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Abstract: Industrial hydrogen generation through water splitting, powered by renewable energy such as solar, wind and marine,
paves a potential way for energy and environment sustainability. However, state-of-the-art electrolysis using high purity water as hy-

drogen source at an industrial level would bring about crisis of freshwater resource. Seawater splitting provides a practical path to

solve potable water shortage, but still faces great challenges for large-scale industrial operation. Here we summarize recent develop-

ments in seawater splitting, covering general mechanisms, design criteria for electrodes, and industrial electrolyzer for direct seawa-

ter splitting. Multi-objective optimization methods to address the key challenges of active sites, reaction selectivity, corrosion resis-

tance, and mass transfer ability will be discussed. The recent development in seawater electrolyzer and acquaint efficient strategies

to design direct devices for long-time operation are also highlighted. Finally, we provide our own perspective to future opportunities

and challenges towards direct seawater electrolysis.
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1 Introduction
Large-scale electrochemical water splitting into

hydrogen (H2) by renewable electricity, characterized

by high energy density (142 MJ窑kg-1) and zero emis-

sion, has been regarded as one of the most promising

strategies to handle the global energy crisis and envi-

ronmental issues [1-4]. Nevertheless, the current elec-

trolysis of high purity water at an industrial level

would severely deplete freshwater resources. Seawa-

ter covers ca. 96.5% of the total water source on the

planet and its typical salinity of 3.5wt% makes it a

natural electrolyte [5,6]. Some renewable energy-con-

version technologies are closely related to the ocean

(solar, wind and wave energy), making it facile to

link electrochemical seawater electrolysis to these

environmental friendly technologies[7,8]. Additionally,

the consumption of H2 gas produced by seawater

splitting can produce fresh potable water and afford

electrical power via membrane exchange fell cells[9,10].

Direct electrolysis of seawater into highly pure H2 is

thus regarded extremely competitive to realize both

sustainable energy and freshwater resource conserva-

tion (Figure 1).

For the purpose of industrial seawater splitting,

the primary standard is high current density (> 500

mA窑cm-2) and long-term durability (over 1000 h),

especially at low overpotentials (< 490 mV)[11-15]. While

seawater electrolysis is a promising technology, there



are still grand challenges to meet the above standard.

These challenges include:

1) High cost of raw materials. Pt-based nanoparti-
cles are state-of-the-art hydrogen evolution reaction

(HER) electrocatalysts, while Ir/Ru-based oxides are

considered as commercial electrocatalysts for oxygen

evolution reaction (OER). The scarcity and high cost

of these noble-metal based materials restrict their

large-scale industrial application[16,17].

2) Insufficient performance of electrocatalysts. The
intrinsic catalytic activity is correlated to the energy

barrier for surface chemisorption of intermediates,

the density of effective active site (the key factor for

high current-density), the electrical conductivity, and

so on. Strategies such as phase/structure/atom engi-

neering are being widely investigated to unlock the

potential or enhance the existing active sites.

3) Narrow thermodynamic potential window. In a

typical alkaline seawater system (pH > 7.5), the equi-

librium potential of OER (EOER
0) is more negative

than that of chlorine evolution reaction (CER, ECER
0).

There is thus a thermodynamic potential window of

around 480 mV (EOER
0 - ECER

0), where a 100% OER

selectivity can be achieved[18-20]. However, the OER

(four-electron transfer process) kinetic is more slug-

gish than that of two-electron CER. As a result, the

real potential window for 100% OER is quite narrow.

Thus, the OER-only potential window in the industri-

al seawater splitting should be widened as much as

possible.

4) Sluggish mass transfer process. The industry

level current densities would accelerate the consump-

tion of reactant ions and accumulation of gaseous

products on the electrode surface[21]. In this case, str-

ategies are needed to manipulate the adsorption of

electrolyte on the catalyst surface and desorption of

gas bubbles by microstructure engineering.

5) Corrosion and catalyst deterioration. Besides the
unavoidable corrosion of chloride (Cl-) ions on both

electrodes, the metal ions in seawater including mag-

nesium (Mg2+), calcium (Ca2+), et al., and even bacte-

ria, microbes, and small particles, will precipitate on

the surface of electrode due to local pH increase or

reduction reaction. These processes will poison the

electrode materials and lead to catalytic performance

degradation[22,23].

Although many excellent reviews are available on

catalysts development for water electrolysis, few of

them focuses on strategies for designing seawater

splitting systems at industrial level, especially for

seawater electrolysis devices. In this Review, we fo-

cus on three key characters of seawater electrolysis:

general mechanism, design criteria for electrodes,

and industrial electrolyzers for direct seawater split-

Figure 1 Schematic of seawater electrolysis industry based on renewable electrochemical energy-conversion technologies. (color

on line)
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Figure 2 General mechanism for seawtaer elecreolysis. (a) The OER mechanism under acid (green line) and alkaline (yellow line)

conditions. Reproduced with permission from ref[24]. Copyright 2017, Royal Chemical Society. (b) Pourbaix diagram of OER and

CER. Reproduced with permission from ref[18]. Copyright 2016, Wiley-VCH. (c) General criterion for engineering the two reactions

(OER and CER) for widenning potential window. (d) Structural illustration of a multilayered alloy electrode for seawater electrolysis.

