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A B S T R A C T

Electrocatalytic seawater splitting is a potential solution to environmental problems, as seawater 
is a plentiful supply of hydrogen sources in nature. Hence, the development of bifunctional 
electrodes exhibiting outstanding performance in both the hydrogen evolution reaction (HER) 
and the oxygen evolution reaction (OER) is essential for the efficacy of total seawater splitting. 
Herein, we employed a straightforward method for in situ creation of β-Ni(OH)2 on Ni foam, 
followed by a hydrothermal approach to manufacture MgAlCe-LDH on β-Ni(OH)2/Ni foam. The 
linear sweep voltammetry (LSV) experiments demonstrate that the MgAlCe-LDH/β-Ni(OH)2/Ni 
foam exhibits superior performance for both the OER and the HER in a natural seawater elec
trolyte compared to the MgAlCe-LDH/Ni foam, β-Ni(OH)2/Ni foam, and Ni foam. Consequently, 
the MgAlCe-LDH/β-Ni(OH)2/Ni foam requires an 80 mV overpotential for OER and 337 mV for 
HER to attain a current density of 10 mA cm− 2. The enhanced electrocatalytic activity of MgAlCe- 
LDH/β-Ni(OH)2/Ni foam can be attributed to boosting exposed active sites, improving electronic 
interaction, and increasing charge transfer capacity resulting from the synthesis of MgAlCe-LDH 
on β-Ni(OH)2/Ni foam. Implementing a two-electrode configuration for the MgAlCe-LDH/β-Ni 
(OH)2/Ni foam, the total seawater splitting investigation exhibits 1.42 V cell voltage at a current 
density of 10 mA cm− 2 and 25 h long-term stability.

1. Introduction

Worldwide energy and fossil fuel consumption are seeing significant increases caused by population growth and the expansion of 
industry [1,2]. Uncontrolled fossil fuel consumption caused the current energy crisis and environmental disaster owing to excessive 
carbon dioxide emissions [3,4]. Fairly recently, to address these issues and to break the cycle of dependency on fossil fuels, certain 
renewable energy sources have been investigated in order to produce sustainable energy sources [5–7]. Hydrogen (H2), resulting in a 
specific mass energy of 142 MJ/kg, is considered a pure and viable energy source that has the potential to replace fossil fuels [1,3]. 
Certain processes, including the reorganization of methane, photovoltaic water decomposition, and fossil fuel extraction, have the 
potential to produce H2 as a carrier of energy [8]. Nevertheless, electrochemical water splitting is considered an environmentally 
benign, low-carbon, and minimal-energy method of generating purified H2 [3,9]. Considering the global scarcity of pure water, the 
production of hydrogen from seawater splitting is significantly more reliable, as oceans and seas comprise approximately 93 percent of 
the liquid water that exists on Earth [10]. In general, the salinity and pH of seawater fluctuate within the ranges of 3.1–3.8 percent and 
7.5–8.4, respectively [10]. Additionally, seawater is composed of a variety of ions, with NaCl being the most prevalent [8,10]. The 
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electrochemical process of water splitting is comprised of two distinct half-reactions, namely oxygen evolution (OER) that occurs at the 
anode and hydrogen evolution (HER) that takes place at cathode [11]. The redox reaction of water splitting in alkaline environments is 
implied by equations (1) and (2) [12,13]. 

HER : 2 H2O (l)+2e− → 2OH− (aq) + H2 (g)
(
E0 = − 0.82 V

)
(1) 

OER : 2 OH− (aq)→ H2O(l)+2e− +
1
2
O2 (g)

(
E0 = − 0.40 V

)
(2) 

Even though water electrolysis produces hydrogen at the cathode, the stability and efficiency of the OER at the anode significantly 
influence hydrogen production [8]. However, to attain a sufficient total water splitting reaction (equation (3)), creating effective 
electrocatalysts that are not noble and demonstrate robust compatibility with both OER and HER simultaneously is of the utmost 
importance [14]. 

Total reaction : H2O → H2 +
1
2

O2
(
E0 = − 1.23 V

)
(3) 

The reduction reaction for neutral seawater splitting is thought to be identical to that of alkaline water splitting [13]. However, the 
oxidation reaction is exceedingly challenging in natural seawater for two reasons: First, it involves multiple proton and electron 
processes. Second, the OH-oxidation process encounters significant slowing due to the presence of a competing oxidation reaction 
called the chloride evolution reaction (CER); this is because the two-electron reaction for Cl-oxidation (equation (4)) is more kinet
ically favorable than the four-electron reaction for OH-oxidation [13,15]. 

