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Abstract: Seawater electrolysis represents a promising green energy technology with significant
potential for efficient energy conversion. This study provides an in-depth examination of the key
scientific challenges inherent in the seawater-electrolysis process and their potential solutions. Initially,
it analyzes the potential issues of precipitation and aggregation at the cathode during hydrogen
evolution, proposing strategies such as self-cleaning cathodes and precipitate removal to ensure
cathode stability in seawater electrolysis. Subsequently, it addresses the corrosion challenges faced by
anode catalysts in seawater, introducing several anti-corrosion strategies to enhance anode stability,
including substrate treatments such as sulfidation, phosphidation, selenidation, and LDH (layered
double hydroxide) anion intercalation. Additionally, this study explores the role of regulating the
electrode surface microenvironment and forming unique coordination environments for active atoms
to enhance seawater electrolysis performance. Regulating the surface microenvironment provides
a novel approach to mitigating seawater corrosion. Contrary to the traditional understanding that
chloride ions accelerate anode corrosion, certain catalysts benefit from the unique coordination
environment of chloride ions on the catalyst surface, potentially enhancing oxygen evolution reaction
(OER) performance. Lastly, this study presents the latest advancements in the industrialization of
seawater electrolysis, including the in situ electrolysis of undiluted seawater and the implementation
of three-chamber dual anion membranes coupled with circulating electrolyte systems. The prospects
of seawater electrolysis are also explored.

Keywords: hydrogen production; seawater splitting; cathodic stability; anti-corrosion strategies;
industrialization

1. Introduction

Hydrogen plays a pivotal role in the global energy transition as a clean and efficient
energy carrier. The combustion of hydrogen produces only water, emitting no green-
house gases or pollutants, making it a crucial component of the future energy system [1].
However, current large-scale hydrogen production technology via water electrolysis faces
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several challenges, the most significant being the shortage of freshwater resources. Fresh-
water resources are essential for human survival and development; however, they are
unevenly distributed globally, leading to severe shortages in many regions. Therefore, it
is crucial to find an alternative electrolysis medium to freshwater to promote large-scale
hydrogen production globally. Seawater, the most abundant water resource on Earth,
covers approximately 71% of the planet’s surface and has nearly inexhaustible reserves.
Consequently, using seawater for hydrogen production via electrolysis has become an
attractive option. If efficient seawater electrolysis can be realized, it will not only alleviate
pressure on freshwater resources but also fully utilize Earth’s abundant natural resources,
providing humanity with a continuous supply of clean energy [2]. The successful industrial
application of seawater electrolysis will bring multiple benefits. Firstly, it will significantly
reduce pressure on freshwater resources and provide humanity with a clean energy source
for sustainable development. Furthermore, seawater electrolysis for hydrogen production
can be integrated with offshore wind power, offshore solar power, and other renewable
energy sources to create a novel clean energy production system [3]. Additionally, hydro-
gen produced from seawater electrolysis can be directly used for energy supply in ships,
offshore platforms, and other marine facilities, further promoting the development of the
marine economy.

Although seawater electrolysis for hydrogen production is promising, its realization
faces numerous challenges and issues. Firstly, seawater contains numerous salts, impurities,
and microorganisms, which can cause electrode corrosion, impede electrolysis efficiency,
and produce by-products that affect the stability of the electrolysis process. Secondly,
chlorine ions in seawater can easily generate chlorine gas during electrolysis, which not only
causes equipment corrosion but also poses toxicity risks, necessitating effective measures
to prevent chlorine gas generation and release [4,5].

Additionally, the high conductivity and complex chemical composition of seawater
increase the difficulty in designing and operating electrolysis equipment [4]. To address
these challenges, scientists have proposed various strategies to improve the efficiency
and stability of seawater electrolysis. Firstly, researchers have developed new electrode
materials and catalysts to enhance the efficiency of the electrolysis reaction and improve the
corrosion resistance of the electrodes. Secondly, by optimizing the electrolysis process, such
as using bipolar electrolysis and membrane separation technology, by-product generation
can be effectively reduced, thereby improving the safety and stability of the process. Addi-
tionally, some studies have explored adding specific additives to the electrolysis process to
inhibit the attack of Cl− on the anode substrate, thereby improving the stability of seawater
electrolysis electrodes [5–7].

This review will explore in detail the coping strategies and recent advances in seawater
electrolysis for hydrogen production from multiple perspectives. Firstly, we will introduce
new electrode materials and catalysts used in seawater electrolysis and analyze their
advantages in enhancing electrolysis efficiency and corrosion resistance [4,5]. Secondly, we
will discuss the optimization measures of the electrolysis process. Additionally, we will
introduce some of the latest industrial tools, such as the design and application of offshore
electrolysis platforms for hydrogen production. By elaborating on these topics, we aim
to provide valuable references and guidance for the development of seawater electrolysis
hydrogen production technology [2,8].

2. Self-Cleaning Cathodic Anti-Precipitation and Seawater Magnesium-Extraction
Techniques

The concentrations of the main metal elements in seawater are as follows: Na (10800 ppm),
Mg (1290 ppm), Ca (413 ppm), K (400 ppm), Ni (0.18 ppm), Fe (0.005 ppm), and U (0.0034
ppm). The primary metal ions in seawater are Na+, Mg2+, Ca2+, and K+, with Mg2+ and Ca2+

having the most significant impact on electrode performance during seawater electrolysis [9].
One of the main problems faced by seawater electrolysis cathodes is that during the continuous
cathodic hydrogen precipitation reaction, the cathode produces a large amount of OH− [10,11].
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This OH− reacts with the free calcium and magnesium ions in seawater, forming sediments on
the electrode surface [12]. During seawater electrolysis, Mg2+ and Ca2+ significantly impact
electrode performance by forming precipitates on the electrode surface, which block active sites
and hinder the diffusion and transfer of substances in the electrocatalytic process.

As the hydrogen evolution reaction (HER) proceeds continuously (2H2O + 2e− → H2 +
2OH−), it leads to a localized increase in the concentration of OH- at the cathode surface. A
substantial amount of OH− will precipitate (M2+ + 2OH− → M(OH)2, where M2+ represents
either Ca2+ or Mg2+. Due to strong intermolecular forces, including van der Waals forces
and contact adhesion forces, these precipitates tend to adhere to the electrode surface.
Since the formation of magnesium hydroxide requires a pH of approximately 9.3, and the
formation of calcium hydroxide requires a pH of around 12.0, maintaining the electrolyte
pH near 9.3 may facilitate the co-production of magnesium hydroxide at the cathode [13].

These sediments strongly interact with the solid interface of the electrode due to
van der Waals forces and adhesion forces [14], ultimately forming a difficult-to-remove
precipitate. This not only blocks the catalytic active sites but also leads to a rapid decrease in
electrolysis efficiency and current density [2,15,16]. The high concentration of impurity ions
in seawater and the lack of an effective precipitation-rejection mechanism exacerbate the
precipitation problem. This leads to decreased electrode activity and electrolysis efficiency
and necessitates high overpotentials during the electrolysis process, increasing energy
consumption. These challenges limit the industrial application and large-scale deployment
of seawater electrolysis technology. Precipitates formed in situ during electrolysis tend to
bind to the solid interfaces on the electrode surface. This hinders the active sites, reduces
the electrode working area, drastically decreases the current density, and ultimately affects
hydrogen release.

Magnesium ions (Mg2+) combine with hydroxide ions (OH−) to form a precipitate at a
lower pH than calcium ions (Ca2+). In addition, if calcium hydroxide (Ca(OH)2) has already
formed, the following substitution reaction can occur in the presence of magnesium ions in
seawater: Mg2+ + Ca(OH)2 → Mg(OH)2 + Ca2+. This reaction shows that magnesium ions
can react with calcium hydroxide to form a magnesium hydroxide (Mg(OH)2) precipitate
and calcium ions even when calcium hydroxide has already formed [17]. This property
makes it possible to extract magnesium from seawater because the formation of magnesium
hydroxide takes precedence over the formation of calcium hydroxide, thus increasing
magnesium recovery during seawater extraction.

