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ABSTRACT 

Covalent organic frameworks (COFs) are a new class of porous materials which are 

basically crystalline organic porous polymers1. In the last decade, COFs have been 

studied intensively for its diverse chemical nature and applications2. COFs have been 

prepared to employ different chemistries like boronic ester formation, Schiff base 

formation, hydrazine bond formation, benzimidazole bond formation etc. Among them, 

Schiff base COFs are well explored because of its diverse number of building block 

library available3. COFs have found potential applications in gas storage4, separation5, 

heterogeneous catalysis6, energy storage7 etc. Still, COFs suffer stability and 

conductivity issues in different applications8. Recently, very few COFs are burnt to 

generate porous carbons9. Porous carbons from COFs would have few advantages 

over carbon generated from other precursors. First of all, COFs due to its ordered 

structure would generate ordered crystalline heteroatom doped carbon10, which will 

have more effect on the structure-property relationship. Secondly, the conductivity of the 

material can be increased by controlled carbonization. COFs are a very bad conductor 

of electricity. But on carbonization, the conductivity issue can be resolved and the final 

carbon can bring improved performance for different electrochemical applications11. 

Still, there are disadvantages of COF-derived carbons in terms of specific applications 

like carbon capture. The carbon doesn’t have good selectivity of CO2 over N2. Despite 

the advantages and disadvantages COF-derived carbon are now widely used for 

different applications like energy storage, electrochemical water oxidation and reduction 

etc. 
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1. INTRODUCTION 

1.1. Introduction to covalent organic frameworks (COFs) 

Covalent organic frameworks (COFs) are new class of porous materials which are 

basically crystalline organic porous polymers1. In last decade, COFs have been studied 

intensively for its diverse chemical nature and applications2. COFs have been prepared 

employing different chemistries like boronic ester formation, Schiff base formation, 

hydrazine bond formation, benzimidazole bond formation etc. Among them Schiff base 

COFs are well explored because its diverse number of building block library available3. 

COFs have found potential application in gas storage4, separation5, heterogeneous 

catalysis6, energy storage7 etc. Still COFs suffer stability and conductivity issues in 

different applications8. Recently, very few COFs are burnt to generate porous carbons9.  
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                   Figure 1: Design topologies of Covalent Organic Frameworks. 

Porous carbons from COFs would have few advantages over carbon generated 

from other precursors. First of all, COFs due to its ordered structure would generate 

ordered crystalline hetero atom doped carbon10, which will have more effect on structure 

property relationship. Secondly, the conductivity of the material can be increased by 

controlled carbonization. COFs are themselves are very bad conductor of electricity. But 

on carbonization the conductivity issue can be resolved and the final carbon can bring 

improved performance for different electro chemical applications11. Still there are 

disadvantages of COF-derived carbons in terms of specific application like carbon 

capture. The carbon doesn’t have good selectivity of CO2 over N2. Despite of the 

advantages and disadvantages COF-derived carbon are now widely used for different 

applications like energy storage, electro chemical water oxidation and reduction etc.  

 The last few decades of drastic urbanization and industrialization have led to a 

unrestricted and progressive increase in the utilization of natural resources for the 

generation of energy (such as coal and mineral). This could lead to the exhaustion 

earth’s nature resources and increase in global warming in forthcoming centuries. 

These two major problems have motivated the scientists to explore the alternative 

energy resources of clean, green and sustainable energy (such as wind and solar 

energy) and whenever needed they can obtain the desirable amount electricity12. Over 

the decades, different energy resources have be made (such as supercapacitors, 

batteries etc). These two energy resources are used the most because of their high 

energy storage capacity and they have different methods of storing energy. Batteries 

have a low power density and lose the ability to retain the energy because the charge 

and discharge process is slow in batteries and over time there are degradations of 

chemical compounds inside the battery. But supercapacitors have high power density 

and high storage capacity over the time   of these features it is more used as energy 

storage resource. 

Supercapacitors are energy storage device which has high capacitance values 

than other capacitors. It can store 10 to 100 times more energy per unit volume or mass 

than a electrolytic capacitor. Capacitor stores energy by separating charge to induce a 

voltage in a parallel plates capacitor this is done by charging opposing plates separated 
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by dielectric. Unlike batteries no chemical reaction occurs during operation so life time 

of capacitors is more than batteries.  

