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Review of the current state of technology for capacitive deionization
of aqueous salt solutions

The availability of clean water at affordable prices is one of the key technological, social, and economic
challenges of the 21st century. The increased extraction of groundwater worldwide is leading to the gradual
intrusion of salty water into sources and water horizons. In order to use this water for industrial and
agricultural purposes, or as drinking water, it needs to be purified and desalinated. Thus, methods of
desalinating water of different salinity levels, ranging from brackish to seawater, are becoming more
prominent. The overall goal of current research is to make water desalination technologies more energy-
efficient and cost-effective. One promising technology that meets these requirements is capacitive
deionization (CDI) of water. This technology has been widely known for over 30 years, but significant
progress in CDI research has only been achieved in recent years. In this review, we examine the currently
developed architectures of CDI cells, advancements in carbon materials, and discuss the prospects and
challenges of commercializing this technology.

Keywords: CDI, capacitive deionization, carbon materials, porous carbons, carbon electrodes, Faradaic
electrodes.

Introduction

With the growth of population and the development of technological progress, humanity's water needs
are increasing. At the same time, some freshwater sources are being polluted due to accidents at industrial
facilities, improper waste storage, etc. Currently, almost 98 % of the available water on the earth is seawater
or brackish water [1]. To use this water as technical in industries and agriculture or as drinking water, it must
be preliminarily purified and desalinated. Various methods are used for desalination, among which multi-
stage flash distillation (MSFD), reverse osmosis (RO), and electrodialysis (ED) are worth mentioning. The
main method of industrial desalination is reverse osmosis, accounts for about 64 % of the freshwater
produced, while 23 % is from multi-stage flash distillation systems, and the rest are other systems [2].

One technology that is currently being actively researched for water purification is capacitive
deionization (CDI) systems. The operating principle of such system was firstly described in 1960 [3], but
until the mid-2000s, the topic received poor attention by the researchers. Currently, the number of
publications is growing exponentially. Compared to classical reverse osmosis, distillation, and even
electrodialysis systems, capacitive purification systems have significantly lower energy consumption, lower
cost, higher energy efficiency, and eco-friendliness [4—7]. The specific energy consumption for the above-
mentioned systems is summarized in Table 1.

Table 1
Values of specific energy consumption for different methods of water demineralization.
Desalination method Specific energy consumption, kW*h/m? | Ref
Distillation 10-58 [2, 6]
Reverse osmosis 3,5-6,7 [8, 9]
Electrodialysis 0,4-8,7 [6, 10]
Capacitive deionisation 0,24-0,85 [11,12]
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Currently, CDI systems with various cell architectures and modifications of electrode materials are
being actively studied. In this review, we take a look at the progress in the field of CDI systems over the past
5 years.

Various capacitive deionization cell architectures

Up to date two main fundamentally different approaches to cell assembly are proposed. These are the
use of the same (symmetrical cells) or different (asymmetric cells) electrodes as the cathode and
anode (Fig. 1). Classical cells with carbon electrodes are symmetrical and differ in the principle of liquid
flow: through the electrodes (flow-through) or along them (flow-by). Symmetrical cells include systems
upgraded with ion-exchange membranes and systems with flowing electrodes. Asymmetric cells have
different electrodes, these include hybrid (carbontfaradaic electrodes) and inverse systems (carbon
electrodes modified with charged functional groups).

Symmetric cells ' Asymmetric cells
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Figure 1. Basic architectures of capacitive deionization cells.

The working principle of a classic capacitive deionization cell is as follows: water is pumped between
two electrodes with a potential difference of <1.4 V applied to them. Under the influence of the electric field,
positively charged particles migrate to the negative electrode, and negatively charged particles migrate to the
positive electrode, resulting in the formation of a double electric layer at the phase boundary. When the free
surface is depleted, an inverted or zero voltage is applied to the cell. The double electric layers collapse, and
the ions desorb back to the solution [9]. Two cells are required for continuous operation of a system: one cell
operating in the adsorption mode and the other in the desorption mode. When the electrode surface is
saturated, the cells are swapped [13].

