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ABBREVIATIONS AND SYMBOLS 

 

Å 

AQ 

 

AAQ 

Angstrom 

Anthraquinone 

2-aminoanthraquinone 

ACN  Acetonitrile 

Ar Argon 

BQ 

BTs 

Benzoquinone 

Batteries 

CV 

C-Polys  

COF 

CNT 

Cyclic voltammetry 

Conducting polymers  

Covalent organic framework 

Carbon nanotube 

DCM  

2,5-DBQ 

DCA 

DMSO 

CO2 

CO 

CVD 

 

DMF 

 

EC 

 

e.g. 

 

EES 

 

EIS 

 

Dichloromethane 

2,5-dihydroxy-1,4-benzoquinone 

dichloroisocyanuric acid (DCA) 

Dimethyl sulfoxide 

Carbon dioxide 

Carbon monoxide 

Chemical vapour deposition 

N, N,-dimethylformamide 

Electrochemical 

For example 

Electrical energy storage 

Electrochemical impedance spectroscopy 
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EVs 

 

eV 

 

FE-SEM 

 

FCs 

 

FET 

 

FT-IR 

 

g 

 

HEVs 

 

h 

 

HR-TEM 

 

HPLC 

 

KBr 

 

LED 

 

LIBs 

 

Li-Ion 

 

Li-derivative 

 

MWCNT 

 

Mg 

 

μL 

 

mL 

 

μm 

 

mol 

 

mmol 

 

nm 

 

NHBQ 

 

Electric vehicles 

Electron Volt 

Field emission scanning electron microscopy 

Fuel cell  

Field effect transistor 

Fourier transform infrared spectroscopy 

Gram 

Hybrid electric vehicle 

Hour 

High resolution transmission electron microscopy 

High-performance liquid chromatography 

Potassium bromide 

Light emitting diode 

Lithium-ion batteries 

Lithium Ion  

Lithiated derivative 

Multi wall carbon nano tube  

Milligram 

Microlitre 

Millilitre 

Micrometre 

Mole 

Millimole 

Nanometre 

Nonylbenzo-hexaqumone 



Abbreviations and Symbols  

 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR  Page | vi  

 

NMP 

 

NO2 

 

NDA 

 

NMR 

 

OLBs 

 

PTVE 

 

PTEO 

 

PVAQ 

 

PAQS 

 

Pac 

 

PAn 

 

PPP 

 

PPy 

 

PTh 

 

PDA 

 

PDI 

 

ppm 

 

PMDA 

 

PMDI 

 

PVDF 

 

Redox 

 

Rs 

 

Rct 

 

RIs 

 

RT 

 

N-Methyl-2-Pyrrolidone 

Nitrogen Dioxide 

1,4,5,8-naphthalene tetracarboxylic dianhydride 

Nuclear magnetic resonance 

Organic lithium-ion batteries 

poly (2,2,6,6- tetramethyl piperidinyl oxy-4-yl vinyl ether) 

(Poly (2,2,5,5-tetramethylpyrrolidine-1-oxyl-3-yl ethylene 

oxide) 

Poly (vinyl anthraquinone) 

 

Poly-(anthraquinonyl sulfide)  

 

Polyacetylene 

 

Polyaniline 

 

Polyparaphenylene 

 

Polypyrrole 

 

Polythiophene 

 

Perylene-3,4,9,10-tetracarboxylic dianhydride 

Perylene diimide 

Parts per million 

pyromellitic dianhydride 

Pyromellitic diimide 

Polyvinylidene fluoride 

Reduction-Oxidation 

Electrolytic resistance 

Charge transfer resistance 

Rylene Imides 

Room temperature 
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SEM 

 

SCs 

 

SO2 

 

SIBs 

 

TEM 

 

TETD 

 

TGA 

 

THF 

 

TLC 

 

UV-Vis 

 

V 

 

Wh/kg 

 

Wh/L 

 

W/kg 

 

W/L 

 

W 

 

λ 

Scanning electron microscopy 

Supercapacitors 

Sulphur Dioxide 

Sodium-ion batteries 

Transmission electron microscopy 

tetraethyl thiuram disulfide 

Thermogravimetric analysis 

Tetrahydrofuran 

Thin-layer chromatography 

Ultraviolet-Visible 

Voltage 

Watt-hours per kilogram 

Watt-hours per liter 

Watt  per kilogram 

Watt per liter 

Warburg impedance   

wavelength 
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SYNOPSIS 

1 Introduction   

Humanity has powered itself for the last 200 years in science and advanced technologies: 

we, the witness to such an enormous amount of development and progress. The development 

came with the consumption of a large amount of energy. The energy demand is high because 

of the massive outbreak of population and their modified standard of living. Now a day trend 

of portable electric devices, the electric vehicle market is the most demanding area of energy, 

with more than 90% of energy requirements filled by fossil fuels such as oil, coal, and natural 

gas. Though it’s available today, its sources are depleting day by day. The problem 

associated with such energy sources is that it releases carbon monoxide, nitrogen oxides, 

sulfur dioxide, and carbon dioxide when burned. These gasses are responsible for warming 

up the earth, rising sea level, oil spills, and acid rain.1 To avoid these issues without 

compromising the energy demand, we need to use clean and environmentally friendly 

renewable energy sources such as solar, wave, and wind power.2 The problem with such 

energy sources is that they might not be produced when needed. The energy creation from 

such sources depends on the environmental condition because windy nature might not 

always be available to use wind energy, and the sun does not shine at night. Such challenges 

can be overcome by using suitable energy storage devices, which are more sustainable and 

environmentally friendly.  As we know, if we transit toward hybrid electric vehicles (HEVs) 

and electric vehicles (EVs), it will have great potential to reduce fossil fuel use, which 

ultimately solves the problem of global warming, which we all are facing for the 20 years.  

Nowadays, electric vehicles are started running on the road but for large applications and to 

convert almost all cars to the electric-based device, which require high energy density, high 

power density, long cycle life, and safer battery devices. For such large applications recently, 

the scientific community is making a great effort to improve the performance of energy 

storage devices. However, rechargeable lithium-ion batteries were one of the leading energy 

storage devices for next-generation technologies.  

2 Statements of the problem 

To a large extent, the improvement of lithium-ion energy density depends upon the 

characteristics of cathode material present in LIBs batteries.3 Recently, widely used 

inorganic cathode materials such as LiCoO2, LiNiO2, LiMn2O4, and LiFePO4 
4,5 have some 
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apparent disadvantages. However, some of these materials can achieve only half of the 

capacity compared to their theoretical capacity. At the same time, elements used in some of 

the materials are not naturally abundant. Therefore, it impacts the price increase, and large-

scale production and use of these transition metals are somewhat unsustainable due to 

serious environmental issues. On the other hand, large-scale production and mining require 

high energy. Industrial waste from such materials contains a high amount of heavy metal, 

seriously impacting the environment. So, compared to inorganic cathode materials, organic 

cathode materials have the advantages of high theoretical specific capacities, flexible 

structural designability, environmental friendliness, increased safety, and natural 

abundance.  On the other hand, it’s a promising class of energy storage materials with broad 

application prospects. But it has also been full of challenges in the research and 

commercialization of organic conjugated carbonyl electrode materials. The challenges 

associated with materials are soluble in the electrolyte, responsible for fading specific 

capacity. Even such material has low mass density, and low discharge potential and the 

aggregation of the material leads to hindered lithium-ion transport. We have synthesized 

different molecule sets to overcome these problems to address these issues.   

3 Objectives of the thesis 

 Synthesis and characterizations (NMR, IR, FESEM) of conjugated carbonyl Rylene 

imide derivatives (substituted with TPA-triphenylamine, naphthalic anhydride, and 

anthraquinone)  

  Fabrication of Synthesized organic compound as an active cathode electrode  

  Preparation of pouch and coin cell for electrochemical study. 

 Electrochemical performance study of all sets of the molecule [charge-discharge 

study at different C rates and CV (cyclic Voltammetry) EIS (Electrochemical 

impedance spectroscopy)] 

 Comparative study concerning change in electrochemical performance of rylene 

imide derivatives with substitution. 

 Synthesis and characterization (NMR, IR, FESEM, EDAX) of star shape conjugated 

carbonyl molecule  

 Electrochemical performance study of all of the molecule [charge-discharge study at 

different C rates and CV (cyclic Voltammetry) EIS (Electrochemical impedance 

spectroscopy) 



 Synopsis 
 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR     Page | x  
 

Comparative study of the effect of conjugation over-discharge potential 

Significant outcomes from the individual thesis chapters 

Chapter 2:  Effect of Aromatic Ring and Substituent on The Performance of Lithium-

Ion Batteries with Rylene Imide Cathode.  

The simple and cost-effective organic molecule synthesis for lithium-ion batteries is a 

necessity. Generally, Rylene imides (RIs) are attractive organic battery materials because of 

the inherent modularity of the molecules. While strong aggregation of RIs is 

disadvantageous for fast lithium-ion transport in the active organic material, decreasing the 

solubility of the RIs in battery electrolytes is essential to avoid performance fading. 

Therefore, the design and synthesis of RIs for lithium batteries is a non-trivial task that must, 

among other considerations, balance lithium-ion transport in the solid material vs. low  

 

solubility by controlling aggregation. We have chosen triphenylamine (TPA) as a substituent 

that disrupts the aggregation but maintains a low solubility due to the increased aromaticity 

of TPA. We have synthesized three RIs (Figure 1) with one, two, and four aromatic units in 

the core. All of them showed stable specific capacity over 300 charge-discharge cycles. The 

batteries also showed specific capacities close to their theoretical capacities with 97–99 % 

coulombic efficiency. The three molecules chosen from the RIs family have different 

Figure 1: TPA Substituted Rylene imide derivatives  
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aromatic units. The theoretical capacity of the RIs is expected to decrease with the number 

of aromatic rings in the rylene imides core of the molecule. Contrary to this, the experimental 

specific capacities varied with the number of aromatic units in the sequence 1<4<2. Thus, 

decreasing the molecular weight alone does not impart improvement in battery performance. 

From this, we could conclude that TPA acts as an effective moiety to disrupt the aggregation 

of RIs without causing solubility of the molecule in battery electrolytes. 

Chapter 3:  An Insoluble Naphthalic Anhydride Based Rylene Imide Derivatives 

Cathode for Lithium-ion Batteries. 

A bulky substitution over rylene imide dyes increases their molecular weight, which 

decreases the theoretical specific capacity of the material. However, without substitution,  

 

the RIs are aggregated strongly, which restricts the transport of lithium. However, improper 

substitution leads to a severe solubility of compounds in electrolytes. In this chapter, we 

have synthesized three naphthalic anhydrides substituted rylene imide (Figure 2) derivatives. 

We kept the compound’s molecular weight nearly the same as the previous chapter’s 

molecule.  However, a Naphthalic anhydride contained an aromatic conjugated carbonyl 

structure in which the carbonyl group is Responsible for an increase in electron count in 

electrochemical performance. In contrast, the perpendicular substitution of the entire 

Figure 2: Naphthalic anhydride Substituted Rylene 

imide derivatives 
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naphthalic anhydride over rylene dyes helps it disturb aggregation and decrease the 

solubility in the electrolyte. All set of the molecule has been shown the stable specific 

capacity up to 200 cycles, having a 97-100 % coulombic efficiency at a 0.2 C rate. The 

sequence of long cycle stability as UN-PDI>UN-NDI>UN-Py, which follows the previous 

set of molecules.  

Chapter 4:  An Anthraquinone Based Rylene Imide Derivatives Cathode for Organic 

Lithium-ion Batteries. 

Searching for high-performance electrode materials in organic rechargeable batteries 

remains a crucial challenge. An anthraquinone (AQ) has a high theoretical specific capacity 

of 257 mAh /g and a charge/discharge voltage of 2.2−2.3 V.  Although it has a high 

theoretical capacity, the bare anthraquinone electrode is highly soluble in the electrolyte, 

which leads to capacity fading. In this chapter, we synthesized three molecules (Figure 3) 

containing anthraquinone substituted rylene imide derivatives to obtain a high and stable 

specific capacity. Anthraquinone is possible to increase the number of bound Li atoms. Its 

arrangement over rylene dyes may disturb the aggregation of rylene dyes, which is helpful 

for fast reaction kinetics and high lithium-ion diffusion, whereas rylene dyes’ robust 

structure and conjugation provide stability to the molecule for a long cycle. All molecule  

Figure 3: Anthraquinone Based Rylene Imide Derivative. 
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has been used as active cathode electrode material for lithium-ion batteries. The effect of 

anthraquinone substituent over rylene imide was studied comparatively at different C rates 

and long cycle stability.  

All molecules showed stable capacity up to 150 cycles at a 0.2 C rate. Among the series, an 

AQ-PDI molecule shows a high stable specific capacity of 120 mA h/g at 0.2C, which is a 

40% decrease from its theoretical capacity. 

Chapter 5:  A Star-Shaped Conjugated Carbonyl Imide cathode for Lithium-Ion 

Batteries   

A rigid group containing molecules having extended conjugation helps decrease their 

solubility in electrolytes and may increase their initial discharge potential. Herein we have 

synthesized two star-shaped molecules, UN-4 and NDI-4 (Figure 4), in which a four 

naphthalic group connected to benzoquinone forms a rigid structure. At the same time, a π-

electron delocalization over four naphthalic groups may lower the energy of the lowest 

unoccupied molecular orbital (LUMO), providing more active carbonyls sites with an 

extended conjugated structure. Therefore, UN-4 shows a first discharge potential near 2.9 

V, which is relatively high for organic molecules, with an initial discharge capacity of 200 

mAh/g, further decreasing to 77 after 150 cycles. Whereas the electrochemical performance 

NDI-4 is too low compared to UN-4 due to the molecule’s solubility in the electrolyte. 

    

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: A Star Shaped Conjugated Carbonyl Imide 
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Summary  

This thesis focuses on developing carbonyl molecules, specifically rylene dye derivatives, 

as active cathode material for lithium-ion battery applications. Various sets of molecules 

were synthesized, and their electrochemical performance was studied successfully. In the 

second chapter, we successfully explored the effect of substituent over rylene dyes and 

found out which parameter is needed to disturb the aggregation and solubility in the 

electrolyte and how it will affect the electrochemical performance. In the third chapter, we 

have extended the analogy of the substituent effect over rylene dyes here we have 

synthesized naphthalene-based rylene imide, and naphthalic-based substituent successfully 

participates in electrochemical performance and it is perpendicular arrangement facilitates 

lithium transport and decreases the solubility in the electrolyte. In the fourth chapter, we 

have synthesized anthraquinone-based rylene dyes for achieving a high capacity, whereas 

among the series AQ-PDI molecule shows the highest stable specific capacity up to 150 

cycles. The increase in capacity was achieved by an increase in electron count by 

anthraquinone while keeping the molecular weight the same as the previous set of molecules. 

In the fifth chapter, we have synthesized robust star-shaped conjugated molecules for an 

increase in electrochemical performance as well as an increase in discharge potential. The 

extended delocalization over four naphthalic groups was responsible for the increase in 

discharge potential of UN-4. 
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Outline of introduction 

1.1 Need for green renewable energy storage technologies. 

Energy consumption is growing across many countries globally, with a substantially 

increasing population and increased quality of living. Recently, Science and advanced 

technologies, such as portable equipment and electric automobiles, are the top demanding 

sector for energy. We, the witness to such an enormous development and progress. The 

development story came with the consumption of a large amount of energy. Among all 

sectors of energy requirement, 90% of energy requirements are filled by fossil fuels, 

including natural oil, black coal, and natural gas. Though it’s available today, its sources are 

depleting day by day. However, excess consumption of such fuel leads to serious 

environmental issues. The burnt fossil releases CO, NO2, SO2, and CO2; these gasses are 

responsible for warming the earth, rising sea level, oil spills, and acid rain.1 In the last few 

years, the more severe impact was seen in the entire range, from wildfire to flooding to 

extreme heat and draft. These impacts become worsen if we don’t overcome the problem. 

To avoid these issues without compromising the energy demand, we need to use clean and 

environmentally friendly energy originating from solar, wave, and wind power.2 The 

problem with such energy sources is that they might not be produced when it is most needed. 

The energy created from such sources depends on the environmental condition because 

windy nature might not always be available to use wind energy, and the sun does not shine 

at night. Such challenges can be overcome by using impactful energy storage devices, which 

are more sustainable and environmentally friendly.  

1.2 Type of Electrochemical Energy Storage Devices. 

The stockpile of energy could be a possible variety of ways, mainly three electrochemical 

energy storage and transformation devices available: fuel cells, (FCs) batteries (BTs), and 

supercapacitors (SCs). However, in these three-system, energy storage and conversion 

mechanisms are different, but this system has an “electrochemical similarity.” In all these 

systems, the energy creation process occurs at the phase border of the electrode/electrolyte 

crossing,3 where electronic and ionic transportation gets isolated. However, the BTs, FCs, 

and SCs be made of two electrodes in contact with a liquid electrolyte. In BTs and FCs, the 

redox reaction at the anode and cathode is responsible for chemical energy change to electric 

energy. An observed difference between BTs and FCs is the location of energy storage and 

transformation. However, BTs are closed devices in which the positive and negative 
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electrodes are the charge-carrying medium and take an operational role in a redox reaction. 

Whereas FCs are open devices consisting of anode and cathode are just charge-carrying 

mediums, actual active materials that participate in the energy conversion process are 

provided from external sources. Instead, in an electrochemical supercapacitor, the redox 

reaction may not be responsible for energy production. Due to that, the coined terms anode 

and cathode may not be suitable here, but we use them commonly. In this system, the energy 

delivering process occurs by physical absorption of electrolyte ion on electrode/electrolyte 

interface and release of ion which result in a movement of electron through an external 

circuit. 

As compared to SCs and FCs, batteries are, till now, have found far much better 

applications in terms of their unique properties, such as their energy storage and delivery 

process. More scientifically, we can compare in terms of “specific energy” (defined In 

Wh/kg)] and “energy density” (defined in Wh/L). However, “specific power” (defined in 

W/kg) and “power density” (defined in W/L), on the other hand, are expressed as the 

“gravimetric” (kilogram) and “volumetric” (litter) this parameter coined for comparing the 

energy capability of the system. A simplified Ragone plot or diagram (figure 1.1) was used 

to compare specific energy and specific power of energy storage devices. This plot discloses 

that the specific energy of FCs is considered high, whereas the specific power of the 

electrochemical SCs is seemed to be high. The battery system was found to be intermediate 

between FCs and electrochemical SCs in terms of their energy and power characteristics. 

We can simplify it as the FCs have a very high specific energy but less specific power, which 

means the FCs can store a large amount of energy. But it delivers these energies very slowly, 

restricting it for high-power applications. On the other hand, the electrochemical SCs have 

low specific energy but the highest specific power, which means that the capacitor can 

quickly deliver the stored energy. These unique properties of energy storage devices are 

used for a particular application. Batteries show intermediate characteristics. It has higher 

specific energy than the supercapacitor. Still, it is lower than the fuel cell, and it offers higher 

specific power than the specific power of a fuel cell but is lower than the supercapacitor. 

One of the main reasons for today’s global warming issue is fossil fuel combustion in 

transport and industries. However, in today’s energy technology, none of the devices have 

fully developed to effectively replace today’s combustion engine technology. As we know, 

if we transit toward hybrid electric vehicles (HEVs) as well as electric vehicles (EVs), these 

would have sizable potential to reduce fossil fuel use, which ultimately solves the problem 
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of global warming, which we all have been facing for the last many decades.  Nowadays, 

electric vehicles are started running on the road, but for large applications and to convert 

almost all   

 

Vehicles with electric-based devices require high energy density (HED), high power density 

(HPD), safer battery devices, and long-term cycle life,4 For such extensive applications 

recently, the scientific community is making a great effort to improve the performance of 

energy storage devices. However, rechargeable lithium-ion batteries (LIBs) were found to 

be one of the leading energy storage systems for future applications due to the presence of 

all the characteristics mentioned above. 

1.3 Lithium-ion batteries. (LIBs)   

1.3.1 Brief history of LIBs development.  

The batteries are a source of electric power, in which stored chemical energy can be 

convertible to electric energy when it is needed for powering various applications.  Three 

types of batteries are available based on their use i) Primary batteries. It is not rechargeable; 

Figure 1.1: A Ragone plot of the energy storage domain for 

different electrochemical energy conversion and storage devices 

with compared to turbines, internal combustion engines, and 

turbines and conventional capacitors.3 
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once it discharges, then it must discard. ii) Secondary batteries. It is rechargeable, and we 

can repeatedly discharge and charge it over a long period. iii) And specialty BTs are 

developed and constructed to satisfy specific applications. Lithium batteries come across a 

type of primary battery, whereas LIBs are categorized as secondary batteries. Lithium 

batteries were invented before LIBs. Since it’s not repeatedly useful due to safety or cannot 

be efficiently recharged. Due to the inherent drawbacks of lithium batteries, the scientific 

community was motivated to come up with a reliable solution, i.e., rechargeable lithium-ion 

batteries. 

Arfwedson.5 and Berzelius 6 in 1817 discovered lithium “lithion/lithina” by scrutinizing 

petalite ore (LiAlSi4O10); however, the extraction of the metals was done by Brande and 

Davy in 18217 through electrolysis of lithium oxide. Just a decade later, Lewis started to 

inspect the electrochemical behavior of elements.8 However, based on physical properties, 

such as its high specific capacity (3861 mAh/g), less density (0.534 g cm-3), and significantly 

less redox potential (−3.0 V), it was realized that lithium could be the best material as a 

battery anode. One step toward practical use of primary LIBs had seemed when Harris9 

started studying the dissolution of lithium in several non-aqueous electrolytes. This work 

was begun in early 1958. The electrolyte used for examining the solubility was cyclic esters, 

molted salts, inorganic lithiated salt (LiClO4), and solutions in propylene carbonate (PC).  

They found that direct chemical reactions between electrolytes and lithium could be 

prevented by forming a passivation layer without disturbing the ionic transformation through 

the electrolyte. However, the development of rechargeable batteries started more than a 

century before. Physicist Gaston contrives lead-acid batteries in 1859.10 In the same era; 

nickel hydride batteries come to light being replacements for lead-acid batteries. However, 

until the 1990s, an appropriate battery for portable electronic equipment, including mobile 

phones, laptop flashlights, video cameras, and radios, was used as nickel-cadmium 

batteries.11 The work on lithium batteries started explored in 1912; the first commercial 

break got in the 1970s, as LIBs were made utilized for military applications, but further 

implementation failed due to safety issues.  

However, in the middle of the 1970s, the heavy oil crisis prompted the development of 

solar and wind energy as potential sources of electric power. Thus, the empowerment battery 

system also comes into the picture to use such non-renewable sources. An English chemist 

named Stanley Whittingham has started working on the concept of rechargeable LIBs as 

desired energy storage devices. He endeavors to use lithium metal and titanium disulfide as 

the electrodes, but it had raised a safety issue due to the short circuit that caught fire.12 After 
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that, the work was extended by scientist John Goodenough; in the 1980s, he decided to use 

LiCoO2 as the cathode by doubling the energy potential.12 After that, Japanese scientist 

Akira Yoshino has shown that batteries can significantly be safer without lithium metal. 

Instead of lithium metal, he started an experiment using a carbonaceous material, petroleum 

coke. This pioneering work was the beginning of LIBs development. After enormous 

pioneering research, the first practical use LIBs were launched by Sony in 1991.13 

 

Among all battery systems, the energy density of LIBs is recorded to be high than that of 

other rechargeable batteries. (Figure 1.2) Rechargeable LIBs influenced the portable 

electronics business compared to all battery systems by considering their high energy and 

power density.2,14, whereas LIBs are strongly contenders for huge-scale energy storage 

equipment for EVs and smart grids.15,16  

1.3.2 Working principle of lithium-ion batteries. 

A typical rechargeable LIBs be made of an anode, a cathode, and an electrolyte for ionic 

conductivity. (Figure 1.3) The anode and cathode are set apart using a porous membrane to 

avoid a short circuit. The working principle and cell contraction of today’s lithium-ion 

batteries are the same as those cells Sony commercialized the first time.   During charging, 

an external source voltage is implemented for pulling electrons from the cathode and moving 

through the external circuit to the anode. Subsequently, Li-ions move towards the anode 

from the cathode throughout the electrolyte. During discharge, the processes are exactly 

Figure 1.2: Specific energy and specific power of 

rechargeable battery technologies.55 
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reversed: A external load pulls back the electron from the anode. It moves to the cathode 

and simultaneously transports Li-ions through electrolytes in the same direction. This is 

called the “shuttle chair” effect, where the Li-ion shuttle between the anode and cathode in 

the course of the charge/discharge cycle.17 The simplified graphics of the working principle 

of LIBs is shown in (Figure 1.3)  

 

A conventional lithium-ion battery consists of the following material. 

Cathode: - LiCoO2, LiNiO2, LiMn2O4 and LiFePO4  

Anode: Hard carbon graphite 

Electrolyte: - LiPF6 in carbonyl solvent 

Separator: - polyethylene (PE) Polypropylene (PP) 

Remarkably, the advancement of lithium-ion energy density depends upon the properties of 

cathode material present in LIBs .18-20 Even the cost of the batteries very much depends upon 

the cathode materials.  

1.4 Need for organic cathode material for LIBs.  

Recently, widely used inorganic cathode materials such as LiCoO2,
21,22 LiNiO2,

23,24 

LiMn2O4,
25,26, and LiFePO4 

27-29, but all have some apparent disadvantageous.  Among them, 

Lithium cobalt dioxide is extensively used as cathode material in conventional LIBs. 

Assuming complete extraction of LI+, The theoretical capacity of LiCoO2 is 274 mAh/g30 

but the practically observed capacity is only 130 mAh/g at 4.0 V vs. Li/Li+. This means that 

Figure 1.3: Schematic representation of lithium-ion batteries.  
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only half a mole of Li+ was extracted from the such materials. Complete extraction of Li+ 

exhibit highly unstable CoO2, and evolution of O2 take place. 30,31 To achieve high stability, 

only half of the lithium-ion deintercalated from the cathode. Though LiCoO2 has good 

electrochemical performance, it has increased production costs, and pollution issues create 

problems for large production.32,33 However, LiNO2 exhibits high capacity and high-power 

density compared to lithium cobalt dioxide. Even so, not much useful due to its high 

expensiveness and cycling Instability.34-36 A LiMn2O4 can adequately reduce cost price and 

pollution issues, but it has a critical capacity feeding as well as reversibility problem.37-39 

The researcher is attracted to a group of polyanion cathode materials such as LiFePO4
40,28 

and Li2FeSiO4
41 due to their safer and cheapest feature. But regrettably, these materials 

exhibit bad ionic and electronic conductivity, which ensue a poor rate performance.42-44 a 

few decades before, it was expected that multi-element cathode material could account for 

a high capacity and energy density for LIBs. Still, it was also suffering sizable initial 

irreversible capacity and less cycling at high rates.45-48 However, the above discussion 

reveals that inorganic material has their limitation. Part of these materials could reach just 

half the capacity compared to their theoretical capacity, whereas elements used in some 

materials are not naturally abundant. Therefore, it impacts the increase in price. Even large-

scale manufacturing of transition metals is somewhat inappropriate due to serious 

environmental issues. On the other hand, large-scale production and mining require a high 

amount of industrial waste from such materials containing a high amount of heavy metal, 

which seriously impacts the environment. Due to structural changes in the material 

throughout fast charging/discharging, these material shows deficient cyclability and power 

densities. Even the biggest challenge of inorganic electrode materials is that it is difficult to 

improve their energy densities. Therefore, it is one of the challenges for the scientific 

community to find advances in cathode materials in case of higher capacity, safety, plenty 

of available precursors, and environment friendly.49-52 As compared to inorganic cathode 

materials, the organic cathode has merits like excessive theoretical capacities, flexibility, 

structural diversity, environmental-safe, increased safety, and natural abundance.  However, 

it will be a favorable energy storage material with a wide application view.53,54 Thus, 

researchers are looking for alternative organic cathode material for LIBs.  

