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The energy-efficient removal of ions from saline media
is central to a sustainable future with clean water and
renewable energy’. Although the focus is on the gener-
ation of potable water, desalination and ion separation
are equally important to the manufacturing, agricul-
tural and mining industries’. Present-day, large-scale
water purification and treatment mostly employ ther-
mal desalination or reverse osmosis (membrane-based
desalination)’. Although reliable and effective, the
growing demand for water remediation necessitates
cheaper and more sustainable technologies with a lower
energy footprint. Electrochemical processes, known for
their cyclic efficiency and reversibility, are attractive
for next-generation water treatment and purification.
Capacitive-deionization (CDI) technologies use electric
charge to remove ions. As the electric charge — and energy
— is not lost but (partially) recovered during the cyclic
operation, such devices have dual use as desalination
and energy-storage units’.

Reversible electrochemical desalination, later termed
CDI, was introduced by Blair and Murphy in 1960 (REF.).

s, Jeyong Yoon*>%, Doron Aurbach
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Abstract | Reversible electrochemical processes are a promising technology for energy-efficient
water treatment. Electrochemical desalination is based on the compensation of electric charge by
ionic species, through which the ions are immobilized and, thereby, removed from a feed-water
stream flowing through a desalination cell. For decades, electrochemical desalination has focused
on the use of carbon electrodes, but their salt-removal ability is limited by the mechanism of

ion electrosorption at low molar concentrations and low charge-storage capacity. Recently,
charge-transfer materials, often found in batteries, have demonstrated much larger charge-storage
capacities and energy-efficient desalination at both low and high molar strengths. In this Review,
we assess electrochemical-desalination mechanisms and materials, including ion electrosorption
and charge-transfer processes, namely, ion binding with redox-active polymers, ion insertion,
conversion reactions and redox-active electrolytes. Furthermore, we discuss performance metrics
and cell architectures, which we decouple from the nature of the electrode material and the
underlying mechanism to show the versatility of cell-design concepts. These charge-transfer
processes enable a wealth of environmental applications, ranging from potable-water generation
and industrial-water remediation to lithium recovery and heavy-metal-ion removal.

This early work used a carbon-based material as the
sodium-ion-removal electrode and an Ag/AgCl elec-
trode for chloride removal’. In 1967, Murphy and
Caudle replaced Ag/AgCl with a carbon electrode to cre-
ate the first carbon—carbon CDI cell’. In 1971, Johnson
and Newman identified that the double-layer capacity
limits the ion-electrosorption capacity of carbon elec-
trodes, owing to its strong influence on the available
surface area and the applied potential’. Soon after, the
Gouy-Chapman-Stern theory was implemented to
quantify the influence of pore size, carbon surface area
and feed concentration on desalination performance®'.
For microporous carbon, especially with pore sizes
<1nm, the Gouy-Chapman-Stern model no longer
adequately describes the experimental results, owing to
the overlap of the electrical double layers. The modified
Donnan model'? more accurately describes electrical
double-layer formation in such micropores and can be
used as a basis to model CDI desalination'*"*. However,
the use of nanoporous carbon electrodes remains lim-
ited by the moderate charge-storage capacity of carbon
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materials (~100-200Fg™')'¢ and the failure to afford
permselective ion removal at high molar strength'”. Even
in the uncharged state, the carbon pores are populated
by cations and anions, and a high initial molar strength
(>50 mM) results in the 1:1 exchange of co-ions (ions
with the same charge as the electrode) and counterions
(oppositely charged ions), while maintaining the total
number of ions within a pore. The ion distribution and
population in porous carbon electrodes depend strongly
on the presence of polar surface functional groups'®.
Charge is stored but only through non-permselective ion
exchange, which does not contribute towards the deple-
tion of ions in the electrolyte between the electrodes. The
permselectivity can be enhanced by the use of polymeric
or ceramic ion-exchange membranes (known as mem-
brane CDI)"-*, but the problem of co-ion expulsion can
only be partially addressed”***. CDI cells can also use car-
bon suspensions as the electrodes, enabling continuous
desalination®%.

To overcome the limitations of desalination through
carbon-based ion electrosorption, the CDI community
has started exploring different electrochemical processes
(FIC. 1). Thus, the immobilization of ions is no longer
limited to physical electrosorption. Processes such as
surface redox binding”, ion insertion*"~**, conversion
reactions® or charge compensation with redox-active
electrolytes’* are characterized by charge transfer
across the fluid-solid interface between the electrolyte
and electrode, and can be leveraged for water remedi-
ation. This research direction was pioneered in 2012,
with the report of a desalination battery that operates
through Na* insertion into a Na,_ Mn,O,, electrode
and the Ag/AgCl conversion reaction”. This work
demonstrated that charge-transfer materials can oper-
ate in aqueous media with a high ionic concentration,
enabling electrochemical seawater desalination — a
concentration domain usually inaccessible with con-
ventional CDI based on nanoporous carbon materials.
Subsequently, various electrode materials have been
adopted for desalination, many having been originally
explored in the context of energy storage’’. These revers-
ible electrochemical-desalination techniques are not
limited to water desalination*' and have been extended
to a range of water-remediation applications, includ-
ing the removal of heavy metals**~*, nutrient ions***
and valuable elements (especially lithium)*-*%; water
softening™; ion separation’>*******" and water disinfec-
tion*>**-%. The dependency of electrochemical processes
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on concentration gradients and temperature can also be
used for energy harvesting (also known as blue energy or
capacitive mixing)®'*°. Moreover, harnessing low-grade
thermal waste energy from, for example, cooling towers
is a promising route towards sustainable electrochemical
processes for environmental applications®.

In this Review, we first introduce suitable perfor-
mance metrics and cell architectures for electrochem-
ical desalination. We then discuss the mechanisms for
ion removal by electrochemical processes, namely, ion
electrosorption, ion insertion (or intercalation), con-
version reactions and the charge compensation of redox
electrolytes.

Electrochemical-desalination metrics
lon-removal capacity, efficiency and rate

For electrochemical desalination, the charge at the elec-
trodes is compensated by the ionic charge of cations and
anions. Consequently, the amount of salt (ions) removed
(immobilized) from a feed-water stream depends on the
invested charge of the electrode, and it is convenient to
normalize the desalination capacity to the electrode
mass rather than the area of the electrode or, if pres-
ent, membrane®. This rationale also explains the con-
tinued use of the term CDI, with capacitive meaning to
have a capacity or behave like a capacitor®. Given that
many different electrochemical processes are available,
we instead refer to the technology as electrochemical
desalination. The invested charge can be reported in
farads, the unit of capacitance, only for capacitors or
capacitor-like systems (pseudocapacitors); when redox
reactions or other charge-transfer processes occur, it
is preferential to quantify the invested and recovered
charges in mAh (or mAhg™)*"".

Salt-adsorption capacity is one of the most common
performance metrics for evaluating electrochemical-
desalination technologies. Gravimetric salt-adsorption
capacity is based on the mass of salt (typically, NaCl)
removed per mass of electrode, yielding a unit of
mMg,.1 8 vectrode (REF). This metric is calculated by a
recording the time integral of the difference between the
cell inflow and effluent concentrations and multiplying
by the flow rate through the cell:

Myt g )

m <t

Here, v is the flow rate (Imin™), cdt is the salt concentra-
tion as a function of time (molminl™), ¢, and ¢, are the
start and end times of the desalination process, respec-
tively, M is the molecular mass of the salt and m is the
mass of the electrode (g).

As desalination can also be accomplished by
ion-insertion or electrochemical processes other than
electrostatic adsorption, we suggest the use of the term
desalination capacity instead of salt-adsorption capacity.

For systems with different ions*>*"7%, it is more rea-
sonable to compare the molar amount of salt removed
(umol_; 87" ecroae) instead of the mass™”*. Moreover,
when comparing electrode materials with very dif-
ferent molar masses, it may be more practical to nor-
malize the desalination performance by the electrode
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Fig. 1| Electrochemical processes for ion immobilization. lon immobilization can occur through non-faradaic
(electrical double-layer) (panel a) or faradaic (charge-transfer) (panels b—e) processes. The latter include battery-like and
capacitor-like redox reactions, as well as ion-insertion processes, conversion reactions and redox processes involving
dissolved ions within the electrolyte (electrolyte redox)**. In all cases, ion removal is enabled by balancing the electric
charge at an electrode surface, in an electrode material or in a (redox) electrolyte. The electrochemical signatures of the
charge-storage mechanisms are seen in the cyclic voltammograms. Note that some of the surface redox processes shown
are yet to be applied to electrochemical desalination and/or ion separation.

volume (mg,,, cm™>,, . ;). The only exception is redox
electrolytes, for which the limiting factor is not the
mass of the electrode but the charge of the dissolved
redox-active ions?"*"*. In this case, it is practical to
normalize to either the volume of the redox electrolyte
or the area of the membrane that separates the redox
electrolyte from the feed-water stream.

In addition to desalination capacity, it is equally
important to quantify the amount of salt released dur-
ing electrode regeneration. Under equilibrium condi-
tions, equal amounts of salt are removed and released.
Away from equilibrium, the two amounts may deviate,
especially during the initial cycles of operation or in the
presence of electrode-specific degradation processes.
The ratio between the desalination capacity and release
capacity is, therefore, an important diagnostic tool to
understand electrode and system conditioning.

As desalination usually involves the bulk removal of
cations and anions, desalination capacity relates to salt
removal (that is, the removal of both cations and anions).
However, when comparing, for example, ion-separation
processes or exploring different electrode materials for
the removal of either anions or cations, it is practical to
quantify only the amount of removed cations or anions’®.

The efficiency of salt removal — or charge effi-
ciency'’ — is defined as the ratio of the removed salt to
the invested electric charge:

Fn

S

2)

Qcharge

where F is the Faraday constant (26.801 Ahmol™), n_ is
the number of moles of salt removed per half cycle and
Q urge 18 the total charge accrued during charging (Ah).

