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Abstract: The world is suffering from chronic water shortage due to the increasing population,
water pollution and industrialization. Desalinating saline water offers a rational choice to produce
fresh water thus resolving the crisis. Among various kinds of desalination technologies, capacitive
deionization (CDI) is of significant potential owing to the facile process, low energy consumption, mild
working conditions, easy regeneration, low cost and the absence of secondary pollution. The electrode
material is an essential component for desalination performance. The most used electrode material is
carbon-based material, which suffers from low desalination capacity (under 15 mg-g~!). However,
the desalination of saline water with the CDI method is usually the charging process of a battery
or supercapacitor. The electrochemical capacity of battery electrode material is relatively high
because of the larger scale of charge transfer due to the redox reaction, thus leading to a larger
desalination capacity in the CDI system. A variety of battery materials have been developed due
to the urgent demand for energy storage, which increases the choices of CDI electrode materials
largely. Sodium-ion battery materials, lithium-ion battery materials, chloride-ion battery materials,
conducting polymers, radical polymers, and flow battery electrode materials have appeared in the
literature of CDI research, many of which enhanced the deionization performances of CDI, revealing
a bright future of integrating battery materials with CDI technology.

Keywords: battery materials; CDI electrodes and desalination

1. Introduction

With the rapid population growth and industrialization, water pollution and over consumption of
energy, the water shortage is becoming a more and more serious problem [1-5]. Though water covers
most of the surface of the earth, only a small amount is available for human use [6,7]. Studies have
shown that 97.5% of the total water of the earth is seawater or brackish water, and only 0.4% of the rest
is accessible for use because most of it is stored in the form of ice or under the earth [8-10]. About
700 million people are facing the water shortage crisis and the demand for fresh water is estimated to
grow by 50% by 2025 [11,12]. It is therefore necessary to employ strategies that would mitigate water
shortage. As a result, desalination of saline water into fresh water could be a reasonable choice to solve
this problem [13-15].

Obtaining a safe and simple method of desalination of saline water with low cost, high efficiency
and high recovery has always been the focus of scientists. Several desalination techniques have already
been scaled up: multi-effect distillation [16-18], multi-stage flash distillation [19-21], mechanical vapor
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compression [22-24], reverse osmosis desalination [25-27], forward osmosis desalination [28-30],
membrane distillation [31-33] and ion-exchange membrane desalination [34-36]. These methods
require either strict high energy-consuming operation conditions or expensive membrane cost.

Capacitive deionization (CDI) is a facile, safe, energy-efficient method of desalination with a low
cost and a long cycle life without secondary pollution [37-39]. The conception of CDI was raised by
Caudle in the 1960s [40]. The traditional CDI system consists of two electrodes at the opposite side
of each other in a symmetric way with the saline water in the middle [41]. When a voltage (usually
under 1.2 V to avoid water splitting) was charged, the salt ions would be adsorbed by the electrodes
thus producing the desalinated water, and when the system is discharged, the ions would be released
into the solution thus forming the concentrated water with the regeneration of the electrodes [42-44].
The working conditions of CDI are mild and safe, and methods of improving anti-fouling properties
have been developed [45-48], indicating a great potential in the desalination field [49,50].

However, CDI has a defect that the salt removal capacity is relatively low which hinders the
application of the technology [51-53]. The materials used in the CDI system are the core of the
technology, and the traditional electrode materials are carbonaceous which possess the properties
of high conductivity, high surface area, good cycling ability, structural stability and low cost [54,55].
During the desalination process, the salt ions are adsorbed on the surface of the electrode thus forming
the electrical double layer with the opposite charge layer on the inner surface of the electrode [56].
The capacitive materials of carbon not only adsorb the oppositely charged ions but also repel the
similarly charged ions, leading to the decrease in the charge efficiency and desalination capacity, which
is called the co-ion effect [57,58]. The salt removal capacity is usually under 15 mg-g~! due to the
limited surface adsorption and the co-ion effect.

From an electrochemical perspective, the capacitive deionization is the process of storing energy
in the electrodes, and the subsequent regeneration of the electrodes is the delivery of the energy [59,60].
CDI process could be closely related to the behavior of the batteries and supercapacitors [61,62].
The batteries usually have larger capacities than supercapacitors because of the redox reactions
occurring in the battery electrode materials that enhance the larger scale of charge transfer. There are no
clear barriers between battery materials and pseudocapacitive materials because the definitions of them
are both based on redox reactions. The materials of rechargeable batteries have been developed very
fast recently, with various kinds appearing in the literature with diverse extraordinary electrochemical
properties, some of which have already been used in industrial production, indicating a promising
future of integrating CDI technology with battery materials.

Battery materials usually share a high theoretical electrochemical capacity, which could improve
the desalination capacity of the CDI system [63,64]. There are still some aspects that need to be noticed
when selecting the battery CDI electrode materials. The electrode is immersed in water during the
desalination process, which means the material should be insoluble and hydrophilic thus providing
full contact between the ions and materials. Besides, the redox reactions should occur within the water
voltage window to prevent water from splitting, and the ions in the water might be hydrated leading
to larger sizes, which reveal a more rigorous requirement of the structure of battery materials to avoid
the collapse of the conformation during charge and discharge processes.

The usage of battery materials in the CDI process has been a hotspot in desalination research in
recent times. Herein we compose a review of the literature on battery materials used as CDI electrodes
and their performances to gain a better understanding of the roles battery CDI electrodes are playing.
The battery materials used in the CDI system are grouped into different categories according to Figure 1
based on the types of the original batteries and the behaviors of CDI processes. We discuss the progress
of CDI battery electrode materials in the order of the corresponding batteries.
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Figure 1. Schematic diagram of an overview of different types of capacitive deionization (CDI) battery electrode materials.
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2. Na-Ion Battery Materials

It is very easy to get the idea that the Na-ion battery materials can be very closely related to the
CDI process for desalination because of the Na*. In recent years, various Na-ion battery materials
have been developed [65-69]. Nevertheless, not all kinds of these materials are suitable for CDI.
CDI processes require the Na-ion battery electrodes to have a voltage plateau just in the voltage window
of water [70-72]. Up to now, part of the materials has already been chosen for the CDI desalination
and exhibit good performances.

2.1. Sodium Transition-Metal Oxide and Transition-Metal Oxide

Sodium transition-metal oxide can be represented as NayMyO,, in which M stands for transition
metal elements (Mn, Co, etc). The valence of the transition metal element could change dramatically
when the charged voltage changes, thus allowing the sodium ion intercalation process [73-75]. When the
sodium ions are released from the material, the transition-metal oxide is formed, so we conclude
transition-metal oxides into this category. Materials of this category often show good CDI capacities
and cycling abilities.

2.1.1. Sodium Manganese Oxide and Manganese Oxide

Sodium manganese oxide (NMO) is an environmentally friendly, commonly studied Na-ion
battery material with a low cost [76-78]. The voltage plateau is around 0.9 V vs. SHE (Standard
Hydrogen Electrode) and the valence of Mn changes within the range of +3—+4. The theoretical
electrochemical capacity of the material is over 100 mAh-g~!, which determines the relatively large
CDI capacities that are shown in the following studies.

As shown in Figure 2, Lee et al. (2014) [79] reported a flow-by CDI device with a NasMngO1g
anode and a porous carbon cathode and an anion-exchange membrane separating them. The cathode
acted as a sodium acceptor so when the cathode was charged by a negative voltage, the sodium ions
intercalated into the material and were released into the solution the other way around. The material
revealed a salt removal capacity of 31.2 mg-g~!, which was much higher than the traditional activated
carbon electrode.