In a recent breakthrough, Tang et al. designed and constructed an innovative mi-
croscopic bubble/precipitate traffic system (MBPTS) [18], which significantly reduces
the overpotential and improves anti-precipitation performance by combining the highly
efficient hydrogen precipitation material NiCoP with a honeycomb 3D porous carbon
framework. In this process, hydrogen, after being generated from the catalytic sites of
NiCoP, flows continuously along the carefully designed channels of the porous carbon
material, creating homogeneous localized gas streams. These gas streams act as finely
tuned cleaning agents, continuously pushing and removing the precipitates adhering to
the cathode surface, achieving self-cleaning during the electrolysis process.

The electrode structure is characterized by its porosity and regularity, which facili-
tates the continuous generation of uniformly sized hydrogen bubbles (Figure 1a,b). These
bubbles are uniformly and consistently expelled from the electrode surface, effectively
preventing precipitate formation and ensuring stable long-term electrode performance.
Even in seawater conditions, NCP/PC materials favorably dissociate into Hads thermody-
namically, offering densely distributed active sites conducive to rapid reactions (Figure 1c).
Consequently, NCP/PC materials maintain high θH coverage levels, releasing substantial
quantities of hydrogen while repelling precipitates. This design not only enhances the effi-
ciency of seawater electrolysis but also resolves persistent cathode precipitation challenges,
providing robust technical support for industrial-scale hydrogen production from seawater.
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Figure 1. Self-cleaning cathodic antiprecipitation and seawater magnesium-extraction techniques.
(a–c) Schematic diagrams of efficient traffic of bubbles and precipitates on/in the NCP/CP. The bubble
acts as the cleaner to make NCP/CP free from precipitation by repelling precipitates without a break;
(d) Surface of the cathode for electrocatalytically reducing alkaline seawater is clean; (e) Natural
seawater reduction causes local pH to rise, which causes Mg2+/Ca2+ to precipitate and attach onto the
cathode surface; (f,g) Schematic illustration of natural seawater electrolysis on a conventional cathode
and solidophobic cathode.; (h) Higher-magnification views of Cu atoms in Ni matrix; (i) APT ion
distribution maps of Ni and Cu; (j) Long-term accelerated durability tests of NiCu alloy and Pt-NiCu
alloy electrode under 100 mA cm−2.

In another groundbreaking study, Tang’s team further explored and proposed three
effective strategies to mitigate surface precipitation issues: the proton sponge [19], external
flow field, and self-cleaning cathode. These strategies collectively form an innovative
approach to produce nanoscale Mg(OH)2 and high-purity hydrogen. The proton sponge
disrupts the local pH gradient formed on the cathode surface; the external flow field
physically removes precipitates from the cathode surface; and the self-cleaning cathode
reduces precipitate accumulation, thereby minimizing its impact on the electrolysis process.
During seawater electrolysis, abundant Ca2+ and Mg2+ in seawater tend to precipitate on
the cathode (Figure 1d). However, the introduction of a self-cleaning cathode not only
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reduces precipitate accumulation on the cathode but also allows the hydrogen generated
at the cathode to help remove surface precipitates and regulate the local pH gradient
(Figure 1e). These research findings not only provide new perspectives and solutions for
the development of seawater electrolysis technology but also open new avenues for the
efficient production and utilization of green energy. They hold significant potential for
contributing to future energy transitions.

During seawater electrolysis, strong intermolecular interactions between solids, par-
ticularly van der Waals forces and adhesion, cause Mg(OH)2 to adhere to the electrode
surface, leading to fouling. This results in a rapid reduction in the electrode’s active area
and current density (Figure 1f). Thus, preventing the adhesion of Mg(OH)2 to the electrodes
(Figure 1g) is a crucial challenge in seawater electrolysis for magnesium extraction and
hydrogen production.

Yi et al. recently made groundbreaking progress in the field of cathodic precipitation
resistance for seawater electrolysis [13]. They successfully synthesized a NiCu alloy elec-
trode with high surface energy and excellent hydrogen evolution reaction (HER) activity.
The distribution of copper within the nickel matrix is highly disordered (Figure 1h,i). This
unique structural design significantly increases the surface disorder of the alloy, thereby
effectively enhancing its surface energy [20]. This high surface energy characteristic pro-
motes the formation of a dense adsorbed water layer through its hydrogen-bond network,
substantially raising the energy barrier for magnesium ion penetration, thus preventing
magnesium ions from reaching the electrode surface [21,22]. Consequently, magnesium
ions are more likely to nucleate homogeneously with hydroxide ions in the solution phase
rather than heterogeneously on the electrode surface.

Due to these properties of the NiCu alloy, this catalyst demonstrates outstanding
stability in salt solutions with extremely high concentrations of Mg2+ and Ca2+ (7.9 g/L
and 2.4 g/L, respectively, approximately 10 times the concentrations found in natural
seawater), and can stably operate for over 1000 h. During the 1000 h test period, the voltage
decay of the NiCu alloy was less than 10 mV, while the voltage loss of the Pt-NiCu alloy
was less than 100 mV (Figure 1j). Additionally, under actual seawater conditions, this
cathode not only efficiently produces high-purity hydrogen but also generates an Mg(OH)2
by-product with purity exceeding 99%, achieving dual high-purity product generation in
seawater electrolysis. This accomplishment not only demonstrates the electrode’s stability
under high-concentration electrolyte conditions but also provides a new and efficient
solution to the cathodic precipitation problem in seawater electrolysis, promising further
advancements in green hydrogen production and resource recovery.

In the development of seawater electrolysis as a clean energy technology, the anti-
precipitation capability of the cathode is crucial. If we can efficiently co-produce high-purity,
environmentally friendly, and economically valuable Mg(OH)2 while generating hydrogen
at the cathode [13], this would not only significantly reduce the operating costs of seawater
electrolysis but also greatly enhance its market competitiveness compared to other water
electrolysis methods. Through innovative design, combining high-activity HER catalysts,
high surface energy cathodes, self-cleaning functions, and the synergistic effects of external
flow fields [18,19], a solid step has been taken toward the industrial development of
seawater electrolysis technology. These groundbreaking advancements not only solve
the long-standing precipitation problem in seawater electrolysis but also open up new
possibilities for realizing green, efficient, and economical utilization of seawater resources.

3. The Strategies of Anodic Anti-Corrosion

Direct seawater electrolysis faces the challenge of competition between the chloride
evolution reaction (CER) and the oxygen evolution reaction (OER). The CER is a two-
electron-transfer process, whereas the OER involves a four-electron transfer, making the
side reaction CER kinetically favorable over OER [23]. Thermodynamically, in the lower pH
range, the thermodynamic barrier increases progressively with the rise in pH, accompanied
by the formation of hypochlorite. When the pH exceeds 7.5, the chlorine evolution reaction
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occurs, and the thermodynamic barrier reaches its maximum, with a potential difference of
480 mV [24]. During the direct electrolysis of seawater, chloride ions also tend to adsorb
on the anode, forming metal-chloride coordination, which corrodes the anode substrate
and leads to electrode deactivation(as shown in Equations (1) to (3)) [25]. Moreover, local
pH fluctuations at the electrode surface may reduce the potential window at high current
densities. Therefore, for efficient seawater electrolysis, it is necessary to carry out the OER
at high pH (~14.0) to achieve the minimum overpotential, enabling high current density
water splitting and promoting seawater electrolysis.

