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ABSTRACT 
The development of supramolecular frameworks with tailored structural 

features remains challenging. Here, we report a novel cobalt-based 

functionalized layered framework (Co-MOF) synthesized via a mixed-

ligand strategy using Azopyridine (AzPY) and 2,3,5,6-tetrafluoro-1,4-

benzenedicarboxylic acid (TF). The framework possesses unique 

structural advantages, including stable hydrogen bonding, π-π stacking, 

and a fluorinated functionalized network. Co-MOF features a Co(O₄N₂) 

coordination environment with two coordinated water molecules, 

contributing to an extended hydrogen-bonding network. Its 

electrochemical performance as an electrode material for 

supercapacitors was evaluated. Electrochemical analysis reveals that 

Co-MOF exhibits a significantly higher specific capacitance of 956 F 

g⁻¹ at 1 A g⁻¹, along with an excellent cycling stability. Real-time device 

performance further confirms its enhanced energy density. These results 

highlight the potential of integrating electroactive building blocks with 

functionalized frameworks into real-world applications to achieve 

superior electrochemical properties. By precisely controlling ligand 

size, functional groups, and solvent-mediated synthesis, this strategy 

paves the way for the design of next-generation electrode materials for 

high-performance supercapacitors. 

Keywords: Functionalized layered framework; H-bonding; π-π 

stacking; supercapacitor performance; ASC device. 
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   Chapter 1 

INTRODUCTION 
 

1.1 Metal-organic framework 

Metal-organic frameworks (MOFs) are crystalline porous materials 

made up of organic and inorganic components. They are constructed 

from metal ions or clusters (called nodes or secondary building units, 

SBUs) that are coordinated to organic molecules called linkers. The 

linkers connect the metal centers in a highly ordered, cage-like 

structure with a very high internal surface area. MOFs differ from 

traditional porous materials with a complicated structure, tunable 

porosity, and various structures.1 While Zeolites are based on purely 

inorganic materials, MOFs have an easily tailored structure and 

chemistry of the framework, making them an attractive platform of 

materials that researchers can design and implement for various 

applications.2 Research on MOFs has been relatively active for the 

last few decades, particularly because they may be directed to 

encapsulate guest molecules based on their size or shape. MOFs are 

highly versatile, and their tunable design can accommodate 

numerous functional groups, which would add additional properties 

and expand their literature applications.3  

 

Figure 1.1: Schematic representation of MOFs.4 
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Compared to traditional microporous materials, MOFs have the 

advantage of design flexibility. MOFs are made from coordination 

bonds between metal atoms and an organic linker, which come 

together to form periodic porous crystalline materials. We call these 

porous coordination polymers (PCPs) depending on the metal 

center. The coordination chemistry alone has yielded thousands of 

unique MOF architectures. The porous nature of the MOFs also 

makes for a confined environment in which new chemical reactions 

and physical phenomena can take place.5 As a result, MOFs have 

become a popular focus in materials chemistry, also bridging 

chemistry, going into areas like cluster chemistry, organic synthesis, 

and crystallography. The applications of MOFs are vast and growing 

at a rapid pace. The fact that they can selectively catch certain 

molecules while allowing others to pass through is desirable for the 

separation process. Their high surface area allows for high-volume 

gas adsorption to increase storage options.6 In MOF, the organic 

linkers are almost entirely based on carboxylic acids, 

organophosphorus compounds, sulfonic acids, or heterocyclic 

molecules. The linkers can be linear, bent, or angular and influence 

the geometrical framework and pore structure. The reactivity and 

thermal stability of these linkers will also alter the surface area and 

thus the performance. Consequently, the geometry of a MOF is 

determined by both the spatial disposition of metal centres and the 

geometric parameters of the organic linkers.7 



 

 

3 

 

 

Figure 1.3Organic linkers used in MOFs.8 

When it comes to MOFs, synthetic techniques mostly focus on the 

creation of metal-containing nodes and the coordination bonds that 

form between them. MOFs began with the goal of making inorganic-

organic hybrid porous materials that acted like zeolites, in that they 

could employ the structural features of inorganic porous materials, 

while also being tunable by a wide range of organic moieties. In most 

early examples of MOFs, single-metal-ion nodes were more likely 

utilized, with the metal-based building units forming the nodes and 

the coordination bonds forming in situ through a one-pot synthesis.9 

While organic linkers are most often pre-designed and chemically 

intact through the assembly process, the geometry of these ligands 

strongly determines the topology (and therefore also the possible 

diversity of structures) of the resultant MOF. By systematically 

varying metal-containing units and organic linkers, to form MOFs 

with particular functionalities, researchers created a practically 

limitless variety of MOFs - not just in structure but also in chemical 

properties and functionalities - for nearly every conceivable 

application.10 
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One difficulty associated with MOF synthesis is interpenetration, or 

the formation of multiple frameworks within large internal cavities, 

thereby reducing pore volume. This can be addressed by using 

linkers with the right size and geometry, for example. The size of the 

pores and the arrangement of cavities can be finely tuned by limiting 

the degrees of other properties of the metal centers and ligands, 

together with the reaction conditions. Also, the integration of MOF 

research with other fields of science has helped push the progress 

and development of this discipline, and allowed advanced materials 

for catalysis, gas storage, sensing and more.4 

1.2  General Synthesis Protocol of MOFs 

 

 

                                        Figure 1.3: Synthesis methods of o MOF 
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1.2.1 Hydrothermal method 

The hydrothermal method involves the self-assembly of products 

from soluble precursors. Initially used for synthesizing zeolites, this 

technique has also been adapted for the synthesis of metal-organic 

frameworks (MOFs). The process takes place in a sealed autoclave 

under autogenous pressure, with operational temperatures ranging 

from 80°C to 260°C. The cooling rate at the end of the reaction can 

significantly influence the outcome. However, these methods often 

require long reaction times, sometimes several days for solvothermal 

and hydrothermal techniques, and even weeks for the diffusion 

method.11 

 