Anion Exchange Membrane

Porous Carbon Electrode
+ + + + + + +

© Na* ©Cr

Figure 2. NMO||AC HCDI (hybrid capacitive deionization) system with an anion-exchange membrane.
Reproduced with permission from Ref. [75]. Copyright 2014 Royal Society of Chemistry.
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Chen et al. (2017) [80] constructed a CDI system with a NapsMnO, electrode for the
intercalation/deintercalation of sodium and a AgCl electrode for the intercalation/deintercalation of
chloride (Figure 3). The Nag 44MnO, acted as a sodium donor and cathode that could markedly decrease
the polarization of the electrode, while the AgCl acted as the chloride donor and anode. The Nag 44MnO,
was obtained by a solid-state reaction. When the system was charged, sodium and chloride were released
into the solution from the electrodes; when the system was discharged, sodium and chloride were
captured by the electrodes, which showed a typical working mode of battery materials. The whole
system represented a good cycling ability and a good salt removal capacity (54.4 mg-g™" after 100 cycles,
calculated by the total mass of the electrodes).

Current collector Current collector

‘ }

Current collector Current collector

Salt desorption Salt absorption

Figure 3. Desalination (a) and regeneration (b) of NMOJ|AgCl CDI system. Reproduced with permission
from Ref. [76]. Copyright 2017 Royal Society of Chemistry.

One of the disadvantages of the oxide is that the conductivity is relatively low which could
decrease the robustness of the material [81]. One solution to the problem is to incorporate the material
with carbon [82]. Chen et al. (2016) [83] synthesized the MnO,/MNCNT composite that was used in
the CDI process. The existence of carbon nanotubes dramatically improved the salt removal capacity
by three times and the electrochemical capacitance by 50% and showed excellent recyclability because
the carbon nanotubes promoted conductivity and specific surface area of the material.

Different morphological structures of the material could influence the performance of the salt
removal performance. MnO; materials that appeared in the literature could be grouped into «, 3, v,
5, A and amorphous phases. The «, 3 and y phases exhibited 1D structures and the & and A phases
exhibited 2D and 3D structures, respectively. Leong et al. (2019) [84] reported that the «-MnQO, and
8-MnO, had higher deionization capacities than that of A-MnQO; and the poorly crystalline MnO, had
better desalination performance than that of crystalline MnO,, which indicated that the desalination
was due to both intercalation and surface adsorption. Xu et al. (2019) [85] synthesized a series of MnO,
materials of «, 3, v and 6 phases and tested their CDI desalination performances, meaning that the
order of deionization efficiency (from high to low) was: 3, «, Y and 9, because the surface ionization of
hydrous MnO, affected the deionization process.

2.1.2. Sodium Cobalt Oxide and Cobalt Oxide

Sodium cobalt oxide (NCO) is a Na-ion battery material with a relatively high theoretical
electrochemical capacity (about 235 mAh-g~!) that might lead to a good desalination performance and
a cost that is not low because of the cobalt [86-88].

Liu et al. (2020) [89] synthesized Nag 71 CoO; from Co304 and Na,COj3 and then used it as the
cathode in the flow-by CDI device with a Ag/rGO anode and a cation-exchange membrane separating
them. The salt removal capacity was up to about 29 mg-g~! in the first cycle but decreased by 34%
after 50 cycles which might be due to the structural deterioration of NCO. Replacing the Co atoms
with other atoms to make the structure more stable might be a good choice.

To stabilize the structure of NCO is the key point to get a good desalination performance.
Zhou et al. (2019) [90] synthesized the Nag 27Cag 03C00,-0.6H,0O from Co(NO3),, Ca(NO3),, NaNO3
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and citric acid. Compared to the undoped NCO, the new material got almost the same pair of
oxidation/reduction peaks but a higher capacitance of 292 F-g~!. The doped material’s salt removal
capacity was 83.5 mg-g~! at 1.4 V in the first cycle which merely decreased after 50 cycles while the
undoped material showed a desalination capacity of 58.4 mg-g~! in the first cycle which decreased to
39.5 mg-g~! after 12 cycles. The substitution of cobalt made the crystals larger and thinner, making it
easy for sodium ions to diffuse.

2.1.3. Sodium Titanium Oxide and Titanium Oxide

Sodium titanium oxide (NTO) is an eco-friendly, hydrophilic Na-ion battery material with an
appropriate voltage plateau and a high electrochemical capacity [91-93].

Moustafa et al. (2020) [94] reported that the TiO,-decorated rGO (TiO, mass is 15% with respect
to rGO) showed a salt removal capacity of 24.576 mg-g~! at 1.2 V while the rGO showed a capacity of
13.58 mg-g~!. The composite also exhibited an ultrahigh electrochemical capacitance of 635.1 F-g~1,
much higher than the rGO’s capacitance (87.77 F-g~!). The reasons for the promoted performances
might be the improvement of the wettability and the surface area of the material.

Yue et al. (2019) [95] synthesized C/NayTigO,p nanotubes with a hydrothermal method with
the use of NaOH. The material exhibited an extraordinary desalination capacity of 80.56 mg-g~*
at 1.4 V and a charge efficiency near 100%. The electrochemical capacitance of the material was
153.34 F-g~! and remained 92.42% after 100 constant voltage (CV) cycles, much higher than the pure
NTO's capacitance (62.84 F-g~1). After the coating of carbon, the charge transfer resistance decreased
to 0.98 from 2.26 () according to the EIS experiment and the contact angle decreased to 34° from 68°,
indicating a more convenient ion transportation. The material had a carbon-incorporated core-shell
structure, contributing to the enhancement of not only the conductivity but also the stability and
electrochemical performance.

2.1.4. Tin Oxide

SnO; is a promising green Na-ion battery anode material with a particularly high theoretical
electrochemical capacity of about 1500 mAh-g~! but little of the capacity is inside the voltage window
of water [96-98]. Besides, SnO; has a low conductivity and its volume changes rapidly during the
charge/discharge process which could undermine the material’s structure [99], so it is worth considering
integrating the material with carbon during the CDI process.

The graphene is a layered material that could provide an approach for nanoparticles to be stabilized
onto the sheets. A graphene/SnO, composite was synthesized with a microwave method by El-Deen et
al. (2014) [100] and was then tested in the CDI process. The material (SnO; 15 wt%) exhibited a salt
removal of 1.49 mg-g~! at 1.4 V, twice as much as that of graphene. According to the CV experiment,
the electrochemical capacitance of the graphene/SnO, material was 323 F-g~1. The intercalation of the
SnO; nanoparticles obviously changed the electrochemical behavior and enlarged the space between
graphene sheets thus increasing the material’s surface area.

Generally, doping enhances the performance of materials. Yasin et al. (2017) [101] synthesized
a N-doped AC/SnO; composite with a hydrothermal method using urea as the source of nitrogen.
With the doping of N, the material’s salt removal capacity increased by 56.2% to 3.42 mg-g~!. Its specific
capacitance increased by 75.3% to 408.8 F-g~!. The doping of nitrogen increased the defects and
wettability of the material, leading to the progresses mentioned above.

2.1.5. Zinc Oxide

Zn0 is a sodium ion battery anode material with low cost, high electrochemical capacity and easy
accessibility [102-104]. There have been some efforts made by scientists exploring the feasibility of
utilizing ZnO in the CDI system.

Liu et al. (2015) [105] constructed two hybrid capacitive deionization (HCDI) systems with ZnO
electrodes and activated carbon electrodes, one with an AC-coated anode (-ZnO/ACJ||AC) and the other
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with an AC-coated ZnO cathode (+ZnO/ACJ||AC). The CDI experiments were conducted in 500 ppm
NaCl solution at the voltage of 1.2 V. The CV curve of ZnO/AC was a rectangular shape, indicating
an electrical double layer behavior and a capacitance of 66 F-g~!, 33.6% higher than that of the AC
electrode, which was due to the enhanced wettability. ZnO/AC also showed a lower charge transfer
resistance that was beneficial to better CDI performance. The -ZnO/AC||AC system exhibited a salt
removal capacity of 9.4 mg-g~! after 12 cycles, which was twice of that of +ZnO/AC||AC system and
AC||AC system. The ZnO gradually deteriorated in the electrolyte, leading to an unstable and low
deionization performance.