Panels c and d adapted with permission from ref[25]. Copyright 2021, Wiley-VCH. (e) 驻GH* volcano plot for metals based HER cata-

lysts. Reproduced with permission from ref[26]. Copyright 2017, Science. (color on line)

ting. We first introduce the fundamental of seawater

electrolysis, well-accepted descriptors, and anticorro-

sion ability for seawater oxidation , cathodic HER.

Then, we highlight the design criteria of seawater

electrolysis equipment, and the problems existing in

current electrolytic cells and general solutions. Finally,

we provide our perspective on future opportunities

and challenges of direct seawater electrolysis industry.

2 General Mechanism of Seawater
Splitting
Water electrolysis mainly contains two half-reac-

tions: the anodic OER and cathodic HER. HER at a

cathode is a typical two-electron transfer reaction

with the production of H2, while the OER at an anode

is a four-electron transfer reaction, which removes

four protons to produce each molecular oxygen.

Moreover, the high concentration of chloride anions

(~ 0.5 mol窑L-1), which is mainly from sodium/potas-

sium chloride, would lead to severe CER at an anode

and severe electrode corrosion. The OER is more ki-

netically sluggish than the two-electron involved

CER, thus the CER in the seawater might compete

with OER at the anode and lower the overall efficien-

cy of seawater electrolysis. An in-depth understand-

ing of the above four main reaction mechanisms

(HER, OER, CER and electrode corrosion) is crucial

for the design and preparation of efficient seawater

electrocatalysts, as well as electrolyzers.

2.1 Oxidation of Seawater
In view of the sluggish thermal dynamics from

four electron-proton transfer steps, the anodic OER

process remains a bottleneck in water decomposition.

Possible mechanisms for OER at an anode for either

acid (eqns. (1)-(5)) or alkaline media (eqns. (6)-(10))

are proposed.

Reaction in acidic media:

M + H2O→MOHads + H+ + e- (1)

MOHads→MOads + H+ + e- (2)

2MOads→ 2M + O2 (3)

MOads + H2O→MOOHads + H+ + e- (4)
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MOOHads + H2O→M + O2 + H+ + e- (5)

Reaction in alkaline media:

M + OH-→MOHads + e- (6)

MOHads + OH-→MOads + H2O + e- (7)

2MOads→ 2M + O2 + e- (8)

MOads + OH-→MOOHads + e- (9)

MOOHads + OH-→M + O2 + H2O + e- (10)

Here M represents the active sites. It should be noted

that two different approaches to form O2 from MO in-

termediates would occur (Figure 2a)[24]. One route is via

a direct combination of MO-MO to release O2 (eqns.

(3) and (8)), and the other refers to the generation of

MOOH intermediates (eqns. (4) and (9)) which sub-

sequently decompose into O2.

Compared with the electrolysis of pure water, sea-

water splitting is more challenging in consideration

of the diverse components, especially the high con-

centration of chloride anions, which would not only

bring about the unwanted CER but also cause severe

corrosion to many metallic electrodes. The competi-

tion mechanism has been explored for many decades.

In 1980, Bennet pioneered the selective OER in sea-

water by a porous manganese-based electrode, but

only using acidic seawater as an electrolyte [27]. The

electrolysis performed in unbuffered seawater dis-

played a priority of CER at higher current densities.

The OER-only window was located only at lower

current density or at very high one due to severe CER

mass-transfer limitations. Considering the inferiority

of acid media in industrial applications such as corro-

sion of equipment, starting in 1984, Trasatti conduct-

ed the reactivity of various electrode materials to the

OER and CER in a wide pH range[28]. It was found

that a parallel activity scaling relationship for both re-

actions in either acidic or alkaline medium was inde-

pendent of the catalytic materials. This work system-

atically elaborated the anodic reaction behavior in

both theory and experiment to meet the increasing

demand in chlorine industry and water electrolyzer.

However, with the development of industrial seawa-

ter electrolysis in high efficiency and current densi-

ties, it becomes one of key issues to suppress the

CER and reduce the overpotential of OER. Inspired

by the developed theoretical and experimental re-

sults, Dionigi et al. conducted an in-depth analysis of

the competition between OER and CER (Figure 2b)[18].

A description of the construction of the Pourbaix dia-

gram for chlorine species is available by the follow-

ing equations.

Reaction in an acidic medium:

2Cl-→ Cl2 + 2e- E0 = 1.36 V vs. SHE, pH = 0 (11)

Reaction in an alkaline medium:

Cl- + 2OH-→ ClO- + H2O +2e-

E0 = 0.89 V vs. SHE, pH = 14 (12)

The thermodynamic potential window for OER

and CER is only 130 mV at pH = 0 (the equilibrium

state). However, under alkaline conditions, the equi-

librium potential of CER does not rely on the pH

range, and the thermodynamic potential window in-

creases up to 480 mV (Figure 2b and 2c Case i). Thus,

alkaline seawater electrolysis is usually used as a

general design criterion. As mentioned above, OER

at an anode is a four electron-proton transfer process

and shows more sluggish reaction kinetics than CER

which is a two electron-proton reaction. In this case,

the range of the OER-only potential window shows a

drastic drop (e.g., 抑 200 mV for IrO2), as illustrated

in Figure 2c, Case ii[25]. However, the industrial appli-

cation for seawater splitting should be that the OER-

only potential window should be widened as much as

possible for promoting the OER and suppressing the

CER simultaneously (Figure 2c Case iii).