1.2.2 Microwave method 

Microwave-assisted MOF synthesis involves heating solutions with 

microwaves to form nanosized metal crystals. Although less 

common for crystalline MOFs, this rapid method allows precise 

particle shape and size control. Uniform seeding conditions are 

created, shortening the synthesis cycle. Suitable conditions include 

saturated solutions and temperature-dependent solubility, enabling 

crystal formation during cooling.12 

 

1.2.3 Electrochemical method  

The electrochemical method produces MOF powders industrially, 

offering advantages over solvothermal methods: no anions from 

metal salts, lower temperatures, and faster synthesis. In-situ metal 

ion generation near the support surface prevents unwanted crystal 

accumulation. Lower temperatures minimize thermal cracking 

during cooling. Electrochemical synthesis allows precise control via 

voltage adjustment or signal application (e.g., pulses), enabling fine-

tuning.12 

 

1.2.4 Mechanochemical synthesis                                  
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Mechanochemical synthesis uses mechanical force to initiate   

chemical reactions, avoiding solvents and reducing 

environmental impact. This method has been applied in various 

fields, including MOF synthesis, with benefits like: 

- Ambient temperature reactions 

- Short reaction times (10-16 minutes) 

- Quantitative yields 

- Water as the only byproduct (when using metal oxides) 

- Structure-directing properties with liquid-assisted grinding 

(LAG) and ion- and liquid-assisted grinding (ILAG).13 

1.2.5 Sonochemistry Method 

Sonochemistry uses high-energy ultrasound (20 kHz - 10 MHz) 

to initiate chemical reactions. Cavitation creates microjets, 

dispersing particles and activating surfaces. Reactions occur in 

cavities, interfaces, or bulk media, leading to radical formation, 

bond breakage, and excited molecules. Sonochemistry enhances 

dissolution and is widely used in organic and nanomaterial 

synthesis. In MOF science, Sono chemical synthesis aims to be 

quick, eco-friendly, energy-efficient, and easy to use at ambient 

temperatures. Rapid reactions make it suitable for scaling up 

MOF production.14 

1.3 Application of MOFs 
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                                        Figure 1.4:  Applications of MOF 

Metal-organic frameworks (MOFs) have a wide range of applications, 

including:  

➢ Gas storage and separation: MOFs are used for gas storage and 

separation, and their pore structure can be adjusted to achieve this.  

➢ Adsorption: MOFs are used in adsorption, a technique that's used to 

remove contaminants from water.  

➢ Drug delivery: MOFs are used as carriers for drug delivery, allowing 

them to carry active compounds through the body.  

➢ Biosensing: MOFs are used in biosensing for molecular detection, 

protein analysis, and cell imaging.  

➢ Energy storage and conversion: MOFs have applications in energy 

storage and conversion.  

➢ Catalysis: MOFs are used as catalysts in industrial processes.  

➢ Wastewater treatment: MOFs are used in wastewater treatment, 

especially for removing dyes. Hydrogen storage: MOFs can store 

hydrogen because of their large surface area.  
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MOFs are versatile and tunable materials, and their applications are 

expanding rapidly. They are used in a wide range of fields, including 

chemistry, electronics, biomedicine, and more.15 

1.3.1 Metal-Organic Frameworks for Energy Applications 

The need for energy storage has intensified due to the depletion of fossil 

fuels and climate change concerns. Renewable energy sources require 

efficient storage solutions to address intermittency. Traditional batteries 

have limitations in energy density, charge/discharge rates, and lifespan. 

Supercapacitors offer a promising alternative, storing energy through 

charge separation on electrode surfaces. They excel in high-energy 

storage, rapid charge/discharge cycles, and prolonged lifespan, making 

them ideal for applications where batteries fall short.16 Supercapacitors 

(SCs), as a promising energy storage solution, have attracted 

considerable interest for their high power capability, exceptional safety, 

and reliable cycling stability.17 

To enhance eco-friendly energy conversion and storage technologies, 

developing highly efficient and durable catalysts and electrode materials 

with optimal electrochemical and photochemical properties is crucial. 

Tailoring compositions and nanostructures can introduce 

multifunctionality, increase surface area, and reduce charge carrier 

transport distances. This rational design approach enables: 

- Enhanced active site accessibility 

- Suppressed electron-hole recombination 

- Improved kinetics 

MOFs have garnered significant research interest for energy storage in 

supercapacitors because of their exceptional properties, including: 

❖ High surface area: MOFs have extremely high surface areas, 

allowing for efficient storage of energy carriers like hydrogen 

and carbon dioxide. 

❖ Pore size: MOFs pore sizes can be tailored to suit specific energy 

storage applications, enabling selective adsorption and 

desorption of energy carriers. 
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❖ High thermal stability: MOFs exhibit excellent thermal stability, 

making them suitable for high-temperature energy storage 

applications. 

❖ Chemical stability: MOFs are resistant to chemical degradation, 

ensuring long-term performance in energy storage applications. 

❖ Flexibility: MOFs can be designed to store various energy 

carriers, including gases, liquids, and ions. 

❖ Scalability: MOFs can be synthesized in large quantities, making 

them suitable for industrial-scale energy storage applications. 

❖ Low cost: MOFs can be synthesized from abundant and 

inexpensive materials, reducing production costs. 

❖ Environmental friendliness: MOFs are non-toxic and non-

corrosive, making them an environmentally friendly option for 

energy storage. 

As one of the most important energy storage devices, SCs with both 

high-power densities and energy densities can bridge the gap between 

conventional capacitors and rechargeable batteries. Specifically, hybrid 

SCs normally constructed with capacitor-type electrodes and battery-

type Faradaic electrodes, and asymmetric supercapacitors constructed 

with capacitor-type and pseudocapacitive electrodes have attracted 

much attention due to the high-power densities and energy densities. 

SCs are commonly recognized as an up-and-coming energy storage 

technology for the forthcoming generation. The primary factors 

contributing to their rapid charging/discharging capabilities and longer 

cycling life are well-documented in many sources. MOFs possess 

conductivity and show great potential in various fields, particularly in 

supercapacitors (SCs). The conductivity in the MOFs arises mainly from 

pathways that enable ion or electron transport between the inorganic 

components and the framework's structure.18  Applications of this span 

multiple fields, including energy storage. In recent years, significant 
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advancements have been made in modifying Metal-Organic 

Frameworks (MOFs) for direct use as supercapacitor electrodes   

 

 



 

 

11 

 

      

Chapter 2 

OBJECTIVES 

• Synthesis of a functionalized Metal-organic framework (MOF).  

