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Abstract 

The hierarchical Fe₃O₄@Ni-MOF composite was successfully fabricated directly on nickel foam and 

systematically characterized to confirm its crystal structure, morphology, chemical composition, 

porosity, and thermal stability. X-ray diffraction (XRD) analysis was employed to identify the crystalline 

phases and verify the successful formation of the Fe₃O₄ and Ni-MOF components, while scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM) revealed the hierarchical 

morphology, surface features, and nanoscale structural characteristics of the composite. Fourier-

transform infrared (FTIR) spectroscopy was used to identify the characteristic functional groups and 

chemical bonding interactions within the composite. Furthermore, Brunauer–Emmett–Teller (BET) 

analysis was conducted to evaluate the specific surface area and pore characteristics, while 

thermogravimetric analysis (TGA) was performed to assess thermal stability and decomposition 

behavior. The resulting Fe₃O₄@Ni-MOF/NF electrode exhibited enhanced electrochemical performance 

for water splitting, achieving HER and OER overpotentials of 120 mV and 250 mV, respectively, at 10 

mA cm⁻², together with Tafel slopes of 94 and 109 mV dec⁻¹. In supercapacitor measurements, the 

electrode delivered a specific capacitance of 531 F g⁻¹ at 0.5 A g ¹ and retained 77.6% of its initial 

capacitance after 8000 cycles. The improved electrochemical behavior is attributed to the synergistic 

interaction between Fe₃O₄ and Ni-MOF, the hierarchical porous architecture, and the highly conductive 

three-dimensional nickel foam substrate, which collectively promote efficient electron transport, 

electrolyte accessibility, and rapid ion diffusion. Furthermore, the electrode's practical water-splitting 

capability was demonstrated using a two-electrode electrolytic cell powered by a DC power supply. The 

assembled cell exhibited an overall cell voltage (Ecell) of only 1.73 V at a current density of 10 mA cm⁻², 

confirming the feasibility of the Fe₃O₄@Ni-MOF/NF electrode for real-time electrochemical water-

splitting applications. These results highlight the potential of the hierarchical Fe₃O₄@Ni-MOF/NF 

architecture as a multifunctional platform for efficient hydrogen production and electrochemical energy 

storage. 
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1. Introduction 

Energy is a fundamental requirement for economic growth, industrial development, technological 

progress, and the improvement of human quality of life[1,2]. As the global population continues to grow 

and industrialization expands, the demand for reliable and affordable energy is increasing 

significantly[3,4]. However, the continued reliance on fossil fuels to meet this growing demand has led 

to major environmental challenges, including greenhouse gas emissions, air pollution, climate change, 

and the depletion of finite natural resources[5,6]. In this context, renewable energy sources, such as 

solar, wind, hydropower, and biomass, have emerged as promising alternatives, as they provide cleaner, 

more sustainable energy while reducing dependence on conventional fuels[7–9]. Therefore, the 

development and integration of renewable energy technologies are essential for enhancing long-term 

energy security, minimizing environmental impacts, and supporting the transition toward a sustainable 

and low-carbon future[10,11]. 

Hydrogen energy has emerged as a promising alternative to conventional fossil fuels because of its high 

energy density, clean conversion, and potential to reduce greenhouse gas emissions[12,13]. Hydrogen 

can be produced from various sources and used in fuel cells to generate electricity, with water as the 

primary by-product of electrochemical conversion[14,15]. Furthermore, integrating hydrogen with 

renewable energy sources, particularly solar and wind, offers an attractive approach to storing excess 

renewable electricity and improving energy security[16,17].  

Electrochemical capacitors, commonly known as supercapacitors, have attracted significant attention as 

advanced energy-storage devices due to their high-power density, rapid charge–discharge capability, 

excellent rate performance, and long cycling stability[18–20]. Unlike conventional batteries, 

supercapacitors can deliver and receive energy rapidly, making them particularly suitable for 

applications requiring high-power output and frequent charge–discharge cycles[21,22]. Their 

electrochemical performance strongly depends on the physicochemical properties and structure of the 

electrode materials, including transition-metal oxides, hydroxides, sulfides, and carbon-based 

materials[23,24]. Consequently, the development of low-cost, highly conductive, and structurally stable 

electrode materials is crucial for improving the energy density and overall performance of next-

generation electrochemical capacitors[25,26]. 

Metal–organic frameworks (MOFs) are a class of porous crystalline materials composed of metal ions or 

clusters coordinated with organic linkers[27,28]. Their high surface area, tunable pore structures, and 



diverse chemical functionality make them attractive materials for applications in energy storage, 

catalysis, gas adsorption, sensing, and environmental remediation[29,30]. 

John et al. developed an Ag₂S/g-C₃N₄ heterostructure integrated with boronized Ni-ZIF (B) for 

alkaline/saline water splitting and supercapacitor applications. The composite showed enhanced 

electrocatalytic activity, requiring overpotentials of 324 mV for OER and 78 mV for HER at 10 mA cm⁻² 

in 1 M KOH, attributed to reduced charge-transfer resistance and increased electrochemically active 

surface area. It also achieved a high specific capacitance of 1076.6 F g⁻¹ and demonstrated over 20 h of 

water-splitting stability with 86% capacitance retention, highlighting its potential as a multifunctional 

electrode for energy conversion and storage[31]. 

Magnetite (Fe₃O₄) is a naturally occurring iron oxide with a distinctive inverse spinel structure and 

attractive magnetic and electrochemical properties. Its relatively low cost, good chemical stability, and 

redox-active iron centers make it a promising material for applications in catalysis, environmental 

remediation, and energy-storage devices[32,33]. In particular, the reversible Fe²⁺/Fe³⁺ redox chemistry of 

Fe₃O₄ can enhance charge-storage performance, making it an interesting electrode material for 

supercapacitors and other electrochemical energy technologies[34,35]. 