2.2 Cathodic Hydrogen Evolution Reaction
Despite the previous investigations mainly pursu-

ing highly active OER selective catalyst for reducing

the overall energy barrier and Faradic efficiency, ca-

thodic HER seems more straightforward, because the

lower thermodynamic two-electron transfer process

and absence of unwanted competitive side reaction.

Compared to acid or neutral condition, same as OER

reaction condition, an alkaline electrolyte in HER has

received a wide range of attention due to its actual

operability. Generally, alkaline HER occurs through

either the Volmer-Heyrovsky or Volmer-Tafel mech-

anism, which mainly based on the active sites and

can be described as fellow equations[29, 30].
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Volmer step:

M + H2O + e-→M-Hads +OH- (13)

Heyvrosky step:

M-Hads + H2O + e-→ H2 + M + OH- (14)

Tafel step:

M-Hads+ M-Hads→ H2 + 2M (15)

M presents the active sites. However, there are two

main challenges in seawater HER: (1) deposition of

precipitates on electrode due to the presence of

alkaline earth metallic ions, bacteria, microbes, and

small particles in seawater; (2) electrode corrosion by

anions (mainly from Cl-).

The major problem is related to the precipitates

from various dissolved metal cations such as Mg2+,

Ca2+, Pb2+, Cu2+, et al., which suppresses the catalytic

performance of the electrode materials[31]. The forma-

tion of hydroxide precipitates during HER can be

inhibited through optimizing the operating parameters

to obtain superior overall catalytic performance of

electrode, including additives or buffer solution that

induce pre-precipitation before electrolysis and

stabilize the pH value during the electrolysis of

seawater. Moreover, Kirk et al. showed that high

fluid flow rate of electrolyte and large applied current

density are favorable for inhibiting the precipitate

formation at high solution concentration while the

total precipitate is proportional to the ionic

concentration in seawater[32]. Additionally, membrane

technologies including ion exchange membrane and

permselective membrane have also been approved

effective ways to reduce the coverage of precipitates

on the cathode[33].

2.3 Chlorine Corrosion
Due to the presence of Cl- ions with high concen-

tration, their engineered structures of electrocatalysts

would be easily damaged or corroded by the metal

chloride-hydroxide formation mechanisms (eqn. (13)

–(15))[18].

Adsorption of Cl- on metal site:

M + Cl-→MClads + e- (16)

Dissolution process:

MClads+ Cl-→ MClx- (17)

Hydroxide formation:

MClx- + OH-→ M(OH)x + Cl- (18)

M refers to the metal active sites at the electrode.

Moreover, the Cl- ions may even incorporate into the

crystal lattice, leading to lattice distortion, structure

instability and active sites deactivation[34]. Thus, how to

maintain the structure stability is another great

challenge.

3 Design Criteria for Electrode
3.1 Activity of Catalysts for OER and HER

The noble-metal based oxides such as ruthenium

dioxide (RuO2) and iridium dioxide (IrO2) have been

considered as state-of-the-art electrocatalysts for

water oxidation, but their high cost and scarcity

severely impede their large-scale application [35] . In

addition, the theoretical overpotential of OER (0.59

eV) surpasses that of CER (0.28 eV) for IrO2, deter-

mining the limited access to seawater electrolysis [25].

As alternatives, transition metal compounds have

been proved more suitable for seawater splitting[23, 36-39].

Currently, 酌-NiOOH is the widely accepted real

active phase for Ni-based OER catalysts after surface

reconstruction. Density functional theory (DFT) cal-

culations demonstrate that the weak Cl- ions adsorp-

tion on 酌-NiOOH (Fe-dopped 酌-NiOOH) extremely
hinders the potential-determining step of OER.

However, Fe-dopped 酌-NiOOH shows better intrinsic

catalytic activity for OER, significantly enlarging the

actual OER-only potential window. Inspired by

doping strategies, Li et al. developed a multilayered

oxygen-evolution electrode with metaborate-modified

酌-(Ni,Fe)OOH as real active sites[25]. Due to the unique

muti-layered design, the engineered 酌- (Ni,Fe)OOH
exhibits lower OER overpotential, higher CER

reaction barrier, and long-term durability (Figure 2d).

You et al. recently introduced 5d transitional metal

Ir into Ni(OH)2, forming a monolayer NiIr-layered

double hydroxide (NiIr-LDH) as an electrocatalyst

with boosted seawater OER performance[40]. The re-

cons tructed NiOOH combined with surface Ir-O

spices optimized the generation of *OOH step and

needed only 361 mV overpotential to achieve 500

mA窑cm-2 with nearly 100% O2 Faradaic efficiency in

alkaline seawater.
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Pt-based electrocatalysts are by far considered as

the most effective electrode materials for HER but

still face many drawbacks including high price and low

reserve, thus restricting their industrial application [41].