CER : Cl− (aq)+2OH− (aq)→ 2ClO2− (aq)+H2O (l) + 2e−
(
E0 =0.89 V

)
(4) 

In terms of primary non-noble metals utilized in the development of electrodes for OER and HER, Ni has the highest abundance and 
lowest price [16]. In alkaline conditions, Hu et al. [11] investigated the electrocatalytic performance of metallic substrates, including 
Ni foam, Cu foam, Ni mesh, and stainless-steel mesh. Findings showed that among the studied substrates, Ni foam and SS mesh 
exhibited exceptional performance and stability for HER and OER, respectively. In comparison to NiO, Ni (oxo) hydroxides exhibit 
superior electrocatalytic efficacy and are significantly more stable than Ni, which easily oxidizes when exposed to oxygen or aqueous 
solutions [16]. Furthermore, recent studies have shown that Ni (oxo) hydroxides exhibit exceptional activity towards OER [16,17]. 
Recent energy conversion research is focusing on β-Ni(OH)2 for its eco-friendly features, high theoretical capacitance, cheap cost, and 
stability in alkaline environments. Yang et al. [17] investigated the bifunctional characteristics of β-Ni (OH)2/Ni foam in total water 
splitting in 1M KOH, reporting 1.81 V and 1.73 V overpotentials for Ni foam and β-Ni(OH)2/Ni foam for reaching 10 mA cm− 2 current 
density.

Recent studies have demonstrated that layered double hydroxide (LDH)-based electrodes have the potential to substantially boost 
metal corrosion resistance due to their self-healing properties and ability to function as inhibitor containers [18,19]. Liu et al. [20] 
fabricated NiCo2S4@NiFe-LDH on Ni foam through a three-step hydrothermal route and subsequently studied the performance of 
prepared electrocatalyst for OER and HER. In their study, intense contact and exchange of charges between NiCo2S4 and NiFe-LDH, 
which resulted in differences in the surface activity and the facial electronic structure, were responsible for improving OER and 
then overall water splitting. Iqbal et al. [21] created Ce-dope MgAl-LDH (MgAlCe-LDH) as a co-catalyst with Au nanoparticles to more 
effectively reduce 4-nitrophenol, and the high catalytic activity of MgAlCe-LDH@Au in the removal of organic contaminants is 
attributed to the reversible oxidation state of the Ce3+/Ce4+, facilitating a facile exchange of cerium’s oxidation state throughout both 
oxidation and reduction situations.

In the presented work, we have applied a straightforward one-step approach to create β-Ni(OH)2 on Ni foam at room temperature. 
Then MgAlCe-LDH nanoparticles with a hydrothermal route were synthesized on β-Ni(OH)2/Ni foam. We evaluate the MgAlCe-LDH/ 
β-Ni(OH)2/Ni foam electrocatalytic response for OER and HER with a three-electrode system, as well as the dual-functional capability 
of the MgAlCe-LDH/β-Ni(OH)2/Ni foam with a two-electrode configuration in natural seawater electrolytes. Moreover, this work 
highlights the utilization of natural seawater as an alternative to fresh water to produce H2, as well as the application of LDH-based 
electrodes to overcome challenges associated with natural seawater splitting, such as chlorine corrosion.

2. Experimental section

2.1. Materials

The chemicals and materials employed during the present investigation are listed as acetone (C3H6O), aluminum nitrate non
ahydrate (Al(NO3)3⋅9H2O), cerium nitrate hexahydrate (Ce(NO3)3⋅6H2O), hydrochloric acid (HCl, 37 %), ethanol (C2H6O, 96 %), 
magnesium nitrate hexahydrate (Mg (NO3)2. 6H2O), urea [CO(NH2)2], potassium nitrate (KNO3), ammonium persulfate ((NH4)2S2O8), 
and sodium hydroxide (NaOH) that were acquired from Merck Company in Germany. Moreover, the Ni foam, sourced from Nano Bazar 
Company in Iran and manufactured in Singapore, has a purity level above 99 %.

2.2. β-Ni (OH)2/Ni foam preparation

To decorate β-Ni(OH)2 on Ni foam, initially, the Ni foam was divided into pieces of (0.5 cm × 0.5 cm) pieces subsequently, it was 
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cleaned with acetone, ethanol, and deionized water for a duration of 10 min each. Following that, the Ni foam was extracted and 
submerged in a solution containing NaOH (20 mL, 3 M) and (NH4)2S2O8 (10 mL, 1 M) for 6 h at ambient temperature. The thin coating 
on the Ni substrate underwent several rinses with distilled water and ethanol then dried in a 150 ◦C oven (Fanavaran Sahand Azar 
250F, Iran) for 6 h [22].

2.3. MgAlCe-LDH/Ni foam and MgAlCe-LDH/β-Ni(OH)2/Ni foam preparation

In order to develop the MgAlCe-LDH/Ni foam electrode, 1.5 mM of Mg (NO3)2⋅6H2O, 0.4 mM of Al (NO3)3⋅9H2O, 0.1 mM of Ce 
(NO3)3⋅6H2O, and 2.00 g of KNO3 were dissolved in 20 mL of deionized water. Then, aqueous KOH (2.00 M) solution was put in 
gradually until the pH reached 10. The obtained solution with bare Ni foam was placed into a 50 mL Teflon-lined stainless-steel 
autoclave and heated at 120 ◦C for 10 h in a muffle furnace (Griffin Electric Furnace, Britain). As the chemical synthesis process was 
finished, the autoclave was cooled to room temperature, the electrode along with the synthesized powders was washed twice with 
ethanol and distilled water, and dried overnight at 50 ◦C in an oven [21,23]. Moreover, to generate the MgAlCe-LDH/β-Ni(OH)2/Ni 
foam electrode, the synthesis process was repeated using fabricated β-Ni(OH)2/Ni foam instead of Ni foam.

