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Abstract The construction of highly stable and efficient

electrocatalysts is desirable for seawater splitting but

remains challenging due to the high concentration of Cl- in

seawater. Herein, FeOOH/Ni(OH)2 heterostructure sup-

ported on Ni3S2-covered nickel foam (Fe–Ni/Ni3S2/NF)

was fabricated by hydrothermal and etching methods, as

well as anodic oxidation process. The electronic structure

of FeOOH and Ni(OH)2 could be modulated after

depositing FeOOH nanoparticles on Ni(OH)2 nanosheet,

which greatly boosted the catalytic activity. When the

catalyst used as an electrode for oxygen evolution reaction

(OER), it needed low overpotentials of 266 and 368 mV to

achieve current densities of 100 and 800 mA�cm-2,

respectively, in 1 mol�L-1 KOH ? seawater electrolyte. It

can operate continuously at 100 mA�cm-2 for 400 h

without obvious decay. Particularly, in situ generated

SO4
2- from inner Ni3S2 during electrolysis process would

accumulate on the surface of active sites to form

passivation layers to repel Cl-, which seemed to be

responsible for superior stability. The study not only syn-

thesizes an OER catalyst for highly selective and

stable seawater splitting, but also gives a novel approach

for industrial hydrogen production.

Keywords Anodic oxidation; Heterostructure; Oxygen

evolution reaction; Seawater splitting

1 Introduction

Water electrolysis for hydrogen production is regarded as a

sustainable energy-conversion technology, attracting sig-

nificant global interest [1–4]. Most electrocatalytic devices

currently in use operate at different pH levels in freshwater

electrolyte [5–9]. However, extensive use of freshwater

electrolysis would deplete freshwater resources. Due to the

abundance of seawater on Earth, producing hydrogen from

seawater is more favorable than that from freshwater [10].

Nonetheless, seawater electrolysis has a lot of challenges to

overcome, including competitive chlorine evolution reac-

tion (CER) and severe Cl- corrosion [11–13].

The key challenge of seawater electrolysis is the CER

process that competes with oxygen evolution reaction

(OER) on anode under high chlorine concentration

(* 0.5 mol�L-1) in seawater [14, 15]. When the pH value

of the electrolyte exceeds 7.5, the potential difference

between CER and OER reaches a maximum of 480 mV

[16]. Thus, to achieve 100% OER efficiency during sea-

water splitting, the overpotentials must be less than

480 mV. Additionally, CER process should also be avoi-

ded under large current densities for industrial application,

which requires the ideal catalysts to have high activity.
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Although there are a few studies on OER catalysts for

seawater splitting, the activity and selectivity of the cata-

lysts need further improvement [17–19]. Fortunately, the

construction of heterostructures has been confirmed as an

effective strategy to enhance OER activity and selectivity

in alkaline seawater electrolyte by exposing more active

sites [20–24].

Severe Cl- corrosion poses another challenge in sea-

water electrolysis [25–30]. However, our previous findings

suggested that PO4
3- formed on the surface of catalysts

could effectively repel Cl- and enhance corrosion resis-

tance during seawater splitting [31]. Similarly, Kuang et al.

[14] reported that a SO4
2--rich passivation layer could

improve the corrosion resistance of the anode by repelling

Cl-. Both reports indicate that constructing an anion-rich

layer on the surface of active sites is an effective approach

to mitigate Cl- corrosion during seawater electrolysis.

To address these two major challenges, a Fe–Ni/Ni3S2/

NF electrode with high corrosion resistance was fabricated,

where FeOOH nanoparticles were uniformly deposited on

Ni(OH)2 nanosheets. The resulting FeOOH/Ni(OH)2
heterostructures provide abundant active sites, conferring

superior electrocatalytic performance to the electrode

during alkaline seawater splitting. The Fe–Ni/Ni3S2/NF

showed a low overpotential of 247 mV at 100 mA�cm-2 in

1 mol�L-1 KOH. Moreover, it maintained superior activity

even in alkaline natural seawater electrolyte, requiring an

overpotential of 266 mV at 100 mA�cm-2. By coupling

this anode with the previously reported cathode, the two-

electrode electrolyzer required a low voltage of 1.69 V at a

current density of 100 mA�cm-2 in alkaline seawater.