The main problem of the classic CDI system is the secondary sorption of ions during cell regeneration
step, when the applied potential is reversed. Some of the ions reach the counter electrode and were sorbed on
its surface, which reduces the working capacity in the next cycle. There are two options for solving this
problem: regeneration of the cell at zero potential or modernization of the system with ion-selective
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membranes. The first option leads to an increase in the desorption time and a decrease in the capacity of the
electrodes, since not all ions can desorb under these conditions. The use of membranes is more expensive,
but more efficient and makes it possible to completely eliminate cross-sorption. The membrane capacitive
deionization (MCDI) cell was first described in [14] in 2006.

Capacitive deionization cells with flow electrodes (FCDI) are the next step in evolution of CDI,
developed in 2013 [15]. In such cells, the electrode is not static, and the cell always operates in the
adsorption mode [16]. Desorption occurs outside of the cell, through a combination with a second FCDI cell
(Fig. 2), reverse osmosis system, or another purification method [9]. Typically, activated carbon suspension
in an aqueous electrolyte is used as the electrode material [13]. The major problem of this system is a low
charge transfer efficiency of the suspension, as the main component of the electrode is water. An obvious
way to overcome this disadvantage is to increase the carbon content of the slurry, however, this leads to an
increase in viscosity and a higher probability of clogging the system. The maximum achieved saturation of
the slurry is 35 wt.% carbon [17]. Alternative approaches include the addition of conducting additives to the
electrolyte, such as acetylene black [18, 19], NaCl [12], CNTs [20, 21].

The hybrid cell (HCDI) was first described in the mid-1960s in [22], but active research on this
architecture began only in 2014 [23]. Such system consists of faradaic and capacitive electrodes. The
faradaic electrode is usually used to remove sodium ions, while the capacitive electrode is used to sorb
chlorine [24]. These systems are described in more detail in section devoted to non-carbon electrode
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Figure 2. Schematic of the FCDI operation. The upper cell operates continuously in sorption mode, the lower cell in
desorption mode.

A common problem of previously described systems is anodic oxidation, the process of formation of
oxygen-containing functional compounds on the anode surface, which leads to the displacement of co-ions,
and to decrease in the electrode capacity and efficiency [25]. This process is described in detail in the
corresponding section below. Possible solution to this problem is to modify the positive electrode with
negatively charged functional groups and the negative electrode with positive ones (ICDI). The classic
methods for such modification are acid treatment or sulfonation of the positive electrode and amination of
the negative. Modified electrodes are charged, so the cell is always polarized and voltage is applied only at
the desorption step. Such architecture significantly reduces the total power consumption of the system [26].

Main features of CDI cells of different architectures are summarized in Table 2.

Table 2
Main features of CDI cells of different architectures.
Symmetrical architecture Assymmetrical architecture
Flow by CDI (FB-CDI) Inverted CDI (ICDI)
Diffusion is the time determining process for sorption The cathode and anode are initially charged, so there is no
Optimization of cell dimensions is needed to maintain the |need to apply the potential constantly (only during
required flow rate with minimum resistance. regeneration), which reduces energy costs
Flow through CDI (FTE-CDI) Flow electrode CDI (FCDI)
Less desalting time compared to FB-CDI No regeneration stage, the process is continuous
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Membrane CDI (MCDI) Hybrid CDI (HCDI)
The usage of ion-exchange membranes reduces the capture |Faradaic material with high specific capacitance
of ions during regeneration of the electrodes lons storage by intercalation

Carbon materials for CDI

In this review, we will focus on materials for FB-CDI, FTE-CDI, MCDI since materials used for other
architectures have specific requirements in each case. For the manufacture of electrodes for cells of the
above types, carbon materials are mainly used, which are characterized by a large specific surface area (high
capacitance), good chemical and electrochemical stability, bioinertness, low cost, and good electrical
conductivity. In many ways, these criteria are similar to the requirements for materials used in
supercapacitors. Accordingly, similar mesoporous carbons, carbon fibers and fabrics, carbon nanotubes,
aerogels, etc. are used in the case of CDI [27-29]. Carbon materials can be used both in pure form and
modified. Modifications include doping with heteroatoms B, N, Si, P, S (individually or in combination);
modifications with metal oxides — TiO, [30-32], MnO; [33, 34], ZnO [35, 36]; activation with alkalis.
Various methods for modifying carbon materials are considered in details in a recent review [37].