Al-Qahtani et al. successfully synthesized and characterized hybrid RGO/Fe₃O₄/Fe-MOF nanostructures 

for water splitting and electrochemical energy storage. The optimized Fe-MOF/RGO/Fe₃O₄ composite 

exhibited enhanced HER and OER activity, with overpotentials of 274 and 250 mV and Tafel slopes of 

112 and 99 mV dec⁻¹, respectively, while maintaining stable catalytic performance for 6 h. In 

supercapacitor applications, the composite achieved a specific capacitance of 321 F g⁻¹ at 0.5 A g⁻¹, 

retained 83% of its capacitance at 5 A g⁻¹, and preserved 91% of its capacitance after 10,000 cycles, 

demonstrating its potential as a multifunctional material for sustainable energy conversion and 

storage[36]. 

The novelty of this work lies in the rational design and fabrication of a binder-free Fe₃O₄@Ni-MOF 

heterostructure directly supported on nickel foam (NF) for dual applications in electrochemical water 

splitting and supercapacitor energy storage. The integration of Fe₃O₄ with Ni-MOF is expected to 

provide synergistic redox-active sites, enhanced interfacial charge transfer, and improved 

electrochemical accessibility, while the three-dimensional porous architecture of nickel foam facilitates 

efficient electrolyte penetration and rapid electron transport. The distinctive feature of the present 

strategy is the development of a single multifunctional electrode platform capable of addressing both 

efficient water-splitting reactions and high-performance capacitive energy storage, thereby 



demonstrating the versatility of the Fe₃O₄@Ni-MOF/NF architecture for integrated energy-conversion 

and energy-storage applications. 

2. Experimental section 

2.1 Sonochemical synthesis of Ni-MOF/Ni Foam 

Nickel foam (NF) pieces measuring 2 × 3 cm² and with an average thickness of 1.5 mm were used as the 

conductive substrate. Prior to synthesis, the NF was ultrasonically cleaned sequentially in acetone, 

ethanol, and deionized water for 15 min each, then dried at 60 °C. For the synthesis of Ni-MOF, 0.291 g 

of Ni(NO₃)₂·6H₂O and 0.166 g of terephthalic acid (H₂BDC) were dissolved in a mixed solvent 

consisting of 30 mL of N,N-dimethylformamide (DMF) and 10 mL of deionized water under magnetic 

stirring for 30 min. The pretreated Ni-foam substrate was fully immersed in the precursor solution, and 

the suspension was ultrasonically irradiated at 40 kHz and 150 W for 60 min while maintaining the 

temperature at approximately 50 °C. During sonication, acoustic cavitation facilitated rapid nucleation 

and in situ growth of the Ni-MOF crystals on the surface of the Ni foam, resulting in intimate contact 

between the MOF and conductive substrate. After sonication, the resulting Ni-MOF/NF was removed 

from the solution and washed three times with ethanol and deionized water to eliminate unreacted 

precursors and loosely attached particles. Finally, the electrode was dried at 60 °C for 12 h under 

vacuum before further characterization and electrochemical measurements. The resulting Ni-MOF/NF 

was used directly as a binder-free electrode. 

2.2. Synthesis of Fe3O4 nanoparticles 

The magnetite nanoparticles were synthesized through a facile chemical co-precipitation method using 

anhydrous FeSO₄ as the Fe²⁺ source. Briefly, 2.78 g of anhydrous FeSO₄ (20 mmol) and 10.81 g of 

FeCl₃·6H₂O (40 mmol) were separately dissolved in 50 mL of deoxygenated deionized water under 

continuous magnetic stirring. The two iron precursor solutions were subsequently mixed under a 

nitrogen atmosphere and stirred for 30 min to obtain a homogeneous solution. Then, 20 mL of 5 M 

NaOH solution was added dropwise under vigorous stirring until the pH reached approximately 10. The 

resulting suspension was maintained at 70 °C for 1 h under continuous stirring, during which a black 

precipitate corresponding to Fe₃O₄ nanoparticles was formed. The precipitate was magnetically 

separated and repeatedly washed with deionized water and ethanol to remove residual salts and 

unreacted species. Finally, the obtained Fe₃O₄ nanoparticles were dried under vacuum at 60 °C for 12 h 



and gently ground to obtain a homogeneous powder. The synthesized Fe₃O₄ nanoparticles were 

subsequently used for the fabrication of the Fe₃O₄@Ni-MOF/NF. 

2.3. Prepare the Fe3O4@Ni-MOF/NF 

First, Fe₃O₄ nanoparticles were subsequently incorporated onto the preformed Ni-MOF/NF substrate 

through a facile sonochemical deposition process. Briefly, 50 mg of Fe₃O₄ nanoparticles was dispersed 

in 40 mL of ethanol/deionized water mixture (1:1, v/v) by ultrasonication for 30 min to obtain a 

homogeneous suspension. A previously prepared Ni-MOF/NF electrode, measuring 2 × 3 cm², was fully 

immersed in the Fe₃O₄ suspension and subjected to ultrasonic irradiation at 40 kHz and 150 W for 20 

min. Ultrasonic cavitation facilitated the uniform dispersion and deposition of Fe₃O₄ nanoparticles 

across the Ni-MOF surface, thereby promoting intimate interfacial contact between Fe₃O₄ and the Ni-

MOF/NF substrate. After sonication, the Fe₃O₄@Ni-MOF/Ni foam electrode was removed from the 

suspension and washed several times with ethanol and deionized water to eliminate weakly attached 

nanoparticles. The electrode was then dried under vacuum at 50 °C for 3 h.  

2.4. Electrochemical measurement  

Electrochemical measurements were performed using a PGSTAT128N Autolab potentiostat/galvanostat 

(Metrohm Autolab, The Netherlands) in a conventional three-electrode configuration. An Ag/AgCl 

electrode (3 M KCl) was used as the reference electrode, while a Pt wire served as the auxiliary 

(counter) electrode. Nickel foam (NF), Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF were directly employed as 

the working electrodes. The measured potentials were converted from the Ag/AgCl reference scale to the 

reversible hydrogen electrode (RHE) scale according to the following equation: 

ERHE = EAg/AgCl + 0.210 + 0.059 Log pH   (1) 
where (EAg/AgCl) is the experimentally measured potential (V), 0.210 V is the standard potential of an 

Ag/AgCl electrode containing 3 M KCl versus the standard hydrogen electrode (SHE) at 25 °C, and pH 

is the pH of the electrolyte. 

