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Emerging materials and technologies for
electrocatalytic seawater splitting
Huanyu Jin1,2, Jun Xu1, Hao Liu1, Haifeng Shen1, Huimin Yu3, Mietek Jaroniec4, Yao Zheng1*,
Shi-Zhang Qiao1*

The limited availability of freshwater in renewable energy-rich areas has led to the exploration of seawater elec-
trolysis for green hydrogen production. However, the complex composition of seawater presents substantial
challenges such as electrode corrosion and electrolyzer failure, calling into question the technological and eco-
nomic feasibility of direct seawater splitting. Despite many efforts, a comprehensive overview and analysis of
seawater electrolysis, including electrochemical fundamentals, materials, and technologies of recent break-
throughs, is still lacking. In this review, we systematically examine recent advances in electrocatalytic seawater
splitting and critically evaluate the obstacles to optimizing water supply, materials, and devices for stable hy-
drogen production from seawater. We demonstrate that robust materials and innovative technologies, especial-
ly selective catalysts and high-performance devices, are critical for efficient seawater electrolysis. We then
outline and discuss future directions that could advance the techno-economic feasibility of this emerging
field, providing a roadmap toward the design and commercialization of materials that can enable efficient,
cost-effective, and sustainable seawater electrolysis.
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INTRODUCTION
As the global movement toward achieving Net Zero Emissions by
2050 gains momentum, green hydrogen is increasingly recognized
as a key player in both environmental and economic sustainability
(1, 2). Produced by water electrolysis using renewable energy
sources, green hydrogen can be used electrochemically in fuel
cells or thermochemically in the synthesis of various commodity
chemicals such as methane, methanol, hydrocarbons, or oxygen-
ates, which have a high potential to facilitate industrial greening
(3, 4). However, the high cost and energy consumption of electro-
catalytic water splitting hinder its large-scale application in both in-
dustry and daily life (5). Currently, many offshore and coastal
renewable energy plants have been established to reduce renewable
electricity costs and promote green hydrogen production (6).
However, conventional water electrolyzers, such as proton exchange
membrane water electrolyzers (PEMWEs) that use highly active
platinum and iridium as electrode catalysts, require ultrahigh-
purity water as feedstock to ensure the longevity of the hydrogen
plant infrastructure, which relies on sufficient high-purity freshwa-
ter supplies (7). Therefore, building large-scale hydrogen plants in
such arid areas is challenging due to economic and technological
problems like freshwater scarcity (8). For example, recent cancel-
ations of large-scale electrolysis projects due to water supply con-
cerns highlight the need for more sustainable and flexible
solutions (9). As a result, green hydrogen production by electroca-
talytic seawater splitting is a more attractive alternative to freshwater
electrolysis because seawater is considered an infinite water supply
on our planet (7, 10–12).

Despite the potential benefits, the complex composition of sea-
water poses substantial challenges to efficient and sustainable elec-
trolysis (13). The anodic chlorine chemistry, cathodic magnesium/
calcium hydroxide precipitation, and microorganism fouling cause
severe electrode corrosion and electrolyzer failure (14). For
example, in natural seawater, chloride ions are adsorbed onto the
surface of the steel, destabilizing and degrading the corrosion pro-
tection layer. Meanwhile, oxidative Cl2 (acidic seawater) or ClO−

(alkaline seawater) are generated on the anode, leading to the cor-
rosion of electrocatalysts (15). Therefore, pretreatments are neces-
sary to deionize seawater and enable successful electrolysis, driving
the development of direct and indirect seawater splitting (7, 16, 17).
Direct electrolysis, without external seawater desalination and sub-
sequent purification, is a promising technology with lower infra-
structure and capital requirements (Fig. 1A) (15, 17–20).
However, direct seawater splitting is still at the early development
stage due to the challenges in the advancement of catalysts and tech-
nology. Most electrocatalysts are not stable in seawater-based elec-
trolytes due to undesirable ions and microorganisms (21). For
example, commercial Pt-based electrocatalysts can be only operated
in seawater for less than 1 hour due to the poison matter in natural
seawater (11). Therefore, a collaboration between scientists and the
energy industry is necessary to push direct seawater splitting tech-
nology from technology readiness level 3 (TRL3) to TRL 5 and
beyond (15, 22, 23). A feasible prototype with a TRL over 6 is ur-
gently needed to meet the 2030 target.

Indirect seawater electrolysis, which integrates mature desalina-
tion technologies such as seawater reverse osmosis (SWRO) with
commercial water electrolyzers with a TRL of 8 to 9, is considered
more practical for real-world applications due to its lower initial
seawater purification cost (Fig. 1B) (13, 24, 25). The economic
value of direct versus indirect methods for seawater splitting is a
topic of debate in the research community (13, 24, 25). The cost
of electrocatalytic hydrogen production is primarily driven by elec-
tricity consumption, with capital cost being an essential factor for
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PEMWEs. Seawater desalination using reverse osmosis (RO) is a
relatively minor factor in comparison, with only 3 to 4 kWh of elec-
tricity required per ton H2O (~4.75 × 104 kWh ton−1 H2 in com-
mercial electrolyzers) (25). Therefore, some studies have
conducted feasibility analysis and suggested that indirect seawater
electrolysis, which integrates desalination technologies with pure
water electrolyzers, may be more promising than direct seawater
electrolysis (25). However, simply integrating seawater RO with
conventional electrolysis, such as PEMWE is not technologically
feasible due to the impurities of RO seawater (13, 26). Further de-
ionization will substantially increase the cost. As a result, an alter-
native pathway should be explored, and the water supply chain
should be considered. Researchers have investigated various
aspects such as mechanism, catalyst synthesis, electrolyte engineer-
ing, cathodic-coupled reactions, and in situ desalination to design
efficient electrolyzers for both direct and indirect seawater splitting.
Although some reviews of seawater electrolysis have been reported,

they have typically focused either on materials or economic values
of the process (13, 24, 25), which fail to cover the whole blueprint of
this field.

