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Seawater electrolysis is an ideal technology for obtaining clean energy—green hydrogen. Developing 
efficient bifunctional catalysts is crucial for hydrogen production through direct seawater electrolysis. 
Currently, metal substrates loaded with active catalysts are widely employed as electrodes for 
seawater electrolysis. However, the challenge of metal corrosion cannot be ignored. In this work, 
the boron-doped diamond (BDD) with excellent corrosion resistance was explored as a substrate for 
loading active catalysts in seawater electrolysis. A step-by-step electrodeposition method was used to 
fabricate the FeCoS/Ni/BDD electrode, effectively addressing the poor adhesion of the FeCoS active 
layer to the BDD substrate. The resulting electrode demonstrated interesting bifunctional catalytic 
performance, achieving oxygen evolution reaction (OER) and hydrogen evolution reaction (HER) 
overpotentials of 425 mV and 360 mV, respectively, in alkaline simulated seawater (1 M KOH and 3.5 
wt% NaCl) at a current density of 100 mA cm− 2. Furthermore, by increasing the KOH concentration in 
the alkaline simulated seawater to 3 M, the OER and HER overpotentials of the electrode significantly 
decreased to 383 and 300 mV, respectively. This work offers a novel approach for utilizing BDD 
substrates in the design of corrosion-resistant electrodes for alkaline seawater electrolysis.
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The depletion in fossil energy and the rise in environmental pollution have made the development of renewable 
clean energy an increasingly urgent concern1,2. Among various renewable energy sources, hydrogen energy 
stands out as an ideal alternative to traditional fossil fuels due to its high energy density, excellent calorific 
value, and environmentally friendly nature3–5. Currently, hydrogen energy is primarily produced from fossil 
fuels, industrial by-products, methanol reforming, and water electrolysis6,7. Among these methods, hydrogen 
production through seawater electrolysis is particularly attractive due to its clean process and zero carbon 
emissions8–10. However, the widespread adoption of hydrogen production via water electrolysis is hindered by 
significant overpotential energy losses11–13. Hydrogen production through water electrolysis, where catalysts 
play a key role in economic viability and environmental sustainability, is demonstrated. Platinum electrodes are 
widely used in three-electrode devices for electrochemical analysis because of their excellent electrochemical 
inertness, electrical conductivity, and mechanical stability14. However, these electrodes still encounter problems 
related to high potential and cost. The corrosion resistance of transition metal sulfides is significantly enhanced 
in acidic and alkaline environments15–18. Hui Su et al. effectively modulated the electronic structure of sulfides 
through the introduction of defects, vacancies, and morphology modulation. This efficient modulation resulted 
in a reduction in the oxygen evolution reaction (OER) energy barriers and an enhancement in the electrochemical 
properties17,19,20. Wei Liu et al. treated nickel foam (NF) with Al-doped Ni3S2 to obtain Al-Ni3S2/NF composites. 
The test results indicated that the low overpotentials of hydrogen evolution reaction (HER) and OER were 
determined to be 86 and 223 mV, respectively, at a current density of 10 mA/cm2 in a 1 M KOH solution21. 
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NF metal substrates have significant advantages such as high electrical conductivity, large specific surface area, 
high mechanical strength, and easy processing. However, under industrial-grade electrolyzed water conditions, 
NF foam metal substrates encounter several corrosion resistance issues. Therefore, under extreme conditions, 
substrates with better corrosion resistance and a wider range of applications need to be developed.

