sample with radio 

waves into nuclear magnetic resonance, which is detected with sensitive radio receivers. The 

intramolecular magnetic field around an atom in a molecule changes the resonance frequency, 

therefore, giving access to details of the electronic structure of a molecule and its functional 

groups. NMR spectroscopy is often a definitive method to confirm the chemical structure of 

monomolecular organic compounds because the fields are unique or highly characteristic to 

individual compounds. In this thesis, 1H and 13C{1H} NMR spectra were collected in solution 

on a Bruker Avance 400 NMR spectrometer at 400 MHz and 100 MHz, respectively. The 

samples were dissolved in DMSO-d6 and the NMRs were referenced against the 1H or 13C 

signal of this solvent.  

For insoluble samples, the chemical structural information can be obtained by solid-state NMR 

spectroscopy. The anisotropic part of many spin interactions is present in solid-state NMR, 

unlike in solution-state NMR where rapid tumbling motion averages out many of the spin 

interactions. As a result, solid-state NMR spectra are characterised by larger linewidths than in 

solution-state NMR, which can be utilised to give quantitative information on the molecular 

structure, conformation and dynamics of the material. Solid-state NMR is often combined with 

magic angle spinning to remove anisotropic interactions and improve the resolution as well as 

the sensitivity of the technique. In this thesis, C13 magic-angle spinning measurements were 

carried out at 100 MHz using a Bruker Avance III HD spectrometer and a 4 mm (rotor o.d.) 

probe. Spectra were acquired at a spin rate of 10 kHz. Cross-polarisation spectra were recorded 

with total suppression of spinning sidebands, 1 ms contact time and with a recycle delay of  
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4 s. Carbon spectral referencing is relative to neat tetramethylsilane, carried out by setting the 

high-frequency signal from an external sample of adamantane to 38.5 ppm. 

 

2.5 Fourier-transform Infrared Spectroscopy 

Infrared (IR) spectroscopy is a technique for the analysis of the interactions between infrared 

radiation with materials by measuring absorption, emission, or reflection. Absorption of IR 

radiation corresponds to vibrational frequencies within molecules and, therefore, IR 

spectroscopy can be used to determine the functional groups and overall structures. Fourier 

transform infrared (FT-IR) spectroscopy is a measurement technique that allows one to extract 

frequency peaks from the raw data by a data-processing technique called Fourier transform.20 

During the FT-IR measurement, infrared light is guided through an interferometer and then 

through the sample. A moving mirror inside the apparatus alters the distribution of infrared 

light that passes through the interferometer. The signal directly recorded, called an 

"interferogram", represents light output as a function of mirror position. In this thesis, FT-IR 

spectra of the samples were recorded on a Bruker alpha spectrometer or Nicolet iS50 FT-IR by 

attenuated total reflectance. Ex situ FT-IR spectra were measured on a Thermo Scientific 

Nicolet iS50 FT-IR spectrometer by attenuated total reflectance inside a glovebox under a dry 

N2 atmosphere. 

 

2.6 Powder X-Ray Diffraction 

Powder X-Ray diffraction (PXRD) is a commonly used technique to study the crystalline 

structure of materials. During the measurement, the sample is irradiated with X-rays. The 

interaction of the incident rays with the sample electron cloud produces constructive 

interference (and a diffracted ray) when conditions satisfy Bragg's Law 21 (Equation 2-16 and 

Figure 2-10) 

2𝑑 𝑠𝑖𝑛θ = 𝑛λ                                                (Equation 2-16) 

Where d is the spacing of the crystal lattice plane, θ is the angle of incident X-rays, n is an 

integer and λ is the wavelength of X-rays. 

In this thesis, PXRD diffraction patterns were collected at room temperature in vertical 

transmission mode from loose powder samples held on Mylar film in aluminium well plates, 



71 

 

using a Panalytical Empyrean diffractometer equipped with a high throughput screening XYZ 

stage, X-ray focusing mirror, and PIXcel detector with Cu Kα (λ = 1.541 Å) radiation. Data 

were measured over the   range of 1-56° over 30 minutes. 

 

Figure 2-10. Schematic representation of the Bragg model of diffraction. Redrawn from 

reference 22. 

 

2.7 Element Analysis  

Element analysis (EA) is a well-understood technique to determine the elemental composition 

of a sample quantitively. In general, the % of carbon, hydrogen, and nitrogen, amongst other 

elements, can be measured by EA through combustion analysis. The principles of EA rely on 

the tendency that all atoms prefer to be in their highest oxidation states during combustion. In 

pure oxygen, at high temperatures, all available carbon, hydrogen, and nitrogen will burn to 

become CO2, H2O, and NOX. The mass of these oxides can be used to calculate the composition 

of the sample. In this thesis, EA was measured on a Thermo EA1112 Flash CHNS-O analyser.  

 

2.8 Field Emission Scanning Electron Microscope 

Field emission scanning electron microscope (FE-SEM) is used to investigate the surface 

morphology of materials. The FE-SEM is one microscope that works with electrons rather than 

light.23 The electrons are accelerated in a high electrical field gradient. Within the high vacuum 

column, these so-called primary electrons are focused and deflected by electronic lenses to 
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produce a narrow scan beam that bombards the sample. Secondary electrons, as a result, are 

emitted from each spot on the sample. The angle and velocity of these secondary electrons, 

collected by a detector, relate to the surface structure of the object. Therefore, the surface 

topology of the sample can be constructed. To be observed with an SEM, samples should be 

made conducive for currents (at least on the surface) otherwise the non-conductive sample 

collects charge from the electron beam which causes image artifacts to appear. This can be 

done by coating the sample with an ultrathin layer (1.5–3.0 nm) of an electrically conductive 

metal (gold or gold-palladium) by a low-vacuum sputter coating. In this thesis, the morphology 

of the samples was studied on a Hitachi S-4800 cold field emission scanning electron 

microscope. Samples were prepared by depositing the dry powders on 15 mm Hitachi M4 

aluminium stubs using an adhesive high-purity carbon tab before coating with a 2 nm layer of 

gold using an Emitech K550X automated sputter coater. Imaging was conducted at a working 

voltage of 10 kV and a working distance of 4 mm using a combination of upper and lower 

secondary electron detectors.  

 

2.9 Transmission Electron Microscopy  

Transmission electron microscopy (TEM) is a microscopy technique to investigate the structure 

of materials, in which a beam of electrons passes through a sample. An image is generated 

from the interaction of the electrons with the sample as the beam is transmitted through the 

specimen. The image is then magnified by other lenses before being detected. In this thesis, 

TEM images were obtained using a JEOL 2100+ microscope operating at 200KV equipped 

with a Gatan Rio Camera. The samples were prepared by drop-casting sonicated ethanol 

suspensions of the materials onto a copper grid.  

 

2.10 Ultraviolet-visible spectroscopy 

Ultraviolet-visible (UV-Vis) spectroscopy refers to absorption or reflectance spectroscopy with 

observed reflectance or absorption in the ultraviolet region or the adjacent visible region. UV–

Vis spectroscopy uses light in the visible and adjacent ranges. In the visible region, the 

absorption or reflectance observed directly affects the perceived colour of the chemical 

involved. In this region of the spectrum, atoms and molecules undergo electronic 
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transitions.24,25 In this thesis, UV-visible absorption spectra of the solution were measured on 

a Cary 5000 UV-vis-NIR spectrometer.  

 

2.11 Raman Microscopy 

Raman microscopy is a spectroscopic technique typically used to determine vibrational, 

rotational and other low-frequency modes of molecules, which provide the structural 

information of the materials.26 Raman is a light scattering effect. The Raman signal is produced 

by photons being inelastically scattered after colliding with molecules in the gas phase, solution, 

or on a substrate surface. When an intense source of light is used to excite molecules to a 

virtually excited state, elastic scattering (Rayleigh scattering) happens at the same time as the 

inelastic scattering (Figure 2-11). There is no change in energy in the Rayleigh scattering and 

photos are scattered with the same frequency at which collide with the surface therefore the 

light of the same wavelength. Rayleigh scattering accounts for the majority of light scattered 

from the surface.27 Raman scattering includes Stokes and anti-Stokes scattering. Upon collision, 

the Stokes scattering happens when energy is transferred from photon to molecule (i.e. hν0 – 

hvm), and the Anti-Stokes scattering happens if energy is transferred from a vibrationally 

excited state to the ground state (i.e. hν0 + hvm). Its presence is a result of the Raman effect. 

The resulting Raman spectrum is calculated by the difference in energy between the incident 

photons and the scattered light. For a vibrational mode of a molecule to be Raman active, a 

change in the polarisability of the molecule must occur. Polarisation and a dipole moment are 

created when the molecule is present in an electric field, pushing the electrons in the molecule 

away from the nuclei. In the measurement, the sample is illuminated with a laser beam visible, 

near infrared, or near ultraviolet range. The laser light interacts with the molecular vibrations, 

phonons or other excitations in the system, resulting in the energy of the laser photons being 

shifted up or down. This shift in energy gives information about the vibrational modes in the 

system. In this thesis, Raman spectra were recorded with a Raman spectrometer (Renishaw 

inVia) equipped with a microscope to facilitate the focal point of the excitation laser directly 

on the material being studied. A 532 nm wavelength excitation laser was used for all Raman 

measurements. For the measurement, loose powders were mounted onto a Pyrex glass slide 

and measured in air. 



74 

 

 

Figure 2-11. Schematic representation of Rayleigh and Raman scattering. v0 indicates laser 

frequency (blue: no energy difference), Stokes scattering (yellow: incident photon loss energy), 

and anti-Stokes scattering (purple: incident photon gains energy). Redrawn from reference 28. 

 

2.12 Thermogravimetric Analysis 

Thermogravimetric analysis (TGA) measures the mass of a sample over time as the temperature 

changes.29 This measurement provides information like phase transitions, absorption, and 

desorption, thermal decomposition, and so on. In this thesis, TGA was performed in platinum 

pans using a Q5000IR analyser (TA instruments) with an automated vertical overhead 

thermobalance. The samples were heated at 10 °C min-1 to 800 °C under N2. 
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Some of the results presented in Chapter 3 are taken from Paper Ⅰ. 

Crosslinked Polyimide and Reduced Graphene Oxide Composites as Long Cycle Life Positive 

Electrode for Lithium-Ion Cells, Hui Gao, Bingbing Tian, Haofan Yang, Alex R. Neale, Marc A. 

Little, Reiner Sebastian Sprick, Laurence J. Hardwick, * and Andrew I. Cooper* 
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3.1 Author Contributions 

All the polyimide and polyimide on reduced graphene oxide (rGO) composites were 

synthesised by the thesis author. All the electrochemical experiments, including CV, 

galvanostatic charge/discharge measurement, rate performance, EIS, were carried out by the 

thesis author. All the electrochemical experiments were measurement completed using coin 

cells assembled by the thesis author. Mr. Haofan Yang recorded SEM images. Dr. Yundong 

Zhou carried out Raman spectrum measurement of rGO. 
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3.2 Abstract 

A 3D redox-active polyimide was designed and hybridised with rGO using an in situ 

polycondensation reaction of pyromellitic dianhydride (PMDA) and tetra-(4-aminophenyl) 

methane (TAPM). By itself, the polyimide (PI) has a low specific capacity of 3 mAh g-1 in a 

lithium-ion half-cell resulting from the deficient utilisation of the redox-active groups on 3D 

structures. By contrast, the integration of reduced graphene oxide (rGO) with PI significantly 

enhances the utilisation of the redox-active sites to 86% and results in a specific capacity as 

high as 172 mAh g-1 at 500 mA g-1 (50 wt.% of rGO). The performance improvement results 

from the larger surface area and the faster charge transport within the composites.  

 

3.3 Introduction 

Functionalised organic materials have the potential to be candidate electrodes for the next-

generation lithium-ion batteries,1,2 due to the easy tailoring and the high theoretical capacity 

resulted from the lightweight of active sites. Among the organic positive electrode materials, 

such as conductive polymers,3,4 organosulfur compounds,5–7 nitroxyl radical-bearing 

compounds,8,9 conjugated carbonyls-containing compounds,10–13 imine-functionalised 

compounds,14,15 and azo-functionalised molecules,16,17
 conjugated carbonyl compounds are 

particularly promising. An ideal electrode material should have a high capacity, voltage, and 

conductivity, fast kinetics, low self-discharge, low solubility, good thermal stability and be 

easy to synthesis. Among the organic cathode materials, however, conductive polymers show 

poor capacity because of their low doping level. Organosulfur compounds suffer from sluggish 

reaction kinetics. The self-discharge impedes the practical application of organic radicals. 

Carbonyl compounds are the most widely studied because of their high capacity and fast 

kinetics.18 The conjugated carbonyl groups can react reversibly with lithium ions forming an 

intermediate with a delocalized charge at potentials around 2.5 V vs. Li+/Li.19 For example, 

pyrene-4,5,9,10-tetraone undergoes a four-electron reduction process at an average potential 

of 2.59 V vs. Li+/Li and reaches a high reversible capacity of 360 mAh g-1
.
10 However, small-

molecular compounds always suffer from fast capacity fading due to severe dissolution into 

aprotic electrolytes. The dissolution of the small organic active material in the electrolyte can 

be suppressed by various strategies, including grafting the electroactive molecule into a 

conductive backbone (e.g. glassy-carbon and Ketjenblack),20 forming a salt,21 and synthesising 

insoluble polymeric materials.22 Polymeric materials are advantageous because their molecular 
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structures can be chemically tuned based on the employment of different monomers to improve 

their performance.23 Recent reports have shown that polymers containing conjugated carbonyl 

groups show better capacity retention over hundreds of cycles than the corresponding 

monomers.24,25 However, it remains challenging for the polymeric organic electrode material 

due to the inefficient utilisation of the redox-active carbonyl site, particularly at high current 

rates and during long-term operation. The inefficient utilisation of the carbonyl sites in the 

polymers is because the accessibility of the carbonyl functional groups is hindered by the 

polymeric chain.  

Conductive coatings and the incorporation of conductive additives have been demonstrated to 

enhance charge transport in organic electroactive materials for higher rate capability.26–28 For 

example, a microporous polyimide covalent-organic framework and carbon nanotube 

composite that was prepared by in situ polycondensation was reported to exhibit a near 100% 

capacity retention after 8000 cycles, 95 mAh g-1 at 2000 mA g-1 (19.2 C), and 104 mAh g-1 at 

200 mA g-1 (1.9 C). What is more, the utilisation of the redox-active sites in the COFs was 

enhanced from 22.6% to 82.9% by the adding of CNT into the COFs. Because the thickness of 

the COFs became thinner with the presence of CNT, so more electrochemical redox-active sites 

are accessible.29 Inspired by this concept, in this chapter, a polyimide (PI) was designed and 

combined with the conductive rGO for the stable structure and fast redox reactions. In this 

project, rGO is chosen to be the conductive additive as it has good conductivity and the 

heteroatom in the structure is a benefit for the reactive monomers to be adsorbed on the surface 

of rGO, so the polymerisation occurs on the surface of rGO.   

 

3.4 Experimental Section 

3.4.1 Materials  

Pyromellitic dianhydride (PMDA), N-methyl-2-pyrrolidone (NMP), polyvinylidene fluoride 

(PVDF), and isoquinoline were purchased from Sigma Aldrich. Tetra-(4-aminophenyl) 

methane (TAPM) was purchased from Manchester Organics, and mesitylene was obtained 

from Acros Organics. N,N-Dimethylformamide and tetrahydrofuran were obtained from Fisher. 

Reduced graphene oxide (rGO) was obtained from Ossila (U. K.; see Figure 3-1 for Raman 

spectra of CNTs and Table 3-1 for the fitted data). The top panel in Figure 3-1 is the Raman 

spectrum of rGO and the bottom panels are the zoomed-in and fitted spectra. The fitting and 
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assignment information can be found in Table 3-1. The D band at 1330 cm-1 corresponds to 

scattering from local defects or disorders present in carbon, and the G bands at 1586 cm-1 are 

from the in-plane tangential stretching of the C−C bonds in the graphitic structure.30–32 All 

reagents were used as received without further purification. 

 

 

Figure 3-1. Raman spectra of reduced graphene oxide (top) and the corresponding fitted 

spectral regions (bottom), where the grey lines are the individual fitted peaks and the black 

dashed lines show the cumulative fit. 

 

Table 3-1. Fitting and assignment information for Raman spectrum of rGO. 

Peak Position / 

cm-1 

Amplitude 

intensity 

Integral 

intensity 

FWHM /  

cm-1 

Assignment 

1116 231 22289 a 90.39743a  

1330 9624 1945050 139.56747 D 

1586 8046 850249 70.28838 G 

2651 891 410018 351.56153  G’ (2D) 

2907 690 171420 171.97613 D+G (or D”) 

3169 153 13067 56.37192  
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aPeak fitting was attained using a Gaussian function; fitting of all other peaks was attained 

using a Lorentzian function. FWHM = full-width at half-maximum. RBM = radial breathing 

mode. The spectrum is in agreement with previous studies on the Raman spectroscopy of rGO, 

and all assignments of Raman peaks adapted from previous literature.30–32 

 

3.4.2 Preparation of Mechanically Combined PI/rGO Composite 

PI/rGO composite was made by the mechanical ball milling method. PI (50 mg) and rGO 

(50 mg) were placed in a ball mill grinding jar together with seven steel balls (Φ = 3 mm). The 

mixture was then ball milled at 30 Hz for 30 minutes. The product was recovered for the jar to 

give the physical mixture PI/rGO. Ball milling was processed on Retsch MM400 with the 

Grinding jar sizes of 25 ml.  

 

3.4.3 Theoretical Specific Capacity Calculation 

The molecular weight of the repeating A unit (MA
 = PMDA) and B unit (MB = TAPM) in the 

PI are 214.15 and 316.44 g mol-1, respectively (Figure 3-2). The contribution of the 

pyromellitic diimide and tetraphenylmethane to the repeating unit of the polymer is ½ and ¼, 

respectively. Therefore, the molecular weight of the polyimide repeating unit Mw = 

214.15/2+316.44/4= 186.18 g mol-1. And there is only one electrochemical redox site in one 

repeating unit of the polyimide. The theoretical capacity is 144 mAh g-1 calculated using 

Equation 1-2. 
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Figure 3-2. Chemical structure of PI. 

 

3.4.4 Electrochemical Test Protocol 

In the electrode, the mass ratio of active materials (PI/PIX (where x = 10, 30 or 50 wt% of 

rGO)): carbon black: PVDF is 6: 3: 1. In the coin cells, PI/PIX was used as the working 

positive electrode, lithium as the counter electrode, and 1 M LiTFSI in DOL and DME (1:1 

v/v) as an electrolyte solution. Here, LiTFSI-DME/DOL-based electrolyte was used to avoid 

the rapid reduction of organic electrodes capacity in the carbonate electrolyte.24,33 

Please see Chapter 2 (Section 2.2 Electrochemical Measurements) for the electrochemical test 

protocol. 

 

3.5 Polyimide Synthesis and Characterisation 

The redox-active polyimide PI was synthesised according to a reported polycondensation 

procedure (Scheme 3-1).34 A 10 mL Pyrex tube was charged with pyromellitic dianhydride 

(43.6 mg, 0.2 mmol) and tetra-(4-aminophenyl)methane (38.1 mg, 0.1 mmol) in solution of N-

methyl-2-pyrrolidone (NMP) (0.2 mL), 1,3,5-mesitylene (1.0 mL), and isoquinoline (0.02 mL).  
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This reaction mixture was homogenized by ultrasonication (VWR, Ultrasonic cleanser, USC-

1200TH, output: HF 45 kHz, 180 W) for 10 minutes and the tube was flash-frozen at 77 K 

(liquid N2 bath), degassed by three freeze-pump-thaw cycles, and evacuated to an internal 

pressure of 100 mTorr. The tube was sealed off and heated at 160 °C for 5 days to afford a 

yellow precipitate, which was isolated by filtration over a medium glass frit and washed with 

N,N-dimethylformamide (50.0 mL) and tetrahydrofuran (50.0 mL). The product was dried 

under reduced pressure at 85 °C to give PI as a yellow powder (67 mg, 90%). Anal. calcd. for 

(C45H20N4O8)n: C 72.5, H 2.68, N 7.52%; found: C 65.85, H 3.53, N 8.03%. PI is insoluble in 

water and common organic solvents, such as acetone, ethanol, n-hexane, tetrahydrofuran, N,N’-

dimethylformamide. 