In this review, we examine recent studies to identify the latest
advancements and prospects of seawater electrolysis. By analyzing
the essential role of water supply in green hydrogen production, we
found that direct seawater splitting is more suitable for long-term
sustainable development. Our analysis indicates that optimizing
materials, electrolytes, anodic chlorine chemistry, and electrolyzer
configuration could potentially overcome critical catalytic obstacles
in direct seawater splitting. Furthermore, we discuss the design and
construction of innovative electrolyzers, which play a crucial role in
enhancing both direct and indirect seawater electrolysis perfor-
mance. To accelerate the widespread implementation of direct sea-
water splitting for sustainable and cost-effective applications,
several important challenges must be addressed, such as the estab-
lishment of standardized testing criteria, the development of stable

Fig. 1. Direct and indirect seawater electrolysis. Comparison of (A) direct and (B) indirect seawater electrolysis from the perspective of technological and economic
feasibility. RO, reverse osmosis.

Fig. 2. Water demand for green hydrogen production. (A) Global hydrogen demand for 2020, 2030, and 2050. CCUS, carbon capture, utilization, and storage. Copied
with permission from the International Energy Agency (27). (B) Australia’s planned green hydrogen production by water electrolysis and the required amount of water
and seawater desalination capacity.
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electrocatalysts, and efficient in situ desalination components. By
creating dependable and effective seawater electrolysis systems, we
can harness the vast potential of theworld’s oceans to generate clean
and sustainable energy.

IMPORTANCE OF USING SEAWATER
According to the International Energy Agency report (1, 27), the
global demand for hydrogen is expected to reach 115 million
tonnes (Mt) by 2030, with 24 Mt coming from water electrolysis
(Fig. 2A). Europe and Australia are among the front runners in hy-
drogen production projects using water electrolysis. For instance,
Australia has a substantial pipeline of projects that could produce
3 Mt of hydrogen from renewable electricity by 2030, equivalent
to an electrolyzer capacity of almost 50 GW (8). If Australia keeps
contributing 28% electrolyzer capacity, the value will potentially in-
crease to 84 Mt by 2050. However, hydrogen production using con-
ventional water electrolysis requires a substantial amount of fresh
water. Theoretically, producing 1 kg of H2 consumes 9 kg of
water (28). When considering water demineralization, the actual
water usage could increase to 30.2 kg per kg H2 produced (29).
This means that the targeted water usage in Australia for water elec-
trolysis by 2050 could reach 2530 Mt, much higher than Australia’s
current seawater desalination ability of ~630 Mt/year (Fig. 2B) (30).
Unfortunately, the water scarcity issue in Australia is inevitable due
to the relatively dry and variable climate. The capacity of seawater
desalination cannot meet the increasing demand for hydrogen pro-
duction by water electrolysis as the RO seawater is mainly aimed to
be used for living needs (drinking and agricultural operations) (31,
32). This makes it impractical to rely on either conventional fresh-
water electrolysis or indirect seawater electrolysis for large-scale
green hydrogen production in renewable energy-rich arid areas,
such as Australia, Africa, the Middle East, and the West Coast of
the United States. To address this issue, there is a need to develop
a direct seawater electrolysis technology without SWRO treatment
or a route with energy-saving desalination to balance the supply of
SWRO between living requirements and hydrogen production. This
development would enable the production of green hydrogen in
water-scarce regions without further straining the water supply.

CHALLENGES AND FEASIBILITY OF SEAWATER ELECTROLYSIS
Seawater is highly corrosive due to its high salinity and chlorine
ions. In addition, the pH of natural seawater is susceptible (7.5 to
8.4) depending on the influence of water intake depth, latitude,
and other conditions (15). On the basis of the currently renewable
energy plant distribution, surface seawater electrolysis is more fea-
sible, compared to deep ocean water electrolysis. Therefore, devel-
oping advanced desalination technologies and robust
electrocatalysts is very important in improving the stability of sea-
water electrolyzers. In this regard, specific scientific and technolog-
ical challenges should be addressed. In this section, we summarize
the challenges and possible solutions for this emerging field.

Challenges in seawater splitting
The primary challenge for direct seawater electrolysis is the complex
composition of seawater (7). Seawater contains dissolved inorganic
salts (Na+, Mg2+, Ca2+, Cl−, SO4

2−, etc.), small organic molecules,
microplastics, living organisms, and dissolved gasses, all of which

can deactivate catalysts, electrodes, or membranes (33). Moreover,
the low ionic concentration of seawater (averaging 3.5 wt %) in-
creases energy consumption and makes the process economically
inefficient (15, 19, 20). The pH fluctuations near electrode surfaces
during electrolysis lead to catalyst degradation, and carbonates in
seawater cannot prevent pH fluctuations locally at the cathode
and anode surface, leading to the precipitation of Mg(OH)2 and
Ca(OH)2 that can block the cathode and decay active sites for the
hydrogen evolution reaction (HER) (11, 20). To overcome these
challenges, the addition of supporting electrolytes such as alkali
and buffer is recommended (11, 34, 35). However, the alkali
($800 tonnes−1 KOH) additive causes additional costs. Therefore,
alternative pathways to lower the overall cost of electrolyte modifi-
cation are needed. Note that Mg(OH)2 holds a higher value com-
pared to KOH and NaOH due to the widespread applications of
magnesium alloys in various fields (36). Consequently, establishing
a continuous magnesium resources recovery system using water
electrolysis presents a sustainable pathway with a high potential
for recovering valuable resources from seawater.