Ideally, the charge efficiency would approach unity,
indicating that all the invested charges are used for ion
removal. However, there are many factors that decrease
charge efficiency, including cell resistance, surface redox
reactions’’, co-ion expulsion’, non-permselective ion
exchange™”” and irreversible redox reactions™*". When
comparing different set-ups and cells, it is important to
clarify whether the charge efficiency includes the charge
lost per cell resistance (leakage current)®.

The invested charge can also be analysed, enabling
irreversible charge loss to be quantified; however, this
does not necessarily translate to a difference between
the ion-removal capacity and ion-release capacity. The
coulombic efficiency quantifies the ratio of the discharge
capacity to the charge capacity:

Qdischarge
- 3)

Qcharge

where Qg (Ah) is the charge recovered during
discharging.

In addition to the desalination capacity, it is also
important to consider the rate at which desalination (or
salinization during electrode regeneration) is accom-
plished, giving a metric in the units of mgg™"s™ or
molg's™:

My t
m fto cdt

t

(4)

Unlike desalination capacity, which can be consid-
ered an equilibrium value, the desalination rate depends
greatly on the intrinsic kinetics of the electrode materi-
als, electrode engineering (including packing density and
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thickness), cell engineering (for example, cell architec-
ture and flow-channel design) and operational param-
eters (such as flow rate and charge-discharge rate)'**.
Similar to the use of Ragone plots to compare the per-
formance of energy-storage devices**, the desalination
rate can be plotted against the desalination capacity.
The resulting Kim-Yoon plots (or CDI Ragone plots)*
show the trade-off between the amount of removed salt
and the corresponding rate; the desalination capacity
converges to equilibrium at low desalination rates.

A less commonly used factor to quantify desalina-
tion efficiency is the flow efficiency’, which is dependent
on the residence time (time for an ion to travel through
the cell) and the half-cycle time during desalination or
salinization:

f-2nLp

i 5)
where f is the superficial velocity of the pore solution
(cms™), n is the number of interfaces between the elec-
trodes in a stack (for example, n=5 for a stack with six
electrodes), L is the electrode thickness (cm), p is the
porosity of the electrode and T is the half-cycle time (s).
The flow efficiency is a suitable metric to assess the issue
of ion flow; specifically, cyclic operation of a desalina-
tion cell requires feed water to flush the immobilized
ions from the electrodes, and it is important to limit the
amount of processed water relative to the amount of
remediated water.

Water recovery more generally relates the volume of
processed water, V, _....,» to the volume of desalinated
water, V, . ..» and is strongly dependent on the param-
eters of cell operation (that is, flow rate, flow-channel
volume and half-cycle time):

Vdesalinated (6)
V.

processed

Selectivity metrics

Increasing the selectivity of electrochemical separations
is of growing interest, owing to the economic and envi-
ronmental benefits of removing toxic or valuable spe-
cies, and the associated energetic benefits of removing
only the ions of concern®. Through the functionaliza-
tion of carbon® or the implementation of redox-active
processes®, electrochemical interfaces and materials
that can select target ions are an achievable goal. Thus,
together with the advances in materials chemistry, there
is a growing need to establish standardized selectivity
metrics for quantifying ion separations. The separation
factor is a standard metric for quantifying selectivity in
chemical separations*. For a binary system of molecu-
lar species (A and B), the separation factor, S, ;, for an
adsorption process can be defined as:

[CA / CB]solid phase
PR ?)

[CA/ CB]liquid phase

in which the concentrations of A and B (c, and c,,
respectively) are the final equilibrium values after

adsorption contact. The numerator can often be
expressed in terms of the adsorption uptakes, g,
and g, of the species, which are obtained from
adsorption-isotherm studies. In the case of binary
adsorption of two cations, species A could be, for exam-
ple, Na*, and species B, K*. Creating an electrode with
a high separation factor becomes important for the
up-concentration of valuable elements or the removal
of micropollutants. Compared with carbon-based mate-
rials, charge-transfer adsorbents have higher separation
factors, owing to their intercalation and redox-binding
desalination mechanisms (described below). The sepa-
ration factor has been used as a metric to quantify the
selectivity of redox-polymer-based electrodes for
the electrosorption of certain anions, including car-
boxylates and oxyanions, over competing anions in
the electrolyte’>”, as well as the selective removal of
caesium from hazardous waste using hexacyanoferrate
electrodes®. We expect that selectivity metrics will be
increasingly and more rigorously implemented, allowing
for easier cross-material and cross-process comparison
of the performance of electrochemical-desalination
systems for selective ion removal.

Energy metrics

Evaluating the energy consumption of electro-
chemical desalination is key to the development of
energy-efficient technologies, especially for enabling
comparison with other water-remediation meth-
ods?*?*?!, Unlike traditional separation processes,
electrochemical-desalination systems can (partially)
recover the invested energy during discharge. The sim-
plest metric for evaluating the energy consumption
is the specific energy consumption, which is the total
energy spent to remove a certain amount of salt (often
specified in Jmol™ or Jmg™)">***2, The specific energy
consumption can be evaluated using either the total
input energy or the net energy consumed (calculated by
subtracting the energy recovered during the discharge
step), depending on the mode of operation®. The spe-
cific energy consumption varies dramatically accord-
ing to the degree of energy recovery”, operation mode
(constant voltage vs constant current)”, concentration of
the solution, cell design and water recovery. Thus, a full
understanding of the system requires the parameteriza-
tion of the specific energy consumption under various
operating modes to determine the optimum parameter
space. The invested desalination energy (also known as
the energy-normalized adsorbed salt) in units of moles
of salt per joule of energy lost is given by”":

_v f;‘ (co—c)dt (8)

Ein - Eout

where E; and E_, are the energy invested during charg-
ing and energy recovered during discharging, respec-
tively, and ¢, is the feed concentration. By evaluating
energy metrics at various voltages and currents, the
limitations of these electrochemical technologies can
be identified and improved®. For example, evaluation
of the constant-current and constant-voltage modes
under different operating conditions reveals that, when
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discharging at a constant voltage of 0V, no energy is
recovered, whereas discharging at constant current
results in partial energy recovery. In parallel, thermo-
dynamic energy efficiency is a metric that incorporates
thermodynamic considerations with the energy con-
sumption and is defined as the ratio of the Gibbs free
energy of separation to the specific energy consump-
tion™. This ratio represents the fraction of energy con-
sumed during electrochemical desalination compared
with that of an ideal thermodynamically reversible
process to achieve the same level of separation.

In analogy to electrochemical energy-storage
devices”, the performance of desalination cells and
the associated energy metrics are typically normalized
to the electrode mass or volume of full or half cells to
enable the comparison of materials and processes.

Scalability

Although not the focus of this Review, we note the
growing importance and attention being devoted
to techno-economic and feasibility analyses of
electrochemical-desalination systems. A global sen-
sitivity analysis was conducted for different
electrochemical-desalination technologies to explore
which parameters, including applied current density,
influent concentration, electrode and system resist-
ance, and electrode porosity, influence performance
metrics’”, such as salt-adsorption capacity, average
salt-adsorption rate and energy recovery. According to
this analysis, the desalination capacity, charge efficiency
and thermodynamic efficiency of membrane CDI
were higher than those of traditional CDI and flowa-
ble electrode CDI. Device-level benchmarking can be
used to assess the applicability of electrode materials,
processes and associated cell designs for scaled, indus-
trial applications”. For example, the trade-off between
capital and operating costs was studied in a recent
techno-economic analysis using a parameterized pro-
cess model; this analysis highlighted the importance of
decreasing capital costs, especially for membrane CDI,
for which the cost of the ion-exchange membranes is
high®. The lifetime of the electrodes dictates the feasi-
bility and the relative advantages of CDI or membrane
CDI over other water-purification technologies, with an
important challenge being the preservation of electrode
stability over multiple cycles®. Increasing the lifetime
and decreasing the cost are, thus, key considerations in
the development of synthetic materials for redox-active
and faradaic adsorbents. The thermodynamic effi-
ciency of electrochemical-desalination technologies has
also been evaluated”, providing insight into sources of
inefficiency, as well as the effect of inlet concentration,
water-recovery ratio and salt-removal ratio, among other
factors, on the thermodynamic efficiency'”.

Despite progress in desalination capacity, desalina-
tion rate and energy analysis, it remains a challenge to
deconvolute the influence of cell design and operational
parameters on performance from the intrinsic ability
of electrode materials or electrochemical processes to
accomplish desalination. This applies not only to bulk
energetic considerations but also, and even more so, to
desalination rates®. Therefore, it is important to define
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the boundary conditions for benchmarking energy
metrics.

Cell design

Electrochemical desalination relies on the permselective
and/or non-permselective processes of the electrode
materials and, if applicable, on the properties of the
membrane (with or without ion-exchange ability). One
can differentiate between one-channel, two-channel and
three-channel desalination cells, which may or may not
include an ion-exchange or porous membrane. Although
cell designs with more than three flow channels are
possible, the electrochemical desalination gradually
transitions towards a concept closer to electrodialysis
and, thus, are not discussed further here'’. Rather than
focusing on the geometry of the feed-water stream with
respect to the electrodes (that is, flow-by, flow-through
or flow-with)”', we classify the cell designs according to
the number of flow channels (FIC. 2); this classification is
mechanism-agnostic and applies equally to electrosorption
and/or charge-transfer processes.

The one-channel cell design is typically used in con-
ventional CDI (FIG. 2a). Adding one cation-exchange or
anion-exchange membrane or a pair of ion-exchange
membranes to a one-channel cell (FIG. 2b) increases the
desalination performance by enabling (or enhancing)
permselectivity.