 

Scheme 3-1. Synthesis of the PMDA-based polyimide polymer network. 

 

The chemical structure of the polyimide was characterised by Fourier-transform infrared 

spectroscopy (FT-IR). It shows that the stretching vibrations of the –NH2 groups in TAPM, at 

around 3300 cm-1, disappear in the IR spectra of the PI, indicating that TAPM underwent 

polycondensation with PMDA (Figure 3-3). Bands at 1772 and 1719 cm-1, attributed to 

asymmetric and symmetric stretching vibrations of the C=O groups of the five-membered 

imide rings, were observed in the IR spectra of the PI, as was the band at 1356 cm-1, assigned 

to C–N–C moiety. In addition, in the IR spectrum for PI there were no IR bands at 1763 cm−1, 

corresponding to unreacted anhydride starting material, or at around 1650 cm−1, corresponding 

to amic acid intermediates. Therein, amic acid describes the group containing carboxylic acid 

and an amide linker as the intermediate product of the reaction between the anhydride of 

PMDA and primary amines of TAPM. These results demonstrate the successful reaction of 

the PMDA and TAPM. 
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Figure 3-3. FT-IR Spectra of PI, PMDA, TAPM. 

 

SEM was used to determine the morphology of the PI. The SEM images of the pristine PI 

show that has a spherical particle morphology and the diameters of the particles range from 1.0 

to 7.0 µm (Figure 3-4). In the SEM images, it was also observed that the spherical particles 

tended to aggregate. Powder X-ray diffraction (PXRD) patterns show that PI was amorphous 

(Figure 3-5). Thermogravimetric analysis (TGA) demonstrated that the PI has high thermal 

stability and did not appear to decompose up to 500 °C under an N2 atmosphere. The mass loss 

below 100 °C was attributed to a loss of water that was adsorbed by the polyimide sample. The 

adsorption behaviour of PI was also investigated using N2 sorption isotherms recorded at 77.3 

K. Before recording the adsorption isotherm, the PI sample was degassed under 120 °C for 12 

hours to remove any water from the sample. The N2 sorption isotherm indicated that PI is non-

porous, which indicates the polymer networks are interpenetrated, which is often observed for 

crosslinked porous polymers.35,36 

 

 

Figure 3-4. SEM images of PI (Scale bar: 1 μm). 
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Figure 3-5. (a) Amorphous PXRD patterns of PI; (b) TGA plot of PI; (c) N2 sorption isotherms 

of PI (77.3 K, solid symbols = adsorption; open symbols = desorption). 

 

3.6 Polyimide Composite Synthesis and Characterisation 

After synthesising PI, it was decided that a series of PI composites would be synthesised using 

the same synthetic procedure, but with rGO added into the reaction mixture (Scheme 3-2). 

Typically, a 10 mL Pyrex tube was charged with pyromellitic dianhydride (43.6 mg, 0.2 mmol), 
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tetra-(4-aminophenyl)methane (38.1 mg, 0.1 mmol) and reduced graphene oxide (10, 30, 50 

wt.% of the composite based on the yield of the PI) in solution of N-methyl-2-pyrrolidone 

(NMP) (0.2 mL), 1,3,5-mesitylene (1.0 mL), and isoquinoline (0.02 mL).  This reaction mixture 

was homogenized by ultrasonication for 10 minutes and the tube was flash-frozen at 77 K 

(liquid N2 bath), degassed by three freeze-pump-thaw cycles, and evacuated to an internal 

pressure of 100 mTorr. The tube was sealed off and heated at 160 °C for 5 days to afford a 

yellow precipitate, which was isolated by filtration over a medium glass frit and washed with 

N,N-dimethylformamide (50.0 mL) and tetrahydrofuran (50.0 mL). The product was dried 

under reduced pressure at 85 °C to give a black powder. In total, four samples were synthesised 

using the same method: PI and rGO composite with 10, 30, and 50 wt. % rGO. The composites 

are named PIX, where X = 10, 30, and 50 wt.% of rGO.  The yields calculated for PI10, PI30, 

and PI50 were 89.4%, 88.7%, and 87.5%, respectively.  Anal. calcd. for PI10:  C 70.48, H 

2.64, N, 8.18%; found: C 64.45, H 3.01, N 7.00%; Anal. calcd. for PI30:  C 77.04, H 2.05, N 

6.36%; found: C 67.42, H 2.43, N 6.74%; Anal. calcd. for PI50:  C 83.60, H 1.47, N 4.50%; 

found: C 68.91, H 1.96, N 6.70%).  

In the composite, the interaction between the rGO and polyimide is based on the non-covalent 

bonding, including physical adsorption and the -stacking interaction which is from the rGO 

and the conjugated parts in the polymers as well as the heteroatoms with free electron pair.  

 

Scheme 3-2. Synthesis of the PMDA-based polyimide and rGO composite. 

 

The PIX composites were first characterised by FT-IR (Figure 3-6). The characteristic NH2 

peaks were not observed in the PIX IR spectra. A new peak at 1356 cm-1 assigned to C–N–C 

moiety was observed.  Peaks at 1772 and 1719 cm-1, attributed to C=O groups of the five-

membered imide rings, were observed. This indicates that PMDA reacted with TAPM. 
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Furthermore, the bands at 1566 and 1191 cm-1, the stretching vibrations of the C=C and C-O-

C increased with the rGO content. XRD pattern shows that all the composites samples are 

amorphous. The TGA profile exhibits that all the composites samples have good thermal 

stability up to 500 °C under N2 atmosphere. The mass loss at low temperatures may result from 

water loss. Compared to the PI sample, the PIX composites were observed to lose more mass 

under 100 °C, indicating that the samples adsorb more water when hybridised with rGO. All 

the PIX composites were found to retain 50% of their mass at 800 °C (Figure 3-4c). The mass 

loss is from the decomposition of the polyimide. The mass loss observed for the PIX composite 

materials was comparable to that of the PI.  
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Figure 3-6. (a) FT-IR spectra of PIX; (b) Amorphous PXRD patterns of the PIX composites, 

and rGO; (c) TGA of PIX. 
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The morphology of the PIX composites and rGO were characterised by the SEM (Figure 3-7). 

The rGO powder exhibits a sheet-like morphology as shown in the SEM images. In the 

composite, we can see that the particle size becomes smaller when adding the rGO in the PIXs 

because of less aggregation, and further decreases with more rGO. PI10, PI30, and PI50 have 

diameter ranges of 0.2–1.4, 0.2–1.2 and 0.1–0.8 µm, respectively. What is more, the PI spheres 

become less aggregated with the increase of rGO.  

 

Figure 3-7. SEM Images of (a, b, c) PI10; (d, e, f) PI30; (g, h, i) PI50 and (j, k, l) rGO (scale 

bar: 1µm). 
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N2 sorption measurements at 77.3 K were carried out to assess the porosity of PIX composite 

and rGO. PI10 shows low absorption of N2 at P/P0
 = 1.0, which means PI10 has a low surface 

area with a SABET of 6 m2 g-1. PI30 and PI50 have Type II gas sorption profiles. The increase 

of N2 uptake at a very low relative pressure (P/P0 < 0.01) indicates the presence of micropores 

in the PI30 and PI50. The adsorption isotherms of PI30 and PI50 show an evident hysteresis 

loop in the medium-pressure region (P/P0 =0.4–0.7), reflecting that mesopores exist in the 

composites. Additionally, an increase in the high-pressure region (P/P0 =0.8–1.0) is also 

observed in the adsorption and desorption isotherms of the PI30 and PI50, revealing the 

presence of macropores in these materials. The N2 isotherm shows that rGO could improve the 

porosity of PIX, as the N2 sorption capacity of all the PIXs composites is higher than that of 

PI at P/P0 = 1.0. Pore size distributions of PIXs were determined by non-local density 

functional theory (NL-DFT; Figure 3-8) and indicated the presence of micropores and to a 

lesser extent of meso- and macropores. SABET also demonstrates the conclusion.37 The SABET 

of PIXs increased with the wt.% of rGO content from 52 m2 g-1 for PI10 up to 563 m2 g-1 for 

PI50 (Table 3-2), even higher than the value of rGO (439 m2 g-1). Therefore, it appears that the 

introduction of rGO in the PIX composites increases both the SABET and t-plot micropore area 

of the composite, which has previously been observed by others.37 Both PI30 and PI50 have 

pores with an average width of 15 Å, which is larger than the diameter of Li+ cation (1.52 Å) 

and could, therefore, be beneficial for Li+ ion transport within the material. 

 

Table 3-2. Surface areas and pore properties of PI and the PIX composites. 

Sample SABET
a (m2 g-1) t-plot micropore areab  

(m2 g-1) 

Total pore volumec 

(cm3 g-1) 

PI 6 - - 

PI10 52 18 0.032 

PI30 233 129 0.143 

PI50 563 246 0.36 

aSurface area calculated from the N2 adsorption isotherms at 77.3 K using the BET equation; 

bMicropore surface area calculated from the nitrogen adsorption isotherms at 77.3 K using the 

t-plot equation with the carbon black model; cPore volume calculated from the nitrogen 

isotherm at P/P0 = 0.99, 77.3 K. 
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Figure 3-8. (a,c,e) N2 sorption isotherms of PIX composites (77.3 K, solid symbols = 

adsorption; open symbols = desorption); (b,d,f) Pore size distribution plots of the PIX 

composites (calculated by NL-DFT for pillared clay).  
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Figure 3-9. (a) N2 sorption isotherms of rGO (77.3 K, solid symbols = adsorption; open 

symbols = desorption); (b) Pore size distribution plots of the rGO (calculated by NL-DFT for 

pillared clay). 
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3.7 Electrochemical Performance of PI and PIX 

Next, we evaluated the electrochemical performance of PI and the PIX composites as the 

positive electrode. CV was performed using the PI and PIX coin cells at 0.1 mV s-1 (Figure 3-

10) from open circuit potential (2.7 V), with all the samples exhibiting similar shaped CV 

characteristics. Two pairs of redox peaks corresponding to the two-electron reaction of the 

carbonyl groups in one PMDA unit were centred at approximately 2.3 and 2.0 V.24 

Furthermore, the peak current densities and integral charge (as normalized to the mass unit of 

PI active material) increased as the mass ratio of rGO in the PIX composite was increased. PI 

has the smallest integral charge area, when compared with the PIX composites, showing low 

utilisation of redox-active sites on PI. The smaller particle sizes of PI in the PIX composites 

mean that they have a larger surface area/volume ratio, which might enhance the number of 

exposed redox sites on PI and thus increases their utilisation. It is also possible that rGO in the 

composites enhances charge transport within these materials, which is also beneficial. 

Galvanostatic charge/discharge experiments were performed in a voltage window of 1.5 to 3.4 

V for all positive electrodes (Figure 3-10). In the charge/discharge profile, all the electrode 

material shows a slope rather than a plateau. Take PI50 for example, when the cell is discharged 

from 3.4 to 1.5V, the discharge profile has a slope from about 2.3 to 2.0 V. Therefore, the 

average discharge potential is approximately 2.15 V. At a current density of 500 mA g-1, PI 

has a limited capacity of 3 mAh g-1, which is only 2.2% of the maximum theoretical specific 

capacity for PI (144 mAh g-1, see Figure 3-2 for calculation details). This low utilisation of its 

electrochemical redox-active sites is likely due to the poor electrical conductivity of PI, and 

non-accessible redox sites due to the inherent non-porosity of the polymer. Indeed, it was found 

that the composites (containing rGO) show higher capacities of 14, 53, and 172 mAh g-1 at 500 

mA g-1 for PI10, PI30, and PI50, respectively. While rGO can contribute to the capacity of the 

PIX composites (vide infra), rGO can only contribute up to 5, 21, and 48 mAh g-1 to the specific 

capacities of PI10, PI30, and PI50, respectively. Hence, the utilisation of redox-active sites, 

compared to the theoretical specific capacity, increases significantly to 6.2, 22, and 86% for 

PI10, PI30, and PI50, respectively. Moreover, PIX materials exhibited good cycle life 

performance, and capacity retentions after 200 cycles are 93, 96, and 98% for PI10, PI30, and 

PI50 (Figure 3-10).  
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Figure 3-10. (a) Cyclic voltammetry profiles at a scan rate of 0.1 mV s-1; (b) Charge-discharge 

profiles at 500 mA g-1; (c) Cycling performances over 200 cycles at 500 mA g-1; (d) Charge-

discharge profiles (based on active polymer, rGO, and carbon black (CB)) at 500 mA g-1 for 

PI, PI10, PI30, and PI50. 

 

The capacity of PI50 is comparable to typical positive electrode materials used in commercial 

cells, such as LiCoO2 which has a capacity of 145 mAh g-1 and a cycle life of 1000, when 

considering the active material.38 However, the capacity of the PI50 cell was only 52 mAh g-1 

(Figure 3-10) when calculated based on the total mass of the active material and conductive 

additives. Here, all gravimetric capacities and currents are normalized to the mass of the active 

material (PI), with the exception of Figure 3-10d, wherein the galvanostatic charge/discharge 

profiles are based on the mass of the whole electrode in the cell. 
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Figure 3-11. (a) Galvanostatic charge/discharge curve of PI/rGO at 500 mA g-1; (b) Cycling 

performance over 200 cycles for at PI/rGO at 500 mA g-1. 

 

The intricate mixture of the PIX composites was further explored to obtain an increase in 

performance. For this, a physical mixture of PI with rGO (PI/rGO) was prepared by ball milling 

a 1:1 mass ratio of PI and rGO. When this composition was used as the active component the 

resulting cell had a capacity of 86 mAh g-1 (Figure 3-11) at 500 mA g-1, which is 70% lower 

than PI50, which was synthesised by in situ polycondensation. The physical mixture also has 

lower capacity retention of 78% after 200 cycles (Figure 3-11). The additives used in the 

cells—that is, rGO and carbon black—were also tested for their electrochemical performance, 
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to evaluate their respective contributions towards the overall performance of the cells. When 

tested under the same conditions rGO: PVDF (9: 1 by mass) and carbon black: PVDF (9:1 by 

mass), these materials exhibited specific capacities of 48 and 1 mAh g-1, respectively, 

originating primarily from capacitive charging of the electrochemical double layer (Figure 3-

12). 

Figure 3-12. (a) Cyclic voltammetry profile of carbon black (Super C65) at a scan rate of 0.5 

mV s-1; (b) Galvanostatic charge/discharge curve of carbon black (Super C65) at 500 mA g-1; 

(c) Cyclic voltammetry profile of rGO at a scan rate of 0.5 mV s-1; (d) Galvanostatic 

charge/discharge curve of rGO at 500 mA g-1. 

 

Cycle life is another important factor for the performance of a rechargeable battery, in addition 

to the specific capacity of the material. The long-term cycling performance of PI50 was studied 

at 2000 mA g-1 (Figure 3-13a). A capacity of over 125 mAh g-1 was observed, and minor 

capacity loss was observed corresponding to 80% retention of the highest recorded capacity 

after 9000 charge-discharge cycles (equating to a capacity loss of ca. 0.0027% per cycle,), 
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demonstrating stable active site utilisation and excellent rate performance. The Coulombic 

efficiency was also maintained at close to 100%, at a current density of 2000 mA g-1 (about 

13.8 C). The capacity fading during long cycling may be because there are trace amounts of Li 

ions trapped in the polymer. The cycling performance of PI50 outperforms a series of organic 

hybrid materials, prepared using graphene, rGO, and carbon nanotubes (Figure 3-13 and Table 

3-3). For example, a polyimide COF (PI-ECOF-1/rGO50) was reported to have a 76% capacity 

retention after 300 charge-discharge cycles under 1  C,24 a poly(imide-benzoquinone) COF 

(PIBN-G) exhibited 88% of the initial capacity after 300 charge-discharge cycles under 5  C,11 

and a polyarylimide COF (2D-PAI@CNT) showing the highest cycling performance reported 

(at 100% retention after 8000 charge-discharge cycles at 20 C).29 In this context, it is important 

to note that long-term testing is required to make fair conclusions regarding materials 

performances, which is unfortunately often not reported. 

Figure 3-13. (a) Long-term cycling stability of PI50 at 2000 mA g-1; (b) Comparison of the 

cycling performance to other polyimide cathodes (reference information for comparative data 

shown in Table 3-3); (c) Rate performance of PI, PI10, PI30, and PI50. Please note that the 

break in the Coulombic efficiency plot is due to a break in the cycling measurement. 
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Table 3-3. Battery performance comparison of PIX50 with other reported PI cathodes 

(Chemical structures displayed in Figure 3-14). 

Sample Key Functional 

Group 

Capacity Max  

(mAh g-1) 

Capacity Retention (%) Symbol and 

Colour used in 

Figure 3-13b 

Ref. 

2D-PAI@CNT 

 

Naphthimide 104  

at 0.96 C 

100 after 8000 cycles 

(20 C) 

Purple sphere 29 

PIBN-G 

 

Imide-

benzoquinone 

270  

at 0.1 C 

88.2 after 300 cycles 

(5 C) 

Pink triangle 11 

PI-ECOF-

1/rGO50 

Imide 167  

at 0.1 C 

76.1 after 300 cycles  

(1 C) 

Orange 

pentagon 

24 

PAQS-FGS-b 

 

Anthraquinone 165  

at 0.1 C 

100 after 20 cycles  

(10 C) 

Green square 39 

G-g-PTMA/RGO Nitroxide 

radical 

466  

at 200 mA g-1 

62 after 250 cycles  

(400 mA g-1) 

Cayno triangle 40 

PTMA/graphene Nitroxide 

radical 

222  

at 1 C 

57.1 after 20000 cycles  

(100 C) 

Magnet triangle 41 

VG 8/G-0.5 

 

Anthraquinone 330  

at 50 mA g-1 

81.9 after 100 cycles (100 

mA g-1) 

Green diamond 42 

PI10G 

 

Imide 232.6  

at 0.1 C 

80 after 1000 cycles  

(50 C) 

Khaki diamond 43 

HATN/GO 

 

Hexaazatrinapht

halene 

410  

at 50 mA g-1 

80 after 2000 cycles (500 

mA g-1) 

Blue Pentagon 44 

PDI/RGO 

 

Imide 81.5  

at 25 mA g-1 

73 after 500 cycles  

(25 mA g-1) 

Yellow circle 45 

NO-g-rGO Nitroxide 

radical 

310  

at 0.5 C 

82.5 after 200 cycles (0.5 

C) 

Brown triangle 46 

PI50 Imide 172  

at 500 mA g-1 

80 after 9000 cycles 

(2000 mA g-1 =13.8 C) 

Red star This 

work 
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Figure 3-14. Chemical structures of the molecule are mentioned in Table 3-3. 

 

To understand the potential structural/chemical changes of PI50 after the long-term cycling 

test, FT-IR spectra were measured for the as-made material and for electrode material that was 

recovered from a cell of 500 charge-discharge cycles at 500 mA g-1. For the cycled material, 

the coin cell was disassembled inside a glovebox and the electrode was washed with DOL 

before being dried under reduced pressure at room temperature to remove residual electrolyte 

salt. The FT-IR measurements were then performed under a dry N2 atmosphere. The FT-IR 

spectra of the PI50 electrodes before and after 500 cycles showed that the characteristic 

carbonyl (1772 and 1718 cm-1) and C-N-C (1356 cm-1) bands were retained after cycling 

(Figure 3-15). The FT-IR spectra of the electrode before and after cycling are taken from 
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different coin cells, so the intensity of the peaks at the same wavenumber is different. SEM 

images taken after the cycling experiment showed no obvious changes to the morphology of 

PI50 after 500 cycles (Figure 3-16). 

 

Figure 3-15. FT-IR spectra of PI50 electrode before and after 500 cycles. The scale bar is the 

intensity of the absorbed signal. 