1.4.1 Organic electrode material for LIBs. 

In the long term, organic electrode material has encountered significantly less recognition 

than inorganic electrode material, owing to their moderate electrochemical performance and 

appreciable outcome for inorganic material from the market point of view. But with time, 
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the vast requirement of energy and environmental issues associated with inorganic materials 

make them restricted for further use. However, throughout the last few years, attention 

toward organic electrodes has increased. Several organic structured and redox processes 

(table 1.1) were attempted to enhance electrochemical performance and tried to overcome 

inorganic material. Many researchers reveal that organic material offers several advantages 

compared to inorganic material. However, the organic compound consists of carbon, 

nitrogen, oxygen, and sulfur; all are abundant and inexpensive. The structural changes in an 

organic molecule (table 1.1) 

 

 

During charging and discharging are almost omitted because of the amorphous nature of the 

material. The redox process is delivered by inorganic material by changing the valency of 

transition metal. In contrast, for organic material, the redox reaction depends upon in the 

charge state of the electroactive group. On the basis of the distinct redox process, we can 

divide all organic material into three types: p-type organics, n-type organics, and bipolar 

organics.55 (Figure 1.4) When the neutral form (M) accepts electron and forms negatively 

charged (M-) thus, the interaction between neutral (M) and (M-) is called n-type organics; in 

the case of p-type organics, the positively charged form (R+) interacts with the neutral form 

(R). However, in the case of bipolar organics, in that the neutral state (E) may undergo 

reduction to get a negatively ionic form (E-) or either oxidized into a positively ionic form 

(E+). That could also be considered as either M or R due to most times; only half cell reaction 

Figure 1.4: 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 replaceable cation by other metal ion55 
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takes place at a particular electrode. In a full electrochemical cell, M undergoes reduction to 

M- and R undergoes oxidation to R+ for neutralization of these charges; there is always a 

need for cation Li+ for M- and anion D- for R+.  In the case of a reverse oxidation/reduction 

process, a Li+ or D- would move reverse via an electrode to the electrolyte. In n-type organic, 

Li+ is replaceable with another positively charged ion such as Na+, K+, and indeed H+, where 

it may not effectively change the material's electrochemical process. On the other hand, it’s 

remarkably different than inorganic intercalation material, which is significantly shows 

sensation toward cation radius. In the case of p-type organics, D- consists of ClO4
-, PF6

-, and 

TFSI- in a nonaqueous and -Cl- and -NO3
- in the aqueous electrolyte.  

1.4.2 Structure and redox mechanism. 

 

The above conversation reveals the oxidation/reduction reactions of unalike electroactive 

organic, but obviously, it is still insufficient for us to seek a variety of organic electrode 

compounds. Thus, we must solve which type of organic compounds and oxidation/reduction 

process could be put on for organic electrodes. 

Table 1.1: The structure and redox mechanism of seven different types of organic 

electrode materials.55 
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Generally, organic materials are broadly categorized into seven types (Table 1.1),55, 

which differentiate most research on organic electrodes in past decades. Out of seven kinds 

of structure, organo-disulfide and conjugated carbonyl compound belongs to an n-type 

organic, conjugated thioether and amine persist in a p-type organic. Whereas hydrocarbon, 

as well as nitroxyl radicals, are categorized into bipolar organics. A listing of thioether (4e) 

as one kind may be controversial due to the redox mechanism being unable to match any 

kind in figure 1.4 and has not been understandably demonstrated. However, we still take it 

into the board by considering of multi-electron reaction at an electrode. Despite nitroxyl 

radicals being bipolar, they are usually estimated as p-type organics materials for 

experimental purposes in order to get a balance electrochemical performance.  

1.4.3 Advantages.  

In the past few years, we found that many conventional inorganic photoelectronic devices 

material are successfully replaced by organic materials, and it already comes to applications 

in devices, for example, organic compounds OLEDs, photovoltaic (PV) devices, organic 

OFETs, and organic solar cell devices (OSC).56,57 This is because the organic material shows 

comparable performance and some cases, even superior to conventional inorganics. Even 

organic material has some incomparable advantages over inorganics materials. Like other 

devices, many organic materials exhibit good electrochemical performance in batteries 

because of the following inherent benefits of the material.  

1.4.3.1 High energy density. 

Despite the fact that, relative to inorganic materials, organic cathode materials have a lower 

oxidation/ reduction potential. But yet, it is practically feasible to offset high energy density 

due to the presence of much excessive theoretical capacity. For example, benzoquinone 

(BQ).58 consists of a theoretical energy density of nearly 1400 W h/kg, that can be evaluated 

from its theoretical capacity of 496 mAh/g and redox voltage of 2.8 V. However, the 

commercial LiCoO2 has shown an energy density of only 550 W h/kg, which is very much 

less than benzoquinone. 

1.4.3.2 High power density. 

 If the reaction kinetics of materials is high, then the power density will be increased; organic 

material has fast reaction kinetics. Therefore, it shows high power density than inorganic 

intercalation compounds.  Such as, a polymer of nitroxyl-radical poly (PTVE) has been able 

to keep 97% of its theoretical capacity discharge at 60 C and charge at 1200 C in an aqueous 

electrolyte.59 Just about all organic electrochemically active compounds provide a high-rate 

performance, excluding some compounds, organoidisulfides, and organic-thioethers. 
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1.4.3.3 Structural diversity. 

Even though inorganic cathode material has been studied much compared to organics 

electrode material, but it was almost emphasized only on fewer materials. In recent days, it 

has become difficult to find newer inorganic materials and make an advanced development 

in battery performance. However, for organics compounds electrodes, there was plenty of 

probability in both the diverse structures and their properties prospective. Rather than the 

electrochemically active compounds listed in table 1.1, many other combinations of 

compounds and redox mechanisms could still be expected and are yet to be discovered. 

1.4.3.4 Flexibility. 

Inorganic materials are easily breakable and weighty, so constructing and fabricating 

electrodes is too tricky.  Nowadays, there is a need to make devices thinner, smaller, flexible, 

and wearable. Thus, organic material has immanently presented all these properties 

compared to inorganics. Rather than ordinary electrode preparation, there are various 

methods available such as vapor deposition, printing, casting, etc. It is possible due to their 

characteristic’s solubility, film-forming ability, and sublimability. 

1.4.3.5 Sustainability. 

Due to limited transition metal sources, environmental issues associated with such metal, 

and significantly high utilization of energy for synthesis and recycling. Thus, making an 

electrode from such metal for energy conversion and storage for large-scale applications is 

unsuitable.  On the other hand, organic materials can be extracted.60,61 or synthesized 62,63 

from carbon dioxide cycling and biomass. The whole process is much more environmentally 

benign because, with respect to no added CO2 generated, significantly less energy is utilized 

throughout the chemical synthesis and recycling. 

1.4.4 Challenges. 

In the preceding discussion, we come across the critical significance of organic electrode 

material. Even though it is not left without drawbacks, most of them have not been noticed 

at present. However, from still research and commercialization points of view, organic 

electrode materials face plenty of problems. The challenges associated with such material 

are summarized below.  

1.4.4.1 low mass density. 

Due to the presence of non-metal elements carbon, oxygen, nitrogen, and sulfur, organic 

material usually has a much lower mass density as compared to inorganic material. When 

It’s concerned about only gravimetric energy density, it seems acceptable. But the batteries 

performed in phones, laptops, and EVs, such as LIBs, in that case, we have to consider even 
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about volumetric energy density. This is a big drawback, which increases the volume of this 

device. Thus, the unique organics with significantly higher gravimetric energy density are 

useful for such applications. 

1.4.4.2 Low electronic conductivity. 

In most organics molecules, high-rate performance and full utilization of active electrode 

material are impossible because the active organic material is an electric insulator except 

conducting polymer. The inorganic materials are found to be sufficiently good conductive 

than organics. Thus, to overcome this problem, we generally mix a sufficient amount of 

conductive carbon by adapting a genuine method for crucially improving the electron 

conduction in the electrode, and it would also help a high implementation percentage of the 

active material. However, due to the utilization of plenty amount of conductive carbon, the 

active masses of materials in an entire electrode are just 20–70% which significantly reduces 

the actual capacity observed in previous research. This drawback control by synthesizing 

compounds with a large aromatic conjugated backbone containing an electrochemically 

active group or electrochemically active compounds with excellent conductive CNT or 

graphene at the molecular stage itself. 

1.4.4.3 Dissolution.  

An unnecessary solubility of active compounds in the conventional liquid electrolyte is a 

significant drawback shown by organic electrode materials that have been observed over a 

long period. However, the dissolution is very noticeable for many organic small molecules, 

and the shuttle effect results in the cell being unrechargeable. A design and synthesis of 

organic polymer containing stable Skelton and highly electroactive moiety are one of the 

solutions for this problem afterward; they are usually insoluble conventional in electrolytes 

of batteries. Synthesis of the coordinated polymer by forming a coordination bond between 

electroactive moieties and metal is the strategic way to solve the dissolution problem. But 

still, essentially unable to avoid this problem. However, such a giant polymeric structure 

increases electrochemical polarization and disturbs Li-ion transport, resulting in decreasing 

the theoretical capacity and discharge potential. Using small organic molecules with 

extended conjugated carbonyl group structure can be an efficient way to resolve this 

drawback. 

1.4.5 Requirements for electrochemical performance. 

A practical and possible candidate electrode material for energy storage, either polymer or 

small molecules, must undergo a reversible redox reaction.64 Due to the presence of plenty 

of diversity shown in table 1.1, we can synthesize a library of organic molecules. Here we 
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will discuss the elementary requirement for this organic material, preferentially related to 

electrochemical performance.   

1.4.5.1 Reaction reversibility. 

When we talk about reaction reversibility, it’s not just concerned about chemical 

reversibility but deals with thermodynamic reversibility too. Such factor is very much 

necessary for regulating the electrochemical polarization and rate of the electrochemical 

reaction. Reaction kinetics of various organic materials vary from material to material.  For 

example, organosulphide and thioether material have slow reaction kinetics due to the high 

activation energy required for bond breaking/making of the S–S or S=O. On the other hand, 

other categories of a compound, i.e., a nitroxyl radical and aromatic conjugated carbonyl 

compounds, show fast reaction kinetics. Thus, high rates of electrochemical performance 

are possible for such compounds. 

1.4.5.2 Redox potential. 

Same as reaction reversibility, this parameter is also usually governed by the electroactive 

organic group. The potential of cathode and anode decided the potential of batteries. The 

obtaining batteries with high potential, the cathode and anode must behave with a high 

potential difference.65 when introducing organic material as an electrode in batteries, 

cathode redox potential should be higher, and anode redox potential should be lower. In 

comparison, it is found that organics favor being performed as cathode over the anode due 

to its oxidation/reduction potentials generally falling in the range 2.0 and 4.0 V vs. Li/ Li+, 

which is significantly less than inorganic intercalated cathodes. However, compared to P-

type organics compounds, n-type organics consist of lower redox potential. For example, 

nitroxyl radical (TEMPO) and conducting polymer usually exhibit a similar average voltage 

of nearly 3.5 V. In contrast, organodisulde and many carbonyl compounds, consisting of 

dianhydrides and quinones, detected oxidation/reduction potentials less than 3.0 V. 

However, the redox potential of organic electrode material tunable by an introduction of 

electron-withdrawing (Cl, CN, and NO2) and electron-donating (OCH3, NH2, and OH) 

group which elevated and lowered the redox potential of compound respectively.66,67, 

however, such substituent doesn’t show active participation in the electrochemical reaction, 

but it directly increases the molecular weight of the compound resulting in to decrease in 

theoretical capacity.  While testing the electrochemical performance of any respective 

material, the role of electrolyte also plays a crucial part. Thus, to use an electrolyte in the 

given potential window, the redox potential of the cathode must be less than the LUMO of 

the electrolyte to prevent electrolytic decomposition by reduction. On the other hand, the 
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redox potential of anode material must be more than the HOMO of the electrolyte to 

circumvent electrolytic decomposition by Oxidation.  

1.4.5.3 Theoretical specific capacity. 

A theoretical capacity of an organic compound as an electrode could be evaluated by using 

the following formula: 

 

   

In this formula, Ct, n, F, and Mw stand for, 

Ct - theoretical specific capacity. 

n- the transferred electron number in each structural unit. 

F- faradays constant.  

Mw- molecular weight of the structural unit. 

By following the above formula, it is revealed that the theoretical capacities of the organic 

electrode are directly and universally proportional to the number of electrons transferred (n) 

and molecular weight, respectively. So, the theoretical specific capacity for the organic 

electrode can be increased in two ways: the first is by acquiring multielectron reactions, and 

the second is by reducing the structural unit's molecular weight. 

1.4.5.4 Synthesis and cost. 

The molecular design of an organic electrode is often a more straightforward task than 

synthesizing it. Some organic with optimal structures are very lengthy and impossible to 

synthesize. So, sometimes we have to compromise between structural optimization and a 

simplified synthesis method. However, the development of organic electrode material is in 

its preliminary step. Thus, we generally ignore cost and raw material, and synthesis, but in 

the future, if they come to the application, then cost must be the important parameter. As a 

consequence, simple synthesis methods and cheap synthetic materials are very 

important.78,79
 A conjugated carbonyl compounds fulfill almost all these requirements, so 
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these materials are considered to be a favorable electrode material for next-era rechargeable 

batteries, mainly for LIBs and NIBs.  

1.5 A brief history of organic electrode material. 

We came across a detailed and elementary knowledge of organic electrode material, but still, 

there was a need to study different types of organic material elaborately. However, 

depending on the redox mechanism and organic structure, as shown in table 1.1. they have 

been split up into seven types. The progress is approximately by considering this 

classification and roughly in chronological arrangement. Here, we should account for the 

first three compounds (Table 1.1) containing hydrocarbons, amines, and thioethers; these 

are categorized as conducting polymers and prefer to persist in these categories due to 

exhibiting many alike properties. One more thing needs to note; the chronological order 

follows an era when one category of organic-electrode materials was extensively explored. 

It can be much suitable to acknowledge their evolutionary history and working properties. 

We are paying more attention to the conjugated carbonyl compound in section 1.5.5 because 

it is the earliest type of organic and the more appealing and demanding research field. 

1.5.1 conducting polymers. (C-Polys) (1981) 

The conducting polymer has been used as an electrode material since its discovery by 

MacDiarmid, Shirakawa, and Heeger in 1977.70 Its use in electrode material is successful 

because of its unique properties that as electronic conductivity as well as redox activity.  

Since 1981 a lot of research has appeared where C-Polys are used as an electrode for 

batteries.71Among the library of C-Polys explored in the last few years, there are a few 

representatives, consisting of polyacetylene (PAc),71,72 polyparaphenylene (PPP),72,73 

polyaniline (PAn),74,75 polypyrrole (PPy)76,77 and polythiophene. (PTh) 78,79 (Table 1.2) Even 

though table 1.1 assign them three categories of structures, they actually exhibit most close 

electrochemically similar properties. Out of it, PAn, PPy, and PTh were utilized as p-type, 

while PAc and PPP were utilized as bipolar organics.  PAc and PPP act as p-type organics 

when we use them as cathode, whereas a C-Polys always exists as a p-doping form instead 

of the electroneutrolization state. An electroneutral polymer can show improved electronic 

conductivity only when it is doped. Otherwise, it is an absolute insulator; this was the first 

discovery in conducting polymer.70 Rather than PAc, other C-Polys are immaculately 

present as p-doped form, usually synthesized by method chemical75 and electrochemical80 

Oxidation polymerization. The theoretical capacity of these C-Polys depends upon doping 

degree or doping level. The ratio of all structural units to the doped unit is demonstrated as 

the doping degree. The doping degree represented in a x as (px+. xA-)n (0 ≤ x ≤ 1). Where p 
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represents a structural unit in C-Polys. This cathode material’s open-circuit voltage 

dynamically follows the doping degree; (Table 1.2). It is found that PAc, PPP, PPy, and PTh 

consist of a lower theoretical capacity of 150 mAh/g because of their low doping level, and 

even significantly lower experimental capacity was observed than their theoretical capacity. 

In table 1.2 mentions that conducting polymers have a redox potential of average at 3.0V, 

and among them, PPP (4.0–4.5 V) has an even highest redox potential compared to many 

inorganic electrode materials.  Due to much less specific capacity, the energy density of C-

Polys never becomes compatible with inorganics materials. They show unstable cycling, 

remarkably when enhanced with a cut-off voltage for increasing capacity. That is mostly 

observed owing to the more structural unit getting deactivated throughout the redox cycle. 

It happens due to an irreversible over-oxidation reaction at high voltage. Again, the two 

noticeable negative factors are less coulombic efficiency and self-discharge, which hinders 

the practical application of C-Polys in rechargeable LIBs. Instead of the disadvantage 

mentioned above, the conducting polymer has one of the greatest strengths: high electronic 

conductivity. The most suitable use of such polymer is a positive electrode in energy storage 

in supercapacitors 81,82 or a conductive additive in the composite cathode material.83 

However, most pristinely, PAn and PPa are used for this application because of their easy 

preparation method, elevated energy density, and good cyclability.  Due to the fast redox 

mechanism in the mass of the material, the pseudocapacitor formed by the C-Polys cathode 

obtained much higher capacitance than the ordinary double-layer capacitor consisting of a  

 

Table 1.2: Conducting polymer with some electrochemical parameters. 
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carbon electrode.82 However, its electrochemical performance could assist by enhancing 

electronic conductivity, ionic conductivity, and surface area. Nowadays, most researchers 

focus on synthesizing nanostructured polymer 84,85, even nanocomposite of conducting 

polymer with CNT86 or Graphene87 is also helpful to improve the electrochemical 

performance.  

1.5.2 Organodisulfied (1988) 

As we know, the reversible broken and rebuilt nature of the S-S bond and two-electron redox 

reaction could furnish the relatively higher capacity compared to a doping/undoing reaction 

of C-Polys. Hence, much research has been put forward on orgnodisulfide cathode material 

since 1988. 88 Among which most of the research conducted by Visco et al. 88–91 and Oyama 

et al.92-97 for understanding and elaborately studying the precise history of the 

electrochemical behavior of organodisulfide material is categorized into three stages. 

1.5.2.1 Dimeric organodisulfide.  

S. J. Visco et al. in 1988, firstly used tetraethyl thiuram disulfide (TETD) as cathode material 

for high-temperature SIBs.88 After that, they focused on some other dimeric  

 

 

organodisulfide such as tetramethyl thiuram disulfide (TMTD), dimethyl disulfide (DMDS), 

and difluorophenyl disulfide (DFPDS) (Figure 1.5) and used electrodes in LIBs and their 

reaction kinetics of RSSR/2RS- studied.89 However, and electrochemical performance of 

this material was abysmal because of the high solubility in organic electrolytes. Thus, this 

organodisulfide is unlikely to be applied to rechargeable LIBs  

1.5.2.2 Polymeric organodisulfides with S-S bonds in the main chain.  

Figure 1.5: Dimeric organosulfide with their theoretical capacity  
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This type of polymer is preferentially prepared from di-mercaptan and multi-mercaptan by 

adopting a method of oxidation polymerization. 90,91 The example of such Organodisulfide 

polymers is PDMcT, PTTED, poly (trithiocyanuric acid), and poly (dithiopiperazine) 92-97. 

(Figure 1.6) Due to the optimum theoretical specific capacity and energy storage process 

formed by the reversible two-electron reaction in the disulfide (S-S) bond.88 these polymers  

 

 

Were practiced thoroughly as an energy storage material for LIBs. But, the reduction product 

of this kind of polymeric organodisulfide has become a small molecule that shows extensive 

solubility in organic electrolytes. For example, although a PDMcT in an oxidized state is a 

polymer in a discharged state, DMcT2- is a small molecule. Thus, DMcT also can act as an 

active electrode in its reduced form. However, such a small organic molecule will show 

profound dissolution in organic electrolytes. Therefore, the cycling stability of such 

polymeric cathodes seems very poor. Another noticeable problem is that an S-S bond had 

very slow reaction kinetics, leading to low active material utilization at ambient temperature. 

The Electrocatalytic influence of PAn on the oxidation/reduction reaction of DMcT was 

discovered by N. Oyama et al. in 1995.93 After that, they also studied DMcT performance 

could be enhanced further by that the addition of Cu2+ because of its electrocatalytic and 

stability effect.94 Further, much research focused on DMcT/PAn and DMcT/Cu (II) 

composition material.95-97 But due to intrinsic dissolution and slow reaction kinetics 

associated with such polymer, batteries’ practical use is still far away.   

1.5.2.3 Polymeric organo-disulphide with S-S bonds present in the side chain. 

In this type of polymer consisting an S-S bond in the side-chain, whereas conducting 

polymeric chain is in the main backbone. Two classic examples are PDTDA 98 and 

PDTTA.99 (Figure 1.7). Despite the presence of insoluble and electro-conductive centered 

polymeric backbone in PDTDA, the cyclability of this polymeric organodisulfide is still 

Figure 1.6: Polymeric organodisulfides with their theoretical capacity  
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very poor. However, a dissolution of the two-center backbone after reduction also restricts 

from the reconstruction of the S-S bond.  To overcome this problem, researchers are focused 

on one more category of polymer PDTTA. This synthesized polymer may be expected to 

resolve both the solubility and displacement problems. However, the electrochemical 

performance of PDTTA wasn’t found enough, which is mostly because of the slow reaction 

kinetics. It is concluded from the above discussion that in the 1990s, organodisulfide was 

considered a promising organic cathode material for a rechargeable lithium-ion battery. The 

scientist has made even a considerable effort to optimize the polymer structure and 

incorporate electrolytic additives to solve the issue of solubility and sluggish reaction 

kinetics of material. But still, the electrochemical performance of organodisulfide is unable 

to achieve the desired stage of commercial use. This is because of the inherent difficulty, 

which is very pathetic to overcome. Thus, at present, research on this topic has nearly slowed 

down.  

  

1.5.3 Thioether (2007) 

Zhan et al.100-103
 discovered while researching oraganodisulfide cathode material, 

occasionally, the material could exhibit a significantly enhanced specific capacity compared 

to its calculated theoretical capacity while using specific electrolytes were used (LiTFSI/ 

DOL + DME), and an end charge voltage of >4.2 V was implemented. In this case, they 

hypothesize that it could possibly be due to a four-electron reaction of “thioether–sulfoxide–

sulphone” (Table1.1). To conclude, they tested plenty of thioethers as positive electrode 

materials, consisting of conjugated101,102 or unconjugated.100,103. For example, PEDOT102 

and PDBDT103 (Figure 1.8) can gain a discharge capacity in the range of 500–800 mAh /g 

while sweeping potential between 1.5 and 2.5 V.  Even though the presence of significant 

energy density, cycling performance was still unstable due to high reaction polarization. 

Even there was not any surprise when the cells get dead only after the initial few 

Figure 1.7: Polymeric organodisulfides (Side S-S bond) with 

their theoretical capacity 
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charge/discharge cycles. Because of the uncommon reaction mechanism in which electrolyte 

may be the source of O atoms during the sulphoxide and sulphone group formation. 

However, to date, there is no detailed reaction mechanism available, and the poor cycle 

stability performance of the material is not at all expected for commercial use. Thus, this 

type of thioether cathode material does not carry any sense of practical use except only 

showing the number of possibilities of organics with multi-electron reactions. 

 

1.5.4 Nitroxyl Radical polymers (2002) 

The first stabilized nitroxyl radical polymer, specifically PTMA introduced by K. Nakahara 

et al.104 in 2002 as a positive electrode for LIBs. Because of its stable polymer structure and 

rapid reaction kinetics, PTMA exhibits a high-rate performance and good cyclability. After 

that, they focused on photo crosslinked 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-

substituted polynorbornene (PTN).105 (Figure 1.9) as cathode material. This polymer has 

shown some characteristic changes, such as increasing mechanical toughness, improving 

flexibility, and allowing patterning on the device, in spite of the specific capacity found to 

be 106 mAh/g and tunable solubility.  However, A TEMPO-substituted polyacrylamide 

(PTAm)106 was used as cathode material, showing high charge-discharge and good cycle 

performance in an aqueous electrolyte. PTEO 107 Exhibits a specific capacity of 147 mAh/g 

with long-term cyclability 1000, and high-rate capability possible. Usually, nitroxyl-radical 

polymers have a fast electron transport rate constant which is the more significant aspect of 

high-rate performance in rechargeable batteries. But it has a less theoretical capacity. 

 

 

Figure 1.8: Thioether with their theoretical capacity 
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1.5.5 Conjugated carbonyl compounds (1969) 

Several classes of organic compounds consist of the carbonyl group, having part of many 

larger compound groups and displays redox features.  Nearly all carbonyl compounds are n-

type, which could be transport a minimum of two electrons throughout the redox cycle. 

However, n-type organics go through reduction, resulting in the formation of a negatively 

charged anion (Enolate) that is further stabilized by an appropriate counterion generated 

from electrolyte salt. A carbonyl's reversible oxidation and reduction process at anode and 

cathode count as a charge/discharge cycle.  The oxidation and reduction reaction mechanism 

occurred by intercalation and deintercalation of Li+ ion. Carbonyl compounds get reduced 

during discharge, and every carbonyl compound interacts with Li+ ion to form lithium 

enolate. During the charging process, the deintercalation Li+ ion occurred in which the 

carbonyl group undergoes oxidation. However, an enolization is a primely significant 

reaction of the carbonyl double bond, which is stabilized with the conjugation of the 

carbonyl compound.108  

Depending on Functional group differences, carbonyl compound electrodes were 

assorted into three types (Figure 1.10 )109
 Structurally quinones, conjugated carboxylates, 

and imides, which are like anhydrides. A carbonyl group of quinone is attached with a 

conjugated aromatic ring. Most of the time, it is present at the ortho or para position over 

rings; during reduction, it will form additional aromatic rings. Quinone is expected to 

become a next-generation organic cathode material owing to the presence of high energy 

density and theoretical capacity.109 In the case of conjugated 

Figure 1.9:  Nitroxyl radical polymers with their theoretical capacity. 
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Carboxylates, a conjugated system, can be generated by direct attachment of the carboxylate 

group to the aromatic ring.110 Its best used as an anode material because of an electron-

donating group −OM (M = Li, Na, K) connected to carbonyl groups. 111 imides were 

categorized in the organic compound in which nitrogen is directly attached with aromatic 

conjugated carbonyl group to form conjugated imide linkage (O=C-N).112 imides usually 

have a large aromatics plane containing four electrochemically active carbonyl groups. 

