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Abstract 
In this study, two different metal-organic frameworks (MOFs) were synthesized using 
copper and cobalt metal ions with benzenedicarboxylic acid (bdc) as a common ligand. 
The prepared MOFs were characterized using X-ray diffraction, Fourier transform infrared 
spectroscopy, and scanning electron microscopy-energy dispersive spectroscopy. Also, the 
electrochemical characteristics were analyzed using cyclic voltammetry, galvanostatic 
charge/discharge, and electrochemical impedance spectroscopy methods. Structural 
characterizations indicate that Co-bdc MOF is composed of three-dimensional non-
uniform colloids and Cu-bdc MOF has a regular three-dimensional cuboidal structure, 
possessing good crystalline structure. The Cu-bdc MOF exhibited a maximum specific 
capacitance of 171 F/g, while Co-bdc MOF showed 368 F/g at the current density of 1 A/g. 
The solution resistance for the Co-bdc MOF was 0.09 Ω in comparison to 1.25 Ω for the 
Cu-bdc MOF. Also, the Co-bdc MOF demonstrated better cycling performance by retaining 
85 % of its capacity after 2000 charge-discharge cycles. In contrast, the stability of the Cu-
bdc MOF was lower, with only 78 % retention in capacity. Conclusively, the Co-bdc MOF 
demonstrated superior specific capacitance, lower resistance, and enhanced cyclic 
stability in 3 M KOH electrolyte system. 
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Introduction 

The energy crisis has spurred the exploration and development of new energy stockpiling and 

storage technologies to address issues related to energy supply and demand fluctuations. Renewable 

energy sources, such as solar and wind, are intermittent. They do not produce a consistent and 

predictable amount of energy throughout the day. Energy storage allows excess energy generated 

during peak production times to be stored for later use, smoothing out fluctuations in energy supply. 
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Supercapacitors (SCs) are considered promising energy storage devices for future applications 

due to their numerous characteristics, such as long cycling capability, ability to deliver high power, 

and exceptional reversibility [1]. SCs have successfully entered commercialization because of their 

exceptional performance characteristics, which are benefited by the physical and chemical 

characteristics of the active material. SCs assembly mainly consists of anode and cathode electrodes 

that are immersed in electrolyte (aqueous and nonaqueous) and separated by separators that allow 

the free flow of ions and electrons [2]. The electrode material plays a crucial role in determining the 

electrochemical performance of supercapacitor electrodes. It directly influences the overall 

performance and characteristics of the electrode. The choice of electrode material affects important 

factors such as capacitance, charge/discharge rates, cycling stability, and overall energy storage 

capabilities of the supercapacitor [3]. The materials commonly employed in supercapacitor 

applications include graphene (graphene quantum dots or rGO) [4,5], carbon nanotubes [6], metal 

oxides (such as NiO, Mn3O4, RuO2) [7-9], transition metal carbides [10], metal-organic frame-

works [11], hybrid, and composite materials. Thus, the careful selection of electrode material is 

crucial for attaining the best possible electrochemical performance for supercapacitors. 

Metal-organic frameworks (MOFs) are widely recognized as highly suitable electrode materials 

for energy storage applications. This is primarily due to their inherent qualities, such as stability, 

flexibility, structural versatility, and other essential properties [12-14]. MOFs, or porous 

coordination polymers, are created using the principles of coordination chemistry. In the process of 

self-assembling, multitopic organic ligands and metal ions, commonly referred to as secondary 

building units, result in the development of MOFs. In most studies, the solvothermal technique is 

used to prepare MOFs as it is a simple and cost-effective technique, like microwave-assisted 

synthesis, sono-chemical synthesis, or electrochemical synthesis [15-18]. 