Another major challenge in the field is the industrialization of
seawater electrolysis. Conventional electrolyzers face substantial ob-
stacles in using seawater as a feedstock, mainly due to the corrosion
of electrocatalysts and bipolar plates. To address this issue, the in-
dustry must prioritize the research and development of innovative
materials and devices capable of overcoming these limitations. In
addition, it is essential to explore both direct and indirect seawater
electrolysis approaches simultaneously to accelerate industrial ad-
vancement in this promising field.

For indirect seawater splitting, integrated SWRO with PEMWEs
will become a feasible pathway if more SWRO plants are built
because seawater desalination only contributes 0.1% energy and
0.5% operating cost of electrolysis (25). While some argue that the
quality of water from one-time SWRO is not sufficient, residual
trace Na+, Mg2+, and Cl− can poison the active Pt- and Ir-based
electrocatalysts in PEMWEs. Impurities like iron, chromium,
copper, and others can also adversely affect several components
such as the diaphragm, catalysts, membrane, and porous transport
layer for PEMWEs (16). In addition, it is important to reduce the
microorganism fouling to improve the performance SWRO plant,
which needs additional pretreatments. To meet the required stan-
dards, the water must have a conductivity of less than 1 μS cm−1

and a total organic carbon of less than 50 μg liter−1 (37). Therefore,
considering and evaluating these costs are necessary before pursu-
ing seawater desalination to solve water scarcity. In addition, the
disposal of brine generated by seawater desalination is a substantial
challenge that must be addressed to prevent potential harm to the
local marine ecosystem (38). One viable solution is to treat the brine
to reduce its environmental impact. However, this option would
come at an additional cost of $0.6 to $2.4 m−3 for the water (39).
The feasibility and economic value of indirect seawater splitting
raise substantial concerns due to the inadequate purification of
RO water obtained from one-time RO for the sustained operation
of PEMWE (14, 25). To ensure the sustainable development of
green hydrogen from seawater, a more viable approach is proposed,
involving direct seawater splitting using robust electrocatalysts and
stable electrolyzers. A crucial challenge in this regard is to reduce
the cost and energy consumption of the next-generation seawater
electrolyzers by innovatively designing affordable and efficient
infrastructures.
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Solutions for seawater splitting
1) To achieve efficient seawater electrolysis, the development of
high-performance electrocatalysts and electrodes is crucial. The
design of stable materials must focus on activity, stability, and selec-
tivity. In addition, the criteria and principles for designing cathodes
and anodes differ due to different catalytic challenges. It is essential
to specify design criteria for various seawater electrolysis systems
such as acidic, alkaline, and neutral seawater. By focusing on the
design of stable and efficient electrocatalysts and electrodes, sea-
water electrolysis can become a sustainable and viable method for
producing hydrogen and other valuable products.

2) The development of seawater electrolysis requires the modifi-
cation of key components in electrolyzers, such as membranes and
bipolar plates. However, current studies on seawater splitting use
different testing protocols and systems, making it challenging to
compare the performance of catalysts and electrolyzers across
studies (17, 40). To enable direct comparisons, benchmarks and
standards for seawater electrolysis are necessary. Benchmarking
and standardized testing protocols, as well as the developed low-
cost and efficient seawater pretreatment systems, will guide the re-
search community in accurately assessing the performance of elec-
trocatalysts and electrolyzers.

3) Pretreating seawater for electrolysis is a substantial challenge
as the presence of impurities such as salts, microorganisms, or heavy

metal ions can affect electrode activity. Using alkaline/buffered sea-
water can remove many impurities and enhance electrolyte conduc-
tivity. However, there is a pressing need for low-cost and highly
efficient seawater pretreatment systems that can be readily integrat-
ed with electrolyzers (41, 42). In addition, developing a standard
electrolyte, such as natural seawater, would facilitate accurate
testing and promote the development of efficient electrocatalysts.

4) The inadequate salt concentration in seawater contributes to
limited electrical conductivity, resulting in substantial energy losses
during the electrolysis process. In addition, constructing anticorro-
sive hydrogen generation plants requires additional engineering so-
lutions, and conventional water splitting systems such as alkaline
water electrolyzers (AWEs), PEMWEs, and anion exchange mem-
brane water electrolyzers (AEMWEs), which are not fully compat-
ible with direct seawater splitting (12). Therefore, careful
consideration of the technological and economic feasibility of
direct seawater electrolysis is necessary.

DESIGN OF MATERIALS AND ELECTROLYTES
The design of materials and electrolytes that are active in saline en-
vironments, with tunable functions and chemical stability under
chlorine-contained media, is essential for enhancing the compre-
hensive performance of direct seawater electrolysis. In this

Fig. 3. Engineering electrocatalysts for direct seawater electrolysis. Protocols for cathode modification of (A) electronic structure modulation, (B) tailoring local
environment, and (C) interface engineering. Protocols for anode modification of (D) building protective layer, (E) tailoring local environment, and (F) building Cl− re-
pulsion layer. (B) and (E) are reproduced with permission from the Nature Publishing Group (54). OER, oxygen evolution reaction. EDL, electrical double layer; HER, hy-
drogen evolution reaction; LA, Lewis acid.
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section, we only present a selected list of representative examples
encompassing advanced materials, electrolytes and coupling reac-
tions on the basis of the knowledge of the aforementioned challeng-
es and solutions in seawater splitting. More detailed reviews on the
design of materials for seawater electrolysis are available (7, 21, 43).