 

 

Figure 3-16. SEM Images of PI50 electrode before and after 500 cycles at 500 mA g-1 (scale 

bar: 1µm) 

 

The rate performance of PI and the PIX composites were investigated at different current 

densities (Figure 3-13c) and found the capacity decreases over the current rate range from 500–

2000 mA g-1 (3.5 C to 13.9 C). Reversible capacities for PI50 of 165, 145, 142, 132, and 125 
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mAh g-1 were determined at 500, 800, 1000 1500, and 2000 mA g-1, respectively. In addition, 

the capacity of 165 mAh g-1 for PI50 recovered to 159 mAh g-1 after 20 cycles at different 

currents, corresponding to 96% of the initial capacity at 500 mAh g-1, implying good rate 

performance. PI50 has the best rate performance in the PI and PIX electrodes because the 

reduced particle size of polyimide in PI50 improved the contact between the polyimide and the 

conductive carbon and the increased amount of rGO in the composite leading to a better 

conductivity of the electrode. It is proved by the EIS test, in which PI50 shows the smallest 

charge transfer resistance (Figure 3-18 and Table 3-4). The rate performance of PI50 is better 

than many other reported polyimide electrode materials; for example, PI-ECOF-1/rGO30 and 

PI-ECOF-1/rGO50 discharged at 10 C still retain capacities of 60 mAh g-1 and 90 mAh  

g-1,24 while DAAQ-ECOF has a capacity of 87 mAh g-1 at a current density of 2000 mA g-1, 

which is equivalent to 13.2 C.47 

To further understand the rate capability, the electrochemical reaction kinetics of PI50 were 

investigated by scanning the CV at different sweep rates (Figure 3-17). The current response 

(i) of PI50 to the applied sweep rate (v, 0.1–1.0 mV s-1) was measured (Figure 3-17b). 

According to the power law, i = avb, b-values close to 0.5 indicate that the current is controlled 

by semi-infinite linear diffusion, by contrast, b-values close to 1 indicate that the current is 

surface-controlled. The b-values of four redox peaks R1, R2, O1 and O2 (0.90, 0.90, 0.86, and 

0.89) are all close to 1 (Figure 3-17b), indicating that the charge storage in PI50 is a fast 

surface-controlled process, which is expected as storage is through reversible redox-active 

functional groups. To account for some of the dominant capacitive contributions from the rGO, 

the equivalent peak analysis was performed following baseline subtractions from linear back 

extrapolation of the positive and negative currents baselines in the region of ca. 2.8 - 3.2 V vs. 

Li+/Li. Consequently, the derived b-values for R1, R2, O1, and O2 reduced only slightly (0.8, 

0.74, 0.84, 0.85, respectively, Figure 3-17c), further supporting the nature of the surface-

controlled processes on the active polymer. Further analysis of the voltammetric sweep rate 

dependence enables the surface-controlled contribution to the current response to be 

quantitatively distinguished.29,48 We can express the current response at a fixed potential as 

being the combination of two separate mechanisms, surface-controlled contribution and 

diffusion-controlled insertion processes; i = k1v + k2v
1/2. The exact surface-controlled 

contribution (k1v) can be further quantified, where k1 and k2 constants can be simulated by 

plotting iv−1/2 vs v1/2, in which k1and k2 are the slope and intercept of the linear fitting plot. At 
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0.1 mV s-1, the surface contribution was determined to be 68%, which is further enhanced to 

87% at 1 mV s-1.  

 

Figure 3-17. (a) Cyclic voltammograms of PI50 collected at different scan rates; (b) ln i vs. ln 

V plots to determine the b values of different peaks; (c) lni vs. lnv plots to determine the b 

values of different peaks based on the subtracted data. 
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EIS was employed to further characterise the electrochemical and transport behaviour of PI 

and the PIX composites (Figure 3-18a). A charge transfer resistance value Rc was obtained by 

fitting Nyquist plots using an equivalent circuit model (Figure 3-18b). In this circuit, the 

constant phase element (CPE), the charge transfer resistance (Rc), the resistance of the solution 

(Rs), and the mass transport resistance (W) were considered. The CPE is in parallel to the 

resistance Rc and W, and they are connected in series to Rs (see the equivalent circuit diagram 

in Figure 3-18b). The semicircles in high-frequency regions denote charge transfer resistance 

(Rc), which is related to reaction kinetics, and the linear increase in the low-frequency regions 

represents Li+ diffusion resistance in the electrolyte. Fitted values for the individual elements 

in the equivalent circuit of the EIS data of PI and the PIX composite electrodes are summarised 

in Table 3-4. It was found that that the Rc of PI50 (22.1 Ω) is smaller than that of PI (47.4 Ω), 

PI10 (38.1 Ω), PI30 (35.4 Ω), supporting the assertion of improved charge transfer in PI50 

due to optimisation of contact between the PI and conductive carbon network. 

 

Figure 3-18. (a) EIS spectra of PI and the PIX composite electrodes; (b) Equivalent circuit 

used for fitting the electrochemical impedance data. The Rs (R1), Rc (R2), CPE (Q2) and W 

(W2) represent cell solution resistance, charge-transfer resistance, constant phase element and 

Warburg impedance. 
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Table 3-4. Fitted values of elements in the equivalent circuit for EIS data of PI and the 

PIX composite electrodes. 

 Rs (Ω) CPE (F) Rc (Ω) W(Ω) 

PI 8.1 22.9×10-6 47.7 26.3 

PI10 2.7 24.1×10-6 38.1 4.3 

PI30 7.7 37.8×10-6 35.4 10.3 

PI50 3.3 17.7×10-6 22.1 4.2 

 

3.8 Investigation of the Redox Intermediates 

It is important to gain insight into the mechanism of the lithiation and delithiation of conjugated 

carbonyl-containing compounds for further material discovery. Here ex situ FT-IR 

spectroscopy was used to understand the redox processes. The underlying redox processes of 

the polyimide in the presence of lithium ions were investigated using ex situ FT-IR 

spectroscopy (Figure 3-19a). Cells with PI50 as the active material were disassembled at the 

end of the lithiation and delithiation stages, washed by DOL and dried under reduced pressure 

at room temperature, and FT-IR spectra were then recorded. It was found that for the pristine 

electrode materials, the IR band at 1497 and 1579 cm-1 can be assigned to the vibration of C=C 

bonds, and peaks at 1718 and 1772 cm-1 are assigned to the vibration of the C=O bonds in 

PI50. When the sample was discharged to 1.5 V (lithiation), a new band at 1450 cm-1 became 

visible and this band is attributed to the vibration of C=C bonds. A new band at 1313 cm-1 can 

be assigned to the vibration of C–O bonds, indicating the formation of new C=C bonds and C–

O–Li bonds in lithiated PI50. The signal at 1718 and 1772 cm-1 relating to C=O bonds is 

weaker after discharge to 1.5 V. When charged back to 3.4 V, the band at 1450 and 1313 cm-1 

disappeared and the signal at 1718 and 1772 cm -1 returned to a state similar to that of the 

pristine sample, implying that the lithiation/delithiation process is reversible under these 

conditions. The IR signal intensity of carbonyl groups on the polyimide is reduced, but still, a 

low-intensity band remains visible indicates that not full, but rather a partial lithiation of the 

polyimide C=O bonds occurs during the discharging process. This is in line with the observed 

electrochemical performance. The reversible changes of the C=O and C=C bonds vibrational 

modes in the electrode agree with the lithiation/delithiation of carbonyls in PI50, which is 

evidence for participation of C=O double bonds in the redox reaction. 

Based on these results we suggest a mechanism as outlined in Figure 3-19b that involves redox 

reactions of carbonyl units in PI. This is in line with previous reports that have also suggested 
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that only two carbonyl groups of dianhydride PMDA moieties participate in the redox reactions 

due to the electrostatic repulsion between injected negative charges.12,49  

 
Figure 3-19. (a) FT-IR spectra of PI50 electrode materials at different states of 

lithiation/delithiation (pristine, lithiated to 1.5 V and delithiated to 3.4 V); (b) Proposed 

reversible electrochemical redox mechanism of PI50 during the lithiation/delithiation process. 
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3.9 Conclusions 

PIX composites were synthesised by in situ polycondensation on rGO and used as redox-active 

positive electrode material in a lithium-ion cell. The reduced particle size of the polyimide 

polymer in the composites from this synthesis route resulted in the dramatic enhancement of 

the accessible electrochemically active surface area and, in turn, improved both electron 

transfer and Li+ ion transport to the redox-active carbonyl groups. As a consequence, the 

electrochemical performance of PI was improved and the composite materials were found to 

have much greater specific capacities, with PI50 having the largest of 172 mAh g-1 at 500 mA 

g-1. This corresponded to high utilisation of the redox-active sites of 86%, and a retention of 

80% of the capacity of 125 mAh g-1 after 9000 cycles at 2000 mA g-1. Detailed FT-IR 

investigations showed conclusively the mechanism of storage on the PI resulted from the 

participation of C=O double bonds in the redox reaction. 

The use of redox-active functional groups in polymers as a high-rate, long-life energy storage 

mechanism shows promise. However, the relative amount of redox-active material needs to be 

considered, which is thus far too low for practical applications. This is because of the 

significant ratio of conductive additives that are used. Looking forward, there is a need to 

optimise these materials in terms of their accessible redox-active sites while lowering the 

carbon loadings. 
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Some of the results presented in Chapter 4 are taken from Paper Ⅱ. 

Integrated Covalent Organic Framework/Carbon Nanotube Composite as Li-ion Positive 

Electrode with Ultra-high Rate Performance, Hui Gao, Qiang Zhu, Alex R. Neale, Mounib 

Bahri, Xue Wang, Haofan Yang, Lunjie Liu, Rob Clowes, Nigel D. Browning, Reiner 
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4.2 Abstract 

COFs are promising electrode materials for Li-ion batteries owing to their modularity, porosity, 

and robust crystalline networks. However, the utilisation of redox-active sites embedded in 

their networks is often suppressed by the low intrinsic conductivities of bulk-grown COFs, 

which results in poor electrochemical performance. Herein, a general strategy to improve the 

energy storage capability of COFs-based electrode materials through integrating COF with 

carbon nanotubes (CNT) is demonstrated. The COF composites feature an abundance of π-

conjugated redox-active phenanthrenequinone units, a robust β‑ketoenamine linkage, and well-

defined mesopores. The COF and CNT composite material (2,7-diamino-9,10-

phenanthrenequinone (DAPQ)-COFX – where X = 10, 30, and 50 wt.% of CNT) was prepared 

by in situ polycondensation, resulting in the formation of tube-type core-shell structures with 

intimately grown COF layers on the CNT surface in the optimised composites. The synergistic 

structural design enables superior electrochemical performance, providing DAPQ-COF50 with 

95% utilisation of redox-active sites, long cycling stability (76% after 3000 cycles at 2000 mA 

g-1), and ultra-high rate performance, with 58% capacity retention at 50 A g-1. This rate 

translates to charging times of ca. 11 seconds (320 C), implying that DAPQ-COFX has great 

capability in the application of high-power cells. Indeed, this power density and the rapid 

charge/discharge time are competitive with electrochemical capacitors. 

 

4.3 Introduction 

Rechargeable Li-ion batteries are widely used in daily life with the ever-growing application 

in the powering of portable devices, like smartphones and laptops, and the drive to shift towards 

electric vehicles. In addition to enlarging practical energy densities, the development of new 

materials and technologies is required to address the demand for higher power applications, 

enabling high current rates and rapid (dis)charge times without sacrificing cycling stability or 

lifetime. In this regard, the electrochemical processes based on the simple, reversible redox 

reactions of organic electrode materials commonly lead to higher rate performances, compared 

to inorganic electrode materials based on conventional intercalation reactions.1,2 As such, 

organic electrode materials are promising candidates for the next generation sustainable Li-ion 

batteries with faster charging function.3,4 However, electrodes based on small organic 

molecules suffer from the drawback of dissolution in organic electrolytes leading to poor 



117 

 

cycling stabilities. Great efforts, including grafting the electroactive molecule into a conductive 

backbone,5 forming a salt,6 and synthesising insoluble polymeric materials,7 have been devoted 

to solving the dissolution of the small organic active material in the electrolyte. Polymeric 

materials are advantageous because, in addition to the targeted insolubility, their molecular 

structures can be chemically tuned based on the employment of different monomers to improve 

their performance.8,9   

Covalent organic frameworks (COFs) are a class of materials that form 2 or 3D structures 

through reversible reactions between organic precursors resulting in strong, covalent bonds to 

afford porous, stable, and crystalline materials. With the advantage of high porosity, adjustable 

and periodic pores, well-defined structures, and functional skeletons, COFs have great potential 

applications in batteries. In contrast to traditional polymers, COFs enable precise integration 

of the redox-active building blocks into two- or three-dimensional topologies with long-range 

ordered skeletons and nanopores. The modular synthesis is facile to tailor the redox properties 

of COFs because of the diversity of building blocks and atomically controllable arrangement. 

Therefore, the battery performance could be adjusted by the design of different building blocks 

of the COFs. In addition, the ordered one-dimensional nanopores in the COFs is a benefit for 

the diffusion and access of electrolytes to the electroactive sites. For example, Dichtel et al. 

compared a naphthalene diimide COF (TAPB-NDI COF) to an amorphous analogue (TAPB-

NDI Amp) and a chemically similar linear polymer to determine how structural properties 

affected the battery performance relationship.10 The TAPB-NDI COF, which had a SABET 

surface area of 490 m2 g-1, delivered 60 mAh g-1 (95% of its theoretical capacity) under C/20. 

By contrast, the TAPB-NDI Amp, which had a much lower BET surface area of 20 m2 g-1, only 

delivered 16 mAh g-1 at the same scan rate, corresponding to only 25% of its theoretical 

capacity. Compared to the small molecule in isolation or a linear polymer with a relatively low 

molecular weight, the COFs exhibited good stability in organic solvents, leading to the COF 

having stable cycling performance in battery applications. Feng et al. reported a 2-D polyimide 

COF (2D-PAI COF) that delivered a capacity of 104.4 mAh g-1 and kept 100% capacity 

retention after 50 cycles at 0.1 A g-1, implying remarkable chemical stability of 2D-PAI.11 The 

cycling stability of 2D-PAI is superior to the fast capacity-fading of the 2D-PAI electroactive 

monomer in isolation. Furthermore, the π-π stacking interlayer structure and the π-conjugated 

intralayer skeletons in the COFs allow charges to move fast through preorganised pathways.12 

Recently, several pioneering works have been reported that utilise COFs as active material in 

Li-ion batteries.13–16 However, close packing of 2D COF has been shown to make it difficult 
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to reach the interior active sites which are deeply buried inside the 1D channels, especially at 

a high current density. Inevitably, this leads to insufficient utilisation of the redox-active sites 

and thus lowering the capacity and rate performance. Wang et al.17 reported a strategy to 

accelerate the diffusion-controlled redox reactions of COFs through delamination of COFs into 

few-layer nanosheets, which enhanced the electrochemical performance significantly. 

Conductive coating and incorporation of conductive additives have been used to improve the 

electron transportation of organic cathode materials, which has resulted in higher rate 

performances being achieved.18–23 Graphene, reduced graphene oxide (rGO) and carbon 

nanotubes (CNT) have been used as conductive additives because of their extraordinary 

electronic conductivity, and it has been reported that graphene, rGO and CNT based composites 

can enhance the electrochemical performance of batteries.24–26 For example,  Feng et al.16 

reported a 2D microporous COF and CNT composite (2D CCP-HATN@CNT), which was 

synthesised by in situ polymerisation on graphene, as cathode materials for Li-ion batteries. 

2D CCP-HATN@CNT high capacity of 116 mAh g-1 with 99% utilisation of its redox-active 

sites and good cycling stability (91% after 1000 cycles) and rate capability (82%, 1.0 A g-1 

vs.0.1 A g-1). While the pure 2D CCP-HATN only delivered a limited capacity of 62.5 mAh  

g-1. Taken together, these results suggest that covalent-organic framework composites can be 

made to be highly stable and undergo fast redox reactions. 

Chemical components, including the type of linkages and the number of redox-active sites, are 

essential factors for determining the stability and maximum theoretical capacities of organic-

based electrodes in Li-ion batteries. For example, the β-ketoenamine-linkage has been used to 

synthesise COFs with high stability and crystallinity.27 While 2,7-diamino-9,10-

phenanthrenequinone (DAPQ) is a good electrochemical motif because it has two conjugated 

carbonyl groups that are redox-active, which, unlike imides, can simultaneously react with Li+. 

The phenanthrenequinone motif also has a high discharge potential because of the presence of 

a three-fold charge-stabilisation mechanism.28 In addition, the π-conjugated structure of DAPQ 

can stabilise charge and can form intermolecular π-π stacking interactions that could stabilise 

the packing of 2D layers in a COF structure. In this chapter, composites of a 2D COF (DAPQ-

COF, Scheme 4-2) and CNTs were synthesised using in situ Schiff-base condensation reaction 

of 1,3,5-triformylphloroglucinol (TFG) with 2,7-diamino-9,10-phenanthrenequinone (DAPQ) 

and studies at Li-ion batteries. By itself, DAPQ-COF was found to have a low specific capacity 

of 73 mAh g-1 as the active material in a Li-ion half-cell, corresponding to 46% utilisation of 

the redox-active groups in DAPQ-COF. However, a significant performance improvement was 
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observed with the addition of CNT during in situ polymerisations of DAPQ-COF. A DAPQ-

COF composite containing 50 wt.% of CNT has a 95% utilisation of the redox-active sites and 

a specific capacity of 162 mAh g-1 at 500 mA g-1. In this chapter, CNT was chosen as the 

conductive additive because the CNT has better conductivity compared to rGO which was used 

in Chapter 3.  

4.4 Experimental section 

4.4.1 Materials 

9,10-Phenanthrenequinone (PQ) and 1,3,5-triformylphloroglucinol (TFG, see Figure 4-1 for 

the 13C NMR spectrum of TFG) were obtained from TCI LTD. Acetic acid, palladium on 

carbon, catalyst-free, multi-walled carbon nanotubes with outer diameter and length ranges of 

7-15 nm and 0.5-10 µm (CNTs, see Figure 4-2 for Raman spectra of CNTs and Table 4-1 for 

the fitted data), anhydrous NMP, PVDF, and isoquinoline were purchased from Sigma Aldrich. 

1,4-dioxane, n-Butanol, and 1,2-Dichlorobenzene (o-DCB) were obtained from Alfa-Aesar. 

Fuming nitric acid, sodium carbonate, dimethylacetamide (DMAc), and mesitylene were 

obtained from Acros Organics. Concentrated sulfuric acid, DMF, dimethyl sulfoxide (DMSO), 

acetone, and methanol were obtained from Fisher. All chemicals were used as received without 

further purification. 

 

Figure 4-1. 13C NMR (100 MHz, DMSO-d6) spectrum of TFG. 
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Figure 4-2. Raman spectra of multi-walled CNTs (top) and the corresponding fitted spectral 

regions (bottom), where the grey lines are the individual fitted peaks and the black dashed lines 

show the cumulative fit. 

 

Table 4-1. Fitting and assignment information for Raman spectra of CNTs. 

Peak Position / 

cm-1 

Amplitude 

intensity 

Integral 

intensity 

FWHM /  

cm-1 

Assignment 

125  20099 a 52.7 a RBM 

266  7467 a 68.6 a RBM 

450  45567 a 137.5 a  

919 253 26234 66.1  

1098 321 34029 67.4  

1168 192 25566 84.8  

1345 10608 1008698 60.5 D 

1579 11784 934322 50.5 G 

1615 3702 152824 26.3 D’ 

2452 520 86274 105.7  

2689 8385 1188159 90.2 G’ (2D) 

2932 1175 185082 100.2 D+G (or D”) 

aPeak fitting was attained using a Gaussian function; all other peak fitting was attained using a 

Lorentzian function. FWHM = full-width at half-maximum. RBM = radial breathing mode. 

The spectrum is in agreement with previous studies on the Raman spectroscopy of carbon 

nanotubes, and all assignments of Raman peaks adapted from previous literature.29–31  
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4.4.2 Synthetic Procedures 

4.4.2.1 Synthesis of DAPQ Monomer 

 

Scheme 4-1. Synthetic route from PQ to DAPQ monomer. 

 

2,7-dinitro-9,10-phenanthrenequinone (DNPQ) was synthesised according to a literature 

procedure.32 In a two-necked flask, PQ (2.0 g, 9.6 mmol) was added to a solution of fuming 

nitric acid (>90%) (28.0 mL) and concentrated sulfuric acid (95%) (2.8 mL). The reaction was 

heated under reflux for 2 hours and then poured onto 500 mL of ice water. After cooling the 

reaction mixture to room temperature, the pH was adjusted to a neutral value by adding 

saturated sodium carbonate solution. The suspension was then filtered to obtain the solid 

product, which was washed with deionized water. The product was finally recrystallized from 

acetic acid to afford DNPQ as a yellow solid in a yield of 38%: 1.1 g. 1H NMR (400 MHz, 

DMSO-d6, δ [ppm]): 8.75-8.70 (m, 4H), 8.62-8.56 (dd, JHH = 8.5, 2.5 Hz, 2H). 13C NMR (100 

MHz, DMSO-d6, δ [ppm]): 176.2, 148.8, 138.9, 134.0, 129.0, 128.1, 123.2. HRMS (EIS): calcd. 

for ([C14H6N2O6]+Na)+: m/z = 321.0118; found: 321.0123. Elemental analysis (EA): calcd. for 

C14H6N2O6: C, 56.39; H, 2.03; N, 9.39; found: C, 56.11; H, 1.99; N, 9.27. 