In this study, two distinct MOFs were synthesized using different metal salts while employing a 

common ligand using the solvothermal method. The prepared MOFs were Co-bdc and Cu-bdc MOF 

(Co: cobalt, Cu: copper, bdc: benzenedicarboxylic acid). Professor O. M. Yaghi and his research 

group [19] initially identified Co-bdc MOF in 2005, and they designated it as MOF-71. The framework 

structure comprises endless chains of CoO6 octahedra, where each chain shares corners. These chains 

are interconnected with four parallel chains through the bdc linkers. It has attracted noteworthy 

attention in the field of water splitting [20], supercapacitors [20], sensors [21], and catalysis [22]. Cu-

bdc MOF (CCDC no. 687690) is identified by its two-dimensional structure. It is composed of copper 

ions serving as a metal ion source and 1,4-benzenedicarboxylic acid acting as the bridging organic 

ligand [23]. It has drawn considerable interest in the domain of Li-ion battery [24], catalyst [25,26], 

methane storage [27] and adsorption [28]. Both MOFs have been utilized in supercapacitors, and 

specific details are outlined in Table 1, including a comparative analysis of this study.  

Table 1. Cu and Co-based MOFs and their respective specific capacitance values 

MOF Ligand 
Synthesis 
method 

Electrolyte 
Specific 

capacity, F/g 
Ref. 

Cu-MOF/rGO 
3,3’,5,5’-tetracarboxy-

diphenylmethane 
Solvothermal 1 M Na2SO4 21 at 1 A/g [29] 

Cu-MOF/rGO 
5,5′-(piperazine-1,4-diyl) 

di isophthalic acid 
Slow 

evaporation 
3 M KCl 135 at 1 A/g [30] 

Cu-MOF/rGO 
Benzene-1,3,5-tri-

carboxylic acid 
Solvothermal 1 M Na2SO4 4.1 at 0.8 A/g [31] 
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MOF Ligand 
Synthesis 
method 

Electrolyte 
Specific 

capacity, F/g 
Ref. 

PANI/Cu-MOF 
Benzene-1,3,5-tri-

carboxylic acid 

Co-precipita-
tion at room 
temperature 

6 M KOH 459 at 50 mV/s [32] 

Cobalt MOF 
Trimesic acid Solvothermal 1 M KOH 

280 

[33] 
Copper MOF 228 

Copper MOF 
Benzene-1,3,5-tri-

carboxylic acid 
Solvothermal 3 M KOH 228 at 1.5  A/g [34] 

Graphene/ 
Cu-MOF 

Benzene-1,3,5-tri-
carboxylic acid 

Solvothermal 6 M KOH 190 at 10 mV/s [35] 

Co-MOF 
Polycarboxylic acid ligand 

based tritopic ligand 
Solvothermal 

1 M tetraethylam-
monium tetrafluoro-
borate in acetonitrile 

300 at 1 A/g [36] 

Co-MOF/ 
graphene 

nanosheets 

Benzene-1,3,5-tri-
carboxylic acid 

Precipitation 
at room temp 

1 M KOH 
187.3 at 0.25 

A/g 
[37] 

Co-based 
MOF/graphene 
nanocomposite 

2-methylimidazole 
Precipitation 

at room 
temperature 

6 M KOH 260 at 10 mV/s [38] 

Cu-bdc MOF 
Benzene dicarboxylic acid Solvothermal 3 M KOH 

368 at 1 A/g This 
work Co-bdc MOF 171 at 1 A/g 

Experimental  

Chemicals and reagents 

The reagents and chemicals that were used in the present study were cupric nitrate trihydrate 

(Loba Chemie, 99.5 %), cobaltous nitrate hexahydrate (Qualigens Thermo Fischer, 97 %), benzene 

dicarboxylic acid (Merck, ≥98 %), dimethyl formamide (Merck, 99.8 %), polytetrafluoroethylene 

(PTFE), N-methyl pyrrolidone, and acetylene carbon black. All experiments were conducted using 

deionized water. 

