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Abstract

Cl- poisoning and corrosion of the anode remain major challenges in seawater electrolysis, often

requiring complex electrode designs that limit scalability. In this work, a simple electrolyte

engineering strategy was proposed. By simply adding 0.25 M F- to saline electrolyte, traditional

NiFe layered double hydroxide (NiFe-LDH) anodes not only exhibited high OER performance but

also maintained corrosion-free operation at 1 A cm-2 for 1500 hours, such performance is

comparable to that of many advanced anodes specifically designed for seawater electrolysis.

Comprehensive characterizations confirmed that the added F- dynamically adsorbed onto the

NiFe-LDH surface, triggering charge redistribution and accelerating structural reconstruction, which

boosted OER activity. Additionally, the inherently high charge localization of F- played a crucial role

in repelling Cl- through electrostatic interaction, serving as a protective barrier that significantly

enhanced the corrosion resistance during operation. This simple electrolyte engineering strategy

provides a practical and scalable solution for advancing seawater electrolysis.

Keywords

Seawater electrolysis; corrosion resistance; oxygen evolution reaction; fluoride; electrolyte

engineering
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1. Introduction

Hydrogen energy is a crucial component of the future clean energy system[1]–[3].

Using seawater as a feedstock for electrolysis enables hydrogen production while

conserving scarce freshwater resources and contributing to energy

decarbonization[4]–[7]. However, the complex composition of seawater, particularly the

presence of Cl-, significantly impairs the oxygen evolution reaction (OER) activity at

the anodes and leads to their corrosion[8]–[10].

Recent efforts have been devoted to designing anodes that combine excellent OER

performance with enhanced durability against corrosion[11]–[16]. Liu et al developed a

RuNiMo catalyst that generated MoO42- during seawater oxidation, forming an

electrostatic barrier to Cl- and enabling continuous operation at 0.5 A cm-2 for 3000

hours with an overpotential (η500) around 400 mV[17]. Lu et al proposed a “sulfate ion

immobilization” by constructing a NiFeBa layered double hydroxides (LDH) catalyst

assisted with additional SO42- in the electrolyte, which maintained the high intrinsic

activity of NiFe while repelling Cl-, achieving over 10000 hours of stability at 0.4 A cm-2

in an alkaline seawater electrolyte[18]. Our team also developed a series of

chloride-repelling anodes based on anion engineering, including NiFe/NiSx-Ni foam[9],

CoFe Prussian blue analogue/Co2P[10], and CoFeAl-LDH[19]. These materials release

functional anions such as SO42-, Fe(CN)63-, PO43-, and Al(OH)n- during OER, which

effectively repel Cl- and enhance both the activity and corrosion resistance. These

outstanding studies confirmed that surface-modified anions can effectively prevent Cl-

from damaging the anodes. However, the relatively complex design of electrodes

hinders large-scale application, and a gap still exists between theoretical research

and industrial implementation of seawater electrolysis[20]–[25].

In this study, we proposed a simple electrolyte engineering strategy by adding 0.25

M NaF into an alkaline simulated seawater electrolyte (denoted as ASSE, 1 M KOH +

0.5 M NaCl). The introduced F- facilitated surface reconstruction of the anode to boost

OER activity, while simultaneously repelling Cl- to enhance corrosion resistance. This

simple approach achieved effects comparable to those of complex electrode designs,
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enabling the commonly used NiFe-LDH anode, typically lacking corrosion resistance,

to operate stably for 1500 hours at 1 A cm-2. This work bridges the gap between

theoretical research and practical application in the field of seawater electrolysis and

holds promise for advancing its industrialization.

2. Results

NiFe-based anodes have been proven to exhibit the most outstanding OER activity

under alkaline conditions, and NiFe-LDH has long been considered one of the most

promising candidates due to its facile synthesis. Here, a simple one-step

hydrothermal method was employed to grow NiFe-LDH nanoarrays on a nickel foam

substrate (Figure 1a)[26]. Based on previous studies, the Ni/Fe feeding ratio was

controlled at 2/1 to achieve optimal catalytic performance[27],[28].