However, only two carbonyl groups participate in the enolate formation mechanism to avoid 

repulsion of charge and irreversible structure distribution. 

The enolate formation mechanism of three types of carbonyl compounds is shown in 

figure 1.11. As we have seen in the above equation for measuring the theoretical capacity of 

the material, an increase in electron transport will increase the theoretical capacity will seem 

for the cathode. However, if all carbonyl undergoes reduction, then theoretical capacity may 

increase. But in ideal conditions seems operose to this approach; all carbonyl moieties of a 

carbonyl compound only reduce unless, at a less potential. During redox reactions, electron 

transfer and redox potential are also important; however, for practical application, there is 

Figure 1.10: Comparison of the discharge potential and the theoretical 

the capacity of the major organic carbonyl materials.109 
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necessary to increase the reduction potential of the cathode and the oxidation potential of 

the anode. When we consider enhancing cyclability and the rate of the carbonyl compound, 

the main noticeable problem is dissolution in electrolytes. Which adversely affects the 

electrochemical activity. Even another point, for example, observed side reactions between 

anion and electrolyte, anion instability, electrolyte suitability, and conductive additive for 

improving active material's conductivity also need to be considered. However, to resolve 

this problem, considerable efforts need to take to enhance the electrochemical activity of 

carbonyl compounds for their utilization in batteries. Compared to other organics, organic 

carbonyl compounds are desired as auspicious electrodes due to their unique properties,  

 

 

Such as high theoretical capacity, high reaction kinetics, structural diversity, and 

stable cyclability. To acknowledge clearly, their progress and electrochemical behavior, we 

have categorized them into three steps, which are subsequently summarized below. 

1.5.5.1 Small organic molecules. 

Over the last few decades, many attempts have been made to modify small organic 

molecules, mainly because of unacceptable solubility and less conductivity. Additionally, 

anode to cathode quick dispatch of dissolved materials through electrolyte leads to a shuttle 

effect, which ultimately affects the cycle stability. However, those organic compounds are 

Figure 1.11:  Three Categories of a carbonyl compound with 

their electrochemical mechanism. 
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inherently conducting, which decreases the quick reaction kinetics of organic electrode 

material. 

 

For the first time, a primary lithium battery was constructed using DCA as a cathode in 1969 

by Williams et al. 113 This probably be the first report on organic electrode material.  Alt et 

al. 114 successfully explored chloranil as electrode LIBs. Afterward, the people attended to 

construct small organic compounds as cathodes for assembling LIBs using the non-aqueous 

electrolyte. Figure 1.12 listed molecules’ typical structure and theoretical capacity, primarily 

considering different quinones and dianhydride. Even though most of them can gain high 

Figure 1.12: Small organic conjugated carbonyl molecule with theoretical 

capacity. 
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energy density and elevated discharge capacity, they still suffer from severe dissolution 

problems. Hence, they are unable to attend desirable cycling performances. To resolve the 

solubility problem, researchers have attempted to increase the percentage of conducting 

carbon.115 or incorporate mesoporous carbon.116, which can prevent active material from 

dissolving by stretching immobilization. An immobilization approach was used by Genorio 

et al. 117 to solve the solubility problem. They implant Calix [4] arene (CQ) over top of 

nanosized silica containing a large surface area and carbon black. Even the immobilization 

method is also unable to crucially avoid the dissolving of active material and thus eventually 

reduce the capacity of the whole electrode. On the other hand, to solve the dissolution 

problem, Boschi et al. 118 designed and synthesized giant conjugated carbonyls, e.g., NBHQ, 

having the planer structure, with a 489 mAh/g theoretical specific capacity. But still, it has 

only delivered 127 mAh/g specific capacity, which is only 25 % of its theoretical capacity.  

Another crucial way to avoid dissolution is using solid (LISICON) 119 or polymer electrolyte 

(LiTFSI/ PEO).120still, there were no agreeable results appeared yet. A problem associated 

with solid electrolytes or polymer electrolyte is that at room temperature shows less ionic 

conductivity and high interface resistance. However, by adapting liquid 119 or quasi-solid 120 

the electrode is can lessen the interface resistance, but it much lower the energy density of 

LIBs. The early report conveys the dissolution of polysulfide in Li-S batteries.121 can be 

inhibited using a high salt concentration; we can use the same strategy for organic electrode 

material. The effective way to solve this problem is to design and synthesize highly 

conjugated carbonyl molecules containing perfect substituent and active functional groups. 

1.5.5.2 Organic conjugated carbonyl polymers. 

Many small organic molecules go through unwanted solubility in a liquid electrolyte, 

bringing severe capacity feeding. Rather than constructing salts and composite materials, 

polymers synthesis containing redox active group is also an effective strategy to overcome 

this problem.  A benefit of polymers is that it’s wholly insoluble or slightly soluble to some 

extent. Generally, without any severe environmental pollution, the synthesis is feasible. 

Specifically, polyamide and poly-quinones (PQ) was major appealing polymer because of 

the presence of higher redox-active feature of the carbonyl, significant redox potential, and 

large capacity. A PQ was attempted to synthesize from electrochemically synthesized 

poly(l,4-dimethoxybenzene) by J. S. Foos et al.122 in 1986. They have evaluated its 

electrochemical feature by preparing cathode electrodes for LIBs.  PQ was primarily looked 

the ideal design for polymer cathode depending on their conjugated carbonyl, even large 

voltage, high theoretical capacity, and insolubility in a liquid electrolyte, still, 
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the experimental capacity obtained just one-fourth of its theoretical capacity and was poor 

cycling performance. This unfortunate result may be due to the defect in the synthesis and 

unoptimized electrode construction. In 1999 researchers attempted to synthesize and test 

more polymer electrodes depending on quinone and dianhydride. (Figure 1.13). 123-131 

However, in recent years, many polymers such as PAQS, 126 PVAQ,128 PPYT 129, and 

Naphthalene-Pl130 exhibited outstanding electrochemical activity than the preceding 

outcome. PPYT can be gain 90 % of capacity at 30 C and 83 % of its initial capacity after 

500 cycles at 1C.129 PAQS126 successfully synthesized and recorded their electrochemical 

activity for rechargeable LIBs as a cathode electrode material. An observed capacity was 

198 mAh/g with good cyclability. After that, PVAQ128 was applied as anode material to 

polymer air batteries, exhibiting 214 mAh/g capacity, 93% of its theoretical capacity. First-

time polyimide was used as cathode material by Song et al. In 2010 due to its high 

Figure 1.13: conjugated carbonyl polymers with their theoretical capacity   
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mechanical and thermal strength. The polymer was always seemed insoluble in electrolytes 

than its parental monomer. Thus, better way to use a highly electroactive group and stable 

skeleton containing polymer electrodes to escape from the solubility problem. But it will 

also consist of many demerits such as reduced discharge potentials, formation of 

electrochemical polarization, and hindered ionic transportation in the electrode. One of the 

significant problems associated with polymer is less electronic conductivity due to mostly 

such polymer insulators. Thus, for full utilization of active masses, a large amount of 

conductive carbon (30-60 %) needs to add at the time of electrode construction. We can 

overcome this problem by adapting in situ polymerisation131 with graphene or MWCNT. If 

the electrode is constructed efficiently, a conjugated carbonyl polymer can achieve high-rate 

performance because of high reaction kinetics.  

1.5.5.3 Organic conjugated carbonyl compound salts (2008) 

A dissolution problem of the organic electrode in the electrolyte seems to be a prime 

obstacle. Scientists have synthesized metal salts (Na, Li) of the corresponding conjugated 

dicarboxylates 132–137 hydroxyl quinone, 137,138,139, and dianhydride derivatives 140-142 to solve 

this problem. (Figure 1.14) In this field, most of the work was done by three eminent 

scientists, namely Armand, Poizot, and Tarascon, in 2008. 132,136,137,140-141 A benefit of these 

organics molecules is the presence of coordinated bonds, e.g., O-Li_O can be attached to 

organic compounds to form a lithiated salt which partially solves the solubility problem. 

Thus, it can achieve better cycling stability than its parent compound; However, it is still 

undesirable for long-term cyclability. Even though these organics previously consisted of Li 

ions, even they were used as n-type organics because the -C=O- group attached to lithium 

was not helpful in capacity contribution unless there will be a breaking of crystal structure 

irreversibly, showing poor cycling activity. The existence -C=O- group in enolate form 

results in repulsion charges that will reduce the discharge potential of the materials. For 

example, molecules Li2C6H2O4 
139 and Li2C14H6O4 

138 exhibit much lower voltage than their 

parent molecules BQ and AQ, respectively. As compared to other conjugated carbonyl 

compounds Specifically, conjugated carboxylate 132-136 always shows less redox potential 

(e.g., 0.5–1.5 V vs. Li+/Li). Thus, they act as rare organics anode materials for rechargeable 

LIBs and SIBs. 
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   Figure 1.14: Organic conjugated carbonyl compound salts with theoretical capacity 

The first time this concept was introduced to LIBs by Xiang et al. to reduce the 

dissolution of a small organic molecule in electrolyte and successfully synthesized and 

evaluated the electrochemical activity of lithiated 2,5-DBQ.139; however, a 23 % capacity 

feeding was observed for the first ten cycles. Later, Tarascon used modified dilithiated 

oxocarbon that showed a specific capacity and energy density at 580 mAh/g and a specific 

energy density of 1300 Wh/kg62, respectively; just after 25 cycles 43% capacity decrease 

was observed after 25 cycles due to solubility. Thus, they conclude multi-charge formation 

is key to decreasing solubility. Anyway, a cycle’s stability can increase additional charge 

formation, but it is responsible for decreases in the theoretical capacity and reduction 

potential. However, a Li-derivative of AQ shows 213 mAh/g theoretical capacity and 2.25 

V potential, whereas AQ shows a theoretical capacity of 258 mAh/g at 1.8 V working 

potential. But, a Li-derivative of AQ shows good cyclic performance compared to AQ. 138 

Piozot In 2011, attempted to synthesize PMDI dilithium salt as electrode materials. 

However, there was nothing drastic decrease in theoretical capacity because H+ and Li+ have 

a minimal difference in formula weight. Still, a decrease in working potential was observed 

by 0.38 V compared to their parent diimide.141 
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Tarascon et al. successfully prepared and recorded the electrochemical activity of 

lithiated trans-muconate as a cathode for LIBs.132 They observed that lithium muconate 

showed a specific capacity of 205 mAh/g, which was reduced to 125 mAh/g after 80 cycles 

at a 0.1 C rate. However, LIBs constructed by using dilithium terephthalate exhibit a 

capacity of 301 mAh/g, which is equal to the theoretical capacity and decreases to 234 

mAh/g after 50 cycles, around 78% retention of capacity observed after 50 cycles. Due to a 

significant decrease in working potential after the salt formation of organic molecules, these 

molecules can act as quality anode material for LIBs. Even though the anode materials’ 

improved capacity is observed by adopting this approach, considerably low cost and 

electrochemically superior anode materials are already present in the market. However, 

organics cathode materials research is much lag behind, so there has been a need for more 

emphasis on organic cathode materials in recent day.  

1.6 Aim of the thesis 

After coming across through brief review about different kinds of organic electrode material 

availability, their use as active electrode materials in LIBs, the working mechanism of organic 

electrodes for LIBs, and the method of design and synthesis of environmentally benign, simple, 

cost-effective, scalable electrode materials. Although many organic molecules are currently 

available, many have their own apparent problem. There is still a race to make an ideal organic 

molecule electrode for LIBs. This thesis emphasized the designing and synthesizing a different 

derivative of rylene imides dyes (conjugated carbonyl molecules), and it is used as active 

cathode materials for LIBs. Here we have chosen rylene dyes for study due to the cheaper and 

readily available starting materials. another crucial aspect of these dyes is the easy, scalable 

synthesis of substituted different aromatic conjugated structures containing redox-active 

carbonyl group, which helps make robust insoluble molecules in an electrolyte that is highly 

beneficial for developing LIBs. The key manifest of this thesis work is highlighted below.  

1. Design and synthesis of a library of substituted rylene imide derivative (conjugated 

carbonyl molecule) consisting of high theoretical capacity.  

2. Use of synthesized molecules as a cathode electrode material for LIBs.  

3. To study the electrochemical performance of synthesized molecules.  

4. To monitor the effect of substituent and conjugation on the solubility of molecules 

in the electrolyte    

5. To study the effect of substituent and conjugation on the electrochemical 

performance of synthesized conjugated carbonyl molecules.  

6. To study the reaction kinetics of the different substituted molecules. 
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7. To study the effect of conjugated carbonyl delocalized structure on the redox 

potentials of lithium batteries.  
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2.1 INTRODUCTION 

Lithium-ion batteries (LIBs) find their wide use in portable electronic devices,1–4, despite 

large efforts to use them for electrotraction and load leveling in electric grids.5 While 

inorganic intercalation compounds and carbon materials are routinely used as electrodes in 

LIB,6–11 organic molecules are explored as active materials in LIBs due to their lightweight, 

flexibility, easy processability, and potentially unlimited availability (as compared to 

transition metal oxides). Among the tested classes of compounds are conjugated polymers, 

imides, quinones, triazines, corroles, triangulenes, and tetracyano quinodimethane.12–20 

Rylene imides are interesting due to the presence of carbonyl moieties that are attached to a 

conjugated backbone (Scheme 1). The LUMO energy levels of rylene imides vary as a 

function of the number of phenyl rings consist in the molecule. This variation in LUMO 

offers the possibility to vary the output voltage of the battery. Due to the advantageous 

properties of rylene imides. Perylene dianhydride was blended with sulfur and incorporated 

as an electrode in LIBs.21 A composite of perylene diimide (PDI) was prepared in the 

presence of CNT and was used in LIBs. The series of PDI polymers were prepared for 

utilization in LIBs.22–24 Polar functionalities attached to the PDI backbones were found to 

stabilize the battery performance.6,25,26 Naphthalanediimide (NDI) is an analogue of PDI 

with a smaller aromatic system. Naphthalenedianhydride (NDA) was polymerized with urea 

and diamino ethane.27 The carbonyl moiety of the urea linker was found to enhance the 

specific capacity of LIBs based on NDI. The cycling stability and coulombic efficiency 

decreased to 150 charge-discharge cycles. NDA was also polymerized with hydrazine, and 

its utility in LIBs was studied. During the charge-discharge cycling, the N-N bond was 

cleaved, leading to a decrease in a specific capacity. An alkyl group was substituted on the 

imide nitrogen of NDI, and its performance was compared with that of Li substituted NDI.28 

In another set of experiments, NDA was polymerized with diamino ethane over graphene. 

Batteries were fabricated using lithium and sodium electrodes.29 The lowest analogue in the 

rylene imide series is pyromellitic diimide (PyDI), which has been used in a sodium-ion 

battery.30 LIBs of PyDI showed a specific capacity of 200 mAh/gover 25 cycles.31 Polymers 

of PyDI have been prepared and explored in LIBs.32 One of the issues in rylene imides-based 

LIBs is the decrease in specific capacity upon charge/discharge cycling. Simple rylene 

imides, as shown in Scheme 1, are usually insoluble in common organic solvents, hence they 

should have been the material of choice to fabricate LIBs with impressive efficiency. 

However, it has been shown that the lithium-ion insertion is precluded due to the close 
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packing of the molecules.29 Thus, substituting the imide nitrogen is necessary to achieve a 

more open packing in the solid-state. However, the substitution can either increase the 

solubility of the material or further complicate the lithium-ion insertion process. Considering 

these issues, we have chosen triphenylamine (TPA) as a substituent on the imide nitrogen 

for the following reasons, (i) the absence of the redox process in the charge-discharge 

window of LIBs, (ii) the increased aromatic systems that are likely to decrease solubilities, 

and (iii) the propeller-type arrangement of phenyl rings in TPA is likely to disrupt the close 

packing of the molecules and facilitate lithium-ion insertion and desertion. Using the 

systematically varied compounds shown in Scheme 1, we were interested in identifying the 

relationship between molecular weight and performance as an organic battery material. 

Theoretically, a decrease in molecular weight should increase specific capacity. However, 

in rylene imides, the variation in molecular weight is accompanied by a variation in the 

number of aromatic units that may influence the redox properties, for which a systematic 

study is not available yet. To address all these issues, we have prepared TPA-substituted 

TPA-PDI, TPA-NDI, and TPA-Py and utilized them as electrodes in LIBs. Compounds 

TPA-PDI, TPA-NDI, and TPA-Py comprise four carbonyl moieties and two imide nitrogens 

as common structural motifs. They differ in the number of central aromatic rings, namely 

four, two, and one for molecules TPA-PDI, TPA-NDI, and TPA-Py, respectively. While our 

work was in progress, synthesis and electrochromic properties of compounds TPA-PDI, 

TPA-NDI, and TPA-Py were reported.33 

2.2 EXPERIMENTAL SECTION. 

2.2.1 Chemicals and Materials. 

Unless otherwise stated, all the chemicals and reagents were obtained commercially and 

used without further purification. Perylene-3,4,9,10-tetracarboxylic dianhydride, 1,4,5,8-

naphthalene tetracarboxylic dianhydride, pyromellitic dianhydride, zinc acetate, copper (II) 

nitrate hydrate, imidazole, and triphenylamine were purchased from Sigma-Aldrich. 

Dimethylformamide (DMF), chloroform (CHCl3), Tetrahydrofuran (THF), 

dichloromethane (DCM), ethyl acetate, hexane, and acetone were purchased from Merck 

Chemicals. Polyvinyl difluoride (PVDF, Kynar HSV900, Arkema Inc., USA) and N-

Methyl-2-pyrrolidone (NMP, Merk AR grade). 1M LiPF6 in ethylene carbonate and diethyl 

carbonate was purchased from BASF chemical company. All solvents used for battery 

performance tests were of HPLC grade and purchased from Merk chemical.  

2.2.2 General Experimental Method and Instrumentation.  
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Analytical thin-layer chromatography was carried out on pre-coated silica gel plates (Kiesel 

gel 60F254, Merck). Column chromatography purification were performed with 60–120 

mesh-sized silica gel. All 1H NMR spectra were recorded in CDCl3 and DMSO-d6 on a 

Bruker arx AV 200 MHz, AV 400 MHz, and AV 500 MHz Bruker AVANS spectrometer. 

13C NMR spectra were measured on a Bruker arx 200 MHz AVANS spectrometer. All 

chemical shifts are reported in δ ppm downfield to TMS, and peak multiplicities are referred 

to as singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), and multiplet (m). UV-vis 

absorption spectra were recorded on SPECORD® 210/PLUS, a UV-visible 

spectrophotometer. An electrochemical analyzer CHI660 (CH Instruments) was used to 

record the cyclic voltammograms of the prepared molecules 0.1 M tetrabutylammonium 

perchlorate (TBAClO4) in NMP (N-methyl-2-pyrrolidone) in a three-electrode setup with a 

Pt working electrode, Pt foil as the auxiliary electrode and an Ag/Ag+ reference electrode. 

TEM imaging was performed with a Jeol 1200 EX transmission electron microscope. The 

samples were prepared by drop-casting dispersed solution (In NMP) (5–10 μL of 5×10-4 M) 

of the sample on the carbon-coated copper grids (400 grids, Ted Pella) and dried at 80°C for 

12 h. SEM imaging was done with a Helios Nanolab 600i system (FEI Company, 

Eindhoven, The Netherlands) at 10 kV accelerating voltage. The sample was prepared by 

drop-casting 5–10 μL of 5×10-4 M dispersed solution (in NMP) of the molecules on ZP-

P4VP spun silicon wafers.  Electrochemical Impedance Spectroscopy measurements were 

done in the frequency range of 10 MHz to 40 kHz using a Biologic instrument. The positive 

electrode consisted of either TPA-PDI or TPA-NDI, or TPA-Py as the electrochemically 

active material, PVDF (Kynar ADX 111) as a binder, and carbon black (TIMCAL ENSACO 

Super C 65) as a conductive additive. The composition of those components was 

TPA/PVDF/ carbon black=60%/10%/30% by mass. The compounds were mixed with NMP 

as a solvent, and a prepared slurry was coated on copper foil. Subsequently, electrodes with 

an area of 2×2 cm-2 were punched out after drying. Lithium was used as the negative 

electrode, 1 M LiPF6 in EC: DEC (1:1, mass ratio) as the electrolyte, and Whatman® GF/A 

as a separator. All cells were assembled in a glove box under an argon atmosphere. Charge-

discharge cycles were run with three replicates for each compound. After charge/discharge 

cycling, the separator was washed with NMP, and UV-vis absorption spectra were recorded. 

2.2.3 Synthesis and Characterization. 

The amine-substituted TPA and benzene substituted (control molecule) were condensed 

with rylene dianhydrides to prepare compounds TPA-PDI, TPA-PDI, 6 TPA-PDI, Ph-PDI 
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(Scheme 2.1). The detailed synthesis and characterization of small molecules and monomers 

can be found below.  

 

 

 

 

a) Synthesis of TPA-NO2 

Procedure: This compound was synthesized by the following literature.34 100 mL round 

bottom flask equipped with a magnetic stirrer was charged with triphenylamine (Molecule 

1) (2.5 g, 10.2 mmol) and acetic anhydride (50 mL). To this solution, copper (II) nitrate (1.9 

     Scheme 2.1: Synthesis of rylene imides TPA-PDI, TPA-NDI, TPA-Py and PH-PDI 

(control molecule) 
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g, 10.2 mmol) was added slowly with stirring. The solution was stirred at room temperature 

for 2 hours. After that water (100 mL) and chloroform (15 mL) were added to the reaction 

mixture and stirring was continued for 12 hours. The completion of the reaction was 

monitored by TLC. The layers were separated and the aqueous layer was extracted with 50 

mL portions of chloroform. The combined organic layers were washed with 100 mL of water 

and dried over sodium sulfate. The organic layers were collected and concentrated under 

reduced pressure. A yellow solid compound was obtained after a silica gel column 

chromatography purification (ethyl acetate: pet ether = 1:9 as eluent) (yield = 50 %). 1H 

NMR (200 MHz, CDCl3, δ, ppm): 8.08 (d,J=9.3 Hz, 2H, 2-H), 7.42 (d, J=9.3 Hz, 2H, 3-H), 

7.21-7.30 (m, 8H, 4-H, 5-H ), 6.97 (d, J=9.2, Hz, 2H, 6-H). 13C NMR (200 MHz, CDCl3, δ, 

ppm): 140.20 (C1-NO2), 118.15 (C2), 125.47 (C3), 153.53 (C4), 145.69 (C5), 126.56 (C6), 

129.97 (C7), 125.78 (C8). 

b) Synthesis of TPA-NH2 

Procedure: This compound was synthesized by the following literature.35 A 100 mL round 

bottom flask equipped with a magnetic stirrer was charged with 4-nitro-triphenylamine 

(TPA-NO2) (1.2 g, 4.15 mmol), Pd/C 10% (80 mg) in ethanol (20 mL), and the reaction 

mixture was refluxed for 10 min. Hydrazine hydrate (1.24 mL) was added dropwise to the 

hot solution. Afterward, the mixture was refluxed for 18 h. The completion of the reaction 

was monitored by TLC. The reaction mixture was cooled and passed over a celite pad. 

(Sigma Aldrich) The mixture was washed with dichloromethane and water. The organic 

layer was collected and concentrated under reduced pressure. A pale-yellow compound 

(yield = 80%) was obtain after a silica gel column chromatographic purification (ethyl 

acetate: pet ether = 2.5:7.5 as eluent). 1H NMR (200 MHz, CDCl3, δ, ppm):  3.42 (bs, NH2), 

6.57(d, J = 8.8 Hz, 2H, 2-H), 6.82-6.99 (m, 8H, 3-H, 4-H, 6-H), 7.15(m, 5-H), 13C NMR 

(200 MHz, CDCl3, δ, ppm): 142.7 (C1-NH2), 117.20 (C2), 127.41 (C3), 138.90 (C4), 148.20 

(C5), 122.80 (C6), 129.07 (C7), 121.72 (C8). 
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c) Synthesis of TPA-PDI 

Procedure: A 100 mL round bottom flask equipped with magnetic stirrer was charged with 

perylene-3,4,9,10-tetracarboxylic dianhydride (0.3 g, 0.76 mmol), 4-amino-triphenylamine 

(TPA-NH2) (0.47 g, 1.8 mmol) and zinc acetate (0.09 g, 0.55 mmol) in imidazole (30 g). 

The resultant mixture was heated at 150 °C for 24 h under an argon atmosphere. The 

completion of the reaction was monitored by TLC. The reaction mixture was cooled down 

Figure 2.1: 1H NMR of TPA-NH2 

Figure 2.2: 13H NMR of TPA-NH2 
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to 60 °C. Then the product mixture was precipitated by adding 2 M HCl. The resultant crude 

product was washed with deionized water and methanol. A dark red solid (yield = 58 %) 

was obtained after a silica gel column chromatographic purification (hexane: CHCl3 = 5:5 

as eluent). 1H NMR (500 MHz, CDCl3, δ, ppm) 7.09 (t, J = 7.6 Hz, 4H, Ha), 7.21−7.29 (m, 

16H, Hc + Hd + He), 7.30 (m, 8H, Hb), 8.67 (d, J = 7.6 Hz, 4H, Hg), 8.75 (d, J = 7.6 Hz, 4H, 

Hf). 
13C NMR cannot be recorded because of low solubility.  

 

 

d) Synthesis of TPA-NDI 

Procedure:  The synthesis followed a similar procedure as used for compound 4 using 

1,4,5,8-naphthalenetetracarboxylic dianhydride (0.3 g, 1.12 mmol), 4-amino-

triphenylamine (TPA-NH2) (0.64 g, 2.45 mmol) and zinc acetate (0.14 g, 0.7 mmol) in 

imidazole (30g). A purple coloured solid (yield = 60 %) was obtained after a silica gel 

column chromatographic purification (hexane: CHCl3 = 6:4 as eluent).1H NMR (400 MHz, 

CDCl3, δ, ppm): 7.09 (t, J = 7.5 Hz, 4H, Ha), 7.17 (m, J = 8 Hz, 4H, Hd), 7.23 (d, J = 7.9 

12H, Hc+ He), 7.32(t, J = 7.5 Hz, 8H, Hb), 8.85 (s, 4H, Hf). 
13C NMR (200 MHz, CDCl3, δ, 

ppm): 123.69 (C1), 129.48 (C2), 125.25(C3), 147.33(C4), 148.48 (C5), 129.02(C6), 122.80 

(C7), 128.97 (C8), 127.09 (C9), 131.47 (C10), 127.52 (C11), 163.19 (C12, imide carbonyl). 

