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Seawater to resource
technologies with NASICON solid
electrolyte: a review
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Hyeonseok Lee?, Youngsik Kim?*, Wang-Geun Lee'* and
Jeong-Sun Park?*

School of Energy and Chemical Engineering, Ulsan National Institute of Science and Technology (UNIST),
Ulsan, Republic of Korea, 2R&D Center, 4TOONE Corporation, Ulsan, Republic of Korea

Seawater represents an inexhaustible reservoir of valuable resources, containing
vast quantities of both water and minerals. However, the presence of various
impurities in seawater hinders its direct utilization for resource extraction. To
address this challenge, an electrochemical method employing a solid electrolyte
known as NASICON (Sodium Super lonic Conductor) offers effective solutions for
extracting valuable resources from seawater. The NASICON ceramic acts as a
robust barrier against impurities and facilitates the selective transport of Na*. This
review provides a comprehensive examination of NASICON ceramics, offering an
overview of the concept and highlighting the competitive advantages of
NASICON-based electrochemical systems, particularly in the realms of energy
storage, hydrogen production, sodium hydroxide and chlorine synthesis, water
treatment, and mineral extraction. Furthermore, this study outlines the key
challenges that need to be addressed and discusses the trajectory of its
development toward becoming a mature technology.

KEYWORDS
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1 Introduction

Earth’s oceans and other saline bodies of water constitute the planet’s most abundant water
and mineral resources (Bardi, 2010; Diallo et al., 2015; Loganathan et al., 2017). Encompassing
nearly three-quarters of the Earth’s surface (Mero, 1964), they contain approximately 1.371 x 10'®
tons of water (Webb, 2021). To comprehend the magnitude of this vast resource, refer to
Figure 1A, where a representation of a seawater sphere illustrates the proportion of Earth’s water
about the planet’s size. This substantial seawater sphere primarily consists of water (96.56%), with
the remaining fraction comprising dissolved salts (3.44%) (Casey, 2018). The predominant ions
in these salts, constituting 85.4% of seawater’s salt composition, are Na* and CI", followed by
SO.>, Mg, Ca*", K*, Sr**, HCO?, Br, BO;*, and F.

Seawater, primarily composed of water and NaCl salts, holds the potential to yield
valuable products through electrolytic or electrochemical separation processes. Among the
primary products are Na ions (Na*), which function as charge carriers in energy storage
devices (Slater et al., 2013; Hwang et al., 2017; Delmas, 2018). While conventional lithium-
ion battery (LIB) development may advance through science and technology, challenges with
the availability of lithium in the Earth’s crust will likely lead to a substantial price increase
(Martin et al., 2017). This would limit LIBs primarily to mobile applications such as
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FIGURE 1

(A) Comparison of seawater quantity and size in relation to the Earth, along with a pie diagram displaying seawater components. (B) The estimated
total mass of potential products derived from seawater. (C) Estimated time duration for human usage based on annual global total consumption.

electronics and vehicles. Due to the abundant and cost-effective
availability of Na*, sodium batteries are viewed as a promising
solution for larger-scale stationary applications like energy
storage systems (Delmas, 2018).

In addition, hydrogen gas is an emerging clean energy source
(Momirlan and Veziroglu, 2002; Rosen and Koohi-Fayegh, 2016),
while NaOH and Cl, bear significant industrial importance (Marleen
Pauwels, 2023), and freshwater (H,O) is essential for human survival
(Figure 1B) (Ritchie and Roser, 2017). Though the quantities of these
products, except freshwater, may appear relatively small, their potential
could sustain human consumption for over three hundred thousand
years (Figure 1C) (Ritchie and Roser, 2017; IEA, 2020; Jayanthan, 2022;
GlobeNewswire, 2023; Kabir, 2023; Statista, 2023). Consequently,
harnessing seawater through electrochemical methods represents a
promising and sustainable solution for human civilization.

Nevertheless, the presence of various impurities in seawater poses
challenges to its cost-effective and energy-efficient utilization. For
instance, the conventional chlor-alkali (CA) membrane cell system
for NaOH and Cl, production relies on NaCl solutions, while avoiding
the presence of Mg*" and Ca®' ions, as they contribute to detrimental
scale formation on the membrane in an alkaline environment (O'Brien
et al,, 2005). Consequently, the direct use of seawater in the CA cell not
only yields impure chemicals unsuitable for sale but also compromises
the sustainable operation of the production system, resulting in high
capital and operational expenses. Similarly, proton exchange membrane
(PEM) electrolysis systems for H, production face similar challenges,
requiring high-purity water (resistivity >1 M:Q-cm, sodium and
chloride content <5 ug-L™) for long-term stability (Khan et al., 2021).

Given these challenges, the selective extraction of desired
components from seawater becomes paramount. Various
purification and separation processes, including distillation (e.g.,
multi-effect and multi-stage distillation) (Panagopoulos et al., 2019;

Panagopoulos, 2020), reverse osmosis (Kucera, 2019), electrodialysis
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(Reig et al., 2014; Zhang et al., 2017; Selvaraj et al., 2018), jon exchange
(Reig et al, 2014), and chemical processes (Ronquim et al., 2020;
Alsabbagh et al.,, 2021), can be applied. However, these processes often
struggle to selectively extract individual target ions. Therefore, a
thoughtful combination of multiple processes is necessary to achieve
the desired selectivity. The excessive use of these processes, both in
terms of energy and capital costs, can severely impede the economic
feasibility of seawater utilization (Panagopoulos, 2021).

The primary objective of this article is to review several systems
specializing in utilizing Na super ionic conductors (NASICON) for
specific resource production. In contrast to seawater-based
electrochemical processes coupled with conventional purification and
separation methods, direct seawater electrochemical processes
employing NASICON solid electrolytes have emerged as efficient
seawater-to-resource technologies (SRTs) (Hwang et al, 2019
Sharma et al, 2021; Kim et al, 2022b). Before delving into various
NASICON-based SRTs, this study examines the characteristics of
NASICON and its compatibility with seawater to meet the
requirements for sustainable system operation. Furthermore, this
study compares NASICON-based SRTs with conventional seawater-
based resource production processes from economic and energy
consumption perspectives. These NASICON-based technologies
enable the direct use of seawater for various functions, including
energy storage, hydrogen storage and production, sodium hydroxide
and chlorine generation, freshwater (desalination) production, all
without the need for additional refinement or purification stages.

2 Principle of NASICON-based
seawater electrolytic processes

The fundamental underlying NASICON-based
Electrolytic Seawater-to-Resource Technologies (SRTs) is the

principle
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(A) Schematic flowchart illustrating electrochemical seawater-to-resource technologies utilizing NASICON. (B) Simulated Pourbaix diagram for

seawater at 25°C, with assumed activity coefficients for all species to be 1.

selective exclusion of most components present in seawater,
allowing only the passage of Na* (Figure 2A). The NASICON
solid electrolyte serves as a ceramic-based separator, enabling the
exclusive transport of Na*, whose mechanism is detailed in Section
3.1. Consequently, NASICON facilitates sustainable redox reactions
in seawater, encompassing Na* redox reactions, water electrolysis,
and chloride oxidation, while inhibiting undesirable parasitic
electrochemical and chemical reactions.

Na* + ¢~ 2Na E°= —2.71 Vvs SHE (1)
2H,0 +2¢” 220H™ + H, E°= -0.49 Vvs SHE (at pH8.3)  (2)
40H " 22H,0 + O, + 4¢ E’= 0.73 V vs SHE (atpH8.3)  (3)

Cl" + H,02ClO™+2H" +2¢” E’= 1.15 V vs SHE (at pH8.3) (4)
Cl” + H,02HOCI + H* + 2¢” E%= 1.20 V vs SHE (at pH7.3) (5)
2CI"2Cl, +2¢ E’= 1.35 Vvs SHE (at pH2.12)  (6)

This section offers an overview of the primary mechanisms
within each SRT and summarizes the key electrochemical reactions
associated with their respective functions (Figure 2B). The following
reactions occur in seawater environments and systems. In Section
3.2, the first NASICON-based SRT focuses on energy storage by
utilizing Na* as the charge carrier. It employs Na* from seawater as a
charge carrier and converts electrical energy into chemical energy
through various redox reactions at the negative electrode such as Na
deposition/dissolution (Eq. 1), alloying/dealloying, or intercalation/
deintercalation reactions. Oxygen evolution and reduction reactions
typically take place at the positive electrode (Eq. 3). This system
utilizes abundant seawater and air as open cathodes, enhancing its
economic feasibility by eliminating the need for a conventional
positive electrode.

Section 3.3 introduces the second NASICON-based SRT,
specializing in H, storage and production. It leverages the Na
metal deposition/dissolution reaction (Eq. 1) for extracting H,
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from seawater, akin to alkali-metal-mediated H, storage
processes. In this system, H, is produced via an electrolytic water
reaction (Eq. 2, right direction) during the Na metal dissolution. Due
to the remarkable volumetric capacity of Na metal for H, storage at
room temperature and atmospheric pressure, it presents a promising
alternative to conventional hydrogen storage methods.