Characterization techniques 

Fourier transform infrared spectroscopy (FTIR), Bruker Alpha Model spectrometer was used to 

examine the secondary structure and functional groups present in Cu-bdc and Co-bdc MOF. X-ray 

diffraction (XRD), a PANalytical 3 kW X'pert diffractometer outfitted with Ni-filtered CuK radiation 

was used to examine the patterns of the samples. The morphology and elemental composition of 

the material were determined using scanning electron microscopy (SEM, Zeiss Evo, Evo18) and 

energy dispersive spectroscopy (EDS, INCA 250 EDS with X-MAX 20mm Detector). 

Synthesis of cobalt- and copper-bdc metal-organic frameworks  

Co-bdc MOF was synthesized using 2 mmol of cobalt nitrate salt and 1 mmol of benzene 

dicarboxylic acid in 50 ml of dimethyl formamide solution. The solution was agitated for 30 minutes 

to achieve a homogeneous mixture. Then, the resulting solution was transferred into a Teflon-lined 

autoclave and maintained at 150 °C for 12 hours. The obtained precipitate was subsequently washed 

three times with ethanol (30 ml) to eliminate impurities and then dried at 50 ˚C for 6 h in hot air 

oven. Cu-bdc MOF was synthesized using the same method as Co-bdc MOF, with the only difference 

being the use of cupric nitrate salt instead of cobalt nitrate salt in the synthesis process, as 

demonstrated in Scheme 1. 
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Scheme 1. Schematic representation of the synthesis procedure for Co-bdc and Cu-bdc MOFs 

Electrochemical measurements 

Electrochemical workstation was used to conduct several experiments such as electrochemical 

impedance spectroscopy (EIS), cyclic voltammetry (CV), galvanostatic charge-discharge (GCD) and 

cyclic stability in 3 M KOH electrolyte. In the experimental setup, the working electrode consisted 

of nickel foam coated with the MOF material. The reference electrode used was silver/silver 

chloride, which provides a stable reference potential for electrochemical measurements. The 

counter electrode, on the other hand, was a platinum wire, which facilitates the flow of current in 

the electrochemical cell and completes the circuit. The 3 M KOH solution was used as an electrolyte 

for the Co-bdc and Cu-bdc electrodes. 

The working electrode slurry was a mixture of the active material (Co-MOF or Cu-MOF), 

conductivity agent (acetylene carbon black), and PTFE binder in the weight ratio of 80:15:5. The 

pieces of nickel foam (size 11 cm) were taken and the slurry was applied layer by layer to achieve 

the mass loading of 1.2 mg/cm 2. The coated nickel foam pieces were dried under vacuum at 60 ˚C 

for 24 h to get the working electrode. An EIS study was conducted within a frequency range of 100 

kHz to 0.01 Hz, using a 10 mV amplitude. Additionally, CV analysis was performed on Co-bdc MOF 

within a potential range of -0.5 to 0 V, while for Cu-bdc MOF, the potential range was -0.5 to 0.5 V. 

The CV measurements were carried out at various scan rates ranging from 10 to 50 mV/s. GCD of 

MOF electrodes was done for the same potential window as CV at different current densities ranging 

from 1 to 18 A/g. The cyclic stability test was carried out up to 2000 cycles at 18 A/g. 

Results and discussion 

Scanning electron microscopy - energy dispersive spectroscopy 

Scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS) analysis reveals the 

morphology and elemental composition of both MOF samples. In the case of the Co-bdc MOF, Figure 

1(a) and 1(b) demonstrates non-uniformity among particles, with predominant elements being 
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cobalt, carbon, and oxygen. Conversely, the Cu-bdc MOF exhibits a well-defined cuboidal 

morphology, indicating successful structure formation, as depicted in Figure 1(c). By displaying EDS 

analysis, Figure 1(d) for the Cu-bdc MOF confirms the presence of copper, carbon, and oxygen, thus 

supporting the successful synthesis of MOFs. 

