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Abstract In comparison to pure water, seawater is
widely accepted as an unlimited resource. The direct
seawater splitting is economical and eco-friendly, but the
key challenges in seawater, especially the chlorine-related
competing reactions at the anode, seriously hamper its
practical application. The development of earth-abundant
electrocatalysts toward direct seawater splitting has
emerged as a promising strategy. Highly efficient electro-
catalysts with improved selectivity and stability are of
significance in preventing the interference of side reactions
and resisting various impurities. This review first discusses
the macroscopic understanding of direct seawater electro-
lysis and then focuses on the strategies for rational design
of electrocatalysts toward direct seawater splitting. The
perspectives of improved electrocatalysts to solve emer-
ging challenges and further development of direct seawater
splitting are also provided.

Keywords seawater splitting, electrocatalysts, oxygen
evolution reaction, hydrogen evolution reaction, chlorine
chemistry

1 Introduction

Renewable energy technologies are urgently needed in the
face of severe environmental pollution and energy crises
and limited supplies of fossil fuels [1-3]. Hydrogen, a
promising energy carrier possessing high gravimetric
energy density and environmental friendly features, can
be obtained via water electrolysis technology from
renewable energy such as sunlight or wind and further
converted to other fuels or directly used in hydrogen fuel
cells [4-6]. Typically, overall water electrolysis involves
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two key reactions, including oxygen evolution reaction
(OER) and hydrogen evolution reaction (HER), both of
which require efficient electrocatalysts to accelerate the
sluggish kinetics for high energy efficiency [7—10]. Recent
years, many achievements have been made in developing
non-precious OER/HER electrocatalysts as alternatives for
Pt/C and Ir/Ru based catalysts [11-13]. However, biomass
gasification and fossil fuels bear the main responsibility for
hydrogen production with only 4% left to the electro-
chemical water splitting in the current case [14,15].

Low system efficiency of 70% and high cost result in the
circumscribed application of water electrolysis since high
purity water feeds are indispensable in commercially
available water electrolyzers [16—18]. Actually, freshwater
has been a scarce resource in many areas, especially in hot
arid regions. The construction of an electrolytic water
system must include water purification/desalination equip-
ment for purification/desalination pre-treatment of saline
and low-grade water [19,20]. Practical electrolyzers differ
greatly from simple laboratory systems in which they
involve complex configurations such as controlling the
flow of input-fluid and outflow-air streams, gas regulators
and thermal management devices. While the introduction
of additional water purification systems inevitably entails
prohibitive costs, even without taking into account related
investments in transport and maintenance. Based on the
consideration of cost reduction, direct use of saline
seawater in water electrolysis system can be a promising
and operational approach for coastal arid zones and off-
shore large-scale hydrogen productions. Removal of pre-
treatment systems for purification/desalination can greatly
improve economic efficiency.

The key step for the implementation of direct seawater
electrolysis is developing suitable electrode catalysts with
selective and stable electrocatalytic performance in sea-
water. However, it is known that seawater is a complex
solution with high content of different salts up to 3.5%, in
which various competing redox reactions and dramatic pH
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fluctuations result in the degradation and biofouling of
catalysts [21]. Thus, in this review, a macroscopic
understanding of direct seawater electrolysis is first
discussed, and the difference between electrolysis in pure
water and seawater is revealed. Then, we will focus on
effective strategies for the rational construction of electro-
catalysts with improved selectivity and stability on both
electrodes based on the possible electrochemistry involved
in this process. Recent achievements will be discussed for
the guidelines of future research.

2 Overview of direct seawater electrolysis

Seawater splitting into hydrogen and oxygen is fundamen-
tally identical to that in pure water, in which external
electric energy is required to drive OER at the anode and
HER at the cathode, and is eventually stored in the
chemical bond between oxygen and hydrogen. The anode
OER is a four-electron transferring reaction with several
intermediates involving, which can be described by
Egs. (1) or (2) in alkaline or acidic conditions, respectively.
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On the counter side of cathode, the two-electron
transferring HER is the main reaction, which can be
described by Egs. (3) or (4) in alkaline or acidic
environments, respectively.

2H,0 +2e —H, +20H  Alkaline condition (3)
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However, unlike pure water, the composition of sea-
water is quite complex and varies from region to region
[22,23]. In the average state, the overall salt concentrations
of all ions are measured to be 3.5 wt-% and there are 11
ions with a concentration of more than 0.0005 mol-kgﬁzlo,
including CI'  of 0.5658 mol-kgylo, SO of
0.0293 mol-kgylo, Br of 0.0009 mol-kgy 'y, Na* of
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Illustrations for the mechanisms of OER vs. chloride chemistry. (a) The Pourbaix diagram of an artificial model solution

(0.5 mol-L™" NaCl solution with electrolytes to control the pH and no other chlorine species) depicting the thermodynamic equilibrium of
H,0/0; (green line) and Cl /Cl,-HOCI-OCI™ (red line). Reprinted with permission from ref. [24], copyright 2016, Wiley-VCH. Free

energy diagram over RuO, (110) for (b) CIER Volmer-Heyrovsky

mechanism and (c) two OER competing water splitting reactions

(electrochemical and chemical pathway) at different potentials. Reprinted with permission from ref. [25], copyright 2018, American
Chemical Society. (d) AGj,ss volcano diagram for OER (black) and chloride evolution reaction (CIER, gray). Reprinted with permission

from ref. [26], copyright 2014, Wiley-VCH.
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0.0105 mol-kgy o, K" of 0.0106 mol-kgy; o, B(OH); of
0.0003 mol-kgy o, BIOH); of 0.0001 mol-kgy o, HCO;
of 0.0018 mol-kgyly and CO5~ of 0.0003 mol-kgyo.
Based on the composition of seawater, the challenges of
direct seawater electrolysis can be inferred in order to find
solutions.

More than 0.5 mol- kgﬁzlo Cl exists in seawater, leading
to complicated chloride chemistry in direct seawater
electrolysis and the specific competing reaction in the
practical reaction condition under the influence of
temperature, pH values and the most-important applied
potentials. For simplicity, Dionigi et al. [24] considered the
total concentration of CI” and other chlorine species as
0.5 mol-L " and constructed a Pourbaix diagram (Fig. 1) to
illustrate the chloride chemistry in seawater electrolysis, as
shown in Fig. 1(a).