                       

                            Figure 2: Schematic diagram of parallel plate capacitor. 

Supercapacitors have an electrolyte between the plates rather than a dielectric. 

In this they use carbon electrodes so charged by formation of electrical double layers. 

Double layers are formed when the ions in electrolyte are attracted to an oppositely 

when n electric field induced across the device. The double layer consists of two layers 

one is Helmholtz layer another is diffused layer. Helmholtz layer is made up of a dense 

layer of ions separated from an oppositely charged electrode by a layer of solvent 

molecules. The diffuse layer consists of ions diffusing to the Helmholtz layer boundary. 

The Helmholtz layer dominates the capacitance and can be thought of as a parallel 

plate capacitor where d is the thickness of the solvent layer. The thickness (d) is very 

small for the supercapacitors. That’s why supercapacitors have more capacitance than 

normal capacitors. Supercapacitors are divided into two types Electrical Double Layer 

Capacitor(EDLC) and pseudocapacitor. 

1.2. Electrical Double Layer Capacitor (EDLC) 

Electrical Double Layer Capacitor (EDLC) stores charge electrostatically 

(Helmholtz layer). In EDLC, the double layer which is formed in between the electrodes 

and electrolyte. Capacitance is directly proportional to the surface area of the double 

layer. That’s why they use the high surface area materials as electrodes to have high 

capacitance. 
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             Figure 3: Schematic representation of Electrical Double Layer Capacitor. 

1.3. Pseudocapacitor 

 Pseudocapacitors stores charge electrochemically (Faradically). In pseudocapacitors 

there is formation of the double layer and also there is chemical reaction between 

electrode and the ions. In EDLCs where there is formation of double layer 

electrostatically with no interaction of ions with the electrode. In pseudocapacitor, at one 

electrode reduction takes place and at other electrode oxidation happens. While 

discharge the reactions will be reversed. A pseudocapacitor has 100 factor more 

capacitance than the EDLC with the same electrode surface. 

 From the last few years, scientists are trying to improve the energy storage 

device. To improve the performance of the energy storage device they require a 

functionalized porous material with a high surface area and hierarchical porosity. 

Scientists have done so many experiments to improve the performance of the energy 

storage device on activated porous carbons, metal oxides, graphene, conjugated 

microporous polymers, various carbon materials etc. Among all nanoporous materials, 

covalent organic frameworks (COFs) are very different class of organic materials 

because of their mechanical durability, high surface area, porosity, crystalline nature, 

low density and their topographies are tunable and adjustable12. 
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                         Figure 4: Schematic representation of Pseudocapacitor. 

  

            COF derived carbon can serve as a promising candidate for supercapacitors. 

Being highly porous, they provide a matrix for generation of porous carbon with 

retention of crystallinity and ease of ordered hetero atoms. Also they can host small 

sized nano particles like metal, oxide, nitride etc. depending upon the synthetic 

condition. For example, Cobalt and its oxides are widely studied for supercapacitor 

application Porous cobalt oxides with tunable hierarchical morphologies for 

supercapacitor electrodes13. If COF derived carbon is doped with such kind of metal or 

metal oxide nano particles, this may reveal some important feature of the application. In 

this work we opted two methodologies. In Part-I we have investigated the CO2 

adsorption and supercapacitive property of a COF-derived carbon. Part-II contains the 

supercapacitor performances of two composites which are prepared by doping Co nano 

particles into the COF and pyrolysing the COF at two different temperatures (Figure 5).  
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               Figure 5: Schematic representation of the work carried out in this report. 

 

2. EXPERIMENTAL METHODS 

2.1. Synthesis of Trialdehyde Monomer 

 

 

 

 

 

 

1.5 g of Cyanuric chloride and 4g of p-hydroxybenzaldehyde were added to a 

suspension of Na2CO3 (30 g) in 150 mL of benzene14. The resulting mixture was 

refluxed at 1000C for 24 hrs. After 24hrs, the hot reaction mixture was filtered and 

washed with an excess of hot ethylacetate and filtrate was extracted with 10% Na2CO3. 

The subsequent organic layer was dried with anhydrous Na2SO4 and evaporated using 

rota evaporator to obtain a white powder of the desired compound (72%). The product 

was characterized using NMR, HRMS and the characterization results were found to be 

are consistent with the literature reports. All p-Phenylenediamine and organic chemicals 

were purchased from Sigma Aldrich and used without any further purification. 