Figure 1. (a) Schematic route for the synthesis of NiFe-LDH. (b) XRD pattern, (c) SEM image, and (d)

EDS elemental mapping of NiFe-LDH.

Figure 1b presents the X-ray diffraction (XRD) pattern of the NiFe-LDH nanoarrays

exfoliated by ultrasonication, with the nickel foam substrate removed to avoid

interference from its strong diffraction signals. The diffraction peaks at 11.5° and 23.3°

correspond to the (003) and (006) planes, respectively, indicating the typical layered

structure of NiFe-LDH[29],[30]. Other diffraction peaks also match well with the standard

pattern (PDF#51-0463), further confirming that the lamellar structure corresponds to
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NiFe-LDH with a Ni/Fe ratio of 2/1, thus demonstrating the successful preparation of

the target structure[31]. The morphology of NiFe-LDH was examined by scanning

electron microscopy (SEM, Figure 1c), the NiFe-LDH exhibits a network of interwoven

nanosheets, each with a lateral size of less than 200 nm. This nanoscale architecture

facilitates the full exposure of catalytic active sites and enhances electrode-electrolyte

interaction due to the increased surface roughness, thereby improving

wettability[32]–[35]. Furthermore, energy dispersive X-ray spectroscopy (EDS) elemental

mapping confirmed the uniform distribution of Ni, Fe, and O throughout the material,

indicating the homogeneous structure of the NiFe-LDH.

As illustrated in Figures 2a–b, NiFe-LDH exhibited an overpotential of around 251

mV to achieve 10 mA cm-2 in ASSE, notably higher than the commonly reported η10

range of 190-230 mV. This degradation in activity suggests that Cl- in the electrolyte

was adsorbed onto the catalyst surface, thereby deactivating some of the active

sites[36],[37]. With the introduction of NaF into ASSE, the performance of NiFe-LDH

improved significantly, reaching its optimum at a NaF concentration of approximately

0.25 M, where η10 was reduced to around 222 mV. This value is close to the typical

results mentioned earlier, indicating that the addition of NaF effectively mitigated the

poisoning effect of Cl-. It should be noted that the above electrochemical data were

iR-corrected (R was determined by electrochemical impedance spectroscopy in

Figure 2c, denoted as EIS), confirming that the performance enhancement was not

caused by changes in solution resistance. Moreover, NaF was fully dissolved in the

electrolyte, existing as Na+ and F- ions. Since the anodic potential applied to the

NiFe-LDH during operation exceeded its zero-charge point, the improved activity was

mainly attributed to the effect of F-, rather than an increase in Na+ concentration[38].
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Figure 2. (a) Polarization curves and (b) η10 of NiFe-LDH as a function of NaF concentration. (c) EIS, (d)

corrosion polarization curves, and (e) CP curves of NiFe-LDH at 1 A cm-2 in the ASSE with/without 0.25

M F-.

Cl- corrosion on the anode can lead to complete deactivation of the electrolysis

system, making corrosion resistance a critical parameter for seawater electrolysis

anodes. As shown in the corrosion polarization curves (Figure 2d), the corrosion

potential of NiFe-LDH increased from approximately 0 V to about 0.05 V vs RHE after

introducing 0.25 M F- into the ASSE, confirming that F- contributed to enhanced

corrosion resistance. The chrono-potential (CP) measurement in Figure 2e further

confirmed this result. In ASSE containing F-, NiFe-LDH maintained stable operation at

1 A cm-2 for 1500 hours, which is 2.5 times longer than the blank control. These

results highlight the role of electrolyte engineering in improving the long-term

durability of NiFe-LDH.
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Figure 3. (a) SEM image, (b) EDS elemental mapping of NiFe-LDH post CP test in the ASSE with 0.25 M

F-. (c) XPS survey, (d) F 1s XPS, (e) Ni 2p XPS, and (f) Fe 2p XPS of NiFe-LDH post CP test in the ASSE

with/without 0.25 M F-.