The corrosion resistance of BDD electrodes in complex environments is mainly due to their unique 
electrochemical properties and potential for application in specific environments16,22. BDD electrodes show 
excellent corrosion resistance and catalytic activity in wastewater treatment, which enable them to effectively 
treat difficult-to-degrade industrial wastewater and enhance its biochemistry23,24. In certain gas detection 
applications, BDD can be used as a sensor in corrosive gas environments, such as chlorine and sulfur 
dioxide22,25–27. Electrodes made of BDD are commonly used to detect heavy metal ions such as lead and mercury 
in water bodies22,28. Meanwhile, the exploration of alternative materials and methods for seawater electrolysis 
includes the design of efficient and stable catalysts, system optimization, electrolyzer innovations, and emerging 
materials and technologies for electrocatalytic seawater decomposition29,30. The high corrosion resistance of 
the BDD electrode allows it to avoid various energy consumption problems caused by corrosion issues of the 
metal substrate compared with the traditional metal electrode. Therefore, in this study, we attach cobalt–iron 
sulfide to the BDD electrode to address certain related problems. Research on current hotspots such as seawater 
electrolysis is lacking. Therefore, expanding additional electrochemical applications of BDD electrodes and 
studying the feasibility and practicality of their implementation are important.

In this study, we propose a two-step process for fabricating CoFeS/Ni/BDD electrodes. This process 
involves electroplating a nickel layer onto BDD electrodes and subsequently depositing cobalt–iron sulfides 
electrochemically. The structure and morphology of the crystals were characterized by XRD and SEM, and the 
electrochemical properties of the electrodes were tested by means of linear scanning voltammetry (LSV), cyclic 
voltammetry (CV), and alternating current impedance (EIS). Increasing the concentration of KOH reduces the 
overpotential for hydrogen and OERs. This approach offers a new solution to lowering the evolution potentials.

Experimental
Materials
Boron-doped diamond (BDD, 10 mm × 10 mm, single side) was purchased from New Peak Technology Co. 
Nickel metal plate (Ni, 25 mm × 25 mm × 1.5 mm) was sourced from Seiko Metal Materials Co. The chemical 
reagents used in the experiments, including ammonium chloride (NH4Cl), nickel chloride (NiCl2·6H2O), ferric 
chloride hexahydrate (FeCl3·6H2O), ammonia (NH3), potassium hydroxide (KOH), sodium chloride (NaCl), 
thiourea (CH4N2S), potassium chloride (KCl), anhydrous ethanol (C2H5OH) were purchased from Tianjin 
Zhiyuan Chemical Reagent Co.

Preparation of CoFeS/Ni/BDD electrode
As illustrated in Fig. 1, CoFeS/Ni/BDD electrode were synthesized using BDD as substrate. Firstly, a Ni layer was 
deposited on the surface of BDD by electroplating to improve the adhesion of cobalt iron sulfide on the surface 
of BDD. Subsequently, cobalt iron sulfide was deposited on Ni/BDD to obtain CoFeS/Ni/BDD electrode. The 
detailed preparation process can be found in the supplementary.

Meanwhile, the concentration ratios of CoCl2 to FeCl3 (Co/Fe is used instead of CoCl2 to FeCl3 for all 
subsequent ratios) were set to 1, 1.5, 2, and 3 (7.5 mM: 7.5mM, 11.25 mM: 7.5 mM, 15 mM: 7.5 mM, 22.5 mM: 
7.5 mM). The number of electrodeposition cycles is directly related to the amount of cobalt, iron, and sulfur 
deposited onto the Ni electrode. This number remains a key factor influencing the electrocatalytic performance 
of the electrode. For this purpose, four CoFeS/Ni/BDD electrodes were prepared by CV with a set scan rate of 
5 mVs− 1 and a scan range of -0.6 V to 0.2 V. Each electrode underwent a different number of electrodeposition 

Fig. 1.  Syntheses of CoFeS/Ni/BDD electrode.
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cycles (5–20 turns). Ultimately, the appropriate cobalt–iron concentration and number of electrodeposition 
turns were selected based on the catalytic performance of these electrodes in a 1 M KOH solution.

