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Aqueous metal-air batteries are promising next-generation energy storage and supply technologies due
to their advantages of high energy density and intrinsic safety. As an abundant natural resource, applying
seawater-based electrolytes is proposed to have considerable economic and environmental benefits,
and will significantly broaden the applications of metal-air batteries. However, the existence of complex
components in seawater, in particular chloride ions, inevitably has a complex influence on air electrode
processes, including the oxygen reduction and evolution reactions (ORR and OER), requiring the development
of efficient chloride-resistant electrocatalysts. Meanwhile, a few seawater-based metal—air battery prototypes
have shown great application potential but are still at an early stage of development. In this review, we first

Received 20th May 2020, propose the concept of seawater-based metal—air batteries and comprehensively analyze the essential air

Accepted 11th August 2020 electrode reactions in terms of thermodynamics and kinetics. Subsequently, rational design strategies for ORR
and OER electrocatalysts suitable for use in chloride-containing and seawater-based electrolytes are
comprehensively discussed. Moreover, the development history and potential applications of seawater-based

metal—air batteries are demonstrated. Finally, a summary and outlook are provided for future innovations.
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Broader context

With higher theoretical energy densities and intrinsic safety, aqueous rechargeable metal-air battery technology is considered to be a promising alternative to
widely-used lithium ion batteries. As an extremely abundant (~96.5% of the amount of total water on Earth) and almost zero-cost resource, the possible
application of seawater in metal-air battery electrolytes will greatly reduce battery costs, broaden application areas, and enhance environmental friendliness.
However, the complex seawater components inevitably hinder the air electrode reactions that are critical for battery performance. In particular, the existence of
chloride ions can inhibit the ORR/OER kinetics via multiple mechanisms. Therefore, the development of seawater-based metal-air batteries relies on highly
active, selective, and stable ORR/OER electrocatalysts suitable for a seawater environment, where an in-depth understanding of the relevant influencing
mechanisms is a prerequisite and some key progress has been achieved in recent years. In this review, current understanding of the ORR/OER electrocatalytic
mechanisms in the presence of chloride ions as well as key progress relating to electrocatalyst design strategies for chloride-containing and seawater-based
electrolytes are highlighted. It aims to provide guidance for enhancing ORR/OER processes in seawater-based metal-air batteries, and the relevant
electrocatalyst strategies and methodologies based on complex seawater systems could inspire other electrochemical energy technologies, contributing to
clean energy systems in a future fossil-fuel-free society.

1. Introduction

Recently, the continuing consumption of fossil fuels has resulted
in a serious energy crisis as well as environmental problems, which
are propelling the utilization of renewable energy sources (e.g.,
solar, wave, wind, and geothermal)."™ Since they are usually
abundant but intermittent, this drives us to employ efficient
storage and conversion technologies to transform them into
electrochemical energy. As one of the most widely used electro-
chemical energy technologies nowadays, lithium ion batteries
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(LIBs) face multiple problems, including the tight supply of cobalt
and safety risks originating from organic electrolytes. Meanwhile,
their energy density is seriously restricted by the capacity of the
electrode material.* These factors have promoted worldwide
research into alternative rechargeable batteries. Aqueous recharge-
able metal-air batteries (e.g., zinc-air, magnesium-air, and
aluminum-air batteries) generate electricity via the redox reactions
between active metal anodes and oxygen at the cathodes. They are
considered promising alternatives to LIBs owing to the low cost
originating from the active materials, intrinsic safety originating
from aqueous electrolytes, and high theoretical energy density
originating from the infinite supply of oxygen.’

Over the decades, quite a few metal-air battery systems have
been developed, mainly operating with conventional aqueous
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electrolytes consisting of high-purity distilled water in which
alkalis, acids, or buffers are solvated.® As is well known, seawater is
sufficiently available on Earth (~96.5% of the total amount of
water) with a relatively homogeneous geographical distribution.
Therefore, the possible replacement of distilled water with sea-
water in the electrolyte offers great advantages: (1) reducing the
costs of electrolytes and metal-air battery systems; (2) alleviating
competition with the consumption of fresh water by human
activities; (3) broadening application areas where seawater is
sufficiently available, such as islands and the ocean.” Currently,
although the majority of seawater usage in energy fields focuses on
electrochemical and photoelectrochemical water splitting
devices,®'° several metal-air battery prototypes using seawater
electrolytes and submerged reactive metal anodes have been
reported.’'> However, the exploitation of seawater in the
metal-air battery field is still at an early stage.'®
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When compared with conventional electrolytes based on
distilled water, applications of seawater-based electrolytes in
metal-air batteries are quite promising yet challenging because
of the complex components of seawater. As the main constituent,
the existence of chloride ions inevitably hinders the air electrode
reaction processes. Briefly, the energy efficiency of a rechargeable
metal-air battery is predominantly determined by its air electrode
part, where the oxygen reduction and evolution reactions (ORR
and OER) occur during discharging and charging, respectively, as
the core processes of the battery.*'> To enhance the inherently
sluggish ORR/OER kinetics, which cause the major energy efficiency
loss in batteries, a series of highly active electrocatalysts have been
developed and integrated into the air electrode, such as noble-metal-
based materials (e.g., Pt, Ir, and relevant derived compounds) as well
as their inexpensive alternatives (e.g;, carbon-based nanomaterials,
transition metal oxides/chalcogenides/hydroxides),"®™*® with various
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electronic and structural regulation.”*> These electrocatalysts
usually exhibit superior activity in conventional electrolytes;
nevertheless, the chloride environment will inevitably result in
undesirable side effects during the air electrode process, not
to mention direct operation with seawater-based electrolytes
with more complex components. For example, the chloride ion
adsorption behavior blocks the active sites during ORR,* the
chlorine oxidation reactions compete with OER,***” and accelerated
corrosion or degradation of the electrocatalysts occurs. In particular,
the chloride adsorption inhibition and competitive inhibition
factors greatly hinder the cathodic and anodic electrocatalytic
reactions, respectively.

Therefore, understanding the electrocatalytic mechanisms
in seawater systems is of great importance for developing active,
stable, and selective electrocatalysts for metal-air batteries using
seawater-based electrolytes (or seawater-based metal-air batteries).
It is worth noting that the electrocatalytic performance depends
not only on the intrinsic activity of the electrocatalysts, but also
on their multiscale architectural design, which determines the
exposure of active sites and mass/electron transfer.>® Based on a
systematic study of the influences of chloride ions on the ORR/
OER processes, we comprehensively summarize the componential
and architectural design strategies for efficient chloride-resistant
ORR/OER electrocatalysts. And then electrocatalyst strategies for
direct operation with seawater-based electrolytes are discussed in
detail. Furthermore, potential applications and design principles
of seawater-based metal-air batteries are analyzed, accompanied
by several successful prototypes.