3.4, the subsequent NASICON-based SRT
demonstrates NaOH production using extracted Na' from
seawater. This technology shares similarities with NASICON-

based SRT for hydrogen storage and production since both

In Section

systems utilize Na® from seawater. Hydroxide production
involves an electrolytic water reaction (Eq. 3, right direction) at
the positive electrode, while Na* was continuously supplied from the
anode (or anolyte) side. This direct seawater electrolytic process
offers economic advantages over conventional hydroxide
production methods using seawater.

Section 3.5 explores Cl, and oxyacids of chlorine (e.g., ClO7,
HCIO, etc.) production using chloride ions in seawater at the anode.
NASICON-based SRTs utilize various dominant chloride-ion-based
electrochemical reactions, dependent on the pH of the solution, for
applications like Cl, production and disinfection. Compared with
conventional Cl, (or oxyacids of chlorine) production technologies,
this system exhibits superior energy efficiency in chemical
production owing to NASICON’s effective prevention of
production loss attributed to the reduction of oxidized Cl,(or
oxyacids of chlorine) species.

Finally, Section 3.6 delves into the electrochemical desalination
process using the NASICON software. This system employs
NASICON as a cation exchange membrane (CEM) to separate
cations from water. Due to its high selectivity for Na®, this
system yields a highly purified NaCl solution as a concentrated
stream, unlike the high concentrations of waste brine conventionally

produced in reverse osmosis seawater desalination processes. This
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property of NASICON-based SRT enables sustainable and cost-
effective desalination.

3 NASICON based seawater-to-
resource technologies

3.1 NASICON ceramic membrane

The stringent requirements for membranes in Seawater-to-
Resource Technologies (SRTs) impose precise constraints on
membrane selection. Conventional membranes can be broadly
categorized as either polymers or ceramics. Commercially
available polymer membranes suffer from issues such as low
selectivity, limited mechanical robustness, and susceptibility to
swelling in aqueous environments (Linkov and Belyakov, 2001;
He et al, 2015; Hong et al, 2015). To address these challenges,
the adoption of ceramic membranes in SRT has garnered increasing
attention. Ceramic membranes, such as sodium beta-alumina,
exhibit excellent mechanical stability and high selectivity but
demonstrate limited chemical stability in seawater (Kim et al,
2016b). Notably, NASICON (Sodium Super Ionic Conductor),
another ceramic material that conducts Na*, has been reported to
remain stable in seawater while showcasing high Na* selectivity and
conductivity (Kim et al., 2016b; Song et al., 2016).

NASICON was initially discovered by Goodenough et al. (1976),
and a digital image of the NASICON solid electrolyte is presented in
Figure 3C. The representative composition of NASICON,Na, ,,Zr,Si,P5.
xO12 (0 < x < 3), features a corner-sharing structure of tetrahedral SiO,,
PO,, and octahedral ZrOg (Figure 3A) (Hwang et al., 2019). Various
research efforts have explored the application of NASICON in battery
technology, including Na-S batteries, seawater batteries, and sodium
solid-state batteries (Kim et al., 2016b; Lu et al,, 2021; Shen et al., 2021;
Kim et al, 2022c). Additionally, NASICON has found use as a
component in gas sensors. Sadaoka (2007) developed a CO, sensor
with the structure Pt/Li,CO5/NASICON/Pt, effectively addressing issues
of low reproducibility and long-term stability seen in conventional CO,
sensors. Furthermore, NASICON can function as a CEM due to its Na*-
conducting properties. The primary focus of CEM research has centered
on selectivity, as high selectivity not only improves the purity of desired
substances in the product but also reduces the energy loss required for
extracting the target substance. In comparison to polymeric ion
exchange membranes, which often exhibit low ion selectivity and
unwanted water migration, Kim et al. (2022b) observed superior
performance in NASICON-equipped electrodialysis for extracting
pure NaCl from seawater.

To fully leverage NASICON’s versatility in resource production
from seawater, several critical factors must be considered: 1) ionic
conductivity, 2) mechanical strength, 3) water uptake, 4) ion
stability, and 5) chemical stability. Each of these factors is
comprehensively examined and discussed in relation to
NASICON’s properties as a membrane.

NASICON exhibits ionic conductivity ranging from 107 to
107 S:em™ at room temperature, a competitive range with that of
organic solid electrolytes (10°-107 S:«em™) (Zhao et al., 2018). The
ion-conducting mechanism in NASICON is determined by the Na*
sites (Nal, Na2, and Na3) and bottlenecks through which the ions
migrate. Four sites exist in the NASICON formula unit, two-thirds of
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which are occupied (Rao et al, 2021). Na* existing in the interstitial site
must pass through a triangular bottleneck formed by three oxygen
atoms, which has a cross-sectional area of 5.223 A> (Lu et al., 2018).
Increasing the bottleneck size can reduce the activation energy for Na*
conduction, consequently affecting the ionic conductivity of
NASICON. Ma et al. (2016) introduced scandium doping in
NASICON, increasing the bottleneck size to 5.4 Az resulting in an
ionic conductivity of 4.0 x 107 S-cm™. Strategies to enhance the ionic
conductivity of NASICON have been proposed, including aliovalent
doping and modifications to the sintering process. For instance, Oh
etal. (2019) added Na,SiOs as a sintering aid and reduced the sintering
temperature, achieving significantly higher ionic conductivity (1.45 x
107 S-cm™) compared to bare NASICON (0.36 x 107 S-cm™).

Mechanical strength is a crucial consideration in the
manufacturing and assembly of systems utilizing NASICON. The
fracture strength of Na;Zr,Si,PO,, was found to be 73 MPa,
relatively lower compared to that of Na-beta-alumina (200 MPa)
(Fertig et al., 2022; Wolfenstine et al., 2023). One contributing factor
to the lower fracture strength of NasZr,Si,PO;, is the presence of
ZrO, as a secondary phase. Go et al. demonstrated that ZrO,-
deficient NASICON (Naj;Zr 5551, 3P0 ,0;;) exhibited improved
mechanical strength (95 MPa) (Go et al,, 2021).

Water uptake, indicating the amount of water absorbed by the
membrane, is a crucial parameter affecting the water selectivity of an
ion-exchange membrane. High water uptake in polymers leads to
high hydrophilicity, and consequently, high water transport. This
parameter can be calculated as

mg

Water uptake (S) = M~ 1Ma
mq

(7)

where m,, and my4 denote the masses of the wet and dry membranes,
(2021)
demonstrated that water transport occurs in ion-exchange

respectively (Izquierdo-Gil et al, 2012). Qiu et al

membranes with water uptake. When comparing the water
uptake of polymeric CEMs and NASICON in labscale and
commercial-scale applications (Figure 3B), it is evident that
polymeric ion exchange membranes typically have a range of
0.1-0.6, whereas NASICON exhibits a water uptake close to zero,
indicating lower water transport and higher water selectivity
(Balagopal et al., 1999; Izquierdo-Gil et al.,, 2012; Avci et al., 2020).

The transfer number determines the ion selectivity of a
membrane. The highest attainable value for the transference
number was 1, indicating that the entire current was utilized to
move a specific ion. Therefore, a higher transference number in the
membrane is highly desirable to enhance the efficiency. Figure 3D
compares the sodium ion transference numbers of the CEM, cation-
anion exchange membrane pairs, and NASICON (Kameche et al.,
2007; Kang et al., 2018; De Schepper et al., 2019). The transference
number of polymer membranes ranges from 0.5 to 0.8, whereas that
of NASICON is reported to be close to one (0.99999) (Song et al.,
2016). Kim et al. demonstrated that a NASICON membrane
exhibited high Na* ion selectivity by effectively blocking Ca*" and
Mg*" ions dissolved in seawater (Kim et al., 2022b).

For NASICON to be employed in SRTs, its stability in seawater
must be established. Figure 3E depicts the change in the ionic
conductivity of NASICON over time immersed in seawater (FHwang
et al,, 2019). In contrast to sodium beta alumina, known for its Na* ion
conductivity but susceptibility to moisture (Kim et al, 2016b),
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FIGURE 3

(A) Schematic representation of NASICON structure and ion transporting mechanism. (B) Comparison of water uptake between NASICON and polymeric
cation exchange membranes (CEMs). (C) Digital images showcasing various sizes of NASICON. (D) Comparison of transference numbers between NASICON and
various polymeric CEMs and cation-anion exchange membrane pairs. (E) Changes in ionic conductivity of NASICON with respect to seawater immersion time. (F)
Comparison of XRD peaks between NASICON and seawater-immersed NASICON. (G) Elements ratio comprising NASICON in Earth’s crust and calculated
years of NASICON availability in the CA field (left), and calculated years of NASICON availability in the battery field (right).

