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ABSTRACT

Alkaline seawater electrolysis is promising for large-scale production of green hydrogen but the chlorine evolution reaction
(CER) causes severe anode’s corrosion under high current densities. This work described the use of a sulfur-doped NiFe
layered double hydroxide nanoarray on Ni foam (S-NiFe LDH/NF) synthesized through a two-step hydrothermal process
as a durable catalyst for alkaline seawater oxidation. In 1 M KOH + seawater, the S-NiFe LDH/NF anode needs a low
overpotential of 345 mV to afford a current density of 1000 mA-cm™ and operates stably over 800 h. Sulfate species
generated on the catalyst surface, which is evidenced by in situ Raman spectroscopy analysis, electrostatically repel CI-
and thus inhibits the CER. Furthermore, the two-electrode system using S-NiFe LDH/NF and Pt/C/NF as the anode and
cathode, respectively, requires a cell voltage of 1.90 V to achieve a current density of 100 mA-cm™ and maintains stable

operation for 1000 h at 500 mA-cm™ in alkaline seawater.
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1 Introduction

As a zero-emission clean energy vector alternative to traditional
fossil fuels, hydrogen (H,) plays a crucial role in realizing the
global carbon neutrality target [1]. H, also offers strong
antioxidation capacities with important implications for health
and diseases and recent years have witnessed its intensive
applications as an effective therapeutic antioxidant to scavenge
harmful oxygen radicals [2,3]. Currently, green H, production
mainly relies on water electrolysis technique driven by renewable
energy [4-6]; however, a tiny fraction, only 2.5%, of the Earth's
water is fresh and available for use [7, 8], raising concerns about
global freshwater scarcity and widespread adoption of water-
splitting  technology. ~Seawater electrolysis has attracted
considerable recent research interest but is challenged by
precipitate coverage on the cathode, meanwhile on the anode, the
competitive chlorine evolution reaction (CER) generates corrosive
chlorine compounds (ClO-, HCIO) instead of the preferred
oxygen evolution reaction (OER) in view of the presence of
diverse cations and anions in seawater [9-27]. While the acidic
environment can circumvent certain issues inherent to alkaline

systems [28], it faces significant challenges in addressing the severe
competition from the CER at the anode. In contrast, the alkaline
system provides more favorable thermodynamic conditions for
suppressing these competitive anode reactions [29]. Furthermore,
in alkaline seawater, the cathodic precipitation of calcium and
magnesium hydroxides precipitation issue can be avoided, but it is
still in great need to prolong the anode’s lifespan for durable
alkaline seawater oxidation (ASO) at industrial-level current
densities (7).

Layered double hydroxides (LDHs) have explored as
extensively reported OER catalysts [30-33]. Great recent efforts
have also been devoted to exploiting their uses as ASO catalysts
with high OER activity [16-21, 34-42]. Creating an anionic layer
holds great promise as an effective strategy to enhance the anode’s
anti-chlorine corrosion performance due to that the electrostatic
repulsion between such anions and Cl” in seawater avoids the
direct contact of Cl” with the catalyst. Interestingly, the positively
charged host layers for LDHs facilitate the intercalation or surface
adsorption of charge-compensating anions [43,44], thereby
advantaging the easy introduction of Cl-repelling block layer.
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Indeed, various anions have been successfully adopted in this
scenario [17, 18, 20, 21, 35-37, 41, 42, 45]. SO,* also performs well
for such an application [38, 39]. Kuang et al. constructed a catalyst
by growing NiFe LDH on a NiS,-coated Ni foam (NiFe/NiS,-Ni),
and the in situ-generated polyatomic sulfate ions diffused to the
NiFe catalyst, forming an anion-rich passivating layer for chloride
repel [38]. Chen et al. achieved durable alkaline seawater oxidation
on NiFe LDH via Ba doping and SO, in the electrolyte was
adsorbed on LDH via the chemical fixation by Ba™ and the
polarization effect [39].