In acidic environments, the dominant competing reac-
tion of chloride chemistry is CIER, formulated by Eq. (5).

2C1—Cl, + 2¢~ (5)

The CIER does compete with OER in acid conditions
even though it is thermodynamically unfavorable com-
pared with OER according to the Pourbaix diagram, which
is due to the kinetic superiority of CIER. This means that
OER usually has a higher potential, making CIER the
dominant reaction at the anode of seawater electrolysis for
many catalysts.

In contrast, the Pourbaix diagram shows that the
hypochlorite formation reaction gradually establishes its
dominant position along with the increased pH and
becomes unshakable in alkaline conditions when pH is
higher than 7.5, formulated by Eq. (6).

Cl” +20H —CIO~ + H,0 + 2¢” (6)

Similarly, hypochlorite formation reaction is also a two-
electron reaction with kinetic advantage over OER.
Nevertheless, unlike CIER in acidic environment, hypo-
chlorite formation reaction is very disadvantageous in
comparison with OER in alkaline conditions, whose
standard electrode potential follows the change of that of
OER with a fixed difference of about 0.48 V. This means a
maximum overpotential of 0.48 V for the OER electro-
catalysts in alkaline conditions without any interference of
any chlorine chemistry. Though OER and CIER also have
differences in standard electrode potential in acid media,
the allowed overpotential region where CIER is thermo-
dynamically prohibited is much smaller and cannot support
a relatively high current in direct seawater electrolysis.
Associated with the fact that many non-precious electro-
catalysts suffer degradation in acidic environment, alkaline
environment seems to be more suitable for seawater
splitting. Based on the above considerations, Strasser et al.
[24] established an “alkaline design criterion” for non-
noble metal-based electrocatalysts for selective anode
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OER in seawater as Eq. (7).
Nopr <480 mV at pH > 7.5 @)

Further comprehension of the competition between OER
and CIER at the anode of seawater electrolysis is of great
significance to develop efficient OER electrocatalysts with
high selectivity. Single crystalline RuO, (110) was chosen
to be the model catalyst for studies in identifying reaction
intermediates (RI), transition states (TS) and free energies
of OER and CIER in acidic seawater by Over and
coworkers [25]. For CIER, Volmer-Heyrovsky mechanism
is the most accepted among the existing three mechanisms,
involving the discharge and adsorption of CI" on Ru-O
combined by uncoordinated Ru sites and on-top oxygen
(Og) to form the Ru-O,Cl RI (Volmer step) and the
combination of a free CI” and an absorbed CI to form
released Cl, (Heyrovsky step). As described in the free
energy diagram of CIER at different overpotentials (Fig. 1
(b)), only one intermediate is involved, where Heyrovsky
step is the rate determining step because of its high TS free
energy. Besides, the TS free energy obviously decreases at
the potentials of 0.125 and 0.20 V, making the CIER more
kinetically favorable. Unlike CIER, the kinetically slower
OER on RuO, (110) with complete O-capped surface
involves several intermediates. Figure 1(c) shows the OER
free energy diagram and describes two competing path-
ways, including chemical pathway and electrochemical
pathway of the RI. The diagram illustrates that the
electrochemical pathway becomes favorable over the
chemical pathway when overpotential is larger than
0.3 V. Furthermore, the competition between CIER and
OER was evaluated by using unfavorable Gibbs free
energy (AGyss) as the identifier of activity [26]. Figure 1(d)
shows a AGe volcano diagram for CIER and OER. 1t is
obvious that both CIER and OER obtain maximum activity
at the middle value of AG°(O) and the slope of OER is
increased as the incorporation of three RI. The selectivity
for OER is expressed by the difference in AG, values,
which can be manipulated by several methods, i.e., the
RuO, (110) with TiO, monolayer.

The high-concentration CI™ not only lead to competing
chlorine chemistry, but also bring out the corrosion of
electrodes. Seawater is an extremely hostile environment
due to the high corrosion capacity of CI". Corrosion studies
(electrochemical analysis, X-ray diffractometry, Raman
spectroscopy and salt fog testing) were carried out in NaCl
solution to evaluate the electrochemical hydrogen evolu-
tion efficiency and corrosion resistance of different
electrodes/electrode supports, including Ni, Al, Ti, carbon
cloth (CC), Cu and AISI 326L stainless steel [27]. Samples
of Al and CC showed moderate and low corrosion at the
applied potentials, indicating they are good catalyst
supports. It is worth noting that Ni was the only sample
which achieved the integration of high HER activity and
electrocatalytic stability. Based on electrochemical impe-
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dance spectroscopy, the Ni electrode presented a single
process related to hydrogen generation, which is in contrast
to the three processes (hydrogen generation, electroche-
mical corrosion and modification of organic groups on the
surface of the electrode) of other samples in Cl -containing
media. AISI 326L stainless steel with a high Ni content
also showed high corrosion resistance, indicating Ni is a
desirable electrode material in direct seawater electrolysis.

Except for high-concentration Cl, a further challenge
for direct seawater electrolysis is fluctuations in pH values,
as carbonate buffers are not sufficient to prevent localized
changes in pH at both cathodes [28,29]. At the cathode of
electrolyzer, an increase of pH during hydrogen evolution
is inevitable, which can reach 5-9 pH units even the
current density is lower than 10 mA -cm 2. Such a dramatic
pH decrease near the cathode in the seawater without
buffers may cause catalyst degradation and the precipita-
tion of Mg?" and Ca?*, which are floccules and can block
the electrode [30,31]. Actually, Mg>" can make huge
influence on the performance of the seawater electrolysis,
especially long-term stability in seawater. The formation of
surface and bulk precipitate during seawater electrolysis
was investigated by varying current density and flow rate
in 1982 [30]. Only in highly concentrated solutions the
formation of surface precipitate can be reduced by
increasing the current density. On the contrast, a high
fluid flow rate is effective to reduce the formation of
precipitate. The initial adhered precipitate formation take
place at specific surface sites and the surface potential
determines the growth rate. Even some recent reported
HER electrocatalysts which can work in all-pH seawater
electrolysis also show a high overpotential in unbuffered
seawater [32,33]. More seriously, the decreased pH near
the anode can lead to the activation of chloride chemistry
as the chloride-related reactions become favorable at a
relatively small pH value [34]. To ensure a high selectivity
to OER and avoid CIER at the anode, the Pourbaix diagram
states the smallest pH of 7.5, which cannot be realized in
unartificial seawater electrolysis. Thus, until a better
method is present, the addition of supporting buffers is
indispensable for the stabilization of pH fluctuation.