 

Figure 2.3: 1H NMR of TPA-PDI 
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e) Synthesis of TPA-Py 

Procedure:  A 50 mL round bottom flask equipped with a magnetic stirrer was charged with 

pyromellitic dianhydride (0.3 g, 1.37 mmol), 4-amino-triphenylamine (TPA-NH2) (0.8 g, 

3.05 mmol) in DMAc (10 mL). The resultant reaction mixture was stirred at room 

temperature for 2 h, and then 2.5 mL acetic anhydride and 1.5 mL pyridine were added to 

the reaction mixture. After 2 h further stirring at 130 °C, the solution was poured into 100 

Figure 2.4: 1H NMR of TPA-NDI 

 

Figure 2.5: 13H NMR of TPA-NDI 
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mL methanol. The precipitated red solid was collected by filtration and dried (yield = 70 %). 

1H NMR (500 MHz, CDCl3, δ, ppm): 7.11 (t, J = 7.2 Hz, 4H, Ha), 7.28−7.32 (m, 12H, Hb+ 

He), 7.19 (d, J = 8.4 Hz, 12H, Hc + Hd), 7.27−7.34 (m, 12H, Hb+ He), 8.47 (s, 2H, Hf). 
13C 

NMR (200 MHz, CDCl3, δ, ppm): 123.75 (C1), 129.49 (C2), 125.49 (C3), 147.22 (C4), 148.22 

(C5), 122.70 (C6), 127.06 (C7), 124.16 (C8), 137.19 (C9), 119.06 (C10), 165.40 (C11, imide 

carbonyl).  

 

f) Synthesis of PH-PDI 

Procedure: This compound was synthesized by the following literature procedure.12 A 100 

mL round bottom flask equipped with a magnetic stirrer was charged with 0.5 g (1.27 mmol) 

of 3,4,9,10-perylene tetracarboxylic dianhydride, 0.296 g (3.18 mmol) of aniline, 20 g of 

Figure 2.6: 1H NMR of TPA-Py 

 

Figure 2.7: 13H NMR of TPA-Py 
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imidazole, and zinc acetate (0.1 g, 0.456 mmol) were heated at 100 °C for 2h. Further, the 

mixture was heated at 140 °C for 20 h under an argon atmosphere. Then the mixture was 

cooled to room temperature and acidified with 100 mL of 2 M hydrochloric acid. The 

precipitate was collected by filtration and washed with plenty of water and methanol to 

remove impurities and acid. The precipitate was finally dried under a vacuum at 100 °C in 

a vacuum oven. (yield = 50 %). 

2.3 RESULT AND DISCUSSION. 

2.3.1 UV-Visible absorption spectroscopy  

The absorption spectra were recorded using a dilute solution of the molecules in N-methyl-

2-pyrrolidone (NMP). Molecule TPA-PDI showed two sharp peaks at 527 nm and 491 nm 

and a hump at 460 nm. The frontier orbital difference was found to be 2.3 eV (Figure 2.8). 

Molecule TPA-NDI showed two peaks at 382 nm, 361 nm, and a hump at 341 nm with a 

frontier orbital difference of 3.19 eV (Figure 2.8). The frontier orbital difference was 

calculated to be 4.0 eV (Figure 2.8). 

 

2.3.2 Morphological study of molecules. 

 

2.3.2.1 Scanning electron microscopy (SEM) 

Figure. 2.8: UV-Visible Absorption spectra of molecules TPA-

PDI, TPA-NDI and TPA-Py before battery cycling 
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The morphology of the molecular crystals was studied by SEM. The samples were prepared 

using NMP because of the same solvent we used to measure battery performance. In the 

SEM image of molecule TPA-PDI, large crystals of rice husk-type morphology were found 

(Figure 2.9a). Whereas the molecule TPA-NDI and TPA-Py (Figure 2.8c and 2.8e). Show a 

long needle shape morphology. 

2.3.2.2 Transmission electron microscopy (TEM) 

TEM images were also recorded in the same solvent, where the rice husk morphology was 

indeed found. Molecule TPA-PDI (Figure 2.9b) shows the same rice husk morphology. A 

Figure 2.9: SEM image (a) and TEM image (b) of TPA-PDI, SEM image (c) and 

TEM image (d) of TPA-NDI, SEM image (e) and TEM image (f) of TPA-Py. 



Chapter 2: Effect of Aromatic Rings and Substituents on the... 
 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR     Page | 54  
 

long needle shape morphology was retained in TEM for molecules TPA-NDI and TPA-Py. 

(Figures 2.9d and 2.9f).  

2.3.3 Electrochemical performance of molecules. 

2.3.3.1 Cyclic voltammetry  

Cyclic voltammograms (CVs) of the compounds were recorded in 0.1 M 

tetrabutylammonium perchlorate (TBAClO4) in NMP using a Pt wire, and pt foil as working 

and auxiliary electrodes, respectively, whereas an Ag/Ag+ reference electrode. The potential 

of an electrode was cycled in the range 0 and -2 V. The CVs of molecule TPA-PDI exhibit 

two cathodic peaks at -0.82 V and -1.22 V, corresponding to the dianion formation. In the 

reverse scan, two peaks for the sequential re-oxidation of the dianion were observed (Figure 

2.10a). Similarly, two reduction peaks were observed for molecule TPA-NDI during the 

potential sweep towards -2 V, indicating the formation of the dianion of TPA-NDI. (Figure 

2.10a) 

Contrary to this, molecule TPA-Py showed only a single reduction peak, (Figure 2.10a) 

indicating the possibility of radical anion formation in the potential window.  

2.3.3.2 Proposed electrochemical redox mechanism of molecules  

All synthesized TPA substituted rylene imide derivatives in scheme 2.1 consist of four 

electrochemically active carbonyl groups, but only two of them participate in the enolate 

formation mechanism in order to avoid charge repulsion and maintain aromaticity of the 

Figure 2.10: cyclic voltammograms (a) of molecules TPA-PDI, TPA-NDI and TPA-Py 

(b) Charge discharge curve of battery comprising molecule TPA-NDI as cathode, the C 

rate was 1 C. 



Chapter 2: Effect of Aromatic Rings and Substituents on the... 
 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR     Page | 55  
 

molecule. All these molecules undergo two-electron transfer during the redox reaction, 

which is the proposed mechanism given below.  

 

    

2.3.3.3 Galvanostatic Charge/discharge experiments 

With this information in hand, LIBs were fabricated in pouch cell configuration using a 

composite of molecule TPA-PDI or TPA-NDI or TPA-Py, PVDF as a binder, and carbon as 

conductive filler for one electrode, and lithium foil for the counter electrode.  

 

Other details of preparation are provided in the general experimental method and 

instrumentation section. The charge/ discharge experiment was carried out at various C rates 

while sweeping the potential range 1.5 and 4.2 V vs. Li/Li+. 

 In the first set of experiments, the charging rate was the same as the discharge rate. 

The discharge curves of cells with molecule TPA-PDI showed two plateaus in the range 1.5 

and 4.2 V vs. Li/Li+, indicating two-electron transfers (Figure 2.11a). Similar 

charge/discharge profiles were observed while using perylenebisimide37,38 and 

naphthalenebisimde39 derivatives in LIBs. The first plateau changed into a slope upon 

continuous cycling. The specific capacity of the first cycle was 55 mAh/g, which decreased 

by 13% (Table 2.1) to 48 mAh/g after 300 cycles (Figure 2.11b). The C rate for this 

Table 2.1: Battery metrics for molecules TPA-PDI, TPA-NDI and TPA-Py as a function of 

charge discharge cycles 
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experiment was 1 C. Subsequently, the C rate varied between 0.2 and 30 C, and the specific 

capacity was monitored. The specific capacity decreased gradually upon an increase in the 

C rate. At 30 C, the specific capacity was 38 mAh/g, which is ~30% less than that observed 

at 0.2 C (Figure 2.11c). In most batteries, a decrease in specific capacity is observed with 

increasing C rates. In all the experiments, the coulombic efficiency was 97%, which did not 

vary as a function of cycle number.  

In the next set of experiments, the LIBs were charged at a slow C rate of 0.2 C, while 

different C rates between 0.2 C and 30 C were applied for discharge. This cell exhibits the 

specific capacity of 61 mAh/g when charged and discharged at 0.2 C. The specific capacity 

decreased to 49 mAh/g when the discharge rate was increased to 30 C (Figure 2.11c). The 

decrease is 20% compared to 30% observed for charge and discharge rate to 30 C. As 

expected, the performance of the tested LIBs increased by slowly charging the cell.  

 In the next set of experiments, molecule TPA-NDI was used to prepare the active 

cathode material. The discharge curves showed two plateaus, one between 4.2 and 3.6 V and 

the second between 2.4 to 2.1 V (Figure 2.10b). The two plateaus arise due to two-electron 

reductions of two carbonyl groups to two enolate groups. As shown in Table 2.1, the specific 

capacity decreased by 16% after 300 charge-discharge cycles. The decrease in specific 

capacity as a function of cycle number is comparable to that of molecule TPA-PDI. At a 

charging rate of 0.2 C and a discharge same rate, the specific capacity was 61 mAh/g. The 

specific capacity decreased by 75% to 15 mAh/g upon an increase in charging and 

discharging rates to 30 C (Figure 2.11d). Subsequently, the LIB was charged at 0.2 C, and 

the discharge experiment was conducted at C rates between 0.2 C and 30 C. At 0.2 C, the 

specific capacity was calculated to be 64 mAh/g, which decreased by 50% upon an increase 

in C rate to 30 C (Figure 2.11d). The 50% decrease in specific capacity for the LIB with 

compound TPA-NDI at charging/discharging rates of 0.2 C / 30 C is lower than the 75% 

loss when charging/discharging at 30 C /30 C but significantly higher than the 20% observed 

for the LIB with molecule TPA-PDI upon charging/ discharging at 30 C / 30 C.  

In the next set of experiments, molecule TPA-Py was tested in the battery. Unlike 

molecules TPA-PDI and TPA-NDI, only a single plateau was observed in the range 4.2 and 

3.4 V vs. Li/Li+ for the LIB made from the compound TPA-Py (Figure 2.11e). It has been 

shown that two electrons are transferred for PyDI between 1.5 V to 3 V.31 A decrease of 

20% in specific capacity was observed later 300 charge/discharge cycles (Table 2.1). At 0.2 

C, a specific capacity was 29 mAh/g, which decreased by 99% to 0.06 mAh/g at 30 C (Figure 

2.11f). 
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However, when subsequently charged and discharged at 0.2 C, the specific capacity 

bounced back to 27 mAh/g, which is quite close to the 29 mAh/g observed at the start of the 

charge-discharge experiments (Figure 2.11f). Therefore, the extremely small specific 

capacity observed at 30 C is not due to the degradation of the LIB. This is contrary to an 

earlier observation, wherein the experimentally observed decrease of the specific capacity 

to 23% was attributed to the dissolution of the PyDI molecules during battery cycling.39 

Finally, the LIB was charged at 0.2 C and discharged at C rates between 0.2 C and 30 C. A 

specific capacity of the LIBs discharged at 0.2 C (29 mAh/g) decreased by 28% to 21 mAh-

g at 30 C (Figure 2.11f). Thus, the capacity is much less sensitive to high discharge rates 

(28% loss in specific capacity) than to high charging rates (99% loss in specific capacity).  

2.3.3.4 Electrochemical impedance spectroscopy (EIS) 

Figure 2.11: (a) Charge-discharge profile of molecule 4 at a C rate of 1 C. (b) Variation of 

specific capacity as a function of number of charge discharge cycles while using molecule 

TPA-PDI as cathode at a C rate of 1 C. (c) Specific capacity variation of a battery with 

molecule TPA-NDI as a function of C rate variation. (d) The effect of C rate variation on 

specific capacity while using molecule TPA-NDI as battery cathode. (e) Charge discharge 

curve of battery comprising molecule TPA-Py as cathode, the C rate was 1 C. (f) Specific 

capacity variation as a function of C rate for battery comprising molecule TPA-Py as cathode. 
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We hypothesize that TPA will facilitate lithium-ion diffusion. To measure the diffusion 

coefficient of lithium ions (DLi+), impedance spectra were recorded, and a Nyquist plot was 

plotted for TPA-PDI, TPA-NDI, TPA-Py, and PH-PDI (figure 2.11a, b, c, d). To fit Nyquist 

plots following equivalent circuit was used. 

 

                                                  Equivalent circuit to fit Nyquist plot 

 

The linear part of the EIS at the lower frequency present in the Nyquist plot is related to the 

Li+ diffusion in the electrode, which can be calculated by using the following formula 

reported in the procedure.35    

 

Where R is the gas constant, T is the temperature, F is the Faraday constant, A is the area of 

the electrode, n is the number of electrons involved in the reaction, and C is the concentration 

of Li+ in the electrode, and σ is the Warburg factor. σ (Warburg factor) obtained from the 

slope of 1/ω1/2 vs. Zʹ (ω is the angular frequency) in the Warburg plot Li+ From the Nyquist 

plot, the highest DLi + (3.7×10-13 cm2 s-1) was observed for molecule TPA-Py, which is an 

order of magnitude higher than that observed for TPA-PDI (3.7×10-14 cm2 s-1), (Table 2.2). 

Molecule TPA-Py has one aromatic unit that is attached to two TPA moieties, hence the 

closeness of the TPA precludes the close packing of TPA-Py. Thus, the lithium-ion diffusion 

is faster. On the other hand, the four aromatic units keep the TPA moieties apart in the 

molecule TPA-PDI. Therefore, close packing is still possible in TPA-PDI, leading to 

decreased lithium-ion diffusion (Table 2.2). Although molecule TPA-PDI exhibits the 

lowest DLi+ among the series reported in this work, it still showed higher DLi+ compared to 

control molecule PH-PDI with phenyl substituents (Scheme 2.1). This corroborates our 

hypothesis that TPA is likely to facilitate lithium-ion transport. 
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Figure 2.12: Nyquist plot of molecule (a) TPA-PDI, (b) TPA-NDI, (c) TPA-Py and (d) 

PH-PDI 

Table 2.2: The Warburg factor and Diffusion co-efficient for the molecule TPA-PDI, 

TPA-NDI, TPA-Py and PH-PDI 
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2.3.4 Effect of TPA substitution on solubility in the electrolyte. 

2.3.4.1 Morphological study of molecules by SEM before and after batteries cycling.  

In order to study the fate of the molecular crystal morphology during charge-discharge 

experiments (1.5 V to 4.2) over 300 cycles. The morphology was studied with the fabricated 

electrode before cycling, the LIB was opened, and the morphology was studied after 300 

cycles by SEM. The SEM images indicated the retention of the rice husk morphology for 

fabricated electrodes before (Figure 2.13a) and after (Figure 2.13b). batteries cycling (300 

Cycles) for TPA-PDI. The same experiment repeats for TPA-NDI and TPA-Py, where we 

found to be long needle morphologies of TPA-NDI fabricated electrodes before (Figure 

2.13c) and after (Figure 2.13d) were retained in their blends. The morphology of the TPA-

Py fabricated electrode before (Figure 2.13e) and after (Figure 2.13 f) does not seem to be 

an exact long needle. The charge-discharge cycling caused a change in the surface 

roughness, but we did not find significant changes in the morphologies of any molecules. 

This experiment indicates that molecules do not become soluble in electrolytes due to the 

exact morphology seems after the charge-discharge experimentation. 

2.3.4.2 UV-Visible absorption spectroscopy 

To check the existence of molecules after charge/discharge cycling, we analyzed the battery 

electrolyte to identify the presence of dissolved molecules. For this experiment, the battery 

was opened after 100 cycles. The electrolytes were mixed with fresh NMP, which dissolves 

molecules TPA-PDI, TPA-NDI, and TPA-Py. The absorption spectra were recorded 

between 250 and 700 nm. We observed all the peaks corresponding to molecules TPA-PDI, 

TPA-NDI, and TPA-Py (Figure 2.14), confirming the dissolution of molecules during the 

charge-discharge cycling. However, this data must be correlated with battery performance. 

It must be noted that the decrease in specific capacity of batteries comprising molecule 4 is 

13% after 300 charge-discharge cycles. However, the decrease in specific capacity is 84% 

for the control molecule (PH-PDI) with phenyl moiety instead of TPA (Scheme 2.1).12 

Therefore, as hypothesized, the TPA decreases the solubility of rylene imide molecules in 

battery electrolytes. Due to the decreased solubility, the specific capacity fading is 13% 

(section charge-discharge performance) for molecule TPA-PDI, but the decrease is 84% for 

control molecule PH-PDI.12 
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Figure 2.13: SEM images show that the battery electrodes before (a) and after 300 

cycles (b) of TPA-PDI, SEM images show that the battery electrodes before (c) and 

after 300 cycles (d) of TPA-NDI SEM images show that the battery electrodes before 

(e) and after 300 cycles of TPA-Py. (f) 
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2.4 CONCLUSION 

TPA acts as an effective moiety to disrupt the aggregation of RIs without causing solubility 

of the molecule in battery electrolytes. The three molecules chosen from the RIs family have 

different numbers of aromatic units. The theoretical capacity of the RIs is expected to 

decrease with the number of aromatic rings in the rylene imides core of the molecule. 

Contrary to this, the experimental specific capacities varied with the number of aromatic 

units in the sequence 1<4<2. Thus, decreasing the molecular weight alone does not impart 

improvement in battery performance. TPA is certainly a good motif to facilitate lithium-ion 

transport in solid RI molecules and improves crystal stability during charge-discharge 

experiments. All the RIs showed impressive cycling stability over 300 cycles. Molecules 

with few aromatic core units (TPA-Py) conjugated with redox functionality are not suitable 

for rapid charge-discharge experiments. Supporting to this, we found an extremely small 

specific capacity of 0.06 mAh/g for a molecule with one aromatic unit. Contrary to this, the 

specific capacity of the molecule with two aromatic rings showed a four order of magnitude 

higher specific capacity. From this study, we have identified that the TPA motif facilitates 

the design of efficient organic materials for LIBs. 

Figure. 2.14: UV-Visible Absorption spectra of 

molecules TPA-PDI, TPA-NDI and TPA-Py after 

battery cycling 
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3.1 INTRODUCTION 

Nowadays, energy storage technology is boosted because of depleting fossil fuel sources 

and plenty of available renewable energy sources. Energy Storage devices should not just 

provide the expected energy for the desired demand, again should provide the most 

adaptable, lighter, environmentally sustainable, and cheaper proposal.1-6 However, advances 

in  LIBs technologies execute a revelatory role in portable electronics and automobile 

technologies.7-9 Commercially available LIBs have graphite anode materials and oxides of 

lithium as cathode materials.10 Though these batteries provide long cycle life, energy 

densities are bounded by the number of redox-active position present, and capacities are 

often in the order of ∼200 mAh/g.11 Thus, the dependence is on classic inorganic intercalated 

cathodes,12-15 are not environmentally benign and not commercially feasible. Because nearly 

all inorganic-based cathode contains heavy metals such as Co, Mn, and Fe, thus the use of 

such toxic and geopolitical squabble materials in terms of environmental issues and supply 

chain risk. Hence, such materials force the development of alternatives, which can able to 

seek the understanding between performance and sustainability. However, alternative 

utilization of sustainable and eco-friendly organic cathode,16-18, will significantly reduce the 

use of inorganic materials. Organic material has an attractive prospect that is the tuneable 

molecular core and high structural versatility, which afford an advantage over inorganic 

counterparts. 19-28 these materials cover an entire range of structures, consisting of small 

molecules, polymers, and COF.29,30 Electrochemical activity is finely changed by a wise 

option of functional groups containing lighter elements and power groups which allow for 

large energy and flexibility. For instance, a synthesis of rylene dyes compounds by 

incorporating cyclic anhydride by oxidation of acenaphthene.31 this carbonyl group 

containing rylene dyes clears the probability of a cheaper cathode consisting of high 

theoretical capacity.4 A challenging obstacle and eventually the prime downside of the 

organic cathode at this stage is their solubility in liquid electrolytes. Along with Long-term 

cycling of charging/ discharging, organics materials result in solubilizing in the organic 

electrolyte, leading to an obvious capacity fading. 

Due to the presence of the carbonyl group and extended aromatic structure, rylene 

dyes itself insoluble in liquid electrolytes. But it also comes up with the obstacle that is the 

substantial aggregation of these dyes slowing down the lithium-ion transport in the active 

organic materials.32 Rylene dyes without substitution may undergo cyclic anhydride bond 

opening during charging/discharging, which will lead to a decreased discharge potential.  
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Previously studied TPA (Triphenyl amine) substituent effect on rylene dyes, in terms of their 

electrochemical properties and solubility. It is found that TPA acts as an effective moiety to 

disrupt the aggregation of RIs (rylene imides) without compromising the solubility of the 

molecule in battery electrolytes.33 However, TPA is not an electrochemical active; thus, even 

it helps disturb the aggregation and decrease the solubility due to their extended aromatic 

conjugation with parent rylene dyes but unnecessary increase in the molecular weight of the 

compound, which was getting down to decrease in theoretical capacity.  

To resolve this problem, such as solubility in liquid electrolytes, aggregation, and 

theoretical capacity herein, we introduced naphthalene anhydride substituted rylene imide 

compounds, namely UN-PDI, UN-NDI, and UN-Py. (Scheme 3.1) For synthesizing this 

carbonyl-containing conjugated system, a simple imidization reaction did with amine-

containing anhydride (UN-NH2) and parental Rylene dyes. (PDA, NDA, and PMDA) After 

condensation reaction, the cyclic anhydride group becomes a cyclic imide that is very stable 

thermally and electrochemically. The arrangement of naphthalic anhydride in UN-PDI, UN-

NDI, and UN-Py may be perpendicular to the parent rylene dyes; thus, it’s useful for 

avoiding the aggregation of compounds. However, naphthalic anhydride also has an 

electrochemically active carbonyl group that participates in increasing the theoretical 

capacity of compounds. Even extended conjugation of naphthalic anhydride over rylene 

dyes will help resolve the solubility problem in liquid electrolytes. For long-term cycling, 

we have hypothesized that a large aromatic building blog with an electrochemically active 

carbonyl group could enhance the stability of the organic electrode.34  

3.2 EXPERIMENTAL SECTION 

3.2.1 Chemicals and Materials  

The chemicals and reagents purchased commercially are used as such without further 

purification. Perylene-3,4,9,10-tetracarboxylic dianhydride, (PDA) 1,4,5,8-naphthalene 

(NDA) tetracarboxylic dianhydride, pyromellitic dianhydride, (PMDA) zinc acetate, and 

Imidazole were purchased from Sigma-Aldrich. Hydrazine hydrate and 1,8-Naphthalic 

anhydride were purchased from TCI chemical India. Dimethylformamide (DMF) 

chloroform (CHCl3), Tetrahydrofuran (THF), dichloromethane (DCM), and acetone were 

purchased from Merck Chemicals. A battery-grade salt Bis(trifluoromethane)sulfonamide 

lithium salt (LiTFSI) and Polyvinyl difluoride (PVDF, Kynar HSV900, Arkema Inc., USA) 

was purchased from sigma Aldrich.1 3-dioxolane (DOL), and 1,2 Dimethoxyethane (DME) 
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N-Methyl-2-pyrrolidone (NMP) solvent used for battery performance were purchased from 

Sigma Aldrich (HPLC grade).  

3.2.2 Instrumentation and general Experiments method. 

Structural characterization of molecules was done by recording their 1H and 13C NMR 

spectra at room temperature on Bruker-AVENS, 400 or 500 MHz NMR instruments. 

Deuterated Dimethyl sulfoxide (DMSO-d6) and Sulfuric acid -d2 solution (D2SO4) were 

used as a solvent in a trace amount of TMS as an internal reference. Chemical shifts of all 

compounds are reported in δ ppm downfield to TMS, and peak multiplicities are referred to 

as singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), and multiplet (m). Analytical 

thin-layer chromatography was performed on pre-coated silica gel plates (Kiesel gel 

60F254, Merck). UV-vis absorption spectra were recorded on SPECORD® 210/PLUS, a 

UV-visible spectrophotometer with deuterium and tungsten lamps as the source. The 

morphological characterizations of molecules were performed using FE-SEM with an FEI 

Nova Nano SEM 450. Infrared spectra (IR) were recorded on a Bruker α-T 

spectrophotometer with sample pellets prepared by mixing with 5% w/w in KBr and dried 

under a vacuum before spectra were recorded. Thermogravimetric analysis (TGA) was 

recorded by using PerkinElmer STA 6000 Thermogravimetric Analyzer. Samples were 

scanned from 50 °C to 800 °C with a heating rate of 10 °C/ min under an inert nitrogen 

atmosphere. The cyclic voltammetry experiments were performed in a multi-channel auto 

lab MAC 80038 instrument with a potential range of 1- 4 V vs. Li/Li+. Electrochemical 

Impedance Spectroscopy measurements were done in the frequency range of 10 MHz to 40 

kHz using a Biologic instrument.  The galvanostatic charging/discharging experiments were 

carried out by using CR 2032-type coin cells on a Neware battery testing system (BTS7.5.6, 

Shenzhen, China) in the potential range of 1-4 V vs. Li/Li+. 

Electrode preparation (cathode) 

All the electrochemical measurements were conducted using prepared CR 2032-type coin 

cells assembled in an Ar-filled glovebox. The cathode electrode consisted of 50% wt active 

material (UN-PDI, UN-NDI, and UN-Py), 40%wt carbon black, and 10% wt polyvinylidene 

fluoride (PVDF) as a binder. The mixture was put up in a grinder and N-methyl-2-

pyrrolidinone (NMP) and thoroughly mixed to form a uniform slurry, which was further 

coated onto a carbon-coated aluminum foil. The electrodes were dried under a vacuum at 90 

°C overnight. The coin cells for lithium-ion batteries were assembled by using lithium metal 
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foil as the counter electrode, electrolyte as 1 M LiTFSI in a mixture of DOL/DME (1:1 by 

volume), and Celgard (2325) as the separator.  

 

3.2.3 Synthesis and Characterization. 

The -NH2 group of naphthalic anhydride (UN-NH2) was condensed with rylene 

dianhydrides dyes to prepare compounds (UN-PDI), (UN-NDI), and (UN-Py) (Scheme 

3.1). The detailed synthesis and characterization of compounds can be found below.  

