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Water plays an essential role in the development of society. However, the worldwide supply of drinking
water is becoming a challenge that needs to be addressed in the future. In this review we focus on new
electrochemical technologies based on the concept of desalination batteries (DBs) and which feature
different desalination approaches based on battery-like technologies reported to date. Here, we use the
state-of-the-art knowledge and the current developments in materials and electrochemical engineering
to promote an innovative approach in the search of strategies for increasing ion removal from salty
electrolytes and energy storage capability. The motivation behind the present review is to reinforce the
knowledge of each group of DB-based methods focusing on their figures of merit (FOM). Accordingly, it
aims to address DBs as a promising technology to face water remediation at low energy consumption
using the following key-aspects: (1) DB basis/concept, history and comparison to other electrochemical-
based technologies; (2) DB-based concepts proposed in the literature, focusing on providing their FOM
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DOI: 10.1039/d3cc00513e as the core of this review; (3) limitations and future challenges and opportunities. Moreover, discussions

regarding charging—discharging mechanisms, cell designs and current issues on operational modes are
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Introduction

Energy and water resources are closely related and essential in
all aspects of life. Water, in addition to being an irreplaceable
daily requirement for people at all levels of human activity,
specifically allows good economic development of a country if
there is efficient management. Drinking water production
processes and the management of irrigation systems play a
fundamental role in society, but they also present problems of
intensive energy consumption.'™ In addition, water is required
in more than 98% of the phases of energy production and
electricity generation.” The energy-water nexus has a consider-
able impact on two of the most alarming problems that human
beings face in the 21st century: growing environmental issues
(climate change) and the worldwide shortage of drinking water
due to the increasing global water demand.” By the year 2050,
around 51% of the world’s population (ca. of 5 billion people)
could experience water scarcity, with 33% already under stress
conditions, according to the Intergovernmental Panel on Cli-
mate Change (IPCC) and to the International Desalination
Association (IDA).>” In the last 100 years, the consumption of
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drinking water in the world has increased six-fold, while the
population has only tripled.®® One of the clearest examples of
the water-energy nexus mentioned above arises: in most energy
production processes, water consumption is necessary.
Furthermore, water is required not only in the energy sector
but also in other sectors such as food and in the production of
everyday goods.” Accordingly, better energy and water resource
management along with the development of water treatment
technologies with low environmental impact and energy con-
sumption has become more essential than ever."

In this context, desalinated water is an important water
resource and thus, water scarcity is compensated by means of
desalination.’® Currently, there are some 22 000 desalination
plants worldwide and the cumulative installed desalination
capacity has reached ca. 100 million m® per day (35 billion m?
annually)."* The different desalination processes are usually
classified according to the energy form required in their
performance: (1) thermal energy (e.g. Multi-Effect Distillation,
Thermal Vapor Compression or Multi-Stage Flash Evaporation);
(2) mechanical energy (e.g. Reverse Osmosis, RO); and (3)
electric power (e.g. Electrodialysis, ED). It should be noted that
RO alone contributes 69% of the daily production of desali-
nated water in the world.'”'> However, RO presents a number
of environmental drawbacks such as effluents produced asso-
ciated with the chemical regeneration of membranes."* In
order to slow down surface scaling and biological fouling, RO
membranes are periodically treated with chlorine, which is
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then released in the seawater."* Because of their high amount of
energy consumption, brackish and seawater desalination through
such technologies has a high energy footprint and a consequent
emission of greenhouse gases. Hence, there is a strong necessity
for a secure and sustainable water supply, which requires the
development of green technologies for water treatment.

Based on this, it is clear that novel approaches to classic
desalination technologies (such as RO or MFD) are needed. In
contrast to widespread desalination technologies that require
high operating pressures and temperatures, electrochemical-
based desalination technologies are based on the movement of
ions (minority phase) with respect to the aqueous electrolyte
(majority phase). Thus, electrochemical technologies are theo-
retically superior in terms of operation flexibility (e.g. they can
also be applied to water softening, heavy metal removal or
disinfestation)'® and maintenance costs to other traditional
desalination methods."* Consequently, different electrochemi-
cal based desalination techniques have been proposed:

- Electrodialysis, ED. ED is based on the migration of ions
(Na" and CI17) to maintain the charge balance of the cell due to
the presence of redox reactions (i.e., H,, O, or Cl, evolution)
taking place at the electrodes. The higher the salinity of the
feed, the larger the energy needed to produce freshwater.
Therefore, ED is applied to brackish water desalination.
Furthermore, it requires the use of ion exchange membranes
(IEMs) and thus, the cell presents several chambers.'®™*°

- Electrochemically Mediated Seawater Desalination, EMD.
EMD relies on Ion Concentration Polarization techniques*>**
i.e. in the creation of a depletion zone at the junction of a
branched microchannel with a bipolar electrode (local electric
field gradient) that allows the separation of a seawater feed into
brine and desalted water streams. The voltage difference per-
mits the oxidation of Cl~ into Cl,.>*??

- Capacitive Deionization, CDI. In CDI, desalination hap-
pens thanks to the formation of an electrical double layer (EDL)
under the influence of an applied potential. Hence, it relies on
the same energy storage/release basis as that of electrochemical
double-layer capacitors (EDLCs).>*' There are a number of
variants of CDI technology aiming to promote the efficiency
and desalination performance such as (1) Membrane CDI
(MCDI) that includes the use of anionic (AEM) and cationic
(CEM) exchange membranes in the CDI devices;**® (2) hybrid
CDI systems (HCDI) in which one of the electrodes captures
ions by battery-like materials;*>*”~*° and (3) inverted CDI (iCDI)
that provides highly selective separations, given by the surface
modification.*"

- Desalination Batteries, DB. The pioneering approach was
based on two battery-like electrodes for capturing ions and
desalting feedwater by a 4-step process, consequently resulting
in simultaneous salt withdrawal and energy storage.*” Besides
the first DB system, several concepts have been proposed in the
literature recently: rocking-chair desalination,**™** Dual Ion
Desalination (DIDB) and faradaic Deionization (FDI),**™>°
redox-flow DBs,”'™* and metal-air DBs.”*® Moreover, DB-
based systems designed not only to desalinate, but also to
synthesise by-products have been also described.”””® Their
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working principle is based on seawater batteries (SWB) in
which desalination, and acid-alkali production®” or carbon
capture>® occur as well. In the following sections, we will focus
on the past and current scenario of Desalination Battery con-
cepts reported in the literature.