• Development of MOF-based electrode materials for energy 

storage applications     

• To extensively characterize material properties of the 

synthesized metal-organic framework using various techniques 

like Single crystal XRD, Powder XRD, SEM, FESEM, TEM, 

FTIR, BET, and TGA 

• To investigate the electrochemical properties of the synthesized 

metal-organic framework  

• To fabricate the device for practical applicability. 

• To understand and explore the workings of many instruments. 
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Chapter 3 

MOTIVATION 
The world faces an unprecedented energy crisis, with escalating global 

demands and an urgent need to transition to alternative energy sources. 

Efficient energy storage solutions have become critical to addressing 

this challenge. Traditional energy storage systems often struggle to meet 

the growing demand. Electrochemical storage solutions, like batteries 

and supercapacitors, are pivotal in addressing this critical need. 

Characterized by their high surface area and tunable porosity, MOFs 

offer a promising solution for enhancing energy storage capacities.19 

By focusing on MOF-based materials, we aim to develop systems that 

can store energy more effectively and sustainably, addressing one of the 

most pressing challenges of our time. MOFs possess a unique 

combination of properties, including tunable pore sizes and diverse 

chemical functionalities. This versatility allows for the customization of 

electrode materials to optimize performance based on specific 

applications, such as batteries and supercapacitors. For instance, the 

ability to manipulate the structural parameters of MOFs can lead to 

enhancements in ion transport and conductivity, critical factors for 

efficient energy storage.20 Exploring this adaptability is crucial for 

advancing energy storage technologies. Despite the promise of MOFs, 

significant gaps remain in understanding their interactions and 

performance as electrode materials. The complex relationships between 

MOF structures and their electrochemical properties require thorough 

investigation. Addressing these gaps not only contributes to the 

fundamental understanding of material science but also paves the way 

for innovative applications in energy storage.21 

We aim to design and synthesise an affordable, high-

performance functionalised MOF and develop Metal-Organic 

Framework-based electrode materials for supercapacitor applications. 

This involves creating and synthesizing novel MOF structures with 

optimized characteristics. 
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Chapter 4 

 LITERATURE SURVEY 

Specifically designed advanced materials offer a great advantage to 

renewable energy with significant potential to reduce environmental 

carbon emissions by eliminating greenhouse gases and pollutants.22,23 

As global energy demands rise and technology advances, efficient 

energy storage systems have become indispensable. Batteries and 

supercapacitors represent pivotal technologies for energy storage.24 

However, the inherent limitations of batteries have redirected significant 

research focus towards supercapacitor materials. Supercapacitors are 

ideal for applications requiring fast energy delivery and durability.25,26 

These attributes position supercapacitors as a critical area of research, 

with the synthesis of unique structural features and materials, and 

stability of high-performance electrode materials playing a key role in 

advancing innovative and sustainable energy storage solutions for future 

smart energy devices.27,28 

Metal-organic frameworks (MOFs) are a distinctive class of crystalline 

materials formed by linking organic molecules with metal ions, resulting 

in highly ordered frameworks with exceptional versatility.29,30 The 

layered framework is a subclass of 2D MOFs that possesses  structural 

features suitable for energy applications, including a sheet-like layered 

structure, abundant active sites, a large surface area, and is extended via 

stable hydrogen bonding (H-bonding) and π-π stacking.31 In addition to 

stacking, the strong in-plane covalent bonds support electron 

delocalization within ultra-thin two-dimensional structures, improving 

their electrochemical performance and making them highly suitable for 

electrical device applications. These layered frameworks can be 

functionalized to achieve specific properties.32 

Functionalization is an effective strategy for improving the properties of 

electrode materials.. 33,34 Halogen-functionalized electrode materials 

have demonstrated significant potential in enhancing the performance of 

energy storage devices, especially in supercapacitors (SCs).35 The 

synergistic properties of halogen-functionalized materials help in 
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22enhancing the efficiency of supercapacitors. These strategies are well 

documented in the literature, but most of the studies were explored via 

heteroatom-doped functionalization strategies. Zhu et al. reported the 

synthesis of an F, N co-doped porous carbon nanosheet (F/N–CNS), 

which exhibited fast reaction kinetics and enhanced pseudocapacitive 

properties.36 Similarly,  ZIF-67 was utilized as a precursor to develop N, 

F dual-doped hierarchical nanoporous carbon polyhedron (NFHPC), 

which, as a negative electrode material achieved an impressive specific 

capacitance of 305 F g-1 at a current density of 1 A g-1.37 A 

comprehensive investigation into this area is crucial to unlocking new 

opportunities for optimizing energy storage systems and addressing the 

growing demand for high-performance, sustainable energy solutions.38 

Fluorine (F), as the most electronegative element (4.0) among halogens 

and other non-metals, causes a significant concentration of electron 

density on polarized C–F bonds, which imparts superior properties to 

fluorine-functionalized electrode materials. Compounds having 

abundant semi-ionic C–F bonds demonstrate enhanced electronic 

conductivity and an increased number of active sites, making them 

highly efficient as electrode materials.35,39 

Inspired by the idea of functionalization, we designed a fluorinated 

cobalt framework, having desirable structural features such as extension 

of the layered framework via H-bonding and π-π stacking. This novel 

electrode material for supercapacitors was synthesized via a slow-

diffusion method at room temperature (RT) by using a mixed-ligand 

strategy, where TF (2,3,5,6-tetrafluoro-1,4-benzenedicarboxylic acid) 

and AzPY (4,4′-azopyridine) are used as ligands. Functionalization 

improves the electrochemical properties of layered frameworks, and the 

H-bonded network provides stability, while the mixed-ligand approach 

incorporating carboxyl-rich and nitrogen-donor linkers further enhances 

their performance.40 Additionally, the crystal structure of cobalt-based 

layered frameworks shows greater tunability and superior 

physicochemical properties compared to other systems. 