2.2. Synthesis of COF 

2,4,6-Tris(p-formylphenoxy)-l,3,5-triazine (TRIPOD aldehyde) (100 mg, 

0.23mmol) 1,4- diaminobenzene (48 mg, 0.46mmol) were dissolved in 1,4-dioxane (5.0 
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mL) in a Pyrex tube14. To this mixture, mesitylene (5.0mL) was added and the contents 

were homogenized by stirring. Following this, about 0.5 mL of 3M aqueous acetic acid 

was added. Then the Pyrex tube was flash-frozen in a liquid nitrogen bath, the free 

space was evacuated and the tube was closed under a blanket of nitrogen. The tube 

was placed in an oven at 120 ºC for 3 days. A brown solid was obtained, which was 

washed with DMF, dioxane, acetone and THF to remove any unreacted monomers or 

oligomers. The reaction yielded 110 mg (87%) of IISERP-COF1. Activation of the 

sample for gas adsorption was done by soaking the sample in THF for 3days with three 

time replenishment of the solvent. (CHN Analysis: Observed. C = 66.9; H = 3.74; N = 

17.38. Calculated. 70.9; H = 5.41; N = 15.04, (Note: the CHN values have been 

calculated using a COF unit constructed with a trialdehyde monomer and 

phenylenediamine with a ratio of 2:3. 

 

Figure 6: Schematic representation of the COF synthesis and proposed topology. 

2.3. Synthesis of Co@COF composite 

In a typical synthesis, the COF (100 mg) was dispersed in 40mL of n- hexane 

and the mixture was sonicated for about 30 min resulting in a red color dispersion15. To 
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this, a clear methanolic solution of CoCl2. 6H2O (100 mg in 0.2mL of MeOH) was added 

drop by drop over a period of 3h with vigorous stirring. Contents were stirred for 12h at 

room temperature. The solid particles are extracted by decanting the solvent and were 

dried at room temperature. The solid was heated at 150°C for 12h and then cooled to 

room temperature. This solid was suspended in 20mL of water and the reduction was 

carried out by adding 30 mL freshly prepared 0.6 M aqueous NaBH4 solution under 

vigorous stirring. This resulting solid was washed with copious amounts of millipore 

water and ethanol. These results in the formation of the COF supported cobalt catalysts 

as a redish-brown color solid. The synthesized samples were collected by centrifuging 

and dried under vacuum then used for the characterizations and catalytic studies. Also, 

the final redish-brown solid even upon sonicating in water did not seem to produce any 

colored solution, suggesting the lack of any unreacted or unloaded Co2+ salts that could 

be leaching out. 

2.4. Synthesis of COF Derived Carbon 

The most widely employed technique to synthesize carbon is the pyrolysis. The 

COF is grinded thoroughly and taken in quartz crucible. And it is burned in inert 

atmosphere (such as N2 and Argon) at 7500 C for 4 hrs. Pyrolysis the COF in the tube 

furnace resulted in black mass of porous carbon. 

2.5. Synthesis of Co@COF Derived Carbons 

Synthesis of carbon derived from the CO@COF is same as synthesis of carbon 

derived from COF. In this we synthesis two carbons one is Co@COF 750 (pyrolysis at 

7500 C and another one is Co@COF 400 (pyrolysis at 4000 C). The Co@COF is taken 

in quartz crucible and it is burned at high temperatures (such as 7500 C and 4000 C) in 

inert atmosphere for 4 hrs. Pyrolysis the Co@COF in the tube furnace resulted in 

carbons.  
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 PART -1 

3. RESULTS AND DISCUSSION 

3.1. CHARACTRIZATION OF C@COF-750 

The formation of the carbon was confirmed from the Powder X-ray Diffraction 

(PXRD) pattern of the material. In the PXRD it appears as a broad hump, whereas the 

peaks for the COF are absent. This clearly indicates the complete carbonization of the 

COF (Figure 7A). The Thermo Gravimetric Analysis (TGA) shows that the carbon 

material is stable up to 500°C (Figure 7B). The Raman spectrum of the material 

prominently shows the presence of D band and G band (Figure 7C). D band appears at 

1352 cm-1 and G band appears at 1577 cm-1. D band corresponds to the defects 

present in the carbon and G band signifies the graphitic nature of the carbon. Finally, 

the Infra-Red spectrum shows presence of characteristics peaks for the C=C, C-C bond 

stretching and bending vibrations Figure (7D). 