When using a pair of electrodes to remove (and
release) solely cations or anions, desalination can be
accomplished using a two-channel design with either
an anion-exchange membrane or a cation-exchange
membrane (FIG. 2¢,d). This cell configuration is also
known as rocking-chair desalination® or, depending on
the target ion, sodium-ion desalination®-'"! (FIG. 2¢) or
chloride-ion desalination®'*>'* (FIG. 2d). During charge—
discharge of the cell, the target ion (for example, Na* in
the case of sodium-ion desalination) is immobilized by
one electrode, while being concurrently released on the
other side. Owing to the use of an ion-exchange mem-
brane, the oppositely charged ions (Cl™ in the case of
sodium-ion desalination) must serve as agents for charge
compensation and migrate from the target-ion uptake
channel to the target-ion release channel. In this way,
one effluent stream is depleted of ions, while the other
is enriched.

A three-channel design features a pair of ion-
exchange membranes for the selection of oppositely
charged ions (FIC. 2¢) or, often used with suspen-
sion electrodes (FIC. 2f), a pair of porous separators'™.
Thereby, the inflow and outflow is decoupled from the
side channels. The static-electrode, three-channel cell
(FIG. 2¢) enables control over the local chemical envi-
ronment at each electrode; thus, the ion concentration
can be modified in the non-flow reservoirs or the elec-
trolyte changed by using a different solvent. For exam-
ple, a bi-electrolyte cell that features a non-flow side
channel with the organic solvent propylene carbonate
was developed to extend the operational cell voltage
and increase the desalination capacity'”. The side
channels may also host a redox-active electrolyte, such
as an iodide-containing or bromide-containing electro-
lyte*"””. However, the gradual loss of redox-active ions
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Fig. 2 | Desalination cell designs. Illustration of the main desalination cell types according
to the number of channels. The electrode materials can undergo non-faradaic or faradaic
(charge-transfer) processes and be static or flowable. The permselectivity can be increased
by introducing additional channels separated by ion-exchange membranes or porous
separators. AEM, anion-exchange membrane; CEM, cation-exchange membrane. Adapted
from REF."!, CC-BY-3.0 (https://creativecommons.org/licenses/by/3.0/).

across the membrane into the effluent stream is an issue
for redox electrolytes. The desalination performance,
thus, degrades over time and, depending on the identity
of the redox-active ion, leaching may be an issue for
potable-water generation®. Ion leaching can, however,
be prevented by the use of advanced membranes, such
as ceramic ones”'. Flowable electrodes, separated by
either porous separators or ion-exchange membranes,

can also be used with a three-channel set-up. These elec-
trodes are composed of a suspension of carbon particles
and/or charge-transfer materials*=*. The high viscosity
and granular convection of the suspension electrodes
limits their application, prompting the implementa-
tion of an adapted fluidized-bed reactor design as an
alternative'*.

Three-channel designs enable continuous desalina-
tion, as the suspension electrode or redox electrolyte can
be regenerated in a second cell and fed back into the
first one’>*”!””. Continuous operation can also be imple-
mented with a single module by circulating charged
species between side channels, although this approach
may require an additional ion-exchange membrane'*'*.

There is a complex relationship between cell design,
cell operation and the resulting desalination perfor-
mance, making a comparison of different electrodes
materials (and pairings thereof) difficult. Electrode
design is important to consider when analysing electrode
pairs because the desalination kinetics is controlled
by electrochemical processes and/or diffusion rates
from the bulk electrolyte to the solid-liquid interfaces;
this becomes more crucial at the system level, which
may include arrays of electrodes pairs and multiple
modules.

When comparing the performance of cells, the
electrochemical-stability window of the electrolyte
and electrode material must also be considered. In any
cell configuration, the operational cell voltage should
not exceed the electrochemically stable potential win-
dow to prevent parasitic water splitting (which does
not contribute to ion removal) consuming charge and
decreasing the energy efficiency'’. The theoretical
potential-difference limit for water is 1.23V, but the
value varies greatly, depending on the properties of
the local fluid-solid interface, reactivity of the electrode
materials, ionic strength and pH of the inflow. These
factors can shift the hydrogen-evolution reaction and
oxygen-evolution reaction below or above the theoreti-
cal potential. Moreover, when using electrode materials
with different charge capacities, the two electrodes must
be mass balanced to increase performance stability''''.
If the mass ratio of the electrode is not well balanced, the
electrode with higher capacity may cause water splitting
or other irreversible reactions.

Electrochemical-desalination mechanisms
Electrochemical-desalination mechanisms include elec-
trostatic ion immobilization (conventional CDI), ion
binding at redox-active surfaces, ion uptake through
insertion processes or conversion reactions, and ion
removal by charge compensation of redox-active poly-
mers and redox-active electrolytes (FIC. 1). The variation
in charge-storage mechanisms is reflected in the electro-
chemical signatures of the charge-discharge behaviour
— capacitor-like or non-capacitor-like (battery-like) —
as seen, for example, in the shape of the cyclic voltam-
mograms (FIC. 1). Although the direct comparison of the
desalination performance of different systems is diffi-
cult, for all systems, the invested electric charge corre-
lates with the amount of removed salt, very much in the
traditional sense of CDL
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lon electrosorption

Desalination by ion electrosorption (FIG. 1a) is linked
to the quantitative change in the ion concentration within
the pores of the electrode materials. Numerous carbon
materials have been explored for CDI'", including acti-
vated carbons'"", carbide-derived carbons'"’, graphene'’’,
carbon nanotubes'"’, metal-organic-framework-derived
carbons''® and biomass-derived carbons''’. However, ion
electrosorption is not limited to carbon materials and can
occur in other porous materials, such as metal-organic
frameworks (providing electron transport is sufficiently
enabled)'?’,

To achieve ion permselectivity, open porous net-
works require the addition of an ion-exchange mem-
brane or the design of a charge-transfer process. In the
absence of permselectivity, electric charge within
the porous network (for example, activated carbon) is
compensated by the concurrent release of co-ions and
immobilization of counterions. If co-ions are released,
the charge efficiency of the system falls below 100% and
may even fail to afford practical desalination, as occurs
when concentrations exceed ~100-200 mM.

REVIEWS

In the initial (uncharged) state (FIC. 3a), it can be
assumed that the micropores of the electrode mate-
rial contain an equal number of anions and cations. In
response to an electrical charge at the pore wall, this
balance is shifted by one of several modes: exclusive
co-ion expulsion, leading to an increase in salinity;
exclusive counterion uptake, lowering the salinity; or
1:1 non-permselective ion exchange, leaving the salinity
unchanged (FIC. 3a). In the presence of anions and cati-
ons, charge storage within carbon nanopores is initially
accomplished by ion exchange”. Once the reservoir of
co-ions within the pores has been depleted, the system
transitions towards counterion electrosorption’ (FIG. 3b).
At high molar strength, the large number of co-ions may
preclude the system from achieving significant desali-
nation capacity within the electrochemical-stability
window of water (FIG. 3c). In low-concentration brackish
water, the non-permselective ion-exchange regime dom-
inates only at the lowest state of charge (FIC. 3d), and the
influence of this detrimental regime can be decreased
by not fully discharging the electrodes (that is, cycling
between a cell voltage of, for example, 0.2-1.2V)*?..
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Fig. 3| lon electrosorption. a| In the absence of permselectivity, an electric
charge in the electrode can be compensated by co-ion expulsion
(increasing the salt concentration), counterion adsorption (decreasing the
salt concentration) or ion exchange (no change in salt concentration). b| At
sufficiently low molar strengths, a continuously charged nanopore will first
undergo ion exchange before entering the permselective counterion-
removal domain, leading to a decrease in salt concentration. The graph
shows the transition from ion swapping to counterion absorption as a
function of the cell voltage and invested charge. c,d | Plots showing the
in-pore ion concentration with respect to the applied electronic charge at

1M (panel ¢) and 20 mM (panel d) NaCl concentrations. The non-
permselective ion-exchange regime dominates at 1 M, whereas, at 20mM,
the system transitions to permselective counterion adsorption once the
in-pore population of co-ions has been depleted. Data from REFS'*’°,
e,f| Plots showing the effect of cell voltage (panel e) and salt concentration
(panel f) on the desalination capacity and charge efficiency (CE). Data for
panel f from REFS'#52%, Panels a and b adapted from REF.”!, CC-BY-3.0
(https://creativecommons.org/licenses/by/3.0/). Panel c, data from REF.”".
Panel d, data from REF.". Panel e adapted with permission from REF.?%*,
Elsevier. Panel f, data from REF.'®%,
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The presence of charged functional groups on the elec-
trode surface can favourably shift the point of zero
charge to enhance the desalination performance’”*'%,
In this way, the surface of carbon can be tailored to
fully invert the CDI process, such that desalination is
accomplished during discharging of the electrodes and
regeneration during charging'*.

For an ideal nanoporous electrode, the cell voltage
should be maximized to ensure facile electrosorption if
water splitting is thermodynamically feasible. A higher
cell voltage not only enables a larger desalination capac-
ity but also increases the charge efficiency (FIG. 3e). By
contrast, increasing the salt concentration causes a
severe drop in the ability to desalinate an aqueous'*
or organic medium'**. For example, the desalination
capacity of activated carbon at a salt concentration of
5mM is ~10mgg™ at a cell voltage of 0.8 V but drops to
4mgg' at 25mM, and above 100 mM, no meaningful
desalination is possible (FIC. 3f). However, upon decreas-
ing the pore size to ~1 nm, uncharged carbon nanopo-
res become ionophilic'*'*, enabling CDI at high molar
strengths, albeit at a lower charge efficiency. For exam-
ple, at a NaCl concentration of 800 mM, activated car-
bon cloth with an average pore size of 0.59 nm achieved
a desalination capacity of ~5mgg™" with a charge
efficiency of ~30% at a cell voltage of 1V (REF.'*).