Here, we report a sulfur-doped NiFe LDH nanoarray on Ni
foam (S-NiFe LDH/NF), fabricated by a two-step solvothermal
process, for application in durable alkaline seawater oxidation
(ASO). This S-NiFe LDH/NF acquires an industrial-level j of
1000 mA-cm™ at a remarkably low overpotential of merely
345 mV, and showcases exceptional durability with 800 h. In situ
Raman spectroscopy analysis demonstrates the dual role of sulfur
doping in facilitating the conversion of active sites and the
fabrication of SO/ on NiFe LDH surface during ASO. The
observation of minimal signals of active chlorine species for S-
NiFe LDH/NF further shows its remarkable CI" corrosion
resistance. ~ The  two-electrode  electrolyzer ~ (S-NiFe
LDH/NF||Pt/C/NF) demonstrated remarkable operational stability
with continuous 1000 h operation at 500 mA-cm™ in alkaline
seawater.

2 Results and discussion

The fabrication of S-NiFe LDH/NF is schematically depicted in
Fig. 1(a). The X-ray diffraction (XRD) patterns (Fig. 1(b)) show
that all diffraction peaks match well with those of reference NiFe
LDH (PDF#40-0215) and the NF substrate (PDF#04-0850).
Scanning electron microscopy (SEM) images reveal that the
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morphology remains largely unchanged after sulfur doping, with
both samples exhibiting a uniform nanosheet structure (Fig. 1(c),
Figs. S1 and S2 in the Electronic Supplementary Material (ESM)).
The nanosheet morphology was further revealed by transmission
electron microscopy (TEM) (Fig. 1(d)). The crystal structure was
further confirmed by HRTEM (Fig. 1(e)), which showed a lattice
spacing of 0.250 nm, attributable to the (012) plane of NiFe LDH.
Additionally, the elemental composition and distribution
character of S-NiFe LDH, comprising Ni, Fe, C, O, and S, was
revealed by the corresponding elemental mapping (Fig. 1(f)). The
surface chemical state of the catalyst was probed by X-ray
photoelectron spectroscopy (XPS) (Fig. S3 in the ESM). The Ni 2p
XPS spectrum identified the presence of doublet peaks for Ni* and
Ni* species, as evidenced by the Ni 2p signals at 856.1/873.8 eV
and 857.9/876.1 eV, respectively, along with their satellite peaks
(862.5, 880.2 eV) in Fig. S4(a) in the ESM [46]. In the Fe 2p
region (Fig. S4(b) in the ESM), characteristic signals of Fe*
(706.7/719.0 €V) and Fe* (711.4/725.7 €V) are observed, further
confirming the mixed-valence state of the catalyst [41,47].
Conversely, the O 1s spectrum in Fig. S4(c) in the ESM presents
three distinct contributions, corresponding to lattice oxygen
(529.5 €V), metal hydroxides (531.2 €V), and adsorbed water
(532.0 eV) [48]. XPS analysis of the S 2p region (Fig. S4(d) in the
ESM) confirms the presence of M-S bonds (162.3, 163.6 eV) and
a S—O species (168.0 eV) [49, 50]. Concurrently, the negative shifts
in the Ni 2p and Fe 2p signal represent a signature of the electron-
rich environment induced by the incorporated sulfur.

The catalytic performance was investigated via linear sweep
voltammetry (LSV) in alkaline seawater (1 M KOH + seawater).
Details of the seawater used in the experiments can be found in
Table S1 in the ESM. To achieve optimal performance, the effect
of the amount of thiourea was investigated. As presented in Fig. S5
in the ESM, the best performance was obtained when 0.2 g of S

(b)
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Figure1 (a) Schematic depicting the fabrication process of S-NiFe LDH/NF. (b) XRD patterns of as-prepared two NiFe LDH-based samples. (c) SEM image of S-