Earlier investigations demonstrated that NiFe-LDH anodes experience dynamic

dissolution and redeposition of metal sites during operation, often leading to structural

degradation and impaired surface wettability[19],[38],[39]. Remarkably, as illustrated in

Figure 3a, the NiFe-LDH retained its morphology with virtually no observable changes

even after continuous operation at 1 A cm-2 for 1500 hours. EDS elemental mapping

results (Figure 3b) demonstrated the absence of phase separation in the electrode,

highlighting a crucial factor behind the long-term stability of NiFe-LDH. Additionally,

the uniform distribution of F species after CP testing indicated their adsorption on the

NiFe-LDH surface. This was corroborated by X-ray photoelectron spectroscopy (XPS,

Figure 3c-d) analysis, which showed a distinct peak near 685 eV, characteristic of
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metal-fluoride coordination[40].

Fluorine possesses the highest electronegativity, and its coordination with metal

sites leads to electron redistribution within the material. High-resolution Ni 2p XPS

spectra in Figure 3e revealed two pairs of signals corresponding to Ni2+ (red peaks)

and satellite peaks (blue peaks)[41]–[43]. Meanwhile, the signal assigned to Ni2+ 2p3/2

and 2p1/2 both shifted to higher binding energy by 0.25 eV. Similar phenomenon can

also be observed in Fe 2p XPS (yellow peaks in Figure 3f), where the peaks of Fe3+

shifted 0.42 eV. These results indicate that F- adsorption decreased the electron

density around the Ni/Fe sites[44]–[46]. Since high-valence Ni and Fe species formed

during OER serve as active sites, the F--induced electronic modulation accounted for

the enhanced catalytic activity of NiFe-LDH.

In situ characterizations were conducted to evaluate the effect of F- on the behavior

of NiFe-LDH during operation. As shown in Figure 4b, Bode plots of NiFe-LDH in 0.25

M F--containing ASSE revealed that structural reconstruction was reflected by phase

angle changes in the middle-frequency region, whereas OER process was

represented by shifts in the low-frequency range[47],[48]. At 1.42 V vs RHE, the

middle-frequency peak declined sharply, indicating the electrooxidation of NiFe-LDH.

Concurrently, a new peak appeared in the low-frequency region, associated with the

formation of OER intermediates, which gradually faded as the applied potential

increased, suggesting their consumption and the onset of OER around 1.44 V vs

RHE[49],[50]. In contrast, in situ EIS of NiFe-LDH in F--free electrolyte displayed a similar

spectral shape to that in Figure 4a but required a higher potential of 1.44 V vs RHE for

electrooxidation and 1.46 V vs RHE to initiate OER, consistent with Figure 2a[51]. This

comparison confirmed that the presence of F- promoted NiFe-LDH activation and

improved OER kinetics. In situ Raman spectroscopy (Figure 4c-d) also yielded similar

results, with the evolution of peaks in the 400-600 cm-1 region indicating a more rapid

reconstruction into Ni/Fe-OOH phases in the presence of F-[52],[53].
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Figure 4. In situ EIS of NiFe-LDH in the ASSE (a) with and (b) without 0.25 M F-. In situ Raman of

NiFe-LDH in the ASSE (c) with and (d) without 0.25 M F-.

The enhanced reconstruction kinetics of NiFe-LDH provided further evidence of the

dynamic adsorption of F- during OER. Due to their extremely small ionic radius, F-

exhibited highly localized negative charge, which is positively correlated with

electrostatic repulsion against Cl-[10],[54]. This means that under anodic potential, the

adsorbed F- exerted strong repulsion toward Cl-, thereby suppressing its attack on the

electrode. As a result, the poisoning of active sites was avoided, and the corrosion

resistance of the electrode was enhanced.