 

 

17 

 

Chapter 5 

 

EXPERIMENTAL SECTION 

5.1 Materials:  

2,3,5,6-tetrafluoro-1,4-benzenedicarboxylic acid (TF) and Azopyridine 

(AzPY) were obtained from Sigma-Aldrich. Co(NO3)2·6H2O, and N, N-

dimethylformamide were procured from Merck and SRL Chemicals and 

used without further purification. Deionized water (DI) was used to 

prepare electrolytes. 

5.2 Physical Measurements: Single-crystal analysis was conducted at 

low temperatures using a CCD-equipped SuperNova diffractometer. 

Powder X-ray diffraction (PXRD) was performed with Cu Kα radiation 

(λ = 1.5406 Å) on a Rigaku SmartLab X-ray diffractometer. The FT-IR 

spectrum, ranging from 4000 to 400 cm⁻¹, was recorded using a Bio-Rad 

FTS 3000MX instrument with KBr pellets. Thermogravimetric analysis 

(TGA) was carried out on a METTLER TOLEDO TGA/DSC1 system, 

employing STARe software at a heating rate of 10 °C min-1 under a 

nitrogen atmosphere up to 800 °C. Morphological studies were 

performed using a Supra55 Zeiss field emission scanning electron 

microscope (FESEM). The BET surface area and pore size distribution 

were measured using an Autosorb iQ system, version 1.11 

(Quantachrome Instruments). X-ray photoelectron spectroscopy (XPS) 

analyses were conducted with a Thermo Scientific MULTILAB 2000 

instrument.41 

5.3 X-ray Crystallography Measurements: Single-crystal X-ray 

diffraction (SCXRD) data was obtained using a Rigaku Oxford 

SuperNova CCD diffractometer at 293 K, employing monochromatic 

graphite Mo Kα radiation (λ = 0.71073 Å). Data acquisition was 

managed with the CrysAlisPro CCD software, while essential 

reductions and refinements were carried out using CrysAlisPro RED. 

The crystal structure was determined using direct methods and further 

refined with SHELXL-97 by least-squares fitting based on F1. All non-

hydrogen atoms were refined anisotropically, while hydrogen atoms 
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were placed geometrically and refined with isotropic displacement 

parameters, typically set at 1.2Ueq of their parent atoms.42 

5.4. Synthesis of Co-MOF 

 

Scheme 1. Schematic representation of the preparation of Co-MOF  

Synthesis of Co-MOF 

Co-MOF was synthesized via a slow diffusion-based crystallization 

method by dissolving Azopyridine (0.05 mmol) in dimethylformamide 

(2 mL) and 2,3,5,6-tetrafluoro-1,4-benzenedicarboxylic acid (0.05 

mmol) in DI water (2 mL). These 2 ligand solutions were mixed, and 

the resulting mixture was stirred for 30 min to form a clear solution. The 

aqueous solution of (0.1 mmol, 30 mg) Co(NO3)2·6H2O (1 mL) was 

added to the ligand solution. After adding metal, this solution was kept 

for 6 days, and reddish crystals were observed to form. The crystals were 

isolated and washed with DMF to ensure high purity. 
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Chapter 6 

 RESULTS AND DISCUSSION 

 

A novel Cobalt-Functionalized Layered Framework (Co-MOF) was 

synthesized based on a mixed-ligand strategy by utilizing Azopyridine 

(AzPY) and 2,3,5,6-tetrafluoro-1,4-benzenedicarboxylic acid (TF) as 

ligands and Co(NO3)2.6H2O as metal salt, via slow diffusion-based 

crystallization at room temperature, as depicted in Scheme 1. The 

obtained single crystal of Co-MOF was authenticated with single-crystal 

X-ray diffraction (SC-XRD) analysis. It confirms structural properties, 

functionalization, H-bonding, and π-π stacking. Furthermore, 

morphology, functional group, and structural properties were analysed 

via powder-XRD, SEM, ATR-FTIR, TGA, and XPS studies. Promising 

results prompted us to further evaluate its performance in energy 

storage.  

6.1 Structural description of (Co-MOF) 

The crystalline architecture of Co-MOF was elucidated through single-

crystal X-ray diffraction (SCXRD) analysis, confirming its 

crystallization in a triclinic lattice system under the space group P-1. 

Detailed crystallographic parameters are presented in Table 8.1. The 

asymmetric unit of Co-MOF consists of one Co (II) ion, half of 2,3,5,6-

tetrafluoro-1,4-benzenedicarboxylic acid (TF), half of the Azopyridine 

(AzPY) moiety, as well as two coordinated water molecules (Figure 

8.1a). The molecular unit consisting of Co (II) is coordinated into two 

oxygen atoms of two TF molecules (both are coordinated in a 

monodentate fashion), two N atoms of AzPY linker, and two oxygen 

atoms of the coordinated water molecules (Figure 2.1a). This leads to 

the formation of an O4N2 environment around the Co (II) metal center, 

resulting in a distorted octahedral geometry (Figure 8.1b). The 

measured bond distance for the Co-O bond ranges from 2.124 Å to 

2.141Å. Each AzPY is linked to two Co (II) centers with the measured 

bond distance of Co-N being 2.218 Å. The resulting TF and AzPY 

linkers relate to Co (II), showing a finite 2D framework along the c-axis 
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as depicted in Figure 1b. The 2D view along the a-axis is shown in 

Figure 1c.  

 

Figure 2.1. (a) Molecular binding mode (b) 2D layered network along c-axis 

(c) 2D view along a-axis (d) Extended network via H-bonding having π-π 

stacking in Co-MOF. 

 

The H-bond, extended network with intra- and intermolecular H-

bonding with the distance of 2.789 and 2.883 Å, respectively, is shown 

in Figure 2.1d. The layer-by-layer extension of the network with π-π 

stacking leads to improved strength and stability for the network and, 

thereby to better electrochemical performance. The space-filling model 

showing the porous network is given in Figure 8.1c. The significant 

bond lengths (Å) and bond angles (degrees) are summarised in Table 

8.2. 