Even the electrolysis occurs in seawater, the HER

mechanism is same as that in purity water. The

well-established Volcano plot can still act as a

quantitative illustration of Sabatier principle for

screening electrode materials (Figure 2e)[26, 42]. Thus,

an active site should have neither too strong nor too

weak bind with H* (驻GH* = 0). Alloying Pt group

species with transition metals (Fe, Co, Ni, Cu, and Ti)

not only can drastically enhance the catalytic activity

of Pt-based alloyed electrocatalysts via downshifting

the Pt d-band center but also enhance the corrosion

resistance[43,44]. As shown in the Volcano plot, com-

pared with other transition metals, metallic Ni has a

better affinity with H*. Hence, the development on

Ni-based alloys is a preferred alternative way to

reduce the use of Pt group materials. For instance, a

NiMoN nanostructure catalyst can reach a high

current density of 1000 mA窑cm-2 at an overpotential

of 170 mV in simulated seawater[20]. In addition to the

cost reduction and intrinsic activity enhancement, the

feasibility of introducing a third transition metal into

a binary domain, such as PtAgCo [45], PtRhCo[46], and

PtNiCo, endows the electrode superior structural

stability[47].

Recent experimental and theoretical results illustrate

that transition metal nitrides have moderate binding

energy with reactant intermediates (water molecules,

atomic hydrogen, or protons), endowing them with

superior HER catalytic activity. As a model electro-

catalyst, a heterogeneous Ni-MoN nanostructure was

demonstrated by Ren爷s group (Figure 3a) [48] . The

unique hierarchical crystal-amorphous structure and

tremendous boundaries/defects provide abundant

active sites for the electrode. Moreover, the

hydrophilic surface contributes to accelerated water

molecules mass-transfer and gas-release capabilities.

Calculation reveals the combination of Ni and MoN

boosts the water-dissociation kinetics at the metallic

Mo sites. Accordingly, the Ni-MoN electrocatalyst

can well maintain the catalytic activity and stability

at a high constant current density of 500 mA窑cm-2 in

both alkaline natural seawater and alkaline saline

electrolytes. Qiao爷s group put forward a nickel

surface nitride electrocatalyst with unsaturated Ni-N

bonds for alkaline seawater splitting (Figure 3b) [49].

Promisingly, a two-electrode electrolyzer system that

coupled with hydrazine oxidation at the anode

requires a cell voltage of only 0.7 V to achieve a high

current density of 1000 mA窑cm-2. Caution should be

taken if these transition metal compounds will be

electrochemically oxidized on the surface under an

alkaline condition, which has been shown to be more

significant in OER process than in HER.

Unlike the traditional nanostructured electrocataly-

sts, the single-atom catalysts (SACs) exhibit maximum

atom utilization and active site exposure, which are

favorable for catalytic reaction. Transition metal

SACs, such as Co[50], Ni[51], Mo[52], and W[53], have been

widely investigated for HER in alkaline freshwater,

but rarely used in seawater. For example, Zang et al.

pioneered highly dispersed Ni atoms coordinated

with triple nitrogen (Ni-N3) as an effective HER ele-

ctrode in seawater, which exhibited lower overpoten-

tial than Ni-N4 in seawater electrolyte (Figure 3c)[54].

It is still a question if these transition metal SACs are

competitive for industry-level current densities and if

they can be stable under alkaline seawater condition.

3.2 Reaction Selectivity
A wide potential window for selective OER is one

of the highest priorities in designing electrocatalysts

for seawater splitting, which usually determines ex-

cellent OER activity, high overpotential of CER, and

large current density. Electrocatalysts with inherent

corrosion resistance are a direct and effective method

to enhance the operating selectivity as well as dura-

bility.

In situ phase transformation during OER can form

a new layer of active species, which usually occurs in

transition metal selenides and sulfides. In seawater

oxidation, metal ions in these catalysts will transform

into MOOH (M here refers to transition metal), while

anions will evolve into corresponding oxides. These
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newly formed layers can be used not only as active

center, but also as anticorrosion layers. Based on the

perspective of protection layer, Kuang et al. demon-

strated a multilayer electrode consisting of a NiFe

layer and NiSx layer deposited on the porous Ni foam.

An amorphous oxygen-containing NiFe layer was in

situ generated in alkaline seawater splitting, which is

responsible for chloride repelling and high corrosion

resistance (Figure 4a), leading to operation at the cur-

rent density of 400 mA窑cm-2 for 1000 h[10]. Similarly,

when a Se layer was covered by an NiFe LDH layer,

it exhibited extraordinary stability and activity in an

aqueous sea-like solution (Figure 4b). During the op-

eration, the Se layer in situ transformed into SeOx
-

species (SeO3
- and SeO4

-)[55], which have attributed to

the stability and anticorrosion ability due to the re-

pelling Cl - ions. In our opinion, these in situ phase

transformation method can be considered as passive

protection strategies and more likely a kind of

byproducts.

In contrast, an active protection provided by a thin

layer of manganese oxide electrodeposited on IrOx is

proven useful in restraining the corrosion of Cl - on

IrOx active sites (Figure 4c)[56]. In fact, coating con-

ductive carbon-based materials (e.g., layered carbon,

graphene, graphene oxide, and carbon nitride) on the

catalyst surface have been an effective strategy to ei-

ther boost the conductivity of electrode, or retain the

performance of active sites under harsh conditions

due to physical contact barrier [57-60]. In addition, the

negatively charged surface can repulse the Cl - ion,

thus protect the active site from chloride corrosion[13].