NASICON exhibited almost no change in ionic conductivity after 150 d,
from 3.8 x 107 to 3.1 x 10™* S-cm ™. Additionally, no significant change
in the phase structure was observed in the XRD peaks between the bare
sample and the sample immersed in seawater for 1,440 h (Figure 3F). In
the extended experiment, NASICON demonstrated robust chemical
compatibility with seawater, preserving its electrochemical stability for
over a year (Wi et al,, 2020).

Alongside the chemical stability of NASICON in seawater, it is
important to consider its susceptibility to microorganisms present in
seawater. This could potentially diminish the active surface area of
NASICON, thereby reducing the overall performance of NASICON-
based SRTs. Various established mitigation technologies, such as
continuous UV irradiation or chemical treatments, can be
implemented to mitigate bio-fouling on the surface of NASICON
(Matin et al., 2011).

Frontiers in Batteries and Electrochemistry

Along with these advantages, the elements composing
NASICON are abundant on Earth. It is estimated that the
elements in the Earth’s crust constituting NASICON make up
75.412% (WolframAlpha, 2014). Figure 3G shows the projected
usable years when NASICON is applied to conventional
electrochemical technologies that utilize ion exchange
membranes (CA) and batteries. When CEM is replaced with
NASICON in CA systems, it is estimated to be usable for
approximately 1.48 x 10'*years, based on the elemental
content in the Earth’s crust (O'Brien et al, 2005
WolframAlpha, 2014; The Essential Chemical Industry, 2018).
Similarly, assuming that NASICON would replace the polymer
separator in batteries, it was calculated that NASICON would be
available for 690 billion years (WolframAlpha, 2014; Youme,
2022).
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(A) (Ay) Schematic of NASICON-based energy storage system (seawater battery) and (A,) typical charge-discharge voltages profile of seawater
battery operated at a current of 0.05 mA. (B) Schematic illustrations presenting the mechanisms of three negative active material types for SWBs. (C)
Specific capacities of various negative electrodes categorized into three types. (D) Schematic illustrations of four types of reactions for positive electrode
materials of SWBs. (E) Charge-discharge voltage profile for three types of negative electrode. (F) SWBs unit cell development chronicle from (F1) coin

cell type, (F2) rectangular type, to (F3) prismatic type. (G) The volumetric and gravimetric energy densities of various SWB types and other batteries. (H)
Material cost per energy and cost breakdown for lithium-ion battery, lead-acid battery, and seawater battery.

3.2 Energy storage with Na* in seawater

Na" in seawater hold promise as an energy carrier, akin to the
roles played by Li* in lithium-ion batteries and Pb*" in lead-acid
batteries. This potential is exemplified by the rechargeable seawater
battery (SWB), which relies on NASICON as a crucial component
for selective Na* transfer from seawater (Kim et al., 2014a; Kim
et al, 2014b). Unlike many conventional batteries ill-suited for
water, especially saltwater environments, SWBs exhibit robust
compatibility. As illustrated in Figure 4A,, the battery structure
comprises a negative electrode, a solid electrolyte (NASICON), and
a positive electrode (seawater) (Hwang et al, 2019). The solid
electrolyte comes into direct contact with seawater, facilitating Na*
transport between the electrodes. The negative electrode consists of
Na metal as the active material and is immersed in a non-aqueous
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electrolyte, acting as a buffer layer to facilitate Na* transfer. Similar
to other aqueous or underwater-operating batteries, this battery
benefits from controlled heat and explosion prevention in its
operation under seawater conditions (Chao et al., 2020; Chen
et al., 2020).

SWBs operate based on redox reactions involving Na* (Eq. 1) at the
negative electrode and seawater at the positive electrode. Ambient
oxygen gases are utilized at the positive electrode for discharging
electricity, involving a reduction reaction known as the oxygen
reduction reaction (ORR) (Eq. 3). Notably, the thermodynamically
favored oxygen evolution reaction (OER) predominates over chlorine
evolution (Eq. 6) or the formation of chlorine oxyacids (Eqs 4, 5) during
charge cycling. The overall reactions are expressed as (Eq. 8):

4Na + O, + H,0 2 4Na*+ 40H™ Ey°=3.48V (8)
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Figure 4A, displays the typical charge-discharge voltage profile
of an SWB. While the SWB boasts a theoretically high cell voltage of
3.48 V, considerations of the overpotential, particularly due to the
four-electron transfer OER/ORR pathway, may result in substantial
polarization, indicating a gap between the charge and discharge
voltages (Hwang et al,, 2019).

Following the conceptual proof of the SWB in 2014 (Kim et al.,
2014b), extensive research and development efforts have been
dedicated to component/material selection and cell platform
design. The progress in the development of this system can be
categorized into three main areas: 1) negative electrodes, 2) positive
electrodes, and 3) cell platform design. The upcoming paragraphs
delves into detailed accounts of research advancements by drawing
on published studies.

The negative electrode plays a crucial role in determining the
capacity of an SWB. Na metal stands out as the most promising
material due to its ability to offer a large specific capacity
(1,166 mA-g") and enable the construction of “anode-free”
SWBs for more efficient utilization of seawater as an active
component (Kim et al, 2014a). However, Na is known to be
more reactive compared to Li metal (Guo et al, 2017; Yang
et al, 2017), introducing challenges related to the reversibility
of deposition/stripping and the safety of cell operation (Zheng
et al, 2019). Addressing these concerns necessitates the
implementation of an effective strategy for forming a stable
passivation layer (SEI) on the surface (Choi et al, 2018; Go
2018), through the
engineering of the anode components.

et al, ensuring reversible behavior

Owing to the challenges associated with the use of Na metal,
various alternatives for negative electrodes have been explored. As
illustrated in Figure 4B, these electrodes can be classified into three
types: intercalation, alloying, and anolyte.

In the intercalation type (first row of Figure 4B), atoms or ions
are reversibly integrated into layered materials to form interlayer
compounds. Representative intercalation materials include carbon-
based variants such as hard carbon (HC), hard carbon-poly(4-
styrenesulfonate) composites (HC-PSS), and pine-pollen carbon
(PPC) (Figure 4C). Among these, HC, with a theoretical capacity
of 300 mA-g™', is the most prevalent material used for battery
electrodes (Park et al., 2016; Kim et al., 2018b). When employed
as the negative electrode of an SWB, Park et al. demonstrated its
feasibility and confirmed a discharge capacity of 296 mAh-g™",
aligning with its theoretical capacity (Park et al, 2016).
Additional carbon-based options include enhanced HC-PSS
and PPC derived from biomass. PSS [poly(4-
styrenesulfonate)] exhibited a coulombic capacity of 146 mAh-g™*
and a discharge potential similar to that of HC. When combined

composites

with HC, it expands the specific capacity and coulombic efficiency of
HC to 383.2 mAh-g ™' and 95.8%, respectively, at a current density of
0.125 mA-cm™ (Lim et al,, 2021). Additionally, research on PPC, an
ecologically friendly and renewable biomass-derived material,
revealed a capacity of 195 mAh-g™" and 98% coulombic efficiency
at a current density of 50 mA-g~' (Kim et al., 2021a).

Alloy-type materials, shown in the second row of Figure 4B,
offer a higher specific capacity, resulting in an increased energy
density. Several studies have investigated the incorporation of alloy-
type materials as the negative electrode for SWBs, such as tin-carbon
nanocomposite (Sn-C), antimony sulphides (Sb,S;), and amorphous
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red phosphorous-carbon (P/C) composite, which form Na-rich
intermetallic compounds through alloy reactions.

Among these materials, Sn-C stands out because it is based on
Sn and has a high theoretical capacity. To address the significant
volume changes that occur in tin during charging and discharging, a
composite of Sn-C was created, in which tin nanoparticles were
enclosed within a carbon matrix (Kim et al, 2014b). This
the formation of Sn-C, which

demonstrated an impressive specific capacity of 377 mAh-g™' at

enhancement resulted in
0.05 mA-cm . Hwang et al. employed a-Sb,S; nanoelectrodes as the
negative electrode, showing a remarkable specific capacity of
550 mAh-g™' at 50 mA-g' (Hwang et al, 2016). Moreover,
amorphous red phosphorus-carbon (P/C) has great potential
because of its high reversible capacity, which contributes to its
improved cyclability. Traditionally, P/C has seen limited adoption
as a battery electrode because of its low reversibility in the initial
cycles. However, in the context of SWB systems, where Na* is
continuously supplied from seawater, P/C has found a suitable
application as a negative electrode by compensating for the initial
Na* consumption (Kim et al., 2018a). It exhibited a specific capacity
of 1370 mAh-g™' at a current density of 100 mA-g™".