The addition of permselective ion-exchange mem-
branes helps to overcome these intrinsic limitations

of nanopores, enabling seawater desalination'”.
Ion-exchange membranes also extend the voltage
window of cell operation from, for example, charg-
ing at +1.2'V and discharging at 0V to discharging at
-1.2' V. Without an ion-exchange membrane, reversal
in the cell voltage leads to a mirroring of the initial
ion-immobilization process, with no benefit to the desal-
ination process. With ion-exchange membranes, the
mode of charge compensation is limited to permselective
counterion electroadsorption and, thus, inversion of the
cell voltage can double the desalination capacity'**-'*".
Even with ion-exchange membranes and voltage
inversion, the desalination capacity of carbon electrodes
is limited by the limited charge-storage capacity of car-
bon materials. For conventional CDI, typical values are
in the range 10-30 mgg™' (REFS'*"'*%) (TABLE 1), but values
of up to 20-60mgg™" are possible with membranes and
higher salt concentrations'*. The charge-storage limita-
tion of carbon materials and the influence of quantum
capacitance have been intensely investigated'*>**. The
ability to screen an ionic charge depends on the elec-
tronic structure of the carbon material. Modifying the
degree of crystalline ordering'* or heteroatom doping'*
are two common ways to increase the interfacial capac-
itance of carbon electrodes. For example, pyridinic and
pyrrolic nitrogen-doped graphene exhibits a desalination
capacity of 4.8 mgg’, whereas non-modified graphene
delivers a desalination capacity of 3.8 mgg™" (REF.'*).

Table 1| Performance of selected electrochemical-desalination mechanisms and materials

Mechanism  Material or redox couple Cell design and features Desalination Charge Refs
capacity (mgg?) efficiency (%)
EDLC Activated porous carbon - 3-27 >70° L
Insertion 1D metal oxides (Na,,,MnO,, - 6-68 >90 AR
tunnel MnO,)
2D metal oxides (MnO,, - 9-37 >80 L2
hydrated V,0O,)
2D TMDs (TiS,, MoS,) - 9-25 >90 57162188
2D MXenes (Ti,C,, Mo, ,,C) = 13-45 >90 EIES
2D metal phosphates — 24 58 178
(Na,VOPO,-yH,0)
3D Prussian blue analogues - 32-130 35-96 SEFRRI
(NiHFC, NaFeHFC,
Ko 03Cu(FeCNg),65:0.43H,0)
3D NASICON (Na,FeP,0,, - 30-140 >90 ARARA VAL
NaTi,(PO,),, Na,V,(PO,),)
Conversion Ag/AgCl One channel or two channel with 17-115 >90 LA
a coupling electrode (e.g. carbon,
Na,V,(PO,),-rGO, NaTi,(PO,), or
Na,,,MnO,)
Bi/BiOCl One channelwith a coupling electrode >68 >90 Lt
(e.g.Na,,,MnO,, NaTi,(PO,),)
Redox EDLC/Nal Porous carbon electrode withan AEM and ~ 20-80 87 2L
electrolyte CEM, or AEM and NASICON
ZnCl,/NaBr Graphite electrode with an AEM and CEM - 98° ¥
ZnCl,/K,FeCN; Graphite electrode with an AEM and CEM - 85° o
Na,Fe(CN),-10H,0 Porous carbon electrode with an AEM 68 >90 7

and CEM

AEM, anion-exchange membrane; CEM, cation-exchange membrane; EDLC, electric double-layer capacitor; HFC, hexacyanoferrate; NASICON, sodium superionic
conductor; rGO, reduced graphene oxide; TMD, transition-metal dichalcogenide. *Up to a salt concentration of 100 mM. ®Percentage of salt removed.
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part). The plot (right part) compares the uptake of chromium oxyanions by carbon nanotube (CNT) and PVFc-modified
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Panel c adapted with permission from REF.**, ACS.

Furthermore, sodium removal has been demonstrated
using pyridinic and pyrrolic nitrogen'**. However, the
redox activity of such groups may also be detrimental
to the performance; for example, nitrogen-doped and
sulfur-doped biomass-derived carbons showed lower
charge efficiencies than those without heteroatoms.
Another issue is the electrochemical degradation of
carbon electrodes in saline media with high concentra-
tions of dissolved oxygen; the reduction of dissolved oxy-
gen at the cathode yields corrosive hydrogen peroxide,
which causes a gradual loss in performance™'*. These
issues can be addressed by the use of a cation-exchange
membrane to confine the peroxide anions or by modify-
ing the oxygen-reduction reaction at the carbon surface by
introducing a catalytically active material, such as titanium
dioxide'*’. Nevertheless, to further increase the desalina-
tion capacity and eliminate the need for ion-exchange
membranes for the remediation of saline media with
high ionic strength, alternative electrode materials and
desalination mechanisms have been demonstrated*>'*'.

Redox-active polymers

Redox-active and conducting polymers are promising
materials for electrochemical desalination (FIG. 1b), espe-
cially for selective ion separation: conducting polymers

enhance the selectivity of electrodes towards target
ions and improve their effectiveness for deionization
by increasing the conductivity and presenting charged
surface groups. Electroactive polymers have tradition-
ally been studied in various sensing'*, energy-storage'*’
and memristor'* applications. Discrete electron trans-
fer from the current collector to the backbone or side
chain of a polymer modulates the affinity of an electrode
surface towards charged, and even uncharged, species
(FIC. 4). In many cases, charge injection or withdrawal
dramatically affects the ion selectivity of the electrode by
either activating specific interactions or changing mac-
roscopic properties. Through judicious design, modu-
lation of the ion-electrode interaction can increase the
salt-removal capacity and selectivity for specific ions.
Organometallic redox polymers are particularly
promising for controlling surface electrosorption. For
example, poly(vinyl)ferrocene (PVFc) is a versatile and
robust system for controlling charge-transfer interac-
tions with several target anions, ranging from organic
anions to transition-metal oxyanions (FIC. 4a). The inter-
action between the ferrocene units and various anions
has been closely studied in sensing applications'*.
PVFc-coated electrodes have a strong affinity towards
carboxylates, sulfonates and phosphonates over other
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anions”’. When properly coupled with a counter elec-
trode, redox-active polymers can suppress side reactions
and selectively capture micropollutants present in even
trace amounts®. For example, reducible cobalt-based
organometallic polymers have an affinity for cations
and also serve as efficient cathodes™. PVFc-based elec-
trodes have been used for the capture of heavy-metal
oxyanions (FIG. 4b), demonstrating uptake capacities of
>50mgg! for chromium and arsenic oxyanions in an
electrolyte with a 20-fold excess of competing anions and
>90% removal at ppb concentrations in a waste-water
matrix®. Furthermore, in a comparison of their ion
uptake, selective PVFc electrodes showed a much higher
electrosorption performance than state-of-the-art CDI
technologies'* (FIG. 4c). Recently, the combination of
PVFc and a nitroxide radical polymer (poly(TEMPO
methacrylate)) enabled the selective capture of toxic
As(111) and conversion to the less harmful As(v), with
>90% removal efficiency and electrocatalytic-conversion
efficiency'”. PVFc selectively adsorbs As(111) with high
selectivity over Cl™ and, upon release, the poly(TEMPO
methacrylate) on the counter electrode promotes the
conversion of As(111) into As(V).

Polypyrrole and polyaniline are other examples of
redox-active and conducting polymers that have been
used for redox-driven ion electrosorption'****. For
example, functionalization of the polyaniline backbone
with thiol groups enables efficient mercury adsorp-
tion"". Thiol-functionalized polyaniline adsorbs mer-
cury at concentrations as low as 1-10 ppm; the Hg?* ions
can be regenerated by applying a reverse potential'*’.
Selective capture is not limited to charged species: the
macroscopic properties of redox-active molecules and
polymers, including hydrophobicity, can be electrochem-
ically modulated to enable the affinity for neutral species
to be reversibly switched. For example, the conformation
and, thus, hydrophobicity of a surfactant-functionalized
conducting polypyrrole can be electrochemically
switched to enable the reversible adsorbance and release
of neutral compounds''. Polypyrrole was shown to be an
effective electrode material for chloride storage within
a seawater-desalination battery, which demonstrated a
stable energy storage and NaCl-storage capacity over 200
cycles'™. Similarly, polyelectrolyte-coated electrodes can
enhance the desalination performance, as the charged
functional groups along the polymer backbone increase
counterion adsorption'.

For many redox-active polymers, control of the
binding mechanism can be enhanced by understanding
the mechanism for ion interaction. For example, the
cyclopentadienyl groups of PVFc preferentially bind to
strongly electron-donating species, such as oxyanions
and organic contaminants, through a combination of
electrostatics and hydrogen bonding™”* (FIC. 4b, left).
As for other classes of charge-transfer materials, opti-
mization of the design of the electrochemical cell can
also strongly increase the ion selectivity'".