What is a desalination battery?

Background on DBs. In 2009 Brogioli proposed an innova-
tive methodology for extracting and capturing the free energy
created from the mixing of two streams with different salt
contents (e.g. seawater and river water).”® His novel approach
was based on entropic energy extraction and then storing this
energy in an electrochemical-double layer (EDL) at the surface
of electrodes. The entropy variation upon mixing two water
streams of different salinity provides the foundation for the
so-called capacitive mixing (CAPMIX) methods.®*®® In order to
improve and overcome the challenges associated with the use
of the electrode/electrolyte interface for energy harvesting, La
Mantia et al. demonstrated energy extraction from a difference
in salinity and its storage as electrochemical energy within the
bulk crystal structure of the electrode’s material (i.e. battery/
faradaic electrodes in which the energy is held in chemical
bonds).®® This approach of generating electrical energy was
named Mixing Entropy Battery, also known as Battery Mixing
(BattMix).°" Batteries for energy extraction due to water salinity
differences established the basis for developing a new technol-
ogy for water desalination. In 2012, the first concept of a
Desalination Battery (DB) for the desalination of seawater was
introduced and demonstrated.*” Instead of accumulating the
salt at the electrode’s interface, as in CAPMIX or CDI technol-
ogies, DBs store the charged ions in the bulk phase, thus
allowing higher specific desalination rates and lower energy
consumption, as well as a more stable desalination operation.

The original DB concept consists of a closed cycle based on
four steps (see Fig. 1). Firstly, the electrodes in their fully
charged state (i.e. without Na* or CI~ within the bulk crystal
structure) are immersed in seawater and discharged by apply-
ing a constant current. This promotes the ion’s removal from
the bulk solution and leads to energy release. Once the deioni-
zation/discharge step (Step 1) is completed, the freshwater
solution is extracted and replaced with additional seawater.
This water exchange increases the battery cell voltage (Step 2).
At this point, electrodes are then charged and ions are released.
Accordingly, the regeneration of electrodes/charging (Step 3) is
related to the generation of a brine solution (concentrated
solution). Finally, brine is replaced with seawater (Step 4)
leaving the system ready for the next deionization cycle. The
original design of this desalination device consisted of a
cationic sodium insertion electrode (Na,_,Mn;0;,) and a chlor-
ide capturing anionic electrode (Ag/AgCl).** It is also essential
to highlight that the net energy consumption of DB is given by
the integral along the cycle of the battery cell voltage (AE) with
respect to the charge (q) (eqn (1)).

W= ?{;AEdq (1)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 First Desalination Battery (DB) Concept. (a) Schematic representa-
tion of the working principle behind a complete cycle. (Step 1) desalination;
(step 2) removal of the desalinated water and inlet of sea water; (step 3)
discharge of Na* and Cl™ in seawater; (step 4) exchange to new seawater.
(b) Typical form of a cycle of battery cell voltage (AE) vs. charge (q) in the DB,
demonstrating the energy consumed. Adapted with permission.*? Copyright
2012, Copyright © 2012 American Chemical Society, published by American
Chemical Society.

Hence, the net energy consumption is conditioned by the
charging and discharging capacity of the electrodes and the
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variation in the potential difference involved in the electrolyte-
exchanging steps (i.e. by the electrolyte composition).

Having no need for high operating pressures or thermal
energy inputs, most DBs are superior in terms of operation and
maintenance costs compared to the other desalination tech-
nologies such as ED or RO. Furthermore, their higher electrode
capacities in comparison to the CDI system opens the possibi-
lity to treat solutions with relatively high salinity and therefore,
to go beyond brackish water desalination. For these reasons,
DBs are strongly considered as versatile and promising tech-
nologies for seawater desalination as they can act as a multi-
utility system,>”>®
be coupled to renewable energy sources.

Latest research: next generation of DBs and performance
evaluation. However, some years passed between the 1st DB
study and the next generation of DB concepts (Fig. 2). Recent
progress in active materials, novel cell configuration and design

in which the energy storage phase can also
67-69

development has boosted a renewed interest of the scientific
community to overcome challenges concerning the progress of
the DB.”>7* At this point, it is important to provide a definition
for the desalination battery and answer the question what does
the term ‘desalination battery’ entail?

A DB can be defined as a rechargeable battery based on the
simultaneous transfer of cations (Na") and/or anions (C1”) from
the electrolyte to the electrodes implying the (de)salination and
the concurrent charging/discharging steps. Therefore, the main
objective of a DB is to produce deionized water at a minimum
net energy consumption. However, the desalination could be an
energy demanding or a spontaneous process depending on the
potential of the chosen electrodes/redox electrolytes.”* Considering
that the CI™ uptake electrode is the anionic electrode and
the one capturing Na is the cationic one, if the anionic
electrode (chlorination process) has a higher potential than
the cationic electrode (sodiation process), then the desalination
step consumes energy and the salination produces energy.
Conversely, if the cationic electrode is the positive one then
the desalination releases energy and the salination is an energy
demanding process. Keeping the redox potential difference at
its minimum guarantees a low net energy consumption. For
further details on the discussion of DBs versus desalination

2018
REDOX
VCl; | Nal
2016 Me/REDOX 2020
Rocking Chair zinc|ferricyanide Zn-Air
Na-lon Desalination Multifunctional DBs SwB-D
N 0 0 0) 0O
O U A 4 A 4 4
2017 2019
JI?J nzg Rocking Chair
DIDB - inati
Entropy DIDB Cl-lon Desalination
Ag/AgCI G
conversion
electrodes to Organic REDOX
desalinate seawater (TEMPO)

Fig. 2 Timeline of the different DB-based methods.

This journal is © The Royal Society of Chemistry 2023
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cells, we refer the reader to the perspective written by
Nam et al.”>

Electrochemical desalination metrics and indicators

Considering that several DB concepts have emerged, numerous
performance metrics and indicators have been reported. Therefore,
it is important to propose and use a unified definition of para-
meters that allow the standardization of figures of merit (FOM) for
DB-based systems. The following publications discuss in detail how
to evaluate accurately desalination performance metrics of different
electrochemical desalination cells.”*”> Some considerations regard-
ing the analysis of desalination metrics found in literature are
briefly discussed below.

