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Desalination plays a crucial role in addressing freshwater scarcity resulting from the rising population,
industrial expansion, and the impacts of climate change. It employs various technologies tailored to
varying levels of salinity. While energy efficiency is a primary focus in desalination, its intuitive
interpretation is challenging due to process variations. This viewpoint offers a thermodynamics-based
understanding of energy consumption by examining it in terms of irreversible dissipation and minimal
separation energy. This study examines the relationship between exergy variations across different
desalination technologies, which provides insight into the minimum separation energy and serves as
a basis for classifying desalination processes. Simultaneously, particular emphasis is placed on capacitive
deionization (CDI) as an emerging desalination technology that requires only incremental advancements
to overcome current limitations associated with high feed-water salinity and the restricted desalination
capacity of conventional carbon-based electrodes. The integration of advanced battery materials,
including sodium-ion and chloride-ion battery systems, with CDI represents a promising strategy to
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1 Introduction

One of the major technological, social, and economic issues of
the twenty-first century is the lack of access to clean water at
a reasonable price. The United Nations has declared access to
clean water to be a fundamental human right.* Yet it is still
unavailable to one out of seven people worldwide.> Neverthe-
less, it is crucial to emphasize that a significant quantity of
water is primarily employed in agriculture, as well as in the
extraction of oil and gas, and the manufacturing of chemicals. If
the present rate of water consumption persists, a larger number
of shortages are anticipated for the global population, posing
a threat to ecosystems.> On a global scale, the vast majority,
approximately 98%, of Earth's water is composed of seawater
and brackish water.* However, only a small fraction 2.5%, of the
total water supply on the planet is freshwater. Furthermore,
a significant proportion of this fresh water is stored in the shape
of glacial ice or deep groundwater.® Even if well distributed and
abundant, seawater and brackish water cannot be directly
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utilized for domestic purposes because of their high salt
concentration. For that reason, desalination as shown in Table
1, acts as an efficient and low-cost approach to reduce salt
concentration and has been utilized to tackle the shortage of
freshwater in areas grappling with water scarcity, including
Africa, the Asia-Pacific, and the Middle East.®”

The process of desalination of seawater or brackish water
represents a viable means of obtaining freshwater for human
use Fig. 1. Over the past few decades, various desalination
technologies, encompassing multistage-flash distillation
(MSF),'*"” reverse osmosis (RO),'® and electrodialysis (ED)" and
Capacitive deionization (CDI).* MSF and MED necessitate
elevated operating temperatures of 88-130 °C and 71 °C}®
respectively, the phase transition of water from liquid to vapor,
making them inherently energy-intensive processes.”* On the
other hand, the RO method, which utilizes high pressure to
propel sea water through the RO membrane for freshwater
production, requires lower energy consumption than the
distillation-based techniques. Consequently, RO technology
constitutes more than 60% of desalination plants worldwide.**
Nevertheless, RO process faces a challenge of considerable
energy consumption, predominantly attributable to the
substantial pressure needed (2800 kPa for seawater and 140 kPa
for brackish water®). Additionally, the RO membrane is
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susceptible to fouling and to mechanical damage.”*** In
contrast, interfacial solar steam generation (ISSG) is a solar-
driven desalination technology that localizes photothermal
conversion at the air water interface, minimizing bulk water
heating and reducing thermal losses.>>*® ISSG materials include
carbon-based structures, plasmonic nanostructures, and self-
floating membranes, achieving solar-to-vapor conversion effi-
ciencies exceeding 80%.>”*® Biomass-derived materials, such as
functionalized wood sponges, possess hierarchical porosity, low
thermal conductivity, and capillary-driven water transport,
supporting efficient interfacial evaporation.> Wood sponges
coated with graphene flake/polyaniline nanocomposites
provide high light absorption, enhanced photothermal
conversion, and salt resistance.** These material properties
enable high evaporation rates, stable operation under high
salinity, and reduced thermal losses. ISSG systems are scalable,
energy-efficient, and represent an alternative to conventional
thermal and membrane-based desalination, technologies.”**
It's worth noticing that all the technologies are essentially
focused on separating water from salt. Conversely, fresh water
can be generated through electrodialysis by electrically propel-
ling ions across ion exchange membranes, with a typical oper-
ating voltage range of approximately 2-3 V.*>** However, this
voltage surpasses the theoretical threshold for water splitting.
This not only diminishes charge efficiency due to side redox
reactions but also results in significant electrode corrosion.**?*
Additionally, energy consumption rises with increasing salt
content in the feed, making the process nearly impractical when
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salt concentration exceeds 3 g~ ', a value significantly lower than
the salinity of seawater.**

Capacitive deionization (CDI) has surfaced as an alternative
approach to water desalination,*** offering potential benefits
such as energy efficiency, environmental friendliness, and
effective salt removal.**** A standard CDI cell comprises a set of
electrodes with opposite charges, resembling a supercapacitor
operating at room temperature and standard pressure. During
a typical CDI operation, as saline water passes through the two
porous electrodes subjected to a voltage below 2 V,** ions are
electrically attracted to electrodes with opposite charges in
a process known as electrostatic adsorption, leading to the
removal of salt ions from the solution. Unlike reverse osmosis
(RO), which depends on high pressure to transport a significant
fraction of water across the membrane, the CDI process directly
eliminates salt ions from the incoming water.*

Technological maturity of desalination methods was quan-
tified using a normalized bibliometric maturity index (MI)
based on cumulative citations:

MI = (Nl - Nmin)/(Nmax - Nmin) (1)
where N; is the total citation count for technology (i), and Npyin
and Ny, represent the minimum and maximum citation values
across the evaluated technologies. This normalized indicator
provides an objective proxy for technological development
intensity and is conceptually aligned with bibliometric growth
analysis,*” innovation diffusion theory,*' and established tech-
nology readiness assessment frameworks. Based on cumulative
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Table 1 Feed water, cost, and energy consumption of different desalination technologies®~**

Energy consumption

Desalination technologies Feed water (kwh m™?) Cost (US $ per m?) Ref.