Inspired by this protection strategy, Li and coworkers

demonstrated that an outer graphene oxide (GO) lay

er could effectively protect the FeOOH@NiCo LDH

active material (Figure 4d)[61]. Due to the optimal en-

ergy barrier of the central core for intermediates and

anticorrosion ability of the GO layer for Cl- ions, this

composite electrode delivered a current density of

1 A窑cm-2 for 378 h.

Besides external protection layer, the internal struc-

ture stability of electrocatalysts should be equally

Figure 3 General strategies for boosting HER. (a) Structure of Ni-MoN and long-term durability for alkaline seawater electrolysis.

Adapted with permission from ref[48]. Copyright 2022, Wiley-VCH. (b) Illustration of the hydronium ion generation mechanism on a

nickel surface nitride catalyst (Ni-SN@C). EDL: electric double layer. Adapted with permission from ref[49]. Copyright 2021,

Wiley-VCH. (c) Schematic of Ni-N3 and the Gibbs free energy diagram of HER on the Ni-N3 and Ni-N4 configurations at pH = 14.

Adapted with permission from ref[54]. Copyright 2021, Wiley-VCH. (color on line)

电化学渊J. Electrochem.冤 2022, 28(10), 2214006 (7 of 18)



considered. Previous work showed that alloying is a

general approach to enhance the structural stability of

electrodes, which can also be applied in anticorrosion

of seawater[62-65]. For example, in a self-supported het-

erogeneous Ni2P-Fe2P electrode , alloying electron-

negative P with transition metal Fe/Ni makes metal

dissolution thermodynamically less favored, leading

to enhanced corrosion resistance[66]. Most recently, an

exciting achievement, reported by Xu爷s group,

demonstrated a unique buffer structure to endow the

Co2(OH)3Cl with long-time durability and high Fara-

day efficiency of ca. 99.6% for seawater OER[67]. It is

shown that the lattice Cl- of Co2(OH)3Cl can serve as

the structural buffer, whose continuous leaching dur-

ing OER can leave vacancies for seawater Cl - inva-

sion and thus avoid catalyst deactivation (Figure 4e).

This structural buffer strategy may pave a new way to

resist the corrosion and boost their OER performance

in alkaline seawater.

Different from anodic OER, the primary concern

for cathodic HER relates to the precipitates. As we

all know, in addition to high concentrations of chlo-

ride ions, seawater contains high concentrations of

undesirable cations, including Ca2+, Mg2+, and Pb2+,

which are easy to be deposited on cathode as Mg

(OH)2 and Ca(OH)2 due to the increasing local pH or

metallic precipitates such as (Pb) and copper (Cu) un-

der reduction reactions[32,33]. The current density losses

can approach ~50% after short periods of operation.

Thus, the critical problems from HER are the corro-

sion by Cl- ions of cathode material, deposition of the

precipitates on active sites, and cathodic competing

reduction reactions from the dissolved metal ions

(Figure 5a). For the practical application of seawater

Figure 4 Strategies for anticorrosion. (a) Schematic of the fabrication of NiFe/NiSx catalyst on Ni form, and durability tests record-

ed at high currents in the seawater. Adapted under the terms of the Creative Commons Attribution License[10]. (b) The mechanism of

stability improvement for NiFe-LDH/Se composite catalyst on NiFe foam. Adapted with permission from ref[55]. Copyright 2021,

Elsevier. (c) A thin MnOx layer deposited on IrOx surface provides protection for Cl- corrosion. Adapted under the terms of the Cre-

ative Commons Attribution License[56]. (d) A surface graphene oxide layer protects the active material of FeOOH@NiCo LDH.

Adapted with permission from ref[61]. Copyright 2021, Royal Chemical Society. (e) Reaction mechanism of lattice Cl- for inhibiting

Cl- corrosion and deactivation. Reproduced with permission from ref[67]. Copyright 2021, Wiley-VCH. (color on line)
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Figure 5 Challenges and potential solutions for promoting selectivity of HER in seawater. (a) Electrode corrosion by Cl- ions and

deposition of precipitates on active sites. (b) Electrode alloying engineering, (c) employment of ion exchange membrane, and (d)

permselective layer for enhanced anti-corrosion and anti-poison. (color on line)

HER, it is necessary to inhibit the unfavorable elec-

trochemical reaction. According to this design princi-

ple, developing alloyed electrocatalysts with an en-

hanced anticorrosion ability (Figure 5b), adopting

suitable ion exchange membrane to protect the elec-

trocatalyst from the corrosive seawater (Figure 5c), or

using permselective barrier layers attached onto the

cathode materials, blocking adverse reactions are

considered effective methods to promote the long-

time durability of seawater HER (Figure 5d).

3.3 Mass Transfer
Seawater electrolysis performance at high current

densities is not only controlled by the reaction kinet-

ics but also by the mass transfer rates[68-70]. The OER

process at large current densities will lead to drastic

depletion of electrolyte and intensive generation of

O2 bubbles, which requires an adequate re supply of

electrolyte and fast release of bubbles. Morphology

engineering of the electrocatalysts into hierarchical

structures is proven a potent way for accelerating

mass transfer process and increasing active sites,

which greatly promotes the accessibility of molecules

and catalytic performance[71-74]. Wen et al. developed a

kind of ultrathin NiS nanosheets and NiFe LDH het-

erostructure, as a Schottky heterojunction, and tuned

systematically the mass transfer and electronic con-

figuration[75]. In these catalysts, the porous morpholo-

gy of NiS nanosheets contributed to the efficient infil-

tration of electrolyte and the desorption of O2 bubbles,

guaranteeing the mass transport rates. Thus, such a

NiFe LDH/NiS system delivered a current density of

1000 mA窑cm -2 at the ultralow overpotential of 325

mV. Furthermore, Seenivasan et al. developed a more

complicated NiCo2S4/NiMo2S4/NiO electrodewith two

different interfaces[76]. The OER process actually oc-

curs on the surface reconstructed MOOH and surface

beneath the M-S sites. This catalyst showed superior

mechanical strength and high density of active sites,

and consequently, good industrial durability and re-

action kinetics.