6.2. XRD-Analysis 

 

Powder X-ray diffraction analysis (PXRD) profiles of the synthesized 

Co-MOF exhibited a good correspondence with the simulated 

diffraction patterns derived from SC-XRD data, as illustrated in Figure 

2.2(a-b).  
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Figure 2.2. (a-b) PXRD patterns of Co-MOF (c), SEM image of Co-

MOF (d), XPS Co 2p (e), XPS-F 1s, and (f) XPS-O 1s. 

 

6.3. SEM     

Morphological analysis was carried out by employing scanning electron 

microscopy (SEM). For Co-MOF, it shows Rod-like structures as 

recorded at different magnifications, 500 nm and 200 nm, shown in 

Figure 2.2(c). EDX elemental analysis confirms the presence of all the 

expected elements, such as C, N, O, F, and Co, which is well aligned 

with the data from the SC-XRD analysis, emphasizing the material’s 

homogeneous composition and structural consistency (Figure 8.2). EDS 

mapping confirms the presence of elements indicating their distribution 

within the analysed region (Figure 8.3).  

6.4. FTIR 

Attenuated Total Reflectance - Fourier Transform Infrared (ATR-FTIR) 

analysis was used to determine the bonding nature of Co-MOF. The 

bands in the 1508–1672 cm⁻¹ region correspond to the asymmetric 

stretching vibrations of carboxylate groups43, while the 1411 cm⁻¹ band 

is attributed to the −N=N− moiety from the AzPY ligand.40 

Additionally, bands in the 400–600 cm⁻¹ region, assigned to Co–O and 

Co–N stretching vibrations, confirm the successful incorporation of 

cobalt into the framework structure through its interaction with oxygen 

or nitrogen donor atoms from the organic linkers. The presence of bands 
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at 1395 cm⁻¹ (symmetric C-F stretching) and 988 cm⁻ (asymmetric C-F 

stretching) shows their presence in Co-MOF, confirming the successful 

functionalization of fluorine in the Co-MOF structure (Figure 8.4)  

 6.5. TGA and BET 

Thermogravimetric analysis (TGA) was conducted to evaluate the 

thermal structural stability of Co-MOF over a Temperature range of 50–

800 °C and under a nitrogen atmosphere at a heating rate of 10 °C/min.  

The TGA profile reveals a minimal initial weight loss between 35 °C 

and 198 °C, attributed to the elimination of water molecules. The results 

in Figure 8.5 demonstrated that Co-MOF possesses excellent thermal 

stability up to 350 °C. Subsequent weight loss is observed, 

corresponding to the decomposition of the organic framework structure. 

To determine the surface area and permanent porosity, Co-MOF was 

evaluated through N₂ adsorption-desorption analysis performed at 77 K. 

The Brunauer-Emmett-Teller (BET) surface area was determined to be 

23.3 m² g-1, while the Barrett-Joyner-Halenda (BJH) pore size 

distribution indicated an average pore diameter of 1.69 nm. (Figure 8.6). 

6.6. XPS 

X-ray Photoelectron Spectroscopy (XPS) was utilized to elucidate the 

elemental composition, functionalization, and oxidation state of Co-

MOF. The survey scan spectrum of Co-MOF (Figure 8.9(a)) confirms 

the presence of Co, F, O, N, and C elements in Co-MOF. The high-

resolution deconvoluted XPS spectrum of Co 2p (Figure 2.2(d)) shows 

distinct peaks at 781.28 eV and 796.95 eV, attributed to the 2p3/2 and 

2p1/2, respectively. Notably, two satellite peaks emerged at 803.4 eV and 

784.7 eV, corresponding to the Co 2p1/2 and Co 2p3/2 transitions.44,45 The 

F 1s spectrum shows a peak at 687.48 eV, confirming the presence of 

the C–F bond in Co-MOF (Figure 2.2(e))46 and thus successful 

functionalization in the framework structure. The O 1s spectrum 

displays two distinct signals at 533.08 eV and 531.68 eV, corresponding 

to the O–C=O and Co–O bonding environments, respectively (Figure 

2(f)).47,48 The C 1s spectrum is deconvoluted into four discrete peaks at 

binding energies of 284.8 eV, 285.96 eV, 286.08 and 287.28 eV, which 

are attributed to C–C, C–O, C-N, and C-F bonds, respectively (Figure 
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8.9(b)).49,50 The N 1s spectrum exhibited three distinct peaks at 398.6 

eV, 399.80 eV, and 401.5 eV, which are assigned to Co-N bonds, 

pyridine nitrogen, and the azo group of AzPY, respectively (Figure 

8.9(c)).51 The XPS results further support the FTIR and confirm the 

formation of the C–F bond, indicating successful functionalization. This 

and the desirable structural stability advantages, such as H-bonding and 

π-π stacking identified through different characterization methods, 

encouraged us to evaluate the electrochemical performance of Co-MOF 

in supercapacitors. 

 

 

Figure 2.3.  (a) Cyclic voltammetry of Co-MOF at different scan rates. 

(b) GCD of Co-MOF at different current densities. (c) Bar Diagram-

Specific capacitance vs current density of Co-MOF (d) Cyclic retention 

after 9000 GCD cycles (inset: first 5 and last 5 cycles). 

 

6.7. Electrochemical Performance  

 

Co-MOF served as the electrode active materials in three and two-

electrode configurations by employing a 2 M KOH aqueous electrolyte 

to evaluate the electrochemical performance for supercapacitor 

applications.  
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CV profiles of Co-MOF were recorded at different scan rates (5, 10, 20, 

30, and 50 mV/s). The results indicate a proportional increase in the area 

enclosed by the CV curves with increasing scan rates while maintaining 

their original shape. This signifies excellent rate capability and robust 

electrochemical stability of the electrode material (Figure 2.3(a)). CV 

curves reveal that the material demonstrates pseudocapacitive 

characteristics, as seen from the presence of two well-defined redox 

peaks. These peaks arise from interactions at the electrode−electrolyte 

interface, driven by the intercalation and deintercalation of OH⁻ ions 

during the faradaic redox process. Notably, the oxidation peak shifts 

toward a more positive potential, while the reduction peak shifts toward 

a more negative potential. This behaviour suggests that the electrode 

material enhances the irreversible tendencies of the electrochemical 

reaction, a phenomenon attributed to electrode polarization. From the 

galvanostatic charge-discharge profile (Figure 2.3(b)) of Co-MOF 

assessed at various current densities between 1 to 20 A g⁻¹, Co-MOF 

demonstrated remarkable specific capacitances of 956, 848, 744, 609.6, 

476, 360, and 240 F g⁻¹ under varying current densities of 1, 2, 3, 5, 7, 

10, 15, and 20 A g⁻¹ respectively. 