2. Concept and mechanisms
2.1. Concept of seawater-based metal-air batteries

In general, seawater-based metal-air batteries share similar cell
structures with conventional metal-air batteries, except for the
use of seawater-based electrolytes. Typically, a rechargeable
seawater-based metal-air battery should be mainly composed
of an air cathode comprising oxygen electrocatalysts and a gas
diffusion layer, a reactive metal anode, and, more importantly,
a seawater-based electrolyte (Fig. 1). In some cases when using
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Fig.1 A schematic illustration of the basic structure and operating
mechanism of a rechargeable metal-air battery using a seawater-based
electrolyte, accompanied by the relevant application values.
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highly active anodes, such as Na metal, the anode and cathode
compartments are supposed to be separated by a selective
cation-conducting membrane.'**® During discharging, it supplies
energy via electrochemically coupling the metal anode to the air
cathode in the presence of seawater components.” Electrons are
liberated from the metal anode and travel to the air cathode via an
external channel, while metal hydroxides, metal acid anions, or
metal cations are produced in terms of the electrolyte environ-
ment. Meanwhile, ambient oxygen is diffused into the air cathode
and then reduced to hydroxide ions or water molecules via the
ORR process, at a three-phase reactive interface between oxygen,
the electrolyte, and the electrocatalysts. During charging, the
battery stores electrical energy via OER at the air electrode, whereas
metal is deposited at the anode. Considering the partial pressure
of O, (P, ~ 0.206 atm), the ORR/OER electrocatalytic reactions in
the air electrode at room temperature are stated below (eqn (1) and
(2)), where the potentials are referenced to a standard hydrogen
electrode (SHE).*°

O, + 2H,0 + 4e” < 40H (alkaline conditions) (1)
0, +4H" + 4¢” < 2H,0 (acid conditions) (2)
¢ =1.22 V — 0.059 pH vs. SHE

Seawater is a multi-component solution with a medium salinity
of ~3.5% and a high ionic conductivity of ~50 mS cm™*, showing
considerable potential to replace distilled water in aqueous electro-
lytes. However, seawater has various additional dissolved ions (e.g.,
Cl~, Na*, SO,>~, Mg*", Ca™, etc.), where Cl~ (~0.54 M) plays the
main role (Fig. 2a). Therefore, the applications of seawater-based
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Fig. 2 The scientific feasibility of seawater-based metal-air batteries. (a) A
pie diagram of the components in seawater. (b) A simulated Pourbaix
diagram of seawater in terms of thermodynamics at 25 °C, with a total
chlorine concentration of 0.54 M, an O, partial pressure of 0.206 atm, and
activity coefficients of 1 for all species. (c) A simulated Pourbaix diagram
of seawater in terms of kinetics, considering the chloride adsorption
behavior during the ORR and competitive chloride oxidation reactions
during the OER.
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electrolytes inevitably face great challenges originating from the
interference effects of chloride ions on electrocatalytic reactions.

2.2. Thermodynamics of the ORR/OER in seawater

From the perspective of thermodynamics, theoretically there
exist a complex ensemble of possible oxygen/chlorine redox
reactions in the electrochemical processes in seawater, which
depend on pH, the oxygen/chlorine concentration and tem-
perature. Obviously, O, provided from the surrounding atmo-
sphere or seawater participates in the ORR/OER processes
during discharging/charging. In contrast, Cl” in seawater may
participate in the hypochlorite formation reaction (HCFR) or
chlorine evolution reaction (CIER) to generate hypochlorite or
chlorine byproducts during charging, while the chlorine
reduction reaction will not occur in the absence of Cl, during
discharging. Considering the total chlorine concentration of
0.54 M in seawater, the chlorine electrocatalytic reactions at
room temperature are given below (eqn (3)-(5)):

Cl” +20H™ — 2¢° — ClO™ + H,0 (alkaline conditions)  (3)
¢ =1.71V — 0.059 pH vs. SHE
Cl™ + H,0 — 2¢~ — HCIO + H' (acid conditions)  (4)
¢ =1.49V — 0.030 pH vs. SHE
Cl” — 2e” — Cl, (acid conditions) (5)
¢ =1.41 Vvs. SHE

Fig. 2b illustrates the simulated Pourbaix diagram of oxygen/
chlorine electrochemistry in seawater. During the discharge
process of seawater-based metal-air batteries, O, is easily
reduced through the ORR process whose electrode potential
is far higher than that of the metal oxidization reaction (not
shown in the diagram). During the charge process, OER is
thermodynamically favored over HCFR and CIER whether in
alkaline or acid conditions, with various electrode potential
differences. Concretely, the OER electrocatalysts operating at
an overpotential <490 mV in alkaline conditions can theoretically
prevent the HCFR process in a seawater-based electrolyte, although
it is challenging at relatively high current densities. Below the pK,
of HCIO (7.4), HCIO formation becomes dominant instead of
ClO, and the oxygen/chlorine potential difference becomes
slightly smaller. Furthermore, CIER becomes the dominant chlor-
ine oxidation reaction at pH < 2.9, whose equilibrium potential is
close to but still 100-200 mV higher than that of OER. Therefore,
seawater-based metal-air batteries render thermodynamic
feasibility in the presence of Cl~, while alkaline conditions
are preferable for the OER process.””

2.3. Kinetics of the ORR/OER in seawater

As discussed above, both ORR and OER are thermodynamically
favorable during the electrochemical processes in seawater, but
the kinetic factors which determine the practical performance
of seawater-based metal-air batteries are more complicated. In
fact, exposing electrocatalysts to chloride ions will give rise to a
serious inhibition effect in reaction kinetics.
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View Article Online

Energy & Environmental Science

Primarily, ORR electrocatalysts usually suffer from a specific
Cl™ blocking effect due to its strong adsorption on the active sites
compared with other anions such as ClO,~ (weak adsorption) or
HSO,  (modest adsorption).*! In this case, a large fraction of the
active sites cannot be directly exposed to the reactants while the
adsorption energy of neighboring adsorption sites is also chan-
ged; thus the adsorption of O, molecules is suppressed. These
blocked sites make little contribution due to poor accessibility
and greatly hinder the electrocatalyst activity to render an over-
potential as high as several hundred millivolts (Fig. 2c).>***> Mean-
while, the reversibility of Cl~ adsorption is still controversial.*®
Besides the blocking effect, CI™ adsorption also affects the break-
ing of O-O bonds to induce a two-electron transfer ORR pathway
with solution phase H,0, formation, rather than a four-electron
pathway.®® Considering the partial pressure of O, (P, ~ 0.206
atm), the two-electron ORR reactions at room temperature are
stated below (eqn (6) and (7)).*°

0, + H,0 + 2e” — HO,  + OH (alkaline conditions)  (6)
¢ =0.35V — 0.030 pH vs. SHE
0, + 2H" + 2e” — H,0, (acid conditions) (7

¢ =0.68 V — 0.059 pH vs. SHE

The presence of H,0, at the multiphase interface will
generate free radicals and attack the electrocatalysts and metal
anodes, consequently causing degradation in durability.**>*
Both the CI™ blocking and H,O, formation effect are highly
related not only to the electrocatalyst chemical structure which
determines the intrinsic activity, but also to the electrocatalyst
architectural structure from the microscale exposed crystal
surface to the macroscale three-dimensional structure. In addition,
metal dissolution and surface passivation caused by the formation
of soluble chloride complexes (e.g., PtCl,>") also lead to detri-
mental effects on ORR stability to some extent.?*”

On the other hand, although OER is thermodynamically
favored over HCFR/CIER during the charge process of seawater-
based metal-air batteries, HCFR/CIER will compete with OER in
terms of reaction Kkinetics, because HCFR/CIER are two-electron
oxidation reactions that involve only one single intermediate, while
OER is based on a complex four-electron pathway which needs to
remove four protons and involves three intermediates.**™*° More
importantly, OER electrocatalysts are usually proficient in the
catalytic oxidation of chloride ions, since the two reactions partially
share similar active sites and pathways.*"*> Rossmeisl et al. found
a scaling relation between the binding energetics of CIER and OER
intermediates by calculations on presumed mechanisms, indicat-
ing that electrocatalysts that tend to bind oxygen-bound inter-
mediates will bind chloride-bound intermediates too.** Similarly,
Over et al. found that OER and CIER occurring on the RuO,(110)
surface share the same active sites based on simulation results:
oxygen atoms bound to Ru atoms which are unsaturated on the
surface.***

As shown in Fig. 2c, the sluggish OER kinetics leads to a
considerable overpotential which induces competitive inhibition
of HCFR/CIER on OER in seawater, as detrimental side reactions.