Capacitive deionization (CDI) Brackish water 0.05-0.59 0.11 10 and 11

Electrodialysis (ED) Brackish water 1.6-2.3 0.47 9

Reverse osmosis (RO) Brackish water 0.7-2 0.39-1.5 9
Seawater 1.6-12 0.55-1 12

Multi-stage flash distillation (MSF) Brackish water 12.7-15 7.56 8 and 13
Seawater 25-200 0.8-1.5 14 and 15

Water & Salt

Salt from water Water from salt

Multi-Stage
Flash distillation
(MSF)

Hot Feed water
—

Capacitive deionization

Reverse Osmosis
(RO)

Electrodialysis

(ED)

e Pressured
Feed water

Fig.1 Schematic diagram for desalination technologies.
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citation metrics, reverse osmosis (MI = 1.00) and distillation
(MI = 0.77) are classified as mature technologies, whereas
capacitive deionization (MI = 0.23) is considered developing,
and electrodialysis (MI = 0.00) demonstrates comparatively low
bibliometric maturity, indicating an earlier stage of technolog-
ical consolidation relative to reverse osmosis and distillation
systems. The quantity of citations in the capacitive deionization
field has been experiencing exponential growth in recent years
as depicted in Fig. 2. Researchers have delved into capacitive
deionization from two fundamental viewpoints: the architec-
tural perspective, and the materials perspective.*” In the archi-
tecture of capacitive deionization, electro-sorption occurs on
two electrodes containing the active material, the electrodes can
be either attached to a framework (static) or positioned to flow
within the channel of the system as depicted in Fig. 3. Among
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Fig. 3 Capacitive deionization (CDI) cell architectures.

different structural designs, researchers often opt for a setup
featuring two porous carbon film electrodes positioned parallel
to each other, leaving a narrow planar gap between them for
water flow, known as the classical CDI geometry.”* This
configuration is also referred to as flow-by CDI. Alternatively,
instead of water flowing along the electrodes, it can be directed
straight through them, a method pioneered by Newman and
Johnson** and further developed by Suss,* in this approach, the
feed water is pumped perpendicular to the layered structure,
passing through the larger pores in the electrodes. Nonetheless,
these architectures demonstrate restricted electro-sorption
performance due to the co-ion expulsion effect.** This
phenomenon pertains to the process wherein co-ions adsorbed
on the electrode surface, are released into the bulk solution
when voltage is applied, leading to an increase in salinity. To

MCDI w

M-HCDI

.[ \mmind-m\w > Ricol

HeD! ‘.n..ml".....mm P R-FaCDI

FaCDI

i-CDI

Fig. 4 Different types of capacitive deionization (CDI) categorized
based on the number of channels.
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address this constraint, researchers have introduced ion
exchange membranes alongside the electrodes, a configuration
known as Membrane Capacitive Deionization (MCDI) (Fig. 4).*
The incorporation of the membrane effectively eliminates the
co-ion expulsion effect, leading to improved electro-sorption
performance. Consequently, different structures have been
developed to improve electro-sorption efficiency. Lee et al.*®
introduced a Hybrid Capacitive Deionization (HCDI) that inte-
grates two separate materials, one capacitive and one faradaic.
The combined effect of the two materials significantly improves
electro-sorption performance, through reversible faradaic
reactions, the faradaic material extracts cations from the salt
solution, while the carbon electrode takes up anions.* Addi-
tionally, there have been reports of rocking-chair desalination
(RCDI), a process that incorporates ion-specific pre-
intercalation material as an electrode.®®* The mechanism,
which is similar to that of intercalation batteries, e.g. Li-ion, Na-
ion, entails the intercalation of ions within one electrode and
simultaneous de-intercalation from the opposite electrode.
Meanwhile, ions with an opposite charge are compelled
through an ion-exchange membrane into their respective
channels.” Inverted capacitive deionization (i-CDI) is a signifi-
cant subset of CDI that typically employs carbon materials with
fixed negative and positive charges. During cell discharge, ions
are adsorbed, and the opposite process occurs during
charging.®® Unlike traditional CDI, (i-CDI) reverses this process
by desalinating without the need for a charging operation and
instead achieves recovery during charging.*® For instance, a cell
utilizing (i-CDI) with MnO, and polypyrrole-coated activated
carbon (MnO,//PPy@AC) exhibits distinct salt removal
abilities.”*

From materials standpoint, a multitude of highly efficient
materials have been explored thus far. Initially, carbon-based
materials were widely selected for capacitive deionization
experiments due to their high specific surface area and rela-
tively low cost. The electro-sorption performance of carbon-
based materials is regulated by electrical double layers (EDLs).
However, the effectiveness of electro-sorption in carbon-based
materials is constrained by electrical double layers and co-ion
expulsion.*® The constraints associated with carbon-based
materials have been addressed by incorporating faradaic
materials with redox-active surfaces®® and ion insertion
materials.””

2 Overview of exergy variation in
desalination technologies
2.1 Energy and exergy concepts in desalination systems

Exergy and energy are distinct concepts crucial for analyzing
thermal systems. While energy adheres to the conservation
principle of the first law of thermodynamics,®® exergy represents
usable energy for work.* Exergy provides a standardized basis
for comparing interactions and assessing system efficiency by
quantifying energy dissipation,®*** linked to entropy generation
by the second law of thermodynamics.®® Exergy is divided into
physical (mechanical and thermo-mechanical) and chemical

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Classification of exergy.