Arora et al. (2019) [106] synthesized graphene/CNT/ZnO (FGC-ZnO) composite and constructed a
symmetric CDI system using the material as the electrodes. The FGC-ZnO with a ZnO content of 10%
exhibited a specific capacitance of 280 F-g~! and a desalination capacity of 28.62 mg-g~!, which were
33% and 15% higher than those of graphene/CNT composite due to the faster ion diffusion on the
surface of the material detected by impedance spectra of EIS experiments.

2.1.6. Iron Oxide

Iron oxide is an ideal anode material for sodium-ion batteries owing to the convenient cost,
eco-friendliness, chemical stability and high capacity [107-109]. The iron oxide that appeared in the
literature of CDI research was Fe30y, which has not only a theoretical capacity of 926 mAh-g~! but also
a conductivity much higher than Fe,Os.

A rGO/Fe304 material was prepared by Li et al. (2016) [110] with a hydrothermal method and
employed as both electrodes in the CDI system. Fe;O, nanoparticles were uniformly coated with rGO
sheets, which was good for charge and ion diffusion. The hydroxylation reaction occurred on the
surface of Fe304 which provided a higher electrochemical capacity and a larger desalination capacity
of rGO/Fe304 compared to those of pure rGO. The CDI experiments showed that the desalination
capacity of the former was twice of that of the latter. According to the Langmiur isotherm prediction,
the maximum deionization capacity of rGO/Fe30, was 8.33 mg-g~_.

Trinh et al. (2016) [111] synthesized Fe3O4/rGO composite by a facile thermal hydrolysis process.
The Fe3O,4 nanoparticles distributed uniformly around the graphene oxide sheets. The composite
with the mean size of the particles of 25 nm exhibited a desalination capacity of 43 mg-g~! at 1.5V,
that was 3.3 times of that of pure rGO, which could be attributed to the larger surface area and lower
ion diffusion resistance provided by the Fe;O4 nanoparticles.

2.1.7. Binary Transition Metal Oxide

Binary transition metal oxide has become a hotspot of battery materials research due to its ability
to combine advantages of different materials together.

NiCo,0y is not only a Na-ion battery material but also an electrode material that appeared in
the research literature of aqueous batteries and supercapacitors [112-114]. It has advantages of high
specific capacitance (up to 1400 F-g~!) [115] and high conductivity. Liu et al. (2020) [116] synthesized
echinus-like NiCoyO4 nanocrystals with a solvothermal method which exhibited a specific capacitance
of 184.8 F-g~! in the 1 M NaCl solution and a high CDI capacitance of 44.3 mg-g~! at 1.2 V.

MnFe; Oy, is a material mostly used in Na-ion batteries and supercapacitors [117-119]. This material
has a very stable structure that the lattice expansion of which is very little during the charge/discharge
process [120]. Younes et al. (2020) [121] synthesized MnFe,O,/rGO composite with a hydrothermal
method and the material showed a salt adsorption capacity of 38.28 mg-g~! in a pseudocapacitive
deionization system with MnO,/rGO as the other electrode.

2.2. NASICON Material

NASICON s stand for sodium super ion conductors [122,123]. NASICON materials are a type of
materials that have certain advantages such as: i. wide spaces between unit cells as active sites for
sodium storage; ii. tunnels in the 3D-frameworks that allow the easy transportation of sodium ions;
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iii. weak interactions between structure frameworks and sodium ions that are good for the diffusion of
the ions. NASICON materials have been widely studied for Na-ion battery research.

2.2.1. NaTip(PO4);

NaTiy(PO4)s is one of the few appropriate aqueous sodium-ion battery anode materials that have
been studied in the literature [124,125]. NTP is an environmentally friendly battery material with a
high capacity of 133 mAh-g~! and a suitable voltage plateau (about —0.6 V vs. SHE) just inside the
voltage window of water [126,127].

Huang et al. (2017) [128] synthesized the NaTiy(PO4)3/rGO nanocomposite by a solvothermal
reaction, which exhibited better desalination capacities and cycling abilities than pure NTP.
The deionization capacities were tested in a HCDI system with the nanocomposite as the anode
covered by a cation-exchange membrane and the activated carbon as the cathode covered by an
anion-exchange membrane under the constant current mode (Figure 4). The composite showed a salt
adsorption capacity of 140 mg-g~! and retained 120 mg-g~! after 100 cycles while the pure NTP showed
a capacity of 112 mg-g~! and retained 71 mg-g™! after 100 cycles. The rGO enhanced the material’s ion
and electron conductivity.

(a) @ Na‘ions ® Clions (b) @ Na'ions ® Clions

Current Collector

Current Collector

Anion Exchange Membrane

E S S O OO O

Current Collector

Current Collector

Intercalation process Deintercalation process

Figure 4. Desalination (a) and regeneration (b) of NTP||AC HCDI system with ion-exchange membranes.
Reproduced with permission from Ref. [124]. Copyright 2017 Royal Society of Chemistry.

Nonmetallic heteroatom doping is a feasible way to enhance the carbonaceous material’s
conductivity and electrochemical performance [129,130]. Liang et al. (2020) [131] used a one-step
hydrothermal reaction to synthesize N-S co-doped NTP/hole graphene composite with HyO, as the
hole etchant and thiourea as the source of N and S. The doped composite showed a salt removal
capacity of 36.87 mg-g~! at 1.4 V in the 800 ppm NaCl solution while the undoped showed a capacity of
33.25 mg-g~! under the same condition. The doped composite also exhibited a specific capacitance of
530.5 F-g~!, 33.8% higher than the undoped material. The doping of N and S reduced the ion diffusion
resistance, modified the surface of the material and offered more active sites.

Since the NTP material has such a high capacity of salt removal, the combination of this material
with a Ag cathode of high capacity for chloride ion intercalation to form a CDI system could be an
energy-efficient choice. Huang et al. (2019) [132] constructed a CDI system with a NaTi,(PO,)3/rGO
anode and a Ag/rGO cathode and recorded a salt removal capacity of 105 mg-g~! during 50 cycles.
The energy consumption of the system turning the salinity of the water from 2500 to 500 ppm is
just 0.254 Wh-g~!, that was competitive compared to the reverse osmosis technology. Wang et al.
(2018) [133] integrated the desalination process with the energy storage process by constructing
an aqueous battery consisting of a NTP anode, a Ag cathode and NaCl solution as the electrolyte.
The system was charged by a solar cell and exhibited a desalination capacity of ~151.5 mg-g~! and no
obvious capacity decay was observed after 50 cycles. The battery’s capacity remained 50 mAh-g~!
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after 1500 cycles at the current density of 10 C, which was 70% of the original capacity. The battery
operated with an output voltage of 0.84 V, indicating a good potential of the device.

2.2.2. Na3zV;(POy)3

NVP is an aqueous Na-ion battery cathode material with a high capacity and the redox of V4*/V3+
allows the intercalation of sodium, the process of which is energy-saving [134-136].

Cao et al. (2019) [137] prepared NVP/C material with a sol-gel method with citric acid as the
source of carbon and then used it in the CDI testing. The flow-by CDI system consisted of a NVP/C
cathode, an activated carbon anode, and an anion-exchange membrane separating them. The NVP/C
material showed an ultrahigh salt removal capacity of 137.2 mg-g~! at the voltage of 1 V with the
energy consumption of 2.16 g-NaCl-Wh~!, which was more efficient compared to the carbon electrodes.

The binders are always used in electrochemical experiments, but they could also block active
sites and decrease the conductivities of the materials [138], thus impairing the electrochemical and
deionization performances. To explore an approach to solving the issue, Zhao et al. (2019) [139]
synthesized NVP/graphene and AgCl/graphene aerogels with a solvothermal method and a
hydrothermal method, respectively, and employed them directly as electrodes in a CDI system
with ion-exchange membranes covering each of them. The salt removal capacity of the binder-free
CDI system was 107.5 mg-g~!, much better than the capacity of the one with binders (67.08 mg-g~! at
the same current density of 0.1 A-g™!). In contrast with the ones with binders retaining 72.86% of the
capacity after 50 cycles, the binder-free electrodes retained 88.69% of the capacity, indicating a better
cycling ability.