This journal is © The Royal Society of Chemistry 2020
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This competition is highly dependent on pH, current density, and
Cl™ concentration.*® The standard electrode potential of OER is
relatively far below the HCFR potential in a strong alkaline
environment, but considering the kinetics, the actual difference
will obviously decrease or even reverse with a decreasing
pH value. Alkaline conditions are therefore more suitable for
selective OER in seawater from the kinetics aspect, that HCFR
cannot occur if the electrocatalyst enables a low enough over-
potential. By contrast, acid conditions are highly challenging
when OER and CIER are thermodynamically close in equilibrium
potential to make the kinetic issue more decisive. Like the C1™
adsorption inhibition during ORR, the Cl™ oxidation competitive
inhibition during OER can be regulated by multiple compositional
and architectural factors of the electrocatalysts. In fact, CIER is the
dominant anodic reaction in acid conditions for quite a number of
oxide electrocatalysts.*"***” Currently chlorine and hypochlorite are
valuable products in the chlor-alkali and wastewater treatment
industry, when relevant research on oxygen-chlorine competition
focuses mainly on selectivity toward CIER rather than OER.*"*$% In
addition, when compared with the ORR process, aggressive CI and
possible chlorine/hypochlorite byproducts corrode the OER electro-
catalysts and metal anodes more heavily through formation of metal
chloride-hydroxide.>

Therefore, despite their thermodynamic feasibility, two key
kinetic issues concerning air electrode processes in seawater-
based metal-air batteries are C1~ adsorption inhibition during
ORR and Cl™ oxidation competitive inhibition during OER. For
the former, the critical point is to inhibit CI” blocking and two-
electron reduction reactions in ORR by using selective adsorption-
resistant and four-electron pathway electrocatalysts. For the latter,
the critical point is to inhibit the competition of the chlorine
oxidation reaction against OER, where the acid/alkaline conditions
play a determinable role in OER selectivity. Based on these
considerations, we can generalize the design criteria for chloride-
resistant ORR/OER electrocatalysts with desired activity, selectivity,
and stability, which can be regulated by multiple aspects,
including intrinsic electrocatalytic performance, multiscale
structure design, and surface/interface engineering.”®>'~>*

3. Electrocatalysis in seawater-based
electrolytes

The practical working discharge/charge voltages of a recharge-
able metal-air battery are lower/higher than corresponding
standard voltages in consideration of the internal loss, including
the activation, ohmic polarization and concentration loss.”>>® The
sluggish ORR/OER kinetics give rise to large overpotentials and
thus the redox reactions in the air electrode become a performance
bottleneck in metal-air batteries.”” Generally, in order to achieve
efficient ORR/OER processes, the electrocatalysts should possess
the following characteristics: (I) high intrinsic activity for
reduced activation energies, (II) high density and homogeneous
distribution of active sites for promoted accessibility to reac-
tants, (III) a large surface area with abundant porosity for facile
mass transfer, (IV) good mechanical and chemical stability for

This journal is © The Royal Society of Chemistry 2020
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long-term durability, and (V) favorable conductivity properties
for accelerated electron conduction.'® However, to achieve
efficient electrocatalytic processes in seawater-based metal-air
batteries, it is necessary to endow the electrocatalysts with
specific resistance to the complex seawater environment. Relevant
electrocatalyst strategies will be discussed in detail, from various
aspects of chloride-containing electrolyte and seawater-based
electrolyte.

3.1. Chloride-resistant ORR electrocatalysts

The electrocatalytic processes in chloride-containing electrolytes
lay the foundation for applications of seawater-based electrolytes
in metal-air batteries. The main challenge for ORR in chloride-
containing electrolytes is CI~ adsorption on the active sites, which
seriously hinders the electrocatalytic performance even using
originally terrific ORR electrocatalysts. Research on this problem
revealed that both aspects of intrinsic activity and structural
regulation are worthy of attention.

First, the ORR performance of electrocatalysts in a chloride-
containing environment relies heavily on their intrinsic resistant
ability. In general, noble-metal-based electrocatalysts are highly
susceptible to Cl~ poisoning, such as Pt-based materials.*!

However, Ziegelbauer et al. reported that Rh-based electro-
catalysts such as Rh,S,, could exhibit considerable stability in a
chloride environment to some extent.’®®* Moreover, compared
with the majority of noble-metal-based materials, noble-metal-
free and especially metal-free electrocatalysts are more resistant
to Cl™ and consequently are regarded as promising alternatives.
Ozkan et al. systemically investigated the chloride-poisoning
resistance of various ORR electrocatalysts, revealing that
nitrogen-doped carbon (CN,) and Fe,N co-doped carbon (FeNC)
well maintain their ORR activities upon exposure to chloride
compared with Pt/C or Rh,S,/C (Fig. 3a).”® Concretely, with the
addition of 100 mM CI™ to a 0.5 M H,SO, electrolyte, the ORR
half-wave potential (E;,,) of Pt/C, Rh,S,, and FeNC decreased by
490 mV (0.81 to 0.32 V), 140 mV (0.68 to 0.54 V), and only 50 mV
(0.69 to 0.64 V), respectively. And CN, demonstrated the highest
resistance to Cl™ poisoning with an unexpected 30 mV increase
in E,;, despite its relatively low original ORR activity (E,,, of
0.55 V). It is suggested that chlorine atoms incorporated into
the carbon matrix result in a positive charge on the adjacent
carbon atoms and facilitate the adsorption of O, on these sites,
because of the higher electronegativity of Cl (3.16) over C (2.55)
(Fig. 3b). Other possible mechanisms are associated with an
increased density of active sites, or a synergistic effect between
N and incorporated CL.>® Analogously, when exposed to other
poisoning contents, including CO, H,S, and CN~, the ORR
electrocatalysts without metal-centered active sites demonstrate
high resistance, rendering the great potential of metal-free
electrocatalysts in complex electrolyte environments.®*%

In addition to developing noble-metal-free materials with
intrinsic chloride-poisoning resistance, optimizing the existing
noble-metal-based ORR electrocatalysts is attractive due to their
state-of-the-art activity, where structural design is a promising
strategy. Based on atomic-scale structural sensitivity, exposing
a highly selective facet as much as possible can efficiently
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Fig. 3 Chloride-resistant ORR electrocatalysts. (a) A comparison of the ORR E;, values of Pt/C, Rh,S,/C, FeNC, and CN, electrocatalysts before and
after adding 100 mM NaCl to 0.5 M H,SO, electrolyte.>® (b) The Cl 2p XPS spectrum of CN, soaked in 0.5 M HCL°8 Copyright 2017, Springer Nature.
(c and d) The ORR polarization curves of Pt(111) and (100) on disk electrodes in 0.1 M HClOy4, 0.05 M H,SO,4, and 0.05 M H,SO4 + 1 mM CL7, and the
corresponding peroxide oxidation currents on ring electrodes (insets: Levich plots at various potentials).?> Copyright 2001, Elsevier. (e) CV curves of a
Pt/C_ABSA electrocatalyst in 0.5 M H,SO4 (activation), 0.5 M H,SO4 + 5 mM NaCl (chloride effect), and 0.5 M H,SO4 (reactivation), successively (inset: the
molecular diagram of C_ABSA).>° (f) The size distributions of Pt particles in Pt/C_ABSA before and after cycling in 0.05 M H,SO4 + 25 mM Cl™ (insets:
corresponding transmission electron microscopy (TEM) images).>® Copyright 2016, Elsevier.