A low interfacial adhesion energy of the catalyst is

conducive to promote the transfer processes of prod-

ucts and intermediates, especially at high current

densities. As an example, for a new kind of Pt/Ni-Mo

electrocatalyst proposed by Liu and coworkers, a ra-

tionally designed 3D rugged morphology makes the

electrode surface super hydrophilic[12]. The nearly zero

static contact angle (兹) and the small dynamic contact
hysteresis (兹h) of Pt/Ni-Mo (3毅 ) indicate a low in-

terfacial adhesion (Figure 6a-b). This will expected-

ly lead to high mass transfer kinetics of electrolytes

and fast removal of hydrogen bubbles from the elec-
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trode surface. As a result, this catalyst exhibited a

high-level current density of 2000 mA窑cm-2 at an ul-

tralow overpotential of 113 mV in the saline-alkaline

electrolyte, showing excellent activity and operation

durability (Figure 6c). It is believed that such structure

engineering of efficient catalysts should be generally

considered for the industrial operation.

4 Industrial Electrolyzer for Direct
Seawater Electrolysis

We first briefly introduce the established electroly-

sis technologies, considering the technical evolution

and economic perspective. Currently, the common

electrolyzer can be divided into three categories

based on the cell structure, especially for membrane:

alkaline electrolyzer (AE), proton exchange mem-

brane (PEM), and anion exchange membrane (AEM)

electrolyzers, as shown in Figure 7a-c[23]. AE is the

most mature and cost-effective technology, which has

realized the real industrial-scale hydrogen generation.

In this device, alkaline water is simultaneously added

into two compartments of the AE cell [11, 77]. H2 and

OH- ions are formed at the cathode under electrolysis

condition, while the OH - ions migrate through the

porous diaphragm into the anode compartment, foll-

owed by the formation of O2. However, AE has two

inevitable drawbacks, lower energy-conversion effi-

ciency and high sensitivity to CO2. Moreover, di-

aphragm materials, such as Zirfon, are approved

physically robust, allowing both anions and cations,

such as H+, Na+, OH- and Cl-, to pass through[78]. This

may lower the transference rate of the most mobile

ions and decrease the overall working efficiency due

to poor selectivity. Different from AE technologies,

a PEM electrolyzer (PEME) generally consists of a

membrane electrode assembly and bipolar plates

(Figure 7b), and are characterized by high current

density, operation efficiency, and tolerance to fluctu-

ating currents of renewable electricity. During the op-

eration, acidic water is pumped into the anode

half-cell to be oxidized into O2 and the H+ ions trans-

fer to the cathode to evolve into H2 through the

PEME. Generally, PEME is conducted under corro-

sive acidic condition, and requires expensive no-

ble-metal catalysts to boost catalytic performance and

enhance anti-corrosion. AEM electrolyzers (AEME)

have a similar structure to PEME, except for the type

of exchange membrane and alkaline operating envi-

ronment (Figure 7c). With the addition of alkaline

water into the cathode compartment, H2 and OH- ions

are formed during the electrolysis. The OH- ions pass

through the AEM into the anode, evolving into O2
[11].

The AEME electrolysis can use non-noble metals as

electrocatalysts including transition metal based

species and non-metal materials, showing a signifi-

cant advantage over PEME in terms of sustainable

Figure 6 Pt/Ni-Mo electrocatalyst for enhanced mass transfer and catalytic performance. (a) Photographs of the static contact angles,

and (b) dynamic contact angle hysteresis images of electrolyte drop on different substrates. (c) Comparation of polarization curves

with 85% iR compensation for different catalysts in simulated seawater. Adapted with permission from ref[12]. Copyright 2021, Wi-

ley-VCH. (color on line)
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economic benefits[79]. Figure 7d is the photograph and

fine schematic of a commercial PEME electrolysis

cell[12]. The membrane stack is assembled by two HER

cells on the end sides and two OER cells installed in

the middle. The AEM separates the HER cells and

OER cells to prevent gas diffusion and allow anions

to transfer through.

When the above three kinds of electrolyzers are

deployed for direct seawater electrolysis, some new

tricky challenges will occur due to the presences of

unwanted ions and impurities including bacteria, mi-

crobes, and small particles. Alkaline earth metal ions

(Cu2+, Ca2+, Mg2+, Pb2+, et al.) in seawater will gradu-

ally migrate to the cathode side driven by electronic

field, and produce metal precipitates on the electrode.

Moreover, the cathode faces hydroxide precipitates

under high local pH conditions which are mainly

Mg(OH)2 and Ca(OH)2. The unwanted competition

between OER and CER still occurs due to the un-

avoidable Cl- ions oxidation[80]. To solve these issues,

one of most accepted strategies is using the

state-of-the-art electrolyzers combined with suffi-

cient seawater prepurification. For industrial applica-

tions, seawater should be treated with negative pres-

sure filter to remove large-sized impurities, followed

by a further purification step via reverse osmosis

(RO) and other purification strategies (Figure 8a).