2.2.3. NazFeP207

Sodium iron pyrophosphate is a material suitable for aqueous sodium-ion battery cathode for its
good capacity (about 90 mAh-g~!), appropriate voltage plateau (+0.3 V vs. SHE), well-defined tunnel
structures for facile ion transportation and eco-friendliness and low cost [140].

Kim et al. (2016) [141] reported a CDI system with the Na;FeP,O7/C material prepared by a
solid-state reaction as the sodium intercalation electrode and an activated carbon electrode coated by
an anion-exchange membrane. Before the CDI experiment, the NayFeP,O7 electrode was charged to
release the sodium ions to make sodium intercalation sites available. During the CDI test, the sodium
ions were captured when the NayFeP, Oy electrode was charged by a negative voltage, and the chloride
ions were captured by the activated carbon electrode. The material exhibited a salt removal capacity
of 30.2 mg-g~! and a specific capacity of 56 mAh-h~! at the current density of 48 mA-g~! with the
galvanostatic method, much higher than the traditional carbon electrodes.

2.3. Prussian Blue Analogue

Prussian blue analogues (PBAs) are a class of materials that can be represented as A M[Fe(CN)g].
The “A” stands for alkali metal cation and “M” stands for transition metal ion [142,143].
The intercalation of sodium is mainly related to the valence change of the transition metal ions
in the framework [144,145]. This kind of materials usually have two features closely related to
energy storage: i. wide tunnels in the 3D structure that have weak interaction with ions, in favor of
transportation of ions; ii. the vacancies of [Fe(CN)¢] could be reduced by controlling the synthesis
process of the material, which is essential to the long cycle life and high capacity.

As summarized in Figure 5, Lee et al. (2017) [146] used a symmetric Na-ion desalination (NID)
system to remove the salt ions in brackish water. The system consisted of two sodium intercalation
electrodes and an anion-exchange membrane between them blocking the movement of cations and
allowing the chloride ions to pass through. The brackish water would be divided into diluted solution
and concentrated solution at the same time during the charge/discharge process. Compared to the
HCDI system, the symmetric system could reduce the polarization of the electrodes. The NaNiHCF
and NaFeHCF materials were synthesized via a controlled crystallization reaction and employed as the
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sodium intercalation electrodes. The system exhibited a good salt removal capacity of 59.9 mg-g~! and
a low energy consumption of 0.34 Wh-g~! for seawater desalination with a 40% salt removal efficiency.

VN

Charging Discharging

NaNiHCF NaFeHCF NaNiHCF NaFeHCF
Concentrated| | Diluted Diluted | | Concentrated

@ Cation
Q Anion

Figure 5. Desalination (charge) process and regeneration (discharge) process of Na-ion desalination
(NID) system with NaNiHCF and NaFeHCEF electrodes. Reproduced with permission from Ref. [142].
Copyright 2017 American Chemical Society.

Porada et al. (2017) [147] reported a flow-through CDI device that consisted of two sodium
intercalation electrodes and an anion-exchange membrane in direct contact with and separating each
of them (Figure 6). The solution in the system was divided by the electrodes into two channels
and only anions were allowed to move between them. When the current went through, the sodium
ions were released and absorbed by the corresponding electrode, thus forming the diluted solution
and concentrated solution on the different sides. The distance between the electrodes was rapidly
reduced, which was beneficial for good desalination performance. The sodium-rich form of NiHCF
was synthesized by a solution/precipitation reaction while the sodium-deficient form was prepared
by electrochemical oxidation of the former, both of which were employed as CDI electrodes. The salt
adsorption capacity exhibited was 34 mg-g~!, 2.5 times the capacity of the carbon.
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Figure 6. NID system with sodium-rich and sodium-deficit NiHCF electrodes. Reproduced with
permission from Ref. [143]. Copyright 2017 Elsevier.
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FeFe(CN)g is an aqueous sodium-ion battery electrode material with a high theoretical capacity
of 180 mAh~g‘1 and good rate performance [148]. Guo et al. (2017) [66] synthesized FeFe(CN)g
nanocubes with a precipitation method, graphene oxide with nanopores (NPG) were synthesized
by a hydrothermal reaction with the HyO, as the etchant, and FeFe(CN)s/NPG composite with a
precipitation reaction followed by freeze-drying. The composite exhibited an extraordinary salt
removal capacity of 120 mg-g~! at 1 C via the constant current mode in the HCDI system with carbon
as the counter-electrode. The salt removal capacity of FeFe(CN)s/NPG barely decreased after 100 cycles
at 4 C, while the capacity of FeFe(CN)4 declined much faster. The NGP promoted the electric and
ionic conductivity of the material and prevented the electrochemical capacity from deteriorating by
preventing the nanocubes from being flushed away.

2.4. Iron Phosphate

FePO, is known as a precursor material widely used for the production of lithium-ion battery
materials [149] as well as sodium ion batteries [150,151], whose oxidation/reduction reaction of Fe3*/Fe2+
allows the intercalation and deintercalation of sodium ions. The FePO, material has advantages of low
cost, high chemical stability, eco-friendliness, appropriate voltage plateau in the aqueous environment,
high theoretical capacity of about 178 mAh-g~! but also suffers the disadvantages of low conductivity
and ion diffusion coefficient [152]. Incorporating FePO4 with carbon materials could be an applicable
approach to improving the electrochemical performances of the material.

FePO, has an amorphous phase and many crystalline phases including heterosite, x- quartz,
monoclinic and orthorhombic phases. Guo et al. (2018) [153] prepared FePO,/rGO composite using
the amorphous FePOy due to the synthesis simplicity and abundance in nature, and the composite was
used as the anode in a HCDI system with activated carbon as the cathode. The salt removal capacity of
FePO,/rGO was 100 mg-g~! after 50 cycles without declining while the capacity of the pure FePO,
decreased to 64 from 84.8 mg-g~!. The graphene network enhanced the conductivity and prevented
the FePOy particles from aggregation.

Ma et al. (2019) [154] used a facile one-step hydrothermal method to synthesize FePO,/rGO,
which was then employed as HCDI electrode. The graphene sheets provided ideal platforms for
the growth of FePO4 nanospheres, which in turn prevented the stack of the graphene. This further
enhanced the interaction of the electrodes and the brackish water. FePO,/rGO showed a desalination
capacity of 85.94 mg-g~!, 71.4% higher than that of FePOy. To adsorb 1g NaCl from brackish water,
the gross cost of raw materials was less than one dollar, and the energy consumption was 0.9 Wh-g~!,
both of which were economically competitive.

2.5. Molybdenum Disulfide

MoS; is a two-dimensional layered sodium battery anode material with a great potential due to
the high theoretical capacity (669 mAh-g~!), low cost and abundant reserves [155,156]. Though the
major capacity of the material is outside the voltage window of water, the layered structure still allows
the intercalation of aqueous ions which indicate the CDI potential.