M + Cl− → MClads + e− (1)

MClads + Cl− → MCl−x (2)

MCl−x + OH− → M(OH)x+Cl− (3)

Furthermore, Lu et al. found that, in addition to chloride ions corroding the anode,
Br− also significantly affect electrode durability [4]. Through experimental and simulation
studies, they discovered that Cl− tends to cause localized deep and narrow corrosion pits,
while Br− leads to extensive shallow and wide corrosion pits. The different corrosion
mechanisms of various halide ions result in different corrosion behaviors: Cl− produces
localized deep and narrow pitting corrosion, while Br− causes large-area delamination
of the catalyst layer, forming shallow and wide corrosion pits on the substrate. Density
Functional Theory (DFT) calculations revealed that Cl− has the lowest energy barrier
(compared to Br−) to overcome during the penetration process from the surface to the
lattice, indicating that Cl− is more likely to enter the lattice interior. For Ni-based substrates,
in a chlorine-containing environment, the initial reaction typically involves the formation
of NiO, leading to the thickening of the passivation layer. Cl− is difficult to react with the
passivation layer, but it easily diffuses into the lattice interior, thus forming narrow and
deep pitting corrosion along the vertical direction of the electrode. In contrast, Br− is less
likely to penetrate the lattice and tends to undergo corrosion reactions at multiple sites,
resulting in the formation of wide and shallow corrosion pits along the horizontal direction
of the electrode. In real seawater electrolytes, a mixed corrosion state occurs.

In summary, the presence of various halide ions in seawater, recognized for their
corrosive and toxic properties, can significantly impact the stability of key components
within an electrolyzer, including the anode and membranes. These impurities can com-
promise the stability of these components and reduce the stable service life of the anode.
There are two main factors affecting anode stability: (1) severe corrosion of the electrode
by chlorine-containing substances produced during electrolysis; (2) corrosion of the anode
substrate. To achieve efficient seawater electrolysis, it is crucial to optimize the design of
anode catalysts to regulate the catalytic reaction process, thereby mitigating the negative
effects of these halide ions and enhancing the overall performance and longevity of the
electrolysis system.

Focusing on the issue of chloride ions in seawater, the design principles for anode cat-
alysts in direct seawater electrolysis include: (1) designing high-activity OER catalysts with
lower overpotentials: by reducing the overpotential, the efficiency of the electrochemical
reactions can be improved, thus minimizing the formation of harmful chlorine-containing
species; (2) replacing OER with thermodynamically more favorable electro-oxidation
reactions: this can potentially prevent the formation of corrosive chlorine species [26];
(3) constructing a Cl− blocking layer at the electrode–electrolyte interface to inhibit the
CER: this layer can prevent chloride ions from reaching the anode surface, thus reducing
the corrosion risk [25,27,28]; (4) rapid in situ consumption of Cl− or Cl2 generated by CER:
by quickly consuming these species, the corrosive impact can be minimized, protecting the
anode from degradation.
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3.1. Protection of Anode Current Collectors

Current collectors in electrocatalytic systems are critical components responsible for
efficiently transmitting current to the catalyst’s active surface, thereby enhancing overall
system efficiency. They must exhibit exceptional conductivity, chemical stability, and corro-
sion resistance. Ideal materials, such as copper, silver, platinum, and carbon, should possess
sufficient mechanical strength and surface roughness to reliably support catalyst loading.
Structural designs featuring porous or mesh-like configurations increase contact area and
reduce bubble accumulation, optimizing mass transfer and electrochemical performance.

In specialized applications like seawater electrolysis, where chloride and bromide ions
in seawater continuously attack the anode under the influence of an electric field, current
collectors must be able to withstand high salinity and corrosive substances. Otherwise, they
risk severe corrosion. Surface modification and protective coatings can further enhance the
durability and environmental adaptability of current collectors, thus ensuring the stability
and cost-effectiveness of electrochemical systems over prolonged operation. The introduc-
tion of sulfides and phosphides into high-entropy alloys can change the electronic environ-
ment of metal active sites, thus enhancing the stability and activity of the catalysts for water
electrolysis under electrochemical conditions, highlighting the potential of sulfides and
phosphides for seawater splitting [29]. Currently, treatments such as sulfidation [25,30,31],
phosphidation [32–34], selenization [35,36], and anion intercalation [37–39] are recognized
as effective strategies for protecting the substrate of catalyst current collectors.

Kuang et al. developed a solvent-thermal treatment method on nickel foam [25],
resulting in a uniform NiSx layer formed on its surface through reactions with elemental
sulfur in toluene. Subsequently, they deposited a NiFe-LDH nanosheet array catalyst
on the NiSx layer using electrodeposition technology, creating an innovative hierarchical
multilayer electrode structure (Figure 2a). This structure not only endowed the electrode
with excellent catalytic activity but also significantly enhanced its performance by forming
a 1–2 µm thick NiSx layer on the electrode surface (Figure 2b,c). Moreover, a vertically
aligned NiFe-LDH nanosheet array layer successfully epitaxially grew on the NiSx sur-
face [40,41] (Figure 2d). Utilizing in situ generated poly-anions, a protective layer formed
on the electrode surface that effectively resisted chloride ion corrosion in seawater. Fur-
thermore, analysis using Time of Flight Secondary Ion Mass Spectrometry (TOF-SIMS)
confirmed the insertion of sulfate and carbonate poly-anions, demonstrating the interlayer
stability of the catalyst [42,43] (Figure 2e). Consequently, this electrode exhibited outstand-
ing long-term stability in seawater electrolysis in high-concentration salt solutions. This
study also found that after anodic activation in an alkaline simulated seawater electrolyte
(1 M KOH + 0.5 M NaCl), the electrode displayed excellent catalytic activity, achieving an
OER current density of 400 mA/cm2 at a low overpotential of approximately 0.3 V. This
low overpotential, well below 0.48 V, reduces the oxidation of chloride ions to hypochlorite
salts in alkaline seawater.

Wang et al. delved deeply into the intrinsic connection between electronic structure
and electrocatalytic activity during seawater electrolysis [44]. Through precise density
functional theory (DFT) calculations, they discovered that introducing a phosphorus (P)
vacancy can optimize the adsorption energy of intermediates [45], significantly enhancing
the performance of electrocatalysts. The introduction of a P vacancy not only strengthened
the adsorption energy of intermediates but also activated neighboring metal sites, imparting
them with new electrocatalytic activity (Figure 2f). This strategy induces significant electron
redistribution within the crystal, where P defects act as electron donors, adjusting the
electron distribution in NiCoP, thereby promoting surface reconstruction processes to
generate stable active sites and enhance the catalytic kinetics of OER [46].
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Figure 2. Protection of anode current collectors. (a) Schematic drawing of the fabrication process;
(b–d) SEM images of untreated nickel foam, NiSx formed on nickel foam, and electrodeposited
NiFe on the NiSx surface; (e) TOF-SIMS mapping of SOx

2−/1− and CO3
2−/1− fragments from a

Ni3 and NiSx/Ni electrode surface after activation in 1 M KOH + 0.5 M NaCl at 400 mA/cm2.
Negative TOF-SIMS counts were collected from m/z = 96/48/80/40 (SO4

−/SO4
2−/SO3

−/SO3
2−)

and 60/30 (CO3
−/CO3

2−) after Ar plasma milling for 5 to 15 min to clean the surface adsorbed
electrolytes (scale bars: 10 µm); (f) The total DOS of NiCoP and NiCoPv; (g) Schematic representation
of the genuine phases and active sites of NiCoPv in 1.0 M KOH + seawater electrolyte during HER
and OER; (h) The schematic illustration of the reconstruction of Co-NiSe2 to generate Co-NiOOH and
SeO4

2− SCL on the surface; (i) In situ Raman of Co-NiSe2 under initial, 1.10, 1.25, 1.40, and 1.55 V.