DAPQ was synthesised according to a patent procedure.33 Palladium on carbon (10 wt.% 

palladium) (100.0 mg) was added to a mixture of DNPQ (1.0 g, 3.35 mmol) in N2 degassed 

methanol (100 mL). The reaction mixture was degassed with N2 for 10 minutes and then purged 

with H2 for 15 minutes. The reaction mixture was stirred at room temperature overnight under 

a positive pressure of H2. Afterward, the suspension was filtered through the Celite, which was 

washed with methanol. The solvent was then removed from the dark blue filtrate by rotary 

evaporation to afford DAPQ as a black coloured solid in a yield of 88%: 0.7 g. 1H NMR (400 

MHz, DMSO-d6): 7.71-7.50 (d, JHH= 8.6 Hz, 2H), 7.16-7.02 (d, J=2.5 Hz, 2H), 6.92-6.80 (dd, 

JHH=8.5, 2.5 Hz, 2H), 5.52 (s, 4H). 13C NMR (100 MHz, DMSO-d6, δ [ppm]): 181.1, 148.5, 

130.6, 125.9, 124.7, 122.0, 113.3. HRMS (EIS): calcd. for ([C14H10N2O2]+Na)+: m/z = 
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261.0634; found: 261.0623. EA: Calcd. for C14H10N2O2: C, 70.58; H, 4.23; N, 11.76; found: C, 

67.19; H, 4.26; N, 11.11. 

 

Figure 4-3. 1H NMR (400 MHz, DMSO-d6) spectrum of DNPQ. 
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Figure 4-4. 13C NMR (100 MHz, DMSO-d6) spectrum of DNPQ. 

 

Figure 4-5. 1H NMR (400 MHz, DMSO-d6) spectrum of DAPQ. 
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Figure 4-6. 13C NMR (100 MHz, DMSO-d6) spectrum of DAPQ. 

 

4.4.2.2 Synthesis of COFs Powders 

Synthesis of DAPQ-COF: A 10 mL Pyrex tube (outer × inner diameter = 1.3 × 1.0 cm with a 

length 15 cm) was charged with TFG (10.5 mg, 0.05 mmol), DAPQ (17.9 mg, 0.075 mmol), 

mesitylene (0.9 mL), 1,4-dioxane (0.3 mL), and aqueous acetic acid (0.1 mL, 3 M). This 

mixture was homogenized by sonication for 10 minutes and the Pyrex glass tube was subjected 

to three freeze-pump-thaw cycles and evacuated to an internal pressure of 100 mTorr. The tube 

was sealed and then placed in an oven at 120 °C for 3 days. The black precipitate was collected 

by filtration and washed with DMF (3 × 5 mL), DMSO (3 × 5 mL), and acetone (3 × 5 mL). 

The resulting solid was dried and then subjected to washing by Soxhlet extraction with 

methanol for 24 hours. The powder was collected and dried under reduced pressure at 85°C to 

afford DAPQ-COF as a black powder in a yield of 91%: 22.6 mg. EA: Calcd for (C10H5NO2)n: 

C, 70.18; H, 2.94; N, 8.18; found: C, 62.41; H, 3.42; N, 8.20. 
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Synthesis of DAPQ-COFX: A 10 mL Pyrex tube (outer × inner diameter = 1.3 × 1.0 cm with 

a length 15 cm) was charged with TFG (10.5 mg, 0.05 mmol), DAPQ (17.9 mg, 0.075 mmol), 

CNT (2.6, 10.0, and 23.4 mg, which corresponds to 10, 30, 50 wt.% of CNT in the composites, 

respectively, assuming the DAPQ-COF yield from the composite reaction was also 91%), 

mesitylene (0.9 mL), 1,4-dioxane (0.3 mL), and aqueous acetic acid (0.1 mL, 3 M). This 

mixture was homogenized by sonication for 10 minutes and the Pyrex glass tube was subjected 

to three freeze-pump-thaw cycles and evacuated to an internal pressure of 100 mTorr. The tube 

was sealed and then placed in an oven at 120 °C for 3 days. The black precipitate was collected 

by filtration and washed with DMF (3 × 5 mL), DMSO (3 × 5 mL), and acetone (3 × 5 mL). 

The resulting solid was dried and then subjected to washing by Soxhlet extraction with 

methanol as the solvent for 24 hours. The powder was collected and dried under reduced 

pressure at 85°C to afford DAPQ-COFX as black powders. The yields calculated for DAPQ-

COF10, DAPQ-COF30, and DAPQ-COF50 were 95, 92, and 89%, respectively. EA: Calcd for 

DAPQ-COF10: C, 73.16; H, 2.61; N, 7.36; found: C, 65.90; H, 3.37; N, 6.59. Calcd for DAPQ-

COF30: C, 79.13; H, 2.05; N, 5.73; found: C, 69.91; H, 2.63; N, 5.09. Calcd for DAPQ-COF50: 

C, 85.09; H, 1.47; N, 4.09; found: C, 77.34; H, 2.43; N, 3.94. 

 

Optimisation of experimental conditions: To optimise the synthesis of DAPQ-COF, 

DMAc/mesitylene, DMAc/o-DCB, DMAc/1,4-dioxane, mesitylene/1,4-dioxane, and o-

DCB/n-butanol, solvent mixtures, the reaction temperature, and the concentrations of acetic 

acid were all screened (Table 4-2). From these reactions, it was found that a mesitylene/1,4-

dioxane (0.9: 0.3 ml) solvent system, a reaction temperature of 150 °C, and 0.3 mL of 6 M 

acetic acids afforded a DAPQ-COF sample with the highest crystallinity (Table 4-2). The same 

reaction conditions were used to produce the DAPQ-COFX composites. 

 

4.4.3 Simulation X-ray Diffraction Patterns for COF structures 

Structural models of DAPQ-COF were generated using the Accelrys3 Materials Studio 

(version 5.5) program suite.34 Initially, an A-A stacked model was generated with hexagonal 

P6/m space group symmetry in which the a and b unit cell parameters were based on the 

distance between the centre of the trisubstituted rings in a structural model. The c-axis was 

based on a stacking distance between the COF layers of 3.4 Å. The A-A stacked model was 
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then optimised using the Geometry Optimization routine, which includes energy minimization 

and cell parameter optimisation using a Universal Force Field. An A-B stacked model was 

generated using the same approach but to have hexagonal P63 symmetry and a c unit cell axis 

of 6.8 Å. Simulated PXRD patterns were calculated using the Reflex Plus module. The 

predicted PXRD pattern of the A-A stacked model is more closely matched to the experimental 

PXRD data of DAPQ-COF (Figure 4-9) and the experimental data was refined with Pawley 

refinement in TOPAS Academic (Figure 4-8a).35 

 

Table 4-2. Synthesis of DAPQ-COF under different reaction conditions. 

Entrya Solvent (mL) Acetic acid Reaction 

temperature 

(°C) 

Yield 

(%) 

Form 

1 DMAc/mesitylene (0.5:0.5) 0.05 mL, 6 M 120 83 Amorphous 

2 DMAc/mesitylene (0.9:0.3) 0.05 mL, 6 M 120 82 Amorphous 

3 DMAc/mesitylene (0.3:0.9) 0.05 mL, 6 M 120 80 Amorphous 

4 DMAc/o-DCB (0.5:0.5) 0.05 mL, 6 M 120 90 Amorphous 

5 DMAc/o-DCB (0.9:0.3) 0.05 mL, 6 M 120 85 Amorphous 

6 DMAc/o-DCB (0.3:0.9) 0.05 mL, 6 M 120 90 Amorphous 

7 DMAc/1,4-dioxane (0.5:0.5) 0.05 mL, 6 M 120 98 Amorphous 

8 DMAc/1,4-dioxane (0.9:0.3) 0.05 mL, 6 M 120 92 Amorphous 

9 DMAc/1,4-dioxane (0.3:0.9) 0.05 mL, 6 M 120 91 Amorphous 

10 DMAc/1,4-dioxane (0.5:0.5) 0.05 mL, 6 M 150 92 Amorphous 

11 DMAc/1,4-dioxane (0.9:0.3) 0.05 mL, 6 M 150 90 Amorphous 

12 DMAc/1,4-dioxane (0.3:0.9) 0.05 mL, 6 M 150 91 Amorphous 

13 Mesitylene/1,4-dioxane (0.5:0.5) 0.05 mL, 6 M 120 93 Crystalline 

14 Mesitylene/1,4-dioxane (0.9:0.3) 0.05 mL, 6 M 120 95 Crystalline 

15 Mesitylene/1,4-dioxane (0.3:0.9) 0.05 mL, 6 M 120 90 Semicrystalline 

16 Mesitylene/1,4-dioxane (0.9:0.3) 0.10 mL, 3 M 120 91 Crystalline(high) 

17 Mesitylene/1,4-dioxane (0.96:0.24) 0.05 mL, 6 M 120 89 Crystalline 

18 Mesitylene/1,4-dioxane (1.0:0.2) 0.05 mL, 6 M 120 88 Crystalline 

19 o-DCB/n-butanol (0.5:0.5) 0.05 mL, 6 M 120 98 Amorphous 

20 o-DCB/n-butanol (0.9:0.3) 0.05 mL, 6 M 120 91 Amorphous 

21 o-DCB/n-butanol (0.3:0.9) 0.05 mL, 6 M 120 73 Amorphous 

a TFG (0.05 mmol), DAPQ (0.075 mmol), 3 days. 
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4.4.4 Theoretical Specific Capacity Calculation 

The repeating unit in DAPQ-COF consists of 1/2 of an A unit (MA) and 1/3 of a B unit (MB) 

(Figure 4-7). Hence, the molecular weight of the repeating unit cell in DAPQ-COF is 171.13 g 

mol-1 (C10H5NO2). The number of electrons (n) involved in the repeating unit is equal to 1, 

assuming 2 electrons are involved in each phenanthrenequinone unit. Therefore, using 

Equation 1-2, the theoretical capacity of DAPQ-COF is calculated to be 157 mAh g-1. 

The specific capacities of the DAPQ-COFX composites were calculated based on the mass of 

the DAPQ-COF in the composite. However, both DAPQ-COF and CNT contribute to the 

overall capacity of the electrode, so the total specific capacity of the DAPQ-COFX composites 

was calculated using Equation 4-1: 

𝐶DAPQ−COFX =
𝑎×𝑚×𝐶DAPQ−COF+b×𝑚×𝐶CNT

𝑎×𝑚
               (Equation 4-1) 

Where, CDAPQ-COFX and CDAPQ-COF are the specific capacities of DAPQ-COFX and DAPQ-

COF, respectively, in the composite electrodes. CCNT is the specific capacity of pure CNT (13 

mAh g-1) without DAPQ-COF and m is the mass of the DAPQ-COFX. a and b are the contents 

of DAPQ-COF and CNT in the DAPQ-COFX, such that a+b=1. Therefore, the capacity 

contribution of CNT in the DAPQ-COFX is  

CDAPQ-COFX-CDAPQ-COF = (b×CCNT)/a                     (Equation 4-2) 

Using Equation 4-2, the contribution of CNT in the composite is calculated and listed in Table 

4-3. The capacity contribution of CNT in DAPQ-COF10, DAPQ-COF30 and DAPQ-COF50 

is 1, 6 and 13 mAh g-1, respectively.  
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Figure 4-7. Chemical structure of DAPQ-COF. 

Table 4-3. Capacity contribution of CNT in DAPQ-COFX. 

Sample Calculation of capacity contribution of CNT in DAPQ-COFX (mAh g-1) 

DAPQ-COF10 0.1×13/0.9 = 1 

DAPQ-COF30 0.3×13/0.7 = 6 

DAPQ-COF50 0.5×13/0.5 = 13 

 

4.4.5 Electrochemical Test Protocol 

In DAPQ-COF electrode, the mass ratio of active materials (DAPQ-COF): carbon black: PVDF 

is 6: 3: 1. In the DAPQ-COFX electrode, the mass ratio of active materials (DAPQ-COF): 

carbon black: PVDF is 7: 2: 1. In the coin cells, DAPQ-COF/DAPQ-COFX was used as the 

working positive electrode, lithium as the counter electrode, and 1 M LiTFSI in DOL and DME 

(1:1 v/v) as an electrolyte solution.  

Please see Chapter 2 (Section 2.2 Electrochemical Measurements) for the electrochemical test 

protocol. 
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4.5 DAPQ-COF Design, Synthesis, and Characterisation 

DAPQ-COF was synthesised via a Schiff-base condensation reaction. Typically, a 2:3 

stoichiometric molar ratio of TFG and DAPQ were dispersed in a mixture of mesitylene and 

1,4-dioxane, and the reagents were heated to 120 °C for 3 days to afford the crystalline 2-D 

COF. After isolation, the product was washed with DMF, THF, and then by Soxhlet using 

methanol. Finally, the product was dried at 80 °C under vacuum to afford the product in a yield 

of 91% (Scheme 4-2, see section 4.9.3 for detailed reaction conditions). The condensation 

reaction is followed by an irreversible keto-enol tautomerization, which enhances the chemical 

stability of the COF.36  

Powder X-ray diffraction (PXRD) was used to confirm the structure of DAPQ-COF (Figure 4-

8a). The experimental PXRD pattern of DAPQ-COF closely matched the simulated PXRD 

pattern of the aligned A-A stacked model (Figure 4-2). A Pawley refinement also confirmed 

that the PXRD data was consistent with DAPQ-COF having the same hexagonal P6/m 

symmetry (a=b=29.42 Å, c = 3.62 Å, V = 2717.5 Å3) and comparable dimensions to the 

eclipsed A-A stacked model. The diffraction peaks at 2θ (Cu-Kα) = 3.37, 5.84, 6.74, and 8.90° 

assigned to the [100]. [21̅0], [200], [31̅0] reflections of DAPQ-COF, respectively (Figure 4-

8a). The PXRD confirmed DAPQ-COF was crystalline closely matched the predicted model 

and multiple reflections indicate that DAPQ-COF has high periodicity in 3D.  

Scheme 4-2. Synthesis of DAPQ-COF. 



130 

 

 

Figure 4-8. (a) PXRD pattern fitting of DAPQ-COF with Pawley refinement (Cu-Kα). Red 

circles: experimental PXRD pattern, black line: fitting pattern, blue curve: difference between 

experimental and refinement, black bars: reflection positions, Rp = 2.21%, Rwp = 3.17% (P6/m, 

a = b = 29.42 Å, c = 3.62 Å, V = 2717.5 Å3). (b) Structural models for DAPQ-COF with 

perfectly eclipsed AA stacking patterns, shown parallel to the pore channel along the 

crystallographic c axis (top) and parallel to the hexagonal layers (bottom). Grey, white, red, 

and blue atoms represent carbon, hydrogen, oxygen, and nitrogen, respectively. 

 

Figure 4-9. Experimental PXRD pattern of DAPQ-COF and the simulated PXRD pattern for 

A-A and A-B stacking model. 
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The chemical structure of as-prepared DAPQ-COF was characterised by Fourier-transform 

infrared spectroscopy (FTIR) and 13C cross-polarization magic angle spinning (CP-MAS) 

solid-state NMR spectroscopy (Figure 4-10). N-H stretching vibrations at 3436, 3340, and 3220 

cm-1 in the IR spectra of the DAPQ precursor were not observed in DAPQ-COF, indicating 

complete consumption of DAPQ in the reactions. Strong absorption bands at 1250 and 1572 

cm−1 in the spectra of DAPQ-COF and the DAPQ-COFX composites were assigned to β-

ketoenamine C−N moieties and C=C stretching vibrations, respectively, indicating the COF 

was in its keto form,36 as shown in Scheme 4-2. In the 13C solid-state NMR spectrum, peaks at 

146 and 108 ppm were assigned to the enamine carbon (=CNH) and α-enamine carbon, 

respectively, and likewise confirmed the formation of β-ketoenamine-linked COF.
37 

Furthermore, the aldehyde carbon signal of TFG at 192 ppm was not found in the CP-MAS 

spectrum of DAPQ-COF.  

Figure 4-10. (a) FT-IR spectra of TFG, DAPQ, DAPQ-COF; (b) 13C solid-state NMR CP/MAS 

spectrum of DAPQ-COF. 

 

N2 sorption experiments were performed at 77 K to measure the porosity of DAPQ-COF. The 

N2 gas sorption profile of DAPQ-COF is a Type II plot (Figure 4-11). The isotherms of the 

DAPQ-COF exhibit a rise of nitrogen uptake at a very low relative pressure (P/P0 < 0.01), 

indicating the existence of permanent micropores. In addition, the nitrogen uptakes 

continuously increased over the P/P0 range from 0.1 to 0.8 in the isotherms, implying the 

presence of mesopores in DAPQ-COF. Besides, the N2 uptake increase at the P/P0 exceeds 0.9, 
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reflecting the presence of macropores in the COF. From sorption results, the SABET was 

calculated to be 245 m2 g-1, uptake of 5.8 mmol g-1 at 1 bar. Pore diameters of COFs were 

calculated based on nonlocal density functional theory models. The pore diameters of DAPQ-

COF were calculated to be 22 Å, which is comparable to the pore size in the A-A stacked model 

(~25 Å).  

 

Figure 4-11. (a) N2 sorption isotherms of DAPQ-COF (77.3 K, solid symbols = adsorption; 

open symbols = desorption); (b) Pore size distribution plots of DAPQ-COF (calculated by NL-

DFT for pillared clay). 

 

The crystalline structure of DAPQ-COF was further confirmed by high-resolution transmission 

electron microscopy (HR-TEM). The HR-TEM images revealed that DAPQ-COF has an 

ordered structure with hexagonal pores oriented along its crystallographic c axis (area outlined 

in yellow, Figure 4-12f). Both HR-TEM images and corresponding fast-Fourier transformation 
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(FFT) of the DAPQ-COF confirmed its crystallinity, and the calculated lattice distance of 1.29 

nm corresponds to the (2,-2,0) plane of the eclipsed model and matched the refined PXRD 

pattern well (Figure 4-9). The morphologies of DAPQ-COF were recorded by scanning 

electron microscope (SEM). DAPQ-COF displays a rod-like morphology in the SEM images, 

(Figure 4-13).  

 

Figure 4-12. TEM images of DAPQ-COF (insert shows FFT image of the crystalline COF 

structure with a d-spacing of 1.29). 
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Figure 4-13. SEM images of DAPQ-COF (scale bar: 1 μm). 

 

DAPQ-COF was found to have good chemical stability in organic solvents, water, and aqueous 

acid, which is beneficial for its utilisation in battery applications. PXRD patterns and FT-IR 

spectra (Figure 4-14) of DAPQ-COF recorded before and after exposure the sample to N,N-

dimethylformamide, N-methyl-2-pyrrolidone, water,  and up to 12 M HCl (aq.) for 24 hours 

were comparable, demonstrating that DAPQ-COF maintained its crystallinity and did not 

appear to decompose after being immersed in these liquids.  
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Figure 4-14. (a) FT-IR and (b) PXRD spectra of DAPQ-COF after exposure to water, aqueous 

acid, N-dimethylformamide, and N-methyl-2-pyrrolidone for 24 hours. 
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4.6 DAPQ-COF and CNT Composite Design, Synthesis and Characterisation 

After successfully synthesising DAPQ-COF, it was decided that a series of DAPQ-COF 

composites would be synthesised using the same synthetic procedure, but with CNT added into 

the reaction mixture. In the composite reactions, a 2:3 stoichiometric molar ration of TFG with 

DAPQ was dispersed in a mixture of mesitylene and 1,4-dioxane. CNT was added to the reaction 

mixture and the suspension was sonicated for 30 min to ensure the reaction precursors were 

well mixed. Finally, the reagents were heated to 120 °C for 3 days to afford the composites. 