Besides, other compositions in the seawater including
non-innocent ions, microbial contaminations and solid
impurities may also be toxic to the electrocatalysts at both
electrodes, infecting their activities and long-term stabi-
lities [21,35]. Therefore, the development of corrosion-
resistant electrocatalysts with high selectivity and stability
is the key to realize the large-scale application of direct
seawater electrolysis.

3 Design of anode electrocatalysts for
direct seawater electrolysis

Based on the above considerations of competing reactions
and other challenges in direct seawater electrolysis, several
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strategies are helpful for developing efficient anode
electrocatalysts with OER-selectivity and long-term stabi-
lity, including restricting chloride chemistry thermodyna-
mically, manipulating the OER/CIER selectivity by
OER-selective active species and using protective layers
(Table 1).

3.1 Restricting chloride chemistry thermodynamically

The first strategy is to take advantage of the thermo-
dynamic and kinetic differences between OER and CIER.
It is considered that the anode electrocatalysts can work
without the interference of chloride chemistry in specific
applied voltage range where OER is thermodynamically
allowed but CIER is thermodynamically restricted. Based
on the Pourbaix diagram (Fig. 1(a)), this voltage range at
different pH values can be summarized and the maximum
allowed overpotentials for selective seawater electrolysis
are shown in Fig. 2 [24]. When the pH-overpotential
coordinate locates in the dashed area, an oxygen evolution
selectivity of 100% can be obtained. Chlorine-related
reactions are thermodynamically possible above the limit-
ing lines, competing with kinetically unfavored OER. It is
observed that there are alleviated conditions for 100%
selective OER in alkaline conditions with an overpotential
of about 480 mV, indicating that developing highly
efficient electrocatalysts in an alkaline environment with
overpotentials at lower than 480 mV at the desired current
density can effectively prevent the interference of chloride
chemistry.

0.6
OER + competing Cl oxidation reactions
05k Ccl/ocr-
~0.480 V

0.4r

2

g ;
LT]O 03 (§ Only OER is
S

\

y / ////// 7 ///
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Fig. 2 Maximum allowed overpotential region where only OER
is thermodynamically possible in seawater electrolysis. The E—
Eogr values are the difference between chloride-related reactions
(chlorine evolution, hypochlorous acid formation and hypochlorite
formation reaction) and OER at different pH values. Reprinted
with permission from ref. [24], copyright 2016, Wiley-VCH.

Most of the early works on developing electrocatalysts
for selective seawater electrolysis were based on this
strategy. In 1990, Bennet [31] proposed that a high
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selectivity to OER can be obtained at a low current density
below 1 mA-cm™ in which the noticeable limitations of
CIER mass-transfer favor OER. In most instances, the low
current density region (<1 mA-cm™) indicates the
required overpotential is below the maximum permission,
thus restricting the chloride-related reactions thermodyna-
mically. Accordingly, in 1997, a series of oxide mixtures of
Mn and Ir, Ru, Pt, Fe, Co, Ni, Sn, La, Ce or Mo supported
on IrO,-coated Ti (Mn-M)O,/IrO,/Ti electrode, M means
the additives) were synthesized for highly selective oxygen
evolution in seawater electrolysis [36]. With the addition of
small amounts of Ni, Co, Fe and Sn, the oxygen evolution
efficiency was obviously enhanced, reaching the maximum
value of 91% for (MnMo)O,/IrO,/Ti at 20 mA-cm™ in
0.5 mol-L ' NaCl (pH = 8), higher than that of 68%—70%
for MoO,/IrO,/Ti. However, the addition of noble metals
(Ru, Pt and Ir) induced the degradation of oxygen
evolution activity in chloride-containing electrolytes,
reflecting the influence of different doping metal additives.
Single orthorhombic nanocrystalline y-MnO,-type phase
manganese-tungsten oxides ((Mn-W)O,) with homoge-
neously distributed Mn** and W®" were also reported [37],
and the efficiency for oxygen evolution could be enhanced
to 99% at 20 mA -cm even at pH 0.5.

Some recent studies have also used relatively low
current densities to improve oxygen evolution selectivity
in seawater electrolysis [38,39], suitable for the seawater
electrolyzer powered by photovoltaic electricity or wind
power-based electricity. However, the seawater electrolysis
at high current densities (> 100 mA-cm ?) needs more
active electrocatalysts to decrease overpotentials (lower
than 480 mV) in alkaline conditions at the desired current
densities. Since 1999, Hashimoto’s group has designed a
series of y-MnO,-type phase oxide mixtures, including
Mn-Mo, Mn-Mo-W, Mn-Mo-Fe and Mn-Mo-Sn, and
tested their electrocatalysts at high current densities of
100 or 200 mA -cm 2 [40,55-60]. It is worth noting that the
single y-MnO,-type structure of different oxides improved
the oxygen evolution efficiency and the long-term stability
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in saline water electrolysis could be resolved by preventing
the oxidation of the inner Ti substrate using IrO, as a
protective layer.