Material characterization
The BDD electrode-related information was characterized on a Bruker D8-Advance X-ray diffractometer (Cu 
Kα, λ = 1.5406 Å) with a scanning speed of 3°per minute and a scanning range of 10°-100°. Using the JSM-7500 F 
model Scanning Electron Microscope (SEM) from Japan’s JEOL company to observe the surface morphology of 
the sample, and with the addition of accessories such as an Energy Dispersive Spectrometer (EDS), the chemical 
composition of the sample can be analyzed. Using the Thermo Fisher Scientific model X-ray Photoelectron 
Spectroscopy (XPS) produced in the United States for the analysis of surface elemental valence state changes. 
Using a Japanese-made JEOL JEM-2100 transmission electron microscope (TEM) to analyze the crystal 
structure and chemical composition of the sample. Using the Raman spectrometer (SENTERRA II) produced by 
the German company Bruker Optics, the presence of M-S bonds in the sample can be accurately detected. Using 
the German Dataphysics Contact Angle Meter OCA25 to measure the wettability of materials.

Electrochemical measurements
Electrochemical tests were conducted using a three-electrode system on the Shanghai Chenhua CHI760e 
electrochemical workstation. These tests included cyclic voltammetry (CV), linear sweep voltammetry (LSV), 
and electrochemical impedance spectroscopy (EIS). For seawater electrolysis experiments, the three-electrode 
system featured a boron-doped diamond (BDD) or BDD-based composite electrode as the working electrode. 
The working electrode had a total area of 10 × 10 mm2, with an immersed area of 10 × 5 mm2. A Hg/HgO or Ag/
AgCl electrode was used as the reference electrode, while a carbon rod served as the counter electrode.

Results and discussion
Synthesis and structural characterization
Figure 2 illustrates the surface morphology and chemical composition of the electrode samples at various stages 
of the preparation process. High-quality BDD surfaces exhibit smooth polycrystalline pyramidal structures, with 
tightly textured BDD films formed by their intricate arrangement (Fig. 2a). SEM images of the Ni/BDD samples 
at different magnifications (Figs. 2b,c) reveal the agglomeration of cauliflower-like particles and a uniformly 
distributed columnar structure. The well-defined grooves between each column effectively increase the specific 
surface area, allowing for greater exposure of active sites. The morphology of the CoFeS/Ni/BDD electrode 
after electrodeposition was shown in Figs. 2d-f. A substantial amount of lamellar material is dispersed over the 
columnar structures and embedded within the cauliflower-like particles. This morphological transformation 
reflects the attachment of cobalt-iron sulfide to the electrode surface. The elemental composition of the CoFeS/
Ni/BDD electrode surface was further analyzed and is presented in Figs.  2g, h. The results indicate that the 
nickel particles were completely encapsulated by the uniformly distributed elements. The analysis of elemental 
content in Fig. 2h also shows that Co, Fe, and S were deposited onto the surface of Ni/BDD to form a CoFeS/
Ni/BDD electrode. Figure S1a shows the BDD electrode and CoFeS/Ni/BDD electrode, respectively. The 
characteristic diffraction peaks of diamond appeared in the vicinity of 2θ = 43.94°, 75.22° for the BDD electrode, 
which corresponded to the (111) and (220) crystal planes of the face-centered cubic diamond, respectively, 
and the intensity of diffraction peaks was largest for (111), which indicated that the BDD electrode was a 
diamond structure with a predominantly (111) crystal phase31. Three Ni diffraction peaks (PDF 04-0850) are 
observed at 44.51°, 51.84°, and 76.37°, as demonstrated by the XRD spectra of the heat-treated CoFeS/Ni/BDD 
electrodes. The associated diffraction peaks of Ni–Co–S correspond to the standard card (JSCPDS43-1477), 
which are observed simultaneously32. However, no obvious peaks of cobalt sulfide are observed, which can be 
attributed to the small amount deposited during electrodeposition of CoFeS33,34. In addition, a large number of 
Ni3S2 diffraction peaks (PDF 44-1418) are detected. None of the observed information regarding iron sulfide is 
available. Thus, the electrodeposited iron sulfide was assumed to be amorphous. This assumption is consistent 
with the results of the previous tests.

In order to deeply investigate the microstructural properties of CoFeS/Ni/BDD composites, we employed 
transmission electron microscopy (TEM) technique for detailed analysis. The high resolution TEM images 
allowed the different grain orientations to be clearly observed as shown in Figs. S1b,c. Specifically, the (200) 
crystallographic orientation of Ni3S2 grains is identified, the (311) crystallographic orientation of Ni-Co-S grains 
is observed, and the (111) crystallographic orientation of Ni grains is also determined. Further analysis showed 
that the crystal spacing of these facets are 0.204 nm, 0.283 nm, and 0.204 nm, respectively, which coincided with 
the results of the XRD spectra.