NiFe LDH/NF. (d)-(f) TEM, HRTEM, and elemental mapping of S-NiFe LDH.
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was used. The S-NiFe LDH/NF anode demonstrates outstanding
electrocatalytic activity, requiring significantly lower overpotentials
of only 307 and 345 mV to reach 500 and 1000 mA-cm?
respectively, substantially outperforming that of both NiFe
LDH/NF (354 mV) and RuO,/NF (550 mV) at the same j
(Figs. 2(a) and 2(b)) (LSV curves without iR compensation are
shown in Fig.S6 in the ESM). Notably, a Tafel slope of
31.15 mV-dec™ indicates that the catalyst possesses superior OER
kinetics (Fig. S7 in the ESM). The turnover frequency (TOF) was
calculated to be 2.46 s for S-NiFe LDH/NF at an # of 0.35 V
(Fig. 2(a) inset, Figs. S8 and S9 in the ESM), superior to the 1.95 s
recorded for NiFe LDH/NF and RuO,/NF (1.07 s™), confirming
its greater catalytic efficiency. Electrochemical impedance
spectroscopy (EIS) analysis presents S-NiFe LDH/NF possesses a
significantly lower charge transfer resistance (R = 6.50 Q) relative
to undoped sample (R, = 8.33 2) at the same potential (Fig. S10
and Table S2 in the ESM). Additionally, potential-dependent EIS
measurements are conducted, showing that a gradual reduction in
R, was observed with increasing potential with the potential
increasing from 1424 to 1.524 V (Fig.S11 in the ESM), as
evidenced by the shrinking semicircle diameter in the Nyquist
plot, further presenting its superior charge transfer efficiency.
Meanwhile, sulfur doping markedly enhanced the reaction
kinetics, as confirmed by the substantial reduction in activation
energy to 26.97 kJ-mol™ for S-NiFe LDH/NF from 34.72 kJ-mol™
for the undoped analogue, underscoring its role in lowering the
energetic barrier (Fig.2(c) and Fig.S12 in the ESM). In situ
Raman spectroscopy (Figs. 2(d) and 2(e)) reveals two vibrational
signatures at 453 and 529 cm™ under low potential, which are
characteristic of the Ni'-OH and Ni"-O stretching modes,
respectively [51, 52]. Noted that a concomitant shift of these peaks
to 475 and 553 cm™ is observed at higher potentials, signifying the
transformation to NiOOH phase [20,53]. Notably, the
characteristic peak of the catalyst shifted at a lower potential. This
transition confirms that sulfur doping accelerates the catalyst's
surface reconstruction and promotes the formation of highly

alternating current voltammetry (FTacV) measurements were
additionally employed to probe the surface redox behavior. As
shown in Fig. 2(f), both catalysts show a characteristic current
response in Region 1, associated with the oxidation of nickel
species from low oxidation state (Ni*) to high oxidation state
(N#i*). A further structural evolution in Region 2 yields the active
NiOOH sites. The catalyst exhibits a higher current response in
this region, indicating that its structure undergoes reconstruction
more rapidly. This also accounts for the high OER activity
observed in Region 3 for the catalyst electrode. The integrated
areas of profiles from diverse regions, combined with the LSV
results, corroborate the above findings (Figs. S13 and S14 in the
ESM).

At an industrial-level j of 1000 mA-cm™, the electrochemical
durability of S-NiFe LDH/NF catalyst was evaluated, which
exhibited significantly enhanced operational stability performance
for over 800 hours, demonstrating markedly superior stability
compared to NiFe LDH/NF (only 180 hours) (Fig. 3(a)). The S-
NiFe LDH/NF electrode demonstrates stability competitive with
the previously reported catalysts, as evidenced by the comparative
result summarized in Fig. 3(b) and Table S3 in the ESM. After
conducting the stability test, we examined its morphology and
chemical composition. As shown in Fig.S15 in the ESM, only
minor changes occurred in the morphology of the catalyst after
the stability test. As revealed by the XPS analysis of Ni 2p and Fe
2p regions, Ni and Fe are in a high oxidation state following the
stability test (Fig.S16 in the ESM). Following the prolonged
potentiostatic test, inductively coupled plasma optical emission
spectrometry (ICP-OES) analysis revealed that the leaching
amounts of Ni and Fe from the S-NiFe LDH/NF were
significantly lower than those from the unmodified NiFe
LDH/NF, demonstrating its superior structural stability (Table S4
in the ESM). Additionally, the catalyst exhibits robust stability,
demonstrating negligible activity loss after 5000 cycles, which is
corroborated by the superimposable LSV profiles (Fig. S17 in the
ESM). To determine the residual active chlorine level, the post-