Temperature based B,

categories Fig. 5. While thermal desalination methods consider
all exergy forms, membrane-based processes often overlook
heat-related exergy. Notably, electrodialysis and capacitive
deionization rely on chemical and electrical exergy.®* Overall,
desalination processes utilize various forms of exergy.®® For
instance, distillation processes involve high temperatures and
phase changes, causing notable exergy losses due to irrevers-
ibilities like heat transfer and pressure drops. RO systems suffer
from exergy losses due to pressure drops, membrane fouling,
and concentration polarization. CDI systems face exergy losses
from electrical resistance, electrode degradation, and ineffi-
ciencies in ion adsorption/desorption processes.

2.2 Exergy analysis, dead state, and thermodynamic
behaviour

Exergy analysis is used to optimize energy conversion systems
and to reduce losses. The main objective for all desalination
processes is to convert sea water into fresh water with an
external energy source. Therefore, exergy measures the poten-
tial work that can be harnessed from a resource in comparison
to an environmental benchmark, facilitating a comprehensive
comparison with other desalination methods.** The environ-
ment, more appropriately as exergy reference, is called the dead
state Fig. 6. A dead state is any reservoir big enough so that its
variables do not undergo any changes during the analyzed
process, or during the interaction with the system. As often in
thermodynamic analysis, different environments can be
defined for different systems (e.g., a river in a coal power plant,

The overall system
boundary is Q. =0

Environment (P, T, X,)

System Work
boundary °
Closed Work W

system

(P Ty Xp)

Expanded surroundings to maintain system's
intensive properties unaffected

Fig.6 Schematic illustration of a closed system in equilibrium with the
environment.
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or the outside air in a heat pump or solar thermal system). We
can represent the exergy, denoted as e through mathematical
expression.®>*® M. H. Sharqawy et al.*’ investigated how the
exergy of a control mass system evolves regarding the initial
state’s temperature, pressure, and mass concentration in
comparison to the environment's dead state at T, = 25 °C, P, =
101.325 kPa, x, = 0.035 which corresponds to standard state of
sea water. Under conditions (P, = P; xo = x; Ty # T). Fig. 7(a),
exergy remains positive regardless of temperature which results
in positive exergy due to potential heat transfer. When (T, = T;
X0 =x; Py # P). Fig. 7(b), exergy stays positive at any pressure, as
it allows mechanical work via expansion (P > P,) or compression
(P < Py) to reach the environmental pressure. Additionally, when
(To = T; Py = P; x, #+ x) Fig. 7(c), at (x = x,), exergy drop to zero.
The second derivative consistently stays positive, confirming
that (x = xp)s a minimum. Exergy remains positive and only
nears zero when concentration matches x, = 0.035, as it offers
work potential from mass transfer processes. In summary, the
exergy of the control mass system consistently remains positive
under varying temperature, pressure, and mass concentration
conditions, as discussed above.

2.3 Technology analogies, reference state shifts, and
separation metrics

In the three scenarios mentioned, each variable bears a resem-
blance to various desalination technology, such as thermal-
driven, pressure-driven, and electrochemical-driven
approaches. Additionally, as exergy assesses the potential
work relative to a reference Fig. 8, we can observe two distinct
states in each case where the derivative of the exergy is either
negative or positive. From a desalination perspective, the state
(2) resembles different analogies. For temperature, it aligns
with Distillation, for pressure, it corresponds to reverse osmosis
(RO), and mass concentration parallels Capacitive Deionization
(CDI). In contrast, the state (1) resembles for temperature
similarities to Freeze Crystallization,*® while for pressure, it
parallels Forward Osmosis,” and for mass concentration, it
mirrors capacitive mixing CAPMIX.” Capacitive mixing aims to
harness energy from differences in salinity, such as those
between sea and river waters. CAPMIX relies on the voltage
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Fig. 8 Example of exergy variation of sea water.

increase occurring between two electrodes submerged in
a saline solution when its salt concentration changes Fig. 9.
Notably, we can observe similarities between these technologies
based on whether they operate thermodynamically in a clock-
wise or counterclockwise fashion. For instance, in the case of
(To = T; Py = P; xo # x) and by modifying the dead state Fig. 7(c),
we can observe a shift in the curve and alterations in exergy over
each reference state. Additionally, we can identify that the
pivotal element in each process where, for instance, in CAPMIX,
the critical feed is fresh water, whereas in CD], it is the saline
water feed.

Moreover, exergy analysis has been conducted on different
desalination methods,” and the calculated theoretical exergy
destruction values for thermal desalination, reverse osmosis,
and membrane capacitive deionization (MCDI) vary, with
figures of approximately 320, 64, and 8 ] mol*, respectively.®7
However, it is worth noting that chemical exergy appears to
show similarity with another energy function often used for
physical and chemical equilibrium in Chemical Engineering
Thermodynamics called Gibbs free energy,which represents the
alteration in free energy that occurs as molecules undergo
a change in state, whether through mixing, transport, or
chemical reactions.” Consequently, as our primary focus is on
the separation process, specifically desalination by capacitive
deionization, it is important to briefly examine the Gibbs energy

(apaume Deionization CDI b)

Capacitive mixing CAPMIX

Switch 1
I Anad

Discharging

State if)

I—. Switeh 2 _I Switch 2 —1
w
Wour
Sea water (VsCs) Fresh water (ViCr) River water (VgCg) [ Mixed water (VyCy)
Brine water (VCg) Seawater (V5Cs) I
Wuu: Win

Fig.9 Schematic representation of (a) capacitive deionization CDIl and
(b) capacitive mixing CAPMIX.
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of separation. This will provide a foundational understanding
to compare the major desalination methods.