Different chemicals and their crystal structures can be identified using Raman spectroscopy, as shown in 
Fig. S2a. The Raman spectrum of the Fe-S system exhibits an asymmetric stretching vibration of the Fe-S bond 
at 208 cm− 1, while a symmetric Fe-S stretching vibration is revealed at 287 cm− 1. The broadening of the peak 
located at 208 cm− 1 indicates significant disorder on the local bond length scale, as well as a decrease in the 
strength of interionic bonding due to lattice expansion35,36. In the Raman spectrum of the Co-S system, the 
characteristic peaks located at 470 cm− 1 and 663 cm− 1 represent the asymmetric stretching vibrations of the 
Co-S bond, and these peaks are distinctive markers of vibrational modes specific to the material37.

In order to evaluate the hydrophilicity of the samples, a contact angle test was carried out. From Fig. S2b, 
it can be seen that the contact angle of CoFeS/Ni/BDDD is 20.2°, which is obviously hydrophilic. A possible 
explanation for this phenomenon lies in the fact that CoFeS, as a metal sulfide, is rich in sulfur atoms on its 
surface, and these groups of atoms are able to form hydrogen bonds with water molecules, thus enhancing the 
hydrophilic properties of the electrode surface38. It is also possible that defective states in the material, such as 
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vacancies or interstices, may act as sites for water molecule adsorption, thereby increasing the hydrophilicity of 
the material39.

Electrochemical properties
Electrochemical properties of CoFeS/Ni/BDD electrode
The electrode samples indicated in Fig. 3 were prepared by electrodeposition in electrolytes with different cobalt 
and iron concentrations. The HER and OER properties of the electrode samples were tested in a 1 M KOH 
solution to explore the optimal deposition parameters for cobalt and iron concentrations.

CoFeS/Ni/BDD electrode materials were prepared by Co/Fe deposition technology. The electrochemical 
activity of this electrode was evaluated for HER and OER using various concentrations of Co in a 1 M KOH 
solution, and the LSV curves are shown in Figs. 3a,b. The HER and OER overpotential line plots for a single 
CoFeS/Ni/BDD electrode at the current densities of 100 and 200 mA cm− 2 were shown in Fig. 3c. The results 
reveal that the HER and OER overpotentials of the CoFeS/Ni/BDD samples were minimized when the Co/
Fe concentration ratio was 1.5. This indicates that the electrocatalytic performance of this group of samples is 

Fig. 2.  (a) SEM images of the original BDD, (b,c) Ni/BDD SEM maps at different magnifications, (d–f) 
Scanning electron micrographs of CoFeS/Ni/BDD at different magnifications and their (g,h) EDS patterns and 
analysis of surface element content of CoFeS/Ni/BDD sample.
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optimal. Unless otherwise specified, the CoFeS/Ni/BDD electrodes discussed later were prepared with a Co/Fe 
concentration ratio of 1.5.

The HER and OER performance of CoFeS/Ni/BDD electrodes prepared with different numbers of cycles was 
shown in Fig. 4. These results demonstrate that the number of electrodeposition cycles significantly affects the 
catalytic performance of the CoFeS/Ni/BDD electrodes. The electrodes exhibit the poorest performance when 
only 5 cycles were performed. However, the catalytic performance improves progressively as the number of 
cycles increases, reaching optimal performance at 15 cycles. Beyond this point, performance begins to decline, 
with the results for 20 cycles being similar to those for 10 cycles. The best HER and OER performance were 
achieved with 15 cycles, as shown in Figs. 4a,b. Figure  4c presents an analysis of the overpotential line graphs for 
the CoFeS/Ni/BDD electrode at current densities of 100 and 200 mA cm− 2.