Salt removal performance metrics. The salt concentration
reduction (% of salt removal) is one of the most used metrics
to indicate the desalinization performance. However, this
parameter needs complementary data to provide insightful
information of the electrode and/or device performance. For
instance, operational parameters such as feedwater concen-
tration, flow rate conditions and single-pass or batch operation
mode or electrode configuration (active material mass) are
conditions that greatly affect the amount of salt removed.

The analysis of the performance of electrochemical deioni-
zation devices is mostly based on the ion retention capacity in
the electrodes. In CDI literature, it is called the salt adsorption
capacity. Here, we prefer the general term desalination capacity
or salt uptake capacity (SUC) that it is independent from the
ion’s removal mechanism. SUC is expressed as milligrams of
salt removed (mostly, NaCl) divided by the mass of the electro-
des (mgnac gr ') It is of importance to report this indicator
when the system is in equilibrium and to consider the total
mass of both electrodes. For any particular cases, in which the
aim is to report and discuss a specific ion removal by a novel
electrode material, it might be useful to report the amount of
the ion removed divided by the mass of the active material’® or
by the electrode’s volume.”” Moreover, this indicator could also
be used to express the removal of cations or anions, instead of
giving the total salt removal." It is therefore essential to strictly
present the uptake capacity in such a clear and detailed way
that facilitates the evaluation and comparison of the result to
other electrochemical desalination systems.

Another widely used parameter is the average salt uptake
rate (ASUR). Whereas the SUC gives information on the amount
of salt removed by the electrodes, the ASUR refers to the salt
removal rate (mg g ' s~ '). It is recommended to report this
metric by considering the total cycle time (Afcycie): both the
charge and the discharge times.*’

It is worth mentioning that all these parameters are directly
related to the measurement of ion removal. An appropriate
tracking of ion concentration variation upon operation allows
the precise evaluation of desalination performance. In most of
the desalination studies, the ion concentration is determined
with a conductivity-meter at the outlet of the desalination
device. However, these measurements are greatly affected by
any minor pH modification (e.g. charge unbalanced, secondary
reactions, local pH changes). If measured conductivity values

6440 | Chem. Commun., 2023, 59, 6437-6452

View Article Online

ChemComm

are not corrected, this would create a misguiding evaluation of
the phenomena taking place in the system. Other techniques to
measure ion concentration are Inductively Coupled Plasma
(ICP) based techniques,'*** Ion Chromatography (IC)’® or the
use selective Na-ion and/or Cl-ion electrodes.”®

Energy and electrochemical performance evaluation. One of
the distinguishing features of most electrochemical-based deion-
ization approaches is the possibility to recover a fraction of the
energy invested in the process. It then becomes necessary to
indicate accurately if the energy consumption reported is the
net value (i.e. through the whole cycle) or if it is calculated for the
(de)salination step alone. The energy is normalized by the amount
of salt removed or volume of water treated.

Regarding the electrochemical performance, the most com-
mon reported parameters are the charging and discharging
specific capacities (mA h g™ ). These parameters should not be
directly interpreted as the ion removal capacity, but they might
contribute to a preliminary evaluation of the potential desali-
nation performance of a certain type of electrode material.

Direct correlation parameters between the charge and the
ion removal. The desalination efficiency (A) is a useful metric to
assess the selectivity of the materials or devices towards the
ions in solution. It is defined as the ratio between the charge
associated with the variation in concentration measured and
the charge involved in the process (eqn (2)).

_ ziF(n — I’IF)

A(%) 0

100 )
where z; is the valence state of the ion, F is the Faraday constant
(96485 C mol™ '), n; and ny are the initial and final number of
moles in the electrolyte, respectively, and Q is the total charge
transferred during the desalination, including the one coming
from parasitic reactions. In the literature, it is also reported as
dynamic charge efficiency, current efficiency or charge effi-
ciency. A comparable concept introduced in DB literature is
the faradaic efficiencies for ion capturing that compares the
charges passed to the electrode during ion removal and the
actual change in ion concentration in the salt solution.”®”®

In this feature article, we will discuss the different DB
concepts and gather their main performance parameters pre-
viously described.f Accordingly, here we intend to place special
emphasis on the figures of merit (FOM) of each group of
techniques.

Different desalination battery concepts

As mentioned earlier, in the literature desalination battery (DB)
means a device which reduces the salt content of the electrolyte
using typical charge-discharge mechanisms and/or chemistries
similar to those of batteries. Accordingly, the DB concepts can
be classified into four main groups (Fig. 3): (i) Na-Ion Desalina-
tion (NID) and Chloride-Ion Desalination (CID) based on the

+ Most of the desalination parameters here gathered are explicitly reported in the
ad hoc publication. However, some parameters were estimated from the info
provided in the reference.

This journal is © The Royal Society of Chemistry 2023
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under the terms of the CC-BY license.*” Copyright 2018, The Authors, published by RSC. (c) Dual-lon DB. Reproduced with permission.”® Copyright © 2019
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rocking-chair storage mechanisms*>*>*°~%* (Fig. 3(a and b)); (ii)
the Dual-ion DB (DIDB) or faradaic Deionization (FDI) technol-
ogies concerning those electrochemical cells in which both Na*
and ClI” are simultaneously captured in battery-like
electrodes®>*719:>0:76.78,79,947101 (pio 3(c)); (iii) Redox-flow DB
systems (RF-DB)>'>%°7:68:1027106 (pjo 3(d and e); and (iv) Metal
Air DBs>* %1719 (Fig, 3(f and g)). Within the following para-
graphs, we intend to explore their fundamentals, their devel-
opment and highlight their strengths.