3 Separation and mixing in
desalination

3.1 Gibbs free energy of separation and thermodynamic
limits

The Gibbs free energy of separation represents the minimal
energy needed to split a mixture into its individual components,
without considering the specific method used.” Therefore,
when it comes to desalination, it is theoretically unfeasible to
extract salt from water with an amount of energy lower than the
Gibbs free energy of separation. This value is equal in magni-
tude to the Gibbs free energy of mixing and is calculated as the
difference between the Gibbs free energy of the fully mixed
solution and the sum of the Gibbs free energy of each compo-
nent in the mixture.”® Nevertheless, the fundamental thermo-
dynamic rule stating that any separation necessitates
a minimum specific energy consumption, remains valid even
when dealing with non-ideal solutions.”® Li Wang et al””
determined the Gibbs free energy of separation for saline water
and utilized this information to establish the minimum specific
energy consumption (SECy,i,) for desalination which is essen-
tially the Gibbs free energy of separation divided by the volume
of produced water. The expression for the Gibbs free energy of
mixing in an ideal two-component solution containing
a generic salt species (s) and water (w) is as follows.

AnixG = ”RT[xsln(xs) + xwln(xw)] (2)

n (in moles) represents the total moles of the solution con-
taining both species, R (in J mol ' K™ %) is the ideal gas constant,
T (in K) is the absolute temperature and x is the mole fraction of
each component in the mixture. Furthermore, by assuming
a highly diluted salt solution and making use of a Taylor series
expansion, particularly when (x;) is significantly less than 1, the
Gibbs free energy of mixing becomes:

AinG = nRTxIn(x) + (1 — x)In(1 - x.)] = nRTx{In(x,) - 1](3)

As depicted in Fig. 10(a), the Gibbs free energy of separation
in a desalination process, denoted as 4,.,G, is the difference

1 \
1 1
' DyixGr = RTxp[In(xp) = 1] ApixGp = RTxplinGep) =1)
H Feed Product 1
: Brine :
1 1
\ 1

Azmxéﬂ = RTxp[In(xp) — 1]

= xp = XpRy + (1= Ry)xp

[ - 1
: Mass balance on salt Cr = CoRyy + (1 — Ry)Cs Salinity :
' - C Cg 1
For complete salt rejection C, = 0 = Cr=(1- Ry) ™ ®
1 PRES. ><rmmmmm e n e > 1
| IfCp,=0 Then Cp=1 TGS H
' P B Cy 1 1- Ry Ry = Co—Cr :
1

\

Therefore

Fig.10 (a) The primary streams of a desalination unit, (b) mass balance
on salt for desalination process.
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between the free energy of mixing for the produced streams of
product (P) and Brine (B) water, and the free energy of mixing
for the initial feedwater (F):

AsepG = AmixGP + AmixGB - AmixGF (4)

A general separation process can be characterized by several
factors, including the concentration of the initial feed (Cg), the
concentration of the resulting product water (Cp), the concen-
tration of the brine (Cg), and water recovery (R,,), which is the
ratio of permeate and the feed water flow rates. Three of these
parameters are considered independent according to the salt
mass balance. Visually, any separation can be represented using
a straightforward separation line depicted in Fig. 10(b) which
contains all the necessary information to define a separation.
What' s interesting and practical is that we can directly deter-
mine the water recovery (R,) from this line. The minimum
specific energy consumption (SECy,i, in Wh m™?) in desalina-
tion is the Gibbs free energy of separation per unit volume of
product water, and is given by:

SECmin — ASCPAG _ RwAmixGP + (1 - RWA)AmijAB - AmixGF
R RV,

WVW

(5)

where Asepé is the molar free energy of separation for given
stream, and V,, is the molar volume of water. Replacing ArninGop,
AmixGr, and 4,16 by their expressions and considering the
salt mass balance, and using concentration instead of mole
fractions, and assuming complete salt rejection, the specific
energy consumption (SEC) is simplified to:">”®

SECyin = 7%111(1 ~R) (6)

w
where ¢ is feed-water osmotic pressure is given by the van't
Hoff relation (7; = 2RTCy),”® the Thermodynamic Energy Effi-
ciency (TEE) is defined as the ratio between 44.,G and SECpn
a desalination process:

Aep G

TTE = " )

Considering a desalination process where total salt rejection
is attained, the minimum thermodynamic energy consumption
is determined exclusively by two factors which are the osmotic
pressure (m¢) of the feed stream and the water recovery ratio

(RW) '75

3.2 Energy consumption and efficiency across desalination
technologies

Thermodynamic energy efficiency (TEE) is the fundamental
quantity for evaluating desalination technologies which has
been applied for methodical performance assessments.
Dlugotecki and van der Wal et al.** employed this concept, and
it was subsequently revisited systematically by Hemmatifar
et al..** Moreover, Li Wang et al. have more recently incorpo-
rated this concept.” In this study, we will adopt a similar
approach. Although attempts have been made to incorporate
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a wide range of representative data, it's important to note that
this summary is only intended to cover capacitive deionization
(CDI). To illustrate, let's take an example of desalinating
seawater, which typically contains 35 g L™ * corresponding to an
osmotic pressure of 29.7 bar, and assume a 50% water recovery
rate. In this situation, independently of the desalination
method employed, the specific energy consumption is at least
1.1 kWh m™ of clean water.”®”*”® Shihong Lin et al”® and Li
Wang et al.”® have compiled comprehensive data not only on
desalination technologies but also specifically on capacitive
deionization. In this study, we aim to merge both datasets,
focusing more precisely on the distinct types of capacitive
deionization from a materials perspective. When contrasting
this data (see SI) with the reference dashed line representing the
thermodynamic reversible processes (SEC = AG,,) in Fig. 11(a)
and (b), it becomes evident that thermal desalination methods
are known for their elevated energy consumption, typically
between [1.0-1.8 kWh m™>].#2% On the other hand, in the
literature, it is evident that (ED) and (RO) systems have
demonstrated higher energy consumption, with values of the
specific Gibbs free energy of the feed water (AG,) ranging from
approximately [0.02-0.48 kWh m™*] for (ED)*** and around
[0.02-1.45 kWh m ™3] for (RO).*** However, (CDI) exhibits
a comparatively modest (AGy) due to the partial desalination of
low-salinity feedwater. Most documented (CDI) processes show
(AG,,) values in the range of [10~*-10"> kWh m~*].8*** However,
when intercalation materials are used as electrodes for seawater
desalination, the (AG,,) can reach approximately [10~' kWh
m—S]‘9O