Till now, numerous highly efficient OER electrocatalysts
which can deliver a high current density at low over-
potentials (<480 mV) have been developed. Among
them, transition-metal (oxy)hydroxides, especially the
NiFe-based ones have been considered as the most
efficient candidates for overall water electrolysis, exhibit-
ing high electrochemical performances in Cl -containing
solutions for direct seawater electrolysis. A nanostructured
NiFe-layered double hydroxide (NiFe-LDH) catalyst was
synthesized for the application in the alkaline electrolyzer
selectively splitting artificial alkaline seawater [41]. The
required overpotential for a high current density of
290 mA-cm™ was under 480 mV, which basically met
the demand of industrial medium size electrolyzers. The
seawater electrolyzer electrodes which are assembled by
NiFe-LDH and Pt nanoparticles worked in 100 h tests at a
maximum current density of 200 mA-cm™ at 1.6 V. The
loss of initial activities could be attributed to the
unsuitability of membrane rather than the degradation of
catalyst. Similarly, an ultrafast room-temperature method
to synthesize Ni foam supported S-doped Ni/Fe (oxy)
hydroxide (S-(NiFe)OOH) layer with extraordinary OER
performance in seawater splitting was developed (Fig. 3)
[42]. The S-(NiFe)OOH required only 398 mV to reach the
desired current density of 500 mA -cm™ in alkaline natural
seawater, as shown in Fig. 3(a), which was derived from its
desirable hydrophilic features and hierarchical porosity. In
overall alkaline seawater electrolysis, low voltages (1.837
and 1.951 V) were required for the commercial demanded
current densities (500 and 1000 mA-cm™) and kept
constant for more than 100 h. Besides, Ni foam supported
three-dimensional (3D) hetero-lateral Ni3S,/Co3S4
nanosheets (NiCoS) were developed for alkaline seawater
electrolysis [43]. Superior resistance to chloride corrosion
and abundant active sites were obtained in the in situ
grown Ni/Co (oxy)hydroxide surface layer, reaching

(b) 1000

- 1 mol-L™' KOH
8001 1 mol-L™! KOH + 0.5 mol-L! NaCl

600 1 mol-L™' KOH + seawater

J(mA-ecm2)
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Fig. 3 Polarization curves for the (a) S-(NiFe)OOH and (b) NiCoS electrode tested in different electrolytes. Reprinted with permission
from ref. [42], copyright 2020, Royal Society of Chemistry and ref. [43], copyright 2021, Elsevier, respectively.
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1 A-cm™ at an overpotential of 0.47 mV in 1 mol-L™
KOH + seawater (Fig. 3(b)). The NiCoS-catalyzed
electrolyzer worked steadily at the industrial-level high
current density of 800 mA-cm™> for overall seawater
splitting with no indication of chloride corrosion and could
be integrated with photovoltaic system to reach an
impressive solar-to-H, efficiency of 15.13%.

3.2 Active species selective to OER

For many electrocatalysts, it is difficult to achieve high
current density at an overpotential of less than 480 mV.
Another strategy for selective oxygen evolution in direct
saline water electrolysis is to develop catalysts containing
active species which are highly selective toward OER RI.
This strategy is feasible regardless of pH but challenging
since active species should be regulated and modified to
separate closely related OER and chlorine chemistry [61].
Basically, it requires the modulation of existing active
species or the development of new types of active sites.

Front. Chem. Sci. Eng. 2021, 15(6): 1408-1426

Ru-based electrocatalysts have proved their advanta-
geous physicochemical properties in overall pure water
electrolysis, however, most of them show inferior
performances and unsatisfying stability in direct saline
water electrolysis due to the interference of Cl -related
reactions. Some experimental investigations have focused
on tailoring the selectivity of OER on Ru-based materials.
The synthesis of Ru-Zn-O catalysts was first reported in
2010, in which the structure of RuO, active sites was
tailored by Zn substitution (Fig. 4) [44]. In the vicinity of
Zn ions, the Ru local atomic structure has been rearranged,
which affects the chlorine evolution process by preventing
the formation of rate-limiting intermediates of peroxo
bridges. The X-ray absorption data supported the favorable
modification of active sites and the Ru-Zn-O oxides show
significant selectivity to oxygen evolution even in acidic
NaCl-containing electrolyte (Fig. 4(a)), confirmed by the
voltammetry results combined with different electroche-
mical mass spectroscopy. The construction of ruthenate
pyrochlore structure of Pb,Ru,0; . [45] has also been
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proved to enhance the oxygen evolution efficiency of
Ru-based catalysts because of the higher concentration of
oxygen vacancies and surface Ru(V) compared to RuO,
(Fig. 4(b)). The Pb,Ru,0; . showed a high OER
selectivity of about 99% at pH= 13 and worked at
200 mA -cm™ for over 5 h with only 10 mV voltage loss.

Many works have focused on Co-based catalysts which
can be operated in neutral media and are considered as a
promising catalyst for direct electrolysis in near-neutral
seawater. By the selenization of Co foils, a 3D cobalt
selenide containing CoSe and CogSeg was developed as a
bifunctional electrocatalyst [46]. The charge state of Co
species was modulated by controlling Co/Se mass ratio to
enhance electrocatalytic performance since oxygen evolu-
tion activity and hydrogen evolution activity could be
enhanced by the high charge state and the low charge state
of Co, respectively. The resultant catalysts can be used in
neutral phosphate buffered saline water with pH= 7.09
(Fig. 4(c)). Co-based phosphate/borate electrocatalysts like
Co-Pi, Co-Bi and Co-MePi were developed through an
electrolyte-dependent electrodeposition approach by
Nocera’s group [47]. Those catalysts could retain the
catalytic activity of oxygen evolution in chloride-contain-
ing aqueous solutions. The proton-accepting characteris-
tics of Co-Pi in phosphate electrolyte is responsible for the
stable electrolysis at a high current density without
chloride-related reactions. When mixed with carbon, a
novel multifunctional Co/Co3;04@C can be synthesized by
carbonizing the zeolite imidazolate framework and carbon
fiber paper [48]. The Co/Co304-containing carbon material
showed efficient HER and OER performances in the
overall splitting in actual seawater. Co*" species favored
the oxidation of OH™ and electrophilic adsorption for the
enhancement of oxygen evolution process. These samples
highlights the importance of modulation of active species,
tuning the key steps or RI of the OER or Cl -related
reactions. The substitution or dopants in the catalysts may
change the charge state and regulate the adsorption energy
of different RI, achieving relatively high selectively to
oxygen evolution. However, an in-depth understanding of
the underlying mechanism origins of activities in these
reports has not been clarified and further work is needed to
explain the enhanced oxygen evolution selectivities
through in situ electrochemical measurements and theore-
tical studies.