 

Figure 7: (A) Powder X-ray Diffraction pattern of the carbon showing amorphous nature of the 

material. (B) TGA profile showing high thermal stability. (C) Raman spectra of the carbon. (D) IR 

spectra of carbon. 
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Figure 8: SEM images of the carbon in two different magnifications 

To obtain the morphology of the carbon Scanning Electron Microscopy (SEM) 

was performed. The carbon possesses spherical morphology evidenced from SEM 

images (Figure 8).  

 

Figure 9: (A) N2 isotherm at 77 K. (B) NLDFT pore size distribution plot. (C) BET surface area 

plot. (D) Langmuir surface area. 
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To check the porosity of the carbon, N2 77 K adsorption was performed. (Figure 

3A shows) the N2 at 77 K isotherm profile. It is Type-I isotherm with sharp uptake of N2 

at low pressure. Interestingly, the pyrolysis of the COF at 750°C yields a truly micro 

porous carbon with a pore size of 5.4 Å. The NLDFT fit from the isotherm gives a single 

micro pore of 5.4 Å (Figure 9B). The carbon possesses a substantially high surface 

area. Fitting the BET and Langmuir equations the surface area of the carbon is obtained 

as 505 and 608 m2/g respectively. This high surface area makes the carbon a suitable 

candidate for applications such as carbon capture and energy storage. 

           Further to check its ability to capture CO2, isotherm measurements were 

performed at four different temperatures. The carbon shows reasonable CO2 uptake at 

room temperature (~2.3 mmol/g) and a saturation uptake (~7.4 mmol/g) (Figure 10B). 

The Heat of Adsorption (HOA) was calculated with Virial model using Clausius-

Clapeyron equation. The zero loading HOA is obtained ~14 kJ/mol (Figure 10B). The 

HOA value is quite low for the carbon. This is due to unavailability of basic sites or 

chemical functionality in the carbon matrix which is observed in case of MOFs, porous 

polymers etc. 

 

Figure 10: (A) CO2 adsorption isotherms at different temperatures. (B) HOA for CO2 

adsorption. 
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3.2. ELECTROCHEMICAL STUDIES 

3.2.1. Sample preparation 

Due to less conducting nature of the COF derived carbon a slurry was prepared 

by using 60% of COF derived carbon, 30% of Super-P carbon, 10% PVDF binder in 

NMP solution. 2 µL of that mixture solution was drop casted on Glassy-carbon working 

electrode and was dried in vacuum oven at 80
0
C for 12 hrs. 2 µL of that slurry contained 

8 µg of the of the COF derived carbon. 

3.2.2. Experimental procedure 

Cyclic Voltammetry (CV) measurements were performed in a conventional three-

electrode system (where as working electrode (WE): COF derived carbon coated 

Glassy carbon, reference electrode (RE): Saturated calomel electrode, counter 

electrode (CE): Platinum wire and as electrolyte 1(M) H2SO4 were used). CVs at 

different scan rate from 5 mV to 1000 mV in different potential window had taken to verify 

is there any capacitance behavior present or not (Figure 11A and 11B). 

3.2.3. Data analysis 

 

Figure 11: (A) and (B) Cyclic Voltammogram of COF derived Carbon from low to high the scan 

rates in 1(M) H2SO4 (sulphuric acid) electrolyte. (C) The linear fit of anodic peak current and 
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cathodic peak current vs. square root of scan rate (D) Nyquist plot shows the resistance of the 

material for charge transport. (Inset) Bulk diffusion region of the impedance plot in very low 

frequency region. 

A rectangular type CV without any redox active peak was obtained at lower scan 

rates from 5 to 50 mV within the potential window from -0.2 to 0.4 V (Figure 11A). This 

indicates the potential of this COF derived carbon material to use as supercapacitor in 

acidic medium. However, with the increase of the scan rate the regular rectangular 

shape deforms. That may be due to the material’s inability to store the H+ ion during its 

fast movement (Figure 11B). The mechanism of charge storage can be due to either 

charge transfer or mass transfer or both. This can be established from a plot of the peak 

current vs. square root of the scan rate. The cathodic and anodic peak current of COF 

derived carbon increases linearly with square root of scan rate demonstrating that the 

fast kinetics associated with H+ ion diffusion in the bulk materials (Figure 11C) 

Potentiostatic impedance analysis in this three-electrode system shows a very high 

charge transfer resistance of 600 ohms along with a linear bulk diffusion region (Figure 

11D). Charge-discharge measurements at variable current densities were carried out to 

estimate the Capacitance value of the COF derived carbon material (Figure 12A).   