Besides, the electrolyzer exhibited high stability with

minimal degradation over 400 h of operation. Impressively,

SO4
2--rich passivation layers generated from the oxidation

of inner Ni3S2 seem to be responsible for the superior

stability in seawater electrolyte.

2 Experimental

2.1 Preparation of catalysts

2.1.1 Synthesis of Ni/Ni3S2/NF electrode

A homogeneous solution was prepared by dissolving 14.4 g

Na2S�9H2O in 50 ml deionized (DI) water. The solution

and clean nickel foam (NF) substrate were then placed to a

100 ml Teflon-lined stainless-steel autoclave and heated at

170 �C for 10 h. After being cooled to room temperature

and repeatedly being washed with DI water, the Ni3S2/NF

sample was obtained. The Ni3S2/NF electrode was then

immersed in a 28 mmol�L-1 Ni(NO3)2�6H2O solution for 4

h to create Ni/Ni3S2/NF electrode.

2.1.2 Synthesis of Fe–Ni/Ni3S2/NF, Fe/Ni3S2/NF,
and Ni p/Ni3S2/NF electrodes

Fe–Ni/Ni3S2/NF electrode was prepared through an anodic

oxidation process. In detail, the graphite and Ni/Ni3S2/NF

electrodes were employed as counter and working electrodes,

respectively. Two-electrode electrolyzer was conducted in

0.01 mol�L-1 (NH4)2Fe2(SO4)2 solution at 1.2 mA�cm-2 for

15 min to obtain Fe–Ni/Ni3S2/NF electrode.

Fe/Ni3S2/NF and Ni p/Ni3S2/NF electrodes were pre-

pared by using the same method as Fe–Ni/Ni3S2/NF.

However, during the preparation of Fe/Ni3S2/NF electrode,

Ni3S2/NF was used as the working electrode in the anodic

oxidation process. For Ni p/Ni3S2/NF electrode,

(NH4)2SO4 solution was used instead of (NH4)2Fe2(SO4)2.

2.1.3 Synthesis of Fe–Ni/NF electrode

A hydrothermal process was used to produce Ni/NF. To

make a homogeneous solution, 582 mg of Ni(NO3)2�6H2O,

600 mg of urea, and 148 mg of NH4F were dissolved in

40 ml of DI water. The solution and the clean NF substrate

were then placed in a 100 ml Teflon-lined stainless-steel

autoclave and heated at 120 �C for 10 h. After cooling and

washing, the Ni/NF sample was obtained. Fe–Ni/NF elec-

trode was made using the same anodic oxidation procedure

as the Fe–Ni/Ni3S2/NF electrode, but Ni/NF was used

instead of Ni/Ni3S2/NF.

2.2 Electrochemical characterization

The electrochemical performance was evaluated on an

electrochemical station (CHI 660E). The as-prepared

electrode, Pt mesh, and standard Hg/HgO electrode were

employed as working electrode, counter electrode, and

reference electrode, respectively. OER was performed at

25 �C in a three-electrode setup. If not otherwise stated, the

potentials were calibrated to the reversible hydrogen

electrode (RHE) with 85% iR-compensation.

OER polarization curve was measured at a scan rate of

2 mV�s-1. Electrochemical impedance spectroscopy (EIS)

was recorded at 1.5 V from 0.1 Hz to 100 kHz with an

amplitude of 10 mV. Cyclic voltammetry (CV) was used to

measure the double-layer capacitance (Cdl) in the non-

faradaic zone.

Two-electrode electrolyzer was assembled by coupling

Fe–Ni/Ni3S2/NF electrode with the previously obtained

P-NiMoO electrode [31].
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3 Results and discussion

Synthesis process for the heterogeneous Fe–Ni/Ni3S2/NF

electrode is depicted in Fig. 1. Firstly, the hydrothermal

sulfidation method was deployed to synthesize Ni3S2 on the

surface of NF using bare NF as the matrix and Ni source.

