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Abstract. Metal-organic frameworks (MOFs) are widely used for supercapacitor 

electrodes due to their large surface area, high porosity, and adaptability. 

However, the low conductivity of pure MOFs limits their application as electrode 

materials. Various techniques are employed to overcome this, including creating 

bimetallic MOFs or making a composite. This study focuses on the novel 

bimetallic Ni/Fe-MOF, comparing its characteristics to Ni-MOF. The synthesis of 

MOFs is achieved using a single-step solvothermal method at 150 oC for 48 h, 

using terephthalic acid (BDC) as ligans. For solvent, ethylene glycol is added as a 

capping agent. Ni/Fe-MOF exhibits high capacitive properties, with a specific 

capacitance of 688 Fg-1 at 0.5 Ag-1. Both have almost the same Flake-like 

morphology. These findings suggest that bimetallic Ni/Fe-MOF using 

solvothermal are promising candidates for improving Ni-MOF performance as 

supercapacitor electrodes, potentially advancing energy storage technology.  
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1 Introduction 

The growing need for efficient and sustainable energy storage solutions has 

driven significant research into advanced electrochemical devices such as 

supercapacitors, Abbas, et al in [1]. Supercapacitors are known for their high 

power density, fast power charge/discharge rates, and good cyclic perfomance. 

It's ideal for energy storage applications requiring quick bursts of power, such as 

switching in power systems, Navarro, et al in [2]. However, their performance 

heavily depends on the electrode materials used.  

Metal-organic frameworks (MOFs) have recently gained attention as promising 

materials for supercapacitor electrodes. MOFs are made from metal nodes and 

organic linkers, forming porous structures with large surface areas and tunable 
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pore sizes. Moreover, redox-active metal centers within MOFs can improve their 

electrochemical performance, Khan et al. in [3]. However, despite these 

advantages, pure MOFs often need better electrical conductivity and stability, 

limiting their direct use in energy storage devices such as supercapacitors. 

To overcome these limitations, some strategies include incorporating additional 

metal ions into MOF structures to create bimetallic MOFs or forming composite 

materials. Bimetallic MOFs, which contain two different metal ions within their 

framework, offer improved conductivity, stability, and capacitance compared to 

their single-metal counterparts. Bimetallic MOFs benefit from synergistic effects 

between the two metal centers by introducing a second metal ion, enhancing the 

overall electrochemical properties, Raza, et al in [4].  

This study focuses on a novel bimetallic Ni/Fe-MOF, synthesized using a 

solvothermal method, which addresses the conductivity and stability challenges 

associated with pure MOFs. By partially replacing Ni²⁺ with Fe²⁺, the resulting 

Ni/Fe-MOF offers improved electrochemical performance while maintaining the 

structural advantages of MOFs. This work aims to advance the development of 

high-performance supercapacitor electrodes by demonstrating the potential of 

bimetallic MOFs to enhance capacitance, contributing to the broader field of 

energy storage technology. 

2 Experimental Section 

2.1 Materials 

The precursor materials involved include terephthalic acid (BDC, purity 98%), 

Nickel(II) nitrate hexahydrate (Ni(NO3)2.6H2O, purity ≥ 98.5%), Cobalt(II) 

Nitrate Hexahydrate (Co(NO3)2.6H2O, purity ≥ 98%), Iron(III) nitrate 

nonahydrate (Fe(NO3)3.9H2O, purity ≥ 98%) from Sigma Aldrich,  and 

Manganese(II) Nitrate Hydrate (Mn(NO3)2.4H2O, purity ≥ 98.5%) from Supelco. 

The solvents utilized in the process are dimethylformamide (DMF), ethanol, 

deionized water, and ethylene glycol. All chemical reagents utilized were of 

analytical quality and did not undergo any further refinement. 