Though saline seawater usually leads to activity
degradation of catalysts, several electrocatalysts show
superior electrochemical performance in seawater electro-
lysis compared to that in pure water. For example, separate
nucleation and aging steps were used to synthesize Co-Fe
LDH which showed high oxygen reduction activity with
an overpotential of 530 mV at 10 mA-cm> and a high
selectivity to OER in seawater (pH = 8), superior to those
in pure water [49]. It was revealed by EDS and XPS
analysis that Mg, Na, Cl and S elements existed on the
surface of the Co-Fe LDH after the electrocatalysis-
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process, which was due to the anion-exchange ability
afforded by typical layered structure and high surface area.
The comparative electrochemical measurements in simple
electrolytes (NaCl, MgCl, and Na,SO,) demonstrated
faster reaction Kkinetics, lower charge transfer resistance
and better stabilities in seawater. The synergistic effect of
various ions plays an important role in promoting
electrocatalytic activity, in which the combined contribu-
tion of increased strong basic sites by Mg and Na ions,
stabilized high valence states of Co by chloride ions and
mediated proton transfers by F and Br ions resulted in the
improved activity.

3.3 Protecting layers

Due to the complicated reaction mechanisms in natural
seawater electrolysis, it is an efficient strategy to employ
OER-selective or permselective protecting layers on the
surface of electrocatalysts. Based on this strategy, the
competing reactions of OER and CIER on manganese
oxide (MnQO,) were investigated and MnO, was employed
as a permeable overlayer (Fig. 5) [50]. Glassy carbon-
supported hydrous oxide (IrO,/GC) was used as the active
phase with electrodeposited MnO, films (Fig. 5(a)). In the
presence of CI- (30 mmol-L™"), the CIER selectivity
deceased from 86% to 7% upon the deposition of MnO,
onto IrO,, proving that the MnO, overlayer indeed
prevented the interference of chloride-related reactions
for higher OER selectivity. The MnO, deposition could
prevent the CI transfer onto the surface of IrO, catalyst but
favor the transport of O,, protons and water between the
electrolyte and IrO, for enhanced OER activity. Although
the MnO, film was considered as a catalytically inactive
phase in this report, manganese oxides are widely known
as efficient OER electrocatalysts. The protecting MnO,
layer may also act on unwanted CIER at a higher anodic
potential, which need to be further verified. Similarly,
FePO, can be electrodeposited onto CaFeO, through spin-
coating and subsequent annealing process [51]. The
modification by electrodeposited CaFeO, overlayer on
the surface not only mitigated Mg**-induced fouling, but
also prevented the hypochlorite corrosion from chloride
oxidation. The resultant CaFeO, modified by FePO, only
showed a moderate increase of about 70 mV in long-term
stability test, which was attributed to the pH change in
phosphate-buffered seawater solution (pH = 7). Besides, a
CeO, layer was deposited on highly active NiFeO,
electrocatalysts to achieve a highly stable performance
[62]. The perm-selective CeO, protecting layer was
composed of mixed hydroxides and oxides, preventing
the loss of OER-active Fe species and the diffusion of
dissolved metal ion species, ferrocyanide, iodide and other
redox ions between the catalyst and electrolyte while
allowing the transport of O, and OH (Fig. 5(b)).

Some relatively inert materials seem also favorable to
protect the activity of underlying catalysts from chloride
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corrosion and other challenges. An outer graphene oxide
(GO) layer on FeOOH deposited S-Ni-Co hydroxide
catalyst (GO@Fe@NiCo@NF) (Fig. 5(c)) was reported
[52], which required a low overpotential of 345 mV for a
high current density of 1 A-cm ? in alkaline seawater. The
synergistic effect between the underneath metal oxide
layer, Ni-Co hydroxide 2D sheets and interfacial FeOOH
nanoparticles lowered the overpotentials for OER and the
charge transfer resistance. In addition, the in situ generated
oxidized carbon layer, GO overlayer and the lower
interlayer distance of f-Ni-Co LDH synergistically
prevented the chloride corrosion in direct seawater
splitting, contributing to the stable performance in stability
testing for up to 378 h. The selective enhancement for OER
over CIER was also focused on [53], using cation-selective
polymer Nafion as a perm-selective membrane surface-
modifying IrO,/Ti electrode for highly selective oxygen
evolution at the anode of seawater electrolysis. Nearly
100% oxygen evolution efficiency could be obtained on
Nafion solution coated/IrO,/Ti in 0.5 mol-L' NaCl
electrolyte (pH = 8.3) since the Nafion membrane could
electrostatically repel the transportation of chloride ions
from electrolyte to the surface of IrO,. Notably, the above
protecting layers of GO overlayer and Nafion coating favor
their inertness, which could work at industrial conditions
with high current densities surviving from the interference

of competing reactions and other corrosions. Besides, these
methods can be extended to other active oxygen evolution
electrocatalysts for enhanced stability in direct seawater
electrolysis with no conflict response. Nevertheless, these
overlayers may to some degree limit H,O or O,
transportation, leading to inferior electrode performances.
Further work should focus on preventing such negative
effects when using these inert blocking overlayers.

Apart from overlayers on the surface of active species, a
Ni foam supported NiS layer coated by Ni-Fe hydroxide
(NiFe/NiS,-Ni) catalyst was reported, in which the NiFe
catalyst coating was responsible for high oxygen evolution
activity drawing anodic currents toward water oxidation
and the underneath sulfide layer led to in situ generated
sulfate and carbonate cation-selective layers for repelling
chloride [54]. With the superior corrosion resistance
derived from this unique structure, the NiFe/NiS,.-Ni
showed desirable catalytic performance in alkaline
seawater electrolysis in terms of more than 1000 h at
1 A-cm?.

4 Design of cathode electrocatalysts for
direct seawater electrolysis

Different from anode oxygen evolution electrocatalysts
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which are subject to complex competitive reactions by
chloride, the design of cathode hydrogen evolution
electrocatalysts involves less attention to enhance the
selectivity of electrode materials, since the thermodynamic
potential gap between HER and its competing reactions is
much lower than that between OER and ClI -related
reactions. By contrast, the primary concerns for cathode
electrocatalysts operating in natural seawater are related to
undesirable cationic species and other impurities. Various
dissolved ions in natural seawater may be reduced and
electrodeposited on the surface of the electrode, leading to
the degradation of active sites. Other impurities, including
solid nanoparticles and microbial compositions, also pose
a threat to the long-term stability of cathode electrocata-
lysts because they can be physical blockages on the surface
of the electrode. Specific impurities that affect the
performance of the cathode depend on the specific
seawater environment. Thus, it is beneficial to develop
efficient cathode electrocatalysts with resistance to the
majority of undesirable impurities for highly stable water
electrolysis performance in seawater.