The anolyte, serving as a bifunctional liquid electrolyte, offers a
compelling avenue for augmenting both battery capacity and
reversibility. It possesses redox-active properties and dual ion and
electron conductivities while simultaneously serving as a liquid
electrode and electrolyte. NASICON enables the incorporation of
the anolyte into the SWB without causing short circuits, even with
the electron conductivity of the anolyte, as NASICON effectively
blocks electron transfer between the negative electrode and seawater
(Yang et al, 2021). Sodium biphenyl (Na-BP in DEGDME) is a
representative anolyte (Figure 4C). Research indicates that Na-BP
effectively mitigates issues such as gas evolution, Na dendrite
growth, and dead capacity formation, which are common
concerns with conventional electrodes and liquid electrolytes. It
demonstrated a specific capacity of 17 mAh-g™' at 0.25 mA-cm™
(Kim
supplementing the existing electrode capacity.

et al, 2020b), offering a substantial advantage by

The positive electrode serves as the core of the SWB and provides a
constant supply of water and Na*. Figure 4D displays four potential
types of positive electrodes encompassing the foundational OER/ORR
mechanism in seawater and ambient air: OER/ORR (Type 1), Cl
capture (Type 2), Na intercalation (Type 3), and redox reactions
(Type 4).

The OER/ORR mechanism is the cornerstone of the original
concept of SWBs. This process relies on the abundant O, present in
seawater, providing substantial gravimetric and volumetric specific
capacities (Figure 4E). However, reactions involving four electrons
are kinetically less favorable than two-electron-based reactions, such
as the formation of hypochlorite (ClIO~) during charging (Eq. 4) or
the ORR via a two-electron reduction pathway during discharge (Eq.
9). These two-electron reactions adversely affect the voltage
efficiency of the batteries. Consequently, extensive research
efforts, ranging from current collectors (Han et al,, 2018; Zhang
et al,, 2018; Lee et al,, 2020b; Park et al., 2020) to electrocatalysts
(Abirami et al., 2016; Cheon et al., 2016; Shin et al., 2019; Lee et al.,
2020a; Ryu et al, 2022), have been undertaken to enhance the
sluggish kinetics of the OER and ORR processes, thereby reducing
significant voltage discrepancies.
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0, (aq) + H,0 + 2¢” - HO; + OH™
E'= 0.19 V'vs. SHE (pH= 8.3) ©)

Alternatively, electrodes based on Cl capture/release have been
explored to narrow the voltage gap. This approach employs a
chloride ion-capturing electrode (CICE) similar to an Ag foil.
The reversible Cl capture/release reaction is expressed as follows:

Ag(s) + NaCl(aq)2Na(s) + AgCl(s), E'=2.932Vvs.Na"/Na
(10)

Kim et al. (2016a) reported that for the Ag electrode, the
obtained voltage gap and voltage efficiency were 0.3V and
90.3%, respectively, under a current density of 4.76 mA-g™* (refer
to Figure 4E). This represents an improved electrochemical
performance compared with the OER/ORR approach. However,
the high cost of Ag foil poses a significant obstacle to its commercial
viability. Consequently, potential chloride storage materials such as
Bi (Nam and Choi, 2017), BiOCI (Chen et al., 2017), polypyrrole
(Kong et al., 2019), and polysilsesquioxane (Zhao et al., 2019) are
being considered as cost-effective alternatives.

Positive electrodes utilizing Na* intercalation/deintercalation
can counteract the sluggish kinetics of OER/ORR processes. Most
of the materials that intercalate Na* into conventional sodium ion
batteries are suitable for these electrodes. For example, Senthilkumar
et al. (2017) employed nickel hexacyanoferrate (NiHCF) as the
positive electrode material, according to Eq. 11:

Nage; Nij 75Fe' (CN)¢ < Nagg,_«Ni; 7sFe™ (CN) + xNa* + xe”
(11)

It demonstrates small voltage gaps during cell operation owing
to the rapid intercalation/deintercalation reaction and high
reversibility, with seawater acting as an aqueous electrolyte
(Figure 4E) at 20 mA-g™" (Senthilkumar et al., 2017). Moreover,
its affordability and straightforward manufacturing processes
enhance its practicality and economic viability. However, the
energy is constrained by the amount loaded during the electrode
coating process, resulting in a lower capacity than that of open
seawater electrodes.

Efforts have also been directed towards augmenting the output
of rechargeable SWBs by employing redox reactions with NaHCF
[NasFe(CN)4-10 H,O], a solution of redox couples. The redox
reaction of NaHCEF is expressed as

Na,Fe (CN) < Na;Fe(CN), + Na* + e~ E’=0.358 Vvs. SHE
(12)

As illustrated in Figure 4E, operating at a charge-discharge rate
of 0.25mA-cm™2 the one-electron redox reaction of NaHCF
demonstrates superior kinetics compared to the four-electron
OER/ORR process. Additionally, it exhibited exceptional charge-
with  100%
(Senthilkumar et al, 2018). In a closed container, a NaHCF

discharge performance Coulombic efficiency
solution can serve as a substitute for seawater in a conventional
SWB system, even though Na* is no longer continuously supplied
from an open seawater system. However, because of its suitability for
compact and high-power applications, ongoing research has focused
on increasing the concentration of NaHCF to further enhance its

energy density.
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In addition to material studies on negative and positive
electrodes, efforts have been made to enhance the practical
energy density of SWBs by refining the cell structure design. The
design and development of these SWB cells are directly related to the
possibility of molding NASICON, a solid electrolyte. In other words,
the design of SWB cells was developed using the NASICON molding
ability, large area, high strength, and stability. Additionally, the
system’s successful and secure operation relies heavily on ensuring
the complete sealing of the negative electrode, which is equipped
with the molded NASICON, to prevent any seawater from leaking
into the electrode. As shown in Figure 4F, the SWB designs
progressed from coin-to rectangular- and prismatic-type cells
(Kim et al., 2022c). Establishing a standardized cell structure is
crucial for demonstrating its feasibility. In addition, consistent
laboratory-scale experiments should be conducted using well-
established platforms to facilitate extensive material studies. For
this purpose, coin- and flow-type cell testers were developed to
comprehensively assess the electrochemical performance of the
SWB (Han et al, 2018). The battery comprises a negative
electrode incorporating NASICON (left in Figure 4F;) and a
current collector (carbon cloth) as the positive electrode (right in
Figure 4F)). Unlike other lithium-ion battery systems, the SWB cell
structure has a structure with separate positive and negative parts,
making it advantageous for maintenance of NASICON. When a
problem occurs with the NASICON plate, repairs can be made by
replacing only the negative electrode (Kim et al., 2022¢). The
standardized coin cell provided a testbed for system component
development prior to large-scale experiments.

Subsequently, a rectangular type was introduced to enhance
battery capacity and electrochemical performance (e.g., current and
power). A negative electrode with NASICON (left in Figure 4F,) was
constructed by arranging 24 square-type NASICONSs (12 per side),
and a carbon cloth with a titanium mesh enclosed the negative
electrode through spot welding (Kim et al, 2021b). This pilot
automated battery-manufacturing process enables the production
of cell stacks or racks (Kim et al., 2022a). Further efforts were made
to minimize unnecessary dead space in the rectangular type owing to
the patchwork of NASICONs requiring sealing, which is
electrochemically inactive (Kim et al, 2022c). This led to the
development of a prismatic type utilizing a rigid frame and a
single large NASICON with an extended space (Figure 4F;). This
advancement improves the voltage efficiency through a uniform
current distribution and allows more active materials to be stored,
resulting in an increased energy density.

SWB development is ongoing to achieve the theoretical energy
density targets (3,051 Wh-L™', 3,145 Wh-kg™), surpassing the
theoretical values for lithium-ion batteries (Figure 4G). The
volumetric and gravimetric energy densities of SWB have
progressed in stages from 70 Wh-L™' and 44 Wh-kg™" (coin type),
comparable to lead-acid batteries, to 242 Wh-L™" and 146 Wh-kg™’
(prismatic type), respectively, and competitive with lithium-ion
batteries (Kim et al, 2022c¢). All research and development
activities, from component/material selection to cell design, are
converging towards the mature stage of this technology,
promising sustainable operation with a high energy density.