Another feasible way to maintain the exchange

membrane performance is through the designed re-

covery operations. For instance, periodic rest of elec-

trolyzer at open circuit has been applied to partially

recover the lost activity because of chloride trapped

in the exchange membrane[80]. But this will increase

the time cost and cause lower operation efficiency.

During the seawater electrolysis, in the absence of a

buffer or cyclic alkaline electrolyte, the local pH will

drop drastically at the anode, which may lead to

strong acidic corrosion. In contrast, due to the proton

consumption, the local pH will increase accordingly,

producing large amount of precipitates on the cath-

ode. On the base of AEME, asymmetric electrolyte

feed is a smart design proposed by the Strasser group.

In this design, a continuously circulated KOH elec-

trolyte is introduced into the anode half-cell, while

single-pass seawater is fed into the cathode (Figure

8b). The detected content of Cl- ions across the AEM

Figure 7 Typical configurations for water electrolyzers. Schematic of (a) alkaline electrolyzer (AE), (b) proton exchange membrane
water electrolyzer (PEME), and (c) anion exchange membrane water electrolyzer (AEME). (d) Photograph and schematic of an

PEME. Panel d is adapted with permission from ref[12]. Copyright 2021, Wiley-VCH. (color on line)
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Figure 8 Direct seawater devices. (a) State-of-the-art AEME combined with pre-purification equipment. (b) Asymmetric electrolyte

feed AEME. (c) High-temperature water electrolyzer. (color on line)

is only about 6.4 mmol after standardized long-time

operation. Such a low Cl - concentration minimizes

corrosion to the anode material, and endows seawater

electrolyzer with high selectivity and operation sta-

bility.

Moreover, high-temperature water electrolyzer

(HTE) has drawn broad attention as it offers signifi-

cant higher power and efficiency compared to con-

ventional low temperature electrolyzer (Figure 8c). A

typical HTE composes of proton conducting ceramic

electrolysis (150 ~ 400 oC) and solid oxide electroly-

sis (800 ~ 1000 oC), in which high temperature water

steam is used as feedstock[11]. In this design, steam is

fed into the cathode to generate H2 and O2
-, and then

selectively passes through a solid oxide or ceramic

membrane to the anode to produce O2 via OER [81].

More specially, seawater purified by steam can dras-

tically extend the membrane and electrode life.

5 Conclusions and Outlooks
Water electrolysis is by far one of the most effi-

cient technologies to produce hydrogen and may help

accelerate the world爷s transition to renewable ener-

gy. Considering that the planet爷s oceans supply al-

most unlimited quantities of seawater, which ac-

counts for 96.5% of the total water resources on the

earth, replacing freshwater with seawater will reduce

the consumption of freshwater resources and generate

new application avenues such as cargo ships and sub-

marines. In this short review, we try to figure out the

possibilities of pushing seawater electrolysis towards

industrial implementation. Cathode-involved HER,

anode-involved OER, and chloride chemistry are in

tro duced and carefully summarized, including their

mechanisms and catalyst design strategies, together

with the full electrolyzer configuration. To sum up,

from the point of industrial application, advanced

catalysts for seawater electrolysis should possess at

least four superior features: high catalytic perfor-

mance (activity and stability), enhanced corrosion re-

sistance, acceptable OER selectivity, and optimized

mass transport under large current densities. Looking

into the future, we propose the research could be fo-

cused on the following points.

(1) Specific mechanism investigation for seawater
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electrolysis

The research on seawater electrolysis is by far in-

herited from freshwater splitting research. The most

popular research mode in this field is simply replac-

ing pure water electrolyte with simulated seawater

electrolyte or buffered seawater to measure the

catalytic performance including activity and stability.

The OER potential window is strictly limited under

480mVbased on 耶alkaline design criterion爷. However,
as we stated in this review, the Cl-containing elec

trolyte systems will dramatically influence the

catalytic behavior of catalysts, and the actual OER-

only potential window can be finely widened by in-

troducing highly selective OER catalysts. Hence, it is

essential to deepen the understanding of the specific

mechanism involved in seawater electrolysis, includ-

ing anti-chlorine corrosion mechanism and OER se-

lectivity mechanism, which would consolidate the

theoretical foundation for searching outstanding elec

trode materials for seawater electrolysis.

(2) Standardized protocol for catalytic evaluation

From the perspective of designing catalysts for sea-

water electrolysis, it is necessary to set general stan-

dard for evaluating various catalytic structures. Be-

sides catalytic activity and catalytic stability, other

parameters including the corrosion resistance over

Cl- containing system as well as the OER selectivity

for anode materials will have to be carefully de-

scribed. All these parameters need to be defined by

some simple and reproducible methods. For instance,

reliable residual chlorine measurements must be de-

veloped to quantitatively describe OER selectivity.

Due to the corrosive nature of chlorine species, nei-

ther gas chromatography nor fluorometric sensor is

suitable for quantifying OER. Colorimetric methods

are the most popular way to determine residual chlo-

rine, and the colorimetric reagents include o-Toli-

dine, N, N-diethyl-p-phenylenediamine and potassi-

um iodide, etc. However, the subtle color changes

caused by trace components may not be captured by

naked eyes, leading to inaccuracy in conclusion.