In summary, the optimal process for the preparation of CoFeS/Ni/BDD electrodes by CV electrodeposition 
is determined as 15 cycles at a sweep rate of 5 mV/s in the range of -0.6 V to 0.2 V.

HER catalytic performance of CoFeS/Ni/BDD
The hydrogen evolution reaction (HER) performance of the CoFeS/Ni/BDD electrode was systematically 
evaluated. For comparison, pristine BDD, Ni/BDD, and CoFeS/Ni/BDD electrodes were tested in a 1 M KOH 
standard solution and an alkaline simulated seawater solution containing 3.5% NaCl and 1  mol/L KOH. 
Additionally, a control solution containing 3.5% NaCl and 3 mol/L KOH was included to examine the influence 
of KOH concentration on the electrocatalytic performance. To eliminate interference from dissolved oxygen, 
nitrogen was bubbled through the solution for 20  min prior to testing. Figure  5a displays the linear sweep 
voltammetry (LSV) curves of the pristine BDD, Ni/BDD, and CoFeS/Ni/BDD electrodes in a 1 M KOH standard 
solution, alongside the LSV curves of the CoFeS/Ni/BDD electrode in alkaline simulated seawater (CoFeS/Ni/

Fig. 3.  CoFeS/Ni/BDD electrode prepared with different concentration ratios of cobalt and iron (a) HER 
performance, (b) OER performance and (c) overpotential line graph atcurrent densities of 10 mA cm− 2 and 
50 mA cm− 2.
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BDD-sea) at a sweep rate of 5 mV/s. In the 1 M KOH solution, the pristine BDD electrode demonstrates negligible 
HER activity, while the Ni/BDD electrode shows an overpotential of 345 mV. By contrast, the CoFeS/Ni/BDD 
electrode exhibits an overpotential of 325 mV, representing a 5.7% reduction. This improvement suggests that 
partial substitution of the Ni surface with NiCo and Ni₃S₂ enhances HER activity, particularly at high current 
densities. In the alkaline simulated seawater solution, the overpotential of the CoFeS/Ni/BDD electrode increases 
to 360 mV due to a reduction in HER activity caused by NaCl. However, when the KOH concentration was 
increased to 3 M, the overpotential decreases to 300 mV, which is even lower than the value obtained in the 1 M 
KOH solution. This observation indicates that increasing the KOH concentration significantly enhances the 
catalytic performance. The HER Tafel slopes derived from the LSV curves (Fig. 5a) were shown in Fig. 5b. The 
CoFeS/Ni/BDD electrode exhibits a slope of 113.15 mV/dec in 1 M KOH, which increases to 130.81 mV/dec in 
alkaline simulated seawater. In comparison, the Ni/BDD electrode shows a higher slope of 165.92 mV/dec. Upon 
increasing the KOH concentration to 3 M, the Tafel slope of the CoFeS/Ni/BDD electrode decreases to 108.88 
mV/dec. The comparison of Tafel slopes highlights the significant improvement in HER kinetics provided by the 
CoFeS/Ni/BDD electrode. This enhancement is attributed to the superior catalytic properties of novel materials 
such as nickel-cobalt alloys and nickel–iron sulfides, as well as the increased specific surface area resulting from 
the electrode’s morphological features. Together, these factors contribute to the improved catalytic performance 
of the CoFeS/Ni/BDD electrode.

As shown in Fig. 5c, the charge transfer kinetics at the electrode-electrolyte interface were analyzed through 
electrochemical impedance spectroscopy (EIS) within the frequency range of 10 kHz to 0.01 kHz at a potential 
of -1.1 V vs. Hg/HgO. The BDD, Ni/BDD, and CoFeS/Ni/BDD electrodes were all tested in a 1 M KOH solution. 
The EIS data were plotted as Nyquist diagrams, where the charge transfer resistance (Rct) was determined by 
comparing the radii of the semicircles. The results reveal that the CoFeS/Ni/BDD electrode exhibits the smallest 