The high specific capacitance value of Co-MOF is attributable to the 

layered framework of the compound and the functionalization of 

fluorine52. Layered framework materials serve as ideal electrode 

materials due to their well-structured internal crystal arrangement.53,54 

The structure also contributes to the performance of supercapacitors. In 

the Co-MOF structure, there is stacking due to the presence of van der 

Waals forces, π-π stacking, hydrogen bonding interactions, and the 

strong repulsive force of C-F bonds, which enlarges the interlayer space 

within the Co-MOF. By increasing the electronegativity of the 

functionalized atom, specific capacitance also increases. Fluorine is the 

most electronegative element, and it enhances the capacitance by acting 

as the site for effective charge accumulation and improves 

electrochemical behaviour by enhancing the transport of charges. This 

phenomenon suggests that the strong electronegativity of halogen atoms 

facilitates electron/ion transport and diffusion, significantly aiding the 
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charge storage process. Previous reports suggest that N- or F-doped (or 

functionalized) materials exhibit rapid kinetics and enhanced 

pseudocapacitive properties. These modifications improve ion transport, 

making them more efficient for energy storage applications. In contrast, 

conventional electrode materials often suffer from sluggish ion-transfer 

kinetics, which limits their overall performance.55 All the above-

mentioned factors contribute to Co-MOF exhibiting better specific 

capacitance.56  

The variation of specific capacitance at different current densities for 

Co-MOF is illustrated in Figure 2.3(c), which shows that there is a 

decrease in specific capacitance with an increase in current densities, 

attributed to the fast charge transport occurring at higher current 

densities.57 For practical applicability, it is vital to investigate the long-

term cyclic stability of the electrode material. We measured cycling 

retention for 9000 GCD cycles at 15 A g-1, which showed a cyclic 

retention of 82% as shown in Figure 2.3(d). The inset of the figure 

shows the first five and last five GCD cycles. To determine the charge 

transfer kinetics and internal resistance of the electrode materials via 

electrochemical impedance spectroscopy (EIS), measurements were 

made on a Nyquist plot to analyse the charge transfer kinetics at the 

electrode/electrolyte interface. These measurements were performed 

over a frequency range of 0.1 Hz to 100 kHz in a 2M KOH electrolyte 

to evaluate the kinetic behaviour of the electrode material. Co-MOF 

exhibits a lower charge transfer (Rct) value of 2.58 Ω (Figure 8.10). This 

confirms the better electrical conductivity and higher electrochemical 

performance. These advantages of the electrode material prompted us 

further to evaluate its performance in real-time applications. 
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Figure 2.4. (a) Schematic illustration of the ASC device. (b) Cyclic 

voltammetry of the ASC device at different scan rates (c) GCD profile 

at different current densities. (d) Bar diagram of specific capacitance vs 

current densities. (e) Energy density vs power density plot (f) Cyclic 

retention after 5000 GCD cycles (inset: first 5 and last 5 cycles). 

 

6.8. Device Performance 

Driven by the superior electrochemical performance shown, the 

practical applicability of Co-MOF was evaluated using a two-electrode 

system. This approach aimed to assess its potential for real-world energy 

storage applications. The asymmetric supercapacitor (ASC) device was 

fabricated using Co-MOF as the positive electrode and carbon black as 

the negative electrode, with cellulose paper serving as the separator and 

PVA-KOH utilized as electrolyte. The complete ASC device 

configuration is illustrated in Figure 2.4(a). To demonstrate its practical 

applicability, the device was charged using a 300 mAh AC adapter, and 

it powered a 1.8 V LED bulb for several seconds. 

Cyclic voltammetry (CV) measurements of the Co-MOF ASC device 

were performed at various scan rates (5, 20, 30, 50, 70, and 100 mV/s) 

in the working potential range of 0-1.6 V. The CV curves exhibited no 

significant variation in shape at the different scan rates, indicating good 
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reversibility of the Co-MOF electrode material in the device. This shows 

that the asymmetric supercapacitor device exhibits fast interfacial 

charge transfer kinetics and rapid redox reaction dynamics (Figure 

2.4(b)). Galvanostatic charge-discharge (GCD) measurements were 

conducted at diverse current densities, demonstrating specific 

capacitances of 70, 68, 58, 50, 32, and 29.6 F g-¹ under varying current 

densities of 1, 2, 3, 5, 7, and 10 A/g, respectively. The GCD curve 

exhibits a nearly triangular shape, highlighting the excellent rate 

capability of the ASC device (Figure 2.4(c)). The variation of specific 

capacitance at different current densities is illustrated in Figure 2.4(d), 

which supports the observation that there is a decrease in specific 

capacitance with an increase in current densities, which is due to the fast 

charge transport occurring at a higher current density. 

Notably, the ASC device exhibited a high energy density of 24.88 Wh 

kg−1 at a corresponding power density of 84.5 W kg-1. In Figure 2.4(e), 

the Ragone plot demonstrates that the Co-MOF-based ASC device 

outperforms previously reported cobalt-based MOFs, coordination 

polymers, and layered frameworks. S67/CC (3.25 W h kg-1 at 275 W kg-

1)58, Ni–Co–S/NF (24.8W h kg-1 at 849.5 W kg-1)59, Co9S8/NS (14.85 W 

h kg-1 at 681.8 W kg-1)60, Ni Co-MOF NSHS (20.94 W h kg-1 at 750.84 

W kg-1)61, N-AC/Gr (13.1 W h kg-1 at 12.5 W kg-1)62. Furthermore, the 

device displayed excellent cyclic stability, retaining 87.6% of its initial 

capacitance after 5000 cycles, underscoring its potential for practical 

applications (Figure 2.4(f)). 
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Chapter 7 