Upon full commercialization and attainment of the theoretical
energy density, Son et al. (2021) projected the overall material cost
per unit energy of SWB to be 2.1 US$ kWh™' (Figure 4H). This is
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(A) Schematic of the seawater battery-based hydrogen storage system. Voltage profiles of seawater battery for hydrogen storage system during (B) charging
process for Na collection and H, storage and (C) discharging process for H, production and energy recovery at 0.025 mA.cm2. (D) SEM image of current collector
in negative electrode after charging process and (E) corresponding EDS Na mapping image of current collector in negative electrode after charging process of
current collector in negative electrode after charging process (F) Hydrogen production rate during discharging process at 0.025 mA.cm2 (G) Schematic
flowcharts of hydrogen storage process using compression, liquid hydrogen, metal hydrides, physisorption, and seawater battery. (H) Temperature and pressure

required for hydrogen storage using liquid hydrogen, metal hydrides, compr:

primarily attributed to the cost-saving use of open seawater as a
positive electrode, as well as the utilization of inexpensive,
abundantly available battery components. In
lithium-ion batteries and lead-acid batteries have reported
material costs of 77.7 US$ kWh™ (Wentker et al, 2019) and
53.3 US$ kWh™' (Matteson and Williams, 2015), respectively,

with the positive electrode accounting for roughly 40% of the

comparison,

total cost in both cases. In this regard, the exclusion of positive
electrode costs in the SWB system highlights its substantial
advantages for various applications. From component/material
selection to cell design, developments are converging towards the
mature stage and offer an economically compelling path for the
next-generation of batteries via the inexpensive mass productivity of
NASICON.

3.3 Hydrogen storage with water of
seawater

Hydrogen boasts the highest energy density per unit mass of
fuel, standing at 142 MJ-kgy, ' (Usman, 2022). However, its
energy per unit volume is relatively low (0.01 MJ-Ly;,™") due to
its  low ambient-temperature the

density, necessitating
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ession, physisorption, and seawater battery.

development of advanced storage methods to achieve higher
energy densities (Durbin 2013).
physical hydrogen typically
involve harsh conditions, such as high compression pressure

and Malardier-Jugroot,

Traditional storage methods
(800 bar) or cryogenic temperatures (—250°C) (Schlapbach and
Zittel, 2001).

On the other hand, alkali metals like Na offer an effective means
of storing hydrogen under normal temperature and pressure
conditions, as they generate hydrogen gas when reacting with
In this context, NASICON can be employed for
electrolysis to obtain Na metal directly from natural seawater
(Eq. 1). This differs from the traditional process of harvesting Na
metal, which requires the purification and dehydration of NaCl (Xi
et al., 2020). In the traditional process, the dehydration of NaCl is
crucial because water may cause a hydrogen evolution reaction

water.

rather than Na metal formation at the positive electrode. In contrast,
NASICON allows Na metal harvesting from seawater without
interference from water splitting. This is achieved by creating an
electrochemical bridge between seawater (the Na* source) and the
electrode (Na metal), providing a pathway for Na* while preventing
water permeation to the electrode. The concept of a NASICON-
based hydrogen storage system can be realized using an SWB
platform.
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As depicted in Figure 5A, this process involves the migration of
Na" from seawater to the negative electrode, resulting in the formation
of Na metal during the charging process (Eq. 1). Previous studies have
confirmed the selective extraction of Na metal from seawater, with
electrodeposition occurring on the current collector at the negative
electrode during charging process (Figures 5B, D, E). Simultaneously,
various oxidation reactions, as discussed in the previous Section 3.2
(Figure 4E), such as the OER or Na deintercalation, can occur at the
positive electrode. In the subsequent discharging process, the plated
Na at the negative electrode undergoes oxidation and is released into
water through NASICON. Meanwhile, electrons from the oxidized Na
induce water electrolysis for hydrogen evolution at the positive
electrode during discharge (Eq. 13).

2Na(s) + 2H,0(aq) — H, (g) + 2NaOH (aq)
E'=222Vvs.Na' /Na (13)

Sharma et al. (2021) demonstrated the battery discharging
process facilitated a steady hydrogen evolution rate of
0.05 pmol-min™" (Figures 5C, F). This study suggests that Na
metal plated on a negative electrode is an effective mediator for
hydrogen storage. Thermodynamically, the oxygen reduction
reaction (OER; Eq. 3) is predominant over the hydrogen
evolution reaction HER (Eq. 2) for the positive electrode.
However, they controlled the charge efficiency (CE) of the
HER by employing electrode materials favorable for the HER
or by modifying the operating conditions. Sharma et al. increased
the CE of HER from 38% to 99% by increasing the current density
from 0.2 to 2.0 mA-cm™>. This trend is attributed to the rapid
exhaustion of residual oxygen, which is a reactant in the oxygen
reduction reaction, at higher current densities. Impressively, the
cyclic charging and discharging operations exhibited remarkable
reversibility over 33 cycles spanning 400 h, with an average
Faradaic efficiency of 95%; and the highest efficiency recorded
was 100% during these 33 cycles.

A salient advantage of hydrogen storage via the SWB lies in its
exceptional volumetric capacity, ranging from 42 to 218 g-L ™", under
standard atmospheric pressure (1 atm) and ambient temperature
(25°C) (Sharma et al., 2021). This outperforms the inherently low
volumetric  energy density of hydrogen, approximately
0.0824 kg'm™®, which translates to a scanty 0.01 MJ-L™' H, at
ambient conditions and 8.5MJ-L"" H, in its liquefied state
(Durbin and Malardier-Jugroot, 2013; Preuster et al., 2017). In
comparison, methane and gasoline boast volumetric energy
densities of 0.04 MJ-L"' H, and 32MJ-L™' H,, respectively,
surpassing hydrogen’s energy density by a considerable margin,
posing a challenge to its commercial viability (Usman, 2022). As
depicted in Figure 5G, various strategies have been proposed to
enhance the volumetric energy density.

One of the most prominent hydrogen-storage methods involves the
compression of composite cylinders (Durbin and Malardier-Jugroot,
2013). This technique enables the storage of hydrogen at high pressures
(up to 800 bar) in cylindrical containers. This method is advantageous
because it offers high rates of hydrogen filling and release (Zhang et al,,
2016). Various metals such as metals, fiber resins, and metal/carbon
fiber composites have been used as vessel materials (Durbin and
Malardier-Jugroot, 2013; Barthélémy et al, 2017; Abdalla et al,
2018). This is because it effectively mitigates hydrogen diffusion and
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embrittlement. This approach yielded a volumetric capacity of
33 gL " and an energy density of 5.7 MJ-L™" (Rivard et al, 2019).
However, the heavy weight and high cost of these materials pose
challenges for this method (Usman, 2022).

Liquefying hydrogen
around -253°C can further enhance the volumetric capacity,

at extremely low temperatures
achieving up to 71 gy, L™' due to the significantly higher
density of liquid hydrogen compared to compressed hydrogen
(Durbin and Malardier-Jugroot, 2013). However, the cost of
liquefaction is so high that 30%-40% of net heating value is
used for liquefaction. Hydrogen loss owing to evaporation, which
is estimated at 1.5%-3% per day, is also a challenge for hydrogen
liquefaction (Zhang et al., 2016). A vacuum vessel with double
walls for rigid insulation is required to mitigate evaporation,
which leads to an increase in weight and a reduction in energy
density (Harris et al., 2004).

Additionally, the formation of metal hydrides, which can
offer a volumetric capacity of up to 93 gg,-L™", can be achieved
through chemical interaction with metals or metal alloys upon
heating 100°C (Schlapbach and Zittel, 2001). These metal
hydrides can be formed through the direct reaction of

hydrogen with the metal (Eq. 14) or through the
electrochemical dissociation of water molecules (Eq. 15).

M + x/2H, < MH, (14)

M +x/2H,0 + x/2e” < MH,+x/20H (15)

Metal hydrides offer higher storage capacity than compression
or liquefaction at moderate temperatures and pressures. However,
low adsorption and desorption kinetics, high temperatures for
hydrogen release, and impurity gas formation during release pose
challenges (Graetz, 2009; Ren et al., 2017).

Physisorption, which is a hydrogen storage method that relies
on van der Waals interactions or dispersive forces, holds great
promise. This is due to its low enthalpy of adsorption and
desorption, typically ranging from 1 to 10 kJ-mol™' (Tarasov
2007), which facilitates efficient heat transfer
(Moradi Groth, 2019). Additionally,
physisorption eliminates the hydrogen loss resulting from

et al.,

management and
byproduct formation. Materials with large surface areas, such
as microporous carbon, metal-organic frameworks, and zeolites,
have been extensively investigated for their suitability as
adsorbents. Physisorption can store hydrogen within the range
of 1-9 wt% at 77 K and at pressures ranging from 15 to 80 bar
(Zhou et al., 2004; Farha et al., 2010; Lim et al., 2010; Langmi
et al,, 2014; Zhao et al., 2017). Notably, physisorption offers the
distinct advantage of a high adsorption rate during hydrogen
loading and unloading. However, it still presents challenges,
particularly under harsh operating conditions,
(0-120 K)

including
cryogenic  temperatures
(15-80 bar).