Based on DFT-predicted theoretical foundations, the researchers employed a three-step
strategy involving molten salt synthesis, thermal phosphorization, and immersion to suc-
cessfully prepare NiCoPv@NF nanosheet electrocatalysts on commercial nickel foam (NF).
This electrocatalyst exhibited outstanding catalytic activity and stability in alkaline seawa-
ter solutions. Particularly noteworthy is that P defects effectively reduce the reconstruction
energy barrier during the OER process, facilitating the local transformation into active
NiCoOOH phases. During the electrocatalytic process, the Ni sites of NiCoPv and the Co
sites formed by phase transformation to NiCoOOH serve as active centers for the HER
and OER processes, respectively (Figure 2g). Furthermore, the in situ-generated PO4

3−

on the electrode surface, through synergistic effects of electrostatic attraction and spatial
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repulsion, effectively suppresses Cl− corrosion in seawater, protecting the electrode from
corrosion and further enhancing the durability of the electrocatalyst [44].

Cao et al. synthesized Co-NiSe2 nanosphere catalysts via hydrothermal synthesis of
a precursor of Co-Ni alkaline oxides, followed by calcination [36]. In situ experiments
and theoretical studies confirmed that cobalt-doped nickel diselenide (Co-NiSe2) facilitates
rapid reconstruction into highly active cobalt-doped nickel oxyhydroxide (Co-NiOOH)
by lowering the barriers for deselenization and dehydrogenation. This process also helps
generate dynamically stable oxygen vacancy sites within the resulting Co-NiOOH, leading
to high OER performance. Additionally, self-generated SeO4

2− on the electrode surface
selectively repels Cl− without hindering the diffusion and adsorption of active species,
thereby preventing the dissolution of metal species in Co-NiOOH (Figure 2h). In situ
Raman spectroscopy further identified the active phases and dynamic reconstruction of
Co-NiSe2 (Figure 2i). For Co-NiSe2, a distinct Raman band at 498.9 cm−1, attributed to
the NiIII-O vibration of Ni(OH)2, was detected. Under the corrected potential, a pair of
peaks split at 451.6 and 526.4 cm−1 corresponded to the Eg bending and A1g stretching
vibrations of NiIII-O in NiOOH [7], respectively. Additionally, a new Se-O band associated
with selenate (SeO4

2−) appeared at 828.2 cm−1 at 1.25 V, with the Se-O band gradually
intensifying as the potential increased, indicating the accumulation of more SeO4

2− on the
electrode surface due to the anodic charge and electric field [47].

These findings suggest that Co-NiSe2 can quickly evolve into the active Co-NiOOH
phase during reconstruction, accompanied by the formation of SeO4

2− species on the
electrode surface. This special treatment of the material surface enhances the stability and
corrosion resistance of the catalyst in seawater, providing a new perspective for designing
efficient and stable electrocatalysts. This approach opens new pathways for advancing the
hydrogen economy.

3.2. Self-Reconstruction and Dynamic Dissolution of Catalyst

In environments containing chloride, such as direct seawater electrolysis, construct-
ing a selective permeation barrier on the electrode–electrolyte interface can effectively
limit the contact between Cl− and the catalytic active sites of the electrode. Various elec-
trodes, including nitrides, phosphides, sulfides, and selenides, undergo in situ surface
transformations, producing negatively charged anionic layers upon oxidation [31,32,48,49].
These layers repel Cl− and protect the anode from corrosion. This barrier acts as a pro-
tective shield, preventing anodic chlorination reactions that could generate chlorine gas
or other harmful chlorides, leading to electrode corrosion or performance degradation.
Consequently, this strategy not only avoids adverse side reactions but also significantly
enhances the chemical stability and long-term durability of the electrode, which are crucial
for improving the overall performance and reliability of electrochemical devices.

Liu et al. employed an innovative two-step synthesis strategy to successfully fabricate
a cobalt ferricyanide/cobalt phosphide (CoFePBA/Co2P) anode with a unique Cap/Pin
structure [28] (Figure 3a). This structured electrode demonstrated exceptional performance
during the electrolysis of saturated brine. Experimental data combined with molecular
dynamics simulations revealed that during the oxygen evolution reaction (OER), the
electrode surface undergoes reconstruction, forming a composite anionic layer of PO4

3− and
Fe(CN)6

3−. This novel anionic synergy mechanism provides significant protection for the
electrode in real seawater environments by reducing Cl− adsorption on the electrode surface
through electrostatic repulsion and dense coverage, decreasing it by nearly fivefold. This
results in excellent OER activity and prolonged electrolysis stability in high-concentration
brine, making it suitable not only as a seawater electrolysis anode catalyst but also for
brine lake electrolysis. This expands the application range of anode catalysts, offering new
insights and solutions for seawater and brine lake water electrolysis.
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Figure 3. Self-reconstruction and dynamic dissolution of catalyst. (a) Schematic route for the
synthesis of CoFePBA/Co2P electrode; (b) Illustration of the corrosion resistance mechanism of
surface adsorbed Al(OH)n

−; (c) Operando Raman spectrum of CoFeAl-LDH, potential range:
OCP-1.5 V vs. RHE; (d) CP response at 0.2 Acm−2 of CoFe-LDH before/after adding Al(OH)n

−

to the electrolyte, and CoFeAl-LDH before/after etching Al3+, in an electrolyte containing 20 wt.%
NaOH + satu. NaCl; (e) A schematic showing the structure and corrosion-resistant strategy of
the RuMoNi electrocatalyst. The light blue bar, yellow semicircle, and dotted green lines stand
for nanorod-shape substrate, active sites, and corrosion-resistant layer, respectively; (f) Schematic
illustration of CoFe-Ci@GQDs against Cl− corrosion in seawater; (g) Schematic illustration of the
synthesis process of MoO3@CoO/CC.

In a subsequent study by the team, researchers ingeniously crafted a layered CoFeAl-
LDH anode material, showcasing a unique self-protective mechanism during seawater
oxidation reactions [27]. Specifically, under the erosive influence of OH−, aluminum (Al)
gradually leaches out from the CoFeAl-LDH, creating abundant Al3+ vacancies. These
vacancies not only enhance the catalytic activity of the OER but also spontaneously generate
Al(OH)4

− species due to the absence of Al3+ [50,51], which firmly adsorb onto the anode
surface (Figure 3b), significantly enhancing the stability of seawater electrolysis processes.
Through in situ Raman spectroscopy analysis, researchers observed a marked enhancement
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in vibrational peaks associated with Al(OH)n
− within the 400–700 cm−1 range, particularly

a significant increase in signal intensity at the 988 cm−1 Al-O stretching vibration peak [52],
further confirming the presence of Al(OH)n

− on the electrode surface and its contribution
to stability (Figure 3c).

To explore more deeply the specific role of Al(OH)n
− in electrode stability, researchers

conducted a control experiment: adding Al(OH)n
− to the CoFe-LDH electrolyte. The

results demonstrated a significant improvement in the stability of the CoFe-LDH elec-
trode, with a voltage decay rate of only 0.29% during over 500 h of stability testing. This
finding corresponds with the stability observed in CoFeAl-LDH after the formation of
Al3+ vacancies and Al(OH)n

−. Conversely, removing the Al(OH)n
− from CoFeAl-LDH

resulted in a sharp decline in electrode stability, with a voltage decay rate reaching 16.41%
within just 10 h of testing (Figure 3d). This controlled experiment strongly validates the
crucial role of Al(OH)n

− in enhancing electrode stability, revealing its potential applica-
tion value for seawater electrolysis. Through this material design, CoFeAl-LDH achieves
not only efficient OER catalytic performance but also demonstrates excellent corrosion
resistance, thus offering new avenues and strategies for the advancement of seawater
electrolysis technology.