 

  

a) Synthesis of UN-NH2 

Procedure: To a 500 mL round bottom flask equipped with a magnetic stirrer and 1,8-

Naphthalic anhydride (5g, 25.25 mmol) in ethanol (300 mL), and the mixture is allowed to 

be stirred at 80 OC for 1h. After that, slow addition of hydrazine hydride (2.5 mL 75.75 mol) 

was done in the reaction mixture and stirred further for 16 h at the same temperature. The 

completion of the reaction is monitored by TLC. After completion of the reaction, the 

Scheme 3.1: Synthesis of UN-NH2, UN-PDI, UN-NDI and UN-PY 
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ethanol was evaporated by a vacuum evaporator, and the purification of the compound was 

done by recrystallization in DMF and H2O. yield 80 % 1H NMR (400 MHz, DMSO D6, δ, 

ppm): 8.50 (d, 2-H, J- 7.1, Ha), 8.45 (d, J-8.1 2-H, Hb), 7.87 (t, J-7.6, 2-H, Hc), 5.81 (bs, , 2-

H, Hd), 
13C NMR (400 MHz, DMSO D6, δ, ppm): 160.94 (C1 imide carbonyl).), 134.95 (C2), 

131.71 (C3), 131.23 (C4), 127.76 (C5), 126.44 (C6), 122.13 (C7). 

 

 

 

b) Synthesis of UN-PDI 

Figure 3.1: 1H NMR Spectrum of UN-NH2 

Figure 3.2: 13C NMR Spectrum of UN-NH2 

 



Chapter 3: An Insoluble Naphthalic Anhydride based…… 
 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR     Page | 72  
 

Procedure- A 100 mL round bottom flask equipped with a magnetic stirrer was charged 

with PDA (200 mg, 0.51 mmol), UN-NH2 (432 mg, 2.04 mmol), and zinc acetate (catalytic 

amount) taken in imidazole 10 g). The resultant mixture was heated at 150 °C for 24 h under 

an argon atmosphere. After completion of the reaction, the reaction mixture was cooled 

down to 60 °C. Then the product mixture was precipitated by adding 1 N HCl (100 mL). 

The resultant crude product was washed with deionized water until the eluant get neutral. 

The obtained product is washed with chloroform and Acetone to remove excess UN-NH2. 

A sufficient amount of THF washing was given to remove the unreacted PDA (Yield 95 

%).1H NMR (500 MHz, D2SO4, δ, ppm): 9.50 (m, 4-H, Ha), 9.41 (m, 4-H, Hb),9.30 (m, 4-

H, Hc), 9.12 (m, 4-H, Hd), 8.47 (m, 4-H, He). 

 

c) Synthesis of UN-NDI 

Procedure- A 100 mL round bottom flask equipped with a magnetic stirrer was charged 

with NDA (200 mg, 0.74 mmol), UN-NH2 (627mg, 2.96 mmol), and zinc acetate (catalytic 

amount) taken in imidazole 15 g. The resultant mixture was heated at 150 °C for 24 h under 

an argon atmosphere. After completion of the reaction, the reaction mixture was cooled 

down to 60 °C. Then the product mixture was precipitated by adding 1N HCl (100 mL). The 

resultant crude product was filtered and obtained precipitated was washed with deionized 

water and methanol for several until the filtrate became neutral. The obtained product was 

thoroughly washed with chloroform and Acetone to remove excess UN-NH2. Further, the 

Figure 3.3: 1H NMR Spectrum of UN-PDI 
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mixture was washed with DMSO to remove the unreacted NDA. (Yield 75 %). 1H NMR 

(500 MHz, D2SO4, δ, ppm): 9.60 (s, 4-H, Ha), 9.47 (d, J-6.3 4-H, Hb), 9.29 (d, J-7.3, 4-H, 

Hb), 8.62 (m, 4-H, Hd)     

 

 

d) Synthesis of UN-Py 

Procedure- A 100 mL round bottom flask equipped with a magnetic stirrer was charged 

with PMDA (200 mg, 0.917 mmol), UN-NH2 (781 mg, 3.668 mmol), and zinc acetate 

(catalytic amount) taken in imidazole 15 g. The resultant mixture was heated at 150 °C for 

24 h under an argon atmosphere. After completion of the reaction, the reaction mixture was 

cooled down to 60 °C. Then the product mixture was precipitated by adding 1 N HCl (100 

mL). The resultant crude product was washed with deionized water and methanol. The 

obtained product is washed with chloroform and Acetone to remove excess UN-NH2. 

Further, the mixture was washed with DMSO to remove the unreacted PMDA (Yield 60 %). 

1H NMR (500 MHz, D2SO4, δ, ppm): (Ha-proton undergo deuterium exchange), 9.39 (bs, 

4-H, Hb), 9.23 (bs,4-H, Hc), 8.56 (m, 4-H, Hd). 

 

Figure 3.4: 1H NMR Spectrum of UN-NDI 
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3.3 RESULTS AND DISCUSSION. 

3.3.1 UV-Visible absorption spectroscopy  

The optical properties of UN-PDI, UN-NDI, and UN-Py have been explored by UV-Visible 

spectroscopy. At room temperature, a dilute solution of compounds (UN-PDI, UN-NDI, and 

UN-Py) in NMP (N-methyl-2-pyrrolidone) was used to record the UV-Visible spectrum. 

The UN-PDI showed two pairs of sharp peaks, one at 339 nm and 353 nm and the second at 

491 nm and 528 nm, with a calculated frontier orbital difference found to be 2.28 eV (Figure 

3.6). Whereas for UN-NDI and UN-PDI, the sharp peak hypsochromically shifted to 354 

nm, 378 nm, and 339 nm, 354 nm, respectively (Figure 3.6). The frontier orbital difference 

for UN-NDI and UN-Py was recognized as 3.08 eV and 3.37 eV, respectively. Such 

noticeable hypsochromic shifts may be correlated with a fusion of the electron-withdrawing 

group (naphthalic anhydride) with PDA, NDA, and PMDA, leading to a decline in HOMO 

energies in the order of UN-PDI<UN-NDI<UN-Py.  

3.3.2 Fourier transform infrared spectroscopy (FT-IR) 

To confirm functional group presence, the FTIR spectra were recorded for molecules UN-

PDI, UN-NDI, UN-Py, and their parental substituent UN-NH2. As shown in figure 3.7. UN-

PDI, UN-NDI, UN-Py, and UN-NH2 all these compounds show characteristics strong 

absorption peaks at 1692, 1700, 1690, and 1680 cm-1, respectively, on account of 

Figure 3.5: 1H NMR Spectrum of UN-Py 
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unsymmetric stretching vibration of the -C=O- bond of cyclic imide. The further detailed 

starching and  

   

 

Bending vibrations are shown in table 3.1. To differentiate and confirm the synthesis of the 

compound (UN-PDI, UN-NDI, UN-Py) done by the presence of two -NH2- starching peaks 

at 3213 and 3326 cm-1 for UN-NH2 (Primary amine), which become disappear in the final 

compound (UN-PDI, UN-NDI, UN-Py). 

 

Figure 3.6: UV-Visible Absorption spectra of molecules UN-

PDI, UN-NDI and UN-Py before battery cycling 

Table 3.1: FTIR data of UN-PDI, UN-NDI, UN-Py and UN-NH2 



Chapter 3: An Insoluble Naphthalic Anhydride based…… 
 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR     Page | 76  
 

 

3.3.3 Morphological study of molecules before and after battery cycling by Field 

emission scanning electron microscope (FE-SEM) 

As synthesized UN-PDI, UN-NDI, and UN-Py molecules, morphologies were studied by 

FE-SEM. The sample was prepared by dispersing a sample of about 1 mg in 2 mL N-methyl-

2-pyrrolidone (NMP).  After that, 5–10 μL of the dispersed solution was drop-casted on ZP-

P4VP spun silicon wafers.  All three molecules have morphologies of the smooth surface 

sheet (figure 3.8 a,c,e). Generally, the organic molecule is soluble in the electrolyte, which 

results in a remarkable loss of active materials in the electrolyte, and a change in the crystal 

Figure 3.7: FTIR Spectra of UN-NH2, UN-PDI, UN-NDI, and UN-Py. 
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morphology of molecules is also observed. To know the solubility in electrolytes and to 

know the fate of the sheet morphology after cycling, morphology was subsequently 

measured for all three molecules after the 200th cycle. For that, after a 200th charge/discharge 

cycle, a coin cell was dissembled, and the sample coated aluminum foil cathode electrodes 

were washed with acetonitrile and ethanol to wash out the electrolyte and dissolved binder 

(PVDF). After that, the coated electrode materials crashed, and powder was dispersed in 

NMP. A dispersed solution of the sample was drop cast on ZP-P4VP spun silicon wafers, 

and FE-SEM images were recorded. An UN-PDI shows the same smooth sheet morphology 

after the 200th charge/discharge cycle (Figure 3.8 b), whereas UN-NDI also persists with the 

same sheet morphology. (Figure 3.8 d)   

 

Figure 3.8: FE-SEM images of UN-PDI molecule before (a) and after 200 

cycles (b) FE-SEM images of UN-NDI molecule before (c) and after 200 cycles 

(d) FE-SEM images of UN-Py molecule before (c) and after 200 cycles 
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 In the case of UN-py, the sheet morphology was still there, but little increase in surface 

roughness (Figure 3.8 f) of UN-Py. It may be due to the significant interaction of lithium 

with active materials. This experiment indicates no significant change in the morphology of 

any molecules after the 200th cycle. Thus, none of the molecules (UN-PDI, UN-NDI, and 

UN-Py) will be soluble in the electrolyte during charge /discharge experiments. 

3.3.4 Thermogravimetric Analysis (TGA) 

The structure characteristics of UN-PDI, UN-NDI, and UN-Py were further studied by TGA. 

As appears in Figure 3.9 d, all three compounds exhibit good thermal stability in the 

presence nitrogen atmosphere in the temperature of range 50 OC to 800 OC, with a scanning 

rate of 10 OC /min. The results show a much more enhanced inherent stability of three large 

aromatic compounds (UN-PDI, UN-NDI, and UN-Py) as compared with single PDA, NDA, 

and PMDA 33,34 units.  Exhaustively, among series, A lower aromatic unit containing UN-

Py starts to decompose at a temperature of approximately 265 °C. In comparison, UN-NDI 

start decomposing at 360 °C, and A higher aromatic unit containing UN-PDI start 

decomposing at 430 °C. (Figure 3.9 d) It is concluded that the thermal stability increases 

with a backbone having a higher aromatic unit (UN-PDI>UN-NDI>UN-Py) 

3.3.5 Electrochemical performance of molecules. 

3.3.5.1 Cyclic voltammetry (CV) 

Cyclic voltammetry studies were performed by using UN-PDI, UN-NDI, and UN-Py as 

working electrodes, whereas lithium chips as counter and reference electrodes. A potential 

range had been kept between 1V to 4V at a 1 mV/s scan rate.  More than two small redox 

peaks were observed in all these molecules. But the data are following to the CV of 

previously NDA, PDA, and PMDA synthesized cathode materials,35-38, which are generally 

demonstrated by the presence of reversible two-electron transfer throughout the redox 

mechanism respectively. Thus, we have evaluated only two pairs of prominent oxidation 

and reduction large hump here, which further ideally helps to show the possible two-step 

mechanism of lithium intercalation and deintercalation. (In section 3.3.5.3) In detail, UN-

PDI displayed two pairs of redox peaks. The first pair was 2.715 V & 2.38 V, representing 

the intercalation/deintercalation of the first two Li-ions. In contrast, the other two Li-ion 

insertion/deinsertion happens at 1.92 V & 1.73 V. (Figure 3.9 a). However, for UN-NDI 

(figure 3.9 b) and UN-Py (figure 3.9 c), the first lithiation/delithiation 39,40 process was 

observed at 2.60 V/2.26 V and 3.04 V /2.5 V, respectively, whereas second 
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lithiation/delithiation process observed at 1.91 V/1.70V and 2.16 V/1.59 V respectively. 

Moreover, all these redox of UN-PDI, UN-NDI, and UN-Py corresponding to enolization 

processes at the carbonyl moieties are following the plateaus present in their 

charge/discharge curve. 

 

3.3.5.2 Electrochemical Impedance Spectroscopy (EIS) Study. 

 EIS measurements were recorded by a Biologic instrument considering a signal amplitude 

of 5 mV in the frequency between 40 kHz to 10 MHz. To study additional factors that can 

probably outcome, the comparative study of rate performance of UN-PDI, UN-NDI, and 

UN-Py Impedance spectroscopy was used. Impedance spectroscopy was done even to 

evaluate any changes in charge transfer of UN-PDI, UN-NDI, and UN-Py, which generally 

represents the kinetics process of reaction. However, the examinations were conducted by 

taking a fully prepared battery cell with the organic cathode materials (scheme 3.1) and 

Figure 3.9: cyclic voltammograms (a) of molecules TPA-PDI, (b) TPA-NDI, (b) and (c) 

TPA-Py (d) TGA profile of UN-PDI, UN-NDI and UN-Py. 
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anode and lithium chip. An obtained Nyquist plot was fitted using the following equivalent 

circuit.  

 

It appears that UN-PDI, UN-NDI, and UN-Py exhibit similar characteristics in that every 

profile consists of a semi-circle at a high-frequency and a tail low-frequency range. In 

(Figure 3.10 a) appeared EIS diagram before battery cycling, for UN-PDI, UN-NDI, and 

UN-Py have the same electrolyte resistance with a nominal number of approximately 3.7 Ω. 

In the Nyquist plots before battery cycling, at high-frequency region consist of well-defined 

semi-circles corresponding to charge transfer resistance (Rct) of UN PDI, UN-NDI, and UN-

Py. However, the linear line at low frequencies was associated with a Warburg impedance. 

It can be distinctly compared that UN-PDI shows a charge transfer resistance of 79 Ω. 

Further, it was observed to be decreased for compound UN-NDI (70 Ω) and UN-Py (50 Ω). 

(Figure 3.10 a) The charge transfer resistance reveals that a better kinetics reaction and 

electronic conductivity is possible between the UN-Py electrode and the electrolyte as 

compared to UN-PDI and UN-NDI. To know the electronic conductivity after battery 

cycling same cell, impedance was measured after 20 charge/discharge cycles.  It is found 

that there is no significant change observed for  

 

the electrolyte resistance (4 Ω) but charge transfer resistance was decreased subsequently 

for compound UN-PDI (68 Ω), UN-NDI (60 Ω), and UN-Py (43 Ω). (Figure 3.10 b) The 

Figure 3.10: Nyquist plots of fresh UN-PDI, UN-NDI, and UN-Py electrode cell (a) and 

(b) Nyquist plots of after 20th the galvanostatic charge/discharge cycling. 
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obtained charge transfer resistance after the 20th cycle is less than their respective fresh cell 

charge transfer resistance; a probable reason for decreased charge transfer resistance (Rct) 

value may be because of the wetting of the electrodes by the electrolyte throughout the 

battery cycling. It is observed that there is increased conductivity for all molecules after 

cycling, even it not only persists during the process of charge-discharge cycling but also 

sightly increases in the number.  

3.3.5.3 Proposed electrochemical redox mechanism of molecules. 

All synthesized naphthalene anhydride substituted rylene imide UN-PDI, UN-NDI, and UN-

Py. It consists of six electrochemically active carbonyl groups, but only two from the Maine 

core and one carbonyl from naphthalic anhydride moieties participate in the enolate 

formation mechanism in order to avoid charge repulsion and maintain the aromaticity of the 

molecule. All these molecules undergo four-electron transfer during the redox reaction, 

which consists of the following two-step mechanism. 

 

 

3.3.5.4 Galvanostatic charge/discharge experiment 

The galvanostatic charge/discharge profile for molecules UN-PDI, UN-NDI, and UN-Py is 

shown in figures 3.10 a, b, and c. all compounds measure at a 0.2 C rate at potential windows 

1 to 4 V (vs. Li+/Li). In the first charge cycle, UN-PDI, UN-NDI, and UN-Py exhibit a 

specific capacity of 198, 297, and 239 mAh/g, respectively, whereas the first discharge 

capacity for this molecule was found to be 186, 250, and 216 mAh/g respectively which was 

much larger than their theoretical specific capacity (Table 3.2). This is because of the 

generation of the SEI layer on the surface of the electrode. In the charge/discharge profile, 

the discharge curve for UN-PDI found two plateaus cantered at 2.41 V and 1.57 V. (Figure 

3.11 a), whereas UN-NDI and UN-Py discharge curves also exhibit two plateaus at 2.4 V, 

1.57 V, and 2.3V, 1.50 V respectively. (Figure 3.11 b, c). This may be due to the two-step 

reaction of lithiation and dilithiation. These results are nearly coinciding with the results 

obtained from CV. Notably, the curve of charge/discharge voltage profiles was well 
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maintained from the 10th cycle to the 200th cycle, which is clearly indicating the good 

reaction reversibility of all these three cathode materials. 

 

In a long-term cycling experiment, the cycling activity was measured until the 200th 

cycle for each molecule at 0.2 C and 2 C.  All these molecules show stable capacity up to 

the 200th cycle.  In detail, UN-PDI shows 89 mAh/g discharge capacity after the 200th cycle 

at 0.2C with an average Coulombic efficiency is 99%. (Figure 3.11 d) whereas for UN-NDI 

and UN-Py, discharge capacity was 60 mAh/g and 70 mAh/g, respectively, at 0.2 C, while 

maintaining excellent Coulombic efficiency of nearly 99 % for both molecules. (Figure 3.11 

e,f) All these molecules show excellent coulombic efficiency, which is very near to 100%, 

which confirms the good reaction reversibility possible for these molecules. The % decrease 

after the 200th cycle at 0.2 C from its theoretical capacity was found to be 36 %, 63 %, and 

60.4% for molecules UN-PDI, UN-NDI, and UN-Py, respectively. (Table 3.2) This supports 

our hypothesis that long-term cycling stability increases by changing more aromatic 

conjugated systems such as NDA or PMDA to PDA.  

In this set of experiments, we tested all molecules for long-term cycling (200 Cycles) 

at a fast charge and discharge rate (2 C) to know the stability of the fast reaction kinetics of 

the molecules. UN-PDI shows the initial discharge capacity of 130 mAh/g, which is 

decreased to 85 mAh/g after the 200th cycle with very fluctuating coulombic efficiency (90-

105%) (Figure 3.12 a). Whereas molecules UN-NDI show an initial discharge capacity of 

160 mAh/g, which is become 85 mAh/g after the 200th cycle with coulombic efficiency 

between 95-105 %. (Figure 3.12 b). In the case of UN-Py, the initial discharge capacity was 

200 mAh/g, which decreased to 60 mAh/g after the 200th cycle; in this case, up to the 40th 

Table 3.2: Battery metrics for molecules UN-PDI, UN-NDI and UN-Py as a function of 

charge discharge cycles 
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cycle, the coulombic efficiency very much fluctuated, but after the 40th cycle, the coulombic 

efficiency was almost near two 99 %. (Figure 3.12 c). 

The above result reveals that the fast reaction kinetics increases for molecules in the 

order of UN-PDI<UN-NDI< UN-Py, which is further confirmed by their impedance Rct 

(Charge transfer resistance value).  

 

Rate study.  

High-rate stability electrode materials are mostly advantageous for the growth of quick 

charge/discharge batteries. In this study, knowing the stabilities of molecules (UN-PDI,  

UN-NDI, and UN-Py) at the different C rates. Various C rates were applied. Each C rate 

was applied for five consecutive charge-discharge cycles. The C rate was varied between 

0.2 to 30 C, and specific capacity was monitored. For all molecules, the specific capacity 

was found to decrease gradually with increasing C rates (Figure 3.12 d,e f) which are maybe 

due to an increase in the internal temperature of batteries. For UN-PDI at a 0.2 C rate, the 

discharge capacity was 139 mAh/g, which gets reduced to 26 mAh/g at 30 C. (Figure 3.12 

d). When we charge-discharge the same cell at a low C rate (0.2 C), the discharge-specific 

capacity bounced back 132 mAh/g, which was almost near to initial charge-discharge rates 

(0.2 C). (Figure 3.12 d) For UN-NDI at a 0.2 C rate, the discharge specific capacity was 162 

Figure 3.11: Galvanostatic charge/discharge profile curve of (a) UN-PDI (b) UN-NDI and 

(c) UN-Py. Cycling stability at 0.2 C for (d) UN-PDI, (e) UN-NDI, and (f) UN-Py  
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mAh/g which gets reduced to 15 mAh/g at 30 C. (Figure 3.12 e) which was almost 

negligible; the specific capacity was bounced back to 147 mAh/g when we again charge- 

 

discharge the same cell at a low C rate (0.2 C). (Figure 3.12 e) whereas UN-Py at a 0.2 C 

rate, the discharge specific capacity shows 170 mAh/g, which gets reduced to 12 mAh/g at 

30 C. (Figure 3.12 f). Same cells at a low C rate (0.2 C), the discharge specific capacity 

bounced back to 168 mAh g-1, which is almost initial charge-discharge rates (0.2 C). (Figure 

3.12 f) form these studies it’s concluded that none of the above molecules are able to show 

the desired discharge capacity to a high C (10,20,30 C) rate.  

 

3.3.6 Solubility study of molecules in liquid electrolytes. 

3.3.6.1 Electrode Soaking experiment  

For monitoring the effect of naphthalic anhydride substitution on the solubility of the 

synthesized molecule (Scheme 3.1) in battery liquid electrolyte (LiTFSI in DOL: DME 1:1), 

we have taken the prepared electrode of the sample and put it into a battery electrolyte for 

soaking and observed change in colored of an electrode-soaked molecule with respect to the 

pristine electrolyte. As the soaking time changed from 0 days to 7 days, the sample's color 

remained unchanged (Figure 3.13), which clearly indicates the insolubility of UN-PDI, UN-

NDI, and UN-Py in liquid electrolyte.  

Figure 3.12: Cycling stability at 2 C for (a) UN-PDI (b) UN-NDI and (c) UN-Py. Rate 

capability for (d) UN-PDI (e) UN-NDI and (f) UN-Py at different C rate.  
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3.3.6.2 UV-Visible Absorption Spectroscopy after 200th   Cycle  

In this experiment, to check the existence of molecules (UN-PDI, UN-NDI, and UN-Py) 

after the 200th charge/discharge cycling, we analyzed the battery cathode electrode by 

opening the cell after the 200th cycle. For removal, the electrolytes and PVDF (Polyvinyl 

difluoride) were washed with acetonitrile. The crushed powder of the positive electrode was 

mixed in fresh NMP, and UV-Visible absorption spectra were recorded between 250 and 

700 nm. We identified all the peaks corresponding to molecules UN-PDI, UN-NDI, and UN-

Py (Figure 3.14), which exactly match the peak observed before battery cycling. (Figure 3.6) 

Figure 3.13: Photographs of the blank electrolyte and UN-PDI, UN-NDI and UN-Py soaked 

active electrode at 0 days and 7 days respectively.  
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Confirming that dissolution molecules do not happen in electrolytes during the charge-

discharge cycling.  

 

3.4 CONCLUSION 

A simple strategic naphthalene anhydride substituted molecules (UN-PDI, UN-NDI, and 

UN-Py) were synthesized, and their electrochemical performance was tested successfully. 

A naphthalene anhydride substitution was not only helpful in taking part in electrochemical 

reactions, but also it is a valuable moiety for making molecules insoluble in liquid 

electrolytes.  Long-term cycling stability (in %) at a 0.2 C rate for these rylene imide series 

(schemes 3.1) following an order UN-PDI>UN>NDI>UN-Py. All these molecules achieved 

specific capacity to their theoretical capacity, confirming that the proposed reaction 

mechanism was successfully followed during the charging/discharging experiment. UN-Py 

can show fast reaction kinetics compared to UN-PDI and UN-NDI, supported by their small 

charge transfer resistance value and stable coulombic efficiency during high 

charge/discharge rates (2 C). 

 

Figure 3.14: UV-Visible Absorption spectra of molecules UN-PDI, 

UN-NDI and UN-Py After 200th battery cycling 
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4.1 INTRODUCTION   

The energy is created using conventional renewable energy sources, e.g. solar, water, wind, 

and waste energy,1 which can be stockpiled by using fuel cells, supercapacitors, and 

rechargeable batteries.2 Among these all-energy storage systems, rechargeable LIBs have 

emerging popularity because of their high energy density, stable and long cycle life, and less 

ecological footprint.3  even so, LIBs have significant drawbacks such as the addressable low 

theoretical capacity of anode material, which is only 372 mAh/g 4-6 Even one of the leading 

drawbacks need to be addressed that is poisonous metal present in LIBs which brings 

massive energy implementation and pollution, specifically in bulk energy storage 

application.7-9 Despite, inorganic origin electrode is used for industrial purposes. It is 

hazardous and scanty, which brings on the sustainability issue. 10 However, advances in the 

organic cathode are modest compared to inorganic ones. 11-13 Due to the unique properties 

of organic cathode materials such as simplistic molecular engineering, 4,14 cheap, plenty of 

availability, eco-friendly, and high theoretical capacity.13 organic molecules have one more 

attentional advantage: their chemical diversity.15 Till now, widely explored organic 

materials for LIBs are radical organic polymers,13 conjugated polymers,16,17 C=O and C/N-

based compounds, and 18,19 organosulfur compounds.13,17−19 A unfortunate solubility in an 

organic liquid electrolyte, capacity decay, and less cycle stability were often observed in 

these compounds, limiting their applicability. 4, 20 To overcome the solubility issue, many 

attempts have been made, consisting of conductive carbon additives to ensure solidified 

structures4,21 and molecular polymerization of different molecules.22,23   

 However, to overcome such problems, a creative and challenging approach needs to 

be addressed in the present day to enhance the capacities of electrode materials. Diversified 

redox-active molecules were investigated as active materials, including functional groups 

such as C=O, nitroxyl, and, phenoxy; among all, quinone (specific anthraquinone) was 

widely used as active cathode materials due to their adjustable redox potential, large 

theoretical capacities (due to putting on 2e−/2Li+ per quinone unit), structural diversities, 

high rate of redox reaction and ecofriendliness.24-33  

 In this work, we have initially opened the molecular engineering doors and 

synthesized anthraquinone substituted rylene Imides AQ-PDI, AQ-NDI, and AQ-Py 

(Scheme 4.1) by simple imidization reaction of commercially available AQ-NH2 and Rylene 

dyes (PDA, NDA, and PMDA). When our work was in progress, molecule AQ-PDI 

synthesis and their use in potassium ion batteries were reported.34 Due to extended 
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conjugation of two anthraquinone substitutions over PDA, NDI, and PMDA synthesized 

molecule, the solubility in the liquid electrolyte will decrease. Most importantly, the core 

containing AQ-NH2, PDA, NDA, and PMDA has a redox-active carbonyl group. Thus, after 

imidization, the theoretical specific capacity will not be sacrificed for compound AQ-PDI, 

AQ-NDI, and AQ-Py. The increased theoretical specific capacity is 200 mAh/g, 236.9 

mAh/g, and 255.8 mAh/g, respectively, achieved by each molecule considering 6 electrons 

transfer redox mechanism. Anthraquinone arrangement on the rylene dyes (PDA, NDA, and 

PMDA) is expected to be perpendicular which helps facilitate the lithium-ion transfer by 

avoiding the aggregation of molecules.35 However, molecule AQ-PDI shows a 40 % loss at 

0.2 C from its theoretical capacity. In comparison, AQ-NDI and AQ-Py losses were 56% 

and 60% after 150 cycles at 0.2 C. Table 2.2 suggests that highly aromatic conjugated 

compounds containing active carbonyl group highly stable capacity retention for long-term 

cycling.   