inhibit the Cl™ blocking effect and maintain the original
activity. For example, Markovic and co-workers studied the
ORR kinetics of Pt(111) and (100) crystal facets influenced by
structure-sensitive adsorption of CI~.>®> The ORR kinetics on
the Pt(111) surface in a 0.05 M H,SO, electrolyte were only
negligibly reduced after introducing 1 mM Cl~ (Fig. 3c). And
the Levich-Koutecky plots delivered a B value of ~4.2 x
107> mA rpm™*®, which indicated a 4 e~ reduction pathway.**
In contrast, the ORR process was strongly inhibited on the CI -
adsorbed (100) surface, with a B value of ~3.5 x 10> mA rpm™%°,
corresponding to a 3.5 e reduction pathway (Fig. 3d). Mukerjee
et al. also reported that the Pt-Cl interaction on more open
facets (e.g. Pt(100)) and lower coordination facets (e.g. corner
and edge) are stronger than those on the Pt(111) facet, which
greatly affects the O-O bond breaking.’> Obviously, the
chloride-poisoning resistance of noble-metal-based electro-
catalysts such as Pt can be efficiently improved by exposing
specific facets that possess weaker interaction with C1™.
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Another strategy for improving noble-metal-based electro-
catalysts in chloride-containing electrolytes is the use of function-
alized supports by which means the stability can be significantly
improved. Rangel et al. reported that depositing Pt on 4-amino-
benzenesulfonic acid-functionalized carbon (Pt/C_ABSA) greatly
increased its resistance to CI~ compared with commercial Pt/C
(Pt/C_COM).”® Because of the strong retardation effect of the
adsorbed Cl ™, the formation of Pt surface oxides was suppressed
followed by a quasi-linear current increase attributed to Pt
dissolution. When compared with the cyclic voltammetry (CV)
profile of Pt/C_ABSA in a 0.5 M H,SO, electrolyte (activation),
adding 5 mM NacCl to the electrolyte (chloride effect) resulted in a
weakened oxide reduction peak at around 0.5 V vs. Ag/AgCl, as
evidenced in the cathodic sweep (Fig. 3e). And the CV profile soon
recovered when conducted again in the Cl -free electrolyte
(reactivation). However, the loss of electrochemically active
surface area was negligible for Pt/C_ABSA (0.26%) after exposure
to 5 mM CI, yet Pt/C_COM showed an obvious loss of 7.83%.
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Moreover, it was found that the average Pt particle size of
Pt/C_ABSA (4.1 nm) did not change significantly after cycling
in an electrolyte containing 25 mM NaCl, while that of Pt/C_
COM grew from 2.7 to 3.2 nm with obvious dissolution and
recrystallization behavior (Fig. 3f). These demonstrate the excellent
stability of Pt electrocatalysts supported on surface-functionalized
carbon in chloride-containing electrolytes. Another typical example
is the Rh,S, electrocatalysts, where a series of studies indicated
that their stability against ClI~ poisoning can be significantly
enhanced after being supported on carbon nanotubes.®”"*°

In summary, regarding the ORR process in chloride-containing
electrolytes, developing noble-metal-free, especially metal-free,
electrocatalysts, such as nitrogen-doped carbon, is a preferred
strategy to circumvent the inhibition behavior originating from
Cl” poisoning, because of their high intrinsic resistance. On the
other hand, the activity of noble-metal-based electrocatalysts such
as Pt can be optimized by tuning the crystal structural sensitivity,
so that the ClI™ blocking effect and undesirable H,O, formation are
alleviated on high coordination sites. Meanwhile, their stability in
chloride-containing electrolytes can be improved through loading
on functionalized supports.

3.2. Chloride-resistant OER electrocatalysts

For a rechargeable seawater-based metal-air battery, the charge
process relies on the OER electrocatalysis in the air electrode,
which is generally considered the rate-limiting step.”®”?
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Its main challenge is the chlorine oxidation reactions (HCFR/
CIER) that compete with OER, together with the electrocatalyst
corrosion phenomenon. Accordingly, multiple strategies have
been proposed to obtain highly selective and stable OER electro-
catalysts under a chloride-containing environment, such as utilizing
the intrinsic OER selectivity criteria, fabricating an inert chloride-
retarding layer, or decorating with an anion-rich surface.

Strasser and co-worker summarized the design criteria of
OER electrocatalysts for alkaline chloride-containing electro-
Iytes and concluded that those sustaining an overpotential of
<480 mV can obtain high oxygen/chlorine selectivity in
theory.>” The activity and stability of electrocatalysts following
this criterion would not be compromised in the presence of
Cl™. For instance, Fig. 4a shows the OER activity of NiFe layered
double hydroxide (NiFe-LDH) nanoplate electrocatalysts in
alkaline (0.1 M KOH, pH = 13) and near-neutral electrolytes
(0.3 M borate buffer, pH = 9.2) with/without 0.5 M NacCl as an
additive. Obviously, the OER process occurred at a more
positive overpotential as the pH decreased from 13 to 9.2.
NiFe-LDH satisfied the above criterion at pH = 13, that Cl~
did not adversely affect its OER activity to render an almost
unchanged overpotential of ~360 mV at a current density of
10 mA cm 2. It even appeared to slightly boost OER activity at
pH = 9.2, but whether this could be attributed to molecular
oxygen evolution is unclear. Moreover, within the 480 mV over-
potential limit of oxygen-selectivity, the faradaic efficiencies of
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Fig. 4 Chloride-resistant OER electrocatalysts. (a) The OER polarization curves of NiFe-LDH nanoplate electrocatalysts in four different electrolytes

(inset: the structural model of NiFe-LDH).?” (b) The faradaic efficiency and current density of NiFe-LDH as a function of potential.?” Copyright 2016,
Wiley-VCH. (c) Plots of the OER and CIER reaction rates and selectivity of IrO, electrocatalysts as a function of the Cl™ concentration at various disk
potentials.”® Copyright 2018, Elsevier. (d) Currents and corresponding selectivity for the OER and CIER of MnO,/IrO, electrocatalysts at £ = 1.55 V as a
function of the charge ascribed to the MnO, layer, Q(MnO,) (inset: a sketch of the MnO,/IrO, deposition structure, which inhibits the CIER via blocking
Cl™ from reaching IrO, underneath).2® Copyright 2018, American Chemical Society. (e) A schematic illustration, a scanning electron microscopy (SEM)
image, and elemental mapping of the 3D multilayer NiFe/NiS,~Ni electrocatalyst.>° (f) CV curves of NiFe/NiS,~Ni before and after 1000 h of water
splitting in an alkaline simulated-seawater electrolyte.>® Copyright 2019, PNAS.
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NiFe-LDH electrocatalysts toward OER remained at more than
95% at both pH values, either with or without NaCl (Fig. 4b).
When compared with the OER selectivity, the difference in
longer-term stability in various electrolytes is more obvious.
NiFe-LDH could operate stably for two hours in alkaline electro-
lytes regardless of whether ClI~ was introduced; in contrast, its
stability in near-neutral electrolytes became much worse in the
presence of Cl~, where the potential sustaining 10 mA cm >
increased sharply to 2.4 V accompanied by an undesirable HCFR
process.”” Therefore, it is inferred that OER electrocatalysts with
no less activity than NiFe-LDH can operate in a chloride-
containing electrolyte, but usually require a relatively high pH
and a moderate current density.