Kang et al. successfully synthesized a novel RuMoNi catalyst through a two-step syn-
thesis strategy [53]. Initially, a hydrothermal synthesis method was employed, followed by
electrochemical activation to obtain the catalyst with a unique structure. This catalyst con-
sists of a Ni4Mo nanorod substrate, uniformly anchored with RuO2 particles and covered
by a layer of NiMoO4, forming a composite nanostructure (Figure 3e). During the electro-
chemical oxidation process, Inductively Coupled Plasma Optical Emission Spectroscopy
(ICP-OES) detected that the concentration of Mo atoms in the electrolyte remained constant.
This phenomenon is likely due to the dynamic dissolution and precipitation reactions of
NiMoO4 and MoO4

2− at the electrochemical interface, thereby maintaining the stability
of MoO4

2− concentration in the electrolyte. During electrolysis, the multivalent MoO4
2−

anions preferentially adsorb onto the electrode surface owing to electrostatic attraction [54].
This adsorption not only effectively blocks Cl− through electrostatic repulsion but also en-
hances the corrosion resistance of the electrocatalyst [25,55,56]. Simultaneously, the strong
hydrogen bonding between the Ni4Mo surface and OH− facilitates the approach and par-
ticipation of OH− in the reaction, effectively alleviating the adverse effects of electrostatic
repulsion on OH− and maintaining rapid oxygen evolution reaction (OER) kinetics [7].

In their groundbreaking study, Zou et al. anchored graphene quantum dots (GQDs)
onto the surface of the CoFe-LDH catalyst and simultaneously introduced carbonate ions
(CO3

2−) into its interlayer structure [37] (Figure 3f). This innovative dual strategy not only
significantly enhances both the stability and efficiency of the catalyst but also establishes
an effective protective mechanism against the corrosive effects of chloride ions in complex
seawater environments.

Firstly, anchoring graphene quantum dots (GQDs) onto the catalyst surface represents
a novel approach that stabilizes the active sites through their electron-donating effects. The
negative charge characteristics of GQDs help prevent adverse adsorption of Cl− at the
active sites, thereby protecting the catalyst from corrosion by high concentrations of Cl−

in seawater. This surface-modification strategy not only enhances the corrosion resistance
of the catalyst but also facilitates the dissociation of water molecules and proton-electron
coupled transfer processes, crucial for improving the efficiency of the oxygen evolution
reaction (OER). Secondly, the introduction of CO3

2− represents another innovative step,
establishing strong repulsive forces within the interlayers of CoFe-LDH that effectively
resist Cl− intrusion. Due to their small size and high negative charge density, CO3

2− forms
strong electrostatic interactions with the main layers of CoFe-LDH, significantly enhancing
the stability of the interlayer structure and greatly improving its ability to repel chloride
ions, thereby inhibiting the collapse of the layered structure and catalyst corrosion.

Guo and his team synthesized a Co(OH)2 precursor on a carbon cloth substrate using a
hydrothermal method, which was then transformed into a bead-like CoO structure through
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a precisely controlled annealing process [57] (Figure 3 g). This procedure laid the foundation
for the subsequent atomic layer deposition (ALD) technique [58,59], which facilitated the
uniform deposition of an ultrathin amorphous MoO3 layer on the CoO surface, resulting in
the innovative MoO3@CoO/CC catalyst structure. The pea-like MoO3@CoO/CC catalyst
demonstrated excellent catalytic performance.

After activation, the MoO3@CoO/CC catalyst maintained its pea-like morphology, but
significant interface changes between the MoO3 layer and the CoO substrate were observed.
Specifically, darker regions appeared between the two phases, and the interlayer spacing
increased significantly, indicating the formation of a new stable phase at the interface.
High-resolution transmission electron microscopy (HR-TEM) analysis confirmed that the
lattice spacing was 0.38 nm, corresponding to the (006) plane of CoMo-LDH [60]. This
finding demonstrates that the material underwent a constrained dynamic surface self-
reconstruction mechanism during activation, forming a CoMo-LDH layered structure with
strong electrostatic repulsion against Cl−.

Moreover, the MoO3 layer acted as a directional confinement layer, regulating the
formation of CoMo-LDH, and optimized the catalytic activity sites through refined inter-
face engineering, enhancing the catalytic reaction kinetics. The researchers explored the
electrode behaviors of self-leaching and dynamic dissolution, providing new insights into
designing high-performance seawater electrolysis and salt-resistant catalysts.

3.3. Regulation of the Surface Microenvironment and Ligand Regulation

The formation of a negatively charged anionic layer on the catalyst surface during
oxidation effectively repels Cl− ions and shields the anode from corrosion, serving as a
robust anti-corrosion strategy. Furthermore, researchers have successfully mitigated the
attack of chloride ions (Cl−) on the anode catalyst by regulating the atomic coordination of
the catalyst and optimizing the surface microenvironment [58].

Sha et al. presented a pioneering study proposing a unique strategy to significantly
enhance the catalytic performance of the oxygen evolution reaction (OER) by modulating
the adsorption behavior of chlorine ions (Cl−) on monatomic iridium (Ir) catalysts. Unlike
previous catalysts designed to repel Cl− adsorption, the Ir/CoFe-LDH catalysts in this
study utilize atomically dispersed Ir sites to allow Cl− adsorption, modulating the electronic
structure of the Ir active center and forming a unique Ir-OH/Cl coordination state [60].
When NaCl was added to the 6 M of NaOH electrolyte to simulate a seawater environment,
the OER overpotential of Ir/CoFe-LDH was reduced from 236 mV to 202 mV, and the TOF
(rate of oxygen generation per second) significantly increased. This indicates that the OER
performance of the catalyst is significantly enhanced at a specific Cl−/OH− ratio. Studying
different Cl−/OH− ratios helps determine the optimal operating conditions for the catalyst
under actual seawater electrolysis conditions. As shown in Figure 4a, the OER overpotential
of Ir/CoFe-LDH at a current density of 10 mA cm−2 initially decreased and then increased
with rising Cl− concentration when the NaOH concentration increased from 1 M to 6 M.
The optimal OER performance of Ir/CoFe-LDH was observed at a Cl−/OH− ratio of 1:2,
highlighting the critical influence of chloride ions on OER performance. The TOF value of
Ir/CoFe-LDH in 6 M NaOH + 2.8 M NaCl electrolyte (7.46 O2 s−1) was 7.1 times higher
than in 6 M of NaOH electrolyte (1.05 O2 s−1) at 1.5 V vs. RHE. Additionally, the catalyst
remained stable for over 1000 h at industrially relevant current densities (0.4–0.8 A cm−2)
and for over 2000 h in real seawater.

In situ Raman spectroscopy was employed in this study to investigate the effect of
chloride ions on the oxygen evolution reaction (OER) activity when adsorbed on iridium
monatomic catalysts. Through in situ Raman spectroscopy, researchers observed a new
peak in the Raman spectrum of Ir/CoFe-LDH at nearly 333 cm−1 under open-circuit
voltage (OCV) conditions, attributed to the vibrational mode of Ir-Cl. This indicates
the formation of Ir-Cl coordination at the Ir monatomic site (Figure 4b). In NaOH and
NaOH + NaCl electrolytes, the Ir-Cl coordination peak at 333 cm−1 persisted. However,
in alkaline electrolytes without Cl−, Ir-Cl coordination was observed only under open-
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circuit voltage conditions and disappeared when voltage was applied. This suggests
significant competition between Cl− and OH− for adsorption onto Ir monatomic sites
at high OH− concentrations, indicating that higher NaCl concentrations are required to
maintain the stability of Ir-Cl coordination.
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Figure 4. Regulation of the surface microenvironment and ligand regulation. (a) Comparison of
OER overpotential at a current density of 10 mA cm−2 of Ir/CoFe-LDH in electrolyte with different
Cl−/OH− ratios in 1 M of NaOH. The inset shows the OER overpotential of Ir/CoFe-LDH at a
current density of 10 mA cm−2 with different Cl−/OH− ratios in 1 M (white), 2 M (yellow), 3 M
(orange), and 6 M of NaOH (red). (b) In situ Raman spectra of Ir/CoFe-LDH recorded in NaOH+NaCl.
(c) The activation energy of Ir/CoFe-LDH with three coordination states. (d) Schematic diagram of
local alkaline microenvironment generation on Lewis acid-modified cathode, which facilitates HER
and prevents precipitate formation. (e) Measured OH− concentration and theoretical concentration of
excess OH− required to resist Cl− (f) show that on Cr2O3–CoOx, the H2O* band shifts continuously
toward the OH* band when the anodic potential increases. It is important to note that the spectra
were plotted using the curve measured at 0.90 V vs. RHE as a baseline. (g) Schematic illustration
of the effect of the SCI strategy on the prevention of corrosion by chloride ions. (h) Durability tests
of NiFe-LDH and NiFe-LDH@Ag anodes, paired with a Pt cathode, at a constant current density
of 400 mA cm−2 in different electrolytes (1 M NaOH + 2.5 M NaCl, 1 M NaOH + seawater).