Fig. 4.  (a) HER performance, (b) OER performance of the CoFeS/Ni/BDD electrode prepared with 5, 10, 15, 
and 20 electrodeposition cycles in the range of -0.6 ~ 0.2 V at a scan speed of 5 mV/s and (c) overpotential line 
graph at 100 mA cm− 2 and 200 mA cm− 2 current densities.
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Nyquist radius, indicating the lowest Rct and the fastest charge transfer during HER. Furthermore, when tested 
in a 3 M KOH simulated seawater solution, the Nyquist semicircle becomes even smaller, reflecting a further 
reduction in Rct and an enhanced charge transfer rate. This improvement is attributed to the increased ionic 
concentration in the higher KOH solution, which reduces resistance and facilitates faster charge transfer at the 
interface.

OER catalytic properties of CoFeS/Ni/BDD
The oxygen evolution reaction (OER) catalytic activity of the electrodes at each preparation stage was evaluated in 
a 1 M KOH solution and alkaline simulated seawater. To ensure accurate results, the solution was oxygenated for 
approximately 20 mins before each test to achieve sufficient dissolved oxygen. Figure 6a presents the linear sweep 
voltammetry (LSV) curves of pristine BDD, Ni/BDD, and CoFeS/Ni/BDD electrodes in 1 M KOH, along with 
the CoFeS/Ni/BDD electrode in alkaline seawater (CoFeS/Ni/BDD-sea) at a sweep rate of 5 mV/s. The pristine 
BDD electrode demonstrates poor OER activity. In contrast, the Ni/BDD electrode, featuring a cauliflower-like 
Ni layer, reaches 1.685 V at a current density of 100 mA cm− 2, corresponding to an overpotential of 455 mV. 
For the CoFeS/Ni/BDD electrode, the corresponding potentials are 1.631 V and 1.655 V in a 1 M KOH solution 

Fig. 5.  (a) LSV inverse scan curve of each electrode of BDD, Ni/BDD, and CoFeS/Ni/BDD scanned in 1 M 
KOH solution or alkaline simulated seawater (1 M/3 M) at a scan rate of 5 mV/s. (b) Current Tafel curve when 
the density is 10 mA cm-2. (c) EIS curve relative to Hg/HgO when the potential is -1.1 V.

 

Scientific Reports |         (2025) 15:2862 7| https://doi.org/10.1038/s41598-025-87104-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


and alkaline simulated seawater, respectively, with overpotentials of 401 mV and 425 mV at 100  mA cm− 2. 
These results highlight the significant enhancement in OER catalytic performance achieved with the CoFeS/Ni 
layer, particularly at high current densities. Additionally, increasing the KOH concentration reduces the oxygen 
evolution activation energy significantly, especially in seawater environments. This reduction helps suppress side 
reactions, further improving the efficiency of the OER process.

The Tafel curve for the OER was derived computationally from the LSV curve. As illustrated in Fig. 6b, the 
Tafel slope of the CoFeS/Ni/BDD electrode in a 1 M KOH standard solution was determined to be 154.08 mV/
dec. This value increases to 182.30 mV/dec in alkaline simulated seawater. By contrast, the Tafel slope decreases 
to 110.58 mV/dec for the CoFeS/Ni/BDD electrode in simulated seawater containing 3 M KOH. For comparison, 
the Ni/BDD electrode without electrodeposition treatment exhibits a higher Tafel slope of 165.05 mV/dec. 
These findings indicate that the introduction of cobalt-iron sulfide significantly enhances the electrode’s kinetic 
reactivity. This improvement is attributed to the high electrical conductivity of CoFeS and the partial oxidative 
conversion of surface catalysts into cobalt-iron oxides. However, the OER process is hindered by side reactions 
in the solution, leading to energy loss and reduced catalytic efficiency.

Electrochemical impedance spectroscopy (EIS) was used to study charge transfer during the OER (Fig. 6c). 
The frequency range was consistent with that used in HER experiments, and the potential was set to 0.6 V vs. 