The product was washed with DMF, THF, and then by Soxhlet with methanol. Finally, the 

product was dried at 80 °C under vacuum and got yield above 90%. In total, four samples were 

synthesised using the same method: DAPQ-COF and CNT composite with 10, 30, and 50 wt.% 

CNT (assuming the DAPQ-COF yield from the composite reaction was also 91%). The 

composites are named DAPQ-COFX, where X = 10, 30, and 50 wt.% of CNT. (Scheme 4-3, 

see section 4.4.3 for detailed reaction conditions). In the composite, the interaction between the 

CNT and COF is based on the non-covalent bonding, such as physical adsorption and the -stacking 

interaction. The graphitic sidewalls of CNTs provide the possibility for -stacking interactions with the 

conjugated structure of COFs and heteroatoms with free electron pair. Also, there is a chance that the 

COF formed inside the CNT channels as well. For this study, catalyst-free CNT with outer diameter 

and length ranges of 7-15 nm and 0.5-10 µm, respectively, were used. For brevity, these are 

simply abbreviated to CNT, and all available properties and further characterisations, including 

Raman spectra and electron micrographs, are provided in Section 4.9.  

 

Scheme 4-3. Scheme showing the synthesis of DAPQ-COF and CNT composite. 
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PXRD was used to confirm the crystallinity in the DAPQ-COFX composites. As shown in 

Figure 4-15a, the PXRD patterns of DAPQ-COF10 display good crystallinity with an intense 

peak at 3.37°, which corresponds to (110) reflection. The addition of CNT decreases the 

crystallinity of DAPQ-COFX. DAPQ-COF30 and DAPQ-COF50 show poor crystallinity. 

However, the PXRD patterns indicated that DAPQ-COF adopted the same structure in the 

DAPQ-COFX composites. The chemical structure of DAPQ-COFX composites was 

characterised by FT-IR (Figure 4-15). The characteristic N-H peaks, stretching vibrations at 

3436, 3340, and 3220 cm-1, were not observed in the IR spectra of the composites. New peaks 

at 1250 and 1572 cm-1 belong to the β-ketoenamine C−N moieties and C=C stretching 

vibrations appeared. The IR spectra imply that the reaction happened successfully and the COF 

was in its keto form. 

 

Figure 4-15. (a) PXRD pattern and (b) FTIR spectra of DAPQ-COF10, DAPQ-COF30, and 

DAPQ-COF50. 
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The porosity of the DAPQ-COFX composites and CNT were studied by N2 adsorption. Figure 

4-16 presents the nitrogen sorption isotherms and pore distribution curves of CNT and the three 

composites prepared with different masses of CNT. As shown in Figure 4-16, all the DAPQ-

COFX composites and CNT exhibit type II isotherms. The N2 uptake at low pressures (P/P0
 ≈ 

0.01) indicates that these composites possess micropores. The hysteresis loop at the medium 

pressure region (P/P0 = 0.4−0.7) reveals that mesopores exist in the materials. A large number 

of macropores are detectable by the N2 adsorption method in the higher pressure range (P/P0 > 

0.8). Compared to the nitrogen sorption isotherm of DAPQ-COF, it is clear that there are more 

macropores in the composites. This may be because of the introduction of CNT in the 

composite. With the addition of more CNT, the N2 uptake at high pressure increased. The 

nitrogen sorption isotherm of CNT shows a Type II profile and a large uptake at high pressure. 

The SABET of DAPQ-COFXs increased as the wt.% of CNT was increased from 130 m2 g-1 for 

DAPQ-COF10 up to 197 m2 g-1 for DAPQ-COF50 (Table 4-4). The DAPQ-COFX composites 

exhibited reduced surface areas (DAPQ-COF10 < DAPQ-COF30 < DAPQ-COF50) relative to 

both pure COF and CNT components. The pore size distribution (Figure 4-16b, calculated by 

NL-DFT for pillared clay) also confirms the presence of micropores and mesopores. All the 

DAPQ-COFX composites have pores with an average width of 14 Å, which is larger than the 

diameter of Li-ion (1.52 Å) and could, therefore, be beneficial for Li-ion transport within the 

composites. The detailed BET surface areas, pore volumes, and pore sizes of the DAPQ-COF, 

DAPQ-COFX, and CNT are listed in Table 4-4.  

 

Table 4-4.  Surface areas and pore volumes of DAPQ-COF and the DAPQ-COF composites. 

Sample SABET
a (m2 g-1) Total pore volumeb (cm3 g-1) 

DAPQCOF 245 0.131 

DAPQCOF10%CNT 130 0.086 

DAPQCOF30%CNT 143 0.069 

DAPQCOF50%CNT 197 0.115 

CNT 247 0.322 

aSurface area calculated from the N2 adsorption isotherms at 77.3 K using the BET equation; 

bPore volume calculated from the nitrogen isotherm at P/P0 = 0.99, 77.3 K. 
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Figure 4-16. (a,c,e,g) N2 sorption isotherms of DAPQ-COFX composites, and CNT (77.3 K, 

solid symbols = adsorption; open symbols = desorption); (b,d,f,h) Pore size distribution plots 

of the DAPQ-COFX composites, and CNT (calculated by NL-DFT for pillared clay). 
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TEM was used to confirm the structure of the DAPQ-COFX composites. Tube-type core-shell 

structures of DAPQ-COFX with the COF structure grown around the external surface of the 

CNT were observed in the TEM images (Figure 4-17). The COF layers grown on the surface 

of the CNTs retain their crystallinity and thicker COF layers were observed in DAPQ-COF10, 

compared to DAPQ-COF30 and DAPQ-COF50. The HR-TEM image of the pure CNTs used 

in this work is provided in Figure 4-17d. The morphologies of DAPQ-COF and the DAPQ-

COFX composites were recorded by SEM (Figure 4-18). DAPQ-COF was found to have a rod-

like morphology in the SEM images. By contrast, DAPQ-COF10, DAPQ-COF30, and DAPQ-

COF50 appear to retain bulk CNT morphology, supporting a uniform COF layer on the surface. 

Whereas for DAPQ-COF10, we only observed rod-shaped particles, implying the CNTs were 

completely covered in a thicker layer of COF. In the in situ synthesis, the COFs tend to grow 

on the surface of the CNT because of the non-covalent interaction between the reactive 

monomers and the CNT. With more CNT in the composite, there is more surface for the COFs 

to grow on. So, the thickness of COF layers decreases with the increase of CNT mass weight. 

Thinner COF layers shorten the ion transport pathway and make more electrochemical active 

sites accessible. Therefore, Thinner COF layers are good for electrochemical performance.    
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Figure 4-17. TEM images of (a) DAPQ-COF10; (b) DAPQ-COF30; (c) DAPQ-COF50; and 

(d) CNT.  
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Figure 4-18. SEM images of DAPQ-COF10 (a-c), DAPQ-COF30 (d-f), DAPQ-COF50 (g-i), 

CNT (j-l); scale bar: 1 μm. 
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4.7 Electrochemical Characterisation  

The electrochemical performance of DAPQ-COF and the DAPQ-COFX composites as positive 

electrodes for Li-ion coin cells was then investigated. Coin cells were assembled with DAPQ-

COF or the DAPQ-COFX composites as the positive electrode and Li as the counter electrode. 

1 M LiTFSI in DOL and DME (1:1 v/v) was used as the electrolyte formulation because it 

supports good performance in organic cathode materials.14,23,38 By contrast, Li-ion battery 

electrolytes based on lithium hexafluorophosphate salt in organic carbonates showed poor 

cycling performance for the DAPQ-COF-based materials investigated here (Figure 4-19). This 

might be caused by the undesired side reaction of the active site with the carbonated-based 

electrolyte.38,39 Therefore, LiTFSI based electrolyte was chosen for the rest of the tests.  

 

Figure 4-19. Cycling performance of DAPQ-COF and DAPQ-COFX in a conventional Li-ion 

battery electrolyte (1 M LiPF6 in ethylene carbonate/dimethyl carbonate (1:1 v/v) over 300 

cycles at 500 mA g-1 operated in the voltage range of 1.5-3.2 V.  

 

CV of DAPQ-COF and DAPQ-COFX was performed on the coin cells at 0.1 mV s-1 in a 

potential window of 1.5 -3.2 V, starting from open circuit potential (2.8 V) to the cathodic scan 

(discharge) direction. (Figure 4-20a). All the samples had similarly shaped CV curves with two 
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pairs of redox peaks at 2.3 and 2.8 V, corresponding to the two-electron reaction of the carbonyl 

groups in one DAPQ unit.40 Further, the peak current densities and integral charge (based on 

the mass of DAPQ-COF active material) increased as the mass ratio of CNT in the DAPQ-

COFX composite was increased. DAPQ-COF50 has the highest integral charge area, indicating 

more efficient utilisation of redox-active sites in DAPQ-COF50 than in DAPQ-COF. This may 

be because the CNT in the composites enhances charge transport, but it is important to note 

that all electrode composites (DAPQ-COF and the DAPQ-COFX composites) contained 

conductive carbon black (30% by weight for DAPQ-COF and 20% by weight for the DAPQ-

COFX composites).  

Galvanostatic charge/discharge tests were carried out over a voltage window of 1.5 to 3.2 V on 

all the positive electrodes (Figure 4-20b). The sloping plateaus in the voltage profiles agree 

well with the corresponding CV curves, which were attributed to the reversible 

reduction/oxidation of the carbonyl groups in the DAPQ units. The average discharge potential 

of DAPQ-COFs and DAPQ-COFX composite is about 2.56 V, which is higher than most of 

the reported COF-based positive electrodes (Table 4-5).41–43 In Table 4-5, the average 

discharge potential of the COFs based cathode materials. Most of them have an average 

discharge potential around 2.3 V. TEMPO-COF exhibited the highest discharge potential of 

3.15 V because of the high redox potential of the nitroxyl radical.17  DAPQ-COF contains an 

abundance of electron-withdrawing groups (C=O), which could decrease the lowest 

unoccupied molecular orbital level and, in turn, raise the reduction potential.44 At the current 

density of 500 mA g-1, DAPQ-COF has a specific capacity of 73 mAh g-1, corresponding to 

only 46% of its theoretical capacity (based on its theoretical specific capacity of 157 mAh g-1, 

see Figure 4-7 for full details). However, in DAPQ-COF10, DAPQ-COF30, and DAPQ-

COF50 the specific capacity at 500 mA g-1 improved to 92, 116, and 162 mAh g-1, respectively. 

Considering that CNT can contribute 1, 6, and 13 mAh g-1 to the specific capacities of DAPQ-

COF10, DAPQ-COF30 (see Table 4-3 for full details), the utilisation of redox-active sites 

increased to 58, 70, and 95% in DAPQ-COF10, DAPQ-COF30, and DAPQ-COF50, 

respectively. Moreover, DAPQ-COF and DAPQ-COFX retained a near-constant capacity after 

400 cycles and their Coulombic efficiencies were nearly 100%, highlighting their excellent 

electrochemical stability (Figure 4-20).  
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Figure 4-20. (a) Cyclic voltammetry profiles at a scan rate of 0.1 mV s-1; (b) Charge-discharge 

profiles at 500 mA g-1; (c) Cycling performances over 400 cycles at 500 mA g-1 for DAPQ-

COF, DAPQ-COF 10, DAPQ-COF30, and DAPQ-COF50; (d) Charge-discharge profiles 

(based on active material, CNT, and carbon black (CB)) at 500 mA g-1 for DAPQ-COF, DAPQ-

COF 10, DAPQ-COF30, and DAPQ-COF50. In panel (c) the charge and discharge capacities 

are represented by open and solid symbols. 
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Table 4-5. Average discharge potential and cycling performance comparison of DAPQ-COFX 

with other COFs based electrodes reported in the literature. 

Active 

compound 

Key functional 

group 

Discharge 

capacity 

(mAh g-1)/C

urrent 

density  

(mA g-1) 

Cycling 

performance 

(Current 

density) 

Average 

discharge 

Voltage 

(vs. Li+/Li 

/V) 

Specific 

Energy 

(Wh/kg) 

Ref. 

PIBN-G Imide-

benzoquinone 

271 / 28 88% after 300 

cycles 

(1400 mA g-1) 

2.3 621 25 

2D CCP-

HATN@CNT 

Hexaaza- 

trinaphthalene  

116 / 11.7 91% after 1000 

cycles 

 (500 mA g-1) 

2.02 234 45 

PI-ECOF-1 Imide 112 / 14.2 77% after 300 

cycles 

(142 mA g-1) 

2.02 226 14 

PI-ECOF-

1/rGO50 

Imide 167 / 14.2 70% after 300 

cycles 

(142 mA g-1) 

2.02 337 14 

2D-PAI@CNT Naphthimide 104.4 / 100 100% after 

8000 cycles 

(500 mA g-1) 

2.42 251 15 

2D-PAI Naphthimide 28.5 / 100 100% after 50 

cycles 

(100 mA g-1) 

2.42 68.9 15 

DAAQ-ECOF Anthraquinone 145 / 20 92% after 1800 

cycles  

(500 mA g-1) 

2.3 333.5 17 

DABQ-ECOF Benzoquinone 210 / 20 —/—/— 2.8 588 17 

TEMPO-ECOF Nitroxide 

radical 

115 / 20 —/—/— 3.15 362 17 

DTP-ANDI-

COF@CNTs 

Naphthimide 74 / 200 100% after 700 

cycles 

 (200 mA g-1) 

2.4 177 22 

Tp-DANT-COF Naphthimide 93.4 / 200 85% after 600 

cycles 

(1000 mA g-1) 

2.4 224 46 

Tb-DANT-COF Naphthimide 144.4 / 50 75% after 300 

cycles 

(500 mA g-1) 

2.5 360 46 
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PPTODB Pyrene-4,5,9,10-

tetraone 

198 / 20 68% after 150 

cycles 

 (20 mA g-1) 

2.5 495 47 

DAAQ-TFP Anthraquinone 50 / 78.5 19% after 500 

cycles 

(157 mA g-1) 

2.2 161 41 

DAPH-TFP Phenazine 82 / 85.5 43% after 500 

cycles 

(171 mA g-1) 

2.3 221.26 41 

PEDOT@DAA

Q-TFP 

Anthraquinone 52 / 78.5 28% after 500 

cycles 

(157 mA g-1) 

2.2 137 41 

PEDOT@DAP

H-TFP 

Phenazine 94 / 85.5 31% after 500 

cycles 

(171 mA g-1) 

2.3 228 41 

DAPQ-COF Phenanthrenequi

none 

73 / 500 100% after 400 

cycles 

(500 mA g-1) 

2.56 184 This 

work 

DAPQ-COF10 Phenanthrenequi

none 

92 / 500 100% after 400 

cycles 

(500 mA g-1) 

2.56 236 This 

work 

DAPQ-COF30 Phenanthrenequi

none 

116 / 500 100% after 400 

cycles 

(500 mA g-1) 

2.56 297 This 

work 

DAPQ-COF50 Phenanthrenequi

none 

161 / 500 76% after 3000 

cycles 

(2000 mA g-1) 

2.56 412 This 

work 

 

When the DAPQ monomer was used as the positive electrode it delivered an initial capacity of 

204 mAh g-1 at 500 mA g-1 (91% of its theoretical specific capacity) (Figure 4-21), which is 

higher than DAPQ-COF and the DAPQ-COFX composites, but its capacity rapidly decreased 

to 21 mAh g-1 after only 10 cycles. The rapid reduction in performance of the DAPQ monomer 

is attributed to its dissolving in the electrolyte, which then caused the electrolyte to turn blue 

(Figure 4-21c). Conversely, DAPQ-COF and the DAPQ-COFX composites had low solubility 

in the electrolyte, and only a trace amount of the DAPQ monomer was found in the UV-Vis 

spectra of the electrode-soaked solvents (Figure 4-21b). The negligible solubility of DAPQ-

COF and the DAPQ-COFX composites in the electrolyte greatly improved their cycling 

performance. We also prepared an amorphous polymer sample by reacting the DAPQ and TFG 

monomers in DMAc and mesitylene solvent. By comparison to DAPQ-COF by itself, the 

amorphous sample had a much lower SABET of 52 m2 g-1 (Figure 4-22b) and a capacity of 19 
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mAh g-1 at 500 mA g-1 (Figure 4-22). For the amorphous sample, 19 mAh g-1 corresponds to 

12% utilisation of the active sites and highlights how the poor uniform porosity hinders 

diffusion of the electrolyte.10 We next explored whether the intricate tube-type core-shell 

structure of the DAPQ-COFX composites was required to obtain the higher rate performances. 

A sample of DAPQ-COF and CNT was prepared by ball milling dry samples of DAPQ-COF 

and CNT in a 1:1 mass ratio (DAPQ-COF/CNT). When DAPQ-COF/CNT was used as the 

active material, the resulting coin cell had a capacity of 129 mAh g-1 (Figure 4-23) at 500 mA 

g-1, which is 32 mAh g-1 lower than DAPQ-COF50 under the same conditions. Hence, the in 

situ grown DAPQ-COF50 composite, with its tube-type core-shell structure with DAPQ-COF 

grown as a thin crystalline outer layer on the CNTs had better electrochemical accessibility of 

active sites.  

 

Figure 4-21. (a) Cycling performance of the DAPQ monomer over 50 cycles at 500 mA g-1 

operated in the voltage range of 1.5-3.2 V; (b) UV/Vis spectra of DOL/DME (1/1 v/v, total 2 

mL) solutions that were used to immerse the DAPQ, DAPQ-COF, and the DAPQ-COFX 

composite electrodes for two days; (c) Solubility of the DAPQ, DAPQ-COF, and the DAPQ-

COFX composite electrodes in the electrolyte. In each vial, the electrode was immersed in 2 

mL of the DOL and DME mixture (1/1 v/v) for two days. 
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Figure 4-22. (a) PXRD pattern of the amorphous DAPQ-based polymer sample (DAPQ-Amp). 

DAPQ-Amp was prepared by reacting the DAPQ and TFG monomers in DMAc and mesitylene 

solvent mixture, as described in the experimental section; (b) N2 gas sorption of DAPQ-Amp 

at 77.3 K (solid symbols = adsorption; open symbols = desorption). The calculated SABET is 

51 m2 g-1; (c) Galvanostatic charge/discharge curve of amorphous DAPQ-COF electrode at 500 

mA g-1; (d) Cycling performance over 400 cycles for amorphous DAPQ-COF electrode at 500 

mA g-1 operated in the voltage range of 1.5-3.2 V. 
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Figure 4-23. (a) Galvanostatic charge/discharge curve of DAPQ-COF/50CNT (physically 

mixed composite) at 500 mA g-1; (b) Cycling performance over 400 cycles for DAPQ-

COF/50CNT at 500 mA g-1 operated in the voltage range of 1.5-3.2 V.  
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To calculate the capacity contributions of CNT and carbon black towards the overall capacities 

of the composites, their electrochemical performances in isolation were also investigated. CNT 

delivered a capacity of 13 mAh g-1 under 500 mA g-1 when its electrode was made from CNT: 

PVDF (9:1 by mass), while carbon black delivered a capacity of 1 mAh g-1 under 500 mA g-1 

when its electrode was made from carbon black: PVDF (9:1 by mass) (Figure 4-24).   