The electrochemical active surface area calculated for different electrode surfaces (Figure S1) by the 

linear relationship between the current-density difference (ΔJ, mA cm⁻²) and the scan rate (mV s⁻¹) for 

bare nickel foam (NF), Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF electrodes. The double-layer capacitance 

(Cdl) was determined from half the slope of the linear fit (Cdl = slope/2). The calculated (Cdl) values 

were 14.50, 21.65, and 25.10 mF cm⁻² for NF, Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF, respectively. The 

progressively higher (Cdl) after incorporation of Ni-MOF and Fe₃O₄@Ni-MOF indicates an increased 



electrochemically accessible surface area and enhanced electrode–electrolyte interfacial area. Assuming 

a specific capacitance (Cs) of 0.040 mF cm⁻², the corresponding electrochemically active surface areas 

(ECSA) were estimated to be 362.5, 541.25, and 627.5 cm², respectively. These results demonstrate that 

the Fe₃O₄@Ni-MOF/NF electrode provides the largest electrochemically accessible surface area among 

the investigated electrodes, which can contribute to its improved electrochemical performance. 

3. Results and discussion 

3.1. Analysis 

The X-ray diffraction (XRD) pattern of the synthesized Fe₃O₄, Ni-MOF, and Fe3O4@Ni-MOF are 

presented in Figure 1a. The diffraction pattern exhibits the characteristic reflections of crystalline Fe₃O₄, 

with prominent peaks located at 2θ = 30.1°, 35.5°, 43.1°, 53.5°, 57.0°, and 62.6°, which can be indexed 

to the (220), (311), (400), (422), (511), and (440) crystallographic planes, respectively[37]. These 

reflections are characteristic of the cubic inverse-spinel structure of magnetite (Fe₃O₄) and are consistent 

with the standard JCPDS/PDF card No. 19-0629. The absence of additional prominent diffraction peaks 

indicates that no detectable crystalline impurity phases are present in the prepared Fe₃O₄ sample. Thus, 

the XRD results confirm the successful formation of crystalline Fe₃O₄ with the characteristic cubic 

spinel structure. For Ni-MOF, The characteristic diffraction peaks observed at 2θ ≈ 8.6°, 11.8°, 17.1°, 

20.7°, and 23.8° can be indexed to the (100), (010), (200), (101), and (020) crystallographic planes, 

respectively. These reflections are characteristic of the crystalline Ni-based MOF framework and are 

consistent with the reported crystal structure of Ni-MOF (CCDC No. 638866)[38]. The presence of the 

characteristic reflections without additional prominent crystalline peaks indicates the formation of the 

Ni-MOF phase under the employed synthesis conditions. The XRD pattern of Fe₃O₄@Ni-MOF shows 

the characteristic diffraction peaks of both components that confirm the loading of Fe3O4 on Ni-MOF 

surface. 

The functional groups were investigated using FT-IR. Figure 1b presents the FTIR spectra of BDC, Ni-

MOF, and Fe₃O₄@Ni-MOF. The BDC spectrum exhibits absorption bands at 3451, 1686, 1426, 1284, 

1118, and 735 cm⁻¹. The band at 3451 cm⁻¹ is assigned to O–H stretching, while the band at 1686 cm⁻¹ 

corresponds to the C=O stretching vibration of the carboxylic acid group. The bands at 1426 and 1284 

cm⁻¹ are associated with aromatic and C–O vibrations, respectively, while the bands at 1118 and 735 

cm⁻¹ can be attributed to C–O and aromatic C–H vibrations. For Ni-MOF, the observed bands at 3434, 

1635, 1109, and 626 cm⁻¹ are assigned to O–H stretching, carboxylate-related vibrations, C–O 



vibrations, and metal–oxygen (Ni–O) vibrations, respectively. The FTIR spectrum of Fe₃O₄@Ni-MOF 

shows bands at 3443, 3352, 1577, 1368, 1109, and 610 cm⁻¹. The bands at 3443 and 3352 cm⁻¹ are 

associated with O–H stretching, whereas the bands at 1577 and 1368 cm⁻¹ are related to 

carboxylate/aromatic vibrations. The band at 1109 cm⁻¹ is attributed to C–O vibrations, while the 

absorption at 610 cm⁻¹ is assigned to the Fe–O vibration of Fe₃O₄. 

Figure 1c presents the thermogravimetric analysis (TGA) curves for BDC and the synthesized Ni-MOF, 

providing insight into their thermal weight-loss behavior. The BDC ligand exhibited a single major 

transition, with an almost complete weight loss of 99.96% between 241 and 429 °C, indicating 

substantial thermal decomposition within this temperature range. In comparison, the Ni-MOF displayed 

three distinct weight-loss stages. The first stage involved an 8.4% weight loss from 66 to 118 °C, which 

can be associated with the removal of weakly bound or adsorbed volatile species. The second stage 

showed a 26% weight loss between 125 and 334 °C, followed by a further 7% weight loss from 327 to 

481 °C in the third stage. The latter two stages correspond to progressive thermal decomposition of the 

organic and framework components of the Ni-MOF. Overall, the TGA profile of Ni-MOF demonstrates 

a multistep thermal decomposition behavior, whereas BDC exhibits a single major decomposition 

transition. 

Figure 1d shows the N₂ adsorption–desorption isotherm of Fe₃O₄@Ni-MOF. The material exhibits a 

BET specific surface area of 229.3 m² g⁻¹, with a monolayer adsorption capacity of 52.68 cm³(STP) g⁻¹. 

The total pore volume, estimated from the adsorption amount at P/P₀ = 0.99, was approximately 0.300 

cm³ g⁻¹. Based on the BET surface area and total pore volume, the average pore diameter was calculated 

to be approximately 5.23 nm, indicating a predominantly mesoporous pore structure.  

  



  
Figure 1. a) XRD, b) FT-IR, c) Thermal analysis, d) BET of the prepared nanomaterial. 