Compared with alkaline conditions where quite a few electro-
catalysts are applicable, realizing the OER process in an acid
chloride-containing electrolyte is more challenging because
most of the noble-metal-free electrocatalysts suffer from easy
degradation in acid media, and the OER selective potential
range is narrow, reducing its thermodynamic advantages over
CIER (Fig. 2c). Thus, noble-metal-based OER electrocatalysts
(e.g., Ir-based or Ru-based electrocatalysts) should be preferred
with regard to their high intrinsic OER activity, but with the
vast majority of them it has proven difficult to achieve desired
selectivity toward OER over CIER.”*”” Koper et al used a
rotating ring disk electrode method to study the CIER behavior
of amorphous IrO,, which has long been regarded as an active
and stable OER electrocatalyst.”® Fig. 4c shows the plots of OER
and CIER reaction rates as a function of ClI” concentration in
0.5 M KHSO,. The three disk potentials of 1.480, 1.520, and
1.550 V correspond to three regimes where only CIER is present,
CIER is major but OER is minor, and both CIER and OER are
present, respectively. The faradaic efficiency of CIER (eggr) rose
and converged to above 90% as the CI”™ concentration increased
to 0.1 M regardless of potential. Unexpectedly, this work
suggested that OER and CIER proceed independently, which contra-
dicts the scaling relationship reported in other literature.**™** On the
other hand, manganese oxide (MnO,) as a noble-metal-free OER/
CIER selective electrocatalyst has received great interest.”**° Bennett
et al. reported an MnO,-based electrocatalyst with high selectivity
toward OER in acid seawater for the first time.*' More importantly,
MnO, can remain moderately stable in the acid OER process, in
contrast to many noble-metal-free electrocatalysts, such as
CoO0,, NiFe-LDH, and other double hydroxides.”>**"%® Never-
theless, the mechanism by which MnO, has high selectivity has
not been clear up to now, and relevant investigations would gain
insight into the design of highly selective OER electrocatalysts
under a chloride environment and therefore should be seriously
considered.

For those OER electrocatalysts with inherently poor selectivity,
such as IrO,, ingenious composite structural design becomes
necessary: for example, fabricating an inert chloride-retarding
layer on the electrocatalyst surface. Koper and co-workers in situ
electrodeposited a thin MnO, film (~5-20 nm) on glassy carbon
(GC)-supported hydrous IrO,.”® The selectivity of pristine IrO,
toward OER was as low as 14% at 1.55 V, in the presence of
0.03 M Cl™ at pH = 0.88. However, after covering it with an MnO,
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layer with a certain thickness, >90% OER selectivity was
obtained from the modified IrO, despite a moderate drop in
activity, to afford a highly OER-selective electrocatalyst instead of
a CIER electrocatalyst (Fig. 4d). The MnO, layer benefitted the
selective formation of O, over Cl,. In contrast with the above
study, as an electrocatalytically active phase, in this work MnO,
was found to be not highly OER-active in strongly acid conditions
within the potential window used.®®¢® On the one hand, the
porous amorphous MnO,, layer allows easy transfer of H,O, O,,
and H' between the electrolyte and IrO,.*** On the other hand,
it decreases the CIER selectivity by disfavoring Cl™ transport,
owing to the buried interfaces resulting from concentration
polarization, as reported recently by Takanabe et al.’*® Thus,
the selective chloride-retarding layer can solely inhibit CIER
whereas OER remains relatively unaffected. Similarly, Hashimo-
to’s group deposited a series of Mn-based mixed oxides on the
IrO, substrate, which exhibited excellent OER selectivity under
various conditions.”®*® For example, Ti-supported IrO, was
coated with heterometal-doped MnO, to achieve OER-selectivity
in an analogous fashion, when different dopants have consider-
able influence on the stability and morphology of the modified
MnO, layer. Ravichandran et al. also demonstrated selective
retardation of Cl~ in seawater OER electrolysis.”® Besides
enhanced OER selectivity over competitive CIER, the inert
chloride-retarding layer strategy also efficiently prevents the inner
electrocatalytic active phase from corrosion in acid chloride-
containing electrolytes.>®

Another effective strategy is to decorate the electrocatalyst
surface with cation-selective polyanions, which can simultaneously
enhance OER selectivity and corrosion resistance by repelling
C1~.19%1%" Ag shown in Fig. 4e, Dai et al reported a multilayer
OER electrocatalyst composed of an NiFe/NiS, bilayer fabricated
on porous Ni foam (NiFe/NiS,~Ni).>** Upon activation in alkaline
conditions, negatively charged sulfate polyanions derived from the
anodic process of the underlying NiS, layer were decorated on
NiFe/NiS,~Ni. After 1000 h of splitting in an alkaline simulated
seawater electrolyte (1 M KOH + 0.5 M NaCl), CV curves of the
NiFe/NiS,-Ni anode showed an overpotential of 510 mV (without
iR compensation) at a current density as high as 400 mA cm ™2,
which decreased to ~300 mV after iR compensation and was far
below the 490 mV overpotential limit that would trigger HCFR
(Fig. 4f). The polyanion-passivated Ni** layers inhibited the
corrosion on the electrocatalyst structure by repelling C1™. Mass
spectrometry results revealed no anodic chlorine evolution
while gas chromatography results rendered a near 100% faradaic
efficiency of O, production, verifying an excellent OER selectivity.
Obviously, the anion-rich surface strategy simultaneously endows
the NiFe/NiS,~Ni electrocatalyst with good activity, selectivity, and
corrosion resistance in chloride-containing electrolytes.

In summary, regarding the OER process, electrocatalysts
possessing relatively low overpotentials (<490 mV, e.g., NiFe-
LDH) can operate in an alkaline chloride-containing electrolyte
with satisfactory selectivity toward OER over HCFR. In acid
conditions, although most of the existing electrocatalysts
hardly achieve the desired selectivity, manganese oxides still
demonstrate considerable OER-selective activity. Moreover, it
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can also function as an inert chloride-retarding layer to integrate
with conventional OER-active electrocatalysts to obtain excellent
selectivity and corrosion resistance in chloride-containing
electrolytes. Similarly, the anion-rich decorated surface strategy
also efficiently alleviates these issues.