Introducing chloride ions (Cl−) revealed that dynamic adsorption on the iridium
(Ir) site not only lowered the activation energy barrier for the oxygen evolution reaction
(OER) but also enhanced the adsorption of *OOH intermediates through the formation
of Ir-OH/Cl coordination, which is crucial for the OER rate-determining step (Figure 4c).
This strategy effectively inhibits the competitive CER by forming stable Ir-Cl bonds on
Ir atoms, providing additional structural stability that reduces solvation or structural
changes of CoFe-LDH during electrochemical oxidation [61,62]. Furthermore, this bonding
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modulates the electronic structure of CoFe-LDH by redistributing electrons, improving
its structural integrity and functionality in an electrochemical oxidation environment.
The catalytic selectivity and stability were maintained close to 100%. Experimental and
theoretical calculations demonstrated that the Ir/CoFe-LDH catalyst exhibited excellent
OER activity under alkaline seawater electrolysis conditions. Specifically, Ir/CoFe-LDH
showed exceptional oxygen evolution reaction activity in 6 M NaOH + 2.8 M NaCl, with
an overpotential of only 202 mV at a current density of 10 mA cm−2, which is 34 mV lower
than in 6 M of NaOH electrolyte (236 mV). This significant reduction in overpotential
indicates the enhancement of OER activity by chloride ions.

This study not only delivers an efficient anode catalyst for seawater electrolysis but also
presents a novel method to modulate single-atom catalysts for catalytic reactions in diverse
neutral environments. The researchers effectively utilized the abundant Cl− resource in
seawater to enhance catalytic performance, thereby paving a new path toward achieving
efficient and stable hydrogen production via seawater electrolysis.

As shown in Figure 4d, Qiao et al. proposed an innovative strategy to significantly
enhance seawater electrolysis performance by introducing a Lewis acid layer on the catalyst
surface. The core of this approach involves using hard Lewis acids (e.g., Cr2O3) to interact
with water molecules, dynamically splitting them and trapping the hydroxyl anions (OH−),
thereby generating a localized alkaline environment in situ. This facilitates the kinetics of
the electrode reaction while inhibiting the harmful effects of chloride ions and preventing
the formation of precipitates.

The proposed Lewis acid layer effectively traps and enriches hydroxyl anions and
modulates the charge and pH on the catalyst surface, providing more favorable conditions
for the adsorption and dissociation of water molecules [63]. Since OH− and Cl− are
the primary anions in seawater, the accumulation of excess OH− on the anode surface
reduces the amount of Cl−. This occurs because OH− and Cl− compete for adsorption
sites on the electrode surface, with more OH− preventing Cl− from approaching the
electrode surface. Using the IrOx

−-modified rotating ring disk electrode technique, the
authors found that the pH of the Cr2O3-CoOx surface increased with applied potential,
then initially increased and subsequently decreased with current density. In contrast, the
pH of the CoOx surface was lower than seawater (~7.9) and decreased with increasing
current density (Figure 4e). Even at anodic potentials as high as 1.90 V vs. RHE, the
OH− concentration on the Cr2O3-CoOx surface remained significantly higher than the
theoretically required excess OH− concentration, suggesting that the OH− generated on
the surface of Cr2O3-CoOx is sufficient to inhibit the migration of Cl− from seawater to
the electrode surface [64,65]. These results clearly demonstrate the Cr2O3 layer’s ability to
successfully generate localized alkalinity on the catalyst surface. The article used in situ
surface-enhanced infrared reflectance (IR) spectroscopy to probe the formation mechanism
of locally generated OH− on the anode surface in natural seawater. For CoOx, the band
at 3460 cm−1 was assigned to adsorbed water molecules (H2O*), which did not shift
significantly with varying applied voltage. However, for Cr2O3-CoOx, the H2O band
continued to shift toward the OH band when the applied potential varied from 1.0 V vs.
RHE to 1.8 V vs. RHE (Figure 4f), suggesting that the localized OH− generated arises from
the dissociation of adsorbed water molecules on Cr2O3 [66–68].

Using density-functional theory (DFT) calculations and in situ infrared spectroscopy,
the researchers revealed how the Lewis acid layer facilitates the decomposition of water
molecules to generate key active intermediates. Additionally, experimental results show
that the performance of this surface-modified catalyst in natural seawater is comparable to
that of a proton-exchange membrane (PEM) electrolyzer in high-purity water, achieving
long-term stable performance for over 100 h at a current density of 500 mA cm−2. This
study optimizes the seawater-electrolysis process through fine-tuning of surface chem-
istry. This approach not only improves electrolysis efficiency but also enhances system
stability, opening new avenues for efficient and economical hydrogen production from
seawater electrolysis.
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Lu et al. proposed an innovative strategy to immobilize chloride ions by loading silver
(Ag) nanoparticles onto the surface of the catalyst, significantly improving the stability
of the anode in seawater electrolysis (Figure 4g). The core of this strategy involves using
silver nanoparticles to react with free chlorine ions (Cl−) in seawater, forming stable
silver chloride (AgCl) under an applied electric field, thereby creating a protective layer
on the anode surface. Specifically, an optimized nickel-iron layered double hydroxide
(NiFe-LDH) was used as a catalyst in the study, and Ag nanoparticles were loaded onto
it by electrodeposition to prepare the NiFe-LDH@Ag electrode [69]. The experimental
results showed that the stability of this modified electrode in 1 M NaOH + 2.5 M NaCl or
1 M NaOH + seawater electrolyte reached over 450 h and 2500 h, respectively, which far
exceeded the stability of the unmodified NiFe-LDH electrode (Figure 4h).

Through various analytical techniques, the researchers found that Ag nanoparticles are
converted to AgCl during oxidation instead of Ag2O in conventional alkaline electrolytic
water. AgCl has a solubility product (Ksp) of 1.8 × 10−10, making it virtually insoluble in
water. The formation of this AgCl layer produces two main effects on the anode surface to
resist Cl−: the first is a physical barrier. The AgCl layer, as an insoluble layer covering the
anode surface, provides a physical barrier for the anode, preventing direct contact between
Cl− and the anode material, thus reducing the occurrence of corrosion reactions. Co-ionic
effect: after the formation of the AgCl layer, since Cl− has been immobilized in AgCl, this
creates a high concentration of Cl− in the local area. According to Le Chatelier’s principle,
this inhibits more Cl− from approaching the anode surface because there is already enough
Cl− in the system to combine with Ag+ to form AgCl.

This co-ionic effect leads to a reduction in the concentration of Cl− in the vicinity of the
anode, further slowing the corrosion process. Through molecular dynamics simulations and
experimental measurements of the capacitance of electrochemical double layers (CEDL) [47],
the researchers observed almost no free Cl− present on the AgCl surface, confirming the
effectiveness of the AgCl layer in inhibiting Cl− corrosion. Thus, the formation of AgCl
significantly reduces the concentration of free Cl− ions near the anode surface, effectively
inhibiting the corrosive effect of Cl− ions on the anode.