 

The surface morphology of the Fe₃O₄@Ni-MOF/NF electrode was examined by SEM, as shown in 

Figure. 2a and b. At low magnification (Figure 2a), the Fe₃O₄@Ni-MOF composite appears uniformly 

distributed over the three-dimensional Ni foam substrate. The higher-magnification image (Figure 2b) 

reveals the nanosheet-like morphology of the Ni-MOF, with an average particle size of approximately 

0.6 μm. Fe₃O₄ nanoparticles with an average size of approximately 36 nm are observed decorating the 

surfaces of the Ni-MOF nanosheets. This hierarchical morphology confirms the formation of the 

Fe₃O₄@Ni-MOF architecture and provides a textured electrode surface with nanoscale features. Figure 

2c presents the SEM image of the Fe₃O₄@Ni-MOF/NF electrode after the HER stability test for 48 h. 

Compared with the pristine electrode, the surface morphology showed noticeable deterioration after 

prolonged electrochemical operation. The initially well-defined Ni-MOF nanosheet structure became 

less distinct, accompanied by changes in the surface texture and partial loss or rearrangement of the 

deposited material. These morphological changes indicate that prolonged HER operation affected the 

structural integrity of the Fe₃O₄@Ni-MOF/NF electrode. Additionally, the morphology of the catalysts 

was characterized by Transmitted electron microscopy. Figure 2d shows the TEM image of the 

synthesized Fe₃O₄ nanoparticles. The nanoparticles exhibit nanoscale morphology with relatively well-

defined individual particles and some degree of aggregation. Based on the TEM analysis, the average 

particle size of the Fe₃O₄ nanoparticles was approximately 42 nm. Figure 2e presents the TEM image of 

the Fe₃O₄@Ni-MOF/NF composite, clearly showing the formation of the heterostructured architecture. 

The Ni-MOF forms sheet-like structures, while the Fe₃O₄ nanoparticles are distributed and decorated on 



the surfaces of the Ni-MOF sheets. The intimate contact between the Fe₃O₄ nanoparticles and Ni-MOF 

sheets provides direct interfacial contact between the two components, confirming the successful 

formation of the Fe₃O₄@Ni-MOF composite structure. The elemental composition of the Fe₃O₄@Ni-

MOF/NF composite was further investigated by energy-dispersive X-ray spectroscopy (EDX), as shown 

in Figure 2f. The EDX spectrum confirms the presence of Fe, Ni, O, and C elements, which are 

consistent with the successful integration of Fe₃O₄ and Ni-MOF onto the nickel foam substrate. The 

signals corresponding to Fe and O are attributed to the Fe₃O₄ component, while the Ni signal originates 

from both the Ni-MOF framework and the underlying nickel foam. The C signal is associated with the 

organic linker of the Ni-MOF. These elemental signals provide further evidence for the successful 

formation of the Fe₃O₄@Ni-MOF heterostructure on the nickel foam substrate. 



 



Figure 2. (a-b) SEM of Fe3O4@Ni-MOF/NF, c) SEM of Fe3O4@Ni-MOF/NF after stability test, d) 
TEM of Fe3O4, e) TEM of Fe3O4@Ni-MOF, (f) EDX of Fe3O4@Ni-MOF. 

 

3.2. Electrochemical performance of Fe3O4@Ni-MOF/NF 

The electrochemical behavior of the different modified electrodes was investigated using cyclic 

voltammetry (CV) in an alkaline electrolyte. CV measurements were performed to evaluate the redox 

characteristics, electrochemical activity, and charge-transfer behavior of the prepared electrodes. The 

resulting CV profiles provide insight into the electrochemically active species and the contribution of the 

electrode modifications to the overall electrochemical performance. 

For Figure 3a, CVs measurements of the bare NF electrode were recorded at different scan rates ranging 

from 5 to 50 mV s⁻¹ in 1.0 M KOH over a potential window of 0–0.6 V vs. Ag/AgCl. The CV curves 

exhibit a distinct pair of redox peaks, indicating the reversible surface redox behavior of nickel species 

in the alkaline electrolyte. The anodic peak can be attributed to the oxidation of Ni(II) to Ni(III) (0.43 V 

vs. Ag/AgCl), while the corresponding cathodic peak is associated with the reverse reduction of Ni(III) 

to Ni(II) (0.24 V vs. Ag/AgCl). The presence of these redox features confirms that the Ni-based surface 

of NF actively participates in the electrochemical oxidation–reduction process. As the scan rate increases 

from 5 to 50 mV s⁻¹, the redox peak currents increase, indicating a robust electrochemical response of 

the NF electrode and its suitability as a conductive substrate for subsequent electrode modification. 

Figure 3b presents the CV curves of the Ni-MOF/NF electrode recorded in 1.0 M KOH at different scan 

rates. Compared with the bare NF electrode, the incorporation of Ni-MOF results in a noticeable 

enhancement of the redox current response, indicating an increase in the electrochemically active 

surface area and improved accessibility of active sites. The anodic peak observed at approximately 0.35 

V is attributed to the oxidation of Ni(II) to Ni(III), while the corresponding cathodic peak at 

approximately 0.26 V is associated with the reduction of Ni(III) back to Ni(II). Notably, the redox peaks 

of the Ni-MOF/NF electrode are shifted toward less positive potentials than those of pristine NF, 

indicating that the Ni(II)/Ni(III) redox process occurs at a more favorable potential and suggesting 

facilitated electrochemical kinetics upon Ni-MOF incorporation. The Ni-MOF coating also provides a 

porous structure that facilitates electrolyte penetration and promotes efficient charge transfer at the 

electrode/electrolyte interface. Figure 3c presents the CV curves of the Fe₃O₄@Ni-MOF/NF electrode 

recorded in 1.0 M KOH at different scan rates. The electrode exhibits two distinct redox couples, 

indicating the contribution of both Fe- and Ni-based redox processes to the overall electrochemical 



response. The first redox couple is characterized by an anodic peak at approximately 0.21 V, which can 

be assigned to the oxidation of Fe₃O₄ to Fe(OH)₃, and a cathodic peak at approximately −0.048 V, 

corresponding to the reduction of Fe(OH)₃ to Fe(OH)₂. The second redox couple appears at higher 

potentials, with an anodic peak at approximately 0.35 V, attributed to the oxidation of the Ni-based 

species to Ni(OH)₃, and a cathodic peak at approximately 0.23 V, corresponding to the reduction of 

Ni(OH)₃ to Ni(OH)₂. The appearance of both redox couples confirms the electrochemical activity of the 

Fe₃O₄ and Ni-MOF components within the composite electrode. Furthermore, the progressive increase 

in redox peak currents with increasing scan rate indicates enhanced electrochemical response and 

efficient charge transfer in the Fe₃O₄@Ni-MOF/NF electrode. 