Rocking chair configuration: Na-ion Desalination (NID) and
Cl-ion desalination (CID)

Thanks to the growing interest in Na-batteries as a promising
alternative to Li-based batteries due to their electrochemical
similarities (similar intercalation chemistry to Li) and the cur-
rent limitations associated with Li ions (scarcity, limited dis-
tribution and thus, high cost of lithium resources),'® there has
been an enormous development of active materials capable of
storing Na* electrochemically.’'®*** There are three main groups
of electrode materials for the (de)insertion of Na' in aqueous
electrolytes:'"” (1) Metal oxides (e.g. MnO, and Nag4MnO,,
V,05),"* ™" (2) Prussian Blue Analogues, PBA (e.g. copper and
nickel hexacyanoferrates)'*”™"*® and (3) alkali/transition metal
phosphates (e.g. NaFePO,, Na,FeP,0,, or the NASICON-type,
NaTi,(PO,);)."** " Between 2014-2016, metal-free hybrid sea-
water fuel cells and Na-air seawater batteries were also
studied."™*"** The use of NaCl as a catholyte was explored to
develop this kind of rechargeable aqueous Na batteries. The
operation mode was based on a battery charging process in
which Na' ions, from seawater, were transfered to the negative
electrode. The aim of these studies was therefore to explore the
energy storage/release of seawater batteries (SWB) but not their
desalination performance.

Inspired by these SWBs, a new desalination concept named
Na-Ion Desalination (NID) was proposed in 2016 to desalinate
seawater using symmetric Na-ion intercalation electrodes sepa-
rated by anion-selective membranes (AEM) to isolate electrodes
in the device (Fig. 3(a)).®® In short, this concept involves the
same effect observed in rocking-chair Li-ion batteries: the salt
depletion effect that implies the simultaneous accumulation
and depletion of electrolyte-phase salt ions in opposing
electrodes.”*™** The NID device operates during the charge
process supplying Na* ions from the cathode electrode (deinter-
calation) and capturing them in the anode (e.g. eqn (3)).

Na,Ni[Fe®"(CN)] <> NaNi[Fe’"(CN)¢] + Na* +e~  (3)

Due to the charge-imbalance, CI™ ions migrate from the anode
compartment to the cathodic one through the permselective
membrane. Accordingly, the cell is divided into two compart-
ments where there is the simultaneous production of freshwater
and a concentrated solution. During the discharge, these pro-
cesses are reversed. Therefore, there is a continuous production
of freshwater. It is worth mentioning that, if both electrodes are
based on the same active material (symmetrical cells), there is no
energy stored in these devices but there is an energy input
independent of the direction of the Na” movement.”” To the

6442 | Chem. Commun., 2023, 59, 6437-6452

View Article Online

ChemComm

best of our knowledge, considering both simulation and experi-
mental studies, the following pairs of electrodes have been
reported in the literature:

Nag ,6MO,/Nag 4,MO,,*® NaTiy(PO,)s/NasTiy(PO,)s,%°

Na,NiHCF/Na, ., FeHCF,***> NaCuHCF/Na,,,CuHCF,?”:85144

NaNiHCF/Na,NiHCF,**8%91793,145 NaTiV(PO,)s/
Na,TiV(PO,);.%°

NID devices set the basis to explore the chloride-ion rocking-
chair desalination mechanism. To accomplish the overall desali-
nation, Cl™ ions shuttle from one electrode to the other whereas
the Na' ions diffuse across a cation-exchange membrane (CEM) to
maintain the charge-balancing of the aqueous media (Fig. 3(b)).
In the same way as NID cells, the CID device is divided into two
compartments with the resulting diluted and concentrated
streams. However, in comparison to NID, there are less electro-
active materials capable of removing Cl~ ions selectively and
reversely from aqueous media. To date, most conversion reactions
based on Ag/AgC1*>*' or Bi-based systems®>** have been reported

(eqn (4) and (5)).

and

Ag +ClI” < AgCl+e” (4)
Bi + Bi,O; + 3Cl~ « 3BiOCI + 3¢~ (5)

There are several advantages that are the reason why Ag/AgCl
conversion reaction (eqn (4)) is explored as a favourable process
to Cl™ capturing: their stability in aqueous electrolytes, the low
solubility and their stability under potential among others. But
silver-based electrodes present some substantial disadvantages
of using Ag/AgCl systems: the considerable high price of Ag, the
toxicity of nanoparticles of Ag and dissolved Ag*,'*® the limited
electronic conductivity of the AgCl and the kinetic limitation
of the subsurface AgCl conversion to Ag,'*”'*® concurrent
with the formation of the silver oxide (side reaction).'*’
also highlighted that due to the insulating nature of AgCl, an
overpotential was identified during the Cl~ uptake that was
taking place by the Ag. Additionally, a percentage of Ag was
found in the AgCl after cycling, as an indication of the incom-
plete AgCl/Ag reaction conversion. Therefore, ions tend to react
just at the surface of the AgCl, reducing the experimental
capacity recorded. Additionally, the Ag foil becomes porous
due to the conversion reaction changing its mechanical
properties.

Despite the drawbacks presented in the electrodes based on
Ag/AgCl, this conversion reaction has stood out as the most
used for Cl™ capture/release through the years, representing
most of the CI™ capturing active material reported in desalination
studies. The use of Ag was justified due to the lack of stable and
insoluble electrode materials in aqueous media, the reasonable
reversibility of the Ag/AgCl conversion reaction and the significant
theoretical specific capacity of the system (250 mA h g™"). It was
not until 2017 when an alternative conversion reaction was
proposed to uptake Cl™: Bi/BiOCl (eqn (5)). Chen et al. introduced
an aqueous rechargeable Chloride Ion Battery (CIB) comprising
commercial BiOCl and silver active materials for the anode and
cathode, respectively, in an aqueous 1 M NaCl electrolyte
solution."”® This promising early work on aqueous CIB paved

It was

This journal is © The Royal Society of Chemistry 2023
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the way for the study of metal oxychlorides as battery-like electro-
des for selective Cl~ uptake in desalination devices.”” Recently,
these Bi-based electrodes have been used to configure Cl-ion
rocking chair devices.**®* Despite the high theoretical capacity
(385 mA h g™ '), Bi-based desalination cells also suffer from
irreversibility of the reactions involved and from significant
morphology changes in the microstructure of the electrode
(volume expansion, pulverization and grain coarsening) that
imply a considerable degradation of the cell performance.