2.4. Characterization techniques

X-ray diffractometry (XRD) was employed to conduct the crystalline examination of the electrocatalysts (TONGDA TD-3700, 
China). Moreover, energy-dispersive X-ray (EDX) analysis and elemental mapping strategies (MIRA3 FESEM, TESCAN, and Czech) 
have been applied for studying the electrocatalyst’s elemental composition. Also, the Fourier-transform infrared spectroscopy (FTIR) 
method was employed to investigate the main functional group in the sample (BRUKER TENSOR 27, Germany). As well, the surface 
area and pore structure of the catalyst were determined using the Brunauer-Emmett–Teller (BET) procedures (Belsorp mini II Microtrac 
Bel Corp, Japan) with N2 adsorption-desorption at 77 K. Further, transmission electron microscopy (TEM) (LEO 906 Zeiss, Germany) 
and field emission scanning electron microscopy (FE-SEM) (MIRA3 FESEM, TESCAN, and Czech) were used to examine the mor
phologies of the generated electrocatalysts.

2.5. Electrochemical investigations

The electrocatalytic performance of fabricated electrocatalysts in both HER and OER was investigated via various electrochemical 
measurements such as linear sweep voltammetry (LSV), cyclic voltammetry (CV), chronoamperometry (CA) (SAMA 500, Iran), and 
electrochemical impedance spectroscopy (EIS) (AUTOLABGSTAT30, Netherlands) through a three-electrode configuration [24,25]. 
However, the two-electrode system was employed to investigate total seawater splitting by utilizing MgAlCe-LDH/β-Ni (OH)2/Ni foam 
as the anode and cathode electrode [20]. All electrochemical experiments in this work, including HER, OER, and total seawater 
splitting reactions, were conducted at room temperature in a natural seawater electrolyte (pH = 8.2) sourced from the Caspian Sea, 
Iran. In this research, the saturated calomel electrode (SCE) was employed as a reference electrode, while the platinum electrode was 
implemented as a counter electrode. In addition, the Ni foam, the β-Ni(OH)2/Ni foam, MgAlCe-LDH/Ni foam and the MgAl
Ce-LDH/β-Ni(OH)2/Ni foam was served as the working electrodes. Moreover, the Nernst equation (equation (5)) was used for cali
brating all potentials measured in the present study (vs. Hg/Hg2Cl2) to the potential of a reversible hydrogen electrode (RHE) [26]. 

ERHE =ESCE + 0.059 pH + E0
SCE (5) 

Moreover, Equation (6) was used to plot the Tafel plot, which was utilized for calculating the Tafel slope. 

η= a + b log j (6) 

The overpotential is marked by η, the current density is denoted by j, and the Tafel slope and constant are represented by a and b, 
respectively [27].

Furthermore, to study the quantity of energy barriers toward OER and HER, the overpotential was calculated according to the 
following equations (7) and (8), respectively [28]. 

Overpotential (mV)=mesurement potential (Vvs.SCE) + 0.241 + (pH×0.059) − 1.229 (V vs.RHE) × 1000. (7) 

Overpotential (mV)=mesurement potential (V.vs SCe) + 0.241 + (0.059× pH) − 0 (V vs.RHE) × 1000. (8) 

The electrochemical active surface area (ECSA) of manufactured electrocatalysts was calculated through assessing the non-Faradaic 
double-layer capacitance (Cdl) and specific capacitance (Cs), as shown in equation (9) [29]. 

ECSA=Cdl /Cs =(Idl / v) /Cs (9) 

To ascertain the Cdl, cyclic voltammetry measurements are conducted at various scan rates, following which the Idl is derived from 
the midpoint of the potential window. Consequently, by graphing the double layer current in relation to the scan rate, the Cdl can be 
ascertained through an analysis of the slope of the resulting graph. In addition, equation (10) is used for calculation of Cs [29,30]. 

Cs =A/(2×m× v× dV) (10) 
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Fig. 1. XRD patterns (a), FT-IR spectras (b), and EDX characterizations of Ni foam, β-Ni(OH)2/Ni foam, MgAlCe-LDH/Ni foam and MgAlCe-LDH/ 
β-Ni(OH)2/Ni foam electrodes.
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Where, A represents the area under the curve, m denotes the active mass of the electrode, v indicates the scan rate, and dV signifies the 
potential window.