We expect interest in electroactive polymers and
their application in water purification to grow, owing
to their ease of processing and immobilization, as well as
the ability to synthetically tune the selectivity. Moreover,
alternative redox-active materials have begun to be

explored for electrochemical desalination. For exam-
ple, a cathode based on a redox-active covalent organic
framework (COF) was developed for NaCl removal.
When used in a single-flow-channel configuration with
a COF-derived carbon anode, the system achieved a
desalination capacity of 23mgg in 8.5-mM NaCl solu-
tions using a cell voltage of 1.6 V (REF'*). The introduc-
tion of new COFs"** could lead to increased application
of these materials in water desalination.

lon insertion

Water desalination through ion insertion (or intercala-
tion) involves the insertion of a cation or an anion into
a specific or non-specific interstitial site of the electrode
materials'’ (FIC. 1 ). Insertion materials are usually crys-
talline and highly ordered, but less ordered structures or
amorphous materials can also reversibly host inserted
ions'**1>?, Most insertion materials can host cations (for
example, Li*, Na* and K*) and some (such as MXenes)
can host both anions and cations. Depending on the
volume expansion and structural reversibility, more
spacious interstitial sites yield increased cyclic stability,
larger ion-storage capacity (higher charge-storage capac-
ity) and faster kinetics (that is, ion diffusion in the host
material)'®. The electrochemical current versus poten-
tial signature of insertion materials can vary greatly,
ranging from a pseudocapacitive signature for insertion
into non-specific sites (for example, in many-layer mate-
rials) to a battery-like plateau for insertion into specific
sites (such as in Na,FeP,O, or the rhombohedral (1T)
phase of TiS,) """,

There are various ways to categorize ion-insertion
materials based on, for example, their chemical com-
position or crystal-structure features. Another way
to differentiate ion-insertion materials is to con-
sider the dimensionality of the insertion sites (FIG. 5a).
One-dimensional insertion materials show a tunnel-like
structure with channels for ion transport, resulting from
the connections between metal-oxygen polyhedra, such
as in Na, ,,MnO, (REFS'**'*Y) or connections between
phosphate tetrahedra and metal-oxygen polyhedra,
such as in LiFePO, (REFS'*>'%). Two-dimensional inser-
tion materials can be layered, with examples includ-
ing polyanionic phosphates (hydrous and anhydrous),
transition-metal carbides, transition-metal oxides
and transition-metal dichalcogenides (TMDs)'*". These
materials accommodate inserted ions between the
in-plane layers. Three-dimensional insertion struc-
tures, such as inorganic framework materials (for exam-
ple, Prussian blue) or sodium superionic conductor
(NASICON)-type materials, have an open framework
or cage-like structure into which ions can be inserted
from all directions and possess large spacings for ion
accommodation'®*.

One-dimensional insertion materials. One-dimensional
insertion materials were the first to be implemented
for electrochemical desalination®. For example,
Na, ,,MnO,, which has an orthorhombic crystal struc-
ture with 2x2 and 1x 3 tunnels occupied by Na*, can
uptake Na* but has no ability to insert Cl~. Following
sodiation, the cyclic voltammogram shows several
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broad redox peaks, which combine pseudocapacitive
and battery-like features'® (FIG. 5b, left). With a charge
capacity of 35mAhg™ (REFS**'"), Na, ,,MnO, has a the-
oretical sodium-removal capacity of 15mgg™', which
corresponds to a NaCl-normalized desalination capac-
ity of 38mgg™'. An all-Na, ,,MnO, device with a two-
channel design has been demonstrated, comprising two
Na, ,,MnO, electrodes with different sodium contents'.
By coupling the 1D insertion material with other elec-
trode materials (for example, activated porous carbon,
Ag, AgCl and BiOCl), the desalination capacity varies

REVIEWS

Within the manganese-oxide family, there are many
tailorable tunnel structures built from vertex-sharing
and edge-sharing MnO, octahedra'”'. These materials
possess different tunnel sizes and shapes, and can pro-
vide a large crystallographic volume for accommodating
ions, including larger ions such as K* and Mg?*, which
are important for water-softening applications'”. For
example, although hollandite MnO, and todorokite
MnO, have similar structures, the tunnels are wider in
the latter'””. By altering the synthesis method, the num-
ber of subunit octahedra can be controlled, enabling the

between 6 and 68 mgg' (TABLE 1).

Insertion-type electrode materials

tunnel size to be increased. The wide tunnels are typically
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Fig. 5| lon-insertion and ion-conversion reactions. a,b | lon-insertion
materials can be categorized according to the dimensionality of the
intercalation site (panel a). These materials show different electrochemical
responses, as revealed in the corresponding cyclic voltammograms (panel b).
c| The electrochemical-desalination performance (in terms of desalination
capacity and charge efficiency) of hexagonal close-packed MoS, (2H-MoS,),
a typical 2D layered material, in different concentrations of aqueous NaCl
(REF'*%). d | Two-dimensional layered TiS, demonstrates selective ion removal.
The left part shows the cyclic voltammograms of rhombohedral-phase
(1T)-TiS, in different electrolytes. The right part shows the uptake of Mg** and
Cs* by 1T-TiS, from a mixed-cation system®’. By changing the electrode
potential, itis possible to switch from a Mg?*-uptake regime (-396 to —220mV

Cycle number

Cycle number

vs Ag/AgCl) to a Cs*-uptake regime (—219 to 26 mV vs Ag/AgCl). The grey
region corresponds to a regime (—396 to —160mV vs Ag/AgCl) that shows
only weak selectivity for Mg?* over Cs*. e | Schematic showing the process of
desalination through conversion reactions, as exemplified for the Ag/AgCl
reaction. The cyclic voltammogram shows distinctive charge-transfer peaks.
f| Plots showing the change in charge capacity, desalination capacity,
coulombic efficiency and charge efficiency over time for a desalination cell
based on the Ag/AgCl conversion reaction®. Panel a (left) and panel b (left
and middle, TiS,) adapted with permission from REF."’%, ACS. Panel b (middle,
MoS,) and panel ¢ adapted with permission from REF."*, RSC. Panel d adapted
with permission from REF.*’, Wiley-VCH. Panel e (right) and panel f adapted
from REF.*>, CC BY 3.0 (https://creativecommons.org/licenses/by/3.0).
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filled with cations (such as Li*, K* and Na*) and/or
water to maintain the structure. The electrochemical
signature of tunnel-structured MnO, differs from that
of Na, ,,MnO, and is pronouncedly pseudocapacitive'”.

Ferric phosphate with an olivine structure is capable
of reversible cation insertion and is, accordingly, a known
cathode material for sodium-ion batteries with a theo-
retical specific capacity of 110mAh g at the operational
potential of 3V versus Na/Na* (REF.'”%). More recently, an
electrode made of a composite of amorphous FePO, and
reduced graphene oxide was paired with a porous car-
bon electrode in a one-channel, membrane-based cell'™
(FIG. 2b). The device achieved a desalination capacity of
100mgg™ in 40-mM NaCl solutions when cycling the
cell voltage between —1.4V and +1.4V (REF*).

Two-dimensional insertion materials. Two-dimensional
insertion materials include layered materials, such as
metal carbides, nitrides and carbonitrides (MXenes)'”>'7¢,
TMDs'”, some metal oxides’®'”” and phosphates'”.
Many of these materials can intercalate cations and
anions, but the ability to host certain ions depends on the
specifics of the ion-insertion site (including the chemical
environment, atomic spacing and kinetics to reach the
site) and the ionic species'”*'.

First reported in 2011 (REF'*"), MXenes are the most
recent addition to the fast-growing family of 2D mate-
rials. MXenes have the general formula M, , X T (n=1,
2, 3), where M is an early transition metal, X represents
carbon and/or nitrogen, and T is the surface termi-
nation functional group (usually fluoride or oxygen)
with variable composition and stoichiometry (x). The
physico-chemical and electrical properties of MXenes
strongly depend on the type and number of surface
groups'®'¥, The chemical structure of MXenes depends
on the ternary metal carbides or nitrides (known as MAX
phases, where A is a group 13 or 14 element) from which
they are derived. The three main groups of ternary MAX
(thatis, the 211, 312 and 413 phases) produce MXenes of
different layer thicknesses after etching'”. Most MXenes
show a hexagonal close-packed structure with more than
one stacking order, that is, ABAB and ABCABC. The
first MXene explored for water desalination was Ti,C,T,,
which reversibly intercalates Na* and Cl- with a capac-
itance of 176 Fg™ and 84 Fg™ for negative and positive
polarization, respectively®. Although MXenes enable cat-
ion and anion insertion, the negative charge of the oxy-
gen and fluoride surface groups limits the desalination
performance at the anion-removal electrode. At low salt
concentration (5mM), Ti,C,T has a desalination capacity
of 13-45mgg™, depending on the synthesis conditions
(TABLE 1). The MXene Mo, ,,CT , which has ordered diva-
cancies and is produced from (Mo, ,,Sc,;),AlC, has also
been investigated for electrochemical desalination'®.
Mo, ,,CT, exhibits a specific capacitance of 150 Fg™' for
both positive and negative polarization, which simplifies
the charge balancing for a symmetric set-up. The resulting
desalination capacity is ~15mgg" at a cell voltage of 0.8 V
for 600-mM aqueous NaCl solutions. For some MXenes,
especially Ti-based ones, oxidation and hydrolysis (espe-
cially in oxygen-rich aqueous media) of the materials may
limit the performance stability'®.