Fig. 4 gathers FOM of rocking-chair desalination cells.
Both NID and CID present an increase in the ASUR at high
SUR values (Fig. 4(a)). CID shows a better uptake performance
(>80 mgnaci gr ' and >0.05 M@yac) gr s ') probably due to
the higher specific capacity of the Cl™ capturing electrodes.
In these systems, desalination efficiency results are coupled to
higher SUC (Fig. 4(b)). While such results demonstrate the
importance of guaranteeing the energy efficiency of the cell,
the salt removal results reveal reasonably high values (>50%)
but in most of the cases, at the cost of net energy consumption
(Fig. 4(c)). As expected, thanks to the improvement of diffusion
phenomena, the energy demand is reduced significantly when
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the feed concentration increases from 10 to 100 mM reaching
an average value of ca. 0.07 W h gNaCfl for seawater and brine
salinities (Fig. 4(d)).

Dual-ion desalination batteries (DIDB)

When the former two groups of electrodes (i.e., Na' selective
electrodes and the CI= conversion electrodes) are paired
together in a device, the working principle is similar to the
one in a dual-ion battery (Fig. 3(c)). Accordingly, simultaneous
battery-like capture/release of both Na" and Cl~ in the electro-
des producing the (de)salination of the feed is proposed. In the
literature, these dual-ion desalination batteries (DIDB) can be
found as Dual-ion Deionization electrochemical deionization
(DEDI) and faradaic Deionization (FDI).**”*° The starting point
of DIDBs is to tackle the limitations of CDI technology related
to its inherent electrosorption mechanism based on EDLCs:
low ion removal and intensive energy consumption when
treating high-concentration solutions.?®

As described above, cationic electrodes have been developed
to enhance energy storing properties thanks to the increasing
interest in Na-Ion batteries. Compared with the variety of cation
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insertion materials, relatively few materials have been identi-
fied which incorporate anions under applied potential. To the
best of our knowledge, the following DIDBs have been reported to
date: Na,MnO,/Ag,*>*%781%0 Na,V,(PO,),F;/Ag,">" NaTi,(PO,);/
Ag,*¥1%1 NaTi,(PO,),/Bi,”*"** CuzsHCF/Bi,”® Na,MnO,/BiOCl,"”
symmetric 2D layered MoS,,”° NiHCF/Ag,”>*® NiHCF/redox-
polymer,”” CuHCF/PPy,"** and Na,MnO,/PPyr-Ti.*®

Most DIDB cell designs include the use of ion exchange
membranes that increase the ion selectivity.”®*%%¢ Another
important strategy to improve the cell performance is to
provide an adequate mass balance in these devices. In this
regard, it must be considered not only the different theoretical
capacity of the electrodes in aqueous electrolyte (e.g. NMO
40-45 mA h g~* and BiOCl 92 mA h g™ %), but also the limited
sub-surface conversion reaction in Cl™ uptake electrodes. It is
estimated that ca. 50% of the Bi is electrochemically active in
0.6 M NaCl.”® Furthermore, the expansion/contraction of the
conversion electrodes as a result of the phase transformation
must be analysed for an optimal design of the cell.

An alternative type of electrodes that may overcome the
former drawbacks are those based on insertion materials such
as transition metal carbides (MXenes) or transition metal
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dichalcogenides (TMDCs) and they have also been studied in
DIDBs. MXenes are 2D nanomaterials with the general formula
M,,+1X,, T, where M is the transition metal, X is carbon and/or
nitrogen and Tx is the surface functional group (e.g. Ti3C,Ty).
Shifting their point of zero charge, these materials could be
used not only for Na* removal but also, to capture Cl~ via
intercalation within their 2D layered structure.">*>°

TMDCs are also 2D materials typically with a MX, (X-M-X)
stoichiometry in a hexagonal lattice, where M is the transition
metal and X is the chalcogen (e.g. MoS,)."””**° Additionally,
TMDs show a molecular sensing capability due to their high
surface volume ratio and availability of reactive sites. Among
these properties, one of the main characteristics of TMDs is
their interlayer spacing for energy storage application.'®*'¢* In
the field of blue energy and electrochemically assisted water
desalination, there has been increasing interest in these layered
materials.’>"® It is important to note that these materials show
enhanced desalination properties via Na'/Cl~ removal depending
on their surface modification for example, the presence of nega-
tive charges due to the creation of defects on the surface increases
the electrostatic attraction of Na* ions.'®*'®® Keeping in mind
that these materials present a relatively low specific surface area
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(ca. 20 m* g™ "), it is reasonable to assume that the ion removal
mechanism occurs via faradic intercalation where both capaci-
tance surface and diffusion-controlled processes play an impor-
tant role.’® In summary, MoS,-based electrodes appeared
promising in anion intercalation materials, but their chemical
surface charge must be controlled.

Lastly, redox polymers have been paired with cation inter-
calation electrodes®”*®'>* or with surface modified carbons."®®
In this configuration, the Cl~ ion is captured by a charge
compensation mechanism.

Our FOM analysis for DIDBs (Fig. 5) shows that the ASUC is
kept at a significant value (>0.03 mgya.c; gr = s ) without
compromising the SUC of this system (>40 mgy.ci gr ). It is
important to note that better desalination performance results
are obtained when the cell comprises the use of IEMs (Fig. 5(a)).
In general, an increase in the salt removal capacity was
observed with the increment in the salt concentration feed
water (Fig. 5(b)), though mostly results from brackish water
studies have been reported. We have seen that this dependence
is greatly affected by the pair of electrodes chosen and the
operational modes selected. On the one hand, there is a direct
correlation between the SUC and the desalination efficiency:
increasing from 20 to 70 mgyac1 gr * for desalination efficien-
cies higher than 90%. As predicted, this exponential increase is
at the cost of a larger energy input (Fig. 5(c)). On the other
hand, in the conversion reactions used in DIDBs, releasing the
Cl™ is kinetically limited and requires an overpotential. High
salinities of the feed favours kinetics lowering the net energy
consumption and enhancing the desalination efficiency. As
expected, higher net energy consumption is needed when the
feed solution is below 100 mM (Fig. 5(d)).