Reverse Osmosis (RO), is recognized as the cutting-edge
desalination technology and has been employed for treating
feed water across a broad spectrum of salinity levels, encom-
passing seawater, brackish water, and treated wastewater.”
Although a recent study conducted a theoretical analysis
comparing (RO) and (CDI),” there is a notable absence of
adequate experimental data in the literature to estimate the
energy consumption of (RO) when used for treating extremely
low-salinity feedwater, a task typically undertaken by (CDI). In
general, the summarized data indicates a positive correlation

TEE = 1 (Reversivie
@

ey TEE (%)

Specific Energy Consumption SEC (Wh/m?)

Thermodynamic Energy Efficient
.
%

w0

o
AG, (Wh/m')

TEE = 1 (Reversible)

ney TEE (%)

‘Specific Energy Consumption SEC (Wh/m’)

‘Thermodynamic Energy Efficic

0 w ' w
AG, (Wh/m')

AG, (Whim)

Fig. 11 (a) SEC vs. AG,,, and (b) TEE vs. AG,,, for the major desalination
technologies, (c) SEC vs. AG,, and (d) TEE vs. AG,, for the major
capacitive deionization systems.
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between (SEC) and (AG,,) for both pressure-driven and electro-
chemical desalination processes. Notably, the data points for
(RO) are situated closer to the line representing thermody-
namically reversible processes, implying that (RO) generally
exhibits higher energy efficiency.”®”® Fig. 11(a) can be trans-
formed into a chart displaying (TEE) versus (AG,,) Fig. 11(b),
highlighting that (TEE) also demonstrates a positive correlation
with (AG,,) for non-thermal desalination processes. In other
words, achieving a higher (TEE) is generally more attainable for
more challenging separations with higher energy consumption.

3.3 In the context of CDI using carbon electrodes

In the context of CDI using carbon electrodes, the energy
consumption for desalination is commonly one to three orders
of magnitude greater than the energy consumption required for
achieving the desired separation. The highest levels of (TEE)
appear to be predominantly attained through the utilization of
CDI involving intercalation materials. Generally, when CDI
processes are operated to accomplish a separation that is
considered more challenging due to a greater (AG,,), they tend
to exhibit higher (TEE). Fig. 11(d), reveals that while the abso-
lute energy consumption, as measured by Specific Energy
Consumption (SEC), is generally quite modest for most
Capacitive Deionization CDI processes, the energy efficiency of
CDI in terms of (TEE) is relatively low. This is primarily due to
the typically minimal differences in Gibbs free energy associ-
ated with the separations accomplished through CDI. Most CDI
processes that utilize carbon electrodes have efficiencies (TEE)
that do not exceed 10%. However, in recent CDI studies
employing intercalation materials as electrodes, (TEE) values
exceeding 10% were attained, with the highest achieving 40%.%
This level of efficiency falls within the same range as Reverse
Osmosis (RO), which represents state-of-the-art desalination
technology.

The summary of (TEE) based on experimental studies does
not provide an understanding of why certain desalination
processes are more efficient than others, nor does it inform on
potential strategies for improving (TEE). To bridge this gap and
offer a more intuitive understanding of (TEE), simplified anal-
yses of energy efficiency for specific desalination methods have
been done by Lin et al.®* These analyses are meant to provide
a straightforward interpretation of (TEE) without the need for
detailed and rigorous process modelling. Thermal distillation is
inherently demanding in terms of energy consumption because
it involves phase changes. To attain a superior (TEE) in thermal
distillation processes, they need to be applied to desalinate
feedwater with elevated salinity and effectively recover
a substantial amount of latent heat. This higher (TEE) is
particularly anticipated when desalinating extremely salty
brine. As a result of inherent limitations in energy efficiency,
thermal distillation technologies have seen a decline in the
seawater desalination market over the past few decades.”* The
reversible nature of RO operation means that only a small
portion of energy is used to create the driving force. This
interpretation remains valid unless the feed water's salinity is
exceptionally low. In cases where the feed salinity is so minimal
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that it becomes insignificant compared to the minimum pres-
sure needed to overcome membrane resistance and hydraulic
resistance within the module, the (TEE) of RO may decrease
significantly.

This straightforward understanding of (TEE) provides
insights into enhancing the energy efficiency of CDI. Enhancing
(TEE) is achievable when the energy stored in Electric Double
Layers (EDLs) is entirely recuperated.®*®® It's important to
highlight that neither the energy used during the charging
process, nor the energy stored in the EDLs can be completely
regained. The theoretically recoverable energy corresponds to
the energy consumed during charging, minus the energy losses
due to resistance in both the charging and discharging phases.
The pursuit of intercalation materials as promising CDI elec-
trode material has been primarily driven by the belief that they
can yield much higher specific capacity as compared to
conventional carbon-based electrodes.”*®” The increased
capacity is a result of intercalation materials capability to retain
ions within their solid phase, specifically within the crystal
structure,’®®® in contrast to carbon electrodes, which store ions
by creating Electric Double Layers (EDLs) within micropores.
Certain Capacitive Deionization (CDI) processes employing
intercalation material-based electrodes achieved notably supe-
rior TEE compared to CDI using carbon electrodes. In fact, TEE
values exceeding 10% were exclusively attained in the context of
intercalation-based CDI. Consequently, it is evident that
electrochemical-driven methods are advantageous in scenarios
with low concentrations of feed water, as opposed to pressure-
driven methods, which prove favorable in high concentrations
Fig. 12(a). Nevertheless, by increasing water recovery in
electrochemical-driven, a discernible shift in electrochemically
driven approaches toward the theoretical limit can be observed,
as illustrated in Fig. 12(b). Hence, conventional capacitive
deionization (CDI) performs optimally with low to moderate
salinity feeds because ion removal occurs through electro-
sorption in electrical double layers within porous carbon elec-
trodes,'” a mechanism that intrinsically limits salt uptake
capacity and charge efficiency at high ionic strength.'** With
increasing salinity, shorter Debye length, enhanced co-ion
repulsion, and more pronounced parasitic faradaic reactions
reduce effective charge storage and raise the specific energy
demand per unit of removed salt.'”* Moreover, highly conduc-
tive electrolytes intensify leakage currents and electrode polar-
ization losses,'” while the restricted pore volume of carbon
electrodes bound total ion storage.** As a result, CDI becomes