3.4. Design of Seawater Electrolysis Electrolyzer

The indirect decomposition of seawater through pre-desalination avoids side reactions
and corrosion issues but requires additional energy input, reducing its economic viabil-
ity. In contrast, integrating in situ seawater purification technology into an electrolyzer
simplifies the process and reduces the footprint, making it highly appealing compared
to step-by-step seawater purification–electrolysis systems [70,71]. Xie et al. proposed an
innovative electrolyzer design (Figure 5a) specifically tailored for direct seawater electrol-
ysis to produce hydrogen. This design employs a phase change-migration mechanism
based on water vapor pressure differentials, facilitating spontaneous water migration from
seawater to the electrolyte side. It utilizes a hydrophobic porous polytetrafluoroethylene
(PTFE) membrane as the gas-phase interface and a concentrated potassium hydroxide
(KOH) solution as the self-suppressing electrolyte, effectively preventing liquid seawater
and ionic contaminants from penetrating [8].

The main advantage of this design is its 100 percent ion-blocking efficiency, which
ensures that the “pure water” used in the electrolysis process comes directly from seawa-
ter, eliminating the need for an additional desalination step. This is crucial for reducing
hydrogen production costs and improving energy efficiency. Additionally, since the water-
migration process is spontaneous, no additional energy input is required, further reducing
the overall energy consumption of the system. In terms of performance and reliability,
the reported electrolyzer has demonstrated excellent long-term stability under real-world
application conditions, operating stably at a current density of 250 mA cm−2 for over 3200 h
without maintenance. During the electrolysis process, the relative Faraday efficiency (RFE)
for oxygen was close to 100 percent, and no chlorine (Cl2) generation was detected, indi-
cating that the electrolysis process is highly selective and capable of efficiently converting
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seawater into hydrogen and oxygen without generating harmful by-products. In terms of
energy consumption, the electrolyzer’s energy use is comparable to that of industrial alka-
line water electrolysis, with production costs of approximately 4.6 kWh and 5.3 kWh per
standard cubic meter of hydrogen at current densities of 250 mA cm−2 and 400 mA cm−2,
respectively. This level of energy consumption is economically viable for large-scale hy-
drogen production and competitive with current industrial water electrolysis technologies.
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(b) Diagram of the seawater cabin connected to the ocean. (c) Schematic of the continuous direct
seawater electrolysis (DSE)) system based on a dual-CEM three-compartment architecture integrated
with a circulatory electrolyte design. HER and OER take place at cathode and anode in the circulating
NaOH electrolyte, respectively. (d) HER/OER Faradaic efficiency and the gas production rates of the
direct seawater electrolysis (DSE) systems determined using galvanostatic electrolysis.

Furthermore, based on this electrolyzer design, the researchers further explored its
feasibility and performance in large-scale applications. The research team demonstrated
a kilowatt-scale floating electrolysis platform in practical operation in Xinghua Bay, inte-
grating energy storage, current conversion, hydrogen detection, and transport modules [3].
This system utilizes offshore wind energy as a power source and ensures the continu-
ity and stability of the electrolysis process through the floating platform’s stability and
energy-management system (Figure 5b). Hydrogen production at a scale of 1.2 Nm3 h−1

was successfully realized. This achievement demonstrates the technology’s applicability
and stability in real marine environments. This study also considered the effects of the
fluctuating marine environment on the water-migration and electrolysis processes. Lab-
oratory simulations and at-sea tests showed that the fluctuating environment actually
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facilitated water mass transfer and that the stability of core components (e.g., membranes
or catalysts) was not significantly affected. This is because the fluctuations increase the
surface area of seawater in contact with the PTFE membrane, thus increasing the amount
of water migration per unit of time. Additionally, the movement of seawater counteracts
the transient increase in brine concentration at the membrane surface, further facilitating
water migration. This finding is critical to understanding and optimizing the performance
of electrolyzers in dynamic marine environments. Furthermore, the research identifies
technical challenges for key system components and examines the long-term stability and
ion-blocking efficiency of electrolyzers under complex and changing ocean conditions.
These studies provided scientists with a deeper understanding of how to improve the
economic viability of on-site direct seawater electrolysis based on renewable energy inputs.

At the forefront of green hydrogen energy production, Ren et al. pioneered ground-
breaking research by designing and demonstrating an innovative electrolyzer featuring
a “triple-chamber, double-positive membrane, and recirculating electrolyte” structure
(Figure 5c). This configuration provides a highly efficient solution for continuous hydrogen
production from seawater. The core innovation of their research lies in a novel electrolysis
system that effectively addresses challenges such as ionic interference and chlorine corro-
sion, typically associated with conventional seawater electrolysis, thereby paving the way
for a new approach to clean energy production [72].

The electrolyzer’s three-chamber design, with a central seawater chamber and elec-
trolyte chambers on both sides, ensures orderly migration of water molecules and precise
ion screening through a monovalent ion-selective cation exchange membrane. The experi-
ments investigated water mobility through the cation-exchange membrane and established
the relationship between water mobility and the concentration gradient on both sides
of the membrane. According to Fick’s law, water mobility is proportional to the surface
area and the concentration gradient on both sides of the membrane [73]. Adjusting the
concentration gradient on both sides of the membrane allows for achieving a dynamic
water equilibrium in a continuous direct water electrolysis system. This structure ensures
ion neutrality during electrolysis and maintains a constant concentration gradient and
pH through a self-circulating electrolyte design, providing a continuous driving force for
water molecule migration. The electrolyzer operates based on an electrochemical process,
enabling efficient energy conversion through the HER and OER at the cathode and an-
ode, respectively. The continuous direct seawater electrolysis (DSE)system, using natural
seawater as the water source, operates stably over a current range of 0.1 to 3.0 A, with
the rate of hydrogen and oxygen production increasing with current while maintaining a
Faraday efficiency close to 100% [74] (Figure 5d). Energy consumption was evaluated by
measuring electrical energy consumption during the electrolysis process, directly relating
to the economics of the electrolyzer and its potential for large-scale applications. This
design can produce hydrogen from flowing seawater at a rate of 7.5 mL/min for more than
100 h at an industrially relevant current of 1.0 A.

As shown in Table 1, indirect seawater-electrolysis technologies frequently integrate
advanced desalination methods, such as reverse osmosis, with proton-exchange mem-
brane (PEM) electrolysis. This integration minimizes interference from solid particles,
microorganisms, and impurity ions. However, the pre-treatment phase can be energy-
intensive, resulting in high energy consumption, a significant equipment footprint, and
increased overall costs. In situ desalination electrolysis effectively combines membrane-
separation technology with the electrolysis of purified water. However, the production
capacity of these devices is limited by the membrane’s flux. Proton-exchange membrane
water-electrolysis technology offers advantages such as low energy consumption, even
under fluctuating conditions. However, it typically utilizes noble metal-based catalysts,
which are costly, and operates in an acidic electrolyte that can be highly corrosive to the
electrolyzer electrodes. Alkaline water electrolysis typically employs non-noble metal-
based catalysts, thereby reducing costs. Nonetheless, it is characterized by a slow start-up
time and poses potential safety risks due to hydrogen gas permeation. Direct seawater
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electrolysis avoids competition for freshwater resources that are essential for human sur-
vival. Nevertheless, as mentioned above, it presents challenges such as anode corrosion
and cathode precipitation, which require more effective solutions to advance seawater
electrolysis toward industrialization.

Table 1. Comparison of hydrogen production routes from electrolytic water.