Redox-based desalination batteries (ReDB)

Redox flow batteries (RFBs) have gained increasing attention
due to their ability to store large amounts of electrical energy by
using redox couples dissolved in electrolytes. In short, the RFB
cell requires two electrolytes (catholyte or anolyte where the
active cathode and anode materials are dissolved, respectively)
and a separator. The energy is delivered by these electrolytes and
stored in separated tanks thus, for charging/discharging the
electrolytes are pumped into a stack, therefore, enabling the
power and capacity of the battery to be scaled independently
from each other."®""7° Redox-active compounds could be also a
promising DB approach to decouple the desalination perfor-
mance from the electrode’s capacity. In the literature, redox
mediators have been also demonstrated for electrochemically-
mediated desalination. However, their implementation as desa-
lination technologies requires several considerations such as
electrode concept redefinition and different cell design concepts
(Fig. 3(d and e)).

The desalination mechanism in these redox-based DBs
(ReDB) relies on the transport of Na and Cl ions from the feed
channel through IEMs to compensate the redox reactions
taking place at the catholyte and anolyte compartments. The
selection of the redox couple implies that the desalination
could be an energy consuming or releasing process. In this

This journal is © The Royal Society of Chemistry 2023
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fashion, the simplest ReDB cell design requires the use of three
compartments: two for the electrolytes (i.e. anolyte and catholyte)
and a central chamber where the salt solution to be desalted flows.
And thus, the cell needs the incorporation of an AEM and a CEM
to perform. It is worth mentioning here that ReDBs can also be
understood as ED desalination cells in which there is energy
storage thanks to the use of different redox reactions than O,
and H, evolution. Accordingly, ReDBs studies are generally
described as electrochemical redox desalination methods in the
literature.51’53’67’104’106

By seeking the widespread use of RFBs into DBs systems to
enhance their performance and versatility, some studies have
been published recently. To the best of our knowledge, the first
publications where redox electrolytes were used to desalinate
were published in 2018. Hou et al. proposed a proof-of-concept
of a redox flow battery desalination using VCl;/Nal aqueous
electrolytes (eqn (6), overall reaction)®" and Desai et al. demon-
strated a hybrid flow ReDB based on Zn/ferricyanide (eqn (7)
overall reaction).>

VCl; + 3Nal < 2VCl, + 2NaCl (6)

Zn + 2K3[Fe(CN)g] + 2NaCl + 2e~ <> ZnCl, + 2K;Na[Fe(CN)g]

)

We note that organic redox flow DBs are the most widely
studied. To the best of our knowledge, these are the redox
molecules studied in ReDBs: Ferricyanide, 1,1’-bis[3-(trimethyl-
ammonio)propyl]ferrocene dichloride (BTMAP-Fc), 4-hydroxy-
2,2,6,6-tetramethylpiperidin-1-oxyl (TEMPO), 4-hydroxy-TEMPO
(TEMPOL), riboflavin-5’-phosphate sodium salt dihydrate
(FMN-Na) and methyl viologen (MV). These are the redox
couples used for electrochemical desalination concepts:

VCl3/Nal,”*  Zn/[Fe(CN)s]* 7,  Zn/Brs,""  Zn/ls %
TEMPO/TEMPO",'°®* TEMPOL/TEMPOL",*” MV'/MV?*,1°¢

[Fe(CN)6]47/[Fe(CN)6]37,68’102'103’172'173 [Fe(CN)6]47/3/
[BTMAP-Fc]**/%*,1%* and FMN-Na,/FMN-Na.'”*

Recently, a continuous desalination cell based on a dual-Zn
device was demonstrated.®* The desalination mechanism relies
on Cl™ diffusion to compensate the charge-unbalance of the
cell due to the oxidation/reduction of Zn in ZnCl,. The cell
design of this method comprised the use of two AEMs and one
CEM thus, the cell was divided into four compartments: one for
the feed stream, one of the desalted one and two more for the
ZnCl, electrolyte.

When reviewing the literature, the salt removal showed by
ReDBs configurations is significantly high, being >80% at
concentrations typical for brackish to even brine solutions
(Fig. 6(a)). This is likely due to the fact that the desalination
performance of this device is independent of the capacity of the
electrodes. Complementary, the impact of the salt concentration
feed on the overall cell performance must be considered. The
increment in concentration might induce polarization problems
thus, it is essential to control the salt concentration level of the
multiple compartments during the operation. For most of the
feed salinities, the energy demand is <1 W h gyaci - and in
most cases the desalination efficiency is >90% (Fig. 6(b)).
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However, in ReDB devices, a significant polarization effect has
been reported as the current density increases. This effect leads
to a salt removal and desalination efficiency decrease and to the
increase of energy consumption (Fig. 6(c)). Lastly, an overall
increase in the energy input is required to increase the produc-
tivity (Fig. 6(d)). Note that productivity is the general term used
in the literature for the amount of salt removed per unit area of
the membrane in the unit time.

Desalination (Charging) Salination (Discharging)

Na metal
Carbon
electrode

L

Seawater

Seawater
Desalted water out

Fig. 7 Seawater battery desalination (SWB-D).
permission.”® Copyright 2020, published by Elsevier.
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To conclude, we want to mention here the desalination
based on seawater batteries (SWB) as their mechanism also
relies on the transport of Na and Cl ions from the feed channel
through IEMs to compensate the redox reactions taking place at
the catholyte and anolyte compartments (Fig. 7). As stated in
the Na-ion desalination discussion, the original use of seawater
batteries had the purpose of harvesting energy.'***® However,
since 2020, their desalination performance has been also
explored in the so-called seawater desalination concept
(SWB-D).'7>'8° For further details, we refer the reader to the
latest work of Arnold et al. in which both the energy storage and
desalination performance of seawater batteries are recently
reviewed."®'

Metal-air desalination (MeDB)

One of the most novel electrochemical desalination concepts
that appeared in the literature is based on the metal-air battery
mechanism (Fig. 3(f and g)).'%>7'%¢

The combination of metal-air batteries and desalination
(MeDB) has been explored using Al-air DB**'%” and Zn-air
concepts DB (eqn (8)and (9) overall reaction).>*>*1®

Zn + 2ClI~ — ZnCl, + 2e~

8

This journal is © The Royal Society of Chemistry 2023
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O, + 2H,0 + 4e~ — 40H™ 9)

MeDB designs require at least the use of three chambers: metal/
anolyte chamber, central chamber with the feed stream and the
air cathode compartment. Thus, both CEM and AEM mem-
branes are used in MeDBs.