Because conventional approaches are impeded by the

and high pressures

substantial energy requirements for temperature and pressure
control, hydrogen storage with low energy consumption is
required for practical utilization. As illustrated in Figure 5H,
the US Department of Energy (DoE) has outlined a target for
hydrogen storage systems to attain a volumetric capacity
surpassing 50 gL' under pressures below 12bar and
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(A) Schematic illustrations of utilizing (A;, based on SWB system) and non-utilizing (A,. based on CA system) NASICON in NaOH production system
from seawater. (B) Voltage profiles of the NaOH production system based SWB during the charging and discharging process with pH change at

0.1 mA-cm~. (C) Digital images of Na metal deposited at the current collector in the negative electrode before and after the charging. (D) Comparison of
XRD patterns of dried powder and 0.01 M NaOH solution after discharging-induced carbonation process. (E) Flow charts and (F) specific energy
consumptions of SWB-based and CA system-based processes for NaOH production from seawater.

temperatures ranging from -40°C-80°C (DoE, 2017). SWB
achieves 218 gy,-L™' under standard atmospheric pressure
(1 atm) and ambient temperature (25°C), thus aligning with the
target proposed by DoE. This is a notable advancement, as SWB
presents a method for overcoming the typical irreversible nature of
alkali-metal-mediated hydrogen storage. However, the relatively
slow rate of hydrogenation and dehydrogenation, approximately

!, poses a challenge to the practical application of

0.05 pmol-min~
SWB in hydrogen storage (Sharma et al., 2021). This challenge is
expected to be addressed by optimizing NASICON and advancing

electrode materials to maximize the current density.

3.4 Sodium hydroxide production through
seawater electrolysis

Sodium hydroxide, commonly known as caustic soda, serves a
crucial role in various industries and households, including soap
production, papermaking, neutralization, and bleaching (Kurt and
Bittner, 2000). Traditionally, it is produced through an electrolytic
process using pure saltwater (NaCl-aq) (Bommaraju et al., 2000).
Natural seawater, primarily composed of NaCl, presents an
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attractive source for NaOH production. SWBs offer an effective
means of selectively extracting Na' from seawater to generate
NaOH. At the core of this system lies the Na*-selective
NASICON membrane, which facilitates the collection of Na*
from natural seawater. With NASICON, NaOH can be directly
extracted from seawater without pretreatment while enabling energy
storage and production. As depicted in Figure 6A;, during the
charging process, Na* in the seawater were collected at the SWB
negative electrode, as described in Eq. 1. In the subsequent
discharging process, NaOH is obtained by reacting Na* from the
negative electrode with the OH™ generated at the positive electrode,
as shown in Eqs 2, 3. The overall reaction formula is the same as that
in Eq. 13.

Bae et al. reported the production of NaOH from seawater using an
SWB system, as illustrated in Figures 6B-D. In this demonstration,
charging and discharging processes were conducted using a constant
current mode (0.2 mA for 10 h within an SWB coin-type cell. The cell
has a NASICON area of 2 cm?, corresponding to a current density of
0.1 mAcm > During the charging process, the sodium in seawater was
collected in various forms in the negative electrode compartment of the
SWB, including the formation of Na metal on the Ni mesh used as the
anode current collector, as depicted in Figure 6C. As discussed in
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Section 3.2, alternative methods such as intercalation or alloying can
also be employed for sodium collection.

During the subsequent discharging process, the stored energy is
recovered, and the pH of the catholyte increases from 8 to
8.7 accordingly (Figure 6B). Additionally, this study demonstrated
the formation of NaOH products through carbonation (Eq. 16).
This process involves a reaction with atmospheric CO,, resulting in
the formation of a solid precipitate known as Na,COs. After the
discharging process, the product catholyte was intentionally treated
by carbonation, and a NaOH solution was treated following the same
process as a reference. The overall carbonation process was conducted
for several days at 35°C in ambient air to expedite the reaction. The XRD
results provide evidence of the production of NaOH, as the major peaks
of both samples coincide (Figure 6D). Furthermore, approximately 66%
of the energy consumed during the charging process could be recovered
during the discharging process.

2NaOHaq + COZ(g) d Na2C03 (aq) + HZO(I) (16)

An alternative method is the conventional electrolytic process,
which is often referred to as the chlor-alkali (CA) process
(Figure 6A,). However, this approach encounters challenges due
to the presence of various ions and their byproducts in seawater,
which trigger scale precipitation issues (Liu et al., 2020; Qiu et al.,
20225 Yuetal,, 2022; Yang et al., 2023). In the CA process, polymeric
membranes, such as NAFION, are employed between the two
electrodes. Unfortunately, these membranes permit the passage of
ions such as Mg”* or Ca®*. As these undesired ions migrate to the
catholyte side, they directly react with the generated OH", resulting
in the precipitation of scale substances on the membrane surface,
such as Mg(OH), and Ca(OH), (Eqs 17, 18). Moreover, these
precipitates tend to accumulate near the electrodes, leading to
severe damage to the entire system and impeding its long-term
operation (Liu et al, 2022). Consequently, various sea salt
the
requirements for sustaining the chlor-alkali process (Figure 6E)
(Du et al., 2018; Bae et al., 2019).

refinement processes are required to meet purity

2NaOH (aq) + MgCl, (aq) — 2NaCl(aq) + Mg(OH),
2NaOH (aq) + CaCl, (aq) — 2NaCl(aq) + Ca(OH),

(17)
(18)

To evaluate the economic feasibility of NaOH production
systems using the SWB and CA methods, a comprehensive
analysis of both systems was conducted, considering energy and
cost aspects (Figure 6E). The low ion selectivity of the NAFION
membrane necessitates an elaborate purification process for salts
extracted from seawater or salt lakes using conventional methods
based on membrane electrolysis. This process aims to achieve a
high-purity NaCl content and involves several intricate hybrid steps
such as nanofiltration, electrodialysis, evaporation, mechanical
vapor compression, chemical softening, and ion exchange.

Numerous studies have focused on reducing additional energy and
costs associated with these processes. First, research has focused on
nanofiltration (NF), a low-pressure membrane process known for its
high divalent-ion removal rate (Zhou et al., 2015). However, as NF
membrane performance improves, the challenge of managing the rising
costs of these membranes must be addressed. Additionally,
improvements have been made in electrodialysis (ED) systems,
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which generate brine containing high concentrations of Na* and CI-
(Reig et al, 2014). However, despite its high NaCl concentration,
concentrated brines fall short in terms of purity, requiring further
refinement to meet CA process standards. Research has also explored
the evaporation of interfacial seawater using solar power, demonstrating
high evaporation efficiency but facing challenges related to ion
concentrations (Zhang et al,, 2021).

In contrast, the SWB system significantly reduced costs by directly
utilizing seawater without the need for extensive pretreatment, as
depicted in Figure 6F. Moreover, a substantial portion of the energy
consumed during the charging process in the SWB system can be
recovered during discharging, leading to remarkable energy efficiency.
When comparing the two systems, the SWB system achieves a specific
energy consumption of approximately 0.69 Wh-g™" (Bae et al., 2019) per
unit of production, marking a substantial reduction compared to CA’s
21 Wh-g' (Kumar et al, 2021). This represents a reduction of
approximately 33% compared with the CA system, even when
excluding the facility installation costs associated with maximum
refinement.

Studies to date have confirmed the potential for energy- and
NaOH production
processes. However, in practical CA processes, a considerably

cost-efficient through  proof-of-concept
high current density ranging from 4 to a maximum of 20 kA/m?
is applied, enabling rapid production rates (Hine et al, 2005;
Mendoza et al., 2017). In contrast, the current NaOH production
system utilizing NASICON has demonstrated efficacy at 1 A/m”.
Therefore, by making progress towards increasing productivity
through gradual scale-up, it is anticipated that this technology
will evolve into a practical and valuable solution for various
industrial applications.

3.5 Chlorine production through seawater
electrolysis

Chlorine, renowned for its high reactivity, plays a pivotal role in
industry as an oxidizing agent, bleaching agent, and disinfectant
(Fair et al, 1948). It is a fundamental raw material in plastic
production (Esselen and Bacon, 1938). Its primary production
method involves the electrolysis of sodium chloride brine, similar
to the process for sodium hydroxide (Lakshmanan and Murugesan,
2014). Chloride, comprising 55% of dissolved ions in seawater, is a
plentiful resource. Nevertheless, as detailed in Section 3.4, the chlor-
alkali technology for extracting target materials from seawater
necessitates pretreatment due to the presence of various
undesired ions (Casas et al., 2012).