Unlike PBA materials in the sodium intercalation process, the MoS, provides sites for intercalation
of both cations and anions. Srimuk et al. (2017) [157] synthesized MoS,/CNT composite with a
sonication method, which was employed as both electrodes in the CDI system without membranes.
The CNTs enhanced not only the conductivity but also the mechanical stability of the material.
Before being tested in the CDI system, the composite was activated in an electrochemical way by
charging the material with +10 V in the aqueous three-electrode system for 4 h, thus expanding the
layering by the accumulation of the O, and SO, gases within the material decomposed of hydroxyl and
sulfide ions. The salt removal capacity of the activated material was 10 mg-g~! in a 5 mM NaCl solution,
17 times of that of the unactivated material, indicating the key role of the activation. The MoS,/CNT
composite could exhibit a higher and stable desalination capacity of 25 mg-g~! in a 500 mM solution.
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Modulating the surface of the material could be a practical approach to improving the deionization
performances. Feifei et al. (2018) [158] prepared defect-rich MoS, with a facile method which was
employed as both electrodes of the CDI system. The defect-rich material showed a salt removal
capacity of 35 mg-g~!, nearly three times of that of MoS, due to the additional negative charges
and a low charge transfer resistance. Wang et al. (2019) [159] improved the wettability of MoS; by
incorporating hydrophilic polydopamine (PDA), thus forming MoS,/PDA composite. The MoS,/PDA
material exhibited a salt removal capacity of 16.94 mg-g~! during 10 successive cycles, nearly 60%
higher than that of pure MoS,, owing to the better conductivity, additional negative surface charges
and lower inner resistance due to better wettability that PDA provided.

2.6. Mxene

Mbxene is the generic name of a series of two-dimensional-layered materials including the carbides
and nitrides of transition-metals and the complex of the two, which could be represented as My 1 XnTx.
The “M” stands for transition-metal element, “X” stands for carbon or nitrogen and “T” stands for
the functional group [160]. Mxene is prepared from the MAX material (a three-element carbide or
nitride), which has not only high electron and heat conductivity similar to metal but also extraordinary
mechanical property, oxidation and erosion resistance similar to ceramics. Mxene has been widely
studied as a sodium- and lithium-ion battery material due to its high capacity and effective cycling
performance, and the good hydrophilicity of the material is also a noticeable profitable factor in the
CDI experiments [161,162].

Wang et al. (2018) [163] modified the surface of Ti3C,Tx with an Ar plasma method. After Ti3CyTx
was prepared by a wet chemical process from TizAlC,, the Ar plasma modification was used to excite
the residual water and O, molecules to O-related radicals, thus replacing the former F-related groups
inside the TizC,Tx sheets. The replacement of the groups not only enhanced the hydrophilicity of the
material thus reducing the inner resistance of the transportation of ions, but also enlarged the interlayer
distance, leading to a larger surface area and more intercalation sites for ions. The Ar-modified Ti3C,Tx
showed a salt removal capacity of 26.8 mg-g~!, nearly three times of that of the unmodified material.

Bao et al. (2018) [164] used a freeze-drying method to modify the structure of TizC,Tx.
The solidification and expansion of water in the material contributed to the larger interlayer distance,
porous structure (Figure 7) and better hydrophilicity, thus enhancing the accessibility of the surface
pores for the ions, leading to a better specific capacitance and desalination performance. During the
CDI experiment, the porous Ti3C, Ty exhibited a salt removal capacity of 45 mg-g~!, 12.8 times of that
of the non-modified material, and cycled 60 times without capacity decay.

—~1.04

0 100 400 500

200 300
Length (nm)
Figure 7. FESEM (A), HRTEM (B), and AFM (C) images of porous Ti3C, Ty structure. Reproduced with
permission from Ref. [160]. Copyright 2018 Elsevier.
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2.7. Ammonium Vanadate

NH4V40qg is a newly developed CDI material that has been utilized as the cathode material in a
sodium-ion battery due to its layered structure and stable framework [64].

NH4V4010/rGO composite was prepared by Li et al. (2020) [165] with a hydrothermal method
from oxalic acid and NH4 VO3, and was used as the cathode in the CDI system with activated carbon as
the counter electrode. The sodium ions were intercalated and deintercalated in the lattices of V-O during
the desalination and regeneration process, the interlayer space of which was about 1 nm. Compared to
pure NH4 V4019, NH4V,01¢/rGO showed a larger surface area, a lower charge transfer impedance and
a larger specific capacitance in the three-electrode experiment. NH;V4010/rGO exhibited a high salt
removal capacity of 20.1 mg-g~! at 1.2 V in 500 ppm NaCl solution and remained 71.5% after 100 cycles
due to the leaching of V and the charge efficiency declined with the increase in the voltage because of
the side reactions.

3. Li-Ion Battery Materials

Various lithium battery materials have already been produced in a large scale and applied in
daily life, including lithium manganese oxide [166,167], lithium cobalt oxide [168,169], ternary cathode
material [170], lithium iron phosphate [171,172], etc. However, few of them have been reported in the
literature employed as CDI electrodes mainly because the voltage plateaus might not exist within the
voltage window of water.

3.1. Lithium Titanium Oxide

An attempt has been made by Guo et al. (2019) [173] using carbon-coated Li;Ti;O1, (LTO)
synthesized with a solvothermal method as the anode in CDI testing under constant voltage and
constant current modes. A cyclic voltammetry experiment of as-prepared LTO/C material was
conducted using a three-electrode system with 1 M NaCl solution as the electrolyte, exhibiting an
obvious oxidation/reduction reaction behavior and a specific capacitance of 95 F-g~!, indicating the
sodium ion intercalation and deintercalation behavior occurred inside the material that lithium ions
were replaced by sodium ions. The desalination capacity, charge efficiency and energy consumption
of the constant current mode were better than those of constant voltage mode. LTO/C showed a
desalination capacity of 25 mg-g~! which remained stable over 30 cycles under the mode of constant
current, 25% higher than that of pure LTO. CDI experiments of LTO materials have revealed a great
potential for real application because the production of the material is already available.

3.2. Polyoxometalate

Polyoxometalates (POMs) are a class of inorganic cluster materials that are composed of early
transition metal ions (Ms) coordinated with oxygen atoms (Os) and heteroatoms (Ps), which could
be presented as [XxMyO,]"~ [174,175]. This kind of materials have drawn significant attention in the
lithium-ion battery field due to their high capacities, thermal stabilities, diverse structures and various
kinds of heteroatom doping [176,177].

The binder could impede ion and charge transfer of the electrode. Liu et al. (2020) [178] prepared
a bind-free POM-based membrane CDI electrode by electrodeposition of SiW12040% (SiW;,) and PANI
(Polyaniline), thus forming SiW1,/PANI composite. SiW1,/PANI exhibited a high specific capacitance
of 298 F-.g~1 at 1 A-g™! in 1 M NaCl solution and remained at 205 F-g~! at 20 A-g~!, which also indicated
a good rate ability. The composite showed a salt removal capacity of 23.1 mg-g~! in 500 ppm NaCl
solution and barely decreased after 30 cycles, which was 33.5% higher than that of pure PANI due to
the synergistic effect of the POM and conducting polymers.

Another binder-free POM-based electrode was prepared by Liu et al. (2020) [179] with a similar
method of electrochemical deposition of P,Mo1gOg,°~ (P2Mosg) and PPy (Polypyrrole). The as-prepared
P,Mo15/PPy composite was the material for both electrodes in the membrane CDI system and exhibited
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a desalination capacity of 17.8 mg-g~! and a specific capacity of 156.2 mAh-g~!, which were 49.6% and
79.7% higher than those of pure PPy.

4. Cl-Ion Battery Materials

The process of desalination is related to both sodium and chloride ions. Enhancing the adsorption
of the CI™ could also be an approach to improving the desalination capacity of the CDI system.
The chloride ion batteries are attractive due to the low cost, good electrochemical performances and
high energy density [180,181]. Employing the chloride ion battery materials as CDI electrodes might
be a choice of higher significance.

4.1. Bi-Based Material

Bismuth is a green, economical material with a high chloride storage capacity, storing the chloride
ions in the form of BiOCl via a reversible oxidation reaction [182,183].

Chang et al. (2020) [184] employed commercially purchased bismuth as a chloride adsorption
electrode and activated carbon as the sodium adsorption electrode in the HCDI system without
ion-exchange membranes with 500 mg-L.~! NaCl solution as the electrolyte. When the system was
charged with a voltage of 1.2 V, the chloride ions were adsorbed onto the bismuth material forming
BiOCl and would be released into the solution the other way around. Meanwhile, the sodium ions
were adsorbed and released by the activated carbon according to the electrical double-layer behavior.
The bismuth material exhibited a high salt removal capacity of 55.52 mg-g~!, nearly three times of that
of activated carbon, but only remained at 74% after 10 cycles, which could presumably be due to the
low conductivity and slow ion transfer.