In Fig. 8, preliminary FOMs based on the studies reported
are shown. It seems that the energy consumption remains on
average around 0.5 W h gua.c ' for brackish and seawater
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salinities and for different salt removal values and several
desalination efficiencies. The latter parameter shows a decrease
with the feed concentration. Metal-air batteries have gained
global attention in recent years. Nevertheless, the FOM here
discussed must be regarded as preliminary as they gather data
from 5 publications.

In summary, the desalination performance results strongly
depend on separation conditions such as cell design, feedwater
concentration, electrode configuration among others. Thus,
there is a compelling need of providing comparable descriptors/
metrics of energy-water performance along with environmental
information as detailed as possible. Considering reported results
not only on DBs studies but also on other electrochemical-based
water treatment technologies such as CDI, we refer the reader to
the following publications for more comprehensive discussion on
desalination performance metrics.>”””> In Table 1 we summarized
experimental conditions and the main results of publications
from different DB-methods.

Challenges and perspectives

We have identified three main key-points to understand the
past and current limitations for an extensive application of
DB-based concepts.

Electrode materials synthesis and cell designs

Novel electrochemical-based desalination devices such as DBs
need to be designed to show a relatively low energy consumption
using not only Na' insertion electrodes, but also developing
innovative materials for their use in anionic electrodes. We have
perceived that there is a lack of development on anion capturing
electrodes to fully exploit novel desalination methods based on
electrochemistry. Therefore, the research and development of
Cl™ insertion electrodes are ongoing scientific challenges. Our
literature assessment on Cl-capturing electrodes has shown that
most articles are focused on Ag/AgCl electrodes, probably due
to the increasing concern of developing novel active materials
and cell configurations to capture Cl ions over the last few years.
In studies in which a novel Na* capturing electrode is proposed
and evaluated, the CI™ electrode is usually based on Ag/AgCl
conversion reaction. The targeted chemical and physical features
of the DBs electrodes, working in a sea water concentration
range, are: (i) desalination through selective Na'/Cl~ capturing
electrode, (ii) high cyclability (reversible ion removal/release,
physicochemical stability), and (iii) an accurate selection of
synthesis routes and an optimal cell design configuration.

It is worth mentioning that this feature article does not aim to
fully discuss active electrode materials used in DB-based meth-
ods. For further details on charge-transfer materials and redox
electrolytes, we refer the reader to the review of Srimuk et al.”*
However, here we stress the importance of their electrochemical
stability, electronic conductivity, and electrolyte/electrode com-
patibility. The electrolyte/electrode interface of these materials
might be a key-parameter to enhance the desalination perfor-
mance in terms of ion removal providing larger interfacial areas
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Table 1 Summary of the main performance parameters of desalination battery techniques reported in the literature

Reactor Feed Salt NaCl uptake NaCl uptake Desalination Energy
type® Op. Membranes® salinity removal capacity rate (Mg nacy efficiency (W h

Technology Electrodes mode cell design  (mM NaCl) (%) (Mg nacigr ') gr ' sY) (%) Znact )
Rocking  Nag6MO,/Nag 4,MO0,% FB*  AEM 10-500 27-85  20-40 0.010-0.020 60-85 0.02-0.80
NID NaTi,(POy)3/Na;Ti,(PO,),% FT®®1%7  multichannel

Na,NiHCF/Na,. FeHCF*** cC

NaCuHCF/Nay,,CuHCF®”/%%144

NaNiHCF/Na,NiHCF*#89793:14

NaTiV(PO,);/Na, TiV(PO,),;*°
Rocking  Ag/AgCl*>®! Bi-based systems®>** FB*>**  CEM 20 17-80  50-110 0.050-0.400 >80 0.05-0.30
CID FT®* CC  multichannel 500-1000
Dual-ion  Na,MnO,/Ag**7%%9190 FC’®”®  Not required <10 15- N.D. 15-150 0.002-0.055 >75 0.05-0.40
DB NaTi,(PO,),/Bi”*'>? FB**%9°  with 100 <

CuzHCF/Bi’® Na,MnO,/BiOCI””  FT'%° CC, IEMs,”**>*¢ 1000

3 X 2 ’ il

Symm.-° MoS,° NaTi,(PO,),/ Ccvo81°  multi-

Ag49,94,101 Channe195,96

NazV,(PO,4),F;/Ag">" NiHCF/

Ag95,96

NiHCF/redox-polymer®” CuHCF/

PPy,153

Na,MnO,/PPy-Ti’® CuHCF/PPy">?
Redox-DB  VCl;/Nal.>! Zn/[Fe(CN)¢]* >~  FBCC & IEMs 30-100  50-95 N.A. 5-507 85-95 0.04-1.00

Zn/Br;) 171 Cv'9>1%  multichannel 300-600

ZH/I(3)769

Symm.-[Fe(CN)GJ“*[Fe(CN)6]3‘

68,102,103,172,173,188

[Fe(CN)s]' "~ /[BTMAP-Fc*"**104

Symm.-TEMPOL/TEMPOL":67

Symm.-TEMPO/TEMPO".'%>

Symm.-FMN-Na,/FMN-Na'”*

Symm.-MV'/MV>*10¢

Dual Zn battery®*

SWB_D57,58,175—180
Me-Air DB Al-air®**%7 Zn-air®>***%8 FB CC IEMs 50,200  30-50 N.A. 5-20¢ 70-90 0.20-0.70

multichannel

“ Reactor type: flooded cell (FC); flow-by (FB); flow-through (FT) operational mode: constant voltage (CV); constant current (CC). ? Tonic Exchange
Membranes (IEMs); anionic exchange membranes (AEMs); cationic exchange membranes (CEMs). © Symm.-: symmetric electrodes (i.e., same
electrode used as the cathode/anode or catholyte/anolyte). g m~2 h™'. N.A. Not available. N.D. Not enough data reported on this parameter.

of the porous structure. This facilitates the ion diffusion max-
imizing the conversion rate. The nanoparticulated morphology
of the active materials might also be critical to increase the
interface electrode/electrolyte and cycling stability by preventing
the agglomeration.