The optimal metal-hydrogen binding energy (HBE) of
Pt indicates its nearly best activity toward hydrogen
evolution and Pt catalysts are currently the benchmark of
hydrogen evolution electrocatalysts. However, in direct
seawater electrolysis, the application of Pt catalysts is very
challenging since the impurities in seawater may poison Pt
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catalysts, leading to severe activity degradation. Thus,
some Pt-based catalysts with the incorporation of other
compositions or matrixes were reported. The corrosion-
resistive Ni-Mo matrix anchored highly dispersed Pt
nanoparticles was developed through a reduction-potential
dependent sequential reduction process [63]. Compared
with Pt/C catalyst, the high activity and durability in harsh
conditions such as strong alkaline electrolyte and high
temperature was attributed to the strongly anchored trace
precious metal on a corrosion-resistive matrix with high
surface area (Fig. 6). Pt-based alloys have also been
developed with the addition of transition metals. Based on
Brewer-Engel bond theory which illustrates the kinetically
favorable hydrogen evolution mechanism on alloys with
possible d-orbital overlapping, different Pt-based alloys
were reported [64]. For example, a series of alloyed PtM
(M= Mo, Ni, Co, Fe and Cr) supported on Ti mesh were
fabricated [65]. The alloying effects by the incorporation
of guest M species led to enhanced hydrogen evolution
activities compared with pristine Pt electrodes, while the
enhanced long-term durability in CI -containing electrolyte
was attributed to the competitive dissolution reaction
between Pt and M with Cl,. The optimal PtMo alloy
suffered only 9.87% of the initial current density loss
after continuous operation in real seawater at about
150 mA-cm? for 172 h. Alloyed Pt-Ru-M (M = Mo, Ni,
Co, Fe and Cr) was also prepared to confirm the promotion
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effect of alloying effects on electrocatalytic performance
[66].

Though the high cost of Pt-based materials can be
properly reduced by decreasing the content of Pt in alloys,
the presence of CI” impurities in saline water can hinder the
electrocatalytic activity of Pt-based electrodes and cause
catalyst poisoning [67]. The efficient transition metal-
based electrocatalysts with stable corrosion resistance in
natural seawater are desirable as a substitute for low-cost
and large-scale H, production. Ni-based electrocatalysts
which act as a promising alternative to commercial Pt/C
catalyst in pure water electrolysis have attracted interests in
the application of direct seawater electrolysis. Because of
the strong electron interaction between Ni and Mo atoms,
the inclusion of Mo atoms in the nickel matrix enhances
their intrinsic catalytic activity and reaction Kinetics. Ni
foam supported two hybrid NiMo films by electrodeposi-
tion in different electrolytes were synthesized [68],
showing superior hydrogen evolution efficiency and
corrosion resistance in seawater, which was attributed to
the synergistic effect between Ni and Mo species. NiO was
the main active species, facilitating the initial water
dissociation and the following H, adsorption and deso-
rption. Nanostructured Ni-Mo-S was grown on carbon
fiber cloth as an efficient HER electrocatalyst in neutral
electrolyte [69]. The superior catalytic activity to the Mo-S
catalyst was derived from substantial defects and atomic-
scale modified morphology by the incorporation of Ni
atoms. The accumulation of generated H, bubbles could be
prevented by the reduced aggregations in Ni-Mo-S/C, thus
enhancing the long-term hydrogen evolution stability in
seawater electrolysis. By thermal ammonolysis of NiMoO4
precursor, a Cu foam supported NiMoN nanowire array
modified by Ni nanoparticles was synthesized [70]. The
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nanowire array imparted the underwater superaerophobic
electrode surface for the detachment of H, bubbles from
electrodes, while the Ni nanoparticles facilitated the
dissociation of absorbed water for proton supply. The Ni/
NiMoN nanowire array thus exhibited exceptional hydro-
gen evolution electrocatalytic performance to realize a
current density of 10 mA -cm™ with a low overpotential of
only 37 mV in neutral electrolyte.

When combined with Fe atoms, a Ni-Fe-C electro-
catalyst was developed by electrodeposition at current
densities from 10 to 30 mA -c¢cm™ [71]. The carbon content
and grain size were proved to affect the hydrogen evolution
overpotential and reaction current density of Ni-Fe-C.
The resultant catalyst with optimal carbon content and
grain size showed stable electrochemical properties in
Cl -containing solution at 90 °C. An anisotropic surface
doping energy was proposed employing dopants of a metal
oxide with high OH binding energy and a metal with high
HBE on a weak HBE metal surface [72]. The water
dissociation can be facilitated by the high HBE metal and
the high OH binding energy metal oxide, while the weak
HBE metal surface promotes hybride coupling. Ni and
CrO, sites were doped on a Cu surface (CrO,/Cu-Ni) by
this strategy to synthesize an efficient multi-site electro-
catalyst for hydrogen evolution in neutral media. Since the
incorporation of N atoms in transition metal-based
catalysts, especially constructing a N-enriched structure
in metal nitrides can promote the corrosion resistance in
seawater by increasing the valence state of metal species, a
Ni-inducing growth method was reported to synthesize
N-rich MosNg nanosheets with atom-scale thickness
(Fig. (7)), in which N was incorporated into the Mo lattice
[73]. This method endowed the resultant material with
abundant metal-N active sites and high valence state of Mo
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Fig. 7 Schematic illustration of the preparation of nitrogen-deficient 2D MoN and nitrogen 2D MosNjy electrocatalysts through an
ammonization synthesis without and with Ni-induced process, respectively. Reprinted with permission from ref. [73], copyright 2018,

American Chemical Society.
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atoms as well as Pt-like electronic structure, all of which
made the prepared single-crystal electrocatalyst highly
efficient for HER in all pH electrolyte and natural seawater.
Ni single atoms anchored porous N-doped carbon (Ni-SA/
NC) was recently fabricated [74]. The threefold Ni atoms
in Ni-N3 coordination were responsible for the high
hydrogen evolution electrocatalytic activity of the prepared
catalyst, and abundant active sites were formed on the
N-doped carbon by well-isolated Ni atoms. The Ni-SA/NC
exhibited a low overpotential of 139 mV to realize a
current density of 10 mA-cm™? and suffered negligible
current attenuation after 14 h operation at 200 mA -cm™ in
seawater. Nickel cobalt nitride and nickel phosphide
microsheet arrays integrated catalyst with sandwich-like
structure were also reported for efficient hydrogen
evolution in seawater [75]. The high HER electrocatalytic
activity and impressive stability in seawater was attributed
to the high electrical conductivity, large surface area and
outstanding Cl™ resistance of the inner Ni,P microsheet
array.