Engineering electrocatalysts for cathode
When seawater splitting is operated in a neutral solution, the pH
value on the catalyst’s surface will increase due to the consumption
of proton, causing the formation of precipitations, such as
Mg(OH)2 and Ca(OH)2 (14, 44). Specifically, the Mg(OH)2 forms
when the pH value exceeds 10.7 (45). Kirk and Ledas (42) found
that, in the case of testing in neutral seawater, the HER current
was reduced by half after the precipitation occurred. Consequently,
the main goal for HER in seawater is the development of catalysts
with anti-Cl− toxicity and anti-precipitation properties. The mate-
rials for HER catalysts are mainly based on transition metals (TMs)
due to their low cost and excellent corrosion resistance (11, 34).
Physical and chemical modifications of TM-based catalysts are ex-
pected to modulate their HER activity and stability (46, 47). In this
section, we analyze several strategies to promote HER in seawater,
including electronic structure modulation, local environment cus-
tomization, and interface engineering.
Electronic structure modulation
A straightforward strategy to enhance HER performance is the
modulation of electronic structure to optimize the adsorption of
the intermediates and enhance the ability to anti-position associat-
ed with Mg2+, Ca2+, or Cl− (Fig. 3A). For example, the TM-based
nitrides have been regarded as alternatives to Pt for HER in purified
water due to the noble metal–like electronic structures and anticor-
rosive properties (47). In addition, increasing the valence state of the
metal site enhances the antifouling ability against deleterious sea-
water ions (18). Jin et al. (18) developed two-dimensional Mo5N6
nanosheets with nitrogen-rich properties for HER in natural sea-
water, with the HER activity outperforming other benchmark cata-
lysts such as TMs and Pt/C. The incorporation of oversaturated
nitrogen atoms resulted in tunning the inherent properties, improv-
ing the Mo valence. Other compounds, such as modified phos-
phides, sulfides, and selenides, have also demonstrated superior
HER activity and stability in seawater (34, 47, 48).
Local environment customization
The local environment generally includes the nanoscale space at the
interface of the catalyst and electrolyte (49–52). The Local environ-
ment is believed to greatly affect the kinetics and selectivity of reac-
tions (Fig. 3B) (53). Compared with the modification of catalysts,
the regulation of the local environment is more difficult because
of the interference from bulk electrolytes. Recently, a breakthrough
in direct seawater electrolysis was realized by adjusting the local pH
value of a catalyst. Guo et al. (54) achieved both excellent HER ac-
tivity and anti-precipitation by introducing a Lewis acid (LA) layer
of CrOx on TM oxides (Fig. 3B). LA layer dynamically splits water
molecules and captures hydroxyl anions (OH−). Such an OH−-cap-
tured behavior led to the rapid increase of local pH on the cathode
surface, which facilitated the HER kinetics, accompanied by im-
proved HER activity. Meantime, precipitation did not occur
during electrolysis. This is because the Cr2O3 LA layer attracts
OH− and restricts it within the electrical double layer. Thus, the
pH value of bulk seawater was kept under 8.5, lower than that re-
quired for the precipitation.

Interface engineering
It is suggested that interface engineering also affects the HER per-
formance (Fig. 3C) (55, 56). For example, Xiu et al. (57) designed a
Pt-MXene interface for stable alkaline water and natural seawater
electrolysis. The Pt-MXene multifunctional electrocatalytic inter-
face has high atomic utilization efficiency, good conductivity, effi-
cient H+/water adsorption-activation, and fast ionic/mass
accessibility, facilitating stable and efficient seawater electrolysis.
Jiang et al. (58) synthesized a heterostructure nanosheet composed
of NiFe layered double hydroxide (LDH)/FeOOH. The as-prepared
NiFe LDH/FeOOH allowed strong electron interactions at the inter-
face and prevented the corrosion of Cl− on LDH. Current studies on
the interface engineering of HER electrocatalysts are mainly focused
on alkaline seawater electrolysis, especially on the development of
more functional catalysts in the future for HER in natural seawater.