TMDs have a typical chemical formula of MX,,
where M is a transition metal and X is a chalcogen (S, Se
or Te). M and X are covalently bonded in the plane,
with one layer of metal atoms sandwiched between
two layers of chalcogens. Each trilayer is held together
by weak van der Waals forces, enabling exfoliation of
these layers'®. Multilayered TMDs adopt a hexagonal
close-packed structure (the 2H phase). Once 2H-TMD
domains are reduced to a thickness of a few layers,
so-called nanoflakes, the properties notably change,
particularly in regards to the ion-insertion capacity'®’.
A few-layer 2H-MoS, obtained through electrochemi-
cal activation showed both anion and cation intercala-
tion with a pseudocapacitive response (FIC. 5b, centre)
and a specific capacitance of 200 F g™! for negative and
positive polarization'®. Thin-layered MoS, has been
effective for water desalination over a wide range of salt
concentrations (FIC. 5¢). The desalination capacity and
charge efficiency increase with the salt concentration,
which is in contrast to the performance of porous car-
bons. Many TMDs also exhibit a rhombohedral struc-
ture (the 1T phase). The advantage of the 1T phase is
that it is a metal-like conductor with a narrow bandgap
energy'®'. 1T-TiS, is cation selective and exhibits two
distinct pairs of redox peaks in the cyclic voltammogram
(FIC. 5b, centre), owing to intercalation in, first, every
other layer (corresponding to the first peaks) and, sub-
sequently, all remaining layers (corresponding to the
second peaks), with the cations occupying the octahe-
dral and trigonal prismatic sites'”'. With a maximum
charge capacity of 70mAh g, the measured sodium-
uptake capacity of 1T-TiS, is in the range 30-40 mgg™',
depending on the initial sodium-ion concentration'*.
The inability of TiS, to host anions allows for the
design of a one-channel desalination cell without an
ion-exchange membrane, using activated carbon cloth
as the counter electrode; the resulting pair provides a
desalination capacity of 15mgg™" at a charge efficiency
of >70%, even at high (600-mM) NaCl concentrations'®.
The strong shift in intercalation potential for different
cations also enables materials such as TiS, to be used in
separations. Alkali-metal ions have different numbers
of water molecules in their hydration shells, resulting in
a variation in the desolvation energy during ion inter-
calation'”’. Consequently, the intercalation potential of
TiS, shifts according to the cation present in solution
(FIC. 5d, left), enabling the intercalation of a specific ion
by choosing a suitable electrode potential (FIC. 5d, right).
Layered metal oxides are mostly found as dioxides,
trioxides and pentoxides (for example, MnO,, MoO,
and V,0,, respectively)'*>"**. In the context of water
desalination, V,0, and MnO, have been investigated
(TABLE 1). Orthorhombic hydrated vanadium pentoxide
(h-V,0,) is composed of layers of trigonal bipyramidal
polyhedra with water interlayers'”. h-V,0, shows a
cation-insertion-type pseudocapacitive response with
a desalination capacity of 24 mgg™" (REF”%) in 600 mM
NacCl with a cell voltage between —0.4V and 0.8 V.
Birnessite MnO, has a hexagonal structure composed of
edge-sharing MnO, octahedra. Similar to h-V,0;, birnes-
site MnO, accommodates Na* between the layers, result-
ing in a desalination capacity of 9-37mgg™" (TABLE 1).
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The interlayer ions or water influence the ion-removal
performance, as they affect the interlayer spacing’™.
For example, Mg-birnessite MnO, with Mg** in the
interlayer can be synthesized by ion exchange of Na*
in Na-birnessite MnO, with Mg?**. Mg-birnessite
MnO, exhibits a larger interlayer spacing than that in
Na-birnessite MnO,, resulting in a higher desalination
capacity (37mgg™) compared with that of Na-birnessite
MnO, (31mgg™)'".

Vanadyl phosphate (VOPO,) has a structure similar
to that of NASICON, with VO, octahedra connected to
four PO, tetrahedra instead of six PO, units. Depending
on their orientation and the edge-sharing between
VO, and PO,, the resulting structure can be tetragonal
or orthorhombic'*. To maintain the layered structure,
vanadyl phosphate requires interlayer water or inter-
calant alkali-metal ions (for example, Li* or Na*). After
the intercalation—deintercalation or exfoliation process,
Na,VOPO,yH,O undergoes a phase change (forming,
for example, VOHPO, or VOPO,xH,0), owing to the
loss of interlayer water or cations, resulting in an increase
in the desalination capacity'’®'”". In aqueous media, the
electrochemical response of hydrated vanadyl phosphate
is battery-like, with a charge capacity of ~35mgg™', which
corresponds to a desalination capacity of 24 mgg™!
(TABLE 1).

Three-dimensional insertion materials. Three-
dimensional insertion materials explored for elec-
trochemical water treatment and ion separation so
far fall into two categories: Prussian blue and its ana-
logues, and NASICON-type materials. Prussian blue,
A Fe[Fe(CN),]-zH,O (where A is an alkali metal)
has an open 3D organometallic-like framework that
adopts a face-centred cubic structure (FIC. 5a, right).
The framework comprises low-spin Fe** and high-
spin Fe** coordinated to the carbon and nitrogen of
the cyanide anions, respectively. The interstitial sites
are usually occupied by alkali-metal ions (for example,
Na* or K*) and/or water, depending on the preparation
conditions. Various Prussian blue analogues have been
explored. For example, a nickel analogue, A NiFe(CN),,
can be prepared by replacing Fe** with Ni**. More
complex analogues can be prepared by replacing both
Fe** and Fe’* with other transition metals. For exam-
ple, Mn,[Co(CN),],-nH,O is produced by reacting
K,[Co(CN),], with Mn(CH,COO),-4H,0 (REF.*).
Prussian blue and its analogues show battery-like elec-
trochemical signatures (FIG. 5b, right), with the position
of the redox peaks determined by the redox activity of
the metals within the framework'*. Thus, the chosen
transition metal determines the redox potential.

To date, mostly Prussian blue analogues have been
applied in electrochemical water treatment (TABLE 1).
Depending on the cell design and the selected electrodes,
Prussian blue analogues show a desalination capacity
in the range 32-130mgg™". The desalination capacity,
desalination rate and cyclic stability of a multichannel
cell (FIG. 2¢) comprising a Prussian blue electrode coupled
to Ag can be increased by altering the electrolyte concen-
tration in the side channel. With a NaCl concentration
of 10mM in the feed stream and 1 M NaCl in the side
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channel, the system delivers a desalination capacity of up
to 53 mgg, which is approximately twofold higher than
with 10 mM NaCl in the side channel'”.

NASICONS, with the general formula A MM'(XO,),
(where A is an alkali metal, M and M’ are transition
metals and X is P, Mo, W or S), are highly crystalline
materials with large interstitial spaces. The basic struc-
ture consists of two MO, octahedra sharing all corners
with XO, tetrahedra, resulting in a rhombohedral crys-
tal structure. The redox potential of NASICONs can
be tuned by altering the anion or metal'”. The best
explored NASICON materials for water desalination
are polyanionic phosphates (A MM'(PO,),), owing to
the high sodium-ion capacities (up to 3 mole per mole of
NASICON)>"! NASICON:Ss exhibit selectivity for Na*
over other cations, enabling a desalination capacity of
30-140mgg" (TABLE 1).

Challenges for ion insertion in real conditions. Ion-
insertion materials have several advantages over carbon
materials, particularly for the desalination of high-salt-
concentration feeds. However, in real water streams,
the presence of natural organic matter is almost inev-
itable. The long-term impact of such substances in the
feed water on electrode materials in electrochemical-
desalination processes may be detrimental and remains
poorly investigated.

Efforts have been made to determine the extent
to which natural organic matter blocks the access of
ions to the insertion (or deinsertion) sites of porous
electrodes and how to regenerate polluted electrodes;
however, the longevity has been increased only with
low concentrations of dissolved organic matter’>~**. In
one example, Na, ,,MnO, electrodes in electrochemical-
desalination cells were progressively deactivated,
owing to the presence of a small amount of humic acid
(200mgl™) in a 200-mM NacCl feed solution®”. The
capacity-fading mechanism was attributed to the blockage
of Na*-insertion sites at the interface of the Na,,,MnO,
electrodes. Furthermore, the number of available bind-
ing sites for Na* decreased because of dissolution of
manganese ions, promoted by the humic acid in the feed
solution. This case exemplifies the major problems that
may result from the presence of natural organic mat-
ter in electrochemical-desalination cells with inorganic
intercalation electrodes, namely, surface passivation,
as well as dissolution of transition-metal ions from the
electrodes (either through ion exchange with protons or
complexation of the transition-metal ions in solution),
which affect long-term electrode stability*”®. As inser-
tion materials usually have a small outer surface area
compared with that of nanoporous carbons, they may
be more susceptible to fouling.

Conversion reactions

Materials that undergo conversion reactions (FIC. 1d)
transform into a new phase from the atomic constitu-
ents'”’ (FIC. Se, left). These materials have high specific
charge capacities and, thus, deliver high desalina-
tion capacities. Using a suitable two-channel cell with
anion-specific conversion-type materials, bulk removal
of the anions is achieved through conversion reactions,
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while the cations are removed through charge balanc-
ing. To date, only two conversion-type materials, both
anion-specific, have been explored for electrochem-
ical desalination, namely, Ag and Bi. Cation-specific
conversion-type materials have yet to be explored, in
part, owing to the challenge of identifying materials that
undergo the necessary reactions within the limited sta-
bility window of water and the limited stability of these
materials in water.

The Ag/AgCl redox couple is the best known
conversion-reaction material in aqueous media and is
frequently used as a reference electrode”. Upon oxi-
dation, ClI" reacts with bulk Ag, forming AgCl. For Ag/
AgCl, this process produces a distinct one-electron
transfer peak in cyclic voltammograms (FIC. 5e, right).
Bismuth, by contrast, stores Cl~ through conversion to
BiOCl:

Bi+Cl +H,0 < BiOCl+ 2H" + 3¢~ 9)

Considering the molar mass of BiOCI, the corre-
sponding theoretical capacity of the BiOCI system is
103mAhg™'. For comparison, the theoretical capacity
of the Ag/AgCl system is 248 mAh g™ (normalized to
the mass of Ag). The standard potentials of Bi/BiOCl
and Ag/AgCl are 0.16'V and 0.22'V versus the standard
hydrogen electrode™, respectively. When used in desali-
nation, the higher redox potential of the Ag/AgCl couple
results in higher energy consumption. Nevertheless, Ag/
AgCl and Bi/BiOCI have several similarities: selectivity
towards Cl™ removal; the reactions of BiOCl and AgCl
are kinetically slower than those of Bi and Ag, respec-
tively; and the capacity retention quickly decays, owing
to volume expansion (225% for Ag and 158% for Bi)
during the conversion process™*.