Therefore, more effective methods are needed to

build quantitative parameters for OER selectivity.

(3) Structural evolution under chlorine-containing

conditions

The structure transformation of catalysts largely

determines the catalytic behavior. It is plausible to in-

fer that Cl - ions existed in the electrolyte should in-

fluence the transformation of a catalytic structure, for

instance, valence state transition, phase transforma

tion, ion dissolution, and corrosion mechanism. For

better understanding, some powerful in situ measure-
ments, including Raman, infrared (IR), APXPS, XRD,

XAS analyses and so on, are necessary to identify the

dynamic behavior of catalytic structures under sea-

water electrolysis condition. This will help us to fig-

ure out the stable building blocks or subunits in Cl -

containing electrolytes, and further identify the real

active sites during the catalytic reaction. All these in-

sights should help our design strategies against chlo-

rine corrosion. Additionally, same as freshwater con-

dition, the identification of structural evolution will

be impeded by the limited space/time resolution of

current in situ measurements; More ad vanced tech-

niques with higher sensitivity need to be developed.

(4) Theoretical screening for new catalytic struc-

tures

With the convenience of first-principles calcula-

tions and the development of advanced materials in-

formatics, high-throughput (HT) computing combined

with machine learning (ML) algorithms provides new

routes to save experimental time and cost in a more

delicate way. These theoretical methods have been

proven successful in searching potential structures

that are suitable for materials for various energy con-

versions and storage processes[82,83], including seawa-

ter electrolysis. However, since the applications of

HT and ML in catalysis science are still in an early

stage, several aspects for achieving efficient theoreti-

cal screening need to be carefully considered, includ-

ing the reliability of the theoretical model, the appli-

cability of calculation parameters, the generality and

interpretability of descriptor and prediction accuracy

of ML model, etc. Another pivotal concern is, if it is

possible, to skip the construction of descriptor and

correlate the structure to catalytic performance di
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rectly. For this purpose, more advanced ML models

such as active learning and deep learning should be

developed or integrated as multi-stage workflows.

And of course, the predicted promising structure or

desired subunits should be further verified through

controllable synthesis from the experimental level.

(5) Practical scale seawater electrolysis

For industrial seawater electrolysis, the first thing

to consider is whether we should choose direct sea-

water electrolysis or the seawater purification plus

electrolysis system. It is recently pointed out that the

later two-step approach is more economical than the

current direct seawater electrolysis, considering the

mature technology of water purification. However,

this comparison may not be fair since the seawater

electrolysis technology is still in its infancy. Mean-

while, compared to the large infrastructure of reverse

osmosis plants, it might be viable to combine ad-

vanced solar, wind, or tide energy harvesting system

with the seawater electrolysis for both coastal area

and offshore operations. Accordingly, direct seawater

electrolysis is more suitable for decentralized small-

scale H2 production. There are three aspects need to

be carefully considered for seawater electrolysis ap-

plication, including electrolyzer configuration, elec-

trolyte and portable seawater pretreatment. For elec-

trolyzer configuration, the AEME is more compatible

with the direct seawater electrolysis, which exhibits

acceptable performance in the presence of Cl -. The

possibility that AEM electrolysis can use non-pre-

cious metal based catalysts also shows a strong ad-

vantage of AEM over PEM in terms of significantly

lower cost. In case of electrolyte, alkaline seawater

electrolysis should be more suitable for large-scale

production of H2 at high current densities of 500

mA窑cm-2 being more than acidic or neutral ones con-

sidering both pH design criterion and electrolyte con-

dition. Additionally, due to the complexity of seawa-

ter composition, some portable low pressure suction

filtration system and RO membrane also need to be

developed, which may remove most of the impurities

from seawater, such as bacteria, microbes, and small

particles, and thus minimize the damage to elec-

trolyzers. Even though these technologies are in aca-

demic research stage, they have the development po-

tential towards a closed loop of green energy conver-

sion when the produced hydrogen and oxygen are

converted back into electricity and pure water via fuel

cells.
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工业级碱性海水电解院近期进展和展望
张 涛1#袁刘一蒲2#袁叶齐通2袁范红金1*

渊1.南洋理工大学数理学院袁新加坡 637371曰 2.海南大学材料科学与工程学院袁
南海海洋资源利用重点实验室袁海南海口 570228袁中国冤

摘要:由太阳能尧 风能和海洋等可再生能源驱动的工业级水分解产氢为能源和环境的可持续性发展开辟了一条
极具潜力的道路遥 然而袁 在工业上最先进电解技术使用高纯水作为氢源袁 这将带来严重的淡水资源危机遥 海水
分解为饮用水短缺提供了一条切实可行的解决途径袁 但仍面临规模工业化生产的巨大挑战遥 在这里袁 我们总结
了海水分解的最新进展袁 包括反应机制尧 电极设计标准和直接海水分解的工业电解槽遥 深入讨论了应对海水电
解中的关键挑战袁 如活性位点尧 反应选择性尧 耐腐蚀性和传质能力等的解决方案遥 此外袁 该文章重点总结了海
水电解设备的最新发展袁 并提出了设计长寿命直接海水电解装置的有效策略遥 最后袁 我们对直接海水电解的未
来机遇和挑战提出了自己的观点遥
关键词:海水电解曰抗腐蚀设计曰电极设计标准曰工业电解槽
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