 
Figure 1. SEM-EDS images of Co-bdc MOF (a and b) and Cu-bdc MOF (c and d) 

X-ray diffraction 

The geometry used for the powder sample analysis was a Bragg-Brentano. The test conditions 

were Cu-Kα source, acceleration voltage 40 kV, acceleration current 30 mA, scan speed 0.032 s per 

step, step interval 0.026° and scan range 5 to 60°. Co-bdc MOF diffraction peaks were located at 2 

values of approximately 8.8, 11.5, 12.0 and 15.9° representing the diffraction planes of (100), (110), 

(101), and (200), respectively [39] (Figure 2).  

 
2 / ° 

Figure 2. XRD patterns of Co-bdc MOF and Cu-bdc MOF 
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The peaks at angles of 10.2, 12.05, 13.5, 17.1, 17.6, 20.5 and 24.77° correspond to the lattice 

planes (110), (220), (020), (333), (211), (202), and (222) of the Cu-bdc MOF. These peaks confirm the 

successful production of a highly crystalline crystal with strong intensity and strong peaks, which 

indicate excellent crystalline characteristics of both MOFs (Figure 2). The intensity of the diffraction 

pattern suggests that the synthesized MOF crystal exhibits a well-organized structure. Additionally, 

it is observed that the Co-bdc and Cu-bdc XRD patterns are dissimilar due to variations in the metal 

coordination geometry [40,41].  

Fourier-transform infrared spectroscopy  

Fourier-transform infrared spectroscopy (FTIR) analysis of Cu-bdc and Co-bdc MOFs is displayed in 

Figure 3. Cu-bdc underwent FTIR, and the spectrum is shown in Figure 3(a). The interaction between 

the Cu metal and BDC ligands is validated by the existence of the -COO- group, designated by two 

bands at 1566 and 1370 cm−1, corresponding to the antisymmetric and symmetric stretch modes, 

respectively [43]. At 1447 and 2988 cm-1, the C-C and C-H of benzene from benzene dicarboxylic acid 

were seen, respectively. The spectrum also contained the Cu-O band at 581 cm-1 in addition to the 

BDC [43]. Figure 3(b) shows that the sharp peak at 3700 cm-1 originates from OH bound to BDC 

ligands [44,45]. The broad peak centered at the wavenumber 3100 cm-1 originates from the 

stretching vibration OH group of water vapor adsorbed on the surface. The peaks were obtained at 

around 1710 cm-1 due to stretching vibrations of C=O, 1300 cm-1 due to -OH stretching in water 

molecules present, and around 1000 cm-1 due to C-O stretching vibration [41].  

a b 

  
Figure 3. FTIR plots between 500 to 4000 cm-1 for Cu-bdc (a) and Co-bdc (b) MOFs  

Cyclic voltammetry 

In order to assess the electrochemical characteristics of the synthesized Co-bdc and Cu-bdc 

materials, a three-electrode setup was used.  

The CV patterns depicted in Figure 4(a) for Co-bdc and Figure 4(b) for Cu-bdc clearly demonstrate 

that the metal centers had an influence on the electrochemical performance of both MOFs. The 

voltage range for each electrode material was different. Figure 4(a), it can be observed that Co-bdc 

displays electrochemical double-layer capacitor (EDLC) behavior within the voltage range of -0.5 to 

0 V. It implies that the material intends to undergo more favorable electrochemical reactions at 

negative potentials. The nearly symmetrical shape and broader CV region indicate a characteristic 

electrochemical reaction that exhibits high reversibility. The CV profile of Cu-bdc (voltage range of -

0.5 to 0.5 V) is shown in Figure 4(b). All of the CV profiles for both the MOFs had quasi-rectangular 
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shapes, and there were no noticeable shape changes as the scan rate increased, confirming optimal 

charge-discharge characteristics and outstanding reversibility in the test conditions. 
a b 

  

Figure 4. Cyclic voltammetry profiles of Co-bdc MOF within a potential window of -0.5 to 0 V (a) and Cu-bdc 
MOF within a potential window of -0.5 to 0.5 V (b), both recorded at a scan rate of 10-50 mV/s 