The capacity of the DAPQ-COF50 active material is comparable to positive electrode materials 

used in commercial cells, such as LiFePO4 that has a capacity of 162 mAh g-1.48 However, 

when the capacities of the composites are calculated based on the total mass of the active 

material plus the conductive additives, the DAPQ-COFX electrodes with different amounts of 

CNT exhibit similar specific capacities at around 63 mAh g-1 (Figure 4-20d). Therein, the 

voltage profiles indicate the higher quantity of CNT within the DAPQ-COFX composites 

results in reduced overpotentials on charge and discharge within the studied ranges. However, 

given the similar specific capacities of all DAPQ-COFX electrodes when considering the total 

electrode mass, adding too much conductive additive was not an ideal strategy for maximising 

energy densities for practical cells. As we are focusing on the electrochemical properties of 

DAPQ-COF active material in this research, all gravimetric capacities and currents are 

normalized to the mass of the active material (DAPQ-COF), with the exception of Figure 4-

20d. 
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Figure 4-24. (a) Cyclic voltammetry profile of CNT electrode at a scan rate of 0.1 mV s-1; (b) 

Cyclic voltammetry profile of carbon black electrode at a scan rate of 0.1 mV s-1; (c) 

Galvanostatic charge/discharge curve of CNT electrode at 500 mA g-1; (d) Galvanostatic 

charge/discharge curve of carbon black electrode at 500 mA g-1; (e) Cycling performance over 

400 cycles for CNT electrode at 500 mA g-1 operated in the voltage range of 1.5-3.2 V; (f) 

Cycling performance over 400 cycles for carbon black electrode at 400 mA g-1 operated in the 

voltage range of 1.5-3.2 V. 
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Cyclic stability is another important criterion to estimate the performance of a battery. In this 

study, the long-term cycling performance of DAPQ-COF50 was studied by repeated 

charge/discharge experiments at a current density of 2000 mA g−1 (about 12.7 C) (Figure 4-

25). DAPQ-COF50 reached a capacity of 146 mAh g-1 during cycling, and a small capacity 

loss was observed for DAPQ-COF50 during 3000 charge/discharge cycles. After 3000 cycles, 

DAPQ-COF50 retained 76% of its highest recorded capacity (a capacity loss of ca. 0.008% per 

cycle), indicating stable active site utilisation and good cycling stability. The Coulombic 

efficiency for DAPQ-COF50 was also maintained at close to 100%, at a current density of 2000 

mA g-1. The cycling performance of DAPQ-COF50 is better than many other reported COFs 

active materials (Table 4-5). For example, a polyimide-based COF (Tb-DANT-COF) exhibited 

a 75% capacity retention after 300 charges/discharge cycles at 500 mA g-1,46 a 2-D boroxine-

linked chemically-active pyrene-4,5,9,10-tetraone COF (PPTODB) delivered 88% of the initial 

capacity after 150 charge-discharge cycles under 20 mA g-1,47 and 2D polyarylimide-based 

COF (2D-PAI@CNT) has the highest cycling performance reported (100% capacity retention 

after 8000 charge-discharge cycles at 500 mA g-1). 

FT-IR spectroscopy was used to characterise the potential structural/chemical changes of 

DAPQ-COF after the charge/discharge cycling test. FT-IR spectra were recorded for the as-

prepared electrode material and electrode material that was recovered from a cell after 

undergoing 400 charge-discharge cycles at 500 mA g-1. For the cycled material, the coin cell 

was disassembled inside a glovebox and the electrode was washed with DOL before being 

dried under reduced pressure at room temperature. The FT-IR (ATR) measurements were then 

performed under a nitrogen atmosphere. The FT-IR spectrum of the DAPQ-COF50 electrodes 

after 400 cycles keeps the same as the spectrum of the fresh DAPQ-COF50 electrode (Figure 

4-26). The characteristic carbonyl (1647 cm-1) and C-N (1250 cm-1) bands were retained after 

cycling. No obvious changes to the morphology of the DAPQ-COF50 electrode were observed 

from the SEM images taken before and after the 400 cycling charge/discharge experiment 

(Figure 4-27). 
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Figure 4-25. Long-term cycling stability of DAPQ-COF50 at 2000 mA g-1, charge and 

discharge capacities are represented by open and solid symbols, respectively. 

 

Figure 4-26. FT-IR spectra of DAPQ-COF50 electrode before and after 400 cycles. 
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Figure 4-27. SEM images of DAPQ-COF50 electrode before and after 400 cycles at 500 mA 

g-1 (scale bar: 1µm). 

 

The rate capability of DAPQ-COF and the DAPQ-COFX composites were then investigated 

over the range 500 – 2000 mA g-1 (Figure 4-28a). The capacity retention at 2000 mA g-1 for 

DAPQ-COF, DAPQ-COF10, DAPQ-COF30, and DAQ-COF50 were 64%, 77%, 90%, and 

92%, respectively, as a result of the in situ growth of COF on the surface of the CNT improving 

the overall conductivity of the composite. The relatively thinner and intimately contacting 

layers in DAPQ-COF50 (and to some extent DAPQ-COF30) improve overall electrochemical 

accessibility that is unhindered even at high rates of (dis)charge. In addition, the capacity of all 

composites recovered to the initial values once the current was reduced back to 500 mA g-1 and 

Coulombic efficiency remained at approximately 100% for all cycles, indicating the higher 

rates of charge/discharge did not impact upon material stability in this measurement range.  

Subsequently, we looked more in-depth at our best performing COF-composite, DAPQ-COF50, 

to demonstrate how the preparation of this material allows the boundaries of rate performance 

to be expanded. Therein, the rate performance of DAPQ-COF50 was tested up to 50000 mA  

g-1. Despite some reasonable overpotential increases at the highest currents, the voltage profiles 
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consistently feature the same sloped plateaus associated with faradaic discharge and charge 

reactions, signifying the excellent transport properties of both Li+ ions and electrons within the 

DAPQCOF-50 electrodes (Figure 4-28b). The rate performance for DAPQ-COF50 from 500 

to 50000 mA g-1 shows excellent capacity retention, and no loss of Coulombic efficiency at 

ultra-high current densities (Figure 4-28c). DAPQ-COF50 delivers 129 mAh g-1 at 10000 mA 

g-1, equating to a retention of 80% of the capacity attained at 500 mA g-1. When the current 

density is pushed further to ultra-fast discharge/charge rates at 50000 mA g-1, DAPQ-COFX 

still provides excellent rate performance and delivers 94 mAh g-1 discharge capacities (54% 

retention). For context, this upper testing limit of current density equates to an approximate C-

rate of 320 C and, therefore, corresponds to a full charge or discharge in ca. 11 seconds. Therein, 

the C-rate is defined as the current required to completely (dis)charge the electrode in 1 h, 

based on the theoretical capacity of the active material. Furthermore, the ultra-high current 

cycling steps did not appear to affect the material stability since the capacity at 500 mA g-1 

recovered to the initial values.   

The rate capability of DAPQ-COF50 is superior to those of the recently reported COF cathodes, 

wherein the upper current density limit achieved here exceeds these earlier works by an order 

of magnitude (Figure 4-29 and Table 4-6). For example, a poly(imide-benzoquinone) COF on 

graphene (PIBN-G) showed 73% of the capacity at 10 C, compared with the capacity at 1 C.25  

A COF containing redox-active naphthalene diimide walls on CNT (DTP-ANDI-COF@CNTs) 

retained 85% capacity under 1000 mA g-1 (12 C) vs the capacity at 200 mA g-1 (2.4 C).22  A 

polyarylimide hybrid (2D-PAI@CNT) has 92% of the capacity when discharged at 19.2 C.15  

However, in the reported COF cathodes materials, there have yet been no tests beyond 5000 

mA g-1. Comparable current densities have previously been reported for a non-COF organic 

electrode material, wherein a linear polymer (PNDI-T2) was reportedly measured up to 500 C, 

corresponding to the absolute current density of  27100 mA g-1, but this material for comparison 

only exhibited a capacity of 23.3 mAh g-1.49
  In our case, we tested the DAPQ-COF50 based 

cathode up to 50000 mA g-1, and it delivered a capacity of 94 mAh g-1, corresponding to a high 

power density of ca. 110 kW kg-1. This magnitude of power density, and the rapid 

charge/discharge times, would be competitive with electrochemical capacitors.50 For further 

comparison of the rate performance of our material with prior literature, we plot the comparison 

data as functions of absolute capacities and in terms of C-rates in the supporting information 

(Figure 4-29).  Furthermore, Figure 4-30 shows the analogous non-log scaling of Figure 4-29b 
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to highlight the dramatic scale of capacity retention achieved at the ultra-high current densities 

used here.  

 

Figure 4-28. (a) Rate performances of DAPQ-COF, DAPQ-COF10, DAPQ-COF30, and 

DAPQ-COF50; (b) Charge-discharge profile of DAPQ-COF50 at different current density; (c) 

High rate performance of DAPQ-COF50. For panel (a) and (c) charge and discharge capacities 

are represented by open and solid symbols, respectively. 
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Figure 4-29. (a) Comparison of capacity retention of the COFs electrode as a function of 

gravimetric current densities; (b) Comparison of capacity retention of the COFs electrode as a 

function of  C-rate based on the theoretical capacity of each material; (c) Comparison of the 

absolute specific capacity of the COFs electrode as a function of gravimetric current densities; 

(d) Comparison of the absolute capacity of the COFs electrode as a function of C-rate based 

on the theoretical capacity of each material. 
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Figure 4-30. Comparison of capacity retention of the COFs electrodes as a function of 

gravimetric current density present in a non-logarithmic form. 

 

 

 

 

 

 

 

 

 



160 

 

Table 4-6. C-rate performance comparison of DAPQ-COFX with other reported COFs 

compounds electrode for data shown in Figures 4-29 and 4-30. 

Active Material Key functional group Rate performance 

Current density (mA g-1) 

Capacity retention (%) 

Ref. 

PIBN-G Imide-benzoquinone 28, 56, 140, 280, 560, 1400, 2800, 56 

100%, 94%, 90%, 86%, 81%, 73%, 94% 

25 

2D CCP-

HATN@CNT 

Hexaaza- 

trinaphthalene  

100, 200, 400, 800, 1000, 100 

100%, 95%, 90%, 84%, 81%, 100% 

45 

PI-ECOF-1 Imide 14.2, 28.4, 71, 142, 284, 710, 1420, 14.2 

100%, 94%, 86%, 75%, 56%, 0.2%, 0.2%, 

95% 

14 

PI-ECOF-

1/rGO50 

Imide 14.2, 28.4, 71, 142, 284, 710, 1420, 14.2 

100%, 95%, 92%, 88%, 81%, 69%, 60%, 

86% 

14 

2D-PAI@CNT Naphthimide 28.6, 57.2, 114.4, 143, 286, 28.6 

100%, 98%, 95%, 93%, 92%, 100% 

15 

DAAQ-ECOF Anthraquinone 20, 50, 100, 200, 500, 1000, 2000, 3000, 20 

100%, 93%, 89%, 86%, 74%, 68%, 60%, 

50%, 100% 

17 

DTP-ANDI-

COF@CNTs 

Naphthimide 200, 300, 500, 750, 1000, 200 

100%, 98%, 93%, 88%, 85%, 100% 

22 

Tp-DANT-COF Naphthimide 50, 100, 200, 500, 1000, 2000 

100%, 93%, 89%, 82%, 76%, 64%, 

46 

Tb-DANT-COF Naphthimide 50, 100, 200, 500, 1000, 2000 

100%, 86%, 80%, 72%, 65%, 56% 

46 

PPTODB Pyrene-4,5,9,10-

tetraone 

20, 40, 100, 300, 800, 1000, 1500 

100%, 97%, 94%, 89%, 76%, 72%, 54% 

47 

DAAQ-TFP Anthraquinone 78.5, 157, 785, 1570, 3140 

100%, 795, 54%, 41%, 30% 

41 

DAPH-TFP Phenazine 85.5, 171, 855, 1710, 3420 

100%, 76%, 63%, 56%, 51% 

41 

PEDOT@DAAQ-

TFP 

Anthraquinone 78.5, 157, 785, 1570, 3140 

100%, 83%, 66%, 58% ,52% 

41 

PEDOT@DAPH-

TFP 

Phenazine 85.5, 171, 855, 1710, 3420 

100%, 81%, 64%, 55%, 46% 

41 
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DAPQ-COF Phenanthrenequinone 500, 800, 1000, 1500, 2000, 500 

100%, 89%, 83%, 72%, 64%, 100% 

This 

work 

DAPQ-COF10 Phenanthrenequinone 500, 800, 1000, 1500, 2000, 500 

100%, 95%, 90%, 83%, 77%, 99% 

This 

work 

DAPQ-COF30 Phenanthrenequinone 500, 800, 1000, 1500, 2000, 500 

100%, 97%, 96%, 92%, 90%, 99% 

This 

work 

DAPQ-COF50 Phenanthrenequinone 500, 1000, 2000, 3000, 4000, 5000, 8000, 

10000, 20000, 30000, 40000, 50000 

100%, 97%, 93%, 91%, 88%, 86%, 83%, 

80%, 72%, 67%, 63%, 58% 

This 

work 

 

4.8 Charge Storage Mechanism of DAPQ-COF 

To identify the Li+ storage sites during discharging process, ex situ FT-IR spectra of cycled 

DAPQ-COF50 electrodes were recorded. As depicted in Figure 4-31, the bands at 1670 cm-1, 

ascribed to the C=O groups in DAPQ structure, disappeared after discharging to 1.5 V. While 

a new signal at 1396 cm-1, corresponding to the lithium enolate groups (C−O−Li), appeared 

when the electrode was fully discharged.7,8,51 The infrared spectra of the initial and fully 

recharged samples are identical, indicating the reversible and stable electrochemical reactions 

based on the C=O bonds during the charge−discharge process. Based on these results we 

proposed a mechanism as outlined in Figure 4-31b that involves redox reactions of both 

carbonyl groups in DAPQ, in agreement with previous reports.40,52  

To follow the nature of charge storage, the electrochemical reaction kinetics of DAPQ-COF50 

were investigated by scanning the CV at various sweep rates (Figure 4-31c). The current 

response (i) of DAPQ-COF50 to the applied sweep rate (v, 0.1–1.0 mV s-1) was recorded. 

According to the power law, i = avb, b-values close to 0.5 indicate that the current is controlled 

by semi-infinite linear diffusion, by contrast, b-values close to 1 indicate that the current is 

surface-controlled.53 It is found that the b-values of four redox peaks R1, R2, O1, and O2 (1.00, 

0.99, 0.96, and 0.98) are all close to 1 (Figure 4-31d), indicating that the charge storage in 

DAPQ-COF50 is a fast surface-controlled process, which results from the high reactivity of 

carbonyl redox-active groups in DAPQ-COF50 not limited by ion diffusion within the studied 

sweep range. Further analysis of the voltammetric sweep rate dependence enables the surface-

controlled contribution to the current response to be quantitatively distinguished.54 The current 

response at a fixed potential can be expressed as the combination of two separate mechanisms, 
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namely surface-controlled contribution and diffusion-controlled insertion processes. In the 

equation of i = k1v + k2v
1/2, the exact surface-controlled contribution (k1v) can be further 

quantified, where k1 and k2 constants can be simulated by plotting iv−1/2 vs v1/2, in which k1 and 

k2 are the slope and intercept of the linear fitting plot. At 0.1 mV s-1, the surface contribution 

is determined to be 90%, which is further enhanced to 97% at 1 mV s-1. 

Figure 4-31. (a) FT-IR spectra of DAPQ-COF50 electrode materials at different states of 

lithiation/delithiation (pristine, lithiated to 1.5 V and delithiated to 3.2 V); (b) Proposed 

reversible electrochemical redox mechanism of DAPQ-COF50 during the 

lithiation/delithiation process; (c) Cyclic voltammograms of DAPQ-COF50 that were collected 

at different scan rates; (d) lni vs. lnv plots to determine the b values of different peaks. 

 

The electrochemical and transport behaviour of DAPQ-COF and the DAPQ-COFX composites 

were further characterised by EIS (Figure 4-32a). The Nyquist plots consist of a semicircle in 

high frequencies and a sloping line in low frequencies. The semicircle reflects the charge-

transfer resistance Rct, which is related to reaction kinetics, and the sloping line reflects the 

diffusion process of lithium ions in the electrode (Warburg impedance). The charge transfer 
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resistance value Rct was acquired by fitting Nyquist plots with an equivalent circuit model 

(Figure 4-32b). In this circuit, the constant phase element (CPE), the charge transfer resistance 

(Rct), the resistance of the solution (Rs), and the mass transport resistance (W) were considered. 

Fitted values for the individual elements in the equivalent circuit are summarised in Table 4-7. 

DAPQ-COF50 has the smallest Rct (48.8 Ω) in the DAPQ-COF and DAPQ-COFX electrodes. 

This supports the assertion of improved charge transfer in DAPQ-COF50 due to optimisation 

of contact between the DAPQ-COF and conductive carbon network. 

 

Figure 4-32. (a) EIS spectra of DAPQ-COF and the DAPQ-COFX composite electrodes, 

tested in coin cells in the pristine charged state at OCP from 1 MHz to 100 mHz at 25 °C; (b) 

Equivalent circuit used for fitting the electrochemical impedance data. The Rs (R1), Rct (R2), 

CPE (Q2), and W (W2) represent cell solution resistance, charge-transfer resistance, constant 

phase element, and Warburg impedance. 

 

Table 4-7. Fitted values of elements in the equivalent circuit for EIS data of DAPQ-COF and 

the DAPQ-COFX composite electrodes. 

 Rs (Ω) CPE (F) Rct (Ω) W(Ω) 

DAPQ-COF 9.7 21.8×10-6 114.4 49.7 

DAPQ-COF10 1.6 33.6×10-6 80.2 34.1 

DAPQ-COF30 2.2 22.7×10-6 73.8 39.4 

DAPQ-COF50 1.7 18.9×10-6 48.8 52.7 
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4.9 Conclusion 

A COF composite electrode was prepared by in situ polycondensation on CNTs. The 

cooperation of CNT, with the ability to grow thin COF layers on the external surfaces of the 

tube structures, increased the charge transfer and electrochemical accessibility of active sites 

of the DAPQ-COFX (where X = 10, 30, and 50 wt.% of CNT). DAPQ-COF50 had the largest 

capacity of 162 mAh g-1 at 500 mA g-1, corresponding to 95% utilisation of its redox-active 

sites. In addition, the optimised DAPQ-COF50 composite retained 76% of the capacity after 

3000 cycles at 2000 mA g-1 and exhibited excellent ultra-high rate performance, retaining 58% 

of its capacity at 50000 mA g-1. For DAPQ-COF50, this translated to a rate of 320 C at 50000 

mA g-1, with resulted in charging times of 11 seconds. DAPQ-COF50 exceeds the rate 

capability of all other previously reported carbonyl-contained organic electrodes by an order 

of magnitude. DAPQ-COF50 also exhibits a power density of 110 kW kg-1, which is 

comparable to electrochemical capacitor materials. The superior performance of DAPQ-

COF50 is possibly due to synergistic effects between DAPQ-COF and CNTs, for example, the 

improved conductivity of DAPQ-COF in the DAPQ-COFX composites. The synthetic route 

by which the DAPQ-COFX composites are prepared enables the intimate growth of COFs on 

CNTs and yields a tube-type core-shell structure, which may also be beneficial. The open 

porous structures of the CNTs also facilitate the transport of ions to the reaction sites. 

Optimising the proportions of COF and CNT in the composite reaction mixtures enabled the 

thickness of the crystalline COF on the CNT to be tuned. It was shown that thinner COF 

surfaces dramatically promoted electrochemical accessibility required to drive these redox 

reactions through ultrafast charge/discharge cycles with a small drop in performance. 

Considering the reticular tunability of COFs and their pores, along with the wide diversity of 

redox-active organic blocks available, these results highlight the strong potential of COFs 

supported on conducting carbons to provide a distinctive platform for high-performance 

organic electrodes. 
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Chapter 5 
 

 

A Pyrene-4,5,9,10-tetraone-based Covalent 

Organic Framework as Positive Electrode 

for Li-ion Batteries with High Specific 

Capacity 
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5.2 Abstract 

To follow on from Chapter 4, we aim to obtain a positive electrode material with a specific 

capacity larger than 200 mAh g-1 for Li-ion cells. Herein, a COF structure was designed, which 

has four functional carbonyl groups per repeat unit to increase the specific capacity, and the 

utilisation of the redox-active sites was improved by synthesising COF composites (PT-COFX) 

with carbon nanotubes (CNT) using an in situ polycondensation reaction to increasing charge 

transfer as developed in Chapter 4. The optimised composites had tube-type core-shell 

structures with intimately grown COF layers on the CNT surface. This synergistic structural 

design enables superior electrochemical performance: PT-COF50 exhibited 98% utilisation of 

redox-active sites, corresponding to the capacity of 280 mAh g-1.  

 

5.3 Introduction 

Based on our research and the recent reports, to get a material with a greater specific capacity, 

2,7-diaminopyrene-4,5,9,10-tetraone (DAPT) was targeted as the starting material. DAPT 

contains four redox-active carbonyl groups that can undergo reversible reactions with Li+ ions. 

It has two more redox-active sites compared to the DAPQ molecule used in Chapter 4, and 

only a small increase in the molecular weight. DAPT was found to deliver a high initial capacity 

of 345 mAh g-1 at 100 mA g-1 in Li-ion cells, but its capacity rapidly faded to 40 mAh g-1 after 

50 cycles as DAPT dissolves into the electrolyte, and similar behaviour being reported for 

structurally related organic molecules.1 To avoid such a problem, a carbonyl functionalised 2D 

COF (PT-COF) was designed which is made from 1,3,5-triformylphloroglucinol (TFG) and 

2,7-diaminopyrene-4,5,9,10-tetraone (DAPT) by Schiff base polycondensation reaction. 