Scanning electron microscopy (SEM) images in Fig. S1a, b

show that after sulfidation, the NF surface exhibits pro-

trusions in the form of peak-like structures. High-resolution

transmission electron microscopy (HRTEM) analysis

(Fig. S1c) identifies the Ni3S2 with lattice d-spacings of

0.409 and 0.285 nm, corresponding to the (101) and (110)

planes, respectively. Selected area electron diffraction

(SAED) pattern in Fig. S1d confirms that the material is

Ni3S2. Subsequently, etching in Ni(NO3)2 solution, as

shown in Fig. S2, covers the surface of the as-prepared

Ni3S2/NF with Ni(OH)2 nanoflowers, which are generated

uniformly and vertically on the Ni3S2 surface. Finally,

FeOOH nanoparticles are deposited on Ni(OH)2 nanosh-

eets after an anodic oxidation process. Figures 2a–c, S3

show that Fe–Ni/Ni3S2/NF electrode retains its nanoflower

morphology without any damage.

Typical X-ray diffraction (XRD) patterns in Fig. S4

show three distinct peaks, which are indexed to the nickel

foam substrate. The additional peaks in the patterns are

assigned to Ni3S2 (PDF No. 44-1418), indicating successful

synthesis of Ni3S2 arrays after the sulfidation procedure.

However, XRD patterns of Ni/Ni3S2/NF and Fe–Ni/Ni3S2/

NF do not show diffraction peaks of Ni(OH)2 and FeOOH,

possibly due to their poor crystallinity. Figure 2d, e shows

high-angle annular dark-field scanning transmission elec-

tron microscopy (HAADF-STEM) and transmission elec-

tron microscopy (TEM) images of Fe–Ni/Ni3S2,

confirming the nanoflower morphology composed of

interlaced nanosheets. HRTEM images in Fig. 2f demon-

strate the homogeneous distribution of FeOOH nanoparti-

cles with a size of * 2 nm after anodic oxidation process.

According to Figure. S5, it provides evidence in the

opposite direction for the formation of FeOOH. The low

crystallinity of FeOOH and Ni(OH)2 phases is further

revealed by the indistinct diffraction rings in SAED pattern

(Fig. 2g), which is consistent with XRD results [32].

Energy-dispersive X-ray spectrometer (EDX) mapping

images in Fig. 2h–l show the uniform distribution of Fe,

Ni, S and O elements in FeOOH/Ni(OH)2 heterostructures.

Figure S6 displays the corresponding elemental composi-

tion of Fe–Ni/Ni3S2/NF electrode. Notably, S element is

uniformly distributed in the nanoflowers, except for the

brilliant spots caused by Ni3S2 residue during scraping in

Fig. 2k. This suggests that SO4
2- produced by Ni3S2 dur-

ing anodic oxidation may accumulate on the surface of

active sites.

X-ray photoelectron spectroscopy (XPS) was further

employed to examine the valence and surface chemical

composition of the prepared electrocatalysts. XPS survey

of the Fe–Ni/Ni3S2/NF electrode (Fig. S7) clearly shows

peaks corresponding to Fe, Ni, S and O elements, which is

consistent with the element mapping results. In the Ni 2p

XPS spectra (Fig. 3a), the two peaks at the binding ener-

gies of 852.6 and 869.9 eV are attributed to the Ni 2p3/2
and Ni 2p1/2 of Ni

d? in nickel sulfide, respectively [33, 34].

The binding energies of 855.7 and 873.3 eV are assigned to

the Ni 2p3/2 and Ni 2p1/2 of Ni
2? for Ni(OH)2, respectively

[35, 36]. Specifically, the binding energy of Ni 2p3/2 is

positively shifted after the formation of FeOOH nanopar-

ticles, indicating the modulation of electronic structure.