For Figure 3d, the relationship between the logarithm of the peak current density and the logarithm of 

the scan rate was investigated to evaluate the electrochemical reaction kinetics and charge-storage 

mechanism of the different electrodes. The relationship was described by the power-law equation 

 𝑖 = ௕ݒܽ
     (2) 

Where 𝑖is the peak current, ݒis the scan rate, ܽis a constant, and ܾis the slope of the linear log(𝑖)versus log(ݒ)plot. The obtained ܾ-values were 0.53 for NF, 0.61 for Ni-MOF/NF, and 0.64 for Fe₃O₄@Ni-

MOF/NF. Physically, the ܾ-value provides information about the dominant electrochemical charge-

storage or reaction kinetics: the value approaching 0.5 is generally associated with a diffusion-controlled 

process, whereas the value approaching 1.0 indicates a predominantly surface-controlled or capacitive 

process. Thus, the ܾ-value of 0.53 for NF indicates mainly diffusion-controlled behavior, while the 

increase to 0.61 for Ni-MOF/NF suggests an enhanced contribution from surface-controlled processes. 

The higher ܾ-value of 0.64 obtained for Fe₃O₄@Ni-MOF/NF indicates a further increase in the 

capacitive/surface-controlled contribution, reflecting faster ion-accessible electrochemical reactions and 

improved utilization of electrochemically active sites. 



  

  

Figure 3. Cyclic voltammetry (CVs) curves of (a) bare Ni foam (NF), (b) Ni-MOF/NF, and (c) 
Fe₃O₄@Ni-MOF/NF electrodes in 1.0 M KOH at different scan rates. (d) Linear relationship between 
log(peak current) and log(scan rate) for NF, Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF electrodes. 

 

 

Figure 4(a–c) presents the galvanostatic charge–discharge (GCD) curves of the bare NF, Ni-MOF/NF, 

and Fe₃O₄@Ni-MOF/NF electrodes, recorded in 1.0 M KOH electrolyte within a potential window of 0–

0.4 V at current densities of 0.5, 1, 1.5, 2, and 2.5 A g⁻¹. As shown in Figure 4(a), the bare NF exhibits 

nearly symmetric, quasi-triangular GCD profiles with very short discharge times at all applied current 

densities, indicating negligible faradaic contribution and a specific capacitance dominated by an 

electrical double-layer-like response from the nickel foam substrate itself. In contrast, the Ni-MOF/NF 



electrode (Figure 4b) displays GCD curves with a distinct non-linear, plateau-like shape rather than a 

perfect triangle, which is a signature of reversible faradaic redox reactions associated with the Ni²⁺/Ni³⁺ 

transitions in the MOF framework. The discharge time is noticeably prolonged relative to bare NF at 

every current density, confirming that the growth of the Ni-MOF significantly enhances the charge-

storage capacity of the electrode. The most pronounced change is observed for the Fe₃O₄@Ni-MOF/NF 

composite electrode (Figure 4c), whose GCD curves show even longer discharge durations along with 

well-defined voltage plateaus, reflecting a stronger and more efficient battery-type (pseudocapacitive) 

redox behavior. This improvement can be attributed to the synergistic coupling between Fe₃O₄ 

nanoparticles and the Ni-MOF matrix, which increases the number of accessible active sites, improves 

electrical conductivity, and facilitates faster electron/ion transport during the charge–discharge process. 

Figure 4(d) illustrates the variation of specific capacitance as a function of current density (0.5–2.5 A 

g⁻¹) for the NF, Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF electrodes, as calculated from their respective 

GCD discharge curves. As expected, all three electrodes exhibit a gradual decline in specific capacitance 

with increasing current density, which is a common feature of pseudocapacitive and battery-type 

electrode materials, arising from limited ion diffusion and insufficient time for electrolyte ions to access 

the inner active sites at higher charge–discharge rates. The bare NF electrode shows the lowest specific 

capacitance values across the entire current range, decreasing from 283 F g⁻¹ at 0.5 A g⁻¹ to 201 F g⁻¹ at 

2.5 A g⁻¹, consistent with its limited electroactive surface area. The Ni-MOF/NF electrode demonstrates 

a marked improvement, with specific capacitance decreasing from 368 F g⁻¹ to 268 F g⁻¹ over the same 

current range, reflecting the additional pseudocapacitive contribution from the redox-active Ni-MOF 

framework. Notably, the Fe₃O₄@Ni-MOF/NF composite electrode delivers the highest specific 

capacitance at all current densities, decreasing from 531 F g⁻¹ at 0.5 A g⁻¹ to 410 F g⁻¹ at 2.5 A g⁻¹, which 

is significantly superior to both the bare NF and Ni-MOF/NF electrodes. The rate capability of each 

electrode, defined as the percentage retention of specific capacitance at the highest current density (2.5 A 

g⁻¹) relative to the lowest current density (0.5 A g⁻¹), was calculated using the following relation:  ܴܾܽܽ݌ܽܿ ݁ݐ𝑖݈𝑖ݕݐ (%) = ஼ೞ ௔௧ 2.5 ஺.௚−1஼ೞ௔௧ 0.5 ஺.௚−1  × 100                  (3) 

Accordingly, the bare NF electrode exhibits a rate capability of 71.0% (201/283 × 100), the Ni-MOF/NF 

electrode shows a rate capability of 72.8% (268/368 × 100), while the Fe₃O₄@Ni-MOF/NF composite 

electrode achieves the highest rate capability of 77.2% (410/531 × 100). This trend clearly indicates that 

the incorporation of Fe₃O₄ nanoparticles into the Ni-MOF framework not only enhances the overall 



specific capacitance but also improves the rate capability of the electrode, suggesting faster ion/electron 

transport kinetics and better structural stability of the Fe₃O₄@Ni-MOF/NF composite under high current 

loading conditions. These results confirm the superior electrochemical performance and charge-storage 

efficiency of the Fe₃O₄@Ni-MOF/NF electrode compared to the pristine Ni-MOF/NF and bare NF 

electrodes. 