 

Figure 12: (A) Galvanostatic charge-discharge profile of COF derived carbon at different 
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current densities. (B) Specific Capacitance variation with the change of current densities. (C) 

Specific Capacitance retention after 400 cycles charge-discharge. 

3.2.4. Capacitance calculation 

The specific capacitance (Csp) was derived from the GCD curve using the below 

equation. 

C = (I × ∆t)/ (∆V × m) 
  

Where I is the applied current density, ∆t is the discharge time, ∆V is the potential 

window and m is the weight of electrode material. The GCD charge-discharge profiles 

appeared as equilateral triangle shapes, implied EDLC behavior and ideal charge 

storage activity with a good reversibility of the electrode material through the charge-

discharge. In all the cases, Charging and discharging time are almost same (Figure 

12A). The highest specific capacitance was estimated 224 F/g at 100 mA/ g current 

density. Which drops-down drastically with the increase of the current density (Figure 

12B). However, 99% capacitance retention was achieved at 250 mA/g current density 

even after 400 cycles charging- discharging (Figure 12C). 

3.2.5. Interpretation 

The very high charge transfer resistivity and this drastic falling down of the 

Specific capacitance at higher current densities suggest that there are a lot of roam to 

improve the conductivity of the COF derived carbon. Therefore, it can hold the H+ ions 

even in high load of current. 
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PART-2 

3.3. CHARACTRIZATION OF Co@COF-400 and 750 

The Co loaded COF was subjected to two different pyrolysis temperature and the 

formation of the Co loaded carbon was characterized with Powder X-Ray Diffraction 

(PXRD), Thermogravimetric Analysis (TGA), N2 77 K isotherms, Infra-Red spectroscopy 

(IR) etc. Two temperatures have been chosen, 400°C and 750°C. Comparing the TGA 

of the parent COF, We have decided the pyrolysis temperature. The formation of the car 

bon composite was confirmed by PXRD (Figure 13A).  

      

 Figure 13: (A) PXRD of the composites. (B) TGA of the composites showing a thermal stability 

up to 400°C. (C) N2 isotherms at 77 K. (D) NLDFT pore size distribution obtained using N2 

isotherms at 77K. 



 
 

MS Thesis: A Vamshi Krishna Page 21 
 

In PXRD of the pyrolysed composite at 400°C, there are no peaks for the Co 

nano particles. But the composite pyrolysed at 750°C contains sharp peaks of Co nano 

particles (corresponding planes are index to Co (nanoparticle) np, (JCPDS 05-0727). 

Comparing the PXRD, it has been revealed that the Co particles grow bigger with 

increasing the pyrolysis temperature. TGA curves of the composite show that both of 

them are thermally stable up to 400°C (Figure 13B). In order to evaluate the surface 

area, we have performed the N2 isotherm at 77K.  Figure1C shows that there is 

considerable loss in nitrogen uptake which indicates that the Co nano particles are 

embedded into the pore of the COF. Co@COF-750 has vey less N2 uptake because the 

particles are grown bigger as the temperature is being increased. The pore size of the 

composites was evaluated from Non Local Density Functional Theory (NLDFT) fit. It has 

been found that both of the composites have microporous structure, with a pore 

dimension ranging from 7 to 12 Å (Figure 13D). But none of them possess hierarchical 

pores.  

 

Figure 14: BET and Langmuir surface area plots for the Co@COF-400 (A and B) and 

Co@COF-750 (C and D). 
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Brunauer–Emmett–Teller (BET) and Langmuir surface areas have been obtained 

from the N2 data recorded at 77 K. It has been found that Co@COF-400 has greater 

surface area than Co@COF-750. This observation corroborates by the PXRD results as 

the Co nano particle size is bigger for Co@COF-750 than the other. The IR spectra 

shows that some degree of functionalities in the COF is retained on pyrolysis at 400°C, 

but 750°C pyrolysis produces neat carbon. This has a significant implication on the 

nano particle sizes (Figure 15). 