4.2 EXPERIMENTAL SECTION 

4.2.1 Chemicals and Materials  

All chemicals and reagents commercially available were used as received without further 

purification. Perylene-3,4,9,10-tetracarboxylic dianhydride, (PDA) 1,4,5,8-naphthalene 

tetracarboxylic dianhydride, (NDA) pyromellitic dianhydride, (PMDA) zinc acetate, 2-

amino anthraquinone (AQ-NH2) and Imidazole were purchased from Sigma-Aldrich. 

Dimethylformamide (DMF), chloroform (CHCl3), Tetrahydrofuran (THF), 

dichloromethane (DCM), and acetone were purchased from Merck Chemicals. A battery-

grade salt Bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) and Polyvinyl difluoride 

(PVDF, Kynar HSV900, Arkema Inc., USA) was purchased from sigma Aldrich.1 3-

dioxolane (DOL), and 1,2 Dimethoxyethane (DME) N-Methyl-2-pyrrolidone (NMP) 

solvent used for battery performance were purchased from Sigma Aldrich (HPLC grade).  

4.2.2 Instrumentation and General Experiments Method.  

Structural characterization of molecules was done by recording their 1H and spectra at room 

temperature on Bruker-AVENS, 400 or 500 MHz NMR instruments. Deuterated Sulfuric 

acid -d2 solution (D2SO4) was used as a solvent in a trace amount of TMS as an internal 

reference. all compounds’ chemical shift was reported in δ ppm downfield to TMS. In 

contrast, peak multiplicities are referred to as singlet (s), doublet (d), triplet (t), quartet (q), 

pentet (p), and multiplet (m). UV-vis absorption spectra were recorded on SPECORD® 
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210/PLUS, a UV-visible spectrophotometer with deuterium and tungsten lamps as the 

source.  The morphological characterizations of molecules were performed using FE-SEM 

with an instrument FEI Nova Nano SEM 450. Infrared spectra (IR) were recorded on a 

Bruker α-T spectrophotometer with sample pellets prepared by mixing with 5% w/w in KBr 

and dried under a vacuum before spectra were recorded. Thermogravimetric analysis (TGA) 

was recorded using Perkin Elmer STA 6000 Thermogravimetric Analyzer. Samples were 

scanned from 50 °C to 800 °C with a heating rate of 10 °C/ min under an inert nitrogen 

atmosphere. The cyclic voltammetry experiments were performed in a multi-channel auto 

lab MAC 80038 instrument with a potential range of 1 to 4 V vs. Li/Li+. Electrochemical 

Impedance Spectroscopy measurements (EIS) were done using a Biologic instrument in the 

frequency range of 40 kHz to 10 MHz. The galvanostatic charging/discharging experiments 

were carried out by using CR 2032-type coin cells on a Neware battery testing system 

(BTS7.5.6, Shenzhen, China) in the potential range of 1-4 V vs. Li/Li+. 

Electrode preparation. (Cathode) 

Working electrode (positive electrode) slurries were prepared by mixing 50% wt. active 

material AQ-PDI, AQ-NDI, and AQ-Py 40 % wt. Carbon black, and 10% wt. polyvinylidene 

fluoride (PVDF) as a binder. The mixture was put up in a grinder with N-methyl-2-

pyrrolidinone (NMP). The mixture was thoroughly mixed to form a uniform slurry; the 

prepared slurry was uniformly coated on aluminum foil and then dried at 90 OC for 12 h in 

a vacuum oven. A circular shape electrode was punched by an electrode puncture machine, 

and a further electrode was transferred to an argon-filled glove box. CR 2032-type coin cells 

were fabricated by busing Li-foil as a counter electrode, working electrode as an above 

organic compound, electrolyte as 1 M LiTFSI in a mixture of DOL/DME (1:1 by volume), 

and Celgard (2325) as the separator. 

4.2.3 Synthesis and Characterization. 

The -NH2 group of anthraquinone (AQ-NH2) was condensed with rylene dianhydrides dyes 

(PDA, NDA, and PMDA) to prepare compounds (AQ-PDI), (AQ-NDI), (AQ-Py), (Ph-PDI), 

(Scheme 4.1). The detailed synthesis and characterization of compounds can be found 

below.  
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a) Synthesis of AQ-PDI 

Procedure- A 100 mL two-neck round bottom flask equipped with a magnetic stirrer was 

charged with PDA (Perylene-3,4,9,10-tetracarboxylic dianhydride) (200 mg, 0.51 mmol), 

AQ-NH2 (454 mg, 2.04 mmol), and zinc acetate (catalytic amount) taken in imidazole (15 

g). The resultant mixture was heated at 150 °C for 24 h under an argon atmosphere. After 

completion of the reaction, the reaction mixture was cooled down to 70 °C. Then the product 

mixture was precipitated by adding 1 N HCl (100 ml). The resultant crude product was 

washed with deionized water until the eluant got neutral. The obtained product is washed 

with Acetone to remove excess AQ-NH2. A sufficient amount of THF has been used to 

remove the unreacted PDA. The final product is a dark red solid (Yield 90 %). 1H NMR 

(500 MHz, D2SO4, δ, ppm):  9.28 (m, 4-H, Ha), 9.16 (m,4-H, Hb), 8.80 (m, 2-H, Hc), 8.62 

(s, 2-H, Hd), 8.52 (m, 4-H, He), 8.26 (m, 6-H, Hf + Hg). 

Scheme 3.1: Synthesis of  AQ-PDI, AQ-NDI and AQ-PY 
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b) Synthesis of AQ-NDI 

Procedure- In A 100 mL two-neck round bottom flask equipped with a magnetic stirrer was 

charged with NDA (1,4,5,8-naphthalene tetracarboxylic dianhydride), (200 mg, 0.74 mmol), 

AQ-NH2 (577 mg, 2.59 mmol), and zinc acetate (catalytic amount) taken in imidazole (12 

g). The resultant mixture was heated at 150 °C for 24 h under an argon atmosphere. After 

completion of the reaction, the reaction mixture was cooled down to 70 °C. Then the product 

mixture was precipitated by adding 1 N HCl (100 ml). The resultant crude product was 

washed with deionized water until the eluant get became neutral. The obtained product is 

washed with Acetone to remove excess AQ-NH2. Further, the mixture was recrystallized in 

dimethyl sulfoxide (DMSO) and water to remove the unreacted NDA and get the purified 

product (Yield 80 %).  1H NMR (500 MHz, D2SO4, δ, ppm):  9.15 (bs, 4-H, Ha), 8.78 (m,2-

H, Hb), 8.59 (S, 2-H, Hc), 8.50 (m, 4-H, Hd), 8.24 (m, 6-H, He + Hf). 

Figure 4.1: 1H NMR spectra of AQ-PDI 
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c) Synthesis of AQ-Py 

Procedure- In A 100 mL two-neck round bottom flask equipped with a magnetic stirrer was 

charged with PMDA (pyromellitic dianhydride) (200 mg, 0.91 mmol), AQ-NH2 (709 mg, 

3.18 mmol), and zinc acetate (catalytic amount) taken in NMP (30 g). The resultant mixture 

was heated at 150 °C for 24 h under an argon atmosphere. After completion of the reaction, 

the reaction mixture was cooled down to room temperature. Then the product mixture was 

precipitated by adding deionized water.  The obtained product is washed with Acetone to 

remove excess AQ-NH2. Further, purification is done by recrystallizing in dimethyl 

sulfoxide (DMSO) water and removing the unreacted PMDA (Yield 90 %).  1H NMR (500 

MHz, D2SO4, δ, ppm):  9.17 (s, 2-H, Ha), 8.70 (d,2-H, Hb), 8.60 (s, 2-H, Hc), 8.50 (m, 4-H, 

Hd), 8.26 (m, 6-H, He + Hf). 

 

Figure 4.2: 1H NMR spectra of AQ-NDI 

 

Figure 4.3: 1H NMR spectra of AQ-Py 
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4.3 RUSULT AND DISCUSSION 

4.3.1 Fourier transform infrared spectroscopy (FT-IR) 

Furthermore, structural information could be evaluated by FT-IR. Detail of functional group 

presence at respective wavenumber for molecule AQ-PDI, AQ-NDI, AQ-Py, and their 

parental substituent AQ-NH2 are shown in figure 4.4. all these compounds show 

characteristics of strong absorption peaks at 1675, 1680, and 1675 cm-1 for AQ-PDI, AQ-

NDI, and AQ-Py, respectively, due to the unsymmetric stretching vibration of the C=O bond 

of cyclic imide. The further detailed starching and bending vibrations are shown in table 4.1. 

To differentiate and confirm the synthesis of the compound (AQ-PDI, AQ-NDI, and AQ-

Py) done by the presence of two -NH2- vibration peaks at 3613 and 3685 cm-1 in AQ-NH2 

(Primary amine), which become disappear in the final compound (AQ-PDI, AQ-NDI, AQ-

Py) after imidization. The presence of ketonic C=O vibrational peak at 1740 cm-1 for AQ-

NH2, which become appears for compound AQ-PDI, AQ-NDI, and AQ-Py at 1711, 1716, 

and 1720 cm-1, respectively.  

  

4.3.2 UV-Visible absorption spectroscopy  

The UV-Vis. absorption spectra were recorded at room temperature by taking a dilute 

solution of compounds AQ-PDI, AQ-NDI, and AQ-Py in N-methyl-2-pyrrolidone (NMP). 

AQ-PDI molecules show a sharp absorption peak at 526 nm, and 488 nm, and one hump at 

450 nm with a calculated frontier orbital difference was 2.27 eV (Figure 4.5). Whereas for 

AQ-NDI and AQ-Py sharp peak was hypsochromically shifted to 377 nm, 357 nm, and 339 

nm, 355 nm, respectively (Figure 4.5). The calculated frontier orbital difference for AQ-

NDI and AQ-Py was observed to be 3.14 eV and 3.36 eV, respectively. Such noticeable 

hypsochromic shifting of the peak is due to the changing core of the rylene dyes from PDA 

to NDA and PMDA. Thus, more aromatic conjugation in AQ-PDI increases the energy of 

Table 4.1: FTIR data of AQ-NH2, AQ-PDI, AQ-NDI, and AQ-Py  
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HOMO, whereas compared to AQ-PDI, the less aromatic conjugation in AQ-NDI and AQ-

Py decreases the energy level of HOMO, which results in an observed peak in the blue shift.  

 

 

 

 

 

 

Figure 4.4: FTIR Spectra of AQ-NH2, AQ-PDI, AQ-NDI, and AQ-Py  
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4.3.3 A morphological study of molecules by Field emission scanning electron 

microscope (FE-SEM) before and after battery cycling. 

The morphological study was done by taking FE-SEM images of AQ-PDI, AQ-NDI, and 

AQ-Py as-synthesized and after the 150th charge/discharge cycle.  The sample was prepared 

by dispersing a sample of about 1 mg in 2 ml N-methyl-2-pyrrolidone (NMP).  After that, 

5–10 μL of the dispersed solution was drop-casted on ZP-P4VP spun silicon wafers. It can 

be seen from figure 4.6a that AQ-PDI shows sheet-type morphology (20 μm) with a smooth 

surface. Whereas AQ-NDI morphology (20 μm) seemed to be a flappy sheet (Figure 4.6c), 

the morphology becomes a long sheet with a smooth surface in AQ-Py. (Figure 4.6e).    

Generally, solubility in liquid electrolytes of active organic materials results in a notable 

loss of active mass in the electrolyte. The change in the crystal morphology of molecules is 

also observed. To know the solubility in liquid electrolytes and the fate of the obtained 

morphology of AQ-PDI, AQ-NDI, and AQ-Py after charge/discharge cycling, 

Figure 4.5: UV-Visible Absorption spectra of molecules AQ-PDI, AQ-

NDI and AQ-Py before battery cycling 
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 morphology was measured by FE-SEM for all three molecules after the 150th cycle. The 

sample was collected after a 150th charge/ discharge cycle. For that, a coin cell was 

dissembled, and the sample-coated aluminum foil cathode electrode was washed with 

acetonitrile and ethanol to wash out the electrolyte and dissolved binder (PVDF). After that, 

the coated electrode materials crashed, and powder was dispersed in NMP. A dispersed 

solution of the sample was drop cast on ZP-P4VP spun silicon wafers, and FE-SEM images 

were recorded. An AQ-PDI shows the same sheet morphology was observed with a powder 

Figure 4.6: FE-SEM images of AQ-PDI molecule before (a) and after 150th cycles 

(b) FE-SEM images of AQ-NDI molecule before (c) and after 150th cycles (d) 

FE-SEM images of AQ-Py molecule before (e) and after 150th cycles (f) 
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mark of carbon black after the 150th charge/ discharge cycle (Figure 4.6b). However, a sheet 

morphology for AQ-NDI and long sheet morphology of AQ-Py still persisted after the 150th 

cycle. (Figure 4.6d, f) Generally, long-term insertion and deinsertion of lithium-ion in active 

materials lead to the form of a crack in the active materials. A change in surface roughness 

was also observed, but here we did not find any significant difference in the surface of active 

molecules. However, all molecule’s morphology shows an intact presence after the 150th 

cycle indicating molecules AQ-PDI, AQ-NDI and AQ-Py will not be soluble in a liquid 

electrolyte. It does present as such on the electrode. 

4.3.4 Thermogravimetric analysis (TGA) 

The thermal stability of all three molecules (AQ-PDI, AQ-NDI, and AQ-Py) was carried out 

by TGA. As shown in figure 4.7d, the thermogram of all compounds offers good stability 

while experimenting with a nitrogen environment in the temperature between 50 OC to 800 

OC while keeping a scanning rate of 10 OC /min. In detail, AQ-PDI start decomposing at 526 

OC (Figure 4.7d), whereas AQ-NDI and AQ-Py start decomposing at 346 oC and 253 oC, 

respectively (Figure 4.7d). This result indicates a much more increase in thermal stability 

than their parental compound, namely PDA, NDA, and PMDA 36,37 units. 

4.3.5 Electrochemical performance of molecules. 

4.3.5.1 Cyclic voltammetry 

Cyclic voltammetry studies were performed using coin cells with AQ-PDI, AQN-NDI, and 

AQ-Py as working electrodes, whereas counter and reference electrodes as lithium foil. The 

redox potential of these molecules was analyzed vs. Li/Li+ through cyclic voltammetry while 

sweeping potential between 1V to 4V (scan rate 1 mV/s). Even though many oxidations and 

reduction peaks were observed in the CV scan here, we have evaluated only two pairs of 

prominent oxidation and reduction large hump here, which further ideally helps to show the 

possible two-step mechanism of lithium intercalation and deintercalation. (In section 

4.3.5.3). AQ-PDI displayed two reduction humps centered at 2.29 and 2.10 V and two 

oxidation humps centered at 2.38 and 2.38 V. (Figure 4.7a) AQ-NDI displayed two 

reduction peaks centered at 2.25, 1.98 V; two oxidation hump centered 2.47, 2.27 V. (Figure 

4.7b). In contrast, AQ-Py also shows two reduction humps centered at 2.14 and 1.95 V and 

two oxidation humps centered at 2.50 and 2.27 V. (Figure 4.7c). For all three molecules, 

ideally, six carbonyl groups take part in the redox process.38 while the first redox peaks, four 

carbonyl groups from two anthraquinone units undergo lithiation/dilithation, and the second 
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redox peaks represent the two-carbonyl group of the core backbone undergoes lithiation/ 

delithiation.39  

 

4.3.5.2 Electrochemical Impedance Spectroscopy (EIS) Measurement. 

Impedance spectroscopy was done to evaluate a detailed and comparative study of the 

kinetic process and internal resistance of electrochemical cells40,41 of molecules AQ-PDI, 

AQ-NDI, and AQ-Py.  A Biologic instrument was used to measure the electrochemical 

impedance spectroscopy at a frequency between 40 kHz to 10 MHz and signal amplitude of 

5 mV. However, examinations were conducted using the fully prepared battery cell with the 

organic compounds’ cathode and (scheme 4.1) the Li-chip as an anode. The equivalent 

circuits were shown in the inset figure 4.8a for evaluating the value of electrolyte resistance 

(Rs), charge-transfer resistance (Rct), and Warburg impedance (W).  It appears that AQ-PDI, 

Figure 4.7: cyclic voltammograms (a) of molecules AQ-PDI, (b) AQ-NDI, (b) and (c) 

AQ-Py (d) TGA profile of AQ-PDI, AQ-NDI and AQ-Py. 
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AQ-NDI, and AQ-Py exhibit similar characteristics, in that every profile consists of a semi-

circle at a high frequency and a tail low-frequency range. Before battery cycling, the EIS 

profile of AQ-PDI, AQ-NDI, and AQ-Py have the same Rs value of approximately 3.2 Ω. 

(Figure 4.8 a). However, all the tested electrode materials of fresh cell Rct value gradually 

decreased from AQ-PDI (95 Ω), AQ-NDI (73 Ω) to AQ-Py (58 Ω) (Figure 4.8 a), indicating 

the rate of lithium-ion transport increases in the order of AQ-PDI<AQ-NDI <AQ-Py. On 

the other hand, it suggests that high fast reaction kinetics are possible for AQ-Py than AQ-

PDI and AQ-NDI. The impedance of the same cells was measured after the 20th 

charge/discharge cycle. It was observed that there was no significant change in electrolytic 

resistance (4.3 Ω). (Figure 4.8 b) But charge transfer resistance was decreased gradually for 

compound AQ-PDI (77 Ω) to AQ-NDI (63 Ω) and AQ-Py (51 Ω). (Figure 4.8 b) The Rct 

value after the 20th charge/discharge cycle was less than their respective fresh cell Rc value. 

It’s because of wetting of the electrode by electrolyte throughout charge/discharge cycling.  

 

 

4.3.5.3 Proposed electrochemical redox mechanism of molecules. 

All synthesized Anthraquinone substituted rylene imide AQ-PDI, AQ-NDI, and AQ-Py; it 

consists of six electrochemically active carbonyl groups. Two anthraquinone carbonyl 

moieties consist of four reductions centered, whereas two reduction-centered carbonyl  

moieties are present at the central organic core. All these molecules undergo six electron 

transfers during the redox reaction, consisting of the following two-step mechanism. 

Figure 4.8: Nyquist plots of fresh AQ-PDI, AQ-NDI, and AQ-Py electrode cell. The 

inset shows the equivalent circuit. (a) and (b) Nyquist plots of after 20th the 

galvanostatic charge/discharge cycling. 
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4.3.5.4 Galvanostatic charge/discharge experiment 

A fabricated CR-2032 type coin cell was used for the galvanostatic charge/discharge 

experiment. Figures 3.9 a, b, and c shows galvanostatic charge/discharge profile for 

molecules AQ-PDI, AQ-NDI, and AQ-Py. All compounds were measured at a 0.2 C rate in 

the voltage window 1 to 4 V (vs. Li+/Li). A first charge cycle for AQ-PDI, AQ-NDI, and 

AQ-Py exhibit a specific capacity of 214, 240, and 278 mAh/g, respectively, whereas the 

first discharge capacity for this molecule was observed at 209, 235, and 290 mAh/g, 

respectively that was much larger than their theoretical specific capacity (Table 4.2). This is 

maybe because of the generation SEI layer over the surface of the electrode. In the 

charge/discharge profile, A discharge curve for AQ-PDI found one well-defined plateau 

centered at 1.89 V (figure 4.9 a), whereas AQ-NDI and AQ-Py discharge curves also exhibit 

only one well-defined plateau at 1.96 V, and 1.856 V, respectively. (figure 4.9 b,c). 

significantly, the shape of the charge-discharge voltage profiles was finely conserved fro 

1st to the 150th cycle, clearly indicating the good reaction reversibility of all these three 

cathodes.  

In the long-term cycling experiment, the cycle stability was measured till the 150th 

cycle for each molecule at 0.2 C and 2 C.  All these molecules show stable capacity up to 

Table 4.2: Battery metrics for molecules AQ-PDI, AQ-NDI and AQ-Py as a function of 

charge discharge cycles 
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150th cycles.  In detail, the discharge capacity of AQ-PDI shows 120 mAh/g after the 150th 

charge /discharge cycle at a 0.2 C rate consisting average Coulombic efficiency is 99%. 

(Figure 4.9 d) AQ-NDI exhibits a discharge capacity of 103 mAh/g, whereas AQ-Py shows 

97 mAh/g discharge capacity after the 150th cycle at 0.2 C with excellent Coulombic 

efficiency between 97-100 % for both molecules. (Figure 4.9 e,f) All these molecules show 

excellent coulombic efficiency between 97-100 %, which confirms that these all molecules 

show good reaction reversibility throughout the 150th charge/discharge cycle. The % 

decrease after the 150th cycle from its theoretical capacity was found to be 40 %, 56 %, and 

60 % for molecules AQ-PDI, AQ-NDI, and AQ-Py, respectively. (Table 4.2) This confirms 

that the long-term cycling stability increases as a function of the increased conjugated 

aromatic unit, such as the stability order for molecules, which is AQ-PDI>AQ-NDI>AQ-

Py, consisting of 4, 2, and 1 Aromatic unit, respectively, in their parent moiety (PDA, NDA, 

and PMDA).   

In this set of experiments, we tested all molecules for long-term cycling (150th Cycle) 

at a fast charge and discharge rate (2 C) to know the stability of the fast reaction kinetics of 

the molecules.  AQ-PDI shows the first cycle discharge capacity of 168 mAh/g that was 

decreased to 105 mAh/g after the 150th cycle with coulombic efficiency between 94-100% 

(Figure 4.10 a). Whereas molecules AQ-NDI show an initial discharge capacity of 150 

mAh/g, which became 66 mAh/g after the 150th cycle with coulombic efficiency between 

95-105 %. (Figure 4.10 b). A molecule AQ-Py shows a first cycle discharge capacity of 149 

Figure 4.9: Galvanostatic charge/discharge profile curve of (a) AQ-PDI (b) AQ-NDI and (c) 

AQ-Py. Cycling stability at 0.2 C for (d) AQ-PDI, (e) AQ-NDI, and (f) AQ-Py  
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mAh/g that was decreased to 85 mAh/g after the 150th cycle with very fluctuating coulombic 

efficiency between 95-105% (Figure 4.10 c).  the above study confirms that the AQ-PDI is 

stable even at a high charge/discharge C (2 C) rate. The decrease in capacity for AQ-NDI 

and AQ-Py at a high C rate may be because of the solubility of molecules in liquid electrolyte 

because battery temperature will increase at a high C rate, and it may be making molecules 

soluble at high temperature.  

Rate study  

To understand the stability of molecules at different C rates, the rate capability was studied 

for molecules AQ-PDI, AQ-NDI, and AQ-Py. The C rate was varied between 0.2 to 30 C, 

and specific capacity was monitored.  Each C rate was tested for five consecutive charge-

discharge cycles. For all molecules, the specific capacity was found to decrease gradually 

with increasing C rates (Figure 4.10 d,e f) which are maybe due to an increase in the internal 

temperature of batteries. For AQ-PDI at a 0.2 C rate, the discharge capacity was 207 mAh/g, 

which gets reduced to 13 mAh/g at 30 C (Figure 4.10d), which is significantly less than the 

theoretical capacity (200 mAh/g) of the molecule AQ-PDI. When we charge-discharge the 

same cell at a low C rate (0.2 C), the discharge-specific capacity bounces back to 168 mAh/g, 

which was almost near to the initial charge-discharge rate (0.2 C). (Figure 4.10d) For AQ-

NDI at a 0.2 C rate, the discharge specific capacity was 211 mAh/g which gets reduced to 

Figure 4.10: Cycling stability at 2 C for (a) AQ-PDI (b) AQ-NDI and (c) AQ-Py. Rate 

capability for (d) AQ-PDI (e) AQ-NDI and (f) AQ-Py at different C rate.  
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14 mAh/g at 30 C.  which is almost negligible; the specific capacity was bounced back to 

147 mAh/g when we again charge-discharge the same cell at a low C rate (0.2 C). (Figure 

4.10 e) whereas AQ-Py at a 0.2 C rate, the discharge capacity was 243 mAh/g, which gets 

reduced to 25 mAh/g at 30 C. (Figure 4.10 f). Same cells at a low C rate (0.2 C), the 

discharge-specific capacity bounced back at 153 mAh/g (Figure 4.10 f), which was observed 

to be less than the initial C rate (0.2 C); this contradictory result may be due to the dissolution 

of active masses in the liquid electrolyte at high C rate. The molecules AQ-Py show a 

discharge capacity of 85 mAh/g at a 20 C rate, which was significantly better compared to 

AQ-NDI (27 mAh/g) and even than AQ-PDI (53 mAh/g). This indicates that superior rate 

behavior is possible for AQ-Py than AQ-NDI and AQ-PDI, which is further confirmed by 

their low Rct values (figure 4.8a).  At an ultra-high C rate (30 C), none of the molecules can 

show a desired specific capacity.  

 

4.3.6 Solubility study of molecules in liquid electrolytes. 

4.3.6.2 UV-Visible Spectroscopy after 150th   Cycle  

The battery working electrode was identified further for the existence of molecules (AQ-

PDI, AQ-NDI, and AQ-Py) after the 150th charge/discharge cycling. The battery cell was 

disassembled after the 150th cycle, and the cathode materials were washed with acetonitrile 

and ethanol to remove the electrolyte and binder (PVDF). The working electrode was 

crashed, and the powder was collected in fresh NMP, and UV-Visible Spectra were 

recorded. The peak corresponds to AQ-PDI, AQ-NDI, and AQ-Py, which were observed in 

figure 4.5, are intact after the 150th charge/discharge cycle (Figure 4.11). This indicates the 

molecule is still there on the electrode after the 150th cycle without dissolving in the 

electrolyte.  
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4.3.6.2 Electrode soaking experiments. 

To monitor the effect of Anthraquinone substitution over solubility of the synthesized 

molecule (Scheme 4.1) in battery liquid electrolyte (LiTFSI in DOL: DME 1:1), we have 

taken the prepared electrode of the sample and put it into a battery electrolyte for soaking 

and observed change in colored of an electrode-soaked molecule with respect to the without 

any electrode (Blank) electrolyte. As the soaking time changed from 0 days to 7 days, the 

sample's color remained unchanged (Figure 4.12), which clearly indicates the insolubility of 

AQ-PDI, AQ-NDI, and AQ-Py in liquid electrolyte.  