Figure 4e shows the cycling stability of the Fe₃O₄@Ni-MOF/NF electrode during 8000 consecutive 

galvanostatic charge–discharge (GCD) cycles in 1.0 M KOH at a current density of 5 A g⁻¹. The 

electrode retains 77.6% of its initial specific capacitance after 8000 cycles, indicating that a substantial 

proportion of its initial charge-storage performance is maintained during prolonged cycling. The gradual 

decrease in capacitance observed during repeated cycling reflects a loss of electrochemical performance 

with continued operation. Nevertheless, the relatively high capacitance retention indicates good cycling 

stability of the Fe₃O₄@Ni-MOF/NF electrode under the experimental conditions. 

 

  



  

 
Figure 4. Galvanostatic charge–discharge (GCD) profiles of (a) NF, (b) Ni-MOF/NF, and (c) 
Fe₃O₄@Ni-MOF/NF electrodes, (d) Variation of specific capacitance as a function of current density 
(0.5–2.5 A g⁻¹) for different surfaces, and (e) Cycling stability of the Fe₃O₄@Ni-MOF/NF electrode 
during 8000 consecutive GCD cycles in 1.0 M KOH at a current density of 5 A g⁻¹. 

 

 

3.3. Electrochemical hydrogen reaction  



The hydrogen evolution reaction (HER) is a crucial half-reaction in water electrolysis and significantly 

contributes to the sustainable production of green hydrogen. Therefore, it is essential to develop 

efficient, durable HER electrocatalysts that operate at low overpotential, as this will help reduce the 

energy consumption associated with electrochemical hydrogen production. 

The HER performance of the pristine Ni foam (NF), Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF electrodes 

was evaluated using linear sweep voltammetry (LSV) at a scan rate of 10 mV s⁻¹ in 1.0 M KOH. As 

shown in Figure 5a, the polarization curves reveal a clear enhancement in the electrocatalytic activity 

following electrode modification. The bare NF electrode exhibited an overpotential (η₁₀) of 310 mV at a 

current density of 10 mA cm⁻², whereas the Ni-MOF/NF electrode required only 150 mV. Notably, the 

Fe₃O₄@Ni-MOF/NF electrode demonstrated the lowest η₁₀ of 120 mV, indicating its superior HER 

catalytic activity among the investigated electrodes. The enhanced performance of Fe₃O₄@Ni-MOF/NF 

can be associated with the synergistic interaction between Fe₃O₄ and Ni-MOF, which may promote 

charge transfer and increase the accessibility of catalytically active sites. Thus, the HER activity follows 

the order NF (310 mV) > Ni-MOF/NF (150 mV) > Fe₃O₄@Ni-MOF/NF (120 mV), confirming the 

beneficial effect of Fe₃O₄ incorporation into the Ni-MOF/NF architecture. 

The overall HER in alkaline medium over Fe3O4@Ni-MOF is expressed as: 

Fe3O4@Ni-MOF + H2O + e− → Fe3O4@Ni-MOF−H∗ + OH−
  (4) (Volmer step) 

Fe3O4@Ni-MOF −H∗+H2O + e−→  Fe3O4@Ni-MOF + H2 + OH−  (5) (Heyrovsky step) 

2Fe3O4@Ni-MOF−H∗ → 2Fe3O4@Ni-MOF  + H2    (6) (Tafel step) 

Overall, HER reaction in alkaline medium: 

2H2O+2e− → H2 + 2OH−
       (7)  

The HER kinetics of the prepared electrodes were further investigated through Tafel analysis, as 

presented in Figure 5b. The Tafel slopes were obtained from the linear region of the polarization curves 

using the Tafel equation: 

η = b log(j) + a        (8) 

Where η is the overpotential, j is the current density, b is the Tafel slope, and a is the intercept. The 

pristine NF electrode exhibited a relatively high Tafel slope of 126 mV dec⁻¹, indicating slower HER 

kinetics. Upon incorporation of Ni-MOF, the Tafel slope decreased to 102 mV dec⁻¹, demonstrating 

improved reaction kinetics. Remarkably, the Fe₃O₄@Ni-MOF/NF electrode exhibited the lowest Tafel 



slope of only 94 mV dec⁻¹, confirming its more favorable HER kinetics compared with the other 

electrodes. The decrease in Tafel slope can be associated with enhanced electron-transfer processes and 

improved accessibility of catalytic active sites resulting from the incorporation of Ni-MOF and Fe₃O₄. 

For Figure 5c, electrochemical impedance spectroscopy (EIS) measurements were conducted to 

investigate the interfacial charge-transfer characteristics of the investigated electrodes toward the HER. 

The experimental impedance spectra were fitted using the equivalent electrical circuit presented as the 

inset of Figure 5c, which consists of the solution resistance (Rc), constant phase elements (CPE1 and 

CPE2), and charge-transfer resistances (R1 and R2). The corresponding fitting parameters, including the 

resistance and CPE values with their respective Y₀ and N parameters, are summarized in Table 1. The 

good agreement between the experimental and fitted spectra confirms the suitability of the proposed 

equivalent circuit for describing the electrochemical behavior of the modified electrodes. 