2.2 Synthesis of Ni-MOF and Ni/Fe-MOF 

The method for synthesizing Ni-MOF used in this research emulates the 

established proses in a previous related study by Nie et al. [5], with ethylene 

glycol as an additional solvent. A mixture of 0.083 g of BDC and 0.145 g of 

Ni(NO3)2.6H2O was added to a solvent mixture consisting of 11 mL of DMF, 6 

mL of ethanol, 5 mL of ethylene glycol, and 6 mL of deionized water. The mix 

was then stirred and sonicated to accelerate the dissolution process. The solution 
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was then moved to a Teflon-lined autoclave and subjected to a temperature of 

150°C for a duration of 48 hours. The resulting samples were separated through 

centrifugation and purified with ethanol. Finally, the samples were dried at 60°C 

to produce Ni-MOF. 

Meanwhile, the synthesizing of Ni/Fe-MOF was using the same method but with 

a small difference in the precursor. For Ni/Fe-MOF, 0.145 g of Ni(NO3)2.6H2O 

was replaced with 0.073 g of Ni(NO3)2.6H2O  and 0.063 g of Fe(NO3)2.4H2O. 

 

Figure 1 The illustration of the syntesis process of  Ni-MOF and Ni/Fe-MOF 

using BDC as ligan. 

2.3 Materials characterization 

Scanning electron microscopy (Foto Thermoscienrific: Quanta 650) was used to 

discover the morphology of the materials. Meanwhile, the crystallization was 

observed using X-ray diffraction (XRD) Rigaku minifies. Moreover, Fourier 

transform infrared (FTIR) analysis of the samples was conducted using an FTIR 

spectrometer (FTIR Prestige 21, Shimadzu) over the wavenumber range of 400–

4000 cm⁻¹. 

2.4 Electrochemical measurements 

The properties of MOF electrode materials were tested using a three-electrode 

system in a 2.0 M KOH electrolyte with a CHI instrument and electrochemical 

workstation. The working electrode used the fabricated materials, and the counter 

electrode used a platinum wire, and as the reference using Ag/AgCl. Before the 

main testing, several CV tests were conducted to ensure the stability of the curve. 

Afterward, the polarization curve was obtained at a scan rate of 5, 10, 20, 40, 60, 
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80 and 100 mV s⁻¹. GCD was conducted at 0.5, 1, 2, and 4 Ag-1. The specific 

capacitance (F g-1) was obtained using Eq. (1). 

 𝐶 =
𝐼×∆𝑡

𝑚∆𝑉
 (1) 

Where C (F g-1), I (A), ∆t (s), m (g), and ∆V (V) are specific capacity, discharge 

current and time, a mass of active material, and potential window, respectively. 

3 Results and discussion 

SEM was conducted to illustrate the surface morphologies of Ni-MOF and Ni/Fe-

MOF samples. Both samples show flake-like layers that make a 3D flower-like 

form in a smaller magnification. Ni/Fe-MOF has a broader thickness in the same 

magnification compared to Ni-MOF microspheres. 

 

Figure 2 SEM images of materials (a,b,c) Ni-MOF and (d,e,f) Ni/Fe-MOF at 

different magnifications. 

 

Figure 3 XRD pattern of Ni-MOF and Ni/Fe-MOF samples 

10 µm 

10 µm 3 µm 

3 µm 500 nm 

500 nm 

(a) (b) (c) 

(d) (e) (f) 



Synthesis and Characterization Ni/Fe-MOF and Its Performance  

for Supercapacitor Application  5 

 

Fig. 3 shows XRD patterns of Ni-MOF and Ni/Fe-MOF samples. Both of the 

samples show high amorphous components. The Ni-MOF peaks at around 2θ = 

9.2°, 11.8°, 15.6°, 18.36°, 23.75°, 28.76°, and 30.28° corresponding to 

C8H6NiO5·H2O reported by Sherif, et al in [6]. Ni/Fe-MOF shows a slight shift 

to the right (higher angles)with lower peak intensity on 2θ between 5° and 40°. 

This indicates that Fe was successfully doped into Ni-MOF, corresponding to the 

previous literature on MOFs’ substation, Wang, et al in [7].  