Figure 4.11: UV-Visible Absorption spectra of molecules AQ-PDI, AQ-NDI, 

and AQ-Py After 150th battery cycling 
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4.4 CONCLUSION 

We have successfully designed and synthesized anthraquinone substituted, high theoretical 

capacity containing rylene imides derivatives such as AQ-PDI, AQ-NDI, and AQ-Py. We 

have investigated the chemical structure, structural properties, thermal properties, and 

morphological study before applying organic cathode in LIBs. All these cathode materials 

exhibit a first discharge capacity that is higher or near to their theoretical specific capacity 

(Table 4.2), which confirms a stable six electron transfer for each molecule. When we 

applied AQ-PDI, AQ-NDI, and AQ-Py as cathode materials, the LIBs cell showed a 

discharge capacity of 120, 103, and 97 mAh/g at 0.2 C, respectively. This capacity follows 

long-term cycling stability as a function of an increase in aromatic conjugation in the central 

organic core. Poor solubility in liquid electrolyte high-rate capability was achieved due to 

the anthraquinone perpendicular substitution on PDA, NDA, and PMDA. At 20 C, the 

discharge capacity of AQ-Py was 85 mAh/g, indicating that high reaction kinetics are 

possible for the AQ-Py molecules, further confirmed by their low Rct value (58 Ω). 

 

 

 

 

 

 

Figure 4.12: Photographs of the blank electrolyte and AQ-PDI, AQ-NDI and AQ-Py soaked 

active electrode at 0 days and 7 days respectively.  
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5.1 INTRODUCTION   

Rechargeable organic lithium-ion batteries (OLBs), consisting of electro-active organic 

electrodes, appear as future energy harvesting devices.1 due to their inherent features for 

instance tunable specific capacity, abundant availability, and sustainability.2-7 Aromatic 

conjugated imide is deserved to be a favorable grade of electrode materials due to its capacity 

to hold multiple electrons per molecule. Still, it has suffered from several serious 

problems.8-11 first, low practical capacity was observed due to the low utilization rate of the 

carbonyl site.12 Second, the relatively low operating potentials (< 2.5 V vs. Li/Li+) than the 

latest inorganic electrode (>3 V vs. Li/Li+),13-15 which are responsible for limiting their 

energy density. Third, molecular compact π-π staking in the solid-state decreases the 

lithium-ion diffusion coefficient.16-18 Forth, low electronic conductivity and most aromatic 

imides dissolution in the traditional aprotic electrolyte, resulting in self-discharge rate and 

less cyclability.19,20   The above disadvantages and unfavorable outcome, the progress of 

OLBs consisting of small aromatic imides impede continuously.  

 Chemists try to solve these problems through molecular engineering strategy.21-24 

From a molecular structural design and synthesis point of view, adding more redox-active 

groups could enhance the specific capacity. At the same time, the operating voltage could 

be modified by adding an electron-withdrawing substituent. The more aromatic conjugated 

structure will help increase electronic conductivity, which also helps decrease solubility in 

an organic liquid electrolyte and increase charge/discharge rate, and affect redox potential. 

The solubility problem can be solved by synthesizing polymer with a redox-active imides 

group; it will be able to solve the solubility problem but dramatically decrease the discharge 

potential due to the polarization of charges.25,26 

The design for high energy density batteries should have positive electrode materials 

with relatively high average potentials vs. Li/Li+.  Wittstock et al. reported that PDA, NDA, 

and PMDA could be modified by substituent triphenylamine (TPA), which helps to disrupt 

their aggregation as well as simultaneously maintain a low solubility.27 More importantly, 

this extended aromatic conjugation of compound TPA-PDI, TPA-NDI, and TPA-Py shows 

a high first discharge voltage plateau at 3.85 V, 3.75 V, and 3.70 V, respectively. Jun C. and 

et al. synthesized four phthalimide groups connected to benzoquinone (TPB), in which the 

presence of four rigid phthalimide groups lowers the energy of the LUMO, assigning an 

extended delocalized conjugated structure that not only reduces solubility but also resulting 

from that much higher first discharge potential plateau was found at 3.05.28   
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By following the literature, we have addressed two main obstacles for OLBs, i.e., 

solubility in liquid electrolytes and low discharge potential of cathodic materials. We 

designed and synthesized two star-shaped molecules (UN-4 and NDI-4) and used them as 

positive electrodes for LIBs. The high discharge voltage batteries are very demanding 

because they directly affect the energy density of batteries. The expected electrochemical 

outcome of these two molecules was they should increase discharge potential as well as 

decrease the solubility in liquid electrolytes. This hypothesis was supported by our 

molecular design in which molecule UN-4 consist of four naphthalic anhydride group 

connected to benzoquinone, whereas molecule NDI-4 consist of four naphthalic diamides 

(NDI-BA). Both of these molecules consist of extended aromatic conjugation, which will 

help to decrease the solubility in liquid electrolytes, and the extended conjugation is also 

expected to reduce the energy of LUMO29 energy level of molecules, which directly affects 

the discharge potential or reduction potential of batteries.  

5.2 EXPERIMENTAL SECTION 

5.2.1 Chemicals and Materials  

All starting chemicals and reagents provided by the commercial supplier are used as received 

without further purification. 1,8 Naphthalic anhydride, Naphthalene tetracarboxylic 

dianhydride, (NDA) zinc acetate, Tetrachloro-p-benzoquinone, Hydrazine hydrate (80% 

solution), potassium phthalimide, Butylamine, and Imidazole were purchased from Sigma-

Aldrich. Dimethylformamide (DMF), chloroform (CHCl3), Tetrahydrofuran (THF), 

dichloromethane (DCM), and acetone were purchased from Merck Chemicals. A battery-

grade salt Bis(trifluoromethane)sulfonamide lithium salt (LiTFSI) and Polyvinyl difluoride 

(PVDF, Kynar HSV900, Arkema Inc., USA) was purchased from sigma Aldrich.1 3-

dioxolane (DOL), and 1,2 Dimethoxyethane (DME) N-Methyl-2-pyrrolidone (NMP) 

solvent used for battery performance were purchased from Sigma Aldrich (HPLC grade).  

5.2.2 Instrumentation and General Experimental method. 

Structural characterization of molecules was done by recording their 1H and spectra at room 

temperature on Bruker-AVENS, 400 or 500 MHz NMR instruments. Deuterated Sulfuric 

acid -d2 solution (D2SO4), Deuterated chloroform (CDCl3), and Deuterated dimethyl 

sulfoxide (DMSO) were used as a solvent in a trace amount of TMS as an internal reference. 

all compound’s chemical shift was reported in δ ppm downfield to TMS whereas peak 

multiplicities are referred to as singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), and 
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multiplet (m). UV-vis absorption spectra were recorded on SPECORD® 210/PLUS, a UV-

visible spectrophotometer with deuterium and tungsten lamps as the source.  The 

morphological characterizations of molecules were performed using FE-SEM with an 

instrument FEI Nova Nano SEM 450. Infrared spectra (IR) were recorded on a Bruker α-T 

spectrophotometer with sample pellets prepared by mixing with 5% w/w in KBr and dried 

under a vacuum before spectra were recorded. Thermogravimetric analysis (TGA) was 

recorded using Perkin Elmer STA 6000 Thermogravimetric Analyzer. Samples were 

scanned from 50 °C to 800 °C with a heating rate of 10 °C/ min under an inert nitrogen 

atmosphere. The cyclic voltammetry experiments were performed in a multi-channel auto 

lab MAC 80038 instrument with a potential range of 1to 4 V vs. Li/Li+. Electrochemical 

Impedance Spectroscopy measurements (EIS) were done using a Biologic instrument in the 

frequency range of 40 kHz to 10 MHz. The galvanostatic charging/discharging experiments 

were carried out using CR 2032-type coin cells on a Neware battery testing system 

(BTS7.5.6, Shenzhen, China) in the potential range of 1-4 V vs. Li./Li+. 

5.2.3 Synthesis and Characterization. 

The general synthesis of starting compound and their condensed product (UN-4, NDI-4) 

synthesis scheme is shown below.   

a) Synthesis of NDI-BA 

 

 

 

Procedure: To a 100 ml two neck round bottom flask containing magnetic stirred and 

Naphthalene tetracarboxylic dianhydride NDA (2 g 7.46 mmol), in DMF (50 ml). Allow this 

mixture to be stirred for 10 min at 120 OC. After forming a clear and uniform solution, the 

dropwise addition of butylamine (0.5 ml 7.46 mmol) was done for 20 min. and the reaction 

mixture continues to stir for 24 h at 120 OC. the reaction is monitored by TLC, and the final 

product is purified by column chromatography in DCM: PET Ether 80:20 solvent system. 

(Yield 30%). 1H NMR (400 MHz, CDCL3, δ, ppm):  8.82 (s, 4-H, Ha), 4.21 (t,2-H, Hb),1.73 

(m, 2-H, Hc), 1.47 (m, 2-H, Hd), 0.99 (t, 2-H, He).
 13C NMR (400 MHz, CDCL3, δ, ppm): 
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162.23 (C1 imide carbonyl).), 158.86 (C2), 133.14 (C3), 131.20 (C4), 128 (C5), 127.93 (C6), 

126.65 (C7), 122.81 (C8), 40.96 (C9), 30.92 (C10), 20.30 (C11), 13.76 (C12). 

 

 

 

b) Synthesis of Tetra(phthalimido)-benzoquinone (BQ-TM) 

Figure 5.1: 1H NMR spectra of NDI-BA 

 

Figure 5.2: 13C NMR spectra of NDI-BA 
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Procedure: This compound was synthesized by the following literature procedure. 28 Under 

a nitrogen atmosphere, tetrachloro-p-benzoquinone (12.5 g) and potassium phthalimide 

(37.5 g) was added to 125 mL of acetonitrile in a 250 ml round bottom flask, and the reaction 

mixture was stirred for 12h at 80 OC.   After cooling to room temperature, the products were 

filtered and washed with N, N-Dimethylformamide, and hot deionized water (100 OC), 

several times. Finally, the obtained samples were suspended in 50 mL of ethanol and heated 

to the boiling temperature, and the final product precipitated was obtained by vacuum 

filtered. It was then dried in a vacuum oven at 105 oC for 12h. tetra(phthalimido)-

benzoquinone (BQ-TM) (brown-yellow powder) was used as such for the next step.  

c) Synthesis of 2,3,5,6-tetraaminocyclohexa-2,5-diene-1,4-dione (BQ-NH2-4) 

Procedure: This compound was synthesized by the following literature procedure.30 The 

synthesized tetra(phthalimido)-benzoquinone was transferred into a 100 mL round bottom 

flask, into which 120 mL of hydrazine hydrate (80.0 wt%) was added. After being kept at 

65 OC for 2 h. After completion of reaction reaction mixture was cooled and filtered to 

obtained purple 2,3,5,6-tetraaminocyclohexa-2,5-diene-1,4-dione (BQ-NH2-4) (Yield 28 %) 

1H NMR (500 MHz, DMSO-D6, δ, ppm):  4.55 (s, 8-H, Ha). 
 13C NMR (500 MHz, DMSO-

D6, δ, ppm): 179.32 (C1 Ketone), 121.86 (C2). 
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Figure 5.3: 1H NMR spectra of BQ-NH2-4 

 

Figure 5.4: 13C NMR spectra of BQ-NH2-4 

 



Chapter 1: A Star Shaped Conjugated Carbonyl Imides…… 
 

2022-Ph.D. Thesis, Jagadish D. Aher, CSIR-NCL, AcSIR     Page | 121  
 

 

 

 

d) Synthesis of NDI-4 

Procedure for molecule 1: A 50 mL two neck round bottom flask consisting of a magnetic 

stirrer, BQ-NH2-4 (100 mg, 0.59 mmol), NDI-BA (1143 mg, 3.54 mmol), and zinc acetate 

(0.09 g, 0.59 mmol) in imidazole (15 g). The resultant reaction mixture was heated at 150 

°C for 24 h under an argon atmosphere. After completion of the reaction, the reaction 

mixture was cooled down to 60 °C. The product mixture was precipitated by adding 2 M 

HCl. The mixture was filtered through suction filtration, and the resultant crude product was 

washed with deionized water and methanol until the eluant became neutral. The obtained 

product was added to chloroform (200ml) and stirred for hours, and a dissolve NDI-BA was 

removed through filtration. After that, the crude product recrystallizes in DMF and water for 

the obtained final product (Yield 70 %) 1H NMR (400 MHz, CDCL3, δ, ppm):  8.57 (bs, 16-

H, Ha), 4.03 (m,8-H, Hb),1.62 (m, 8-H, Hc), 1.38 (m, 8-H, Hd), 0.93 (t, 12-H, He). 

 

Scheme 5.1: Synthesis of UN-4, and NDI-4  
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e) Synthesis of UN-4 

Procedure for molecule 2: A 50 mL two neck round bottom flask equipped with a magnetic 

stirrer was charged with BQ-NH2-4 (100 mg, 0.59 mmol), 1,8 Naphthalic anhydride (N-AN) 

(700 mg, 3.54 mmol), and zinc acetate (0.09 g, 0.59 mmol) in imidazole 15 g). The resultant 

mixture was heated at 150 °C for 24 h under an argon atmosphere. After completion of the 

reaction, the reaction mixture was cooled down to 60 °C. Then the product mixture was 

precipitated by adding 2 M HCl. The obtained precipitated was filtered through suction 

filtration, and the resultant crude product was washed with deionized water and methanol 

until the eluant became neutral. The obtained product is stirred in acetone to remove excess 

1,8 Naphthalic anhydride (N-AN). The crude product was finally recrystallized in DMF 

water to get UN-4 (Yield 80 %) 1H NMR (400 MHz, D2SO4, δ, ppm):  9.42 (m, 8-H, Ha), 

9.02 (m,8-H, Hb),8.39 (m, 8-H, Hc).  

Figure 5.5: 1H NMR spectra of NDI-4 
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5.3 RUSULT AND DISCUSSION 

5.3.1 Fourier transform infrared spectroscopy (FT-IR) 

Molecular structural analysis was further done by FT-IR The details of functional group 

presence at respective wavenumber for molecules UN-4 and NDI-4 are shown in the FT-IR 

spectrum. (Figure 5.7) Both these compounds show characteristics of strong absorption 

humps at 1660, and 1658 cm-1, due to unsymmetric stretching vibration of the -C=O- bond 

cyclic imide of UN-4, and NDI-4, respectively. An asymmetric stretching vibration of a 

ketonic group of molecule UN-4 and NDI-4 were noticed at 1711, and 1702 cm-1 

respectively. (Figure 5.7) The further detailed starching and bending vibrations of molecules 

UN-4, and NDI-4 are shown in table 5.1. 

5.3.2 UV-Visible absorption spectroscopy  

The UV-Visible absorption spectra of UN-4 and NDI-4 were explored in NMP as solvent. 

In NMP the molecule NDI-4 typical absorption feature with peaks at 380 nm, 360 nm, and 

one hump at 340 nm with a calculated frontier orbital difference was 3.17 eV (Figure 5.8). 

Whereas for UN-4   absorption peak was observed at 356 nm, and 334 nm with a 3.34 eV 

frontier orbital difference (Figure 5.8). More extended conjugation in NDI-4 is expected to 

increase the energy level of HOMO which results in a redshift of peak compared to UN-4.  

Figure 5.6: 1H NMR spectra of UN-4 
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Figure 5.7: FTIR Spectra of UN-4, and NDI-4 

Table 5.1: FTIR data of UN-4, and NDI-4 
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5.3.3 Morphological study by Field emission scanning electron microscope (FE-SEM) 

before and after battery cycling. 

The morphological study of compounds UN-4 and NDI-4 was done by taking FE-SEM 

images as-synthesized and after the 150th charge/discharge cycle.  The sample was prepared 

by dispersing a molecule of about 1 mg in 2 ml N-methyl-2-pyrrolidone (NMP).  After that, 

5–10 μL of the dispersed solution was drop-casted on ZP-P4VP spun silicon wafers and 

dried at 80 OC overnight before recording images. Rough sheet type morphology (1μm) was 

observed for molecule UN-4. (Figure 5.9 a) Whereas the molecules NDI-4 were quickly 

soluble in NMP, thus, the drop cast solution of NDI-4 observed smooth crystalline sheet 

agglomerates (20 μm) in FE-SEM images. (Figure 5.9 b) The morphology fate was checked 

after the 150 th charge/discharge cycle at 0.2 C, generally due to the fast insertion and 

deinsertion of lithium-ion the surface roughness and the surface cracking will observe in 

morphology. To know the significant changes, we have disassembled the coin cell, the 

cathode electrode of the molecule UN-4 seemed intact, with a very sightly brown colored 

electrolyte was seems to stick on the separator. the cathode electrode of Molecule UN-4 was 

crashed and dispersed in fresh NMP. The dispersed solution was drop cast on a silicon wafer 

Figure 5.8: UV-Visible Absorption spectra of molecules NDI-4 

and UN-4 
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and FE-SEM images were recorded. The Morphology of UN-4 seemed intact (as before the 

150th cycle) with embedded in powder spots of carbon black, (Figures 5.9 e) without any 

significant change in surface roughness. After opening the coin cell of molecule NDI-4 after 

the 150th cycle the separator seemed finely colored (reddish-brown) and the coated materials 

on the aluminium foil also seems to be disturbed. We have deep the separator in fresh NMP 

and FE-SEM was recorded. The morphology of the molecule found the same crystalline 

agglomerates, (Figures 5.9 d) indicating that NDI-4 shows significant solubility in the 

electrolyte (1M LiTFSI in DOL: DME 1:1).  

5.3.4 Thermogravimetric analysis (TGA) 

The thermal stability of both these compounds (UN-4, and NDI-4) was recorded by TGA. 

As appears in figure 5.10 a, a thermogram of both compounds offers good stability while 

experimenting in a nitrogen environment between a temperature range of 50 oC to 800 OC 

Figure 5.9: FE-SEM images of UN-4 molecule before (a) and after 150th cycles (b) FE-

SEM images of NDI-4 molecule before (c) and after 150th cycles (d) 
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while keeping a scanning rate of 10 OC /min. In detail, UN-4 start decomposing at 400 OC, 

whereas NDI-4 initiate decomposing at approximately 502 OC (Figure 5.10 a). The thermal 

stability of NDI-4 is high compared to UN-4 due to the presence of four extended aromatic 

NDA-BA groups. The high-temperature stability of these molecules indicates the battery 

prepared from such materials can be operated at a much high temperature. 

 

 

5.3.5 Electrochemical performance of molecules. 

5.3.5.1 Cyclic voltammetry 

Cyclic voltammetry studies were performed using CR 2032-type coin with UN-4, and NDI-

4 as working electrodes (cathode), while, reference electrodes (anode) were thin lithium 

chips. A redox potential of these molecules was analyzed vs. Li/Li+ while sweeping potential 

between 1V to 4V at a scan rate of 1 mV/s. For NDI-4 large reduction peaks were observed 

at 2.6 V and one small reduction hump at 2.03 V whereas, two oxidation hump was noticed 

at 2.3 and 2.38 V (Figure 5.10 b). UN-4 displayed two reduction hump at 3.08, and 2.3 V, 

and two oxidation humps at 2.33 and 2.66 V. (Figure 5.10 b). Here we expected the increase 

in first reduction voltage beyond 3 V. the logic behind the increased reduction potential was 

due to the giant aromatic conjugated delocalized structure of molecules UN-4 and NDI-4. 

The observed first reduction potential for NDI-4 was only 2.6 volts whereas the increase in 

reduction potential was observed for molecules UN-4 (3.08 V) which seems to be high than 

four phthalimide groups connected to benzoquinone (TPB).28 

Figure 5.10: TGA profile of UN-4, and NDI-4, (a) cyclic voltammograms of molecules 

UN-4, and NDI-4 (b)  
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5.3.5.2 Galvanostatic charge/discharge experiment 

Electrode preparation. 

Working electrode slurries were prepared by mixing 50% wt. active material (NDI-4, UN-

4) , 40 % wt. Carbon black and 10% wt. polyvinylidene fluoride (PVDF) as a binder. The 

mixture was put up in a grinder and N-methyl-2-pyrrolidinone (NMP). The mixture was 

thoroughly mixed to form a uniform slurry; the prepared slurry was uniformly coated on 

aluminium foil and then dried at 90 OC for 12 h in a vacuum oven. A circular shape electrode 

was punched by an electrode puncture machine and it was further transferred to an argon-

filled glove box. CR 2032-type coin cells were fabricated by busing Li-foil as a counter 

electrode, electrolyte as 1 M LiTFSI in a mixture of DOL/DME (1:1 by volume), and 

Celgard (2325) as the separator. 

A fabricated CR-2032 type coin cell was used for the galvanostatic charge/discharge 

experiment. Figures 5.11 a, c, shows galvanostatic charge/discharge profile for molecules 

UN-4 and NDI-4. UN-4 electrode cell was measured at 0.2 C rate between potential window 

1 to 4 V (vs. Li+/Li) whereas the NDI-4 electrode cell was measured at 0.2 C rate while 

sweeping potential between 1.5 to 4 V.  A first charge cycle for NDI-4, and UN-4 noticed a 

specific capacity at 133 mAh/g, and 193 mAh/g respectively, whereas the first discharge 

capacity for this molecule was found to be 134 mAh/g, and 201 mAh/g, (Figures 5.11 a, c) 

respectively. The increase in the first cycle observed specific capacity for molecule UN-4 

than their theoretical capacity (calculated by considering six electrons transfer 180.9 mAh/g) 

is because of the generation of an SEI layer over surface of the electrode. Very less observed 

specific capacity first discharge for molecule NDI-4 than their theoretical capacity 

(calculated by considering ten electrons transfer 192.9 mAh/g) is due to significant 

dissolution of molecule in liquid electrolyte. In the charge/discharge profile, the discharge 

curve plateau for UN-4 was found at 3.05 and 1.9 V (Figure 5.11 a) which is in good 

agreement with the CV reduction potential of molecule UN-4. In Figure 5.11a the first 

reduction plateau is may due to the middle benzoquinone group lithiation, whereas the 

second lithiation of four naphthalic carbonyl groups, resulting in the second reduction 

plateau in the charge/discharge profile of UN-4. for molecule NDI-4 two discharge plateaus 

were observed, approximately 2.5 V, and 2.33 V figure 5.11 c which is nearly equal to the 

CV reduction voltage curve in figure 5.10 b. The first reduction plateau may be due to the 
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formation of lithium enolate of the middle benzoquinone group whereas the second 

reduction plateau represents lithiation of four NDA-BA carbonyl groups of NDI-4.  

 

 

In a long-term cycling experiment, the cycle stability was measured until 150th cycle for 

each molecule at 0.2 C.  Molecule UN-4 has shown the specific capacity of 68 mAh/g after 

complete 150th cycle with coulombic efficiency between 95-100 %. (Figure 5.11 b) A 

percentage decrease from the theoretical capacity (180.9 mAh/g) to the 150th cycle was 

67.42 %. For molecule NDI-4 the discharge-specific capacity after the 150th cycle was 

observed at 40 mAh/g with average coulombic efficiency of 95 %. (Figure 5.11 d) A 

percentage decrease in specific capacity after the 150th cycle is 80 % from its theoretical 

specific capacity (192.9 mAh/g) indicating a critical dissolution of molecules in electrolyte 

leads to capacity fading.       

Figure 5.11: Galvanostatic charge/discharge profile curve of (a) UN-4, Cycling stability at 

0.2 C for UN-4 (b) Galvanostatic charge/discharge profile curve of (C) for NDI-4, Cycling 

stability at 0.2 C for NDI-4 (d) 
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Rate study 

 We have further compared the electrochemical activity of molecules UN-4, and NDI-

4.  Figure 5.12 a, b presents the rate capability of both molecule electrodes at different C 

rates. The discharge capacity of both these molecules decreases as the C rate increases from 

0.2 to 30 C whereas the UN-4 electrode exhibits a high discharge capacity between 0.2 C to 

30 C than NDI-4.  A molecule UN-4 displayed first discharge capacity at a 0.2 C rate was 

188 mAh/g which is decreased to 20 mAh/g at a 30 C rate. (Figure 5.12 a) When  same cell 

were charged/discharged at a 0.2 C rate the repeated discharge capacity was found to be 170 

mAh/g that was very near to the starting charge/discharge C rates (0.2 C). the result indicates 

the molecule does not stable much at high C rate (10, 20, and 30C) but significantly stable 

at slow charge/discharge rate. The first discharge capacity for molecule NDI-4 at 0.2 C rate 

was 124 mAh/g which decrease further to only 14 mAh/g at 30 C. (Figure 5.12 b) when the 

same cell charge/ discharge at 0.2 C rate the specific capacity rebounded to only 80 mAh/g.  

Indicating, that even though the NDI-4 presence a more extended conjugated structure and 

high theoretical capacity than UN-4 still unable to attend specific capacity near to their 

theoretical capacity, even at a slow C rate (0.2 C) due to the presence of alkyl chain in the 

molecule, it causes solubility of the molecule in the electrolyte. Due to the solubility of the 

molecule (NDI-4) in a liquid electrolyte, it shows much high-capacity fading.   

 

 

 

5.4 CONCLUSION 

 Figure 5.12: Rate capability for (a) UN-4, and (b) NDI-4 at different C rate 
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we have successfully addressed two main problems associated with organic carbonyl 

conjugated cathode materials i.e., solubility in liquid electrolyte and low discharge voltage 

of cathode materials. UN-4 and NDI-4 compounds formed by the four rigid naphthalic 

anhydrides and NDA-4 group coordination to middle benzoquinone group, thus the structure 

UN-4 was found to be remarkably very less soluble in liquid electrolyte. However, NDI-4 

was found to be dramatically high soluble in liquid electrolytes even presence of aromatic 

extended conjugated structure. Benefiting from this distinctive, application UN-4 cathode in 

rechargeable LIBs build starting discharge capacity of 201 mAh/g at a 0.2 C rate and a high 

initial reduction potential at 3.08 V. On the whole, designing an easy synthetic method 

provided such conjugated carbonyl imide cathode for high energy density LIBs.  
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CONCLUSION AND FUTURE PERSPECTIVES 

6.1 Conclusion 

A thesis entitled “Conjugated carbonyl molecules for lithium-ionthe batteries” highlighted 

A design and synthesis of different rylene substituted conjugated carbonyl imides 

derivatives as the cathode (positive electrode) for LIBs. In the present thesis, the 

electrochemical performance, fast reaction kinetics, solubility issue in the electrolyte, and 

increase in discharge voltage. All these respective parameters for developing ideal lithium 

batteries were tried to achieve by increasing aromatic conjugation of rylene dyes with 

different electrochemically active carbonyl moieties. However, we also successfully studied 

the comparatively effect of various substitutions over rylene dyes and their electrochemical 

performance on lithium-ion batteries. 