3. Results and discussion

3.1. Physical characterization

Fig. 1a illustrates XRD patterns of the prepared electrodes within the diffraction angle ranging from 2θ = 10–80. Three intense 
peaks were discovered with 2θ angles of 44◦, 51.22◦, and 76.76◦, that are attributed to the (111), (200), and (220) lattice plans of Ni 
foam according to JCPDS No. 47–1049 [31]. Also, the diffraction peaks at 19.2◦, 33.2◦, 38◦, 51.84◦, 59.3◦, 62.67◦, 70.1◦, and 72.8◦, 
which are corresponded to the (001), (100), (101), (102), (110), (111) (103), and (201) planes, are part of the crystal structure of β-Ni 
(OH)2 based on JCPDS card No. 14–0117 [32]. Moreover, the X-ray diffraction reflects peaks at 11◦, 23◦, 34◦, 60.57◦, and 61.11◦, 
which match with (003), (006), (015), (110), and (113) planes are associated with the XRD pattern of MgAl-LDH according to JCPDS 
card No. 35–0965 [33]. Additionally, according to JCPDS card No. 78–0694, three peaks at 28◦, 56.6◦, and 47◦ are attributed to the 
surface’s reflections (111), (311), and (220) belong to Ce (as highlighted with red color on Fig. 1a) [33]. The FT-IR spectrums of the 
developed electrodes are depicted in Fig. 1b. An extensive absorption peak at a frequency of 3423 cm− 1 and a distinct absorption peak 
at 1632 cm− 1 in the FT-IR spectra of MgAlCe-LDH/Ni foam, MgAlCe-LDH/β-Ni(OH)2/Ni foam, and β-Ni(OH)2/Ni foam is associated 
with the stretching and bending vibrations of the O-H functional group of absorbed water, respectively [34]. However, atmospheric 
moisture is responsible for O-H bonding in the FT-IR pattern of Ni foam. In addition, the presence of an absorption peak for O-H bond at 
1620 cm− 1 in FT-IR patterns related to MgAlCe-LDH/Ni foam and MgAlCe-LDH/β-Ni(OH)2/Ni foam is attributed to the LDH structure 
[33]. Moreover, the vibration of M− O and M− OH bonds is responsible for the occurrence of absorption peaks in the frequency range of 
400–1000 cm− 1 [35]. Consequently, the absorption peaks at 453 cm− 1, 572 cm− 1, and 796 cm− 1 are associated with the bonds Mg-O, 
Ni-OH, and Al-O, respectively [33,34,36]. Also, the Ce-O bond is indicated by an absorption peak at 989 cm− 1 [37]. Fig. 1c displays the 
EDX spectra of four manufactured electrodes, along with the atomic and weight percentages of the constituent elements. The presence 
of the O element in the Ni foam EDX curve may be explained as atmospheric moisture. Furthermore, the EDX patterns of the 
MgAlCe-LDH/Ni foam and MgAlCe-LDH/β-Ni(OH)2/Ni foam revealed the presence of Mg, Al, and Ce elements, which corroborates the 
successful deposition of MgAlCe-LDH on Ni foam and β-Ni(OH)2/Ni foam respectively. The atomic ratios of Mg2+/(Al3++Ce3+) and 
Ce3+/(Ce3++Al3+) were determined to be 2.076 and 0.042, respectively, based on the indicated atomic percentages [38].

The porosity of the synthesized MgAlCe-LDH was characterized by conducting nitrogen adsorption and desorption tests. Fig. 2a 
presents the nitrogen adsorption and desorption isotherms of MgAlCe-LDH, revealing a form IV isotherm and H3-type hysteresis loop 
for the catalyst [39]. Fig. 2b depicts the range of pore sizes for fabricated MgAlCe-LDH. According to the BJH approach, the meso
porous form of the synthesized catalyst is confirmed by the highest pore distribution in the 2–50 nm region [33]. Table 1 displays 
average porous size, complete volume of pore, and BET surface area of MgAl-LDH from previous research in comparison to 

Fig. 2. The N2 adsorption and desorption isotherms (a) and pore size distribution curve (b) of MgAlCe LDH catalyst.

Table 1 
Results of the BET analysis for LDH-based catalysts.

Catalyst BET area (m2.g¡1) volume of porous (cm3.g¡1) Average porous size (nm) Synthesis method Reference

MgCoAl-CO3- 
LDH

47.67 0.20 14.65 Ultrasound-assisted coprecipitation [40]

MgAl-LDH 67.5 0.344 20.4 Hydrothermal [39]
MgAlCe-LDH 240.8 0.854 14.1 Hydrothermal This work
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Fig. 3. SEM images of Ni foam (a, b), β-Ni(OH)2/Ni foam (c, d), MgAlCe-LDH/Ni foam (e, f) and MgAlCe-LDH/β-Ni(OH)2/Ni foam (g, h) in the two 
scales of 1 and 100 μm.
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Fig. 4. Mapping analysis of elemental distribution of Mg (a), Al (b), Ce (c), Ni (d), O (e), and combined distribution of elements on Ni foam (f).

Fig. 5. TEM images of MgAlCe-LDH/β-Ni(OH)2 in the scales of 1 μm (a), 500 nm (b), 300 nm (c), 200 nm (d), and 100 nm (e, f).
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Fig. 6. LSV (a), CV (b), Cdl (c), ECSA-Normalized LSV (d), Tafel slope (e), chronoamperometry (f) and EIS (g) curves of the electrocatalysts for OER 
in natural seawater electrolyte.

M. Mehravaran and K. Asadpour-Zeynali                                                                                                                                                                        Heliyon 11 (2025) e42072 

8 



MgAlCe-LDH from this study. The redox performance of the electrocatalyst could be enhanced by increasing the surface area of the 
MgAlCe-LDH [33].