Specific Energy Consumption SEC (Wh/m’)

Specific Energy Consumption SEC (Wh/m’)

Brackish water Sea water

AG,, (Wh/m")

Sea water Fresh water

Brackish water
AG,, (Wh/m")

Fig. 12 (a) Conceptual diagram of energy consumption versus feed-

water salinity for different desalination approaches and (b) energy
estimates for RO and CDI versus feedwater concentration.
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energetically and operationally unfavorable for high-salinity
streams compared with pressure-driven or thermal desalina-
tion technologies. Consequently, conventional CDI is generally
confined to brackish and mildly saline waters,'** whereas
treatment of higher salinity feeds typically relies on modified
configurations such as membrane CDI or intercalation-based
electrode systems.'® Consequently, the pivotal factor in capac-
itive deionization lies in the choice of the active material.

4 Electrode materials for capacitive
deionization

From an electrochemical perspective, capacitive deionization is
the process of storing energy in the electrodes, and the subse-
quent regeneration of the electrodes is the delivery of the
energy.'* CDI process could be closely related to the behavior of
the batteries and supercapacitors.’®” Batteries typically possess
greater capacities compared to supercapacitors, primarily due
to the redox reactions taking place in the battery electrode
materials, which facilitate a more extensive charge transfer
process.'® The boundaries between battery materials and
pseudocapacitive materials aren't clearly defined, as both are
rooted in redox reactions.'® In recent years, there has been
rapid development in rechargeable battery materials,"® with
diverse materials featuring remarkable electrochemical prop-
erties emerging in the literature. Some of these materials have
already found applications in industrial production, a prom-
ising future for integrating capacitive deionization (CDI) tech-
nology with battery materials."* Battery materials typically
possess a substantial theoretical specific capacity, and this
could potentially enhance the desalination capability of the CDI
systems.”” Nevertheless, it is important to consider certain
factors when choosing electrode materials for CDI systems
based on batteries. The electrode is submerged in water during
the desalination process, necessitating a material that remains
undissolved and water-attracting (hydrophilic) to ensure
complete interaction between the ions and the material. Addi-
tionally, it's crucial for any redox reactions to take place within
the water's voltage range to prevent water decomposition.
Moreover, the ions in the water can become hydrated, resulting
in larger sizes, which imposes a stricter demand on the struc-
ture of battery materials, to prevent deterioration during the
charging and discharging procedures."* Considerable attention
has been directed toward developing carbon materials featuring
greater specific surface areas, enhanced electrical conductivity,
and extended durability in their usage cycles. Nanoporous
carbons and intercalation electrodes, while both exhibiting
high selectivity, rely on distinct mechanisms, each with their
relative advantages and disadvantages in selectively removing
crucial species from feed waters. Notably, commercial activated
carbons, a type of nanoporous carbon, can be cost-effective.'*®
Therefore, classical Capacitive Deionization (CDI) systems may
continue to be highly appealing, particularly when considering
desalination performance metrics normalized by electrode cost.

In summary as depicted in Fig. 13, the electrode materials
for Capacitive Deionization (CDI) include Electric Double Layer
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Fig. 13 Average voltage (V) vs. specific capacity (mAh g™%) for (a)
carbonous materials, (b) oxides and phosphates materials, (c) Prussian
blue analogues materials and (d) conductive polymers.

(EDL) capacitive materials and pseudo-capacitor ion storage
materials. Notably, the desalination efficiency experienced
a significant improvement when a carbon aerogel electrode was
introduced in CDI,"** replacing the conventional porous carbon.
Furthermore, mesoporous carbon provides not just a substan-
tial specific surface area but also effective adsorption sites.'*
The presence of excessively small micropores can result in the
double layer overlap effect, which hinders ion desorption and is
thus unfavorable.”® Yet, carbon with hierarchical porosity,
featuring two or more distinct pore structures concurrently,
facilitates rapid migration in macropores comparable to the
diffusion rate in the solution. This is attributed to the ion buffer
layer formed in the macropore, which minimizes the distance
from the solution to the inner surface.'” CNT electrodes display
a mesoporous reticular structure that is advantageous for
electrosorption.”® On the other hand, graphene possesses
a distinctive interlayer structure that facilitates swift ion trans-
fer.™® 1In practical applications, graphene is frequently
combined with other adsorption materials to impede graphene
aggregation and enhance its adsorption capability. The syner-
gistic effects result in graphene-based composite electrodes
exhibiting superior performance in capacitance values,
conductive behavior, cyclic stability, and rate performance.**
Therefore, in the pursuit of enhancing performance, the
combination of intercalation materials with carbon-based
substances has yielded promising outcomes due to the syner-
gistic impact of the pseudocapacitive properties of intercalation
materials and the formation of the electric double layer (EDL) in
carbon-based materials.’*® However, despite the impressive
desalination capabilities reported, the majority of systems
utilizing intercalation materials face constraints in effectively
eliminating anions, such as chloride ions. Consequently, ion
exchange membranes are frequently employed, leading to
elevated costs in capacitive deionization (CDI) systems.'*!
Despite the difficulty associated with eliminating anions, these
systems demonstrate a preference for cations. For example,
sodium manganese oxides (NMO) have been identified as
having a specific affinity for removing Na' ions,***'?* while
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NiHCF exhibits selectivity for K ions.’>* A similar pattern was
observed by Kim et al.,” when they employed NMO to segregate
Na' from a solution containing multiple ions (Na*, K", Ca** and
Mg>"). This selectivity offers substantial promise for the appli-
cation of intercalation materials across diverse domains where
the precise elimination of particular ions is required, including
areas like resource reclamation, water conditioning, fluoride
reduction, and the extraction of heavy metals.