 In the first working chapter, we synthesized TPA substituted three rylene Imides 

(TPA-PDI, TPA-NDI, and TPA-Py) and utilized them as electrodes (cathode) in LIBs. 

Triphenyl TPA substitution act as effective moieties for disturbing the aggregation due to 

their propellent type arrangement over rylene dyes. It is also responsible for decreased 

solubility in liquid electrolytes due to the extended aromatic conjugation over rylene dyes. 

However, the molecular weight of molecules is inversely proportional to theoretical specific 

capacity; thus, the molecular weight of the molecules increases in the sequence TPA-

PY<TPA-NDI<TPA-PDI. Though experimental specific capacity also expected the same 

sequence but the observed specific capacity varied in the sequence TPA-NDI<TPA-

PDI<TPA-Py having the 2, 4, and 1 aromatic unit in the central core, respectively. Indicating 

that only molecular weight decrease alone does not impact the enhancement of battery 

performance. All of them exhibit stable specific capacity until 300th charge-discharge cycle 

at a 1 C rate. However, maximum specific energy and specific powers were found to be 197 

mWhg-1 and 37 mWhg-1, respectively. 

In the second working chapter, we synthesized naphthalic anhydride substituted rylene dyes 

derivatives (UN-PDI, UN-NDI, and UN-Py) by simple imidization reaction and 

comparatively studied the electrochemical performance and solubility in liquid electrolyte.  

All molecule was found insoluble in liquid electrolyte even after seven days of soaking time. 

All molecule was able to achieve specific capacity to their theoretical capacity.  Long-term 

cycling stability up to 200th charge/discharge at a 0.2 C rate following an order U-

PDI>UN>NDI>UN-Py. In the third working chapter, we have extended the theme of the 
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second working chapter. The anthraquinone substituted, high theoretical capacity containing 

rylene imides derivatives such as AQ-PDI, AQ-NDI, and AQ-Py was synthesized, and their 

comparative electrochemical performance was studied. The specific capacity of these 

insoluble anthraquinones substituted rylene imide was found to be 120 mAh/g (AQ-PDI), 

103 mAh/g (AQ-NDI), and 97 mAh/g (AQ-Py), at 0.2 C after 150th charge /discharge cycle. 

Among the series, high stability for long term cycling was achieved for AQ-PDI due to their 

extended aromatic conjugated structure. In A fourth working chapter, the high discharge 

voltage was able to achieve for molecule UN-4 compared to molecule NDI-4. The first 

discharge voltage found for molecule UN-4 was 3.08 V which is expected to be high among 

the literature as per our knowledge. The solubility of NDI-4 increases in liquid electrolytes 

due to the alkyl chain present in the molecule, which is further confirmed by less specific 

capacity than UN-4. 

 
6.2 Future Perspective 

 

Developing a cathode electrode for LIBs using a simple and cost-effective method and 

materials has great commercial interest due to the growing demand for energy worldwide. 

Most of the imine and carbonyl Imide compounds are soluble in commercially available 

electrolytes, as well as the compact structure of these electrochemical active imine and 

carbonyl imide structures hinder lithium-ion transport. Thus, here we have an idea for the 

synthesis of a three-dimensional porous covalent organic framework containing plenty of 

electrochemically active imide carbonyl and imine carbonyl (AQPy-COF). Their robust 

covalent polymeric structure will definitely be insoluble in commercial electrolytes, and 

their three-dimensional structure will facilitate lithium smoothly. This will help us develop 

high-energy and power density for LIBs. The synthetic scheme for AQPy-COF as per shown 

below.  
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While searching for new and different cathode materials for lithium-ion batteries, it seems 

that organic cathode materials are expected to be an auspicious candidate for next-generation 

organic batteries because of their easy synthesis, high theoretical capacity, and diversified 

structural modification possible. New demand for rechargeable lithium-ion batteries, such 

as natural abundance, environmentally friendly, and low production cost, precludes us from 

emphasizing heavy toxic metal-based materials; thus, it still imposes cost and resources 

limitation. Significantly, the organic conjugated carbonyl compounds highlight reaction 

reversibility, and multielectron reactions are absolutely suitable for meeting this 

requirement. This thesis aims to develop a cost-effective different organic conjugated 

carbonyl compound as the cathode (positive electrode) for lithium-ion battery application.  

Chapter 1 discussed the recent effort to develop different organic electrode materials for 

LIBs, along with the highlighted significance of organic conjugated compound electrode 

materials over other organic electrode materials. Here mainly emphasizes the main problems 

associated with this organic electrode materials dissolution in an organic electrolyte, low 

electronic conductivity, slow reaction kinetics, and low discharge potentials.  In chapter 2, 

we have prepared TPA-substituted TPA-PDI, TPA-NDI, and TPA-Py and utilized them as 

electrodes in LIBs. Here, we have successfully identified the relationship between molecular 

weight and performance as an organic battery material. In chapter 3, We have synthesized 

the naphthalene substituted rylene dyes compound, namely UN-PDI, UN-NDI, and UN-Py, 

to address the issue of solubility and reaction kinetics and comparative study of 

electrochemical performance in LIBs. In chapter 4, we have extended the same analogy as 

in chapter 3 with an increase in theoretical capacity by six electron transfers in molecule 

AQ-PDI, AQ-NDI, and AQ-Py. In chapter 5, we emphasized the low reduction potential 

problem and solubility associated with organic carbonyl imide and tried to resolve it by 

synthesizing UN-4 and NDI-4-star shaped imide cathode.                                                                                
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Effect of Aromatic Rings and Substituent on the
Performance of Lithium Batteries with Rylene Imide
Cathodes
Jagdish Aher,[a, b] Alexander Graefenstein,[c] Gunvant Deshmukh,[a, b] Kumar Subramani,[a, b]

Bastian Krueger,[d] Mareike Haensch,[d] Julian Schwenzel,*[c] Kothandam Krishnamoorthy,*[a, b]

and Gunther Wittstock*[d]

Rylene imides (RIs) are attractive organic battery materials
because of the inherent modularity of the molecules. While
strong aggregation of RIs is disadvantageous for fast lithium-ion
transport in the organic active material, decreasing the
solubility of the RIs in battery electrolytes is essential to avoid
performance fading. Therefore, the design and synthesis of RIs
for lithium batteries is a non-trivial task that must, among other
considerations, balance lithium-ion transport in the solid
material vs. low solubility by controlling aggregation and

packing. We have chosen triphenylamine (TPA) as a substituent
which disrupts the aggregation but maintains a low solubility
due to increased aromaticity of TPA. We have synthesized three
RIs with one, two, and four aromatic units in the core. All of
them showed stable specific capacity over 300 charge-discharge
cycles. The batteries also showed specific capacities close to
their theoretical capacities with 97–99% coulombic efficiency.
The maximum specific energy and specific power were
197 mWhg� 1 and 37 mWg� 1, respectively.

1. Introduction

Lithium-ion batteries (LIBs) find their wide use in portable
electronic devices,[1–4] despite large efforts to use them for
electrotraction and load levelling in electric grids.[5] While
inorganic intercalation compounds and carbon materials are
routinely used as electrodes in LIB,[6–11] organic molecules are

explored as active materials in LIB due to their light weight,
flexibility, easy processability and potentially unlimited avail-
ability (as compared to transition metal oxides). Among the
tested classes of compounds are conjugated polymers, imides,
quinones, triazines, corroles, triangulenes, tetracyano
quinodimethane.[12–20] Rylene imides are interesting due to the
presence of carbonyl moieties that are attached to a conjugated
backbone (Scheme 1). The lowest unoccupied molecular orbital
(LUMO) energy levels of rylene imides vary as a function of the
number of phenyl rings present in the molecule. This variation
in LUMO offers the possibility to vary the output voltage of the
battery. Due to the advantageous properties of rylene imides,
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Scheme 1. Synthesis of rylene imides 4 (PDI), 5 (NDI) and 6 (PyDI), and the
redox reaction during charge discharge experiment.
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perylene dianhydride was blended with sulfur and incorporated
as an electrode in LIBs.[21] A composite of perylenediimide (PDI)
was prepared in the presence of carbon nanotubes and was
used in LIBs. A series of PDI polymers were prepared for
utilization in LIBs.[22–24] Polar functionalities attached to the PDI
backbones were found to stabilize the battery
performance.[6,25,26] Naphthalanediimide (NDI) is an analogue of
PDI with a smaller aromatic system. Naphthalenedianhydride
(NDA) was polymerized with urea and diamino ethane.[27] The
carbonyl moiety of the urea linker was found to increase the
specific capacity of LIBs based on NDI. The cycling stability and
coulombic efficiency decreased over 150 charge-discharge
cycles. NDA was also polymerized with hydrazine and its utility
in LIBs was studied. During the charge-discharge cycling, the
N� N bond was cleaved, leading to a decrease in specific
capacity. An alkyl group was substituted on the imide nitrogen
of NDI and its performance was compared with that of Li-
substituted NDI.[28] In another set of experiments, NDA was
polymerized with diamino ethane over graphene. Batteries
were fabricated using lithium and sodium electrodes.[29] The
lowest analogue in the rylene imide series is pyromellitic
diimide (PyDI), which has been used in a sodium-ion battery.[30]

LIBs of PyDI showed a specific capacity of 200 mAhg� 1 over 25
cycles.[31] Polymers of PyDI have been prepared and explored in
LIBs.[32]

One of the issues in rylene imides-based LIBs is the decrease
in specific capacity upon charge-discharge cycling. Simple
rylene imides as shown in Scheme 1 are usually insoluble in
common organic solvents, hence they should have been the
material of choice to fabricate LIBs with impressive efficiency.

However, it has been shown that the lithium-ion insertion is
precluded due to close packing of the molecules.[29] Thus, a
substitution at the imide nitrogen is necessary to achieve a
more open packing in the solid state. However, the substitution
can either increase solubility of the material or further
complicate the lithium-ion insertion process. Considering these
issues, we have chosen triphenylamine (TPA) as a substituent
on the imide nitrogen for the following reasons, (i) the absence
of redox process in the charge-discharge window of LIBs, (ii) the
increased aromatic systems that are likely to decrease solubil-
ities, and (iii) the propeller-type arrangement of phenyl rings in
TPA is likely to disrupt the close packing of the molecules and
facilitate lithium-ion insertion and desertion. Using the system-
atically varied compounds shown in Scheme 1, we were
interested in identifying the relation between molecular weight
and performance as an organic battery material. Theoretically, a
decrease in molecular weight should increase specific capacity.
However, in rylene imides, the variation in molecular weight is
accompanied by a variation in the number of aromatic units
that may influence the redox properties for which a systematic
study is not available yet. To address all these issues, we have
prepared TPA-substituted PDI (4), NDI (5) and PyDI (6) and
utilized them as electrodes in LIBs. Compounds 4, 5 and 6
comprise four carbonyl moieties and two imide nitrogens as
common structural motifs. They differ in the number of central
aromatic rings, namely four, two and one for molecules 4, 5 and
6, respectively. While our work was in progress, synthesis and

electrochromic properties of compounds 4, 5 and 6 were
reported.[33]

2. Results and Discussion

The amine-substituted TPA was condensed with rylene dianhy-
drides to prepare compounds 4, 5 and 6 (Scheme 1). The
absorption spectra were recorded using dilute solution of the
molecules in N-methyl-2-pyrrolidone (NMP). Molecule 4 showed
two sharp peaks at 527 nm, 491 nm and a hump at 460 nm. The
frontier orbital difference was found to be 2.3 eV (Figure 1a).
Molecule 5 showed two peaks at 382 nm, 361 nm and a hump
at 341 nm with a frontier orbital difference of 3.19 eV (Fig-
ure 1a).

The frontier orbital difference was calculated to be 4.0 eV
(Figure 1a). Cyclic voltammograms (CVs) of the compounds
were recorded in 0.1 M tetrabutylammonium perchlorate
(TBAClO4) in NMP using a Pt wire as the working electrode, at Pt
foil as the auxiliary electrode and a Ag/Ag+ reference electrode.
The potential of the electrode was cycled between 0 and � 2 V.
The CVs of molecule 4 showed two reduction peaks at � 0.82 V
and � 1.22 V corresponding to the dianion formation. In the
reverse scan, two peaks for the sequential re-oxidation of the
dianion were observed (Figure 1b). Similarly, two reduction
peaks were observed for molecule 5 during the potential sweep
towards � 2 V indicating the formation of the dianion of 5.
Contrary to this, molecule 6 showed only a single reduction
peak indicating the possibility of anion radical formation in the
potential window.

The morphology of the molecular crystals was studied by
SEM and TEM. The samples were prepared using NMP because
this solvent is used to prepare battery electrodes. In the SEM
image of 4, large crystals of rice husk type morphology were
found (Figure 1c). A similar morphology was also in TEM
(Figure 1d). It is necessary to look at the morphology of 4 in the
blends that are used as electrodes in LIB, where the rice husk

Figure 1. Absorption spectra (a) and cyclic voltammograms (b) of molecules
4, 5 and 6. SEM image (c) and TEM image (d) of molecule 4. The scale bars in
(c) and (d) have a length of 10 μm and 0.2 μm, respectively.
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morphology was indeed found (Figure 2a). In order to study the
fate of the rice husk crystal morphology during charge-
discharge experiments (1.5 V to 4.2 V vs Li/Li+) over 300 cycles,
the LIB was opened and the morphology was studied by SEM.
The SEM images indicated the retention of the rice husk
morphology (Figure 2b). The morphologies of 5 and 6 were
found to be long needles (Figure 2c and Figure 2d). The
morphologies of 5 (Figure 2e) and 6 (Supporting Information,
Figure S6a) were retained in their blends. The charge-discharge
cycling caused a change in the surface roughness, but we did
not find significant changes in the morphologies of 5 (Figure 2f)
or 6 (Supporting Information, Figure S6b).

With this information in hand, LIBs were fabricated in pouch
cell configuration using a composite of molecule 4 or 5 or 6,
PVDF as binder and carbon as conductive filler as one electrode
and lithium foil as the counter electrode. Other details of the
cells are provided in the Experimental Section. The charge-
discharge experiment was carried out at various C rates while
sweeping the potential between 1.5 and 4.2 V vs. Li/Li+.

In the first set of experiments, the charging rate was the
same as the discharge rate. The discharge curves of cells with
molecule 4 showed two plateaus between 1.5 V and 4.2 V vs. Li/
Li+ indicating two electron transfers (Figure 3a). Similar charge-
discharge profiles were observed while using
perylenebisimide[34,35] and naphthalenebisimde[36] derivatives in
LIBs. The first plateau changed into a slope upon continuous
cycling. The specific capacity of the first cycle was 55 mAh/g,
which decreased by 13% to 48 mAh/g after 300 cycles (Fig-
ure 3b). The C rate for this experiment was 1 h� 1. Subsequently,
the C rate was varied between 0.2 and 30 h� 1 and the specific

capacity was monitored. The specific capacity decreased
gradually upon increase in C rate. At 30 h� 1, the specific
capacity was 38 mAh/g, which is ~30% less than that observed
at 0.2 h� 1 (Figure 3c). In most batteries, a decrease in specific
capacity is observed with increasing C rates. In all the experi-
ments, the coulombic efficiency was 97%, which did not vary as
a function of cycle number.

In the next set of experiments, the LIB was charged at slow
C rate of 0.2 h� 1, while different C rates between 0.2 h� 1 and
30 h� 1 were applied for discharge. This cell showed a specific
capacity of 61 mAh/g when charged and discharged at 0.2 h� 1.
The specific capacity decreased to 49 mAh/g, when the
discharge rate was increased to 30 h� 1 (Figure 3c). The decrease
is 20% compared to 30% observed for charge and discharge
rate to 30 h� 1. As expected, the performance of the tested LIBs
increased by slowly charging the cell.

In the next set of experiments, molecule 5 was used to
prepare the active cathode material. The discharge curves
showed two plateaus, one between 4.2 and 3.6 V vs. Li/Li+ and
the second between 2.4 to 2.1 V vs. Li/Li+ (Supporting
Information, Figure S8). The two plateaus arise due to two-
electron reductions of two carbonyl groups to two enolate
groups. As shown in Table 1, the specific capacity decreased by
16% after 300 charge-discharge cycles. The decrease in specific
capacity as a function of cycle number is comparable to that of
molecule 4. At charging rate of 0.2 h� 1 and a discharge at the
same rate, the specific capacity was 61 mAh/g. The specific
capacity decreased by 75% to 15 mAh/g upon increase in
charging and discharging rates to 30 h� 1 (Figure 3d). Subse-
quently, the LIB was charged at 0.2 h� 1 and the discharge

Figure 2. SEM image showing the presence of rice husk morphology of molecule 4 in the blends before (a) and after (b) 300 charge-discharge cycles between
1.5 V and 4.2 V. SEM images show the needle-type morphologies of molecule 5 (c) and 6 (d). SEM images show that the battery electrodes do have the
compound 5 before (e) and after (f) 300 charge-discharge cycles between 1.5 V and 4.2 V.
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experiment was conducted at C rates between 0.2 h� 1 and
30 h� 1. At 0.2 h� 1, the specific capacity was calculated to be
64 mAh/g, which decreased by 50% upon increase in C rate to
30 h� 1 (Figure 3d). The 50% decrease in specific capacity for the
LIB with compound 5 at charging/discharging rates of 0.2 h� 1/
30 h� 1 is lower than the 75% loss when charging/discharging at
30 h� 1/30 h� 1, but significantly higher than 20% observed for
the LIB with molecule 4 upon charging/ discharging at 30 h� 1/
30 h� 1.

In the next set of experiments, molecule 6 was tested in the
battery. Unlike molecules 4 and 5, only a single plateau was
observed between 4.2 and 3.4 V vs. Li/Li+ for the LIB made from
compound 6 (Figure 3e). It has been shown that two electrons
are transferred for PyDI between 1.5 V to 3 V vs. Li/Li+.[31] A
decrease of 20% in specific capacity was observed after 300
charge-discharge cycles (Table 1). At 0.2 C, the specific capacity
was 29 mAh/g which decreased by 99% to 0.06 mAh/g at
30 h� 1 (Figure 3f). However, when subsequently charged and
discharged at 0.2 h� 1, the specific capacity bounced back to
27 mAh/g, which is quite close to the 29 mAh/g observed at
the start of the charge-discharge experiments (Figure 3f). There-

fore, the extremely small specific capacity observed at 30 h� 1 is
not due to degradation of the LIB. In fact, this is contrary to an
earlier observation, wherein the experimentally observed
decrease of the specific capacity to 23% was attributed to
dissolution of the PyDI molecules during battery cycling.[37]

Finally, the LIB was charged at 0.2 h� 1 and discharged at C rates
between 0.2 h� 1 and 30 h� 1. The specific capacity of the LIBs
discharged at 0.2 h� 1 (29 mAh/g) decreased by 28% to 21 mAh/
g at 30 h� 1 (Figure 3f). Thus, the capacity is much less sensitive
to high discharge rates (28% loss in specific capacity) than to
high charging rates (99% loss in specific capacity).

We hypothesize that TPA will facilitate lithium-ion diffusion.
To measure the diffusion coefficient of lithium ions (DLi

+),
impedance spectra were recorded and evaluated using the
equivalent circuit in Supporting Information, Figure S9 follow-
ing the reported procedure.[35] From the Nyquist plot (Support-
ing Information, Figure S10), a plot of 1/ω1/2 vs. Z’ was
computed. The slope of this plot is the Warburg factor, which
was used to calculate DLi

+ (Supporting Information, Fig-
ure S11).[35] The highest DLi

+ (3.7×10� 13 cm2s� 1) was observed
for molecule 6, which is an order of magnitude higher than that

Figure 3. a) Charge-discharge profile of molecule 4 at a C rate of 1 h� 1; b) variation of specific capacity with the number of charge-discharge cycles using
molecule 4 as cathode material at a C rate of 1 h� 1; c) specific capacity of a battery with molecule 4 as a function of C rate; d) effect of C rate on the specific
capacity using molecule 5 as cathode material; e) charge-discharge curve of a battery with molecule 6 as cathode material, the C rate was 1 h� 1; and f) specific
capacity as a function of C rate for a battery using molecule 6 as cathode material.

Table 1. Battery metrics for molecules 4, 5 and 6 as a function of charge discharge cycles).

Molecule Charge/discharge
potential window
vs. Li/Li+

Charge/discharge
C Rate

Specific capacity
in first discharge cycle

Specific capacity
in 300th discharge cycle

Relative decrease in
specific capacity 300
charge-discharge cycles
compared to the initial cycle

4 1.5–4.2 V 1 h� 1/1 h� 1 55 mAhg� 1 48 mAhg� 1 13%
5 1.5–4.2 V 1 h� 1/1 h� 1 63 mAhg� 1 53 mAhg� 1 16%
6 1.5–4.2 V 1 h� 1/1 h� 1 25 mAhg� 1 20 mAhg� 1 20%
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observed for 4 (2.3×10� 14 cm2s� 1, Supporting Information,
Table S1). Molecule 6 has one aromatic unit that is attached to
two TPA moieties, hence the closeness of the TPA precludes the
close packing of 6. Thus, the lithium-ion diffusion is faster. On
the other hand, the four aromatic units keep the TPA moieties
apart in molecule 4. Therefore, close packing is still possible in
4 leading to decreased lithium-ion diffusion (Table S1).
Although molecule 4 exhibits the lowest DLi+ among the series
reported in this work, it still showed higher DLi

+ compared to
control molecule 7 with phenyl substituents (Scheme S1). This
corroborates our hypothesis that TPA is likely to facilitate
lithium-ion transport.

In the final set of experiments, we analyzed the battery
electrolyte to identify the presence of dissolved molecules. For
this experiment, the battery was opened after 100 cycles. The
electrolytes were mixed with fresh NMP, which dissolves
molecules 4, 5 and 6. The absorption spectra were recorded
between 250 and 700 nm. We observed all the peaks
corresponding to molecules 4, 5 and 6 (Supporting Information,
Figure S12) confirming the dissolution of molecules during the
charge-discharge cycling. However, this data must be correlated
with battery performance. It must be noted that the decrease in
specific capacity of batteries comprising molecule 4 is 13% after
300 charge-discharge cycles. However, the decrease in specific
capacity is 84% for the control molecule 7 with phenyl moiety
instead of TPA (Scheme S1).[12] Therefore, as hypothesized, the
TPA decrease the solubility of rylene imide molecules in battery
electrolyte. Due to the decreased solubility, the specific capacity
fading is 13% for molecule 4, but the decrease is 84% for
control molecule 7.[12]

3. Conclusion

TPA acts as an effective moiety to disrupt the aggregation of RIs
without causing solubility of the molecule in battery electro-
lytes. The three molecules chosen from the RIs family have
different numbers of aromatic units. The theoretical capacity of
the RIs is expected to decrease with the number of aromatic
rings in the rylene imides core of the molecule. Contrary to this,
the experimental specific capacities varied with the number of
aromatic units in the sequence 1<4<2. Thus, decreasing the
molecular weight alone does not impart improvement in
battery performance. TPA is certainly a good motif to facilitate
lithium ion transport in solid RI molecules and improves the
crystal stability during the charge-discharge experiments. All
the RIs showed impressive cycling stability over 300 cycles.
Molecules with few aromatic core units conjugated with redox
functionality are not suitable for rapid charge-discharge experi-
ments. In fact, we found extremely small specific capacity of
0.06 mAh/g for a molecule with one aromatic unit. Contrary to
this, the specific capacity of the molecule with two aromatic
rings showed a four order of magnitude higher specific
capacity. From this study, we have identified that the TPA motif
facilitates the design of efficient organic materials for lithium-
ion battery.

Experimental Section

Chemicals and Materials

Unless otherwise stated, all the chemicals and reagents were
obtained commercially and used without further purification.
Perylene-3,4,9,10-tetracarboxylic dianhydride, 1,4,5,8-naphthalene-
tetracarboxylic dianhydride, pyromellitic dianhydride, zinc acetate,
copper(II) nitrate hydrate and triphenylamine were purchased from
Sigma-Aldrich. All solvents were purchased from Merck Chemicals.
All solvents used for battery performance tests were of HPLC grade.

General Experimental Method and Instruments

Analytical thin layer chromatography was carried out on pre-coated
silica gel plates (Kiesel gel 60F254, Merck). Column chromato-
graphic purifications were performed with 60–120 mesh sized silica
gel. All 1H NMR spectra were recorded in CDCl3 and DMSO-d6 on a
Bruker arx AV 200 MHz, AV 400 MHz and AV 500 MHz Bruker AVANS
spectrometer. 13C NMR spectra were measured on a Bruker arx
200 MHz AVANS spectrometer. All chemical shifts are reported in δ
ppm downfield to TMS and peak multiplicities are referred to as
singlet (s), doublet (d), triplet (t), quartet (q), pentet (p), and
multiplet (m). UV-vis absorption spectra were recorded on
SPECORD® 210/PLUS, UV-visible spectrophotometer. LC-HRMS anal-
ysis was carried out on a Thermo Fisher instrument. An electro-
chemical analyzer CHI660 (CH Instruments) was used to record the
cyclic voltammograms of the prepared molecules 0.1 M tetrabuty-
lammonium perchlorate (TBAClO4) in NMP in a three-electrode
setup with a Pt working electrode, Pt foil as the auxiliary electrode
and a Ag/Ag+ reference electrode. TEM imaging was performed
with a Jeol 1200 EX transmission electron microscope. The samples
were prepared by drop casting (5–10 μL of 5×10� 4 M) of the
sample on the carbon-coated copper grids (400 grids, Ted Pella)
and dried at 50 °C for 12 h. SEM imaging was done with a Helios
Nanolab 600i system (FEI Company, Eindhoven, The Netherlands) at
10 kV accelerating voltage. The sample was prepared by drop
casting 5–10 μL of 5×10� 4 M solution of the molecules on ZP-P4VP
spun silicon wafers.

The positive electrode consisted of either 4 or 5 or 6 as the
electrochemically active material, PVDF (Kynar ADX 111) as a binder
and carbon black (TIMCAL ENSACO Super C 65) as a conductive
additive. The composition of those components was TPA/PVDF/
carbon black=60%/10%/30% by mass. The compounds were
mixed with N-methyl-2-pyrrolidone (NMP) as solvent and coated on
copper foil. Subsequently, electrodes with an area of 2×2 cm� 2

were punched out after drying. Lithium was used as the negative
electrode, 1 M LiPF6 in EC:DEC (1 :1, mass ratio) as the electrolyte
and Whatman® GF/A as separator. All cells were assembled in a
glove box under argon atmosphere. Charge-discharge cycles were
run with three replicates for each compound. After charge-
discharge cycling, the separator was washed with NMP and UV-vis
absorption spectra were recorded.
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