To accomplish desalination, a chloride-selective elec-
trode can be coupled with another electrode for cation
removal, such as Na, ,,MnO,, NaTi,(PO,),, Na,V,(PO,),
or, simply, porous carbon®***-2'2 FIC. 12). When BiOCl
was paired with NaTi,(PO,), in a one-channel configura-
tion, a desalination capacity of ~69 mgg' was achieved
at a small cell voltage of 200mV (REF.*). Owing to the
involvement of H* in the discharge mechanism (Eq. 9),
the discharge kinetics are highly dependent on the pH
of the feed water. Acidic solutions decrease the overpo-
tential required for BiOCl reduction but are not favoura-
ble for the desodiation of NaTi,(PO,),. Thus, the cell was
redesigned and, after charging in salty water, the BiOCl
and NaTi,(PO,), electrodes were discharged separately
in 70-mM HCl and 1-M Na,SO, solutions, respectively,
using an ion-exchange membrane™.

When conversion materials are used together with
insertion materials in a one-channel configuration,
desalination capacities of up to 108 mgg™ can be reached
over a wide range of salt concentrations, but especially
for high salt concentrations (510 mM)*. Alternatively,
the same materials can be used in a two-channel cell
configuration**>*"* (FIC. 2d) and, when combined with
a cation-exchange membrane, invert the sodium-ion
desalination (or rocking-chair) concept to yield a pro-
cess that can be coined chloride-ion desalination®?".
A two-channel cell with Ag/AgCl electrodes achieved an

initial desalination capacity of ~200mgg™" in 600 mM
NaCl with a small operational voltage (200mV), result-
ing in low energy consumption® (TABLE 1). This value is
close to the theoretical desalination capacity (230mgg™)
of this material. However, conversion reactions are
plagued by incomplete reversibility and grain coarsen-
ing, and, thus, the system performance may decrease
through material instability* (FIC. 51.

Redox-active electrolytes

The desalination concepts presented above all rely on ion
removal by either electrosorption or faradaic reactions
in bulk materials or at electroactive interfaces. Through
modification of the cell architecture, electrochemical
desalination can be accomplished even when only the
cation or the anion participates in the process, because a
two-channel system enforces bulk salt removal through
charge compensation of the diluted stream. Charge com-
pensation can also be applied for electrochemical desali-
nation using a redox-active electrolyte (FIC. 1¢), in which
case, neither the removed anions nor cations are directly
involved in the charge-transfer process. A redox-active
ion (such asI" or [Fe(CN),]*") dissolved in an electrolyte
can change its oxidation state by accepting or donating
electrons at the electrolyte—electrode interface (FIC. 6a).
This redox activity is widely exploited in redox-flow
batteries and redox-enabled supercapacitors*'*. Upon
charging the electrode, the mobile redox-active anions
diffuse close to the electrode interface and rapidly trans-
fer an electron to the electrode*”®. Owing to the short
diffusion-path length and the confinement of the
redox-active ion within electrically conductive carbon
nanopores, ion transport can be very fast and, in some
cases, faster than conventional ion-electrosorption
kinetics®'**'®, Subsequently, the oxidation state of the
redox-active ion changes and these species may dif-
fuse away from the solid-liquid interface. Redox-active
electrolytes may provide a high charge-storage capac-
ity (for example, 168 mAh g™ for 1 M Nal), as the
reactions typically involve the transfer of more than
one electron’.

A redox-active electrolyte can be used on one side of
an electrochemical cell for the removal of Na* (FIG. 6a)
and paired with a charge-transfer material or conven-
tional nanoporous carbon electrode. It is also possible
to have another redox-active electrolyte on the oppo-
site side, and there are many possible pairings within
the electrochemical-stability window of water (FIC. 6b).
Thereby, the technology transitions fully into the field
of redox-flow batteries®*'”*'%,

In a recently proposed system, a redox-active elec-
trolyte that undergoes a liquid-solid transition between
dissolved zinc ions and metallic zinc was paired with a
NaBr catholyte’ (FIC. 6¢). During charge and discharge,
the charge neutrality in the redox-electrolyte compart-
ments is maintained by the diffusion of Na* or Cl- (or
other ions for different salts) across ion-exchange
membranes separating the feed-water stream. Such
systems transition towards the concepts underlying
electrodialysis cells. Alternatively, it is possible to pair
two redox-active electrolytes with all oxidized and
reduced species in a dissolved form. For example,
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Fig. 6 | Redox-active electrolytes. a | Electrochemical-desalination mechanism with redox-active electrolytes. Following
oxidation of I in the electrolyte to |,~, Na* ions are ejected through the cation-exchange membrane (CEM), resulting in the
salinization of water in the effluent stream. In reverse, upon reduction of I,~, Na* ions migrate through the CEM to maintain
charge neutrality in the electrolyte. Thereby, the effluent stream is desalinated. b | Reduction potentials (vs the standard
calomel electrode (SCE)) of various catholyte and anolyte redox couples. Only redox couples with redox potentials within
the electrochemical-stability window of water (white region) can be used in water desalination. The colours of the redox
couples indicate stability in acidic (red), neutral (green) and basic (purple) electrolytes. c,d | Examples of multichannel
desalination cells with redox-active electrolytes. AEM, anion-exchange membrane; BV, benzyl viologen; EV, ethyl viologen;
HV, heptylviologen; MV, methyl viologen. Panel a adapted with permission from REF.*, ACS. Panel b adapted from REF.**°,
CC-BY-4.0 (https://creativecommons.org/licenses/by/4.0/). Panel d adapted with permission from REF.2*, ACS.

amultichannel cell that uses a [Fe(CN),]*/[Fe(CN),]*
redox couple as both the catholyte and anolyte in the
side channels (FIG. 6d) has been demonstrated for water
desalination over a wide range of salt concentrations*”’
(TABLE 1). Moreover, this concept enables fully contin-
uous operation, much like with suspension electrodes,
by recycling the oxidized and reduced redox electro-
lyte. Another example is the VCl,/Nal redox system
(Egs. 10 and 11), for which desalination with an energy

efficiency of 50% was demonstrated’’® with a cell
voltage of 0.79 V.

VCl;+e < VCL,+Cl” (10)

Nal, + 2Na' + 2e” < 3Nal (11)

There are several challenges associated with the use of
redox-active electrolytes. In assessing the performance
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Table 2 | Advantages and limitations of charge-transfer materials

Type
Surface redox

Advantages
Fast kinetics; high selectivity; good

Disadvantages

Low charge capacity

cyclability

Insertion (1D)

Good cyclability; moderate charge

Mostly cation selective

and desalination capacity

Insertion (2D)

Good cyclability; moderate charge
and desalination capacity; both

Usually low electronic
conductivity

cation and anion selective

Insertion (3D)
Conversion

Redox electrolyte

High charge and desalination
performance; good cyclability
High charge capacity;

high desalination capacity

High charge capacity; high
desalination capacity; fast kinetics

Usually low electronic
conductivity

Low cycling stability;
limited choice of materials

Requires an ion-exchange
membrane

of redox-active-electrolyte systems, it may not be useful
to normalize the desalination performance to the mass
of the solid charge-transfer electrode; instead, the per-
formance should be normalized to the membrane area.
However, this makes a direct comparison with CDI and
other charge-transfer materials difficult because the
desalination capacity for these systems is often reported
in units of mgg'. Moreover, when using redox-active
electrolytes, it is necessary to prevent the redox-active
ions from shuttling between the two electrodes to avoid
rapid self-discharge®****!. The redox-active ions must
also be stopped from gradually diffusing into the efflu-
ent stream to avoid contamination and to maintain
performance stability.

There are redox-active ions, such as Br~, that could
be environmentally harmful when released from an
electrochemical desalination cell. However, a pair of
porous-carbon electrodes in the set-up shown in FIC. 2a
can exploit the different electro-oxidation potentials
of Br~ versus, for example, Cl™ and water to selectively
immobilize Br~ (REF.**). Similar trapping processes can
be designed for other redox-active ions.

Electrode design and materials selection

The performance of charge-transfer materials and pro-
cesses can exceed that of conventional carbon materials
in terms of desalination capacity, efficiency, the variety
of electrode pairings and suitability for different saline
concentrations. However, the unambiguous comparison
of these materials is impossible: only when tested under
comparable conditions is it possible to establish compar-
ative performance metrics, a problem that is well known
in the energy-storage community”. Nevertheless, it is
possible to identify some general advantages and disad-
vantages associated with the use of different classes of
charge-transfer materials (TABLE 2).

Surface redox materials and redox electrolytes offer
fast charge-transfer processes, which translates to fast
desalination rates. However, thick electrodes may
exhibit poor electron conductivity and, thus, lead to
sluggish charge-transfer kinetics. Although surface
redox processes can be used in desalination cells with-
out ion-exchange membranes, electrodes should be
paired such that one electrode is cation selective (for

example, polypyrrole), while the other is anion selective
(for example, PVFc).

Surface redox processes can have high ion selectivity,
which can be beneficial for ion separation but detrimen-
tal when the goal is to achieve non-selective deionization
of bulk water (such as saline media). Conversion-type
electrode materials have a high desalination capacity;
however, this enhanced charge-storage capacity is usually
accomplished by processes with limited reversibility, and
the performance may degrade (or the range of useable
state-of-charge decrease) over time. Insertion materials,
including 1D, 2D and 3D materials, have good cycling
stability and moderate desalination capacities. Some 2D
insertion materials, such as MXenes, can be used for
both cation and anion removal, whereas other materials
are typically selective towards one or the other.