Engineering electrocatalysts for anode
The major challenge for engineering anode for seawater electroca-
talysis is related to Cl−-induced corrosion, the dominant anion in
seawater (0.55 M) (19). The chlorine evolution reaction (ClER)
competes with the oxygen evolution reaction (OER) and the oxi-
dized products seriously corrode the electrolyzer device. Consider-
ing the thermodynamics and kinetics of OER and ClER, it becomes
evident that alkaline conditions offer a substantially broader over-
potential range (~0.48 V) for anode materials in comparison to
acidic conditions (19). To prevent ClER and attain a high level of
OER selectivity, the development of high-performance catalysts
for OER and HER in alkaline environments is considered a prom-
ising approach. Nonetheless, achieving the desired high current
density at an overpotential lower than 0.48 V proves to be a chal-
lenging task. In this regard, intensive studies have been undertaken
to improve the selectivity toward OER and protect the anode cata-
lysts against corrosion. In this section, we aim to discuss three
typical strategies to overcome this challenge.
Building OER selective layer
The use of seawater in PEMWEs, where the OER proceeds in an
acidic environment, is faced with a severe problem of ClER as the
thermodynamic onset potentials for ClER and OER are close in an
acidic medium (59–61). Unfortunately, Ru- or Ir-based catalysts,
the typical anode materials for PEMWEs, also show superior cata-
lytic activity for ClER (62, 63). Inspired by the fact that MnOx tends
to promote the OER in acidic saline water selectively, Vos et al. (64)
electrodeposited a thin film consisting of MnOx on the surface of
IrOx to suppress the ClER (Fig. 3D). It was demonstrated that the
multilayer catalyst decreased the ClER selectivity from 86% to lower
than 7%. MnOx as a permeable layer stops the transport of Cl−,
making it a suitable catalyst for acidic seawater splitting. The
metal oxide coating may present two drawbacks: (i) a decrease in
the current density due to active site blocking and (ii) metal disso-
lution under the highly oxidative potential of OER. Therefore, it is
necessary to design efficient strategies to enhance the selectivity and
stability of coating materials. Heteroatom doping has proven to be
an effective strategy as it not only enhances the selectivity of the
coating layer for OER but also reinforces the metal-oxygen bond,
thereby improving stability (65). For instance, Jiang and Meng
(66) investigated the durability of different elements of doped
MnO2-coated IrO2 for OER in seawater electrolysis.
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Local environment customization
The OER that occurs in neutral seawater is hindered by the slow
OER kinetics and competing ClER, which make the use of neutral
seawater more difficult than alkalized or acidified seawater (67). Ac-
cording to previous works (19, 68), the onset potential for ClER
would be 0.48 V higher than OER in an alkaline solution, which
means ClER is thermodynamically unfavorable. As mentioned
above, introducing the LA layer of CrOx on the catalyst enables a
localized alkaline environment, acting as an electrical barrier to
repel Cl− ions (Fig. 3E) (54). Simultaneously, these LA sites also
overcome the slow kinetics of OER in neutral water as the OER
occurs in a strong alkali environment. Notably, natural seawater
without the purification or addition of buffer was used as feedstock,
and 1 A cm−2 was reached at 1.87 V when operated at 60°C. The
direct electrolysis of natural seawater has been achieved at an indus-
trial-level current density. In addition, palladium-doped cobalt
oxide (Co3-xPdxO4), as a strong-proton-adsorption material, was
developed by Wang et al. (69) to facilitate water dissociation.
Thus, only an overpotential of 370 mV was required to achieve 10
mA cm−2. Moreover, the catalyst was evaluated in an anion ex-
change membrane AEM–based water electrolysis system, showing
stable OER performance for 450 hours at 200 mA cm−2.
Building Cl− repulsion layer
It is a general solution to construct a Cl− repulsion layer to isolate
Cl− ions and anode catalyst (Fig. 3F) (70). This method aims to
achieve analogous pure water splitting on the catalyst surface with
seawater as a feedstock. As shown elsewhere (71), the CeOx-based
coating on the surface of NiFeOx was effective to block the penetra-
tion of Cl− selectively. The preparation of an isolation layer on the
catalyst assured a stable performance in the presence of Cl−. Such a
protective layer was able to show superior OER selectivity but may
decrease catalytic activity. Therefore, it is desirable to form a layer
with proper permselectivity to minimize its influence on the OER
activity. A sulfate decoration strategy was proposed to not only repel
Cl− ions for high OER selectivity but also to assure excellent cata-
lytic activity for OER (19). Specifically, NiSx was deposited on the
surface of NiFe LDH, serving as a sulfur source to produce sulfate
(72). The in situ generated sulfate acted as an electrostatic repulsive
layer, blocking the contact between Cl− and anode catalyst. In ad-
dition, the evolved sulfate layer was shown to be helpful for the OER
performance as widely reported (72, 73).

Electrolyte engineering
Acid, base, or buffers are usually chosen to improve the conductiv-
ity of the electrolyte and enhance the kinetics of half-reactions (35,
64, 68). However, the marked Cl− oxidation in acid seawater and/or
slow dynamics of HER in alkaline seawater are still insufficient to
satisfy stable electrolysis; an additional modulation of electrolyte
is required to control the structure of water and related microenvi-
ronment (74, 75). For example, the effect of electrolytes on the con-
nectivity of the hydrogen bonding network and HER in seawater
should be considered (74). As regards the channels for proton trans-
port, the poor proton transport capability of the hydrogen bonding
network affects the continuous transfer of protons, causing kinetic
problems at the catalytic interface (76). In seawater, the complex
composition with crowded alkali metal cations (Na+ and K+) sub-
stantially improves the discontinuity of the hydrogen bonding
network (Fig. 4). Thus, the hydrogen bonding network and
related double-layer regulation in seawater have been considered.

Zhao et al. (77) improved the hydrogen bonding environment by
introducing theophylline derivatives, and the 7-n-butyl theophyl-
line–decorated Pt demonstrated three times higher intrinsic HER
activity. At the anode, electrolyte modulation can also provide an
effective strategy to inhibit chlorine oxidation (Fig. 4). For
example, Ma et al. (78) reported three to five times higher stability
of NiFe-LDH in seawater by adding SO4

2−. The observed phenom-
enon was explained by the preferential adsorption of the additive
SO4

2− on the surface of the anode, repulsing Cl− in the bulk
phase by the electrostatic repulsive forces. Further theoretical calcu-
lations and in situ experiments confirmed the preferential adsorp-
tion of SO4

2− as compared to Cl− preventing effectively the
diffusion of Cl− from the electrolyte to the catalyst surface.