Nam et al. (2018) [185] constructed a CDI system with only Bi-based materials as electrodes to
reveal the mechanism of Cl storage of bismuth, in which Bi was employed as the anode and BiOCl was
employed as the cathode as shown in Figure 8. The desalination energy consumption was low because
equilibrium voltage was 0 V due to the reversible reaction of the electrode pair. The whole system was
divided into two compartments by cation-exchange membrane or three compartments by cation and
anion-exchange membranes. The brine was desalinated in the anode part of the two-compartment cell
or in the middle part of the three-compartment cell. When the same amount of charge passed through,
the latter would remove more ions than the former because the reversible formation of BiOCl was a
process not only adsorbing C1~ but also producing H*, which was also the reason why a low PH could
lower the operating voltage of the system.

) N
(@ —W (b) = (V)
Desalinated . )
w1 i e

8 ® o ;
o+ ™ Q, o': %q
F3 ’s > ‘3
+ N I:_ + N +I:'.
a: NU i+ NG
+ 9 g UG e
— O Q5 *o O &5
om QT oo ‘QT

1 o ’ o

Anode 1‘ CEM "‘ Cathode Cathode

Saline water Saline water

Figure 8. Two (a) and three (b) channel Bi|[BiOCI chloride ion intercalation CDI system. Reproduced
with permission from Ref. [181]. Copyright 2018 American Chemical Society.
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Chen et al. (2017) [186] coupled the bismuth with the sodium intercalation material NMO to form
an electrode pair in the CDI system. During the salt release process, the system showed a high and
stable salt removal capacity of 68.5 mg-g~! at the current density of 0.1 A-g~! within 50 cycles with a
high charge efficiency of 95.4%.

4.2. Ag-Based Material

Silver is a battery material for chloride storage which has been studied for a long time due to its
high theoretical capacity (about 235 mAh-g~!) and fast kinetics, while the cost is non-negligible [187].

Tsai et al. (2016) [188] used Ag as the anode in the HCDI system with hierarchically ordered
mesoporous carbon as the cathode. The Ag nanoparticles were commercially purchased and the
mesoporous carbon was prepared from sugarcane bagasse. Chloride ions and sodium ions were
adsorbed by anode and cathode when the system was charged. The system exhibited a salt removal
capacity of 20.82 mg-g~!, which was 2.4 times of that of the symmetric CDI system with two carbon
electrodes. Silver ions could be released from the anode and be reduced to Ag nanoparticles onto the
surface of the cathode, thus improving the deionization efficiency.

Zhang et al. (2020) [189] synthesized Ag/C material by annealing the Ag-doped hollow ZIF-8
precursor, which was employed as the anode in the HCDI system with a cation-exchange membrane.
The hollow ZIF-8 (HZIF) precursor was prepared by tannic acid etching of the MOF material ZIF-§,
which was selected due to its stable structure and nice porosity. Tannic acid not only enhanced
the porosity of the material thus providing ion diffusion tunnels and active sites but also reduced
silver ions on the surface of the material. In contrast, a symmetric CDI system was built with two
electrodes of porous carbon, which was also the cathode material in the HCDI system synthesized by
pyrolysis of HZIF precursor. The HCDI system exhibited a salt removal capacity of 19.81 mg-g~! in the
100 ppm NaCl solution and barely decreased during 20 cycles, which was 62.6% higher than that of the
contrast system.

Ahn et al. (2020) [190] employed Ag and AgCl as the electrodes in the CDI system with a
cation-exchange membrane separating them in the 500 ppm NaCl solution. When the system was
charged, Cl~ was adsorbed by Ag electrode to form AgCl and released from the AgCl electrode
on the other side while the membrane blocked the anions but allowed the cations to pass through.
The Ag material was commercially purchased without further purification and the AgCl electrode was
prepared by electrochemical oxidation of the Ag electrode. The system exhibited a high desalination
capacity of approximately 85 mg-g~! under constant current mode with a low charged voltage of less
than 0.2 V, which was energy efficient.

In a similar study, Srimuk et al. (2019) [191] constructed a CDI system where Ag and AgCl were
used as the chloride storage electrodes. Ag nanoparticles were commercially purchased and the AgCl
electrode was prepared by electrochemical chlorination of a carbon nanotube-coated Ag electrode.
The CNT-coated AgCl electrode showed a specific capacity of 100 mAh-g~! and remained stable over
100 cycles while the Ag electrode retained only 81% of the initial capacity, indicating the advantage
provided by CNT network. The system exhibited an ultrahigh salt removal capacity of 176-190 mg-g™*
in the first cycle but only retained 115 mg-g~! after 15 cycles, whose capacity decay might be due to the
irreversible formation of the positive electrode without CNT coating.

5. Conducting Polymers

Conducting polymers are a class of polymer materials which have highly conjugated 7-7t structures
and electronic, magnetic, optic properties similar to metals [192,193]. Conducting polymer materials
consist of the conjugated chain structures and anions from p-doping or cations from n-doping.
The conjugated chains provided tunnels for ion transfer, which is also enhanced by the doping
ions. Conducting polymers have been widely reported as battery electrodes due to their controllable
conductivity, high mechanical stability, lightweight and low cost [194,195]. Here are some works about
conducting polymers in CDI.
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5.1. Polypyrrole

Polypyrrole (PPy) is the most commonly studied polymer material in CDI experiments owing to
its easy synthesis and good conductivity after doping. The ion-exchange process could occur during
the fast charge/discharge process inside and on the surface of the PPy, leading to a high desalination
capacity [196,197].

Feng et al. (2015) [198] synthesized a sponge-like hydro-PPy material via oxidation and
acidification, which was used as the CDI electrode with graphite as the counter-electrode. The material
exhibited an outstanding salt removal capacity of 2917.66 mg-g~! in the 35,000 ppm Na* solution.

The combination of polymers and carbon materials could offer a platform to integrate high capacity
with high conductivity. Wang et al. (2015) [199] prepared PPy/CNT CDI electrodes with the method of
coating and compressing, respectively. The coated electrode showed a uniform surface structure and a
lower charge transfer resistance than that of the compressed one. The coated PPy/CNT also exhibited
an electrochemical capacitance of 180.61 F-g~! and a salt removal capacity of 93.68 mg-g~!, which were
57% and 37% higher than those of the compressed PPy/CNT. The optimum parameters of electrode
coating were also studied, which were that the mass ratio of PVDEF: graphite: active material was 1:1:8,
the drying temperature was 40 degrees centigrade and the thickness of the coating was 0.3 mm.

The electrodes with functional groups might have higher columbic efficiencies. Haq et al.
(2020) [200] synthesized PPy/AC materials as CDI electrodes with sulfonic groups or amino groups
by a room temperature polymerization reaction. The light grey coating layers of PPy surrounding
the carbon cores were evident under SEM observation (Figure 9), which meant that the reduction of
the surface area of the material was rapid. The deionization capacity of the PPy/AC was 18.4 mg-g~!
and the columbic efficiency was 95%, which were both nearly three times of those of conventional
AC electrodes.

i AC wn  aPPy/ACusm=  sPPy/AC

Figure 9. TEM images of AC, amino-PPy/AC and sulfonic acid-PPy/AC. Reproduced with permission
from Ref. [196]. Copyright 2020 Springer Nature.

Xu et al. (2020) [201] prepared a PPy/GO composite by electrochemical polymerization using
benzenesulfonic acid with the galvanostatic method as the CDI electrode in a membrane CDI system
with graphite as the counter electrode. The structure was modulated by a CV method replacing
benzenesulfonate dopants with choloride ions in 1 M KClI solution. The modulated PPy/GO had a
cauliflower-fungus-shape structure and exhibited a high salt removal capacity of 88.43 mg-g~! in a
200 ppm NaCl solution, which was 50% higher than that of the material without modulation due
to more active sites and less dense structure. It was also noticeable that the deionization capacity
decreased while the initial salt concentration increased, which was owing to the co-ion effect.