 CONCLUSIONS 

In summary, we have successfully developed a novel cobalt-based 

functionalized layered framework (Co-MOF) using a mixed-ligand 

strategy and demonstrated its potential as a high-performance electrode 

material for supercapacitors. The strategic incorporation of Azopyridine 

(AzPY) and fluorinated carboxylate (TF) ligands imparts unique 

structural advantages, including stable hydrogen bonding, π-π 

interactions, and enhanced electrochemical activity. Co-MOF exhibits 

superior electrochemical performance, achieving a high specific 

capacitance of 956 F g⁻¹ at 1A/g with excellent cycling stability and an 

improved energy density of 24.88 Wh kg-1 in real-time device 

applications. These findings underscore the significance of ligand 

functionalization and structural engineering in optimizing 

electrochemical properties. This work provides valuable insights for the 

design of advanced electrode materials for next-generation energy 

storage devices. 
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Chapter 8 

SUPPORTING INFORMATION 

8.1 Electrode Preparation and Electrochemical Measurement 

Carbon cloth (CC) was used as the electrode substrate, with 2 M KOH 

as the electrolyte, to examine the electrochemical performance of Co-

MOF. 1 mg of electrode materials was taken separately and sonicated in 

300 μL of ethanolic solution. Then, these samples were drop-cast on CC 

(1×1 cm2) and dried at room temperature. The modified electrodes were 

used for electrochemical studies performed on an Autolab PGSTAT 

204N workstation. The assessments were performed at ambient 

temperature using a conventional three-electrode setup. Specifically, the 

electrochemical cell consisted of a platinum wire counter electrode, an 

Ag/AgCl reference electrode, and a carbon cloth (CC) 

working electrode. The electrochemical properties of the synthesized 

Co-MOF electroactive material were comprehensively evaluated using 

a trio of key techniques: potentiation cyclic voltammetry (CV), 

galvanostatic charge-discharge (GCD), and electrochemical impedance 

spectroscopy (EIS). 

8.2 Efficiency Evaluation 

The electrochemical performance of Co-MOF was evaluated using 

galvanostatic charge-discharge (GCD) measurements. The specific 

capacitance (CS) was calculated using the following equation: 

 𝐶𝑆 =  
𝐼 𝛥𝑡 

𝑚𝛥𝑉
                                                                                                                           (1)  

where I/m is the current density, Δt is the discharge time, and ΔV is the 

potential range of the GCD profile. The specific capacity (Q) of Co-

MOF was estimated using the following equation 

𝑄 =
𝐼 𝛥𝑡 

𝑚
                                                                                                                                (2)  

I/m is the current density, and Δt is the discharge time. 

 

8.3 Device Fabrication 

We utilized Co-MOF (active material) as the positive electrode, carbon 

black as the negative electrode, cellulose paper as the separator, carbon 

paper (2x4 cm) as the substrate, and 1M KOH/PVA as gel electrolyte 
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for device fabrication. Initially, 5 mg cm-2 of active material was pasted 

on carbon paper, and the negative electrode (5 mg cm-2) was prepared 

by mixing activated carbon and PVDF (85:15) and coating it onto 

another substrate of carbon paper. The device was assembled with a 

separator between the positive and negative electrodes. It was then 

charged using a 300 mAh adapter, and the assembled device 

successfully powered a commercial LED bulb.  

The energy density (E) and power density (P) of the asymmetric device 

(ASC) were determined using the following equations:  

E =  
𝐶𝑆

2×3.6
 × ∆𝑉2                                                                                                            

(3)  

P =
𝐸

∆𝑡
 ×  3600                                                                                                               

(4)  

where Cs represents the specific capacitance, ΔV is the potential 

window, and Δt is the discharge time of the GCD profile. 
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Figure 8.1. SCXRD data of Co-MOF (a) asymmetric unit, (b) metal 

coordination geometry, (c) Space filling model. 

 

 

 

 

 

Figure 8.2. EDS Mapping of elements (a) Cobalt, (b) Flourine, (c) 

Oxygen, (d) Carbon, and (e) Nitrogen  
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Figure 8.3. (a) EDS elemental analysis Co-MOF (inset: Weight 

percentage of each element)  

 

 

 

 

 

Figure 8.4. FT-IR spectra of Co-MOF. 

 

 



 

 

35 

 

 

Figure 8.5. Thermogravimetric Profile of Co-MOF. 

 

 

Figure 8.6. (a) BET adsorption-desorption isotherm of Co-MOF (b) 

BJH distribution of Co-MOF. 
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Figure 8.7.  XPS spectra of Co-MOF (a) Survey Scan, (b) C 1s and (c) 

N 1s. 

 

 
 

 
Figure 8.8. EIS plot of Co-MOF. 
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Table 8.1. X-ray crystal structure data and refinement parameters of Co-

MOF. 

Identification code Co-MOF 

Empirical formula C9 H6 Co0.50 F2 N2 O3 

Formula weight 257.62 

Crystal system Triclinic 

Space group P -1 

a (Å) 6.9776(12) 

b (Å) 7.973(3) 

c (Å) 9.575(2) 

α (˚)  79.20(3) 

β (˚)  70.959(19) 

γ (˚)  88.84(2) 

V (Å3) 494.2(2) 

Z, dcalcd (mg m-3) 2, 1.731 

Temperature (K) 293(2)  

Wavelength (Å) 0.71073  

θ range/ 3.091 to 28.864 

goodness-of-fit (GOOF) 0.895 

R1, a wR2b [I > 2σ(I)] R1 = 0.0816, wR2 = 0.1662 

R1, a wR2 b (all data) R1 = 0.1840, wR2 = 0.2228 

absorption correction Semi-empirical from equivalents 

index ranges -9<=h<=9, -10<=k<=10, -

10<=l<=12 

crystal size (mm3) 0.360 x 0.280 x 0.230 mm 

refinement method Full-matrix least-squares on F2 

Reflections collected / unique 3670 / 2177 [R(int) = 0.1594] 

 

F (000) 259 
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Table 8.2. Bond lengths (Å) and bond angles (˚) for Co-MOF 

Bond Lengths (Å) 

Co(1)-O(1)#1                   2.124(4) 

Co(1)-O(1)                        2.124(4) 

Co(1)-O(3)                       2.141(4) 