3.3. Electrocatalysts applicable to seawater-based electrolytes

Direct implementation of natural seawater in electrocatalytic
processes is of more significance for seawater-based metal-air
batteries than for chloride-containing electrolytes, which raises
a higher requirement for robust and efficient electrocatalysts.
Previously, although most relevant work was centered on water
electrolysis rather than the battery field, it has important
implications for promoting the OER process in seawater.'®> 1%
Beyond Cl, on the one hand, the influence of other dissolved
ions, such as Na" and SO,”>”, in seawater on the ORR/OER
electrocatalytic processes at the cathode was negligible due to
intrinsic inertness or low concentration.’® But for the seawater-
based Na-air batteries, Na™ plays a significant role in the anodic
processes based on redox reactions of Na/Na' extracted from/
released to seawater.'® On the other hand, the formation of
insoluble precipitates (e.g:, magnesium hydroxide in alkaline con-
ditions) as well as particulates and microorganisms originating
from natural seawater may cover the electrode surface, bury the
active sites, and reduce the electrochemically active surface area.””
Thus, to alleviate this problem, not only are design strategies
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necessary for chloride-resistant electrocatalysts, but large-specific-
surface electrocatalysts with an increased number of active sites
and rapid charge transfer are favorable, which can be realized by
elaborate structural design, such as a multilayer or core-shell
structure supported on a 3D porous substrate.

The above discussed multilayer NiFe/NiS,~Ni integrated structure
was tested as an anode for seawater electrolysis by pairing it with an
Ni-NiO-Cr,0; cathode.®® The electrolyzer could operate with a
current density of 400 mA cm > at 2.12 and 2.02 V in an alkaline
natural seawater electrolyte (1 M KOH in seawater) and simulated
seawater electrolyte (1 M KOH + 1.5 M NaCl), respectively, for over
1000 h without obvious decay, which was also corroborated by the
above three-electrode measurements. Similarly, Kim et al
developed carbon-coated Na,Co;_,Fe,P,0, (0 < x < 1) nano-
particles supported on a carbon cloth (NCFPO/C@CC) as an
OER electrocatalyst, whose activity could be optimized by
controlling the Co/Fe ratio (Fig. 5a)."%” It operated well in an
alkaline simulated seawater electrolyte (0.1 M KOH + 0.5 M
NaCl), showing an overpotential of 285 mV at a current density
of 10 mA cm 2 as well as long-term durability over 100 h,
without the generation of reactive chloride species. And in an
alkaline seawater electrolyte (KOH in seawater, pH = 12.7),
only a slight increase (40 mV) in overpotential was observed.
Thus, the self-supporting multilayer structure helps to achieve
superior OER activity and durability in alkaline seawater
electrolytes.
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Fig. 5 Seawater-applicable electrocatalysts. (a) The OER polarization curves of NCFPO/C@CC in alkaline simulated-seawater (0.1 M KOH + 0.5 M NaCl)
and real seawater (KOH in seawater, pH = 12.7) electrolytes (inset: TEM and SEM images of NCFPO/C@CC).2°” Copyright 2020, American Chemical
Society. (b) The OER polarization curves of different electrocatalysts in 1.0 M KOH (inset: a schematic illustration of 3D self-supported core—shell
NiMoN@NiFeN).* (c) The overpotentials of NIMoN@NiFeN at current densities of 100, 500, and 1000 mA ecm~2in alkaline conventional (KOH), simulated
seawater (KOH + NaCl), and real seawater (KOH + seawater) electrolytes.**! Copyright 2019, Springer Nature. (d) The OER polarization curves of Co—Fe
LDH/Ti in seawater (inset: the faradaic efficiency for the simultaneous detection of dissolved O,).}*2 Copyright 2017, Elsevier. (e) The OER polarization
curves of Co-Sel and Co-Se4 in seawater (inset: high-resolution TEM images, an SEM image, and elemental mapping of Co-Se1).*** Copyright 2018,
Wiley-VCH. (f) Polarization curves of NiNS//NiNS and Ir—C//Pt—C overall water splitting systems in 1.0 M KOH, buffer solution (pH = 7.4), and seawater
(inset: a high-resolution TEM image of NiNS).*** Copyright 2019, Royal Society of Chemistry.
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A self-supporting core-shell structure is another promising
solution for electrocatalysts applicable to seawater-based electro-
lytes. Transition metal nitrides are efficient OER electrocatalysts
due to their high corrosion resistance, electronic conductivity,
and mechanical strength.'®®™'° Yu et al. reported a 3D core-shell
OER electrocatalyst for alkaline seawater electrolysis, in which
uniform NiFeN nanoparticles were fabricated on NiMoN nano-
rods self-supported on porous Ni foam (NiMoN@NiFeN).'"!
When evaluated in 1 M KOH, NiMoN@NiFeN achieved high
current densities of 100 and 500 mA cm™ > with overpotentials of
277 and 337 mV, respectively, which were considerably smaller
than those of single-layer NiFeN, NiMoN, and noble-metal-based
IrO, electrocatalysts (Fig. 5b). In an alkaline simulated seawater
electrolyte (1 M KOH + 0.5 M NacCl) and real seawater electrolyte
(1M KOH in seawater), its OER activity showed only slight decay
(Fig. 5¢). Even at 1000 mA cm™ 2, the required overpotential of
398 mvV is still below the 490 mV overpotential limit, with
excellent selective OER in seawater. On the one hand, the 3D
core-shell structure with multiple porosity is beneficial for con-
structing abundant active sites and accelerated reactant/product
diffusion. On the other hand, the outer NiFeN nanoparticles
would be in situ converted into an NiFe oxide/hydroxide amorphous
layer during the OER process, which is favorable for OER selectivity
and corrosion resistance to Cl ™.

Besides alkaline seawater-based electrolytes, researchers
also studied the possibility of using neutral natural seawater
electrolytes without additives. Chen et al. synthesized Co-Fe
layered double hydroxide nanoparticles supported on a Ti mesh
(Co-Fe LDH/Ti) as an OER electrocatalyst for direct seawater
oxidation."® As shown in Fig. 5d, it required an overpotential
of 530 mV to achieve a current density of 10 mA cm > in
seawater at pH = 8. Although exceeding the 490 mV over-
potential limit, a faradaic efficiency of ~94% was still obtained
at a constant overpotential of 560 mV, rendering good selectivity
toward OER over HCFR. However, this indicates that the electro-
catalytic process in neutral seawater is more challenging.

Further enhancing the intrinsic electrocatalytic efficiency of
active sites can also compensate for these disadvantages to
some extent. For example, when compared with common
single-component electrocatalysts, fabricating heterogeneous
structures through charge state or interfacial manipulation
usually delivers superior electrocatalytic efficiency, which is
more desirable for the real seawater process that involves the
burying effect and complex side reactions. Qiao et al. developed
a series of 3D self-supporting cobalt selenide electrocatalysts
consisting of CoSe and CosSeg phases, while the Co*"/Co**
charge ratio could be manipulated.'*? Fig. 5e shows the OER
activity of two cobalt selenide samples in seawater, where
Co-Sel with a higher Co charge state demonstrates superior
electrocatalytic activity."*>""® By integrating Co-Se1 and Co-Se4
(with a lower Co charge and better HER activity) as the anode
and cathode of an electrolyzer, respectively, a current density of
10.3 mA cm™ > was achieved at 1.8 V for overall water splitting in
neutral natural seawater without adding alkali, much higher
than that of the Ir-C//Pt-C electrolyzer (2.9 mA cm ™ ?). Qiao’s
group further synthesized a 3D nickel nitride/sulfide (NiNS)
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electrocatalyst supported on Ni foam, in which the Ni;N/Ni;S,
phase interface functioned as efficient active sites conducive to
dissociative adsorption of water molecules (Fig. 5f)."'* When
applied as both the anode and cathode for overall seawater
splitting, a higher current density of 48.3 mA cm™> could be
achieved at 1.8 V. The 3D self-supporting network together with
elaborate electronic or interfacial manipulation are responsible
for the excellent OER activity of these heterostructure electro-
catalysts in seawater.