Fig. 6.  (a) LSV inverse scan curve of each electrode of BDD, Ni/BDD, and CoFeS/Ni/BDD scanned in 1 M 
KOH solution or alkaline simulated seawater (1 M/3 M) at a scan rate of 5 mV/s. (b) Current Tafel curve when 
the density is 100 mA cm-2. (c) EIS curve relative to Hg/HgO when the potential is 0.6 V.
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Hg/HgO. The results show that the CoFeS/Ni/BDD electrode in simulated seawater solution containing 3 M 
KOH exhibited the smallest Nyquist semicircles, the lowest charge transfer resistance (Rct), and the fastest 
charge transfer rates during the OER. The standard 1  M KOH solution performed slightly worse, echoing 
trends observed in the HER tests. These results suggest that the preparation of CoFeS and increasing the KOH 
concentration significantly enhance the efficiency of seawater electrolysis.

The electrodeposition process of the cobalt–iron sulfide layer was studied at different stages by cycling the 
electrodes at various scanning speeds (0.1 V to 0.2 V vs. Hg/HgO) in a 1 M KOH solution. The nickel layer on the 
electrode was also periodically scanned under identical conditions to examine changes in the electrochemically 
active surface area (ECSA) at different stages. Figures S3a-c show the cyclic voltammetry (CV) curves for the 
pristine BDD, Ni/BDD, and CoFeS/Ni/BDD electrodes. The relationship between the current density difference 
(ΔJ) and the scanning speed (representing the electric double-layer capacitance, Cdl) is depicted in Fig. S3d. The 
Cdl value for the CoFeS/Ni/BDD electrode was calculated to be 3.399 × 10− 2 mF/cm2, which is approximately 
21.93 times greater than that of the pristine BDD electrode (1.550 × 10− 3 mF/cm2) and 1.53 times higher than 
that of the Ni/BDD electrode (2.226 × 10− 2 mF/cm2).

In summary, the BDD substrate was electroplated with a nickel layer that formed cauliflower-like 
agglomerates, providing the surface with a columnar and well-defined structure. This modification effectively 
increased the specific surface area. Subsequently, cobalt–iron sulfide was electrodeposited on the nickel layer, 
further enhancing the surface area. As a result, the contact area between the electrolyte and the catalyst was 
significantly increased, leading to improved catalytic performance.

Effect of different potassium hydroxide concentrations on the electrocatalytic performance of CoFeS/Ni/BDD of 
CoFeS/Ni/BDD
Seawater electrolysis can sometimes result in side effects that are quite troublesome. These side reactions compete 
with the OER and significantly impact the efficiency of oxygen generation on the anode. Enhancing the priority 
and efficiency of OER on the anode while minimizing or eliminating competing side reactions has become a 
critical focus of current research.

The OER activity of CoFeS/Ni/BDD electrodes improves significantly with increasing KOH concentration 
during electrocatalysis, as shown in Fig.  7b. When the KOH concentration increases from 1  M to 4  M, the 
OER overpotential at a current density of 200 mA cm− 2 decreases from 504 mV to 447 mV. Importantly, when 
the concentration reaches 3 M, the overpotential (465 mV) is lower than the side-reaction potential (480 mV) 
in the alkaline seawater electrolyte, suggesting that higher KOH concentrations can suppress side reactions 
at elevated current densities. Similarly, the HER overpotential decreases with increasing salinity, as shown in 
Fig. 7a. At a current density of 200 mA cm− 2, the overpotential values drop from 473 mV at 1 M KOH to 396 
mV at 4 M KOH. This reduction in overpotential can be attributed to the increased ion supply in the electrolyte, 
which enhances collision frequency and promotes the reaction rate. Figure  7c presents the HER and OER 