In contrast, NASICON-based systems offer the direct
utilization of seawater without the need for pretreatment. In
this context, we delve into NASICON-based electrochemical
systems, as depicted in Figures 7A;-As;. Figures 7A;, A,
elucidate the structure and mechanism of the Disinfection-
Dichlorination battery (DD-battery) during the charging and
discharging processes, respectively (Park et al, 2021).
Additionally, Figure 7A; presents an advanced NASICON-
based electrolysis (N-Electrolysis) system utilizing a ceramic
membrane between two electrodes, providing a competitive
alternative to a simple electrolysis system with two electrodes
(Figure 7A4) (Park et al., 2021). These systems rely on anodic
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(A) Schematic illustrations of Disinfection and Dechlorination-battery (DD-battery, A;: charging, A: discharging), N-electrolysis (Az), and electrolysis (A4) for
chlorine production using seawater. (B) Voltage profiles of the DD-battery during charging (red solid line) and discharging (blue solid line) process at 0.2 mA. TC
concentration changes during (C) charging and (D) discharging process. (E) Confocal microscopy images of MG1655 and DSM17690 before (E1 and E2 for
MG1655 and DSM17690, respectively) and after charging (E3 and E4 for MG1655 and DSM17690, respectively). (F) TC concentration changes at 0.2 mA
constant current in three systems: DD-battery (blue circles with solid line), N-electrolysis (red circles with solid line) and electrolysis (black circles with solid line). (G)
Energy consumption and generated mass of TC in each system. (H) Specific energy consumption of each system.

chloride oxidation reactions at the positive electrode, resulting in
total chlorine (TC) formation, with reaction potentials highly
dependent on pH, as illustrated in Eq. 19.

Clz(g) +H,0 2 HOClI+H" +CI” 2 OCI'+2H" +CI”  (19)

The DD battery concept was introduced to produce TC at the
positive electrode during charging for use as a disinfectant
(Figure 7A;) (Park et al, 2021). Simultaneously, energy was
stored by attracting and reducing Na* at the negative electrode.
The battery exhibited a subsequent discharging process to convert
TC back into chloride (dichlorination) electrochemically, thereby
mitigating the disinfectant’s toxicity, while recovering a significant
portion of the energy used for TC production (Figure 7A,).
Demonstrated the cyclic operation of a DD battery (at 0.2 mA
current) with a coin-type cell. As depicted in Figure 7B, although
6.76 mWh of energy was consumed during the charging process,
3.92mWh was discharging process.
Consequently, approximately 58% of the charging energy can be

recovered during the

reused, with only 2.84 mWh consumed for producing disinfecting
agents. Throughout the charging process, the TC concentration
continuously increased to 12ppm (Figure 7C). This study
demonstrated that the bacteria MGI1655 and DSM17690,
characterized by confocal microscopy images at 530 nm, were
completely disinfected after the charging process (Figure 7E). In
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the subsequent discharging process, the battery successfully
removed the residual TC species by reducing them into CI”
(Figure 7D).

Furthermore, N electrolysis was proposed by simply converting the
negative electrode of the DD-battery system to a NASICON membrane
(Figure 7A5). The system employs NASICON as a membrane to facilitate
Na® conduction from the positive to the negative electrode, while
blocking other materials such as Mg™* or Ca®" in seawater or oxyacids
of chlorine (ie, OCl, HOC], etc.) generated after seawater electrolysis.
The study found two advantages of using NASICON for chlorine
production compared to the conventional electrolysis system without
a membrane (Figure 7A.,). First, it allows for direct seawater utilization by
effectively blocking the penetration of ions other than Na®, thereby
avoiding issues related to scale formation and electrode/component
deterioration associated with traditional methods. Secondly, it
mitigates some of the reduction of Cl,, preventing the transformation
of chlorine generated in the oxidation section back into CI".

This study collectively compared three systems (DD-battery,
N-electrolysis, and electrolysis) in terms of production and energy
consumption (Figures 7F-H). As depicted in Figure 7G, the DD-
battery (5.12 ppm) and NASICON-based electrolysis (5.25 ppm)
systems produced approximately three times more TC than
electrolysis (1.62 ppm) under the same operating conditions (0.2 mA
constant current). This disparity arises from the presence of NASICON,
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which effectively prevents the reduction of chlorine to chloride during
electrolysis (Figure 7F). Furthermore, the DD-battery system enables
energy recovery during the discharging process, resulting in lower energy
consumption than that of N-electrolysis. In conclusion, the specific
energy consumption of DD-battery, N-electrolysis, and electrolysis were
40.7, 54.7, and 120.5 Wh-g’l, respectively (Figure 7H). Overall, these
findings suggest that NASICON offers two advantages for chlorine
production: 1) direct seawater electrolysis and 2) low specific energy
consumption for chlorine (or oxyacids of chlorine) production.

The introduced systems can also be compared in terms of safety. TC
remaining in water has the potential to pose safety risks due to the
generation of undesirable by-products and its high reactivity.
Trihalomethanes (THMs), a representative by-product formed
during the disinfection process, are of particular concern due to their
potential carcinogenicity, which poses a severe health risk (Andersson
et al, 2019; Dock et al,, 2019). Additionally, the adverse effects of free
chlorine that remains in disinfected seawater result from its reaction
with organic compounds in seawater, which can have wide-ranging
impacts on aquatic life and the ecosystem (Pan et al, 2019). As a
practical approach, the electrolysis system is often operated in
combination with an additional dechlorination system to remove TC
from the water following disinfection treatment. This dechlorination
system typically employs the dechlorinating agent sodium thiosulfate
(Na,S,0;) to convert chlorine-based residues into harmless CI.
Consequently, additional processes are necessary to address safety
concerns, and this applies to the N-Electrolysis system as well. In
contrast, the DD-battery system avoids the aforementioned safety
issues. TC is effectively reduced back to Cl™ during the discharge
process, eliminating the risk associated with residual chlorine.
Consequently, the DD-battery system offers a significant safety
advantage over other systems.

Although NASICON enables energy-efficient direct seawater-
based chlorine manufacturing systems, further advancements are
required. Specifically, improvements should target the coulombic
efficiency of the chlorine evolution reaction (CER) in seawater.
Typically, two primary oxidation reactions occur competitively at
the positive electrode: CER and oxygen evolution reaction (OER)
(Adiga et al,, 2022). Similarly, a high OER rate may interfere with
chlorine production. When the desired reaction is CER, it is typically
enhanced by maintaining optimal operating conditions with a
pH range of 1-2 and a temperature of around 90°C, as practiced
in the CA processes (Sugiyama et al., 2003). However, NASICON is
fragile under such acidic conditions, limiting its applicability under
favorable CER conditions (Karlsson and Cornell, 2016). Previous
studies have reported that seawater conditions lead to lower
Coulombic efficiencies for the CER compared with the OER
(Khatun et al, 2021; Park et al, 2021). In this regard, various
approaches can expand the applicability of NASICON-based
chlorine production systems, such as the development of catalysts
that promote the CER selectivity under seawater conditions or
enhance the resistivity of NASICON under acidic conditions.

3.6 Seawater desalination and mineral
production

Freshwater is an indispensable resource for various human

activities, including agriculture, —manufacturing, power
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2015).
However, a significant portion of Earth’s water resources

generation, and household use (Bonamente et al,
exists in frozen or saline forms, limiting direct accessibility.
Seawater desalination, which produces 100 million cubic
meters of freshwater daily, is a promising method for
obtaining freshwater (Boretti and Rosa, 2019). Nevertheless,
conventional desalination processes generate concentrated
brine as a byproduct after separating freshwater from
seawater. This brine poses environmental challenges when left
untreated, disrupts marine ecosystems, and causes a sharp
increase in salinity (Roberts et al., 2010).

In this context, NASICON plays a crucial role in separating
seawater into freshwater and a pure NaCl solution, which holds
significant value in the chemical industry without producing waste
brine (Figure 8D). This separation process was implemented by
constructing an electrodialysis (ED) system with NASICON,
replacing the CEM in a traditional ED system. In addition to the
NASICON-applied ED system (N-ED), we will explore a seawater
battery for desalination (SWB-D) that is capable of simultaneous
energy storage, seawater desalination, and NaCl production.

As illustrated in Figure 8A,, the N-ED comprises a negative
electrode, NASICON, an anion exchange membrane (AEM), and
The divided
compartments: the diluate compartment (DC) between the
NASICON and the AEM, where desalination occurs, and the
(CO), the

concentrated. By applying an electric field between the

a positive electrode. system is into two

concentration compartment where ions are
negative and positive electrodes, Na* migrates from the DC to
the negative electrode via the NASICON, whereas CI~ moves to
the positive electrode through the AEM. This leads to a decreased
salinity in the DC, resulting in desalinated water, whereas the CC
becomes concentrated and produces brine. Kim et al
demonstrated the operation of an N-ED by replacing a
polymeric CEM with a NASICON in the ED, thereby enabling
seawater desalination in the DC and NaCl concentration in the
CC. The conductivity of the DC decreased as the ionic
concentration decreased (Figure 8B). Specifically, only Na*
and CI™ were selectively extracted from the DC and collected
from the CC. According to the results of the ionic concentration
change after the selective ion separation process, 22.2 kg of salt
could be extracted from the CC by treating 1 m’® of seawater
(Figure 8C). This highly pure NaCl product contributes
significantly to profitability, with the price of pure NaCl rising
to 0.1 USD per kg as purity approaches 100% (Sedivy, 2008). This
translates into an additional profit of 2.22 USD, alongside a
3.1 USD profit from 1 m® of freshwater (Panagopoulos, 2022)
(Figure 8E).