     

Figure 4 FTIR spectrum result of Ni-MOF and Ni/Fe-MOF (a) 400-4000 cm-1 

(b) 400-2000 cm-1. 

Most of the FTIR peaks in Fig. 4 are almost at the same wave number, further 

confirming that these frameworks are isostructural and have the same topology. 

Four distinct peaks at 3601, 3427, 3337, and 602 cm⁻¹ are attributed to the 

hydroxyl stretching vibrations of free water molecules (-OH), where the 602 cm⁻¹ 

peak represents an out-of-plane bending mode, Nandiyanto, et al in [8]. The 

absorption peaks 3065 cm-1 are linked to the C-H bond, same with 821, 755, and 

685 cm-1 C-H, but have an out-of-plane bend [8]. Additionally, the prominent 

peaks at 1581 and 1376 cm⁻¹ are associated with the symmetric and asymmetric 

stretching vibrations of the carboxylate group (-COO), attributed to the Ni-COO-

Ni and Fe-COO-Fe bonds, Chen, et al in [9]. The small absorption peak at 1144, 

1097, and 1017 cm-1 is assigned to the bending mode in the hydroxy-bridged 

complexes of the M-O-H vibration, as informed by Nakamoto, et al in [10].  

Table 1 Specific surface area of samples. 

Materials 
Spesific surface 

area (m2 g-1) 

Total pore per 

volume (cm2 g-1) 

Ni-MOF 16.976 0.181 

Ni/Fe-MOF 78.693 0.5275 

 

(a) (b) 
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The specific surface area is presented in Table 1. Ni/Fe-MOF has a more specific 

surface area of 78.693 (m2 g-1) and a more total pore per volume of 0.5275 (cm2 

g-1) than Ni-MOF. The high specific surface area is likely due to Fe incorporation 

into Ni-MOF altering the coordination environment of the metal sites, 

introducing a smaller average crystal size of 13.22 nm compared to pristine Ni-

MOF, which has 23.69 nm. This can enhance porosity and create additional 

micropores or mesopores, increasing the surface area.  

 

(a) (b) 

(c) (d) 
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Figure 5 (a) CV curves of Ni-MOF at a 5-100 mV s-1 scan rate. (b) CV curves of 

Ni/Fe-MOF at a 5-100 mV s-1 scan rate. (c) CV curves of the Ni-MOF and Ni/Fe-

MOF at 5 mV s-1 scan rate. (d) Specific capacitance of Ni-MOF and Ni/Fe-MOF 

at various current densities. (e) GCD curves of Ni-MOF in different densities. (f) 

GCD curves of Ni/Fe-MOF in different densities. 

Fig. 5a, 5 b, and 5c illustrate the cyclic voltammetry (CV) curves for Ni-MOF 

and Ni/Fe-MOF at different scan rates. The mean areas enclosed by the CV 

curves correspond to the specific capacities of the materials. Compared to Ni-

MOF, Ni/Fe-MOF exhibits a larger area, signifying superior specific capacitance 

for the M-MOFs. The GCD curves in Fig. 5d, 5e, and 5f exhibit better specific 

capacitance for Ni/Fe-MOF, reaching 688 F g-1 more than Ni-MOF, with only 

202 F g-1 at 0.5 A g-1 current density. 

4 Conclusions 

Bimetallic Ni/Fe-MOF has been successfully obtained by the solvothermal 

method with a ratio of 1:1. It has almost the same flake-like morphology as Ni-

MOF but performs better. It delivers specific capacitance up to 688 F g-1 at 0.5 A 

g-1. The improved performance can be credited to the increased specific surface 

area and higher pore density per unit volume. The high specific surface area is 

likely due to Fe incorporation into Ni-MOF alters the coordination environment 

of the metal sites, introducing a smaller average crystal size of 13.22 nm 

compared to pristine Ni-MOF, which has 23.69 nm. Therefore, this study can 

provide new insight into bimetallic Ni/Fe-MOF for supercapacitor electrode that 

positively affects electrochemical performance. 

 

 

(e) (f) 
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