Coupling seawater electrolysis with other reactions
The slow dynamics of OER and the corrosion problems of ClER on
the anode substantially increase electricity and maintenance costs.
Therefore, coupling the anode of seawater electrolysis with small-
molecule oxidation reactions to produce hydrogen and organic
products is a promising strategy (79). Compared with OER, many
small-molecule oxidation reactions have facile thermodynamic
equilibrium potential with favorable dynamic performance,
leading to lower full-cell voltage and energy consumption, while
generating high-value-added products (10, 11, 80, 81). In addition,
since natural seawater contains considerable amounts of chloride,
bromide, and iodide ions, it provides a favorable environment for
oxidation of some small organic molecules because halogen ions
have the potential to facilitate the activation of O─H and C─H
bonds or form halogen-mediated intermediates for many small
organic molecules (82, 83). In this section, our primary focus is
on the design of coupled oxidation reactions by substituting OER.
We have categorized the reactions into two groups based on the in-
volvement of the Cl-mediated pathway (Fig. 5).
Cl-mediated pathway
The Cl-mediated oxidation of alkanes (alkenes) provides an effi-
cient and environmentally friendly route for green synthesis of
commodity chemicals (83). Leow et al. (83) reported ampere-level
oxidation of ethylene and propylene by using chloride as the redox
mediator without CO2 emission. In KCl electrolyte, about 70% of
faradaic efficiency is achieved together with 97% of product selec-
tivity. The use of high concentrations of chloride ions to mediate
ethylene and propylene oxidation is the key to this reaction,
which has great potential in seawater electrolysis. In addition,
Wang et al. (81) reported a CH4 oxidation reaction to produce
chloromethane (CH3Cl) by chlorine intermediates without using
plasma. Besides, bromine in seawater also demonstrates great ad-
vantages in the oxidation of alkanes (alkenes). For example, Wang
et al. (82) reported bromine-assisted ethylene oxidation to generate
2-bromoethanol, due to the fast rate constant of HOBr reacting with
C═C bond, high partial current density together with 87.2% of far-
adaic efficiency achieved.
Non-Cl-mediated pathway
The primary advantage of non-Cl-mediated oxidation is the reduc-
tion of the cell voltage of electrolyzers (11). Therefore, the reactions
with lower overpotentials than OER and ClER are preferred (Fig. 5).
For example, the urea oxidation reaction has a low equilibrium po-
tential (0.37 V versus reversible hydrogen electrode) (84). Sulfion
oxidation reaction is another option owing to its relatively low ox-
idation potential and rapid kinetics involving fewer electrons (10).
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Hydrazine oxidation reaction has excellent reaction thermodynam-
ics and kinetics, and the oxidation products N2 and H2O are also
safe and harmless (80, 85). Several favorable alcohol oxidation reac-
tions (methanol, ethanol, glycerol, and benzyl alcohol) can also be
integrated with seawater electrolysis to obtain value-added organic
acids and hydrogen simultaneously (79, 86). In addition, electroca-
talytic dual hydrogenation systems that can produce hydrogen on
both the cathode and anode are promising in seawater electrolysis
(87, 88).

DESIGN OF TECHNOLOGIES AND DEVICES
Designing practical and reliable devices is essential for the success-
ful scaling up the seawater electrolysis technology. This section aims
to clarify the advantages and gaps in various device structures and
create a possible roadmap for future development in this field.

Commercial electrolyzers for seawater electrolysis
Direct seawater electrolysis has high requirements for the design of
electrolyzers, where the influence of impurities in seawater needs to
be evaluated in relation to efficiency and lifetime. Conventional
water electrolyzers, such as AWEs, PEMWEs, and AEMWEs,
exhibit their pros and cons in dealing with the above prob-
lems (Fig. 6).
AWE
AWE is a mature technology that usually works with a porous dia-
phragm (e.g., Zirfon) separating cathode and anode in 30–40 wt %
KOH (89). The high concentration of OH− and ppm level impuri-
ties are required for high performance and stability. With the con-
centrated OH−, the OER would be more favorable than the ClER.
Also, Ca2+/Mg2+ can be pre-precipitated and the cathode blockage
can be avoided. Therefore, alkaline seawater electrolysis has received

an extensive attention. However, the concentrated alkaline increases
the expense and may lead to safety issues. In addition, the porous
diaphragm and other components in electrolyzers are for high ion
permeability and gas diffusion. The ions and impurities in seawater
system can cause unavoidable membrane blockage and gaseous
crossover (90), leading to safety issues.
PEMWE
PEMWE based on Nafion membranes can deliver a high current
density (1 to 3 A cm−2) and obtain high-purity hydrogen
(>99.999%) with deionized water (91). Membrane electrode assem-
blies (MEA) and innovative strategies substantially increase the
energy efficiency of conventional water electrolysis, leading to
lower energy consumption (92). However, MEAs for PEMWE are
all based on noble metal catalysts, leading to a high capital cost. Typ-
ically, seawater is fed to the anode of PEMWEs only, therefore
greatly decreasing precipitation at cathode. However, the formation
of chlorine and other oxychlorides in acidic environment is easy to
corrode membranes, catalysts, bipolar plates, and other related ac-
cessories, reducing the efficiency and lifetime of the electrolyzers.
Anticorrosive titanium-based bipolar plates would largely increase
the cost. Also, the sodium ions will compete with protons across the
membrane, which can lead to instability because protons cannot be
efficiently transferred to the cathode, which results in lowering the
local pH of anode and increasing Nernst overpotential. In order to
solve these challenges, a vapor-fed anode and saline catholyte to
manage ion transport in the PEMWEs have been proposed by
Rossi et al. (93) to achieve a similar performance to conventional
PEMWEs up to 1 A cm−2 when both anode and cathode are fed
with deionized water.
AEMWE
AEMWE is also proposed to be directly applied to seawater electrol-
ysis (94). The chloride oxidation can be considerably hampered due

Fig. 4. Electrolyte engineering for direct seawater splitting. Illustration of electrolyte engineering that can improve the discontinuity of the hydrogen bonding
network for HER and prevent the diffusion of chloride ions for OER.
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to the alkaline environment. On the other hand, the resistance for
hydroxide transport in AEM is much slower than the proton trans-
fer in the Nafion membrane (95), thus its electrolysis efficiency is
much lower than that of PEMWE. In addition, the membrane resis-
tivity is easily affected by chloride ions (96). In the AEMWE con-
figuration, water directly feeds the cathode; therefore, Ca2+/Mg2+

ions precipitate rapidly under high currents, which greatly
reduces the effective working area of the cathode catalyst and
easily blocks the cathode flow field.