The long-term electrochemical stability of the prepared electrodes toward the HER was evaluated by 

chronoamperometric measurements at a constant potential in 1.0 M KOH, as shown in Figure 5d. The 

stability tests were conducted for 48 h to assess the electrodes' ability to maintain catalytic activity 

during prolonged electrolysis. The pristine NF electrode retained approximately 67% of its initial current 

after 48 h, while the Ni-MOF/NF electrode showed an improved current retention of 71%. Notably, the 

Fe₃O₄@Ni-MOF/NF electrode exhibited the highest current retention, 73%, after 48 h, indicating 

comparatively enhanced long-term stability. The improved durability of Fe₃O₄@Ni-MOF/NF can be 

attributed to the stable composite architecture and the interaction between Fe₃O₄ and Ni-MOF, which 

may help maintain the accessibility and integrity of the catalytic active sites during prolonged 

electrochemical operation. These results demonstrate that the Fe₃O₄@Ni-MOF/NF electrode maintains a 

relatively stable HER response over extended operation in alkaline electrolyte. A comparison of 

Fe₃O₄@Ni-MOF/NF and other surfaces for HER is reported in Table 2.  



 
 

  
Figure 5. HER electrocatalytic performance of NF, Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF electrodes in 
1.0 M KOH: (a) LSV polarization curves recorded at a scan rate of 10 mV s⁻¹, (b) corresponding Tafel 
plots, (c) Nyquist plots of the prepared electrodes, and (d) long-term durability test conducted for 48 h. 

Table 1. Fitting parameters for HER.  

Electrode Rc(Ω cm2) R1(Ω cm2) CPE1 R2(Ω cm2) CPE2 

Y0 N Y0 N 

NF 14.1 26 0.0001467 0.7346 276 0.0002894 0.8163 

Ni-MOF/NF 13.4 21 0.0002952 0.8411 184 0.0004511 0.8507 

Fe3O4@Ni-
MOF/NF 

13.1 18 0.0003147 0.8387 128 0.0005087 0.8429 

 

Table 2. Comparison of different surfaces for HER  

Materials 
Electrolyte 

concentration 
η10 / mV 

Tafel slope / mV 
dec⁻¹ References 



2D Co-

BDC/MoS2 
    1.0 M KOH 248 86 [39] 

Co-BHT     0.1 NaClO4 185 88 [40] 
PAAQ-CuO/GC 1.0 M NaOH 146 136 [41] 
Fe(OH)x@Cu-

MOF NBs 
    1.0 M KOH 112 76 [42] 

ZMCO@PANI-
NW 

    1.0 M KOH 296 84 [43] 

Fe₃O₄@Ni-
MOF/NF 

    1.0 M KOH 120 94 This work 

 

3.4. Study of oxygen evolution reaction 

The OER is a critical anodic process in water electrolysis and plays an essential role in the sustainable 

production of hydrogen. However, the slow reaction kinetics and high energy demand of OER highlight 

the need for efficient and durable electrocatalysts. These catalysts aim to lower the required 

overpotential and enhance overall energy efficiency. 

For Figure 6a, the OER electrocatalytic performance of the prepared electrodes was evaluated by linear 

sweep voltammetry (LSV) in 1.0 M KOH at a scan rate of 10 mV s⁻¹. The overpotential required to 

achieve a current density of 10 mA cm⁻² (η₁₀) was 410 mV for bare NF, which decreased to 330 mV for 

Ni-MOF/NF. Notably, the Fe₃O₄@Ni-MOF/NF electrode exhibited the lowest η₁₀ of 250 mV, indicating 

substantially enhanced OER activity compared with both NF and Ni-MOF/NF. The lower overpotential 

demonstrates that the Fe₃O₄@Ni-MOF modification facilitates the OER process and promotes more 

efficient catalytic reactions, which can be associated with the synergistic interaction between Fe₃O₄ and 

the Ni-MOF framework and the improved accessibility of active catalytic sites. 

For the OER in alkaline electrolyte, the mechanism on the Fe₃O₄@Ni-MOF/NF catalyst can be 

described by the following surface-adsorbed intermediates: 

Fe₃O₄@Ni-MOF+ OH− → Fe₃O₄@Ni-MOF–OH + e−      (9) 

Fe₃O₄@Ni-MOF–OH + OH− → Fe₃O₄@Ni-MOF–O + H2O + e−    (10) 

Fe₃O₄@Ni-MOF–O + OH− → Fe₃O₄@Ni-MOF–OOH + e−     (11) 

Fe₃O₄@Ni-MOF–OOH + OH− → Fe₃O₄@Ni-MOF  + O2 + H2O + e−    (12)  

The overall OER process can therefore be expressed as: 



4OH− → O2 + 2H2O + 4e−          (13) 

 

In Figure 6b, Tafel plots were used to evaluate OER kinetics and to compare the intrinsic 

electrocatalytic activity of the prepared electrodes. The calculated Tafel slopes were 164 mV dec⁻¹ for 

NF, 117 mV dec⁻¹ for Ni-MOF/NF, and 109 mV dec⁻¹ for Fe₃O₄@Ni-MOF/NF. The progressive decrease 

in Tafel slope after modification indicates faster OER reaction kinetics and more favorable electron-

transfer processes compared with the bare NF electrode. In particular, the Fe₃O₄@Ni-MOF/NF electrode 

exhibited the lowest Tafel slope (109 mV dec⁻¹), demonstrating its improved OER kinetics, which can be 

attributed to the synergistic interaction between Fe₃O₄ and Ni-MOF and the resulting enhancement of 

the electrochemically active catalytic surface. 

For Figure 6c, electrochemical impedance spectroscopy (EIS) measurements were performed to 

investigate the interfacial charge-transfer characteristics of the investigated electrodes toward the OER. 

The experimental impedance spectra were fitted using the equivalent electrical circuit shown in the inset 

of Figure 6c, consisting of the solution resistance (Rc), constant phase elements (CPE1 and CPE2), and 

the corresponding resistance components (R1 and R2). The fitting parameters obtained from the EIS 

analysis are summarized in Table 3. The bare NF electrode exhibited an R2 value of 455 Ω cm², which 

decreased to 386 Ω cm² for Ni-MOF/NF and further decreased to 248 Ω cm² for Fe₃O₄@Ni-MOF/NF. 