3.2. Morphological characterizations

Fig. 3 illustrates the morphology and structure of the Ni foam, β-Ni(OH)2/Ni foam, MgAlCe-LDH/Ni foam, and MgAlCe-LDH/β-Ni 
(OH)2/Ni foam using the FE-SEM technique at scales of 1 μm and 100 μm.Fig. 3a and b demonstrate the Ni foam skeleton’s homo
geneous and smooth surface [41]. In Fig. 3c and d, the fabrication of β-Ni(OH)2 on the Ni foam surface results in creating rugged 
surface besides sphere-shaped particles that facilitates rapid passage of electrolytes through the electrode, thereby accelerating the 
speed of mass transfer [42]. The presence of a layered structure in Fig. 3e is excellent evidence of the successful synthesis of the 
MgAlCe-LDH. Fig. 3f exhibits a complete coating of Ni foam with MgAlCe-LDH. Furthermore, the FE-SEM images of the MgAl
Ce-LDH/β-Ni(OH)2/Ni foam clearly show the presence of β-Ni(OH)2 particles in the shape of spheres beside the layered structure of the 
MgAlCe-LDH, as represented in Fig. 3g and h. Additionally, the FE-SEM mapping technique with a 100 μm scale was used to determine 
the pattern of distribution and abundance of the Mg, Al, Ce, Ni, and O elements that formed over the Ni foam, as depicted in Fig. 4a to e. 
As illustrated in Fig. 4f, the Ni foam skeleton, which was previously coated by β-Ni(OH)2, is completely covered by MgAlCe-LDH 
nanoparticles.

The transmission electron microscopy (TEM) technique was utilized to explore the structure and morphology of the prepared 
catalyst at several scales of 1 μm as well as 500, 300, 200, and 100 nm, as illustrated in Fig. 5. The TEM images presented in Fig. 5a and 
b illustrate a significant aggregation of two distinct morphologies. Additionally, the TEM images in Fig. 5c and d clearly illustrate 
spherical particles of β-Ni(OH)2 covered by a layered structure of MgAlCe-LDH [43]. TEM images presented in Fig. 5e and f exhibit a 
strong correlation with the SEM images obtained from the surface of the MgAlCe- LDH/β-Ni(OH)2/Ni foam.

3.3. OER performance of electrodes

In a natural seawater electrolyte, the OER electrocatalytic efficacy of bare Ni foam, β-Ni(OH)₂/Ni foam, MgAlCe-LDH/Ni foam, and 
MgAlCe-LDH/β-Ni(OH)2/Ni foam was assessed via a system consisting of three electrodes. The LSV curves of the developed electrodes 
are depicted in Fig. 6a, with a scan rate of 5 mV s− 1 and the potential window ranging from 0 to 1.8 V vs. SCE. According to the LSV 
curves, the growth of β-Ni(OH)2 on Ni foam led to a 2.2 times decrease in overpotential and a 1.6 times increase in the current density 
of Ni foam. On the other hand, the development of MgAlCe-LDH on Ni foam caused to a 1.37-fold decrease in the overpotential and a 
2.33-fold rise in the current density of bare Ni foam. The recorded current density in OER for MgAlCe-LDH/β-Ni(OH)2/Ni foam is 2.28, 
1.9 and 1.14 times as large as Ni foam, β-Ni(OH)2/Ni foam and MgAlCe-LDH/Ni foam respectively. However, to be able to create a 
current density of 10 mA cm− 2, the MgAlCe-LDH/β-Ni(OH)2/Ni foam requires 80 mV overpotential, which is much smaller than the 
energy barriers for MgAlCe-LDH/Ni foam (290 mV), β-Ni(OH)2/Ni foam (180 mV), and Ni foam (400 mV). Comparable findings from 
Niu et al. [44] investigation into the catalytic performance of the α-FeOOH/β-Ni(OH)2 supported on Ni foam in OER demonstrated that 
composite material can exhibit a greatly improved OER activity with an especially minimal overpotential. This enhanced performance 
is attributed to the beneficial interaction of the Ni and Fe species, as well as the formation of an interface within β-Ni(OH)2 and 
α-FeOOH. As shown in Fig. 6b, to probe the OER electrocatalytic responses of manufactured electrodes, CV curves were captured in a 
seawater electrolyte and in a three-electrode system with a scanning rate of 100 mV s− 1 and in a potential variation of 0–1.8 V vs. SCE. 
According to CV graphs, the significant current density of the MgAlCe-LDH/β-Ni(OH)2/Ni foam electrode compared to the three 
electrodes evidences its higher electroactivity and conductivity in OER. In the ECSA studies of manufactured electrocatalysts, CV tests 
were conducted at six distinct scan rates; hence, the Cdl of the generated electrocatalysts was ascertained from the slope obtained by 
plotting non-faradaic current against scan rate, as shown in Fig. 6c [45]. Therefore, the Cdl of the MgAlCe-LDH/β-Ni(OH)₂/Ni foam has 
been determined to be 18.95 mF cm⁻2, which exceeds the values recorded for the MgAlCe-LDH/Ni foam (17.71 mF cm− 2), β-Ni 
(OH)₂/Ni foam (15.08 mF cm− 2), and Ni foam (4.6 mF cm− 2). Obtaining larger Cdl for the MgAlCe-LDH/β-Ni(OH)2/Ni foam is a 
manifestation of its more electrochemically active sites, that effectively accelerate OER reaction kinetics [46]. The same result was 
reported by Yang et al. [47] a 5.08-fold increase in Cdl for CuO@CoFe-LDH/Cu foam during seawater oxidation compared to 
CoFe-LDH/Cu foam, which is related to its enhanced active surfaces. To further investigate intrinsic catalytic performance, the current 
density of generated electrocatalysts was normalized by calculated ECSA as depicted in Fig. 6d [48]. The superior ECSA value observed 
for MgAlCe-LDH/β-Ni(OH)2/Ni foam, in comparison to MgAlCe-LDH/Ni foam and β-Ni(OH)₂/Ni foam, suggests that its elevated 
surface density contributes significantly to enhanced performance in the OER [46,48]. Moreover, the Tafel slopes for MgAl
Ce-LDH/β-Ni(OH)2/Ni foam, MgAlCe-LDH/Ni foam, β-Ni(OH)2/Ni foam, and Ni foam were determined to be around 133, 145, 173, 
and 213 mV.dec− 1, respectively, as shown in Fig. 6e. The obtained data reveal that the MgAlCe-LDH/β-Ni(OH)2/Ni foam exhibits the 