Co(1)-O(3)#1                  2.141(4) 

Co(1)-N(1)                       2.219(6) 

Co(1)-N(1)#1                  2.219(6) 

F(1)-C(3)                           1.372(8) 

F(2)-C(4)                           1.364(8) 

N(1)-C(5)                          1.339(10) 

N(1)-C(9) 1.350(9) 

N(2)-N(2)#2 1.193(13) 

N(2)-C(7) 1.508(10) 

O(1)-C(1) 1.272(6) 

O(2)-C(1) 1.256(8) 

O(3)-H(3A) 0.8504 

O(3)-H(3B) 0.8503 

C(1)-C(2) 1.536(10) 

C(2)-C(3) 1.382(10) 

C(2)-C(4)#3 1.395(10) 

C(3)-C(4) 1.400(11) 

C(5)-C(6) 1.390(10) 

C(5)-H(5) 0.9300 

C(6)-C(7) 1.357(11) 

C(6)-H(6) 0.9300 

C(7)-C(8) 1.373(11) 

C(8)-C(9) 1.421(10) 

C(8)-H(8) 0.9300 

C(9)-H(9) 0.9300 

Bond Angles (˚) 

O(1)#1-Co(1)-O(1) 180.0 

O(1)#1-Co(1)-O(3) 88.91(17) 

O(1)-Co(1)-O(3) 91.09(18) 

O(1)#1-Co(1)-O(3)#1 91.09(17) 

O(1)-Co(1)-O(3)#1 88.91(17) 
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O(3)-Co(1)-O(3)#1 180.0 

O(1)#1-Co(1)-N(1) 91.7(2) 

O(1)-Co(1)-N(1) 88.3(2) 

O(3)-Co(1)-N(1) 88.17(19) 

O(3)#1-Co(1)-N(1) 91.83(19) 

O(1)#1-Co(1)-N(1)#1 88.3(2) 

O(1)-Co(1)-N(1)#1 91.7(2) 

O(3)-Co(1)-N(1)#1 91.83(19) 

O(3)#1-Co(1)-N(1)#1 88.17(19) 

N(1)-Co(1)-N(1)#1 180.0 

C(5)-N(1)-C(9) 116.7(7) 

C(5)-N(1)-Co(1) 120.1(6) 

C(9)-N(1)-Co(1) 123.1(5) 

N(2)#2-N(2)-C(7) 112.2(10) 

C(1)-O(1)-Co(1) 131.1(5) 

Co(1)-O(3)-H(3A) 109.6 

Co(1)-O(3)-H(3B) 109.1 

H(3A)-O(3)-H(3B) 104.5 

O(2)-C(1)-O(1) 128.9(7) 

O(2)-C(1)-C(2) 117.5(5) 

O(1)-C(1)-C(2) 113.6(6) 

C(3)-C(2)-C(4)#3 116.3(7) 

C(3)-C(2)-C(1) 121.6(7) 

C(4)#3-C(2)-C(1) 122.1(6) 

F(1)-C(3)-C(2) 119.9(7) 

F(1)-C(3)-C(4) 118.2(8) 

C(2)-C(3)-C(4) 121.9(8) 

F(2)-C(4)-C(2)#3 118.7(7) 

F(2)-C(4)-C(3) 119.5(8) 

C(2)#3-C(4)-C(3) 121.8(7) 

N(1)-C(5)-C(6) 124.9(9) 

N(1)-C(5)-H(5) 117.5 

C(6)-C(5)-H(5) 117.5 

C(7)-C(6)-C(5) 117.0(8) 

C(7)-C(6)-H(6) 121.5 

C(5)-C(6)-H(6) 121.5 

C(6)-C(7)-C(8) 121.6(8) 

C(6)-C(7)-N(2) 114.8(7) 
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C(8)-C(7)-N(2) 123.6(8) 

C(7)-C(8)-C(9) 117.5(8) 

C(7)-C(8)-H(8) 121.3 

C(9)-C(8)-H(8) 121.3 

N(1)-C(9)-C(8) 122.2(8) 

N(1)-C(9)-H(9) 118.9 

C(8)-C(9)-H(9) 118.9 
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Table 8.3. Supercapacitor performance of Co-MOF compared to other 

MOF-based materials. 

SI.

NO 

Active materials  Electrolyte Specific 

capacitance 

(F g-1) 

Ref 

1 Co-MOF 1 M KOH  446.8  63 

2 Co, N-doped CP 6 M KOH 330 64 

3 Ni–Co-MOF 3 M KOH 827.9  65 

4 Co-MOF derived 

Co3O4 

2 M KOH 226.1 66 

5 Co-MOF 

(S67/CC-thiourea) 

KOH 469.5  58 

6 N-AC/Gr 6 M KOH 378.9  62 

7 Co-MOF 6 M KOH 425  67 

8 Co-NTA 3 M KOH 395  68 

9 NF-FASC KOH 351.6  69 

10 KA@MOF-S  1 M H2SO4 648  70 

11 Co-MP 3 M KOH  432.6  71 

12 Co-MOF 2M KOH 956  THIS 

WO

RK 
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Chapter 9 

 SCOPE OF WORK 

In this study, we synthesized a novel cobalt-based functionalized layered 

framework (Co-MOF) using a mixed-ligand strategy via a slow 

diffusion method and characterized it with single-crystal analysis and 

other structural analyses. Along with fluorine functionalization, the 

unique structural architecture of the layered framework, including stable 

hydrogen bonding and π-π interactions, enhance the electrochemical 

properties of the Co-MOF. Co-MOF showcasing a superior specific 

capacitance of (956 F g-1). In addition to the improved electrochemical 

performance, the Co-MOF also shows a cyclic retention of capacitance 

of 82%. Furthermore, an asymmetric supercapacitor device was 

developed using Co-MOF, exhibiting an excellent energy density of 

24.88 Wh kg-1. This work provides insightful ideas for the design of new 

electrode materials for advanced energy storage devices and highlights 

the advantages of ligand functionalization and structural engineering 

approaches to optimize electrochemical properties. It contributes 

important knowledge for the design of advanced electrode materials for 

next-generation energy storage devices. 
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