Similar to the design of anode oxygen evolution
electrocatalysts, fabricating highly efficient cathode hydro-
gen evolution electrocatalysts with permselective protect-
ing layers is another feasible strategy for stable operation
in seawater electrolysis (Fig. 8) [76]. A layered N-doped
carbon shell was used to coat cobalt molybdenum
phosphide nanocrystal (CoMoP@C) (Fig. 8(a)) for sub-
stitute of Pt-based catalysts for hydrogen evolution in
seawater [77]. The CoMoP@C catalyst exhibited superior
HER activity in nearly all pH electrolytes and stable
performances with a high Faradaic efficiency of 92.5%
when operated in real seawater. The carbon shell not only
provided strong proton absorption capacity to promote
hydrogen evolution efficiency, but also protected the
CoMoP core from poisoning in seawater. A urea-derived
Co-encased N-doped carbon nanotubes (Fig. 8(b)) was
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also synthesized [33], showing stable hydrogen evolution
activity at all pH values and even in buffered seawater

(pH="7).

5 Design of bifunctional electrocatalyst for
seawater electrolysis

For direct seawater electrolysis, the design of OER/HER
bifunctional electrocatalysts is typically desired, as the
materials developed can be fully utilized and the system of
electrolytic equipment can easily be simplified without
cross-contamination between anodes and cathodes [78—
81]. Various non-precious bifunctional electrocatalysts
have been developed for overall pure water electrolysis,
including transition metal compounds, perovskites and
carbon materials [82—86], while most of the reported
materials are not available for direct seawater electrolysis
due to the challenging environment in seawater. Typically,
for the development of bifunctional electrocatalysts for
direct seawater electrolysis, the corrosion resistance in
Cl-containing electrolyte can be improved by a hydro-
chloric acid-participating synthesis strategy, since the
resultant electrocatalyst can maintain its structure stable
in a harsh corrosion condition. Free-standing NiFe
hydroxides were fabricated by corrosion engineering to
be a high-performance bifunctional electrocatalyst for
seawater electrolysis [87]. The strong interaction between
metals and Cl ions favored the in situ formation of NiFe
hydroxides by promoting the dissolution of Ni ions from
NiFe foam. The HCI corrosion induced sample could be
applied in a two-electrode system for operation in alkaline
seawater for 300 h at 100 mA-cm ?, showing its high
chloride tolerance and outstanding stability. Similarly, a
heterogeneous bimetallic phosphide Ni,P-Fe,P was
synthesized as a bifunctional electrocatalyst for direct
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Fig. 8 Schematic illustration of the preparation of (a) CoMoP@C catalyst and (b) U-CNT-900 catalyst. Reprinted with permission from
ref. [77], copyright 2017, Royal Society of Chemistry and ref. [33], copyright 2015, Royal Society of Chemistry.
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water electrolysis by a two-step route, in which the Ni
foam was soaked in a solution containing HCl and
Fe(NOs);, followed by a phosphorization treatment [88].
The hydrophilic surface and corrosion resistance to
chloride ions favored its application in Cl -containing
seawater.

In a vacuum-sealed ampoule, a NizN and NisS,-
interfaced electrode electrocatalyst was synthesized [89],
exhibiting excellent oxygen evolution and hydrogen
evolution electrocatalytic performance in neutral electro-
lyte and seawater. The outstanding catalytic activity was
attributed to abundant interfacial regions between NizS,
and NizN active species, which could facilitate the
adsorption and dissociation of water molecules. Recently,
a trimetallic catalyst (Ni-Mo-Fe) supported by graphitic
carbon felt has also been synthesized for alkaline seawater
and natural seawater electrolysis [90], with an energy
efficiency of up to 65% and stable electrocatalytic
performance in seawater for over 24 h. The Ni-Mo-Fe
electrocatalyst was reported to reconfigure into different
structure under anodic and cathodic bias and the undesired
deposition of CaCO; could be removed rapidly through a
simple regeneration technique. The inert substrate and
alkalinized condition were responsible for the highly
suppressed chloride chemistry [23,91,92].

6 Design of seawater electrolysers

The implement of direct seawater electrolysis not only
depends on the rational design of electrocatalysts on
electrodes, but also requires highly efficient and stable
electrolysers. The design criteria of seawater electrolyser
mandate the anodic overpotential of <480 mV and the
total electrolyte pH of > 7.5 to prevent the interpretation of
competing chlorine chemistry, which has been discussed in
earlier sections [93]. Currently, prevalent water electrolysis
technologies at low-temperature ( < 100 °C) include anion
exchange membrane water electrolysers (AEMWE), pro-
ton exchange membrane water electrolysers (PEMWE)
and alkaline water electrolysers (AWE) [94,95].
Commonly, an anion exchange membrane (AEM) is
placed at the center of electrolyser and water feed is only
supplied to the cathode, where H, and OH can be
generated [47,94]. OH™ then migrates through the AEM
toward the OER catalyst at the anode. The unwanted
migration of anions like CI” cannot be limited by the AEM,
indicating the competition between oxygen evolution and
chlorine chemistry cannot be prevented even if feed water
is not supplied to the anode. However, the oxidation of CI
can be minimized by the high operating pH in AEMWE for
ease of direct seawater electrolysis. PEMWE holds similar
configuration with AEMWE, except for that a solid acid
polymer electrolyte as proton exchange membrane (PEM)
is sandwiched between the two electrodes and water feed is
commonly supplied to the anode [95-97]. Water is
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oxidized at the anode to be O, and H*, and H" migrates
through the solid electrolyte to the cathode where H, is
produced. Anionic impurities can be isolated at the anode
and cationic species like Mg** and Ca*" can still migrate
through the PEM to the cathodic area. AWE is separated by
a porous diaphragm preventing gas crossover and both
sides are filled with liquid alkaline electrolyte [97]. The
porous diaphragm, compared to AEM and PEM, allows
the migration of most cations and anions.