5.2. Polyaniline

Polyaniline (PANI) is another well-known conducting polymer due to its easy synthesis,
high capacity, low cost, environmental stability, processability and better mechanical properties than
PPy [202,203]. PANI has abundant amine and imine groups that could lead to better CDI performance.
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Yanetal. (2014) [204] incorporated PANI into graphene sheets by ultrasonication and graphene/PANI
nanocomposite was formed. The composite was used as active materials of both electrodes in the CDI
system with cation and anion-exchange membranes. PANI grew on the edge of the graphene sheets and
the amide groups connected the two materials, forming a larger 7-7 conjugated system, enhancing the
charge transferring. The salt removal capacity of the graphene/PANI was 9.3% and 25% higher than that
of graphene in the NaCl solution with the initial conductivity of 500 and 1000 ps-cm™!, respectively.

PPy could be more stable at different PH, the combination of PPy and PANI could produce better
CDI performance. The PPy/PANI composite was synthesized with the in-situ oxidation polymerization
method by Wang et al. (2015) [205] in an acid solution and used as the CDI electrode material coating
with carbon nanotubes. With the HCIO,4 concentration of 1.5 M, the APS concentration of 0.575 M,
the PPy/PANI mass ratio of 1:1 and the oxidant FeCl; concentration of 0.2 M, the as-prepared composite
exhibited a salt removal capacity of 197.8 mg-g~!, which was 1.7 and 2.1 times of that of pure PPy and
PANI, respectively. The composite was a mesoporous material with uniform morphologies.

Tian et al. (2017) [206] decorated the commercial purchased activated carbon fiber with PANI
with an electrochemical polymerization method used as the electrodes in a symmetric CDI system.
PANI grew homogeneously on the surface of the fibers and enlarged the surface area of the material,
which provided abundant sites for charge storage. The ACF/PANI material exhibited a salt removal
capacity of 19.9 mg-g~! in a 500 ppm NaCl solution at the voltage of 2 V and barely decreased after
28 cycles, which was nearly four times of that of undecorated carbon fiber. The ACF/PANI also showed
a larger specific capacitance and a lower charge transfer resistance.

PANI/AC with amino groups (aPANI/AC) and PANI/AC with sulfonic groups (sPANI/AC) were
synthesized by ul Haq et al. (2020) [207] through in-situ oxidation polymerization and were used as the
two electrodes in the CDI system. The activated carbon was coated with layers of PANI with functional
groups (fPANI) thus reducing the surface area of the material dramatically by replacing the micropores
with mesopores. The fPANI electrode exhibited a salt removal capacity of 17.7 mg-g~! and a charge
efficiency of 90%, which were 160% and 137% higher than those of AC electrode due to enhanced ion
diffusion because of mesopores and better conductivity, and were 20% and 5% higher than those of the
PANI/AC without functional groups due to the attraction and repelling of the counter-ions and co-ions
by the functional groups.

6. Radical Polymers

Radical polymers are a kind of polymer with stable N-O radical groups [208]. Poly (2,2,6,6-
tetramethylpiperidinyloxy methacrylate) (PTMA) is the most studied radical polymer and is used as the
cathode in lithium-ion batteries, which has the properties of high theoretical capacity (111 mAh-g™1),
structural stability, rapid charge/discharge process, long life cycle, low cost and environmental
friendliness [209,210].

Li et al. (2020) [211] synthesized PTMA by polymerization of 2,2,6,6-tetramethylpiperidinyloxy
methacrylate monomers under heat in the acid solution with a nitrogen atmosphere. The PTMA was
used as the electrode in a membrane-free CDI system. The PTMA electrode exhibited a salt removal
capacity of 20.9 mg-g~! at 1.2 V which maintained for 20 cycles and a specific capacity of 51 mAh-g~! at
the current density of 0.1 A-g~! in 1 M NaCl solution, which were both about twice those of activated
carbon though they suffered from a worse wettability.

7. Flow Battery Electrode Materials

The literature about CDI battery electrodes mostly focuses on solid battery materials. However,
the flow electrode battery materials could also exhibit good potential due to the ability to handle high
concentration saline water and the high energy efficiency of the system.

Hou et al. (2018) [212] integrated the deionization process with the discharging process of the flow
electrode battery, which consisted of a VCl3/VCl, anolyte and a Nal catholyte (Figure 10). The whole
system was divided into three compartments by the ion-exchange membranes. The saline water of
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19,000 ppm NaCl was in the middle reservoir and was separated from anolyte and catholyte with
anion-exchange membrane and cation-exchange membrane, respectively. When the discharging
process occurred, the V2* ions were oxidated into V3* ions, thus driving the Cl~ ions to pass through
the membrane. Meanwhile, Na* ions were absorbed into the catholyte due to the reduction of I3~ ions
into I” ions, similarly. The electrodes regenerated during the charge process. The system exhibited a
stable salt removal capacity of 400 mg per liter of the electrolyte, which could be calculated as 82.6 mg
per gram of electrode material. It was also noticeable that the energy consumption was 10.27 KJ-mol~!
salt, which was 15% lower than traditional reverse osmosis technology.
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Figure 10. Regeneration (a) and desalination (b) processes of Nal|[VCl3/VCl, flow battery CDI system.
Reproduced with permission from Ref. [212]. Copyright 2018 Royal Society of Chemistry.

Desai et al. (2018) [213] constructed a flow electrode battery for deionization with a configuration
similar to the system above, utilizing Zn/ZnCl; as anode/anolyte and graphite/[K4Fe(CN)g+ KsFe(CN)¢]
as the cathode/catholyte. The sodium and chloride ions were adsorbed through the membranes into
the electrode due to the redox reactions during the discharging process and escaped back to the middle
compartment during the charge process. Though the concentration of the saline water was high up to
100 g-L !, the removal rate was still 86%. The energy consumption of the system desalinating seawater
into drinkable water was 3.47 Wh-L~!, which was comparable to that of the reverse osmosis technology
(3-6 Wh-L™1).

8. Conclusions

Research on desalination has become a hotspot for many researchers, development experts,
and government agencies. As such, this work attempts to provide a detailed review of the current
state of battery materials as CDI electrodes for desalination. Table 1 has listed the materials and
corresponding deionization performances, most of which have larger desalination capacities than those
of carbon-based traditional electrode materials and could be used under the high salt concentrations of
saline water.



Water 2020, 12, 3030 19 of 32

Table 1. Desalination performances and operation conditions of CDI battery electrode materials.

NO. Materials of the Electrode Pair Initial NaCl Concentration CC (Constant Current)/CV (Constant Voltage) Current Density/Voltage Desalination Capacity Ref.
1 NayzMngOyg||AC 50 mM cv 12V 31.2mgg! [791
2 Nag 44MnO,||AgCl 890 mg-L ! cC 0.1A-g™! 574 mg-g~! [80]
3 MnO,/CNT||AC 30 mg-L~! cv 18V 6.65 mg-g~! [83]
4 a-MnQO;||AC 5 mM (@)% 1V 9.93 rng-g’1 [84]

5-MnO,||AC 9.35 mg-g ™!