Figure S8 vividly demonstrates the electron transfer from

Ni(OH)2 to FeOOH, which optimizes the adsorption of

oxygen evolution reaction OER intermediates, ultimately

resulting in improved catalytic performance [37]. The

absence of Ni3? peaks in the Ni 2p spectra indicates the

absence of NiOOH formation during the anodic oxidation

process. To further demonstrate the absence of NiOOH, a

comparative electrode of Ni p/Ni3S2/NF was also prepared,

which followed a similar sample preparation method as

Fe–Ni/Ni3S2/NF, using a similar sample preparation

method to Fe–Ni/Ni3S2/NF, with the exception of using

(NH4)2SO4 instead of (NH4)2Fe(SO4)2 during the anodic

oxidation process. Figure S9 shows the XPS results of Ni

p/Ni3S2/NF. Ni 2p spectrum reveals the presence of Ni in

the 2? state, while the O 1s spectrum lacks a peak corre-

sponding to Ni–O bonds, indicating the formation of

Ni(OH)2 instead of NiOOH. As shown in Fig. 3b of Fe 2p

XPS spectrum, the binding energies of 711.5 and 725.0 eV

Fig. 1 Illustration of synthesis of Fe–Ni/Ni3S2/NF electrode
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are ascribed to the Fe 2p3/2 and Fe 2p1/2 of Fe3?, respec-

tively [38]. In particular, the peak at the binding energy of

705.2 eV is attributed to Ni auger [31, 39]. Figure 3c shows

the O 1s XPS spectra, and the wide peak can be separated

into three peaks at 529.4, 531.0 and 532.1 eV, which cor-

respond to the peaks of M–O, M–OH and absorbed H2O,

respectively [37]. Combining with the results of Fig. S9b, it

is clear that M–O in Fig. 3c belongs to FeOOH rather than

NiOOH. The S 2p spectra of Fe–Ni/Ni3S2/NF and Ni/

Ni3S2/NF electrodes are exhibited in Fig. 3d. The first

doublet of S 2p3/2 and S 2p1/2 at about 162.9 and 164.1 eV

is attributed to S2
2- [40, 41]. The other doublet at about

161.9 and 163.3 eV corresponds to S2-, indicating the

formation of a small amount of NiS during the sulfidation

process [40, 42]. Furthermore, for Fe–Ni/Ni3S2/NF elec-

trode, the peak at 168.7 eV can be ascribed to SO4
2-,

which is formed during the anodic oxidation process from

nickel sulphide [14]. To further demonstrate the formation

of SO4
2-, an analysis on the reference sample was con-

ducted. From the S 2p spectra shown in Fig. S9c, it can be

observed that the Ni/Ni3S2/NF electrode, after undergoing

anodic oxidation in (NH4)2SO4, also exhibits a peak at a

binding energy of 168.9 eV, indicating the presence of S–O

bonds. This provides further evidence to suggest that the

anodic oxidation process promotes the formation of SO4
2-.

OER performances of Fe–Ni/Ni3S2/NF catalysts, Ni/

Ni3S2/NF, NF and commercial IrO2 were investigated in

1 mol�L-1 KOH at 25 �C. Figure 4a reveals that Fe–Ni/

Ni3S2/NF electrode exhibits a considerable improvement in

OER when compared to Ni/Ni3S2/NF, NF and commercial

IrO2. Figure 4b summarizes the overpotentials at different

current densities of 100, 200, 400, 800 and 1,000 mA�cm-2

for Fe–Ni/Ni3S2/NF and Ni/Ni3S2/NF electrodes in

1 mol�L-1 KOH. Specifically, at current densities of 100,

400 and 800 mA�cm-2, Fe–Ni/Ni3S2/NF electrode requires

overpotentials of 247, 278 and 297 mV, respectively. After

the deposition of FeOOH by anodic oxidation, the over-

potential of Fe–Ni/Ni3S2/NF is much lower than that of Ni/

Ni3S2/NF at various current densities. According to

Fig. 4c, the overpotential of Fe–Ni/Ni3S2/NF at

100 mA�cm-2 is also lower than that of most of the non-

noble metal based self-supported OER electrocatalysts

Fig. 2 a–c SEM images of Fe–Ni/Ni3S2/NF electrode; d HAADF-STEM, e TEM and f HRTEM images of Fe–Ni/Ni3S2 electrocatalyst
scrapped from as-prepared electrode; g corresponding electron diffraction pattern and h–l EDX mappings of Fe–Ni/Ni3S2

electrocatalyst

1 Rare Met. (2024) 43(5):1989–1998

1992 C. Yang et al.



(Table S1). In addition, we also prepared an Fe/Ni3S2/NF

electrode for comparison, and its polarization curve is

shown in Fig. S10. When the current density reaches

100 mA�cm-2, the required overpotential is 274 mV,

which is higher than that of the Fe–Ni/Ni3S2/NF electrode.