In order to obtain satisfactory electrocatalytic processes in
seawater-based electrolytes, attention should be paid to the electrode
structure design to expose more active sites and accelerate mass/
charge transfer, beyond these design strategies for chloride-resistant
electrocatalysts. 3D hierarchical self-supporting structures with plen-
tiful electrocatalytic centers and rapid charge transfer are particularly
favorable, such as multilayer or core-shell integrated structures.
Besides, for applications in neutral seawater, further improvement
in the efficiency of active sites plays a significant auxiliary function,
while the optimal manipulation of heterogeneous structures in
terms of charge state or interface is helpful.

4. Seawater-based metal—air batteries

4.1. Development history of seawater-based metal-air
batteries

As shown in Fig. 6, a brief timeline summarizes the develop-
ment of seawater-based metal-air batteries, accompanied by
other relevant battery systems. Since the 1940s, seawater as an
electrolyte has been employed in some battery prototypes, and
Mg (anode)-AgCl (cathode) batteries were the first commercial
primary batteries using seawater electrolytes, which were produced
for military applications.""” Since then, more cathode materials,
including chlorides and iodides such as CuCl,"'® PbCl,,""’
Hg,Cl,,"*° and Cul,"*! were successively produced and applied,
considering their advantages of low cost, low hygroscopicity,
and high chemical stability.

As the object of this review, a few metal-air batteries using
seawater electrolytes were first developed around the 1990s,
which operated long-term in the subsea environment via a
primary battery mode and demonstrated superior potential for
industrial applications.""'>'**"'*> The ORR process occurred
using dissolved O, as the cathode oxidant, while Mg, Al, and
their alloys were studied as possible anode materials. For
example, in 1994 Shen et al. fabricated Al-air batteries using
Al alloy as the anode, natural seawater as the electrolyte, and
Teflon-bonded Co;0,/C as the cathode electrocatalysts together
with dissolved oxygen as the cathode oxidant, which delivered a
low current density of ~0.1 mA cm™> at 1.4 V due to the limited
solubility of O, in seawater."*® It was found that the Teflon-
bonded Co;0,/C was almost as active as the Pt/C electrocatalysts,
while a long-term test in Brightlingsea Harbour, Essex showed
quite stable battery performance over 70 days. A conceptual
battery design suggested an energy density of 1008 W h kg™,
significantly higher than that for other conventional primary
batteries for subsea use.
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Fig. 6 A brief timeline summarizing the development history of seawater-
based metal-air batteries, accompanied by other relevant battery systems.

Stable electric power is a major difficulty for long-term operation
in the ocean, where high-capacity and slow-discharge batteries using
seawater-based electrolytes are desirable.”*® In 2000, a seawater-
based metal-air battery system was developed for a sea-floor
borehole seismic observatory that was installed in the north-
western Pacific basin. It mainly consisted of four Mg-air batteries
using seawater as the electrolyte and dissolved O, as the cathodic
oxidant, a power control system, a DC/DC converter, a data logger,
and an accumulator (Fig. 7a)."* This battery delivered a cell voltage
of ~1.6 V by using a replaceable magnesium alloy rod as the anode
and carbon fibers supported by a titanium frame as the cathode. It
continuously generated an average of 6 W power for 5 years, while
the estimated energy density of 318 W h kg™ ' was even higher
than those of LIBs now in use. Earlier in 1997, operating in a
similar mode and with similar electrode materials, a seawater-
based Mg-air battery powered the autonomous control system
of a subsea well in the Ionian Sea.'’ Its mean power in the
no-activity mode was 8 W, which increased to as much as 35 W
under monitoring of the well. Attributed to the stable environ-
ment but low oxygen content in the subsea environment, the
above metal-air batteries usually possessed relatively large
capacity but low power density. Another important characteristic
is that the seawater as electrolyte needs to flow through the
electrodes continuously, to supply the cathodes with oxygen and
take away the sediments generated on the anodes, and thus the cell
configurations are usually open.
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To increase the cell voltage and solve the electrode blockage
issue, more active metal anodes were subsequently applied.
Primary seawater-based Li-air batteries were designed using a
protected lithium electrode as the anode and oxygen dissolved
in seawater as the oxidant, which enabled a higher cell voltage
of 3 V."?7'?8 g realize electrical energy storage and supply, Kim
et al. further successfully developed a series of rechargeable
Na-air batteries using seawater as the electrolyte, which oper-
ated based on the redox reactions of Na/Na' extracted from/
released to seawater at the anode, combined with ORR/OER of
dissolved O, at the cathode.’* Na metal anodes had to be
submerged in non-aqueous anolytes and separated from seawater
by Na-ion conducting membranes which also served as solid
electrolytes, while the cathodes were in contact with seawater.
Various cathode electrocatalysts, anode materials, and cell config-
urations have been developed.”?>'**™*3* Fig. 7b shows the charge-
discharge voltage profiles of a seawater-based Na-air battery using
porous Co,Mn; ,0, (CMO) nanoparticles as the bifunctional
electrocatalyst in the cathode, which gave rise to a much smaller
voltage gap and superior stability compared to noble-metal-based
Pt/C and Ir/C electrocatalysts."* However, these existing alkali
seawater-based metal-air batteries may suffer from poor anodic
stability due to the intrinsic high reactivity of alkali metals.

Consequently, satisfactory durability and cell voltage are
difficult to achieve simultaneously for these existing seawater-
based metal-air battery prototypes, and the best selection of
battery systems should keep a delicate balance regarding the
occasions on which they are applied. It is worth noting that
most previous battery prototypes still used common cathode
electrocatalysts designed for conventional electrolytes, such as
carbon fibers and transition metal oxides. For improved per-
formance, attention should be paid to optimization of electro-
catalysts according to the seawater-based electrolyte.

4.2. Potential application occasions

Benefitting from the use of seawater-based electrolytes and the
inherent advantages of metal-air batteries, seawater-based
metal-air batteries will be suitable power sources and energy
storage devices in diverse environments, including islands,
marine environments, and the ocean, in the future, far beyond
subsea applications. From the aspect of power, their potential
applications can be divided into three categories: small, medium,
and large, as illustrated in Fig. 7¢."?

On the one hand, some small-power seawater-based metal-
air battery prototypes have been used in subsea observations, as
discussed above. On the other hand, future small-power
seawater-based metal-air batteries are also applicable for extreme
environments, such as marine navigation and salvage fields,
including buoys and life jackets. One key advantage is that the
inactivated batteries can be stored for a long time in dry
conditions before use, and can soon be activated by injection
of or immersion in seawater to power key devices, such as light-
emitting diode (LED) lamps or a global positioning system (GPS)
or to provide heat preservation. For example, when a drowning
person wears a life jacket immersed in seawater, the equipped
small-power seawater-based metal-air batteries on the jacket
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could help to keep the body warm, sound an alarm to call for
help, or drive the GPS to send real-time location information.
They are also targeted for more reliable marine navigation by
replacing existing small-power sources based on LIBs or nickel-
metal hydride batteries. Medium-power applications are expected
to provide power for a wide number of fields, including military
(e.g., exploratory drones), civil (e.g., yachts), scientific (e.g., subsea
exploration), and industrial (e.g., offshore well) applications; in
particular, in small navigation and aviation machines, which
play an important role in maritime search and rescue and
photography. The use of seawater-based metal-air batteries
can greatly reduce operational costs and enhance the system
energy density, which are targeted for replacing the existing
medium-power sources based on internal combustion engines
or LIBs. Large-power seawater-based metal-air batteries aim at
serving as large-scale and stationary energy storage systems on
islands or areas adjacent to the ocean, to store electrical energy
intermittently generated from tidal power stations, solar panels,
hydro-turbines, etc., which are of importance for industrial and
military applications.