During our exploration of the battery application of PT-COF, the structure of the as-synthesised 

PT-COF was independently reported for supercapacitor.2 Here, PT-COF was found to have a 

specific capacity of 193 mAh g-1 at 200 mA g-1 in a Li-ion cell. This capacity is higher than the 

majority of the carbonyl-containing polymeric electrodes.3 However, the capacity is only 71% 

utilisation of the redox-active sites in the PT-COF. Adopting the strategies used in Chapter 4, 

a composite of PT-COF thinly coated around CNT was synthesised. Through forming the 

tubular core-shell structure of the composites (PT-COFX) the electrochemical performance 

was greatly enhanced and we achieved specific capacities of up to 280 mAh g-1 at 200 mA g-1.  
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5.4 Experimental Section 

5.4.1 Materials 

Dichlorodicyanobenzoquinone (DDQ) and 1,3,5-triformylphloroglucinol (TFG) were obtained 

from Tokyo Chemical Industry UK Ltd. Pyrene, sodium periodate, ruthenium (III) chloride 

hydrate, sodium dithionite, ammonium chloride, acetic acid, multi-walled carbon nanotubes 

with outer diameter and length ranges of 7-15 nm and 0.5-10 µm (CNTs), anhydrous NMP and 

PVDF were purchased from Sigma Aldrich. 1,4-dioxane was obtained from Alfa-Aesar. 

Fuming nitric acid and mesitylene were obtained from Acros Organics. Concentrated sulfuric 

acid, DMF, dimethyl sulfoxide (DMSO), dichloromethane (DCE), acetonitrile, Chloroform, 

acetone, sodium hydroxide, sodium hydrogen carbonate, ethyl acetate, and methanol were 

obtained from Fisher. All chemicals were used as received without further purification. 

 

5.4.2 Synthesis of Monomer 

 

Scheme 5-1. Synthetic routes of small molecules PT, DNPT and DAPT. 

 

5.4.2.1 Synthesis of Pyrene-4,5,9,10-tetraone (PT)  

PT was synthesised using a previously reported method.4,5 In a 500 ml round flask equipped 

with a condenser and a stirrer bar, pyrene (20 mM, 4.0 g) was dissolved in a mixture of 80 mL 

dichloromethane and 80 mL acetonitrile. Then, sodium periodate (164 mM, 35.0 g), 100 mL 

H2O, and Ruthenium (III) chloride hydrate (0.42 mM, 0.5 g) was added to the mixture. The 

reaction mixture was stirred at 35-40 °C overnight. After the reaction, the suspension was 

removed by filtration, and the precipitate was washed with copious amounts of DCM. The 

filtrate was extracted by DCM several times. A yellow solid was obtained by rotary evaporation 

of the organic solution. Then, the crude product was recrystallized from chloroform to give 1.2 

g PT (22.9 %, yield). 1H NMR (400 MHz, DMSO-d6, ppm): 8.33 (d, J=7.5, 2H), 7.75 (t, J=7.5, 
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1H). 13C NMR (100 MHz, DMSO-d6, δ [ppm]): 177.5, 134.6, 134.0, 131.8, 130.7. HRMS (EIS): 

calcd for ([C16H6O4]+Na)+: m/z = 285.206; found: 285.0162.  

 

Figure 5-1. 1H NMR (400 MHz, DMSO-d6) spectrum of PT. 

 

Figure 5-2.  13C NMR (100 MHz, DMSO-d6) spectrum of PT. 
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5.4.2.2 Synthesis of 2,7-Dinitropyrene-4,5,9,10-tetraone (DNPT) 

DNPT was synthesised according to the reported protocol.  PT (2 mM, 524 mg) was added into 

a 20 mL mixture of sulfuric acid and fuming nitric acid (4:1, v/v) and then the mixture was 

heated at 110 °C overnight. Then, the reaction mixture cooled down to room temperature and 

was poured into 200 mL ice water. Followed by neutralization by adding saturated NaHCO3 

solution. Then, the yellow precipitate was collected by filtering and washing with water several 

times. After dried in vacuum at 65 °C for 24 h, 457 mg yellow DNPT was obtained (65 %, 

yield). 1H NMR (400 MHz, DMSO-d6, ppm): 8.89 (s, 1H). 13C NMR (100 MHz, DMSO-d6, δ 

[ppm]): 174.9, 149.2, 136.3, 134.4, 126.4. HRMS (EIS): calcd for ([C16H4N2O8]+Na)+: m/z = 

374.986; found: 374.9857.  

 

Figure 5-3. 1H NMR (400 MHz, DMSO-d6) spectrum of DNPT. 
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Figure 5-4. 13C NMR (100 MHz, DMSO-d6) spectrum of DNPT. 

 

5.4.2.3 Synthesis of 2,7-Diaminopyrene-4,5,9,10-tetraone (DAPT) 

DNPT (1 g, 2.8 mmol) was added in a 500mL two-necked flask. sodium hydroxide (8.9 g, 224 

mmol), water (150 mL), and sodium dithionite (4.4 g, 25.5 mmol) were added one by one and 

heat at 50 oC, stirring for 15 min, the reaction mixture is poured into saturated ammonium 

chloride solution (500 mL), filtered, and washed with water to obtain a black powder, vacuum 

dried at room temperature overnight to obtain a crude product, and then the crude product (457 

mg) and dichlorodicyanobenzoquinone (1.5 g) and methanol (30 mL) were mixed, stirred at 35 

oC for 15 h, the reaction solution was diluted with ethyl acetate (60 mL), filtered with suction, 

Washing with ethyl acid gave a black solid (442 mg, yield 54%). 1H NMR (400 MHz, DMSO-

d6, ppm): 7.37 (s, 4H), 5.96 (s, 4). 13C NMR (100 MHz, DMSO-d6, δ [ppm]): 178.8, 149.1, 

131.2, 124.9, 119.3.  
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Figure 5-5. 1H NMR (400 MHz, DMSO-d6) spectrum of DAPT. 

 

Figure 5-6. 13C NMR (100 MHz, DMSO-d6) spectrum of DAPT. 
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5.4.3 Synthesis of COFs Powders 

5.4.3.1 Synthesis of PT-COF 

1,3,5-triformylphloroglucinol (TFG) (10.5 mg, 0.05 mmol), 2,7-diaminopyrene-4,5,9,10-

tetraone (DAPT) (21.9 mg, 0.075 mmol), mesitylene (0.2 mL), 1,4-dioxane (0.8 mL), and 

aqueous acetic acid (0.2 mL, 6 M) were added to a 10 mL Pyrex tube (outer × inner diameter 

= 1.3 × 1.0 cm with a length 15 cm). This mixture was homogenized by sonication for 10 

minutes and the Pyrex glass tube was subjected to three freeze-pump-thaw cycles and 

evacuated to an internal pressure of 100 mTorr. The tube was sealed off and then placed in a 

thermal oven at 120 °C for 3 days. The black precipitate was collected by filtration and washed 

with DMF, DMSO, and acetone. The resulting solid was dried and then subjected to Soxhlet 

extraction with methanol as the solvent for 24 hours to remove the trapped guest molecules. 

The powder was collected and dried under reduced pressure at 85°C to afford PT-COF as a 

black powder (28.2 mg, 95%).  

 

Scheme 5-2. Reaction scheme for the synthesis of PT-COF. 

 

5.4.3.2 Synthesis of PT-COFX 

A 10 mL Pyrex tube (outer × inner diameter = 1.3 × 1.0 cm with a length 15 cm) was charged 

with TFG (10.5 mg, 0.05 mmol), DAPT (21.9 mg, 0.075 mmol), CNT (10, 30, 50 wt% of the 

composite based on the yield of the PT-COF), mesitylene (0.9 mL), 1,4-dioxane (0.3 mL), and 
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aqueous acetic acid (0.1 mL, 3 M). This mixture was homogenized by sonication for 30 minutes 

and the Pyrex glass tube was subjected to three freeze-pump-thaw cycles and evacuated to an 

internal pressure of 100 mTorr. The tube was sealed off and then placed in an oven at 120 °C 

for 3 days. The black precipitate was collected by filtration and washed with DMF (3 × 5 mL), 

DMSO (3 × 5 mL), and acetone (3 × 5 mL). The resulting solid was dried and then subjected 

to Soxhlet extraction with methanol as the solvent for 24 hours to remove the trapped guest 

molecules. The powder was collected and dried under reduced pressure at 85°C to give PT-

COFX as a black powder. The yields calculated for PI10, PI30, and PI50 were 95, 92, and 89%, 

respectively.  

 

5.4.5 Optimisation of Experimental Conditions 

Based on the synthesis of our previous β-ketoenamine-linked COF in Chapter 4, we initially 

attempted to synthesise PT-COF in a mesitylene and 1,4-dioxane solvent system and grow a 

crystalline COF structure (Table 5-1). 

Table 5-1. Synthesis of PT-COF under different conditions 

Entrya Solvent (ml) Acetic acid Reaction 

temperature 

(°C) 

Yield 

(%) 

Crystallinity 

1 Mesitylene/1,4-dioxane (0.9:0.3) 0.1 ml, 3M 120 91 Crystalline 

2 1,4-Dioxane (1.0) 0.2 ml, 6M 120 91 Crystalline 

3 Mesitylene/1,4-dioxane (0.2:0.8) 0.2 ml, 6M 120 95 Crystalline (high) 

aAldehyde (0.05 mmol), diamine (0.075 mmol), 3 d. 

 

5.4.6 Theoretical Specific Capacity Calculation 

The repeating unit in PT-COF consists of 1/2 of an A unit (MA) and 1/3 of a B unit (MB) (Figure 

5-7). Hence, the molecular weight of the repeating unit cell in PT-COF is 198.02 g mol-1 

(C11H4NO3). The number of electrons (n) involved in the repeating unit is equal to 1, assuming 

4 electrons are involved in each phenanthrenequinone unit. Therefore, using Equation 1-2, the 

theoretical capacity of PT-COF is calculated to be 271 mAh g-1. 
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The specific capacities of the PT-COFX composites were calculated based on the mass of the 

PT-COF in the composite. However, both PT-COF and CNT contribute to the overall capacity 

of the electrode, so the total specific capacity of the PT-COFX composites was calculated using 

Equation 5-2: 

𝐶PT−COFX =
𝑎×𝑚×𝐶PT−COF+b×𝑚×𝐶CNT

𝑎×𝑚
                       (Equation 5-2) 

Where, CPT-COFX and CPT-COF are the specific capacities of PT-COFX and PT-COF, 

respectively, in the composite electrodes. CCNT is the specific capacity of pure CNT (13 mAh 

g-1) without PT-COF and m is the mass of the PT-COFX. a and b are the contents of PT-COF 

and CNT in the PT-COFX, such that a+b=1. Therefore, the capacity contribution of CNT in 

the PT-COFX is CPT-COFX-CPT-COF = (b×CCNT)/a 

 

Figure 5-7. Chemical structure of PT-COF. 

 

Table 5-3. Capacity contribution of CNT in PT-COFX. 

Sample Calculation of capacity contribution of CNT in PT-COFX (mAh g-1) 

PT-COF10 0.1×13/0.9 = 1 

PT-COF30 0.3×13/0.7 = 6 

PT-COF50 0.5×13/0.5 = 13 
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5.4.7 Electrochemical Test Protocol 

In PT-COF electrode, the mass ratio of active materials (PT-COF): carbon black: PVDF is 6: 

3: 1. In the PT-COFX electrode, the mass ratio of active materials (PT-COF): carbon black: 

PVDF is 7: 2: 1. In the coin cells, PT-COF/PT-COFX was used as the working positive 

electrode, lithium as the counter electrode, and 1 M LiTFSI in DOL and DME (1:1 v/v) as the 

electrolyte solution.  

Please see Chapter 2 (Section 2.2 Electrochemical Measurements) for the electrochemical test 

protocol. 

 

5.5 PT-COF Design, Synthesis, and Characterisation 

PT-COF was synthesised by one step Schiff-base condensation reaction of TFG with 2,7-

diaminopyrene-4,5,9,10-tetraone (DAPT) in a 2:3 stoichiometric molar ration. The reagents 

were dispersed in a mixture solvent of mesitylene and 1,4-dioxane (1:4, v:v) by sonication 15 

mins. Then the reagents were heated at 120 °C for 3 days. After filtration, the product was 

washed with DMF, DMSO, and then by Soxhlet using methanol. Finally, the product was dried 

at 80 °C under vacuum to afford the product in a yield of 95% (Scheme 5-2, see section 5.4.5.1 

for detailed reaction conditions). The condensation reaction is followed by an irreversible keto-

enol tautomerization, which enhances the chemical stability of the COF.6  

The crystalline structure of the product was confirmed by PXRD. As shown in Figure 5-8, the 

PXRD pattern of PT-COF exhibits good crystallinity with an intense peak at 3.4°, which 

corresponds to (110) reflection planes. The experimental PXRD pattern of PT-COF is more 

consistent with the simulated PXRD pattern of the aligned AA stacked model, rather than the 

staggered AB stacking (Figure 5-9). A Pawley refinement also confirmed that the PXRD data 

was consistent with PT-COF having the same hexagonal P6/m symmetry (a = b = 30.068 Å, c 

= 3.553 Å, V = 2784.09 Å3) and comparable dimensions to the eclipsed A-A stacked model.  
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Figure 5-8. (a) PXRD pattern fitting of PT-COF with Pawley refinement (Cu-Kα). Red circles: 

experimental PXRD pattern, black line: fitting pattern, blue curve: difference between 

experimental and refinement, magenta bars: reflection positions, green curve: XRD pattern of 

simulated AA stacking model, Rp = 2.21%, Rwp = 3.17% (P6/m, a = b = 30.068 Å, c = 3.553 

Å, V = 2784.09 Å3). (b) Structural models for PT-COF with perfectly eclipsed AA stacking 

patterns, shown parallel to the pore channel along the crystallographic c axis (top) and parallel 

to the hexagonal layers (bottom). Grey, white, red, and blue atoms represent carbon, hydrogen, 

oxygen, and nitrogen, respectively. 

 

 

Figure 5-9. Experimental PXRD pattern of PT-COF and the simulated PXRD pattern for A-A 

and A-B stacking model. 
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The chemical structure of PT-COF was confirmed by 13C CP-MAS solid-state NMR 

spectroscopy and FT-IR spectroscopy (Figure 5-10). The peaks observed at 147 and 108 ppm 

are assigned to the enamine carbon (=CNH) and α-enamine carbon, respectively, indicating the 

formation of β-ketoenamine- linked materials.7 FT-IR spectrum of PT-COF show two 

characteristic peaks at 1259 and 1675 cm−1, which were assigned to the stretching vibrations 

of β-ketoenamine C−N moieties and C=O of the DAPT unit, respectively (Figure 5-10). N-H 

at 3470, 3437, 3367, and 3342 cm-1 in the FT-IR spectra of the DAPT precursor were not 

observed in the PT-COF, indicating the consumption of the DAPT in the reaction. 

 

Figure 5-10. (a) 13C solid-state NMR CP/MAS spectrum of PT-COF; (b) FT-IR spectra of 

TFG, DAPT, PT-COF. 
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The surface area and porosity of PT-COF were measured by N2 adsorption-desorption analysis 

at 77.3 K. The N2 adsorption-desorption profile of PT-COF is a type Ⅱ isotherm (Figure 5-11). 

The isotherm displayed a sharp rise in the low-pressure range (P/P0 = 0 – 0.01), indicating a 

microporous character of PT-COF. A relative loss at 0.5 – 1.0 P/P0
 was observed, implying the 

presence of the mesopores in the material. The SABET of PT-COF is 432 m2 g−1. The pore size 

distribution of PT-COF derived by fitting nonlocal density functional theory (NL-DFT) models 

to the N2 isotherms was 1.8 nm (Figure 5-11), which is close to the pore size in the A-A stacked 

model (~ 2.3 nm). The pore size of PT-COF is bigger than the electrolyte components. The 

molecule sizes of electrolyte components DOL, DME, and LiTFSI are 0.38, 0.73, and 0.72 nm, 

respectively. It means that the electrolyte can facilely transport in the micropores of 1.8 nm. 

The PXRD pattern of PT-COF is identical before and after gas sorption (Figure 5-12). It means 

the crystalline framework of PT-COF is stable during the gas sorption test.   

 

Figure 5-11. (a) N2 sorption isotherms of PT-COF (77.3 K, solid symbols = adsorption; open 

symbols = desorption); (b) Pore size distribution plots of PT-COF (calculated by NL-DFT for 

pillared clay). 
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Figure 5-12. PXRD pattern of PT-COF before and after gas sorption test. 

 

The morphologies of PT-COF were recorded by SEM. PT-COF displays an intergrown plate-

like morphology in the SEM images (Figure 5-13). TEM further confirmed the crystalline 

structure of the PT-COF. The TEM images showed that PT-COF has an ordered structure with 

hexagonal pores oriented along its crystallographic c axis (area outlined in yellow, Figure 5-

14).  

 

Figure 5-13. SEM images of PT-COF, scale bar: 1 μm. 
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Figure 5-14. TEM images of PT-COF. The yellow circle outlined the ordered pore structure. 
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Chemical stability is an important requirement for electrode stability for battery application. 

PT-COF exhibited good chemical stability against various solvents, like water, hydrochloride 

acid, N,N-dimethylformamide and N-methyl-2-pyrrolidone. PT-COF showed identical PXRD 

pattern and FT-IR spectra (Figure 5-15) before and after exposure to the above solvents for 48 

hours. The results showed that PT-COF kept good crystallinity and did not show structural 

decomposition, indicating good chemical stability. 

 

Figure 5-15. (a) PXRD and (b) FT-IR spectra of PT-COF after exposure to water, aqueous 

acid, N-dimethylformamide, and N-methyl-2-pyrrolidone for 24 hours. 
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5.6 PT-COF and CNT Composite Design, Synthesis and Characterisation 

After synthesising PT-COF, a series of PT-COF composites was synthesised using the same 

synthetic method, but with CNT added into the reaction mixture (Scheme 5-3). In the 

preparation of the composite, a 2:3 stoichiometric molar ration of TFG with DAPT was 

dispersed in a mixture of mesitylene and 1,4-dioxane (1:4 v/v). CNT was added to the reaction 

mixture, followed by sonication for 30 min to ensure the reaction precursors were well mixed. 

Then, the reaction reagents were heated at 120 °C for 3 days. After filtration, the product was 

washed with DMF, DMSO, acetone, and then by Soxhlet with methanol. Finally, the product 

was dried at 80 °C under vacuum and got yield above 90%. In total, four samples were 

synthesised using the same method: PT-COF and CNT composite with 10, 30, and 50 wt.% 

CNT (The amount of CNT is calculated based on the 95% yield of PT-COF yield from the 

composite reaction). The composites are named PT-COFX, where X = 10, 30, and 50 wt.% of 

CNT.  

 

Scheme 5-3. Scheme showing the synthesis of PT-COF and CNT composite. 
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To confirm the crystallinity of the PT-COF composites, PXRD measurements were performed 

on all the composites. As shown in Figure 5-16a, the PXRD patterns of PT-COF10 and PT-

COF30 display good crystallinity with an intense peak at 3.4°, which corresponds to (110) 

reflection. The addition of CNT decreases the crystallinity of PT-COFX. It was found that 50 

wt% CNT is the threshold limit of crystallinity. The PXRD patterns indicated that PT-COF 

kept the same structure in the PT-COFX composites. FT-IR was used to characterise the 

chemical structure of PT-COF composites (Figure 5-16). The characteristic N-H peaks, N-H at 

3470, 3437, 3367, and 3342 cm-1, were not observed in the IR spectra of the composites. New 

peaks at 1259 and 1675 cm-1 belong to the β-ketoenamine C−N moieties and C=C stretching 

vibrations appeared. The IR spectra indicated that the reaction occurred successfully and the 

PT-COF in the composite was in its keto form. The IR spectra in Figure 5-16b have not been 

normalised, so the intensity of the peaks differ with different sample amounts used. 
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Figure 5-16. (a) PXRD pattern and (b) FT-IR spectra of PT-COF10, PT-COF30, and PT-

COF50. 