This indicates that the construction of FeOOH/Ni(OH)2
heterostructure greatly enhances the performance.

Figure 4d reveals that Fe–Ni/Ni3S2/NF electrode shows

a lower Tafel slope (52.9 mV�dec-1) compared to Ni/

Ni3S2/NF (106.5 mV�dec-1), and NF (191.7 mV�dec-1),

indicating faster electrocatalytic kinetics. EIS in Fig. 4e

demonstrates that Fe–Ni/Ni3S2/NF electrode has a low

charge-transfer resistance (Rct) of 0.22 X, which is lower

than that of Ni/Ni3S2/NF (0.70 X) and NF (2.61 X), sig-
nifying superior electronic conductivity and charge trans-

fer. The Cdl values obtained from the CV curves in

Fig. S11 are presented in Fig. 4f. The Cdl values of the Fe–

Ni/Ni3S2/NF, Ni/Ni3S2/NF and NF electrodes are 6.8, 37

and 43 mF�cm-2, respectively, implying that the formed

FeOOH/Ni(OH)2 heterostructure has a larger electro-

chemical surface area and more abundant active sites. Fe–

Ni/Ni3S2/NF electrode also exhibits a hydrophilic charac-

teristic (Fig. S12), facilitating electrolyte transport and

rapid release of gas bubbles. This is a key factor con-

tributing to the significantly enhanced OER activity of the

Fe–Ni/Ni3S2/NF electrode, especially at high current den-

sities [20, 43].

Another crucial criterion is stability, which is evaluated

by chronopotentiometric and CV measurements in

1 mol�L-1 KOH at 25 �C. As shown in Fig. 4g, the over-

potential at 100 mA�cm-2 increases by only 7 mV after

5000 CV scans. According to chronopotentiometric curve

for the Fe–Ni/Ni3S2/NF electrode at a current density of

100 mA�cm-2 shown in Fig. 4h, the electrochemical cat-

alytic activity remains stable over 80 h without noticeable

decline. These findings suggest that the Fe–Ni/Ni3S2/NF

electrode is highly durable during OER process.

The activity of the Fe–Ni/Ni3S2/NF electrode was

evaluated for OER in alkaline simulated seawater

(1 mol�L-1 KOH ? 0.5 mol�L-1 NaCl) and alkaline nat-

ural seawater (1 mol�L-1 KOH ? seawater). In the

1 mol�L-1 KOH ? 0.5 mol�L-1 NaCl electrolyte, as pre-

sented in Fig. 5a, the Fe–Ni/Ni3S2/NF electrode exhibits

excellent activity and needs overpotentials of 266, 306 and

334 mV to achieve current densities of 100, 400 and

800 mA�cm-2, respectively (Fig. 5b). Even in 1 mol�L-1

Fig. 3 High-resolution XPS spectra of a Ni 2p, b Fe 2p, c O 1s and d S 2p for Fe–Ni/Ni3S2/NF and Ni/Ni3S2/NF electrodes
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KOH ? seawater, the required overpotentials at current

densities of 100, 400 and 800 mA�cm-2 are 266, 326 and

368 mV, respectively. The overpotentials at high current

densities are significantly lower than 480 mV, which

indicates the high OER selectivity in seawater electrolytes.

Impressively, the performance of Fe–Ni/Ni3S2/NF elec-

trode is also superior than several others that have been

previously described (Table S2). Despite the complex

contaminants in natural seawater, such as bacteria,

microorganisms, and minute particles, the activity of Fe–

Ni/Ni3S2/NF electrode in natural seawater shows only a

slight decline compared to that in simulated seawater

[15, 44].