5. Summary and outlook

As freshwater is becoming a more and more precious resource,
metal-air batteries exploiting seawater-based electrolytes can
store/provide electrical energy to meet the demands in broader
application areas, reduce battery costs, and alleviate competition
with the use of fresh water. However, applicable ORR/OER
electrocatalysts in air electrodes should be distinct from those

3264 | Energy Environ. Sci., 2020, 13, 3253-3268

for existing conventional metal-air batteries due to the influence
of seawater components on the electrocatalytic processes.
Although both ORR and OER are thermodynamically favorable
in seawater, the kinetic factors are more complicated. A better
understanding of the relevant influence mechanisms prompts
the development of strategies for enhancing the resistance of
electrocatalysts to the seawater environment.

Concerning the ORR process under a chloride-containing
environment, the strong adsorption of ClI™ on electrocatalysts
blocks a large fraction of active sites and induces a two-electron
ORR pathway, especially for noble-metal-based electrocatalysts,
while metal-free electrocatalysts, such as N-doped carbon, can
efficiently resist the CI~ poisoning effect. Meanwhile, the activity
and stability of noble-metal-based electrocatalysts can be improved
by structural regulation, including exposing selected surfaces and
employing functionalized supports. For the OER process, the
oxidation of ClI~ competes with OER because of its kinetically
favorable two-electron pathway, together with chloride-induced
electrocatalyst corrosion as another challenge. In alkaline con-
ditions, OER electrocatalysts with low overpotentials (<490 mV)
can possibly operate with satisfactory selectivity toward OER
over HCFR; in acid conditions, manganese oxides possess
considerable intrinsic OER selectivity and stability compared
with the vast majority of other electrocatalysts. Moreover, fabri-
cating an inert chloride-retarding layer or an anion-rich decoration
layer can efficiently address the selectivity and corrosion issues.
Compared with chloride-containing electrolytes, the electrocatalytic
processes in real seawater suffer from additional problems,
such as the formation of insoluble precipitates on the electrode
surface. In addition to the strategies for chloride-resistant
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ORR/OER electrocatalysts, 3D hierarchical self-supporting structures
are favorable due to abundant exposed active sites and accelerated
charge transfer. Meanwhile, further improving the electrocatalyst
efficiency via heterogeneous structure manipulation of the charge
state or interface benefits their applications in seawater-based
electrolyte.

In general, developing efficient electrocatalysts for seawater-
based metal-air batteries should focus on both aspects of intrinsic
performance and multiscale structural regulation. Concerning the
intrinsic performance, various electrocatalyst materials, such as
noble-metal-based, noble-metal-free, and metal-free materials
possess completely distinct ORR/OER activity, selectivity, and
stability in the presence of chloride ions. And the intrinsic
electrocatalytic ability can be further improved by tuning the
electronic structure and atomic-scale surface/interface struc-
ture. More importantly, to overcome the more complex seawater
environment, combining various componential and structural
strategies at the multiscale has become the dominant tendency,
such as employing functionalized supports/coating layers/
charge decorating layers or fabricating 3D integrated electrodes,
together with various targeted electrocatalyst components. Although
a few seawater-based metal-air batteries have been developed with
practical industrial applications, it is found that those limited
battery prototypes still relied on conventional electrocatalysts which
lack corresponding optimization for seawater-based electrolytes.
Finally, potential applications in terms of power are proposed for
future seawater-based metal-air batteries, which are expected to
compete with widely-used energy technologies like LIBs in marine,
underwater, and offshore power applications.

The unlimited supply of seawater on Earth makes the
seawater-based metal-air battery an increasingly attractive
next-generation energy conversion and storage technology with
environmental friendliness. It shows great potential but also
faces multiple challenges compared to conventional metal-air
batteries. First, air electrode electrocatalysts should be rationally
designed in accord with the practical demands of seawater-
based electrolytes. The core scientific challenge is an in-depth
study of the influence mechanisms of chloride ions on electro-
catalysts during the ORR and OER processes: for example, the
special adsorption inhibition and competitive inhibition on
various active sites, such as noble metal atoms, transition metal
atoms, and carbon/nitrogen atoms. Based on these perceptions,
some emerging electronic and atomic-scale methods, including
anion/cation regulation,>'*> defect engineering,>***'*° and
phase tailoring."*” may be helpful for enhancing chloride-
resistance. Subsequently, robust ORR/OER bifunctional electro-
catalysts applicable to real seawater-based electrolytes should
focus not only on the inhibition of undesirable electrochemical and
chemical processes originating from the seawater components, but
also on the enhancement of cathode utilization. Exploring multi-
scale structural strategies to construct a highly active electrode
surface with more exposed active sites and accelerated mass transfer
is highly promising, when many typical electrocatalyst and electrode
designs can be used.'®?°

Besides the air cathode, the metal anode also plays a critical
role in a metal-air battery. On the one hand, relatively inactive
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metals such as Mg and Al usually suffer from electrode block-
age due to hydroxide precipitates and low operating voltages,
and are thus usually used in a primary battery mode.*** More-
over, the chloride environment in seawater will accelerate
anode corrosion, where strategies such as 3D surface structure
and surface coating are promising."*®'*® On the other hand,
the key issue for highly active metals such as Na and Li is their
highly-reactive nature in aqueous electrolyte. They are usually
unstable and supposed to be separated from the aqueous
electrolyte. Therefore, usage of an intercalation-type or
alloying-type anode instead of metal anodes is preferred, and
a non-aqueous anolyte is preferred and should be separated from
the seawater-based catholyte by a cation-conducting membrane."*
For example, Kim’s group has developed efficient selective Na-ion
conducting membranes based on NASICON (Na,,Zr,Si,P;_,O15,
0 < x < 3), which worked well in a series of rechargeable
batteries with Na-based anodes.>>'**'*"'*> In general, membranes
with high cation conductivity and selectivity, high electrochemical
and chemical stability, and enough mechanical strength are desir-
able in practical applications.

Furthermore, at a holistic level, battery configuration opti-
mization on various compartments, including electrolytes, air
cathodes, and metal anodes, should be a critical engineering
challenge for promoting the energy/power density and durability
of seawater-based metal-air batteries, where advanced nano-
technologies such as 3D printing can be applied to the fabrica-
tion of electrodes.

It is believed that new insights for promoting the ORR/OER
electrocatalytic processes in chloride-containing and seawater
electrolytes will lay the foundation for designing metal-air
batteries using seawater-based electrolytes, from both the perspec-
tives of theoretical research and technological applications.
Although there considerable advances exist relation to the design
of electrocatalysts and the fabrication of battery prototypes with
considerable electrochemical performance, many issues still need
to be resolved before commercial applications are realized. Facing
both opportunities and challenges, seawater-based metal-air
batteries are expected to play a significant role in a wide number
of applications and to contribute to clean energy systems in a
future fossil-fuel-free society. Moreover, relevant electrocatalyst
strategies and methodologies for such complex seawater systems
could potentially inspire other electrochemical energy technologies.
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