5 B-MnOs||carbon 1mM (@)% 1.8V about 18.4 rng-g‘1 [85]
6 Nag71CoO,[|Ag/rGO 500 mg-L~! Ccv 14V 31mgg! [89]
7 Nag 27Cag03C00,||AC 529 mg-L~! cv 14V 83.5+24mgg! [90]
8 rGO/TiO,|[rGO/TiO, 150 pS-cm™! cv 12V 24.576 mg-g ! [94]
9 Nay TigO,0/C||AC 500 pS-cm™! Ccv 14V 80.56 mg-g~! [95]
10 graphene/SnO;||graphene/SnO, 61 pS-em™! Ccv 14V 149 mg-g~! [100]
11 N-AC/SnO,|IN-AC/SnO, 50 mg-L~! Ccv 12V 342 mg-g~! [101]
12 AC||IZnO/AC 500 mg-L~! cv 12V 9.4 mg-g™! [105]
13 graphene/CNT/ZnO|graphene/CNT/ZnO 600 mg- L~ cv 12V 28.62 mg-g ™! [106]
14 Fe30,/rGO|[Fe304/rGO 110 pS-em™! Ccv 15V 43 mgg! [111]
15 NiCo,O4]|AC 1000 pS-cm™! cv 12V 443 mg-g~! [116]
16 MnFe,0,/rGO|MnO,/rGO 50 mg-L~! Ccv 16V 38.28 mg-g~! [121]
17 AC||NaTiy(POy)3/rGO 1000 mg-L~! cC 0.1Ag™! 140 mg-g~! [128]
18 N,S-NaTi,(POy)s/hole rGO||AC 800 mg- L~ cv 14V 36.87 mg-g~! [131]
19 Ag/rGO|NaTiy(POy,)3/rGO 2500 mg-L~! CcC 0.1Ag™! 105 mg-g~! [132]
20 AglINaTiy(POy)3 1M — — 151.5mg-g ™! [133]
21 Na3V,(PO,)3/Cl|AC 100 mM cv 1V 1372 mg-g~! [137]
22 Na3V,(PO4)3/rGO||AgCl/rGO 1000 mg-L ! cC 0.1Ag™! 107.5 mg-g~! [139]
23 NayFeP,0;/C||AC 100 mM cv 12V 32.6 mg-g~! [141]
24 NaNiHCF|[NaFeHCF 05M cC 0.5 mA-cm™2 39.9 mg-g~! [146]
25 NaNiFe(CN)g||Na,NiFe(CN)g 20 mM cC 0.28 mA-cm™2 34mgg! [147]
26 FeFe(CN)/rGO||AC 1937 uS-cm™! CcC 0.125 A-g™! 120 mg-g ! [66]
27 FePO,/rGO|AC 2500 rng-L_1 CcC 0.1 A-g‘1 100 rng-g‘1 [153]
28 FePO,/rGO||IrGO 40 mM cv 1.8V 85.94 mg-g~! [154]
29 Mo0S,/CNT|[MoS,/CNT 500 mM cv 08V 25 mg-g~! [157]
30 Defect-rich MoS;||Defect-rich MoS, 254.35 mg-L'l (@)% 08V 24.6 mg~g‘1 [158]
31 AC|[MoS,/PDA 200 mg-L™! cv 12V 148 mg-g~! [159]
32 Ar-modified Ti3C,Tx||AC 500 mg-L~! cv 12V 268 mg-g~! [163]
33 Porous TizCpTx|[Porous TizC,p Ty 10,000 mg-L~! Ccv 12V 45mg-g! [164]
34 NH,V,40;0/rGO||AC 500 mg-L~! cv 12V 20.1 mg-g~! [165]
35 Lis Ti5O12/Cl|carbon cloth 2500 mg- L~ CcC 0.16 mA-cm™2 25 mg-g~! [173]
36 SiW1,/PANI/graphite 500 mg-L~! cv 12V 231 mg-g™! [178]
37 P,Moqg/PPy/graphite 600 mg-L_1 (@)% 1.2V 17.8 mg~g_1 [179]
38 AC|Bi 500 mg-L~! Ccv 12V 55.52 mg-g~! [184]
39 Nag 44MnO,||BiOCl 760 mg-L~! cC 0.1A/g 68.5 mg-g~! [186]
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Table 1. Cont.

NO. Materials of the Electrode Pair Initial NaCl Concentration CC (Constant Current)/CV (Constant Voltage) Current Density/Voltage Desalination Capacity Ref.
40 mesoporous carbon||Ag 1mM cv 12V 20.82 mg-g~! [188]
41 hollow carbon||Ag/C 500 mg-L~! cv 12V 29.18 mg-g ! [189]
42 AgCll|Ag 500 mM cc 1mA-cm™2 85 mg-g~! [190]
43 AgClllAg 600 mM cc 0.1Ag! 115 mg-g~! [191]
44 hydro-PPy|lgraphite 88,930.43 mg-L~! Ccv 2V 2917.66 mg-g ™! [198]
45 graphite||PPy/CNT 1000 pS-cm™ cv 14V 93.68 mg-g~! [199]
46 NH,-PPy/AC|IHSO;-PPy/AC 8.55 mM Ccv 1V 184 mg-g~! [200]
47 GO/PPy||GO/PPy 200 mg-L~! cv 12V 88.43 mg-g~! [201]
48 CNT|[PPy/PANI 500 mg-L™! cv 14V 197.8 mg-g~! [205]
49 AC/PANI|JAC/PANI 200 mg-L™1 cv 2V 19.9 mg-g~! [206]
50 NH,-PANI/AC|[HSO3-PANI/AC 8.55 mM cv 1V 17.7 mg-g~! [207]
51 AC|PTMA 250 mg-L~! Ccv 12V 20.9 mg-g~! [211]
52 Nal|[VCl3/VCl, 19,000 mg-L ! CcC 0.22 mA-cm™2 82.6 mg-g~! [212]
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Desalination is a process of extracting sodium and chloride ions out of the solution, so without
doubt the sodium and chloride-ion battery materials should play important roles in the CDI systems.
Compared to chloride-ion battery materials, the sodium-ion battery materials have drawn greater
attention and impetus in research because of the larger energy density and power density, resulting in a
large family of sodium-ion battery materials appearing in the literature of CDI, many of which exhibit
good desalination performances. The research of chloride-ion battery materials is relatively limited
to the Bi-based and Ag-based materials because of the poor affinity of chloride to other materials.
However, lithium-ion battery materials have greater potential of application in the desalination industry
because these materials have already been in large scale production, unlike other battery materials.
Lithium ion battery materials on the other hand have similar electrochemical behaviors to sodium ion
battery materials and could exhibit good desalination capacities, which is worthy of further exploration.
The three categories mentioned above all share the intercalation behavior of ions thus often leading to
the collapse of the crystalline structures after desalination cycles. Especially for the sodium ion battery
cathodes, the sodiation and de-sodiation processes and the formation of NaOH could cause severe
degradation of the electrodes, leading to the decay of the electrochemical and desalination capacities.
The promoting of the cyclabilities of these battery materials remains necessary. Besides, the voltage
plateau should be within the voltage window of water during the selection of materials in case of
the side reactions and waste of energy. Polymers could exhibit high desalination capacities and good
cycling performances and handle saline water of high concentration, indicating ideal CDI electrode
materials. PPy and PANI are the most studied conducting polymers in the literature while the small
scale of industrial production limits their real application. Flow battery electrode materials have also
been utilized in CDI tests and showed good deionization performances, the energy consumption of
which was competitive. Various kinds of battery materials have been reported in the CDI research
and show good CDI performances. Lithium battery materials and conducting polymers are the most
promising among the battery materials in CDI due to the easy accessibility and ideal electrochemical
properties, respectively. On the whole, original battery materials have larger desalination capacities
than capacitive materials, therefore they could handle higher concentration solutions, but they could
only have a lifespan of tens of cycles. Battery materials and capacitive materials both have their own
advantages and disadvantages. Capacitive materials like carbon materials have smaller capacities but
robust cyclabilities and relatively low costs. It is wise to combine the advantages of the two kinds of
materials together by incorporating battery materials with carbon-based materials. Many scientists did
so and reported good results. The tendency of the research might be to find a green battery material
that has a large capacity in the aqueous environment with appropriate stability and then incorporate it
with carbonaceous material to get a longer cycle life; the mechanism behind this should be studied
further. The battery materials provide CDI technology with a bright future of application.
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