active Ni” species [54]. Furthermore, Fourier transform electrolysis electrolyte was explored with the help of the N, N-
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Figure2 (a) LSV curves (inset: TOF plots of as-prepared two NiFe LDH-based samples) of as-prepared two NiFe LDH-based samples, RuO,/NF, and NF. (b)
Comparison of overpotentials of S-NiFe LDH/NF, NiFe LDH/NF, and RuO,/NF in 1 M KOH + seawater. (c) Activation energy plots for as-prepared two NiFe LDH-
based samples. In situ electrochemical Raman spectra of (d) S-NiFe LDH/NF and (e) NiFe LDH/NF. (f) FTacV curves for as-prepared two NiFe LDH-based samples.
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Figure3 (a) Chronopotentiometric curves of S-NiFe LDH/NF and NiFe LDH/NF, with the inset showing the corresponding UV-vis absorption spectra of the
electrolytes collected after stability testing at 1 A-cm™. (b) Comparison of electrolysis lifetime in 1 M KOH + seawater. (c) Cl 2p core-level signals of as-prepared two
NiFe LDH-based samples recorded after the stability test. (d) Comparison of corrosion behaviors for as-prepared two NiFe LDH-based samples in alkaline seawater
environment. (e) I situ Raman monitoring of the structural evolution for as-prepared two NiFe LDH-based samples during the ASO process.

diethyl-p-phenylenediamine (DPD) colorimetric technique [55].
The UV-vis spectra reveal that S-NiFe LDH/NF generated only
trace amounts of reactive chlorine species. On the contrary, a
significantly higher hypochlorite concentration was generated in
the electrolyte when using the NiFe LDH/NF anode (Fig. 3(a)
inset and Fig. S18 in the ESM), which can be further confirmed by
the Cl 2p XPS analysis by post-stability test (Fig. 3(c)). As shown
in Fig. S19 in the ESM, the experimentally measured amount of
oxygen closely matches the theoretical calculations across the
current range of 200-1000 mA-cm™. The combined evidence of
low active chlorine content and high FE demonstrates
pronounced selectivity of S-NiFe LDH/NF for the OER over the
CER at high j. Electrochemical tests (Fig. 3(d) and Fig. S20 in the
ESM) demonstrate that the catalyst possesses a more noble
corrosion potential and a reduced corrosion current, all of which
confirm its excellent corrosion resistance. The reaction
mechanism was probed by in situ Raman spectroscopy (Fig. 3(e)).
The spectrum for S-NiFe LDH/NF reveals the exclusive presence
of a sulfate (SO,>) species at 981 cm™ alongside carbonate (CO5>)
at 1064 cm™, a fingerprint absent in the undoped NiFe LDH/NF
catalyst which only shows carbonate [56, 57]. This indicates that in-
situ formed SO, surface layer serves the dual role of a chloride-
repelling barrier and a stabilizer for the active sites, which
collectively underpin the significantly enhanced operational
stability of the catalyst.

A two-electrode electrolyzer (S-NiFe LDH/NF|[Pt/C/NF) was
constructed to assess its practical applicability (Fig.4(a)). As
revealed in Fig. 4(b), the full electrolyzer required merely 1.90 V to
achieve 100 mA-cm™ in alkaline seawater, superior to industrial
RuO,/NF||Pt/C/NF (2.0 V). More significantly, the system exhibits
a higher durability than other self-supported catalysts,
demonstrated by its extraordinary durability reaching to 1000 h at
500 mA-cm™ (Figs. 4(c) and 4(d), and Table S5 in the ESM). To
better simulate industrial operating conditions, we demonstrated
the stability of the two-electrode system at 60 °C. It maintained
stable operation for 140 h at a j of 500 mA-cm™, which strongly

{27 mm | Sci@pen

confirms its potential for practical application (Fig.S21 in the
ESM). Notably, the assembled full electrolyzer maintains high
performance with only minor decay in various Cl-containing
electrolytes, highlighting its exceptional adaptability to different
water sources (Fig. S22 in the ESM).

3 Conclusions

In summary, hydrothermal sulfur doping is proven as a viable
strategy to greatly improve the anti-chlorine corrosion capacity of
NiFe LDH anode in alkaline seawater electrolysis. Such S-NiFe
LDH/NF delivers a j of 1000 mA-cm™, requiring a low # of only
345 mV while maintaining its OER activity for 800 h. The
exceptional performance can be arisen from the in-situ generation
of a protective SO, layer on the catalyst surface during ASO,
which availably suppresses the CER, significantly boosting the
corrosion resistance. Additionally, two-electrode system equipped
with S-NiFe LDH/NF and Pt/C/NF demonstrated excellent
durability by sustaining stable operation reaching to 1000 h in
alkaline seawater. Our study affords a plentiful catalyst to enable
durable oxygen evolution from alkaline seawater, while paving the
way for designing chloride-resistant LDH-based anodes via
hydrothermal sulfur doping, advancing the prospects of industrial
seawater electrolysis.
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