Desalination with battery materials**® involves the removal of
sodium and chloride ions from a solution, making it evident
that aqueous sodium-ion and aqueous chloride-ion battery
materials should hold significant roles in CDI systems. Among
these, sodium-ion battery materials have garnered substantial
attention and momentum in research due to their higher energy
density and power density. This has led to the emergence of
a diverse array of sodium-ion battery materials in CDI literature,
many of which demonstrate commendable desalination
performance. However, lithium-ion battery materials show
greater promise for application in the desalination industry, as
they are already being produced on a large scale, setting them
apart from other battery materials.'”® MXene nanosheets tend to
reassemble easily because of the robust van der Waals forces
between them, which significantly impairs their ability to store
electrical charge. Hence, the enhancement of MXene materials’
specific capacitance could be achieved by developing effective
techniques to prevent nanosheet restacking and intentionally
augmenting and exploiting the space between MXene layers.'””
The identification of redox activity in Prussian Blue (PB) marked
a pivotal moment in the evolution of intercalation electrodes.
Subsequently, there was a gradual expansion in the exploration
of the electrochemical properties of intercalation electrodes,
with systematic efforts to comprehend and elucidate their
redox-active behavior."*® Notably, the study of the electro-
chemical characteristics of analogues of PB promptly followed
the discovery of the electronic activity of pure PB.*** Neverthe-
less, these materials were not promptly utilized for water
desalination. Their application in desalination only transpired
after it was established that they were suitable for sodium-ion
batteries. Beyond PB, redox activity has been more recently
identified in other substances such as MnO,,"*° Na,FeP,0,,"**
and NaTi,(PO,);,"*" and these have subsequently proven
successful in Capacitive Deionization (CDI).

The Na-storage electrodes utilized in desalination batteries
are typically those previously employed in Na-ion and Li-ion
batteries. Generally, these materials store and release Na'
through intercalation into a host structure without undergoing
significant structural changes. Consequently, many Na-storage
electrodes demonstrate robust cyclability when an appropriate
electrolyte is chosen to enhance their performance. However,
the electrolyte adjustment for desalination batteries cannot
follow the same approach as Na-ion batteries. Desalination
batteries are specifically designed for desalination, and as such,
the electrolyte in the desalination cell must be a neutral saline
solution. Therefore, it is crucial to identify Na-storage electrodes
that exhibit reliable cyclability in neutral saline solutions and
subsequently optimize their performance. On the other hand,
research on chloride-ion battery materials is comparatively
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restricted, primarily focusing on Bi-based and Ag-based mate-
rials due to chloride's limited compatibility with other
substances.® A shortage of appropriate intercalation materials
capable of retaining anions in water-based environments still
exists. Despite Ag/AgCl serving as an exceptionally effective
electrode material for Cl ion storage,"* the expensive nature of
silver likely constrains the widespread adoption of capacitive
deionization (CDI) as a cost-effective, widely accessible tech-
nology. Prospective avenues for the storage of chloride ions in
desalination systems can draw insight from the growing
domain of chloride ion batteries, in which metal oxychlorides
like VOCI and FeOCl have been explored as materials for cath-
odes.”* Only two metals, namely Ag and Bi, are recognized for
their ability to undergo reversible electrochemical reactions to
store and release Cl~, with their chlorinated forms remaining
stable in neutral saline solutions. Unlike Na-storage electrodes,
both Ag and Bi undergo phase transformations during Cl—
storage, resulting in the formation of AgCl and BiOCl, respec-
tively. The storage and release of one Cl™ require one electron
for Ag, while Bi necessitates three electrons for the same
purpose. Consequently, Bi either requires three times the
charge of Ag or has three times the capacity of Ag when
removing Cl™. Furthermore, up to this point, only Ag, Bi,'* PPy,"
and redox-PSQ poly(silsesquioxane)'> have been documented as
materials for chloride storage in desalination batteries, but
these options exhibit distinct drawbacks that could impede
their real-world utility. Specifically, Ag and PPy are expensive, Bi
is hazardous, and its substantial voltage hysteresis during
desalination-salination cycles, along with a low operating
potential, which may result in hydrogen evolution and could
result in elevated energy consumption.

Salination represents the opposite process of desalination,
and the Gibbs free energy changes (AG) associated with these
processes are non-zero."* When we graphically represent all the
faradaic materials, as depicted in Fig. 14(b), we observe the
emergence of two configurations. Consequently, one of these
processes must be thermodynamically uphill (charging process,
AG > 0, E cell < 0), while the other must be thermodynamically
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Fig. 14 Average voltage (V) vs. specific capacity (mAh g3 for (a)
chloride materials, (b) FaCDI electrode material and voltage (V) vs.
specific capacity (mAh g™?) for (c) configuration 1, (d) configuration 2.
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downhill (discharging process, AG < 0, E cell > 0). Here, E cell
refers to the thermodynamic equilibrium cell voltage, calcu-
lated as the equilibrium cathode potential minus the equilib-
rium anode potential. The determination of whether a process
corresponds to charging or discharging is contingent upon the
selection of Na-storage and Cl-storage electrodes. In desalina-
tion, the Na-storage electrode serves as the cathode, while the
Cl-storage electrode acts as the anode. Consequently, if the Na-
storage and Cl-storage electrodes are chosen in a way that the
sodiation-desodiation potential of the Na-storage electrode
surpasses the chlorination-dechlorination potential of the CI-
storage electrode, the E cell is positive. In this scenario, the
desalination process aligns with discharging, while the salina-
tion process corresponds to charging, indicated by a negative E
cell. This configuration is termed a first configuration.