Due to the inescapable contact between CI™ and anode as
well as Mg?* and cathode, similar problems exist on these
three configurations, including unwanted competition with
the formation of hypochlorite, blockages of precipitates
and solid impurities on membranes and electrodes. Though
some simple methods like periodical recovery procedures
and filtration before the electrolysis can to some extent be
effective, the development of novel configurations of
seawater electrolysis is more desirable to achieve large-
scale commercial application.

Asymmetric electrolyte feeding electrolyser was
reported to increase the seawater electrolysis performance
and avoid the undesired alkalinization of electrolysis
environment (Fig. 9) [98]. AEMWE with different feeding
electrolytes in cathodic and anodic compartments were
compared (Fig. 9(a)), and the asymmetric electrolyser
using 0.5 mol-L~' KOH solution in anodic compartment
and natural seawater in cathodic compartment showed
comparable performance to that of symmetric AEMWE
using KOH electrolyte in both compartments, and superior
performance to that of symmetric AEMWE using natural
seawater in both compartments. In the asymmetric
electrolyser, NiFe-LDH as the anodic OER electrocatalyst
showed comparable performance to that of Ir-based
benchmark catalysts with ultrahigh cell voltages of 4.0 V.
The unique configuration made the NiFe-LDH highly
selective to OER without any oxidation of CI” though trace
amounts of CI” could migrate through the AEM to the
anodic compartment, ensuring selective and stable sea-
water electrolysis. PEMWE using seawater vapor from
ambient humidity at near-surface ocean conditions were
also demonstrated to efficiently produce H; [99]. Air with
80% relative seawater-humidity and dry N, were used in
the anode and cathode compartments, respectively. This
solar-driven electrolyser can maintain a high electrolysis
current density to achieve a solar-to-H, conversion
efficiency of 6.3% after operating for 50 h, while only
0.5% for the liquid seawater feeding counterpart. The
feasibility of this seawater-vapor electrolyser is the result
of bypassing the liquid seawater-related catalyst fouling
issues by impurities. GO can also be applied as the proton-
conducting membrane in seawater-vapor electrolyser due
to its good through-plane proton conductivity (Fig. 9(b))
[100]. The GO membrane fitted with anode of IrO,-Al,03
and cathode of Pt/C can efficiently produce H, from
seawater-humidified air with good H, and O, evolution
rates close to theoretical values.
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Fig. 9 (a) Schemes for AEMWE using asymmetric feeding electrolyte with different electrolyte composition. Reprinted with permission
from ref. [98], copyright 2020, Royal Society of Chemistry. (b) Scheme of a GO device for concentration-cell measurements, hydrogen
pumping and water vapor electrolysis. Reprinted with permission from ref. [100], copyright 2018, American Chemical Society.

7 Conclusions and future outlook

Seawater is considered an infinite resource, as it covers
97% of the earth, and fresh water seems to be increasingly
precious today. To combat with global energy crisis and
reduce the high cost for the incorporation of water
purification systems into electrolysers, direct electrolysis
of natural seawater is an attractive but challenging method.
The complicated composition of seawater, including

massive undesirable cations and anions, solid impurities
and microbial contamination, leads to the interference of
various competing reactions, blockage of the electrode
surface and the degradation of electrode catalysts at both
anode and cathode. Thus, direct seawater electrolysis
requires rational design of electrode catalysts. At the
anode, to limit the competing Cl -related reactions and
promote the selectivity to oxygen evolution, “alkaline
design criterion” is proposed. Applying suitable reaction
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environment to control the overpotential below the
thermodynamic equilibrium potential of chlorine chemis-
try can efficiently restrict Cl -related reactions. Besides, the
design of OER-selective active species and employing
permselective protecting layers have been proved to be
effective strategies to favor oxygen evolution and prevent
side-reactions and catalyst poisoning. At the cathode, the
research mainly focus on the protection of undesirable
cationic species and other impurities and many efficient
and stable electrocatalysts were developed.

Even though many works have focused on the rational
design of electrocatalysts for direct seawater electrolysis,
several issues should be solved or noticed. 1) Though the
main side-reactions of Cl-related reactions have been
extensively studied, there is still a lack of understanding of
the competition mechanisms between OER and CIER in
specific active species, as well as other competitive
reactions in natural seawater. The future experimental
and calculation studies should address this issue. 2) The
current research on direct seawater electrolysis requires a
standardized test condition. Because the composition of
seawater varies around the globe, the experimental results
in different works are difficult to compare. Notably, the
standardized electrolyte composition should be close to
natural seawater near costal arid regions, which is ideally
suited for seawater electrolysis. Standard criteria is also
needed for the parameters of long-term stability tests, in
which a standard time and a current density should be
stipulated. 3) Long-term stability remains a problem for
many designed electrocatalysts. Employing perm-selective
protecting layers or developing other efficient methods to
enhance the durability of electrocatalysts in seawater is
proposed. 4) Advanced characterization techniques, such
as in situ microscopy and in situ X-ray spectroscopy
should be used to detect the material reconstruction of
anodic electrocatalysts during seawater electrolysis for
further understanding of structure-stability-activity rela-
tionship. 5) Despite the development of active and stable
electrocatalysts, creative design of electrolyser and corre-
sponding application of proper membrane are also
encouraging for efficient seawater electrolysis. This review
discussed the design of anode and cathode electrocatalysts
for direct seawater electrolysis based on the fundamental
composition and possibly existed competing reactions in
natural seawater, hopefully being helpful for promising
progress in the future. Despite challenges, it is believed
that the great efforts on theoretical calculation and
experiment exploration will boost the construction of
high-efficient electrocatalysts and promote the develop-
ment of direct seawater electrolysis.
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