                         

 Figure 15: IR spectra of the composites. The spectra show that some degree of functionalities 

in the COF is retained on pyrolysis at 400°C, but 750°C pyrolysis produces neat carbon. 

The morphology of the composites was obtained from Field Emission Scanning 

Electron Microscopic (FESEM) images. The carbon composites have fluffy cotton like 

morphology which is made of small spheres (Figure 16). 
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 Figure 16: FE-SEM images of the Co@COF-400 (A, B) and Co@COF-750 (C, D) composites 

showing fluffy cotton like morphology. 

   

Figure 17: Energy Dispersive X-Ray Spectroscopy (EDS) images showing significant Co atoms 

present in Co@COF-400.  
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Figure 18: Energy Dispersive X-Ray Spectroscopy (EDS) images showing significant Co atoms 

present in Co@COF-750. 
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3.4. ELECTROCHEMICAL STUDIES  

The sample preparation, experimental procedure for electrochemical measurements 

and specific Capacitance calculations of Co@COF-400 and Co@COF-750 are same as 

Carbon derived from COF (C@COF) (part-1, 3.2 electrochemical studies). 

3.4.1. Data Analysis of Co@COF-400  

A CV with redox active peaks was obtained at variable scan rates from 2 to 2000 

mV/s within the potential window from 0.0 to 0.8 mV (Figure 19A and 19B). Which 

indicates that the potential of this Co@COF derived carbon material to use it as 

Pseudocapacitor in acidic medium. This pseudo activity comes from Co nps which is 

doped in COF. The GCD charge-discharge profiles at variable current density appeared 

as symmetrically deformed triangular shape, which implied pseudo-capacitor behavior 

and ideal charge storage activity with good reversibility of the electrode material during 

the charge-discharge cycles (Figure 19C). This GCD profile shows gradual decrease of 

charge-discharge time with the increase of current density. Potentiostatic impedance 

analysis in this three-electrode system shows a very less charge transfer resistance as 

compared to the C@COF because the Cobalt which is doped will increases the 

conductivity (Figure 19D). 

 

Figure 19: (A) and (B) Cyclic Voltammogram of Co@COF-400 from low to high the scan rates 
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in 1(M) H2SO4 electrolyte. (C) Galvanostatic Charge –Discharge profile of Co@COF-400 at 

different current densities. (D) Nyquist plot of Co@COF-400. 

3.4.2. Data Analysis of Co@COF-750 

A rectangular type CV without any redox-active peak was obtained at high scan rates 

from 100 to 2000 mV/s within the potential window from 0.0 to 0.8 mV/s.  But a slight 

deformation of the shape of the CV occurs mainly in low potential at very low scanrates. 

(Figure 20A and 20B). Which indicates the possibility of this Co@COF (pyrolised at 750 

0C) derived carbon material to use as supercapacitor in acidic medium. The GCD 

charge-discharge profiles appeared as equilateral triangle shapes, implied EDLC 

behavior and ideal charge storage activity with good reversibility of the electrode 

material in different scan rates (Figure 20C). Potentiostatic impedance analysis in this 

three-electrode system shows a very less charge transfer resistance. 

 

Figure 20: (A) and (B) Cyclic Voltammogram of Co@COF-750 from low to high the scan rates 

in 1(M) H2SO4 electrolyte. (C) Galvanostatic Charge–Discharge profile of Co@COF-750 at 

different current densities. (D) Nyquist plot of Co@COF-750.  
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3.4.3. Data Analysis 

The comparison CV plot of Co@COF-400 and Co@COF-750 at 250 mV/s scan 

rate clearly shows the significant difference of capacitive nature between those two 

samples (Figure 21A & 21B). Where Co@COF-400 acts as pseudo-capacitor in acidic 

medium due to presence of reversible redox activity and Co@COF-750 acts as proper 

supercapacitor without having any redox reactions of the H+ with Co nps doped COF. 