A desalination battery of configuration (1) produces elec-
trical energy output during desalination and necessitates an
input of electrical energy during salination Fig. 14(c). On the
contrary, when the sodiation-desodiation potential of the Na-
storage electrode is lower than the chlorination-dechlorina-
tion potential of the Cl-storage electrode, a configuration (2)
desalination battery is created Fig. 14(d). When developing
configuration (1) and configuration (2) desalination batteries,
the selection of Na-storage and Cl-storage electrodes allows for
the optimization or minimization of the disparity between
sodiation/desodiation potential and chlorination/
dechlorination potential. This choice leads to various advan-
tages. When the electrodes are selected to maximize the
potential difference, both the energy input needed for charging
and the energy output generated during discharging are also
maximized. While this configuration of cell requires a higher
energy input for the charging process, it's essential to view this
energy not as consumed but as stored. Consequently, the cell
can optimize its energy storage capabilities if it can operate with
high energy recovery efficiency. Conversely, when the electrodes
are chosen to minimize the potential difference, both the energy
input required for charging and the energy output generated
during discharging are also minimized. In this scenario, the
desalination battery may not function as an efficient energy
storage device, but it has the advantage of operating with
minimal energy input during the charging process.

For all the configurations of desalination batteries, the overall
energy consumption throughout the complete desalination-
salination cycle consistently equals the discrepancy between the
energy input necessary for charging and the energy output
generated during discharging.' Consequently, irrespective of the
chosen cell type, it is imperative to optimize the electrodes to
minimize the potential difference between the forward and
reverse reactions Fig. 15. Additionally, for the practical applica-
tion of desalination batteries, it is crucial to significantly enhance
the cyclability of Na-storage and Cl-storage electrodes beyond the
levels reported thus far. Furthermore, considering that the
primary objective of desalination batteries is not to provide
portable power but to produce desalinated water, it is vital to
fabricate large-scale electrodes capable of achieving perfor-
mances comparable to those observed in proof-of-concept cells.
Therefore, to mitigate uncertainties and incongruities stemming
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from various sources and foster the advancement of desalination
batteries, several recommendations are put forth by Xu D. et al.*®
The evaluation of desalination batteries necessitates the
comprehensive reporting of critical performance metrics. These
metrics encompass salt-removal capacity, cycle stability, energy
consumption, and the Ragone plot depicts desalination capacity
versus saltremoval rate. In scenarios where desalination
processes involve both charging and discharging phases, recov-
ering energy during the discharge process can be challenging. It
is prudent to assume no energy recovery during discharge when
calculating energy consumption. Standardizing electrode
performance is crucial for comparability. Assessing the “half-cell”
performance in a three-electrode system or a pseudo three-
electrode system, utilizing a silver-based electrode as a counter/
reference electrode, particularly for Na-storage materials, is rec-
ommended. Previous challenges in comparing electrode mate-
rials arise from variations in evaluating materials within the
highly capacitive deionization (HCDI) system, using different
types and quantities of activated carbon as a counter electrode.
To enhance comparability across material systems, reporting the
desalination battery's performance with a standard NaCl
concentration (e.g., a 1 M NaCl solution) serves as a benchmark.

The essential elements for an optimal material suitable for
serving as an electrode in the field of Capacitive Deionization
(CDI) encompass a substantial specific criterion, such as eco-
friendly, possess a substantial salt-removal capacity (more
than 100 mg per gram of active material), operate within suit-
able voltage ranges without triggering water electrolysis, and
maintain long-term cycling stability. Additionally, it is essential
to scrutinize the potential release of transition metals from
these sodium-storage materials in future investigations, as it
has the potential to lead to secondary pollution in the desali-
nated water.'>*3514°

5 Conclusions

Desalination involves the removal of sodium and chloride ions
from a solution, making sodium and chloride-ion battery mate-
rials crucial in Capacitive Deionization (CDI) systems. Lithium-
ion Dbattery materials show promise for desalination
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applications due to their existing large-scale production. However,
all three categories sodium-ion, chloride-ion, and lithium-ion
battery materials share intercalation behavior, leading to the
deterioration of crystalline structures after desalination cycles.
Polymers like PPy and PANI exhibit high desalination capacities,
making them ideal CDI electrode materials, while capacitive
materials, such as carbon materials, offer robust cyclabilities and
cost advantages. Combining the strengths of battery materials
and carbon-based materials is a wise approach, yielding positive
results reported by many scientists. However, it is crucial to
acknowledge the profound connection between life and water, as
reactions in aqueous environments are universally fundamental
to life processes. This observation serves as a valuable source of
inspiration for addressing the mentioned challenges. The elec-
tron shuttle in cellular metabolism relies on biomolecular redox
reactions, suggesting that biomolecules with reversible redox
activity hold potential for use in energy storage devices. Signifi-
cantly, these redox reactions take place in tissue fluid, aligning
their redox potentials precisely within the water's potential
window. Compared to inorganic materials, the organic nature of
biomolecules provides greater structural flexibility, facilitating the
insertion and desertion of the expanded hydrated sodium or
chloride ion. Additionally, the chemical diversity of biomolecules,
arising from various substituent groups, renders their electro-
chemical properties more adaptable. Notably, the widespread
presence of biomolecules in ecosystems renders them renewable
and sustainable, contributing to both economic and environ-
mental advantages in battery systems. Future research may focus
on identifying environmentally friendly battery materials with
large capacities in aqueous environments, incorporating them
with carbonaceous materials to achieve longer cycle lives.
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