A two-electrode electrolyzer was constructed, pairing

the Fe–Ni/Ni3S2/NF electrode (anode) with a previously

reported catalyst of P-NiMoO (cathode), and tested for

overall seawater splitting in simulated and natural seawater

electrolytes [31]. Interestingly, the electrolyzer displays

excellent activity in various electrolytes, as illustrated in

Fig. 5c. At ambient temperature, the electrolyzer achieves

current densities of 100, 400 and 800 mA�cm-2 in

1 mol�L-1 KOH at voltages of 1.62, 1.65 and 1.69 V,

respectively, which are even lower than those of IrO2||Pt/C

[45, 46]. The activity in 1 mol�L-1 KOH ? 0.5 mol�L-1

NaCl and 1 mol�L-1 KOH ? seawater electrolytes

decrease slightly and still remains extremely outstanding

when it is compared to that in 1 mol�L-1 KOH electrolyte.

To achieve a current density of 100 mA�cm-2 in

1 mol�L-1 KOH ? 0.5 mol�L-1 NaCl and 1 mol�L-1

KOH ? seawater, voltages of 1.65 and 1.69 V are

required, respectively. Such performance is even better

than that of many other electrolyzers in alkaline seawater

Fig. 4 a Polarization curves of Fe–Ni/Ni3S2/NF, Ni/Ni3S2/NF, NF and commercial IrO2 for OER in 1 mol�L-1 KOH; b comparison of
overpotentials required to achieve current densities of 100, 200, 400, 800 and 1000 mA�cm-2; c comparison of OER activity for Fe–Ni/
Ni3S2/NF electrode with other recently reported OER electrocatalysts at 100 mA�cm-2; corresponding d Tafel plots, e EIS and f Cdl

data of prepared electrodes; g polarization curves of Fe–Ni/Ni3S2/NF electrode before and after 5000 cycles; h chronopotentiometric
curve of Fe–Ni/Ni3S2/NF electrode at a current density of 100 mA�cm-2 in 1 mol�L-1 KOH
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(Table S3). Even at a high current density of

800 mA�cm-2, the corresponding voltages in alkaline

simulated and natural seawater are 1.92 and 1.95 V,

respectively. Then, a gas collection device was used to

determine the quantities of gaseous products generated

over the electrolyzer in 1 mol�L-1 KOH ? seawater. As

shown in Fig. S13, the measured quantities agree with the

expected computations, and the Faradaic efficiency is

around 100%, demonstrating high OER selectivity on the

anode. The electrolyzer is also highly durable in alkaline

natural seawater. The observed voltages in 1 mol�L-1

KOH ? seawater electrolyte remain remarkably stable at a

constant current density of 100 mA�cm-2 (Fig. 5d). To

emphasize the significance of SO4
2-, another Fe–Ni/NF

anode was fabricated without Ni3S2, and its morphology is

shown in Fig. S14. According to Fig. S15a, in alkaline

simulated seawater and natural seawater, the needed

overpotentials to achieve a current density of

100 mA�cm-2 are 330 and 380 mV, respectively. When

pairing the Fe–Ni/NF anode with the P-NiMoO cathode,

the two-electrode electrolyzer requires voltages of 1.85 and

1.87 V in 1 mol�L-1 KOH ? 0.5 mol�L-1 NaCl and

Fig. 5 a Polarization curves and b comparison of overpotentials required to achieve current densities of 100, 400 and 800 mA�cm-2

of Fe–Ni/Ni3S2/NF electrode tested in different electrolytes; c overall seawater splitting polarization curves in different electrolytes;
durability tests of electrolyzer at a constant current density of d 100 mA�cm-2, e 400 mA�cm-2 and 800 mA�cm-2 in 1 mol�L-1

KOH ? seawater at 25 �C
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1 mol�L-1 KOH ? seawater, respectively, to achieve a

current density of 100 mA�cm-2 (Fig. S15b). Unfortu-

nately, the stability of Fe–Ni/NF||P-NiMoO system is

extremely poor as evidenced by a sharp increase in voltage

(Fig. 5d). The decrease in stability is primarily caused by

the corrosion of Cl- in seawater, proving that the presence

of SO4
2- in Fe–Ni/Ni3S2/NF electrode successfully alle-

viates chlorine corrosion and boosts stability. Its stability

was subsequently investigated at high current densities of

400 and 800 mA�cm-2 in 1 mol�L-1 KOH ? seawater

electrolyte to meet industrial use. As shown in Fig. 5e, the

voltage exhibits minimal increases after continuous oper-

ation for 150 h. The electrolyzer works well even at a

higher current density of 800 mA�cm-2, demonstrating its

excellent potential for hydrogen production from seawater.