 

The BET surface areas and porosity parameters of PT-COFX composites were studied by N2 

sorption. Figure 5-17 presents the nitrogen sorption isotherms and pore distribution curves of 

the PT-COFX composites. As shown in Figure 5-17, all the PT-COFX composites showed type 

Ⅱ isotherms. There is steep adsorption at a low relative pressure (P/P0
 ≈ 0.01) indicates that 

these composites possess micropores. The hysteresis loop at the medium pressure region (P/P0 

= 0.4−0.7) reveals that mesopores exist in the materials. The adsorption isotherm increases 

steeply at higher relative pressure, which can be ascribed to macroporosity. That is because of 
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the presence of CNT, and a positive collection between the ratio of CNT and the N2 uptake at 

high pressure was observed. The SABET of PT-COFXs increased first then decreased as the wt.% 

of CNT increased from 10 to 50wt.% (Table 5-2). This may be because the presence of CNT 

increased the crystallinity of the PT-COF in the PT-COF10 and PT-COF30, however, the 

exceed of CNT in PT-COF50 decreased the crystallinity of the PT-COF in the composite.  

The pore size distribution (Figure 5-17, calculated by NL-DFT for pillared clay) also confirms 

the presence of micropores and mesopores. All the PT-COFX composites have pores with an 

average width of 1.8 nm, which is larger than the diameter of Li-ion (1.52 Å). Therefore, the 

open channels are beneficial for Li-ion transport within the composites. The detailed BET 

surface areas and pore volumes of the PT-COF, PT-COFX, and CNT are listed in Table 5-2.  

Table 5-2.  Surface areas and pore properties of PT-COF, the PT-COF composites and CNT. 

Sample SABET
a (m2 g-1) Total pore volumeb (cm3 g-1) 

PT-COF 432 0.172 

PT-COF10 450 0.171 

PT-COF30 473 0.176 

PT-COF50 318 0.098 

CNT 247 0.322 

aSurface area calculated from the N2 adsorption isotherms at 77.3 K using the BET equation; 

bPore volume calculated from the nitrogen isotherm at P/P0 = 0.99, 77.3 K. 
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Figure 5-17. (a,c,e) N2 sorption isotherms of PT-COFX composites, and CNT (77.3 K, solid 

symbols = adsorption; open symbols = desorption); (b,d,f) Pore size distribution plots of the 

PT-COFX composites (calculated by NL-DFT for pillared clay).  

 

TEM was employed to characterise the structure of the PT-COFX composites. In Figure 5-18, 

it was found that tubular core-shell structures in PT-COFX with the COF structure grown 

around the external surface of the CNT.  The ordered structure with hexagonal pores oriented 

along its crystallographic c axis of the COF in the composite can be observed in the TEM 
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images, implying that the COF layers retain their crystallinity. The thickness of the COF layer 

around the CNT decreases with the increasing amount of CNT in the composite. The 

morphologies of the PT-COFX composites were recorded by SEM (Figure 5-19). In PT-COF10, 

the COF is integrated with CNT. While PT-COF30 and PT-COF50 appear to retain bulk CNT 

morphology.  The thickness of COF layers decreases with the increase of CNT mass weight 

maybe because there are more CNT surfaces for the COFs to grow on. With thinner COF layers 

in the composite, the ion transport pathway is shortened and more electrochemical redox-active 

sites are available. So, thinner COF layers are beneficial for electrochemical performance. 

 

Figure 5-18. TEM images of (a) PT-COF10; (b) PT -COF30; (c) PT -COF50.  
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Figure 5-19. SEM images of PT -COF10 (a-c), PT -COF30 and (d-f), PT -COF50 (g-i); scale 

bar: 1 μm. 

5.7 Energy Storage Performance of PT-COFX 

The PT-COF is studied as a positive electrode for Li-ion coin cells with lithium metal as the 

counter electrode. Two electrolytes include 1 M LiTFSI in DOL and DME (1:1 v/v) and 1 M 

LiPF6 in EC and DMC (1:1 v/v) were investigated. As shown in Figure 5-20, the PT-COF based 

positive electrode in carbonate-based electrolyte exhibits an initial capacity of 190 mA h g-1 

but rapidly fades to 60 mAh g-1 within 50 cycles at the current density of 100 mA g-1. This 

phenomenon may cause by the undesired side reaction of the active site with the carbonated-

based electrolyte.8 To improve the electrochemical performance of the PT-COF based cathodes, 

the electrolyte of LiTFSI in DOL/DME (1: 1 v/v) was used as an alternative to LiPF6 since 

LiTFSI shows more ionic nature than LiPF6.
9 In contrast, PT-COF in LiTFSI shows good 

cycling performance. The cathode retains the capacity of 193 mAh g-1 even after 100 cycles 

(Figure 5-21c). Therefore, the ether-based electrolyte is used for the rest of the tests. 
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Figure 5-20. Cycling performance of PT-COF in a conventional Li-ion battery electrolyte (1 

M LiPF6 in EC/DMC (1:1 v/v) over 100 cycles at 100 mA g-1 operated in the voltage range of 

1.5-3.5 V.  

   

CV of PT-COF and PT-COFX was performed in the coin cells at 0.1 mV s-1 in a potential 

window of 1.5 -3.5 V (Figure 5-21a). In the CV profiles, all the curves have similar shapes. 

Two obvious separated redox peaks were present at 2.8 and 2.3 V. Further, with the increasing 

amount of CNT in the composite, the peak current densities and integral charge (based on the 

mass of PT-COF active material) increased. PT-COF50 has the highest integral charge area, 

implying more efficient utilisation of redox-active sites in PT-COF50 compared to PT-COF. 

This may be because the charge transport within the composite electrode was improved by the 

adding of CNT. 

Galvanostatic charge-discharge tests were performed in a voltage window of 1.5 to 3.5 V for 

all Li-ion coin cells (Figure 5-21b). The sloping plateaus in the galvanostatic charge/discharge 

curves consist of their CV profile, corresponding to the reversible oxidisation/reduction of the 

carbonyl groups. The average discharge potential calculated from the PT-COF and PT-COFX 

composite is about 2.55 V, which is higher than most of the reported carbonyl functional group 
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based electrodes.8,10–13 PT-COF delivered a specific capacity of 193 mAh g-1 at 200 mA g-1, 

corresponding to 71% of its theoretical capacity of 271 mAh g-1 (see Section 5.4.7 for 

calculation details of the theoretical specific capacity). The specific capacity of PT-COF10, 

PT-COF30, and PT-COF50 at the current density of 200 mA g-1 are 225, 267, and 280 mAh  

g-1, respectively. The capacity contribution of CNT in the PT-COF composites is 1, 6, and 13 

mAh g-1 for PT-COF10, PT-COF30, and PT-COF50, respectively (see section 5.4.8 for the 

detailed calculation). The utilisation of redox-active sites (exclude the capacity contribution of 

CNT) increases to 83, 96, and 98% for PT-COF10, PT-COF30, and PT-COF50, respectively. 

Moreover, PT-COF and PT-COFX composites electrode all retain a nearly constant capacity 

after 150 cycles and their Coulombic efficiencies are ca. 100%, which implies good 

electrochemical stability (Figure 5-21c).  

 

Figure 5-21. (a) Cyclic voltammetry profiles at a scan rate of 0.5 mV s-1; (b) Charge-discharge 

profiles at 200 mA g-1; (c) Cycling performances over 150 cycles at 200 mA g-1; (d) Charge-

discharge profiles (based on active material, CNT, and carbon black (CB)) at 200 mA g-1 for 

PT-COF, PT-COF10, PT-COF30, and PT-COF50. 
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DAPT-based positive electrodes exhibit a capacity of 345 mAh g-1 at the current density of 100 

mA g-1, corresponding to 94% of its theoretical specific capacity of 367 mAh g-1) (Figure 5-

22). The capacity is higher than that of the PT-COF and PT-COFX composite electrodes. 

However, the capacity of the DAPT monomer drops rapidly to 40 mAh g-1 in 50 cycles because 

DAPT is soluble in the organic electrolyte.  

 

Figure 5-22. Cycling performance of the DAPT monomer over 100 cycles at 100 mA g-1 

operated in the voltage range of 1.5-3.5 V. 

 

To clarify the capacity contributions of CNT and carbon black towards the overall performance, 

their electrochemical performance was tested as well. The electrodes of CNT and carbon black 

exhibit capacities of 13 and 2 mAh g-1 under 200 mA g-1, when the electrode is made from 

CNT: PVDF (9:1 by mass) and carbon black: PVDF (9:1 by mass) (Figure 5-23). CNT 

electrode showed a capacity indicating that CNT can accommodate Li-ions.  

The capacity of the PT-COF50 electrode is higher than that of the typical positive electrode 

materials used in commercial cells.14–18 However, the capacity of the PT-COFX cells is only 

about 150 mAh g-1 when calculated based on the summing mass of the active material and 

conductive additives (Figure 5-21d). PT-COF50 shows a capacity of 109 mAh g-1 when 
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considering the mass of the whole electrode, which is the lowest capacity in the PT-COF and 

PT-COFX composites electrode. It demonstrated that adding too many conductive additives is 

a poor strategy for practical cells. As we are doing the fundamental research and focusing on 

the electrochemical properties of PT-COF active material, all gravimetric capacities and 

currents are normalised to the mass of the active material (PT-COF), except for Figure 5-21d, 

in which the galvanostatic charge/discharge profiles are based on the mass of the whole 

electrode in the cell.  

 

Figure 5-23. (a) Galvanostatic charge/discharge curve of carbon black electrode at 200 mA  

g-1; (b) Galvanostatic charge/discharge curve of CNT electrode at 200 mA g-1; (c) Cycling 

performance over 100 cycles for carbon black electrode at 200 mA g-1 operated in the voltage 

range of 1.5-3.5 V; (d) Cycling performance over 100 cycles for CNT electrode at 200 mA g-1 

operated in the voltage range of 1.5-3.5V.  
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The rate performance of PT-COF and the PT-COFX composites were then studied under 

different current densities over the range of 200 to 5000 mA g-1 (Figure 5-24). The capacity of 

PT-COF50 is less dependent on the current density with a capacity retention of 79% at 5000 

mA g-1 (18.5 C). In addition, the capacity of all composites recovered to the initial values once 

the current was reduced back to 200 mA g-1. The utilisation of the carbonyl redox-active sites 

is 77%, even at a high current density of 5000 mA g-1. These results indicate good rate 

performance. The rate capability of PT-COF50 is also comparable to those of the recently 

reported COF cathodes. For example, PPTODB, which contains the same electrochemical 

redox motif with PT-COF, had a capacity retention of less than 50% at 1500 mA g-1.19 A 

poly(imide-benzoquinone) COF (PIBN-G) has a capacity of 271 mAh g-1 at 0.1 C, showed a 

73% of the capacity at 10 C.11  

 

Figure 5-24. Rate performance of PT-COF, PT-COF10, PT-COF30, and PT-COF50. The open 

symbols represent the charge capacity and the solid symbols represent discharge capacity. 

 

To investigate the Li+ storage sites during discharging process, the ex situ FT-IR spectra of the 

PT-COF electrode were recorded. The lithiated and delithiated electrodes were recovered from 

the cycled cells. The recovered electrodes were washed by DOL and dried under reduced 

pressure at room temperature, and FT-IR spectra were then recorded inside the glovebox. As 
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in the IR spectra (Figure 5-25a), the character peak of the C=O (1675 cm-1) groups in the DAPT 

structure, as assigned earlier in the DAPT monomer and PT-COF (Figure 5-10), disappeared 

when discharged to 1.5 V. While a new signal at 1460 cm-1 corresponds to the lithium enolate 

groups (C−O−Li) appeared when the electrode is fully discharged.20 The pristine and fully 

recharged electrode have identical IR spectra, implying the reversible and stable 

electrochemical reactions based on the C=O bonds during the charge−discharge process. Based 

on these results we proposed a mechanism as outlined in Figure 5-25b that involves redox 

reactions of carbonyl groups in DAPT. This is consistent with previous reports that have also 

suggested that four carbonyl groups of DAPT moieties participate in the redox reactions.21–23  

 

Figure 5-25. (a) FT-IR spectra of PT-COF electrode materials at different states of 

lithiation/delithiation (pristine, lithiated to 1.5 V and delithiated to 3.5 V); (b) Proposed 

reversible electrochemical redox mechanism of PT-COF during the lithiation/delithiation 

process. 
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5.8 Conclusion 

A COF composite with rich electrochemical redox-active carbonyl groups was synthesised, 

using the strategy of in situ polycondensation on CNTs. By optimising the proportions of the 

COF and the CNTs in the reaction mixture, thinner layers of crystalline COFs could be 

fabricated on the surface of CNT that leads to highly improved charge transfer and efficiently 

electrochemical accessibility of active sites in the PT-COFX. Therefore, the largest capacity of 

280 mAh g-1 at 200 mA g-1 for PT-COF50, corresponding to 98% utilisation of the redox-active 

sites, was obtained, which is the highest value so far among COF-based electrode materials. 

This remarkable performance was made possible by the four redox-active sites per unit within 

the PT-COF, with the core-shell nanotube structure shown to have greatly improved 

accessibility of active sites.  
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Summary and Outlook 
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6.1 Summary 

In this thesis, electrochemically redox-active polyimide and β-ketoenamine covalent organic 

frameworks (COFs) were synthesised by polycondensation and utilised as the positive 

electrode material within Li-ion cells. The electrochemical performances of the polyimide and 

the COFs, such as average discharge potential, specific capacity, cycling performance, rate 

performance, were systematically studied. The structures were designed to incorporate 

electrochemically active groups to enhance their performance and in situ growth conditions 

were used to combine the polyimide and COFs with the conductive carbon. Structure-

performance relationships were then investigated and it was shown that the performance of the 

carbonyl-containing polymers could be enhanced by designing the chemical structure and the 

morphology. Wherein, the key design parameter for the chemical structure is to get more 

electrochemically redox-active groups into the structure unit. 

In Chapter 3, a non-porous polyimide (PI) was synthesised and its performance in an electrode 

was studied. PI by itself had a negligible specific capacity so to improve the utilisation of the 

redox-active sites, a series of PIX composites (PI10, PI30, and PI50, where “X” value refers 

to either 10, 30 and 50 = wt.% of reduced graphene oxide (rGO)) was synthesised by in situ 

polycondensation on rGO. The increased surface area of the composites and the reduced 

particle size of the polyimide polymer in the composites was shown to lead to a dramatic 

enhancement of the accessible electrochemically active surface area and improved both 

electron transfer and Li+ ion transport to the redox-active carbonyl groups. It was found that 

the PIX composites had improved electrochemical performance. This improved the utilisation 

of the redox-active sites from 2.2% in PI to 86% in PI50. In the composite electrode, PI50 was 

also shown to have the largest capacity of 172 mAh g-1 at 500 mA g-1 and retained 80% of its 

initial capacity after 9000 cycles at 2000 mA g-1.  

In Chapter 4, β-ketoenamine COF composites (DAPQ-COFX) were synthesised through in 

situ polycondensation on CNTs. The in situ growth method was shown to yield composites 

with a unique tube-type core-shell structure. The COF with uniform 1D channels was shown 

to be beneficial for ion diffusion and the intimate contact between the COF and the CNT 

increased charge transfer. By optimising the DAPQ-COFX (where X = 10, 30, and 50 wt.% of 

CNT) resulted in the synthesis of composites with thinner COF layers. DAPQ-COF50, which 

had the thinnest COF layer of about 5 nm was shown to have the highest number of 

electrochemical redox-active sites accessible and shorter pathways for ion transport. DAPQ-
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COF50 was shown to have 95% utilisation of its redox-active sites and exhibited excellent 

ultra-high rate performance, retaining 58% of its capacity at 50000 mA g-1 (320 C). This 

indicated that the DAPQ-COF50 positive electrode could be fully recharged within 11 seconds. 

The rate capability of DAPQ-COF50 exceeds all other previously reported carbonyl-contained 

organic electrodes by an order of magnitude. DAPQ-COF50 also exhibits an estimated power 

density of 110 kW kg-1, which is comparable to values achieved by electrochemical capacitors.  

In Chapter 5, a β-ketoenamine COF (PT-COF) with a high theoretical capacity of 271 mAh  

g-1 was synthesised. PT-COF exhibits a 79% utilisation of the redox-active sites. To further 

improve the utilisation of active sites in PT-COF, a series of PT-COFX (where X = 10, 30, and 

50 wt.% of CNT) composites was prepared using the same strategy reported in Chapter 4. PT-

COF50 shows 98% utilisation of the redox-active site and had a capacity of 280 mAh g-1 at 

200 mA g-1, which is the highest capacity of the COF-based cathode materials reported in the 

literature to date.  

 

6.2 Outlook 

It remains challenging, both in terms of research and commercialisation, to produce organic 

electrode materials. Organic materials usually have a much lower mass density compared to 

inorganic materials because organic electrodes consist of light elements such as C, H, N, O, S. 

The densities of reported organic electrode materials are typically low (1-2 g cm-3), which is 

not a problem when we are just concerned about the specific energy in Wh kg-1. However, for 

energy storage devices emphasizing the energy density in Wh dm-3, such as rechargeable 

lithium-ion, used in mobile phones and electric vehicles, this is the limitation. However organic 

Li-ion cells may find application within large-scale grid batteries, where volume is less of a 

limitation and as demonstrated within the thesis the significant power capability that can be 

achieved is a possible major advantage. The poor electronic conductivity of carbonyl-

containing polymeric electrode materials seriously hinders the full utilisation of the active sites, 

which limits the rate of performance of the active materials. When large amounts of conductive 

carbon additives are used to improve the conductivity, it leads to low mass loadings of active 

material and low specific energy. Thus, organic electrode materials are more likely to be 

applied in fields where energy density is less important than gravimetric energy density. It is 

worthy to do a systermtic study to compare the effect of different conductive additives (such 

as rGO, CNT and carbon nanofiber) on the electrochemical performance including discharge 
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capacity, average discharge potential, cycling stability. Furthermore, batteries with organic 

electrode materials still suffer from safety issues. For the majority of organic electrode 

materials, especially n-type organics, Li metals or alloys are used as the negative electrode and 

lithium source, which brings about safety problems in practical use.1 Since Li–S and Li–O2 

batteries also face this problem, there have been many attempts at Li surface protection2 or 

lithium powder/carbon composite anodes tried to solve this problem.3,4 Due to safety issues, 

the use of organic liquid electrolytes is another risk, the research on solid-state batteries is a 

promising way to solve the safety problems caused by organic liquid electrolytes. 

To satisfy the rapidly increasing demand for batteries, the development aim of the next-

generation battery is to invent ultra-high performance batteries that are safe, affordable, and 

sustainable, with a long lifetime. The core lies in the discovery of high-performance materials 

and components that enable the creation of batteries with higher energy and power. Therefore, 

accelerated discovery and design of battery materials by high-throughput automated synthesis 

combination with autonomous data analysis and data mining, as well as AI and machine 

learning is the trend in the future.  

In a battery, degenerative processes cannot be suppressed completely, and external factors, 

such as extreme temperatures, mechanical stress, excessive power during operation, or simply 

ageing will, over time, be detrimental to battery performance. From the perspectives of 

sustainability, economic efficiency, and reliability, new ways need to be found to increase 

safety and lifetime, particularly in critical applications. Also, for a greener and more sustainable 

battery industry, the recycling of batteries is a project that needs to be considered.  

  



209 

 

6.3 Reference 

(1)  Winter, M.; Barnett, B.; Xu, K. Before Li Ion Batteries. Chem. Rev. 2018, 118 (23), 

11433–11456. 

(2)  Umeda, G. A.; Menke, E.; Richard, M.; Stamm, K. L.; Wudl, F.; Dunn, B. Protection of 

Lithium Metal Surfaces Using Tetraethoxysilane. J. Mater. Chem. 2011, 21 (5), 1593–

1599. 

(3)  Jang, B. Z.; Liu, C.; Neff, D.; Yu, Z.; Wang, M. C.; Xiong, W.; Zhang, A. Graphene 

Surface-Enabled Lithium Ion-Exchanging Cells: Next-Generation High-Power Energy 

Storage Devices. Nano Lett. 2011, 11 (9), 3785–3791. 

(4)  Cao, W. J.; Zheng, J. P. Li-Ion Capacitors with Carbon Cathode and Hard 

Carbon/Stabilized Lithium Metal Powder Anode Electrodes. J. Power Sources 2012, 

213, 180–185. 

 

 

 

 

 

 

 

 

 

 

 