Table 2 
Fitting values of the EIS assessment during OER in seawater (pH = 8.2) electrolyte at a potential of 1.2 V vs. SCE at room temperature.

Electrocatalyst Rs (Ω) CPE Rct (Ω) Fitting error

Ni foam 59.39 0.78 46.49 0.008
β-Ni(OH)2/Ni foam 61.14 0.85 15.75 0.007
MgAlCe-LDH/Ni foam 41.4 0.73 10.93 0.004
MgAlCe-LDH/β-Ni(OH)2/Ni foam 41.6 0.84 8.07 0.006
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shortest Tafel slope compared to the other three electrocatalysts, suggesting its superior OER kinetic dynamics [49].
Chronoamperometry measurements of the developed electrodes were performed to assess the electrodes’ durability in the natural 

seawater electrolyte by employing a constant potential of 1.2 V vs. SCE for 1000 s, as demonstrated in Fig. 6f. Consequently, the 
recorded current density for the MgAlCe-LDH/β-Ni(OH)2/Ni foam electrocatalyst was 1.24 times, 1.59 times, and 2.12 times greater 
than MgAlCe-LDH/Ni foam, β-Ni(OH)2/Ni foam, and Ni foam, respectively. As shown in Fig. 6g, the EIS assessment of the constructed 
electrocatalysts was conducted in the natural seawater electrolyte, with frequency varying from 0.01 Hz to 100 kHz at a potential of 
1.2 V vs. SCE. The ZView application was utilized to fit data and build the circuit for the Nyquist diagrams shown in Fig. 6g. Table 2
displays the data derived from the Nyquist diagram, which was recorded for the prepared electrodes for OER. As a consequence, the 
electrode conductivity of β-Ni(OH)2/Ni foam, MgAlCe-LDH/Ni foam, and MgAlCe-LDH/β-Ni(OH)2/Ni foam in seawater electrolyte is 
2.95, 4.25, and 5.76 times larger than the conductivity of bare Ni foam, respectively. The smallest notable transmission of charge 
resistance (Rct) for the MgAlCe-LDH/β-Ni(OH)2/Ni foam compared to the three other electrodes confirms its better catalytic activity in 
OER. Similar funding is evident in the investigation conducted by Zhou et al. [50], which demonstrated that the Co4Fe2-LDHs/Co 
(OH)2-NWs exhibited a considerably faster electron delivery mechanism during OER compared to Co(OH)2/Ni foam which was 
attributed to the more extensive interlayer region of the Co4Fe2-LDHs/Co(OH)2-NWs.

The outcomes of recent OER investigations with different electrolytes and catalysts supported on Ni foam is presented in Table 3.