Fig. 7.  (a) HER. (b) OER. (c) Overpotential line diagram of CoFeS/Ni/BDD electrode in 1 M, 2 M, 3 M, 4 M 
KOH solutions at 100 mA cm− 2 and 200 mA cm− 2 current density and (d) Tafel curve of HER at a current 
density of 10 mA cm− 2 and (e) Tafel curve of OER at a current density of 200 mA cm− 2.
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overpotential trends for CoFeS/Ni/BDD electrodes at current densities of 100 and 200 mA cm− 2 across different 
KOH concentrations. Both hydrogen and oxygen evolution improve as the KOH concentration increases, with 
the best catalytic performance observed in a 4 M KOH solution. The OER/HER Tafel curves, derived from the 
LSV curves (Figs. 7a,b), were shown in Figs. 7d,e. The Tafel slope values reveal a strong correlation with KOH 
concentration. For HER, the Tafel slope decreases from 165.03 mV/dec at 1 M KOH to 139.59 mV/dec at 4 M 
KOH, indicating enhanced reaction kinetics. Similarly, for OER, the Tafel slope drops from 79.51 mV/dec at 
1  M KOH to 48.77 mV/dec at 4  M KOH, demonstrating significant improvement in catalytic performance. 
These results suggest that higher KOH concentrations not only enhance catalytic efficiency but also mitigate side 
reactions during seawater electrolysis. In specific scenarios, increasing the salt concentration in the electrolyte 
can further optimize the electrocatalytic effect.

In this work, we evaluated the stability of cobalt-iron sulfur electrodes for 24 h using the i-t method. In 
real seawater containing 1 M KOH, we investigated the HER and OER catalytic stability of the CoFeS/Ni/BDD 
electrode material using the timed-current method. The Hg/HgO potential of the CoFeS/Ni/BDD electrode was 
set to -1.38 V and the Hg/HgO potential was set to 0.68 V based on the potentials corresponding to a current 
density of 100 mA cm− 2, and the stability tests were conducted for 24 h. After the 24 h stability test, the CoFeS/
Ni/BDD electrodes were tested at the HER and OER levels. After the 24 h stability test, the current densities 
of the CoFeS/Ni/BDD electrodes at the OER and HER decayed to 92.62% and 84.31% of the original current 
densities, respectively (Figs. 8a,b). The slower decay rate at the OER than at the HER is due to the fact that 
the microstructure of the CoFeS/Ni/BDD electrodes may be more favorable to the OER, which reduces active 
substance shedding or other forms of performance during the reaction. substance shedding or other forms of 
performance degradation.

The surface morphology and microstructure of CoFeS/Ni/BDD electrodes after stability testing are 
demonstrated in Fig. S4. The dish-like agglomerated particles on the electrode surface were covered by hazy 
flocculent, but the overall structure of the catalyst remained unchanged, indicating that the catalyst on the BDD 
electrode was not dislodged, and the bonding between the two was strong (Figs. S4a-c) after 24 h. With the 
extension of time, flocculent buildup obscures the active sites and reduces the catalytic activity and environmental 
suitability of the electrode40.

CoFeS/Ni/BDD electrodes show very high stability in the oxygen precipitation reaction, which is mainly due 
to the highly stable BDD as the substrate can resist the occurrence of side reactions, and even if the catalyst on 
the surface is detached, it can still maintain a certain working capacity to ensure that the substrate electrode will 
not be broken.

Conclusion
In this study, a cauliflower-like metallic nickel layer was initially plated onto the BDD surface. Subsequently, CoFeS/
Ni/BDD electrodes with interesting bifunctional catalytic performance were fabricated by electrodepositing 
cobalt and iron sulfides onto the nickel layer. The optimal process parameters were identified as follows: a 
cobalt–iron concentration ratio of 1.5, a scanning speed of 5 mV/s, and a total of 15 electrodeposition cycles. 
The resulting electrode demonstrated low OER and HER overpotentials at a current density of 100 mA cm− 2 in 
alkaline simulated seawater. Furthermore, increasing the KOH concentration was found to significantly reduce 
the overpotentials and selectively enhance the OER, thereby improving the overall efficiency. This study not only 
broadens the application of BDD beyond its traditional use in the degradation of organic wastewater but also 
highlights its great potential in the field of seawater electrolysis. Moreover, it opens up new perspectives for the 
innovative utilization of BDD in advanced electrocatalytic applications.

Fig. 8.  (a,b) Chronoamperometry curves of CoFeS/Ni/BDD in real seawater containing 1 M KOH.
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