Raman spectrum in Fig. S16 is utilized to characterize

the synthesized catalysts. The broad peak bands marked in

blue are assigned to Ni3S2 [47, 48], while the bands at 460

and 540 cm-1 are assigned to the stretching vibrations of

FeNi (oxy)hydroxide [31]. During the OER process, the in-

situ formed FeOOH/NiOOH interfaces in Fe–Ni/Ni3S2/NF

electrode seem to serve as the main active material, which

could be responsible for the improved catalytic perfor-

mance [49]. Additionally, the intense peak at 982 cm-1 is

assigned to SO4
2-, which originates from the oxidation of

Ni3S2 under a certain current density [14]. During the

constant current test over an extended period, the inner

layer of Ni3S2 will undergo continuous oxidation to pro-

duce SO4
2-. These SO4

2- species aggregate on the surface

of the active sites to form a passivating layer, which can

mitigate the corrosion of Cl- and enhance the stability of

seawater splitting.

To investigate the morphology and structure of the

catalyst after the long-term durability test, SEM, XRD and

XPS analyses were performed. Figure S17 displays SEM

images of the anodic Fe–Ni/Ni3S2/NF electrode after

durability test in alkaline seawater. It can be seen that the

overall nanoflower morphology remains intact, although

some insoluble precipitates have formed. This result indi-

cates that even when parts of the catalytic surface are

coated by precipitates, the underlying or side regions of the

nanoflower structure may still be in contact with the elec-

trolyte, allowing seawater electrolysis to proceed. The

special structure provides a large surface area to expose

active sites, thereby greatly improving the activity of sea-

water splitting. As shown in Fig. S18, the XRD pattern still

shows distinct peaks corresponding to NF and Ni3S2. In

addition, XPS spectra were also measured to better confirm

the structure of catalysts after OER. As displayed in

Fig. S19a, new peaks appear at 856.3 and 874.3 eV, which

are related to Ni3? of NiOOH, further confirming the for-

mation of NiOOH species after stability test. Fe 2p3/2 and

Fe 2p1/2 are located at 711.8 and 724.5 eV, respectively

(Fig. S19b), nearly in the same positions as before the OER

process. Besides, there are three peaks centered at 529.2,

531.1 and 532.4 eV detected in O 1s spectrum (Fig. S19c),

which were ascribed to adsorbed H2O, M–OH and M–O,

respectively. Notably, the M–O peak becomes stronger due

to the conversion of Ni3S2 or Ni(OH)2 into NiOOH during

the OER process. The S 2p spectrum, as shown in

Fig. S19d, reveals the signals corresponding to Ni3S2 and

SO4
2- species. However, the intensities of the respective

peaks are relatively low. This can be attributed to the

continuous consumption and reconstruction of Ni3S2 dur-

ing the catalytic reactions during OER.

4 Conclusion

In summary, a hierarchical Fe–Ni/Ni3S2/NF electrode has

been constructed to enhance seawater splitting. The

FeOOH/Ni(OH)2 heterostructures possess large specific

surface areas, providing a significant number of active

sites, thereby contributing to the enhanced electrode

activity. Furthermore, the inner Ni3S2 layer acts not only as

a conductive interlayer but also as a sulfur source to form

SO4
2--rich passivation layers to alleviate Cl- corrosion.

Thus, the as-synthesized Fe–Ni/Ni3S2/NF electrode

exhibited excellent catalytic activity, requiring only an

overpotential of 266 mV at 100 mA�cm-2 in 1 mol�L-1

KOH ? seawater electrolyte. The two-electrode elec-

trolyzer, consisting of this anode and the previously

reported cathode, requires a low voltage of 1.69 V at a

current density of 100 mA�cm-2 in alkaline seawater at

25 �C and exhibits high stability for 400 h. Overall, the

catalysts exhibit high activity and stability, suggesting a

high potential for fast hydrogen production in seawater

electrolysis.
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