Innovations in membrane electrolyzers
Our analysis reveals that conventional pure water electrolyzers have
limitations for direct seawater electrolysis. Therefore, innovations in
membranes, especially for Na+ and Cl− ion conduction, are crucial
for the development of efficient seawater electrolyzers. For instance,
Shi et al. (97) designed a Na+ exchange membrane that effectively
prevents Cl− from passing through to the anode, thereby avoiding
undesired ClER. The difference in chemical potentials between the
cathode and anode electrolytes can be harnessed to reduce the
energy cost of hydrogen production. In this section, we discuss
the recent advances in the innovations of membrane electrolyzers.
Bipolar membranes water electrolyzer
As discussed above, optimizing the local pH environment of a
membrane electrode is of great significance for concurrently im-
proving the kinetics of the anodic reactions and avoiding chloride
oxidation and precipitation of Ca2+/Mg2+. Therefore, bipolar mem-
branes (BPMs) have been proposed, which consist of a polymeric
cation-exchange layer (CEL) and anion-exchange layer (AEL)
(Fig. 7A). BPMs make it possible to couple different pH environ-
ments into a single electrolyzer so the optimal pH conditions can
be selected independently for each half-reaction. It is promising
to flow seawater at the anode, which is a local alkaline environment,
so the chloride oxidation can be greatly hampered and precipitation
can be avoided (98). For the cathode, the BPMs can block the trans-
port of Ca2+/Mg2+, preventing their precipitation and reducing the
maintenance cost. However, two points are important for the appli-
cation of BPMs. One is sufficient water supply to the bipolar inter-
face in the case of membrane drying and a standstill of the reaction;
another one is the ratio of AEM and PEM thickness, which greatly
affects the performance of the electrolyzer. As a solution, Oener
et al. (99) proved that a thin CEL could enable high-current-
density BPMs water electrolyzer (BPMsWE) via improved water
transport. Similarly, Mayerhöfer et al. (100) proposed that a
thinner AEL would enhance the efficiency of BPMsWE as the
proton migrates within PEM two to eight times faster as the OH−

transport through AEM. In addition, instability and high overpo-
tential requirements of BPMs are major challenges for practical ap-
plications. To circumvent these membrane issues, the development
of efficient strategies is desired to boost the polarization process of
water molecules.
Waterproof breathable membrane combined with self-
dampening electrolyte water electrolyzer
Recently, Xie et al. (12) reported a self-driven phase transition
mechanism on a membrane-based seawater electrolyzer that was
demonstrated to operate stably at a current density of 250 mA
cm−2 for over 3200 hours under practical application conditions.
A hydrophobic porous polytetrafluoroethylene-based waterproof
breathable membrane (WBM) as a gas-path interface and concen-
trated KOH solution as a self-dampening electrolyte (SDE) were
adopted (Fig. 7B). Because of the difference in the water vapor pres-
sure between seawater and SDE, water can migrate from seawater
across the membrane to the SDE, which is self-driven by a liquid-
gas-liquid phase transition mechanism. This contributes to in situ
water purification with 100% ion-blocking efficiency. In addition, a
pilot-scale SDE water electrolyzer at an H2 generation rate (386 liters
hour−1) was fabricated. The system is compact with dimensions of
82 cm by 62 cm by 70.5 cm and consists of 11 cells with a total ef-
fective geometric electrode surface area of 3696 cm2. This serves as
an excellent example of retrofitting commercial AWE for sustain-
able seawater electrolysis.
Forward-osmosis water splitting
This approach couples the forward osmosis with water splitting,
where the anions and cations in seawater, such as Ca2+, Mg2+,
CO2, and Cl−, are excluded from the water splitting compartment
by cellulose acetate membranes (Fig. 7C) (101). The rate of H2O
influx via forward osmosis is set equal to H2O outflux via water ox-
idation, thus H2O can be continually extracted from seawater and in
situ purified. The obstacles of forward-osmosis water splitting ap-
proach largely rely on the selectivity of the semipermeable mem-
brane. The anti-biofouling coatings will benefit the approach for
long-term operation.
Asymmetric electrolyzer
Asymmetric electrolyte feeds have been applied in direct seawater
electrolysis (Fig. 7D) (17, 97, 102). By adopting this method, it
becomes feasible to directly introduce neutral seawater to the
cathode in a single flow, while simultaneously circulating pure
KOH electrolyte at the anode. The high alkalinization was
avoided in this design and only trace amounts of Cl− crossed the
membrane to the anode. The substitution of Ir-based anodic

Fig. 5. Coupling advanced oxidation reactions on the anode. Schematic illustration of the replacement of OER with advanced oxidation reactions including Cl-me-
diated and non-Cl-mediated pathways.

S C I ENCE ADVANCES | R EV I EW

Jin et al., Sci. Adv. 9, eadi7755 (2023) 18 October 2023 8 of 13



catalysts with NiFe-LDH showcased remarkable performance and
selectivity in the OER.
Electrochemical neutralization cell
An electrochemical neutralization cell (ENC) was created by com-
bining the acidic HER and alkaline hydrazine oxidation with ionic
exchange, enabling sustainable hydrogen production alongside
electricity generation (Fig. 7E) (103). This innovative cell efficiently
harnesses energy from both chemical reactions and low-grade heat
from the surroundings to drive hydrogen production and/or elec-
tricity generation. Simultaneously, it achieves the rapid removal of
salt from saline water by a unique cation exchange membrane/AEM
structure, ensuring efficient water desalination.

Innovations in nonmembrane electrolyzers
As discussed above, even though membrane-separated electrolyzers
could facilitate the formation of pure gas products and are much
safer because of reducing the mix of oxygen and hydrogen, the
stability of the membrane used could challenge the performance
of electrolyzers. Therefore, several nonmembrane-separated elec-
trolyzers have been reported.
Microfluid electrolyzer
A microfluidic electrolyzer with a microscale interelectrode distance
offers several advantages, including reduced undesirable ohmic
losses, improved material utilization, and higher energy density.
In this system, two parallel electrodes are set at a distance of
around a hundred micrometers and the generated gas can move
near the electrode with a distance of 0.6 R from the tube’s center
according to the Segré-Silberberg effect (Fig. 7F) (104). Last, the
product gasses can be efficiently removed by the delicate balance
between fluid mechanic forces, where the water splitting at
current densities over 300 mA cm−2 with more than 42% power
conversion efficiency, and the crossover of hydrogen gas can be con-
trolled as low as 0.4% (105). By scaling out this design with multi-
stack panels or with large area electrodes, once suitable
electrocatalysts were applied, continuous hydrogen fuel could be
produced without the limitation of membrane, where the cost can
be also greatly reduced.