3.4. HER performance of electrodes

In an N2-saturated electrolyte (natural seawater), the electrocatalytic efficacy of Ni foam, β-Ni(OH)₂/Ni foam, MgAlCe-LDH/Ni 
foam, and MgAlCe-LDH/β-Ni(OH)2/Ni foam toward HER was examined through a conventional three-electrode technique. Fig. 7a 
displays the LSV graphs of the developed electrodes for HER, with a scanning rate of 5 mV.s-1 and a potential area ranging from − 1.2 to 
0 V vs. SCE. The lowest overpotential of MgAlCe-LDH/β-Ni(OH) 2/Ni foam (337 mV) at a current density of 10 mA cm− 2 in comparison 
to MgAlCe-LDH/Ni foam (369 mV), β-Ni(OH)2/Ni foam (384 mV), and Ni foam (416 mV) confirms the enhanced electrocatalytic 
performance of MgAlCe-LDH/β-Ni(OH)2/Ni foam toward HER. Liu et al. [62] observed comparable result regarding the enhanced 
catalytic activity in HER for Zr-doped CoFe-LDH/Ni foam compared to Ni foam and CoFe-LDH/Ni foam, indicating that the incor
poration of Zr4+ into CoFe-LDH/NF can modify the electronic structure. As depicted in Fig. 7b, the HER performance of the Ni foam, 
β-Ni(OH)₂/Ni foam, MgAlCe-LDH/Ni foam, and MgAlCe-LDH/β-Ni(OH)₂/Ni foam electrocatalysts in the N₂-saturated seawater elec
trolyte was studied by CV curves at a − 1.2 to 0 V vs. SCE potential range and at a scanning rate of 100 mV s− 1. According to recorded 
voltammograms in Fig. 7b, the MgAlCe-LDH/β-Ni(OH)2/Ni foam electrode has a cathodic current density of − 12 mA cm− 2 at the 
smallest potential (− 0.22 V vs. RHE) in comparison to MgAlCe-LDH/Ni foam (− 13 mA cm− 2, -0.37 V vs. RHE), β-Ni(OH)2/Ni foam 
(− 6 mA cm− 2, -0.26 V vs. RHE), and Ni foam (− 1 mA cm− 2, -0.25 V vs. RHE), showing the greatest electrocatalytic activity for HER. 
Fig. 7c shows the estimated Cdl obtained from CV experiments at various scan rates for electrocatalysts during HER. Owing to the direct 
correlation between ECSA and Cdl, the highest Cdl is achieved for MgAlCe-LDH/β-Ni(OH)2/Ni foam (9.82 mF cm− 2), signifying its 
substantial electrochemically active surface in HER, in comparison to MgAlCe-LDH/Ni foam (8.21 mF cm− 2) and β-Ni(OH)2/Ni foam 
(4.46 mF cm− 2). The lowest determined Cdl for Ni foam (0.84 mF cm− 2) explains its diminished electrocatalytic activity in HER [45]. 
According to normalized LSV curves based on ECSA, in Fig. 7d, the superior electrochemical response of MgAlCe-LDH/β-Ni(OH)2/Ni 
foam toward HER constant to three other electrocatalysts originates from its high inherent electrical conductivity [63]. As presented in 
Fig. 7e, the Tafel slopes for MgAlCe-LDH/β-Ni(OH)2/Ni foam, MgAlCe-LDH/Ni foam, β-Ni(OH)2/Ni foam, and Ni foam were obtained 
at about 33.63, 36.5, 38.29, and 43.26 mV.dec− 1, respectively. In accordance with the results collected, the lowest Tafel slope for the 
MgAlCe-LDH/β-Ni(OH)2/Ni foam, in contrast with the other three electrocatalysts, indicates rapid kinetics and the highest electro
catalytic performance of the MgAlCe-LDH/β-Ni(OH)2/Ni foam in HER [64]. Moreover, the endurability of the developed electro
catalysts during HER in N2-saturated seawater was investigated by employing a steady potential of − 1.2 V vs. SCE for 1000 s. As 

Table 3 
A comparative evaluation of the OER performances of different electrocatalysts supported on Ni foam.

Electrode Electrolyte Overpotential OER 
(mV)

Cdl (mF. 
cm¡2)

Tafel slope (mV. 
dec¡1)

Current density (mA. 
cm¡2)

Reference

Co9S8@Ni3S2/Ni foam Seawater + KOH 154 36 173 100 [51]
ZnFe LDH@NiCoS/Ni foam Seawater + KOH 284.8 – 85.7 10 [52]
CeOx@NiCo2O4/Ni foam Simulated 

seawater
238 – 80 10 [53]

Co2P-1/Ni2P-1@Ni foam KOH 310 – 69.9 10 [54]
Cu2S@Ni3S2/Ni foam seawater 78 6.6 63 10 [55]
SnO2@MoS2/Ni foam KOH 290 11.52 42 50 [56]
CoCr LDH/NiO/Ni foam KOH 253 1.99 70.92 50 [57]
NiSe2@Fe-NiCoLDH/Ni 

foam
KOH 260 7.04 58.86 10 [58]

FeS/NiS/Ni foam KOH 203 – 39 10 [59]
NiFe LDH@NiCoP/Ni foam KOH 220 18.07 48.6 10 [60]
MoS2@Ni(OH)2/Ni foam KOH 233 – 49 10 [61]
MgAlCe-LDH/β-Ni(OH)2/Ni 

foam
Seawater 80 18.95 133 10 This work
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Fig. 7. LSV (a), CV (b), Cdl (c), ECSA-Normalized LSV (d), Tafel slope (e), chronoamperometry (f) and EIS (g) curves of the electrocatalysts for HER 
in N2-saturated seawater electrolyte.
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illustrated in Fig. 7f, MgAlCe-LDH/β-Ni(OH)2/Ni foam with a larger cathodic current density of about − 25 mA cm− 2 depicts better 
electrocatalytic activity for HER. Further to evaluate the electron transfer capability of the prepared electrocatalysts in HER, the EIS 
experiment was recorded at a frequency range of 0.01 Hz–100 KHz in a N2-saturated seawater electrolyte at a potential of − 1.2 V vs. 
SCE as demonstrated in Fig. 7g. Table 4 presents the data derived from the Nyquist diagram, which was recorded for the prepared 
electrodes during HER. According to Nyquist plots in Fig. 7g, the synthesis of β-Ni(OH)2 on Ni foam led to a 2.49-fold decrease in the 
charge transfer resistance (Rct) of the electrode compared with Ni foam in HER. On the other hand, the synthesis of MgAlCe-LDH on Ni 
foam caused a 6.19 times elimination in the Rct of the electrode compared to bare Ni foam in HER. Moreover, decorating MgAlCe-LDH 
on β-Ni(OH)2/Ni foam caused a decrease of about 12.64 times in the resistance of the electrode to charge transmission during HER. The 
observed minimal Rct for the MgAlCe-LDH/β-Ni(OH)2/Ni foam provides support of the effective electrical contact established between 
MgAlCe-LDH and β-Ni(OH)2 on the Ni foam substrate that enhances electron transfer at the electrode surface, thereby boosting its 
electron conductivity [65].