Concerning the cell design, except for the DIDB cell, the
other three DB concepts intrinsically require the use of IEMs.
Indeed, this fact gives an idea of the importance of membranes
in the further development if DB concepts. IEMs allow the
desalination performance to increase by means of favouring
the ion’s removal and even more importantly, they open the
possibility to tap new and promising DBs concepts such as the
ones based on redox couples. In all DB concepts, there is no
need for high operating pressures such as the ones used in RO.
However, the incorporation of membranes might involve other
drawbacks such as higher costs and maintenance (i.e. mem-
branes are prone to fouling problems and surface scaling), a
larger pressure drop in flow-through configurations, an
increase in the probability of leakages from the pumping
system or the loss of performance due to their chemical
decomposition or the electrolyte crossover through the mem-
branes. Hence, distinct advantages could be achieved by the
DIDB method: (i) reduction of ohmic drop and cross-over

6448 | Chem. Commun., 2023, 59, 6437-6452

effects because no membranes are strictly required; (ii) simpli-
city of the system that presents one compartment thanks to the
use of a single electrolyte (seawater to be desalinated).

Energy-intensive consumption and operational modes

In the field of electrochemical-based desalination, the focus of
the development in battery-based electrodes is to broaden the
salinity range of feed water without sacrificing energy efficiency
or desalination performance. Electrochemical desalination
technologies such as ED or CDI present constraints in desalting
highly concentrated solutions at a low energy consumption.”®
This is not the case for DB-based methods. However, to promote
the widespread implementation of DBs, there is a compelling
need to explore different operational modes to optimize the
energy consumption and energy efficiency. It is needed to
minimize the electrical resistances to improve the energy per-
formance of these electrochemical-based desalination technolo-
gies. As for the research on the presence of side reactions and
their influence in the energy efficiency of this group of desalina-
tion techniques, to the best of our knowledge, there is no study
addressing this topic.

Regarding flow configurations, most DB device designs are
based in flow-by (ie. where the electrolyte flows in the

This journal is © The Royal Society of Chemistry 2023
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electrode’s gap) and little to none are based on flow-through
conditions. Additionally, in ReDBs configuration, it might be
needed to shed light into the performance loss described in the
literature. It is required to increase the current density range in
which these systems operate, to further explore the impact of
variables such as flow rates and the optimization of the
composition of the electrolytes (the anolyte, catholyte and
feedwater), and how the efficiency is affected by the ions
removed accumulation during the recirculation of the electro-
lytes. At this point, it is important to highlight that in those cell
designs including several compartments (i.e. rocking DB,
ReDBs, MeDB), the efficiency loss due to backward diffusion
depends on the difference between the bulk concentration of
desalination and electrolyte chambers. The concentration in the
redox reservoirs should be wisely chosen in order to avoid ion
diffusion to the desalination chamber and thus, minimizing
polarization problems.

Moreover, the energy consumption associated with the
pumping requirements of DBs might be considered in the total
energy input to perform the desalination.

Scaling-up viability and niche market scenarios

DB based concepts are currently at the laboratory scale and
thus, there is a broad range of possibilities to explore and
advance both the design and the scaling-up viability of DB
devices. Accordingly, it might be expected that in the coming
years this technology will face challenges associated with the
development towards the pilot scale and to the scalability
processes: electrode’s scaling up and their configuration, the
increment in the volume of salt water treated, control system
tool. In ReDBs and MeDBs, particular attention should be paid
to challenges such as the volumes of catholyte and anolyte
required, their chemical decomposition, the electrolyte cross-
over through the membrane(s) or the leakage from the pump-
ing system upon cycling.

Additionally, it is interesting to consider applying the DB
basis to the selective removal of ions of interest such as Li'.

Conclusions

Over the last 10 years, interest in electrochemical-based desa-
lination devices has noticeably grown. DBs are strongly con-
sidered as a versatile technology for brackish and seawater
desalination and could act also as multifunctional systems. In
the literature, past years have witnessed a considerable increase
of studies on different DB approaches. Lately, the concept of a
DB device has been connected to different battery-like ion
storage. This feature article proposes an analysis of the figures
of merit (FOM) gathering main results reported from the
following DB-based methods: Dual-Ion DBs (DIDB), rocking
chair DBs (both NID and CID), redox-based DBs (ReDB) and
metal-air DBs (MeDB).

We have found that depending on the desalination concept,
there are some performance metrics that are not provided in
the discussion. Moreover, the experimental conditions are

This journal is © The Royal Society of Chemistry 2023
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often not specified in detail, hindering a proper evaluation of
the metrics and reproducibility of the experiments. This com-
plicates the assessment and evaluation among the different DB
concepts found in the literature and traditional desalination
methods such as RO or MFD. Furthermore, parameters such as
water recovery or the selectivity towards Na" and/or Cl~ are not
fully discussed in DB literature. The latter is mainly because
there are no studies working with multi-ion solutions as the
feed stream. There is also a lack of data providing information
about cell resistance, cell dead volumes evaluation or pumping
energy. Results regarding the production are still not reliable
due to the low technology readiness level (TRL below 3) of these
concepts. In this context, in order to assess if and which of the
DB technologies will be able to perform sea water desalination
at an industrial scale, a higher TRL should be reached. This
requires further work, in particular at the pilot scale. Currently,
considering TRL < 5, the redox-based DBs appear to have
superior desalination capacities; however they require mem-
branes. Nevertheless, thanks to their synergies with electroche-
mical devices with higher TRLs, DB-based methods could
experience a further and fast development in a short-term
scenario. It is likely that the economic evaluation on large
industrial-scale production needs to compare the fabrication
costs of materials (e.g., electrode active materials, membranes
and redox electrolytes) and devices as well as the operational
costs (e.g., electrolytes pumping, maintenance, net energy con-
sumption) to the desalination performance output (e.g., %NacCl
removed, desalination rate and efficiency).

Encouragingly, DB devices have shown promising desa-
lination results not only in terms of desalination capacity
(>70 mg nac1 gr '), but also regarding their efficiency (4 > 85%)
and low net energy consumptions (<0.1 W h gy.c1” ') even in
seawater (>500 mM NaCl). In this context, the scientific
community moves towards the full development of DB meth-
odologies. Fostering the development of both the electrodes
(active materials and the redox couples) and the membranes is
a priority to face the challenges associated with the evolution/
progress on most DBs.
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