Electrochemical impedance spectroscopy 

The Nyquist plots of Co-bdc and Cu-bdc MOFs are given in Figure 5 (a and b), and the EIS 

measurements were performed in the 100 kHz to 0.01 Hz frequency range. In Table 1, the values for 

solution resistance (Rs) and charge transfer resistance (Rct) are displayed. These values suggest a 

strong potential for high charge transfer capacity and enhanced electronic conductivity in the 

material or device. The Rs values for the Cu-bdc and Co-bdc electrodes are 1.25 and 0.089 Ω, 

respectively, as can be deduced from Table 2. The results clearly indicate that the Co-bdc electrode 

exhibits a reduced Rs value, implying enhanced conductivity and improved wettability. This suggests 

improved contact between the electrode and the electrolyte solution, facilitating more efficient 

electrochemical reactions. Lower resistance allows for efficient ion transport, enabling faster 

kinetics and improved performance in terms of charge/discharge rates. The reduced charge transfer 

resistance and solution resistance of the Co-bdc electrode would contribute to its higher 

capacitance value when compared to the Cu-bdc electrode. The accuracy of the results is checked 

by fitting the impedance data with an appropriate circuit model to assess the accuracy of the 

measurements. The goodness of fit is examined by statistical measure such as 2 values. A low value 

of 2 indicates the chosen circuit model accurately represents the electrochemical process. The 

circuit used for the fit was R(CR)W, where the Rs stands for the solution resistance, Rct for charge 

transfer resistance, Cdl for interfacial double layer capacitance and W for diffusion (Warburg) 

impedance. In the plot, the blue/red marker indicates the measured values of the Co-bdc and Cu-

bdc electrodes, respectively, and the black marker indicates the calculated value.  

Figure 5(c) indicates the EIS for both the materials after 2000 consecutive cycles. It is evident that 

there is an increase in the radius of the depressed semicircle for both the MOFs, which reveals a 

decrease in the interfacial charge transfer between electrode and electrolyte.  

Table 2. EIS resistance data for Cu-bdc and Co-bdc MOFs 

 Cu-bdc MOF Co-bdc MOF 

Rs / Ω 1.25 0.089 

Rct / Ω 2.646 2.239 

2 0.04027 0.02906 
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a 

 

b 

 
c 

 
Figure 5. EIS within a frequency range of 100 kHz to 0.01 Hz of: (a) Cu-bdc MOF; (b) Co-bdc MOF;  

(c) after 2000 consecutive cycles 

Galvanostatic charge-discharge  

The specific capacitance (Cs) of the electrode was calculated using the following equation: 

s

 I t
C

m V


=


  (1) 

where I is the charge-discharge current, Δt is the time of discharge, ΔV is the difference between 

the upper and the lower potential limits, and m is the mass of the material [46]. 

Figure 6(a) and 6(b) illustrates the GCD curves for Co-bdc and Cu-bdc, respectively. Comparison 

of the GCD curves of Co-bdc and Cu-bdc electrodes at current densities of 0.5 to 18 A/g reveals a 

longer discharge time for the Co-bdc electrode, signifying notably larger capacitance for this 

electrode. Table 3 provides the specific capacitance values and the corresponding voltage drops for 

Co-bdc and Cu-bdc MOFs at varying current densities. The maximum specific capacitance obtained 

for Co-bdc MOF and Cu-bdc MOF was 368 and 171 F/g, respectively. It was observed that the voltage 

drop in the discharge curve rises with increasing applied current density. This escalating voltage 

drop adversely impacts the accessibility of active sites by ions during electrochemical reactions, 

leading to a reduction in capacitance. Conversely, at low current density, the voltage drop is 

minimal, enabling ions to access more active sites, resulting in higher capacitance [47].  
a b 

  
Figure 6. GCD plots of (a) Co-bdc and (b) Cu-bdc MOF at different current densities ranging from 1 to 18 A/g 
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Table 3. Specific capacitance values of Co-bdc and Cu-bdc MOFs with their corresponding voltage drops at 
different current densities 