Table 5 presents the results of current HER research using various electrolytes and catalysts.

Table 4 
The EIS fitting date of electrocatalysts for HER in seawater (pH = 8.2) electrolyte, with a potential of − 1.2 V vs. SCE at room temperature.

Electrocatalysts Rs (Ω) CPE Rct (Ω) Fitting error

Ni foam 75.94 0.75 132.3 0.008
β-Ni(OH)2/Ni foam 72.72 0.86 52.88 0.008
MgAlCe-LDH/Ni foam 41.86 0.73 21.35 0.009
MgAlCe-LDH/β-Ni(OH)2/Ni foam 50.79 0.92 10.46 0.007

Table 5 
A contrasting view of the HER performance of distinct electrocatalysts supported on Ni foam.

Electrode Electrolyte Overpotential HER 
(mV)

Cdl (mF. 
cm¡2)

Tafel slope (mV. 
dec¡1)

Current density (mA. 
cm¡2)

Reference

Ni-Sn/Ni foam KOH 77 – 50 100 [66]
ZnFeLDH@NiCoS/Ni foam Seawater + KOH 246.3 – 74.6 10 [52]
CeOx@NiCo2O4/Ni foam Simulated 

seawater
144 – 160 10 [53]

Co2P-1/Ni2P-1@Ni foam KOH 79 – 58.3 10 [54]
Cu2S@Ni3S2/Ni foam seawater 170 59 47 10 [55]
SnO2@MoS2/Ni foam KOH 127 11.17 73.2 10 [56]
CoCr LDH/NiO/Ni foam KOH 185 – 104.14 50 [57]
NiSe2@Fe-NiCoLDH/Ni 

foam
KOH 130 4.29 108.9 10 [58]

FeS/NiS/Ni foam KOH 144 – 120 10 [59]
NiFe LDH@NiCoP/Ni foam KOH 120 17.41 88.2 10 [60]
MoS2@Ni(OH)2/Ni foam KOH 134 11.3 35 10 [61]
MgAlCe-LDH/β-Ni(OH)2/Ni 

foam
Seawater 337 9.82 33.63 10 This work

Fig. 8. LSV curve (a) and long-term stability test (b) of MgAlCe-LDH/β-Ni(OH)2/Ni foam for overall seawater splitting.

M. Mehravaran and K. Asadpour-Zeynali                                                                                                                                                                        Heliyon 11 (2025) e42072 

12 



3.5. Overall water splitting

As demonstrated in this work, the electrocatalytic performance of the MgAlCe-LDH/β-Ni(OH)2/Ni foam electrode is superior to that 
of the MgAlCe-LDH/Ni foam, the β-Ni(OH)2/Ni foam, and the Ni foam electrodes for both OER and HER. Hence, to study seawater 
electrolysis, a two-electrode arrangement with MgAlCe-LDH/β-Ni(OH)2/Ni foam as the anode and the cathode was used [49]. Fig. 8a 
displays the LSV patterns obtained in a two-electrode configuration utilizing a natural seawater electrolyte, both prior to and sub
sequent to the stability assessments. Based on the documented LSV, the electrolyzer necessitates a voltage of 1.42 V to achieve a 
current density of 10 mA cm− 2 in natural seawater. The long-term stability assessment of the electrocatalyst for total seawater splitting 
was conducted through chronopotentiometry measurements applying 1.6 V constant potential. The electrolyzer operated continuously 
for a duration of 25 h at a current density of 15 mA cm− 2 within the seawater electrolyte, as depicted in Fig. 8b. The recorded LSV curve 
following 25 h of chronoamperometry demonstrates that MgAlCe-LDH/β-Ni(OH)2/Ni foam functions as an effective bifunctional 
electrocatalyst. Table 6 provides a comparison of the generated cell voltage and stability of various electrodes throughout the total 
water splitting process in current studies.

4. Conclusion

To summarize, we have applied an easy procedure to produce β-Ni(OH)2 on Ni foam at ambient temperature and then utilized a 
hydrothermal process to synthesize MgAlCe-LDH on the β-Ni(OH)₂/Ni foam substrate. Growing β-Ni(OH)2 on Ni foam results in 
creating a rougher and electrocatalytically more active substrate and causes a decrease in the Tafel slope from 213 to 173 mV.dec-1 for 
OER and from 43.26 to 38.29 mV.dec-1 for HER. The lowest Tafel slope and the more rapid kinetics of the MgAlCe-LDH/β-Ni(OH)2/Ni 
foam for both OER (133 mV.dec-1) and HER (33.63 mV.dec-1) compared to MgAlCe-LDH/Ni foam, β-Ni(OH)₂/Ni foam, and bare Ni 
foam in seawater electrolyte ensue from strong interaction and charge transfer capability between β-Ni(OH)2 and MgAlCe-LDH. A two- 
electrode seawater-splitting arrangement employing MgAlCe-LDH/β-Ni(OH)2/Ni foam electrocatalyst as the anode and cathode 
functions effectively, generating 10 mA cm− 2 at a cell potential of 1.42 V.
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