Charge-transfer materials generally have lower con-
ductivities than those of carbon materials and, thus, inev-
itably require carbon additives to optimize the charge
capacity. However, achieving both fast charge transport
and a high charge-storage capacity is a challenge; with
too little carbon additive, the poor conductivity results in
alow charge capacity, whereas too much carbon additive
leads to a low faradaic contribution and, thus, low charge
capacity. The type, amount and phase distribution of the
conductive phase influences the charge-transfer kinet-
ics, efficiency and overall performance stability. There
is no governing rule on the mass loading of the carbon
additives, but the goal is to optimize charge percolation
on a micrometre and sub-micrometre level. Efficient
charge percolation can be achieved by using conven-
tional composite electrodes (that is, mechanical mix-
tures of a faradaic material and a conductive agent) or
hybrid electrodes (that is, nanoscale, chemical binding
between faradaic and carbon materials)******. Within the
literature, the mass loading of carbon is ~7-30 mass%
and the mass loading of the binder is ~5-10 mass%. The
mass loading and phase of carbon should be optimized
to maximize the mass loading of the active materials.
However, the packing density of the active material,
the type and amount of binder, and the fabrication of the
electrode influence the resulting desalination metrics.
For example, increasing the mass loading and density of
the electrodes decreases the desalination rate'***.

lon separations and heavy-metal removal
Charge-transfer materials not only show great promise
for water desalination but also for applications requir-
ing ion separation and selectivity, such as the removal
of toxic ions and the recovery of valuable elements. The
latter is of considerable interest, owing to the simplicity
of the process (catch and release) and tunability com-
pared with that of conventional separation processes
(involving, for example, filtration, extraction, adsorption
and crystallization)*'. Some faradaic materials show an
intrinsic preference towards a certain ion; for example,
LiFePO, has a strong affinity for Li* and intercalates even
trace amounts in the presence of a high concentration of
Na* (REF**). Another approach to selective ion removal
is to exploit the different ion-intercalation potentials in
multi-ion systems, whereby extrinsic ion selectivity is
achieved by varying the applied cell voltage™’.
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a Charge vs desalination capacity

Desalination capacity (mgg™)

Given the growing importance of lithium-ion batter-
ies?*?”, environmentally friendly and energy-efficient
methods for lithium extraction are in high demand.
Conventional lithium-extraction processes involve
a series of time-consuming and costly precipitation
steps””. Therefore, extracting lithium from seawater or
sources with high lithium-ion concentrations, such as
waste water from the mining industry or hydrothermal
water, is an attractive alternative to conventional lithium
mining49,50,226,229,230.

Pioneering work on electrochemical lithium extrac-
tion***"! employed an intrinsically lithium-selective
material (LiFePO,) coupled with an exclusively chloride-
selective electrode (Ag) and achieved a very high lithium
recovery from a sodium-rich brine solution with low
energy consumption (144 Whkg™,,). Follow-up studies
have further demonstrated the effectiveness and energy
efficiency of electrochemical lithium recovery***'. For
example, electrodes comprising spinel LiMn,0O, can
selectively extract Li* from solutions that contain a
high concentration of other ions (Na*, K*, Mg** and
Ca?") with an energy consumption of 334 Whkg™
(REFG#8-50:226230)
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Fig. 7| Performance domains of electrochemical-desalination materials.

a| Correlation between the invested electric charge and resulting desalination capacity
for selected carbon and non-carbon materials®. b | Ragone-like Kim—Yoon plots
illustrate the domains of operation for fast desalination (through ion electrosorption)
and high-capacity desalination (through charge-transfer materials; top part) and the
influence of increasing molar strength on the performance metrics (bottom part)®’.

CDI, capacitive deionization; CE, charge efficiency; CID, chloride-ion desalination;
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adapted from REF.**, CC-BY-3.0 (https://creativecommons.org/licenses/by/3.0/).
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Faradaic processes and materials can also be applied
to recycle spent cathode materials. For example, a
redox electrolyte ([Fe(CN,)]*"/[Fe(CN{)]*") was used
to extract lithium from spent LiFePO, (REF**). Similar to
redox-flow batteries, the cell consisted of a graphite felt
cathode and anode, paired with a cation-exchange mem-
brane. During operation, [Fe(CN,)]* selectively reacts
with LiFePO, in the anolyte tank to form [Fe(CN)]*
and Li*. As [Fe(CN)]*" flows into the cell, it is oxidized
to [Fe(CN,)]*", while Li* crosses the membrane and
forms LiOH. Thus, lithium is selectively extracted as
a high-purity salt with a removal efficiency of 99.8%
(REF*?). The development of new lithium-selective
materials and improved cell architectures will estab-
lish electrochemical lithium recovery as an important
technology and, possibly, an alternative or supportive
method for large-scale lithium production.

In the context of ion-separation processes,
charge-transfer materials can also be applied to purify
industrial products*'. When using carbon electrodes,
monovalent cations (such as Na* and K*) are substituted
by divalent cations (such as Ca?* and Mg**), owing to
the stronger electrostatic attraction”’. Thus, carbon elec-
trodes may have poor selectivity. Faradaic materials such
as Na, ,,MnO, are Na* selective and intrinsically discrim-
inate against competing cations (such as K*, Mg** and
Ca*"). By pairing Na  ,,MnO, with a chloride-selective
Ag electrode, the resulting cell delivers a Na* selectivity
13-fold higher than that for K* and 8-fold higher than
that for Mg?* and Ca** in 30-mM NaCl, KCI, MgCl, and
CacCl, solutions; therefore, this system is attractive for
KOH purification™. Replacing the Ag electrode with a
Prussian blue (K Fe[Fe(CN),]) electrode increases the
K* concentration, owing to deinsertion of K* ions from
the electrode, while Na* ions are removed by insertion
into Na, ,,MnO, (REF.*). In a mixed-cation electrolyte
(a solution containing 20 mM NaCl and 40 mM KCl),
a cell with K Fe[Fe(CN),] and Na,,,MnO, electrodes
removed 36% of the Na* jons, resulting in a KCI purity of
99.8% (REF.™).

Environmental applications of electrochemical desal-
ination specifically target the extraction of heavy metals,
such as arsenic, cadmium, chromium and lead. So far,
nanoporous carbons have mostly been explored for this
task?*-*°. The pore size of carbon materials provides a
degree of ion selectivity and enables the discrimination
of ions based on their size and ionic charge®***; thus,
the hydration shell and associated desolvation energy are
key aspects™!. More recently, redox-active polymers have
been investigated for the remediation of heavy metals,
with PVFc selectively removing chromium and arse-
nic oxyanions from water at concentrations as low as
100 ppb (REF*). Owing to the importance of the task and
the need for molecular selectivity, we expect increased
interest in redox-active electrodes for transition-metal
separations.

Outlook

Having emerged as a promising technology for the
remediation of brackish water and specialized industrial
applications, electrochemical-desalination technologies
have recently started to adopt charge-transfer materials.
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In all cases, the main performance-limiting parameter
is the correlation between the invested electric charge
and the desalination capacity (FIG. 7a). The adoption of
charge-transfer materials has enabled new applications,
ranging from enhanced ion selectivity to direct desal-
ination of highly concentrated saline media, including
seawater. New cell concepts have also enabled contin-
uous desalination operation, including designs that use
suspension electrodes or redox-active electrolytes that
are constantly replenished. Alternative concepts can
even employ metal-air battery technology, as exem-
plified recently with zinc-air desalination**. Research
on new electrode materials, cell designs and operation
modes for various environmental and industrial appli-
cations continues. We foresee the consolidation of fast
and high-capacity systems with different correlations
between the desalination rate and capacity, depending
on the ionic strength and desalination process (FIG. 7b).
As the field matures, a clearer picture of the road map
for electrochemical desalination will emerge and, ulti-
mately, we may be able to create a library of materials,
cells and operational parameters for the tailored design
of desalination systems. However, realizing this goal
will require comparable testing methods and metrics
to be established and performance-stability testing over
hundreds, if not thousands, of operational cycles.
Electrochemical desalination also offers opportuni-
ties to combine energy-storage and desalination pro-
cesses. For example, units could be designed to serve as
grid-scale buffers that use surplus electricity to produce
potable water, but provide electrochemical energy by an
inverse operation during periods of electricity shortage.
Such concepts are ideally combined with photovoltaics
or alternative renewable-energy sources.
Charge-transfer materials offer intrinsic advan-
tages in terms of energy efficiency for electrochemical
desalination. By combining high desalination capacity,
low cell voltage and high reversibility, these materials

enable low-energy, high-efficiency desalination. Optimal
electrochemical desalination is achieved by using
high-capacity electrode-material combinations that have
a low voltage difference between them; this is in con-
trast to the optimal requirements for energy storage, for
which high capacity and high cell voltage are desirable.
Nevertheless, there are disadvantages of charge-transfer
materials. For example, there are indications that the
low external surface area of faradaic materials enhances
their susceptibility to ageing and fouling**>**. Moreover,
unlike other desalination techniques (for example, nano-
filtration and reverse osmosis), electrochemical water
desalination requires cyclic operation and regeneration
of the electrodes. The latter can be overcome by either
using flow electrodes composed of charge-transfer
slurries or redox-active electrolytes. It also remains
unclear how the costs of faradaic electrodes affect the
techno-economic feasibility of charge-transfer-based
desalination compared with that of conventional CDI
based on nanoporous carbon.

Selectivity is now a major goal for electrochemical-
desalination technologies, and charge-transfer materi-
als have presented themselves as a prime platform for
addressing these challenges. The design of electrode
materials with bespoke and/or tunable ion selectivity
could enable the targeted removal of pollutants, as well
as the ability to up-concentrate precious elements, such
as lithium or other metals, from seawater or mining waste
water, providing new sources for raw materials. Studies
of charge-transfer materials for desalination will also feed
back into the energy-storage community by spurring the
discovery of new reversible electrochemical processes and
materials for technologies beyond lithium-ion batteries.
Charge-transfer materials are, therefore, uniquely placed
to provide a platform for sustainable electrochemical
applications at the energy-water nexus.
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