Similarly, R1 increased from 24 Ω cm² for NF to 287 Ω cm² for Ni-MOF/NF and then decreased to 159 

Ω cm² for Fe₃O₄@Ni-MOF/NF. The CPE parameters also varied following electrode modification, with 

the Y₀ and N values reflecting changes in the interfacial electrochemical characteristics. Overall, the 

lower R2 value obtained for Fe₃O₄@Ni-MOF/NF indicates more favorable interfacial charge-transfer 

kinetics during OER compared with the other investigated electrodes. 

For Figure 6d, the long-term durability of the electrodes toward the OER was evaluated by continuous 

electrolysis for 48 h in 1.0 M KOH. The current retention after the stability test was 63% for bare NF, 

67% for Ni-MOF/NF, and 71% for Fe₃O₄@Ni-MOF/NF. The Fe₃O₄@Ni-MOF/NF electrode exhibited 

the highest current retention, indicating improved long-term operational stability compared with the 

unmodified NF and Ni-MOF/NF electrodes. The enhanced durability can be attributed to the robust 

integration of Fe₃O₄ and Ni-MOF with the Ni foam substrate, which helps maintain the catalytic 

structure and active sites during prolonged OER operation. A comparison of Fe₃O₄@Ni-MOF/NF and 

other surfaces for OER is reported in Table 4.  



 

 
 

 o  
Figure 6. OER electrocatalytic performance of NF, Ni-MOF/NF, and Fe₃O₄@Ni-MOF/NF electrodes in 
1.0 M KOH: (a) LSV polarization curves recorded at a scan rate of 10 mV s⁻¹, (b) corresponding Tafel 
plots, (c) Nyquist plots of the prepared electrodes, and (d) long-term durability test conducted for 48 h. 

 

Table 3. Fitting parameters for OER.  

Electrode Rc(Ω cm2) R1(Ω cm2) CPE1 R2(Ω cm2) CPE2 

Y0 N Y0 N 

NF 18 24 0.00003447 0.671 455 0.0000610 0.862 

Ni-MOF/NF 15 287 0.00005399 0.851 386 0.0000638 0.886 

Fe3O4@Ni-
MOF/NF 

16 159 0.00006524 0.814 248 0.0000729 0.934 

 

Table 4. Comparison of different surfaces for OER  

Materials 
Electrolyte 

concentration 
η10 / mV 

Tafel slope / mV 
dec⁻¹ References 



NiFe-MOF array / 
Ni foam 

0.1 M KOH 240 34 [44] 

Graphene-

nanoplatelets-

supported NiFe-

MOF 

1.0 M KOH 220 51 [45] 

Ag@Ni-Cr-
MOF/CF 

1.0 M KOH 200 68 [46] 

Ni–Cr-
MOF/CNT/NF 

1.0 M KOH 310 146 [29] 

Ni₁₀Fe-BTC 1.0 M KOH 346 47 [47] 
Fe₃O₄@Ni-
MOF/NF 

1.0 M KOH 250 109 This work 

 

3.5. Two-electrode water splitting   

To evaluate the water-splitting performance, a two-electrode electrochemical configuration was 

employed, using two identical, symmetrically positioned electrodes with an active geometric area of 1 × 

1 cm². The electrodes were immersed in an aqueous 1.0 M KOH electrolyte and connected directly to a 

DC power supply. A constant or progressively varied DC voltage was applied across the two electrodes 

to induce water electrolysis. The resulting current was recorded at each applied voltage to assess the 

electrochemical response and overall water-splitting activity of the electrode material. The electrolysis 

process was conducted under ambient conditions, and the applied voltage–current response was used to 

evaluate the performance and operational stability of the assembled two-electrode water-splitting 

system. 

Figure 7a shows the raw constant-current data obtained for the different modified electrodes. The 

corresponding cell voltage was recorded over time under identical operating conditions, enabling direct 

comparison of the electrochemical water-splitting performance and stability of the investigated 

electrodes. Raw data for the constant current mode of DC-Power supply using two electrode 

Fe3O4@Ni-MOF/NF at different current ranges is presented in Figure S2. 

Figure 7b compares the cell voltage (Ecell) of the different electrodes at a current of 10 mA. NF 

exhibited an Ecell of 2.34 V, which decreased to 2.26 V for Ni-MOF/NF and further to 1.73 V for 

Fe₃O₄@Ni-MOF/NF. The markedly lower Ecell of Fe₃O₄@Ni-MOF/NF indicates its enhanced 

electrocatalytic performance and reduced energy requirement for water splitting. Figure 7c illustrates 

the relationship between the applied current and cell voltage (Ecell) for the Fe₃O₄@Ni-MOF/NF 

electrode. The Ecell increased progressively from 1.73 V at 10 mA to 4.35 V at 80 mA, indicating 



increasing polarization with increasing current. The electrode maintained a relatively low cell voltage at 

lower current densities, demonstrating favorable water-splitting performance. 

 

 

 
 

Figure 7. Electrochemical water-splitting performance: (a) raw constant-current data for the different 
modified electrodes, (b) comparison of cell voltage (Ecell) for the investigated electrodes, and (c) Ecell as 
a function of applied current for the Fe₃O₄@Ni-MOF/NF electrode. 

 

 

Conclusion 



In conclusion, the direct growth of hierarchical Fe₃O₄@Ni-MOF on nickel foam provides an effective 

strategy for constructing binder-free, multifunctional electrodes with integrated catalytic and energy-

storage capabilities. The intimate coupling between the two components and the three-dimensional 

conductive framework creates a favorable electrode architecture that facilitates interfacial charge 

transfer, electrolyte penetration, and accessible electroactive sites. Beyond demonstrating activity in 

individual electrochemical processes, the successful operation of the electrode in a practical two-

electrode water-splitting configuration highlights the potential of this architecture for translating 

laboratory-scale materials design into functional electrochemical systems. The combination of structural 

robustness, accessible porosity, and multifunctionality makes Fe₃O₄@Ni-MOF/NF a promising platform 

for developing integrated technologies for sustainable hydrogen production and energy storage. 
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