3. Conclusion

Seawater electrolysis enables efficient hydrogen production while conserving

freshwater resources. However, Cl- in seawater can impair anode activity and cause

severe corrosion, often necessitating complex anode designs, which poses

challenges for industrial-scale implementation. In this work, F- was demonstrated to
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serve as an effective electrolyte additive that enhances the activity of the NiFe layered

double hydroxide (NiFe-LDH) anode while preventing corrosion. Upon optimizing the

F- concentration, NiFe-LDH achieved stable operation at 1 A cm-2 for 1500 hours in

saline electrolyte, representing an approximately 2.5-fold improvement over the

unprotected control. Characterizations demonstrated that F- adsorbed onto the

NiFe-LDH surface during operation, inducing electron redistribution and facilitating

rapid reconstruction, which enhanced OER performance. Its highly localized negative

charge also provided strong electrostatic repulsion to block Cl- attack, effectively

shielding the electrode and greatly improving its stability. This electrolyte engineering

approach combines ease of application with a clear mechanism and universal

compatibility with various electrodes, presenting a promising pathway toward

industrialization of seawater electrolysis.

4. Methods

4.1 Chemicals and materials

Various chemicals were used in this study. Ni(NO3)2·6H2O, Fe(NO3)3·9H2O were

purchased from Aladdin Industrial Co. Urea, KOH, NaCl were purchased from Beijing

Chemical Reagents Co. NaF was purchased from Shanghai Macklin Biochemical Co.

Deionized water with a resistivity ≥ 18 MΩ was used to prepare all aqueous solutions.

All the reagents were of analytical grade and were used directly without further

purification.

4.2 Synthesis of NiFe LDHs electrode.

First, 0.66 mmol Ni(NO3)2·6H2O, 0.33 mmol Fe(NO3)3·9H2O, and 5 mmol urea were

dissolved in 36 mL deionized water. Then this solution and a piece of 3*4 cm2 cleaned

Ni foam was transferred into the Teflon-lined stainless autoclave and maintained at

120°C for 12 h to get the NiFe LDHs electrode.

4.3 Physical characterization

XRD patterns were recorded on an Ultima IV (Rigaku) in the range from 5° to 90° at a

scan rate of 5°/min. SEM images were obtained on a Zeiss SUPRA55 scanning
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electron microscope, which was operated at 10 kV. XPS were performed by using a

model of K-Alpha (Thermo Scientific). ICP-OES and ICP-MS were carried out by the

Thermo Fisher iCAP 7400.

4.4 Electrochemical measurements

A three-electrode system was conducted to perform all electrochemical

measurements under the temperature of 25°C. The obtained electrocatalyst (work

surface area: 1 cm*1 cm), Hg/HgO, and graphite rod were severed as the working

electrode, reference electrode, and counter electrode, respectively. The measured

potentials versus Hg/HgO could be converted to the potentials versus reversible

hydrogen electrode (RHE) by Equation (1):

�푅�� = ���/��� + 0.098 + 0.059 × 푝�

(1)

OER performance was tested in alkaline simulated seawater (1 M KOH + 0.5 M NaCl)

and in alkaline simulated seawater with added halide ions (1 M KOH + 0.5 M NaCl +

X-). The electrochemical behavior was investigated using reverse linear sweep

voltammetry (LSV) from 1.8 to 0.1 V vs Hg/HgO at a scan rate of 5 mV s-1. The curves

were manually corrected with 90% iR compensation. The R is obtained from

electrochemical impedance spectroscopy (EIS), with the frequency range from 105 to

10-1 Hz and an amplitude of 10 mV. Tafel slopes were obtained by plotting potential

against log (j) from LSV curves. The corrosion behaviors (corrosion potential and

corrosion current) of NiFe LDHs in alkaline simulated seawater with added halide ions

were demonstrated by Tafel Plots.

4.5 In-situ electrochemical Raman measurements

Electrochemical Raman spectroscopy was carried out on a Horiba Lab RAM HR

Evolution confocal Raman spectrometer with a 532 nm laser source, a 50×objective

and an acquisition time of 90 s. And the electrochemical workstation (CHI 660D,

Chenhua, Shanghai) were used to performed the Amperometric i-t Test under OCP to

1.52 vs RHE, respectively. Each spectrum was obtained at least three times with an
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exposure time of 30 s.
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