Technical Routes Advantage Disadvantage Water Source

Indirect seawater electrolysis High technical maturity [75] Desalination equipment covers a
large area Ultrapure water

Direct seawater electrolysis Coupled renewable energy, saving
fresh water [75]

Anodic corrosion; cathode
precipitation problem Seawater

In situ desalination and
electrolysis of seawater

Integrated membrane separation
technology with water electrolysis [8]

Equipment size restricted by
membrane flux Seawater

Proton-exchange membrane
water electrolysis

Anti-fluctuation, low energy
consumption, fast start and stop [76]

Precious metal-based catalyst,
electrode plate is easily corroded Fresh water

Alkaline water electrolysis Low cost by using non-precious
metal based catalysts [76]

High energy consumption, slow
start and stop, easy for hydrogen
penetration and other problems

to occur

Alkaline fresh
water

4. Summary and Outlook

The success of direct seawater electrolysis (DSE) technology, an advanced method for
producing green hydrogen, depends critically on the design and development of efficient
catalysts. Researchers are currently focusing on developing electrocatalysts capable of
maintaining high activity, selectivity, and stability in the complex medium of seawater.
These catalysts must efficiently promote the OER and HER in near-neutral or alkaline
seawater environments while inhibiting unfavorable side reactions such as the CER [77].
Researchers have employed various strategies to enhance catalyst performance, including
innovative catalyst design, self-cleaning cathodes to prevent precipitation, the protection of
anode current collectors, self-reconstruction and dynamic dissolution of anode catalysts,
surface microenvironment regulation, and coordination modulation to resist seawater
corrosion. Nonetheless, numerous challenges remain in the field of seawater electrolysis.

Firstly, in the complex environment of seawater electrolysis, cathode design must
balance hydrogen evolution performance with anti-precipitation capability. Tang’s team
maintained the pH stability of the electrode surface and removed precipitates from the
electrode surface by utilizing the external flow field generated by bubble desorption [18].
Although this strategy has been successful on a laboratory scale, the high current densities
in industrial electrolysis require addressing the bubble shielding effect and the increased
ohmic overpotential. At the industrial scale, the impact of bubbles on the catalyst is more
significant, necessitating a deeper understanding of bubble behavior [78]. To achieve effi-
cient electrolysis at an industrial scale, research on bubble behavior must be strengthened,
and electrode design must be optimized for mass transfer and flow field distribution under
industrial conditions [79]. Through these measures, electrolysis efficiency can be improved,
energy consumption reduced, and the development of seawater electrolysis technology
promoted to support greater efficiency and environmental friendliness.

Secondly, the mechanisms of catalyst degradation caused by various soluble ions in
natural seawater remain unclear. Although catalyst engineering using polyanion coatings to
inhibit chloride ion corrosion or to fabricate highly selective electrocatalysts has seen some
success, it remains unsatisfactory in practical applications. Currently, poor anode stability
due to the high Cl− concentration in seawater is widely regarded as the main bottleneck
restricting the development of this technology. Consequently, various anodes with high
efficiency against Cl− corrosion and enhanced stability have been developed. However, the
stability of these anodes tested in alkaline seawater electrolysis for hydrogen production
is significantly shorter than in alkaline simulated seawater (0.5 M NaCl). Therefore, it is
crucial to investigate the detrimental effects of other chemical components in seawater
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on anode stability to enhance anode lifetime and achieve industrial-scale application of
seawater electrolysis. For example, besides Cl−, Br− in seawater is more detrimental to
nickel-based anodes. Xu et al. found that the corrosion resistance of nickel substrates in Br−-
containing solutions was poorer than in Cl−-containing solutions, and the corrosion rate in
Br−-containing solutions was faster, as shown by cyclic polarization curves [4]. Further
electrochemical in situ characterization revealed that Cl− causes localized corrosion of the
substrate with narrow and deep pits, whereas Br− corrodes over a large area with shallow
and wide pits. Therefore, an in-depth understanding of the mechanisms by which soluble
ions and other impurities in seawater cause catalyst degradation is essential for improving
catalyst and electrode activity, extending the service life of electrolyzers, and reducing
operation and maintenance costs.

Furthermore, current research tends to focus on catalyst development while neglecting
their application in specific electrolyzer devices. Studies on electrolyzer technology often
lack comprehensiveness and do not cover all possible configurations, resulting in unsatis-
factory practical performance at the plant level. In rationalizing catalyst design for direct
seawater electrolysis, it is crucial to consider the unique requirements of different electrol-
ysis units and to take effective measures to address specific issues, thereby overcoming
critical bottlenecks in both catalyst and unit design.

Hydrogen production by alkaline seawater electrolysis is considered a promising
future technology for green hydrogen production due to its advantages of eliminating
the need for a complex desalination process, suppressing chlorine precipitation side reac-
tions, and fully utilizing excess renewable energy sources at sea promptly. For alkaline
seawater electrolysis equipment, only the catalyst requires modification and design for
industrial application. However, the current density cannot yet reach 0.8–1 A/cm2. Fu-
ture alkaline seawater electrolysis equipment needs to increase the current density while
reducing anode overpotential, improve anode catalyst selectivity under high currents, and
reduce energy consumption under a high current density. Additionally, alkaline seawater
electrolysis is less resistant to fluctuations, with the main problem being high hydrogen
leakage in the partial load range, which leads to shutdown when hydrogen seepage in
oxygen reaches 2 vol.% [80,81]. Therefore, the electrolyzer needs to be operated during
periods of sufficient renewable energy supply. The fluctuating nature of renewable energy
amplifies electrode degradation, a problem that must be addressed by developing stable
electrode catalysts [82,83]. Compared to alkaline seawater electrolyzers, alkaline membrane
seawater electrolyzers have the advantages of compactness, low hydrogen permeability,
resistance to fluctuations, and low energy consumption [84]. However, alkaline mem-
brane seawater electrolysis equipment is still in the research phase. Maintaining local pH
stability in seawater, solving anode selectivity and cathode hydroxide deposition issues,
and vigorously developing anion-exchange membranes are the primary directions for its
future development.

The in situ desalination plant holds high potential for application as it achieves di-
rect electrolysis for in situ desalination of seawater without increasing operating costs or
footprint. However, its current capacity is small, and future development will require
expanding the water flux and integrating with megawatt-scale equipment. The main chal-
lenge faced by acid membrane seawater electrolysis plants is the anodic chlorine oxidation
competition reaction; hence, the feasibility of cathodic feed should be considered to mini-
mize the interaction between chloride ions and the anode. Solid oxide electrolyzers can
produce clean vapor before seawater reaches the catalyst, avoiding the detrimental effects
of seawater impurities on the electrolyzer. However, their higher operating temperatures
can affect the long-term operational stability of the electrolyzer components. Therefore,
scaling up and selecting high-temperature-stable electrolyzer components are the focus
of future development. New types of electrolyzers, such as bipolar membrane electrolyz-
ers, have shown strong innovative potential; however, compared to the aforementioned
technological routes, they are still some times away from large-scale industrial application.
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Overall, seawater electrolysis for hydrogen production holds significant potential
for application and development. Through continuous technological innovation and
engineering optimization, seawater electrolysis for hydrogen production is expected to
become the primary method for green hydrogen production in the future, significantly
contributing to global energy transition and environmental protection goals.
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Abbreviations

LDH Layered double hydroxide.
OER Oxygen evolution reaction.
HER Hydrogen evolution reaction.
CER Chlorine evolution reaction.
MBPTS Microscopic bubble/precipitate traffic system.
TOF-SIMS Time of flight secondary ion mass spectrometry.
DFT Density functional theory.
NF Nickel foam.
GQDs Graphene quantum dots.
OCV Open-circuit voltage.
PEM Proton-exchange membrane.
CEDL Capacitance of electrochemical double layers.
DSE Direct seawater electrolysis.
PTFE Porous polytetrafluoroethylene.
SDE Self-suppressing electrolyte.
RFE Relative Faraday efficiency.
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