Capillary-fed electrolyzer
It was reported recently by Hodges et al. (106) (Fig. 7G), where a
thin layer of electrolyte is constantly supplied to the electrodes by
the capillary action. The formed hydrogen and oxygen gasses can
be readily transported through the thin liquid layer covering the re-
spective electrodes, thus the bubbles masking the electrodes can be
avoided and access to the active sites can be maintained. A cell
voltage of 0.5 mA cm−2 and 85°C of only 1.15 V is achieved,
which equates to 98% energy efficiency with an energy consump-
tion of 40.4 kWh kg−1 hydrogen (~47.5 kWh kg−1 in commercial
electrolysis cells). This design allows for a notably simplified
balance of plant and reduced energy consumption. It is also prom-
ising for seawater splitting with suitable electrocatalysts assembled.
The precipitation should be prevented by adjusting the pH or re-
moving the Ca2+/Mg2+ in advance of clogging the capillary.

SUMMARY AND OUTLOOK
Although tremendous efforts have been made to develop efficient
seawater-splitting technology, several challenges must be addressed
to make this technology viable, namely:

1) Developing robust and selective electrocatalysts for both
anode and cathode is the core of sustainable direct seawater electrol-
ysis. Materials science and chemistry offer opportunities to design
highly efficient electrocatalysts, but careful tuning of the materials at
the atomic level is required. A successful demonstration of stable
seawater electrolysis in natural seawater without treatment (54)
should be the focus of future studies on natural seawater electrolysis
by tuning the local environment. Furthermore, there is a need for
standardization of testing criteria for catalysts to ensure consistent
evaluations. Standardization of components for seawater electroly-
sis is also essential, including electrolyte composition, electrolyzers,
benchmark catalyst, and testing parameters. Environmental sus-
tainability is also a key consideration in the design of practi-
cal devices.

2) The feasibility of other components in the electrolysis system
should be carefully considered, particularly the corrosion of the

Fig. 6. Seawater electrolysis based on conventional water electrolyzers. Illustration and feasibility analysis of (A) AWEs, (B) PEMWEs, and (C) AEMWEs.
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bipolar plates and the water recycling system. Therefore, the designs
for seawater electrolysis must encompass all the key components in
the electrolyzers, comparing them with commercial pure water elec-
trolyzers. Furthermore, note that most commercial pure water elec-
trolyzers operate with hot water (50° to 90°C) to achieve high cell
efficiency. As a result, the stability of components under such
harsh conditions (50° to 90°C seawater) should be considered.
Bridging this gap necessitates collaboration between scientists and
the energy industry to advance this technology from TRL 3 to
TRL 5.

3) The cost of catalysts and capital is another challenge that must
be addressed. Although the capital and operational costs of the
current desalination and purification units are competitive com-
pared to seawater electrolysis, future efforts are needed to develop
efficient materials and technologies for hydrogen production via
direct seawater electrolysis. The offshore renewable energy plant
offers an ideal platform for developing direct seawater splitting,
easily integrated with low-cost marine transportation and existing
offshore oil-gas infrastructure. Therefore, policies must carefully
evaluate the impact on the marine ecosystem to ensure environ-
mental sustainability.

4) In addition to fuel production, direct seawater splitting is a
multifunctional technology that has the potential to address water
desalination and management issues. This is because direct sea-
water electrolysis extracts hydrogen and oxygen from saline water.

Further application of hydrogen in fuel cells could generate deion-
ized water. As a result, fresh water is produced from seawater by a
carbon-free electrochemical loop, which could be collected and
used directly for daily life or to recharge brackish and coastal
land. Therefore, further study and quantification of the feasibility
and economic benefits of seawater splitting for surface salty water
desalination and saline land remediation are encouraged.

5) Direct electrolysis and indirect electrolysis of seawater show
different requirements for the design of electrolysis systems and
also generate different by-products for various applications. For in-
direct electrolysis of seawater, it is necessary to find an energy-
saving and efficient seawater desalination technology to match the
large-scale demand for hydrogen production from industrial water
electrolysis. For the direct electrolysis of seawater, it is urgent to
finely design the electrolyzer with anticorrosion and antifouling ca-
pacity. It is worth looking if the anode product selectivity can be
adjusted by rationally designing the catalyst: For the OER-dominat-
ed catalysts, high-value products hydrochloric acid and sodium hy-
droxide can be produced from the anode at the same time through
electrolytic cell design (107). Meanwhile, for the ClER-dominated
catalysts, chlorine is produced from the anode and can be applied
for in situ conversion of other stable, harmless, and high-value chlo-
rine-containing industrial products. This is seldom explored due to
the complexity of the system design, but it is attractive for the
optimal utilization of seawater resources.

Fig. 7. Innovative membrane devices for seawater electrolysis. Illustration of (A) bipolar membranes water electrolyzer (BPMsWE), (B) waterproof breathable mem-
brane combined with self-dampening electrolyte water electrolyzer (WBM-SDEWE), (C) forward-osmosis water splitting (FOWS), (D) asymmetric electrolyzer, (E) electro-
chemical neutralization cell (ENC), (F) microfluid electrolyzer, and (G) capillary-fed electrolyzer (CFE). CEM, cation exchange membrane. PTFE, polytetrafluoroethylene.
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