For further confirmation CVs in very low to high scan rate were carried out for both 

Co@COF-400 and Co@COF-750. Which again indicates the presence of two 

prominent redox active peaks in case of Co@COF-400 even in very high (2 V/s) as well 

as in very low (2 mV/s) scan rate (Figure 19A & 19B). Whereas no such redox behavior 

was observed in case of Co@COF-750 even in very low scan rate of 2 mV/s (Figure 

20A & 20B). This ambiguity can be explained as when the composite is pyrolised at 750 

0C the cobalt particles grow larger in size and are wrapped inside the carbon derived 

from COF. So, the H+ can’t access the Co nps embedded into the carbon matrix to 

show redox activity. 
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Figure 21: (A) Cyclic Voltammogram of Co@COF-400 and Co@COF-750 at 250 mV/s. (B) 

Galvanostatic Charge-Discharge (GCD) profile of Co@COF-400 and Co@COF-750 at 250 

mA/g (C) Specific Capacitance variation with the change of current densities of Co@COF-400 

and Co@COF-750. (D) A linear Fit of anodic peak current and cathodic peak current Vs Square 

Root of Scan Rate of Co@COF-400 and Co@COF-750. (E) Specific Capacitance retention 

after 1000 cycles Charge-discharge. 

The shapes of GCD plots @250 mA/g current density are quite different for 

pseudo-capacitive Co@COF-400 and for super-capacitive Co@COF-750. The 

charging-discharging time is faster in Co@CoF-750 as compared to Co@COF-400. 

This infers that Co@COF-400 is able to store more charges. (Figure 21C). So, the 

specific capacitance is obtained for Co@COF-400 is higher i.e. 250 F/g at 100 mA/g 

and for Co@COF-750 that is only 80 F/g at 100 mA/g. The very low Specific 

capacitance of Co@COF-750 can be attributed to the fact of presence of negligible 

surface area to store H+ ion. Whereas the Co@COF-400 having comparable surface 

area to C@COF (Figure 14) had shown 226 F/g at 100 mA/g. For both the pyrolised 

Co@COF samples, the drop-down in specific capacitance is lesser with the increase of 

the current density (Figure 19C). This is probably because of higher electronic 

conductivity of pyrolised Co@COFs over C@COF (Figure 19D & 20D). However, 99% 

capacitance retention were achieved in both the cases at 250 mA/g current density 

even after 1000 cycles charging and discharging (Figure 19E). The mechanism of 

charge storage can follow either charge transfer or mass transfer or both. This can be 

established from a plot of the peak current vs. square root of the scan rate. The 

cathodic and anodic peak current of Co@COF-400 and Co@COF-750 increases 

linearly with the square root of scan rate demonstrating that the fast kinetics associated 

with H+ ion diffusion in the bulk materials (Figure 21D). 
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Material Surface area 

(m2/g) 

Capacitance 

value (F/g) 

Reduction of 

capacitance from (250 

mA/g to 1 A/g) (%) 

Retention of the 

capacitance 

after cycling (%) 

C@COF 505 224 42 99 

Co@COF-

400 

480 250 11 99 

Co@COF-

750 

79 80 30 99 

Table 1: For better understanding the above comparison table has been made. 

4.0. CONCLUSION 

     We have successfully synthesized the COF (which is already reported in our lab) 

and Cobalt nps doped COF (Co@COF). This COF and Co@COF is pyrolysis at 

different temperatures (COF at 7500 C and Co@COF at 4000 C and 7500 C). And we 

have done some characterizations by different techniques (such as PXRD, TGA, IR, 

FE-SEM, Adsorption isotherms, and EDS). We have also done electrochemical studies 

for these samples.  Among all samples the Co@COF-400 showed the best results than 

the other samples (such as C@COF and Co@COF-750). Among all samples the 

surface area of the C@COF (BET-505 m2/g and Langmuir-606 m2/g) is more compared 

to Co@COF-400(BET-480 m2/g and Langmuir-632 m2/g) and Co@COF-750 (BET-79 

m2/g and Langmuir-108 m2/g) because Cobalt Nanoparticles are embedded into the 

pore of the COF these occupy some amount of the surface area. The capacitance value 

in acidic medium for C@COF is almost comparable to the Co@COF-400. Because 

capacitance is only a surface active phenomenon which does not vary much as the 

C@COF and Co@COF provides similar surface area. But interestingly slightly 

increased value of the capacitance in low current density as well as higher current 

density was achieved by introducing Co-nps into COF. This is due to the redox active 

nature of pseudo capacitive Co@COF-400 and due to its enhanced electronic 
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conductivity. In high scan rate which is able to propagate the electron very quickly 

through the comparatively higher conducting material. Whereas burning the Co@COF 

in higher temperature (750 0C) reduces the active surface for H+ storage. And 

capacitance reduces a lot. 
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