Current  
density, A/g 

Co-bdc MOF Cu-bdc MOF 

Voltage drop, mV Specific capacitance, F/g Voltage drop, mV Specific capacitance, F/g 

1 32 368 28 171 

3 41 199 36 86 

6 48 194 44 84 

9 62 189 49 81 

12 69 187 53 78 

15 77 186 55 75 

18 81 180 60 72 

Cyclic stability and columbic efficiency 

The cyclic stability test of the electrodes was carried out using GCD measurement at a current 

density of 18 A/g for 2000 cycles. Figure 7 shows the capacitance retentions and the columbic 

efficiency with respect to a number of cycles, while the inset figures show the first 30 charge/discharge 

cycles for both MOFs. According to the plot presented in Figure 7(a), the Cu-bdc MOF exhibits an 

impressive retention of approximately 78 % of its initial capacitance after 2000 cycles, even when 

subjected to a high current density of 18 A/g. This highlights the excellent cyclic stability of the material 

when utilized as an electrode, even under high-current conditions. Similarly, Figure 7(b) illustrates that 

the Co-bdc MOF maintains 85 % of its initial capacitance after 2000 cycles at a notable current density 

of 18 A/g, further emphasizing its stable performance as an electrode material. This suggests that the 

electrode fabricated using Co-bdc MOF exhibits a longer cycle life and electrochemical reversibility as 

compared to the Cu-bdc MOF in the 3M KOH electrolyte system. The decrease in capacitance over a 

period for both MOFs could be attributed to the loss of active material during the cycling process. 

Figure 7(a) displays the device coulombic efficiency of Cu-bdc MOF, computed using Eq. (2). The 

graph indicates consistent stability, hovering around 96 % across the varying number of cycles. This 

suggests that the charge acquired during the charging phase equals the amount lost during 

discharging, and notably, this proportion remains constant despite the increasing number of cycles. 

In Figure 7(b), the coulombic efficiency for Cu-bdc MOF is depicted, revealing a steadfast stability at 

98 % over the observed cycles. 

The coulombic efficiency (η), which allows us to evaluate the reversibility of the charge/discharge 

processes, was calculated from Eq. (2): 

d

c

100
t

t
 =   (2) 

where td is the time of discharge and tc is the time of charge [47]. 

a b 

 
Cycle number 

 
Cycle number 

Figure 7. Cyclic stability test at 18 A/g of (a) Co-bdc and (b) Cu-bdc MOF  
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Conclusion 

In this study, a facile and environmentally friendly method was employed to synthesize two 

distinct MOFs, Co-bdc and Cu-bdc MOF, respectively. The MOFs synthesis employed a common 

ligand material and a nearly identical procedure. The successful synthesis of the MOFs was 

confirmed through various characterizations, including SEM-EDX, FTIR, and XRD analyses. The goal 

of this study was to streamline the material synthesis process, emphasizing simplicity and reduced 

labor, with the aim of minimizing production time and material costs. Then, both materials were 

compared for their efficiency within the same electrolyte system for supercapacitor applications. 

Among both MOFs, Cu-bdc MOF demonstrated minimal solution and charge transfer resistance, 

effectively shortening diffusion paths and facilitating rapid ion transport, leading to exceptional rate 

performance and long-term stability. The Co-bdc MOF and Cu-bdc MOF exhibited the highest 

specific capacitance values of 368 and 171 F/g at 1 A/g. Cyclic stability and coulombic efficiency were 

also evaluated over various cycles, with both MOFs demonstrating outstanding cycling properties 

and stability. However, the Co-bdc MOF outperformed its counterpart in terms of overall 

performance for supercapacitor application for a 3M KOH electrolyte system. 

Acknowledgements: The authors are thankful to the Department of Chemical Engineering, NIT 
Raipur, Chhattisgarh, India for their support.  
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