As shown in Figure 8A,, SWB-D employs an AEM along with
positive and negative electrodes (Kim et al., 2020a). It shares a
similar structure to N-ED, utilizing the section between NASICON
and the AEM as the diluate compartment (DC). During the battery
charging process, Na* in the DC migrates to the negative electrode
via the NASICON, whereas CI- moves to the positive electrode
through the AEM, resulting in the desalination of seawater in the
DC. Kim et al. observed a decrease in the conductivity of DC by
charging SWB-D (Figure 8B). After desalination, desalted water was
obtained from the DC. Subsequently, during the discharging
the DC is transformed into concentration

process, a
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(A) Schematic illustrations of (A;) NASICON-based electrodialysis (N-ED), and (A,) Seawater battery-based desalination battery (SWB-D). (B) Voltage
profiles of N-ED (black solid line) and SWB-D (red solid lines) during charging and discharging process at 2 Am=2 (C) lon concentrations of seawater
(before treatment, left) and desalinated water treated with N-ED, and SWB-D (right) (D) Flowchart diagrams of reverse osmosis, N-ED, and SWB-D. (E)

Profits of desalination processes using RO, N-ED, and SWB-D.

compartment (CC). As the CC fills with water, Na* from the
negative electrode is transferred to the CC via NASICON, and
CI” flows to the CC via the AEM. As shown in Figure 8B, the
energy used during charging process is partially recovered during
discharging process. Notably, desalinating 1 m’ of seawater yields
not only 22.2 kg of salt but also 44.16 kWh of recovered energy
(Figure 8B). The energy-storage capability of SWB-D is vital because
it directly contributes to economically viable seawater desalination.
Energy storage is crucial for stabilizing renewable energy use,
because it has the potential to minimize energy consumption
costs and maximize profits through efficient energy distribution.
Consequently, a profit of 7.95 USD (44.16 kWh x 18.02 ¢/kWh =
795 ¢) can be generated compared to N-ED (Figure 8E).

Various studies have propelled the use of SWB-D technology
for more energy-effective and scalable battery desalination.
Following a conceptual proof with a coin-type cell capable of
treating 3.4 mL of seawater, Kim et al. (2022b) developed a
rectangular cell platform capable of treating 250 mL of
seawater at 20 mA. This development led to a reduction in
specific energy consumption from 21.3 to 14.58 kWh-m™>. The
study also revealed that SWB-D exhibited a lower energy
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consumption than N-ED or ED, primarily because of its
energy-recovery process during discharging process. This
system that it
desalination and salination via charging and discharging

novel is distinct in allows successive
process, without requiring seawater exchange.

Various innovations have been explored to enhance the SWB-
D. Son et al. (2022) introduced NiHCF as a positive electrode.
This led to efficient Cl™ diffusion due to surplus positive charge
during charging process. Na* intercalation in NiHCF during
discharging process further facilitated CI~ diffusion. This
innovation greatly increased energy efficiency, reaching 86%
compared to the 61% for carbon. Park et al. (2022) replaced
AEM with reverse osmosis (RO) membranes to improve ion
diffusion. This modification resulted in a 36.8% reduction in
charging time and a 40.5% decrease in salt removal compared
with conventional SWB-D.

NASICON-based desalination systems offer promising
economic and environmental benefits. Ligaray et al. (2020)
studied the of SWB-D on
desalination and developed an innovative process model that

integrates SWB-D and RO. The integrated system exhibited an

economic impact seawater
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energy consumption of 1.3 kWh-m™?, which was lower than that
of RO.

Kim et al. (2022b) explored the role of selective Na* transfer
during desalination, enabling the production of pure NaCl, which is
an invaluable resource in the food and chemical industries. This
approach contrasts with conventional desalination processes, which
This
significant for environmentally sustainable

generate brine waste containing various impurities.
breakthrough is
desalination because the disposal of concentrated brine waste
from traditional seawater desalination poses environmental
challenges (Mauguin and Corsin, 2005; Roberts et al, 2010).
Extracting resources from concentrated brine not only reduces
the brine salinity but also consumes salt. Industries such as the
chlor-alkali industry, which consume 90 million tons of salt
annually, require high-purity salts with minimal Mg** and Ca®*
concentrations (below 0.1 pg-L™") (Sedivy, 2008). Although the
production of high-purity salts from seawater remains
challenging, NASICON-based desalination systems enable this

through selective Na* transfer via NASICON.

4 Discussion

This review delves into the intricate properties of NASICON
ceramics while providing an extensive overview of NASICON-based
electrochemical systems. These systems encompass a wide array of
applications, including energy storage, hydrogen production,
sodium hydroxide and chlorine synthesis, water treatment, and
mineral extraction. The integration of NASICON in these
domains marks a significant milestone in realizing the direct
utilization of seawater. NASICON’s exceptional attributes—its
remarkable Na' selectivity, ionic conductivity, and seawater
stability—position it as an exceedingly efficient membrane
suitable for diverse Seawater Resource Technologies (SRTSs),
extending beyond the scope of this review. This presents an
appealing solution for surmounting the challenges associated
with SRT technology, characterized by stringent membrane
requirements, and offers the potential to harness valuable
resources from complex, multi-component seawater, constituting
an abundant and sustainable supply.

Building on these distinctive NASICON features, we explored a
spectrum of SRTs exhibiting remarkable potential across various
research domains. NASICON forms the bedrock for the Seawater
Battery (SWB), wherein Na* acts as a carrier, facilitating the exchange
between seawater and the negative electrode. Ongoing research on
novel materials and cell designs promises to elevate SWBs into high-

energy-density, cost-effective storage solutions that surpass
conventional  batteries.  Similarly, NASICON’s membrane
underpins a significant advancement in hydrogen storage

technology, enabling the extraction of hydrogen from seawater
using Na metal. This approach allows for high-density hydrogen
storage under standard temperatures and pressures, which is a
significant improvement over traditional methods requiring
extreme conditions. In the NaOH industry, NASICON’s selective
Na* permeability provides a direct route for extracting NaOH from
natural seawater, eliminating the need for pre-treatment. This
streamlines the process while unlocking opportunities for energy
storage and production. Moreover, NASICON-based electrochemical
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systems offer an efficient means to directly produce Cl, from
seawater, offering a promising alternative to conventional NaCl
brine electrolysis, which requires pre-treatment. Lastly, in seawater
desalination, NASICON-based systems differentially segregate fresh
water from NaCl without generating concentrated waste brine. This
addresses a fundamental challenge in conventional desalination
processes where waste brine poses a significant threat to marine
ecosystems. In summary, these applications leverage NASICON’s
unique properties to enhance performance, showcasing practical
instances where seawater proves to be a valuable resource across
various industries.

While NASICON-based technologies hold immense potential,
several challenges must be overcome before their practical
application. Firstly, enhancing the performance of SRTs
necessitates the development of high-performance membranes
with improved ionic conductivity and physicochemical stability.
Presently, the acceptable applied current density for NASICON-
based electrochemical devices remains below ~10 mA/cm? This
limit should be increased to extend its application to other
(~30 mA/cm?),
production from water electrolysis (1-3 A/cm?), or the chlor-

technologies such as batteries hydrogen
alkali system (0.4-2 A/cm?®). Areal resistance can be minimized
by developing ceramic membranes thin enough to be comparable
to polymeric membranes (~0.1 mm), while still retaining sufficient
fracture strength to withstand ceramic breakage. Comprehensive
research on water-stable solid electrolytes, particularly NASICON
and its derivatives, is imperative.

Secondly, the creation of a simple and large-scale production
method for solid electrolytes is essential. The use of solid
electrolytes as separators in electrochemical systems, for
example, requires production and processing methods akin to
those employed for existing polymer-based membranes, as
opposed to the traditional ceramic production method. This
shift s
conservation, and the elimination of post-treatment processes.

driven by the need for expediency, energy
Additionally, scale-up should be further studied, factoring in the
physical properties and processability of the solid electrolyte. The
inherent rigidity of solid electrolytes limits the enlargement of
membranes, necessitating research into scalable methods.
Addressing these issues holds the potential to be a pivotal
moment in the evolution of SRTs based on NASICON.

In conclusion, NASICON-based SRTs are poised to play a
transformative role in global sustainability. In particular, those
excel in separating impurities and enabling the selective
movement of sodium ions. This advancement has propelled the
extraction of valuable resources from seawater, an abundant source
rich in assets, frequently hindered by impurities. With these
possibilities in sight, NASICON-based technology is expected to
usher in a new era, effectively addressing the escalating demands for
energy, water, and industrial resources while addressing issues of

inequality by securing new energy and industrial resources.
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