Activated carbons are the most economically accessible materials, along with fibers and fabrics that are
based on them. The surface area of such materials varies from hundreds to thousands of m?/g, the ratio of
macro-micro- and mesopores can be set at the synthesis stage. Different types of pores characterize different
processes in the electrode: micropores are important for maximum sorption, mesopores for kinetics, and
macropores for electrode permeability and maximization of the flow rate of purified water through the
cell [27, 38-40].

Comparative characteristics of electrodes made of various carbon materials are summarized in Table 3.
It should be noted that hereinafter we consider both modified and unmodified materials tested in cells for
conventional capacitive deionization in the potential range of 1.0-1.4 V.

Table 3
Different carbon electrodes and its performances in CDI cells.
Electrode material Electrode Specific Specific Voltage, NaCl solution SAC,
. surface area, . . Ref.
type material m?/e capacitance, F/g \% concentration, mg/L | mg/g
Commercial AC 940 51.8 1.2 100 5.08 | [41]
OMC 844 133 1.2 - — [42]
Porous carbons NKZCs 2566 155,83 1.2 1000 31.30 | [43]
N-HMCS/HGH 337.7 226.5 1.4 500 17.8 | [44]
ACC-507-15 1339 125 1.2 - 16 | [45]
ACC 1200 — 1.2 100 5.8 36
Carbon cloth ACC/ZnO 1300 95 1.2 100 8.5 [36]
ACC/ZnO 1043 99 1.2 — 8.1 |[46]
ACA 2413 111.89 1.4 500 26.1 | [47]
Carbon aerogel CA 2057 156 1.2 100 29.7 | [48]
MO,/CNTf ~250 50-66 1.2 250 6.5 |[49]
ACF-900 712 228 1.6 — 4.64 | [50]
Carbon nantubes ACF-900-90 1300 77 1.2 — 4.84 | [51]
and nanofibers CNF-600 481 1.6 1.2 2000 2
CNF-800 579 41.8 1.2 2000 6.3 |[52]
CNF-1000 617 52.1 1.2 2000 13.3
Graphene-based Rg(r);pAhCel;1 -el 0 2600 256 1.2 400 7.2 |[53]
material 356 205.20 1.2 500 14.9 | [54]
sponge

NKZCs — novel nitrogen-rich mesoporous carbons with the zeolitic imidazolate framework-8; N-
HMCS/HGH — N-doped hollow mesoporous carbon sphere and holey graphene hydrogel with in-plane
pores; OMC — ordered mesoporous carbon; ACC-507-15 — commercial activated carbon cloth textiles
Kynol-507-15; ACC — activated carbon cloth; ACC/ZnO — activated carbon cloth material modified
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with zinc oxide nanorods; ACA —activated carbon aerogel; C4 — carbon aerogel, MO./CNTf — a porous
metal oxide network interpenetrated into porous fibers of carbon nanotubes; ACF-900 — activated carbon
fiber activated at 900 ‘C; ACF-900-90 — activated carbon fiber activation processes with N»/CO; at 900 °C
for 90 min; CNF-600 — carbon nanofiber carbonized at 600 °C; CNF-800 — carbon nanofiber carbonized at
800 °C; CNF-1000 — carbon nanofiber carbonized at 1000 °C; RGO/ACF-10 — reduced graphene
oxide (RGO) and activated carbon nanofiber composites with varying content of RGO at 10 wt.%.

Mesoporous carbons

Mesoporous carbons (MCs) are widely used as a material for CDI electrodes due to their high specific
surface area, good pore size distribution, long-term stability, and low cost [55]. MCs were first applied in
CDI in 2008 [42]. The authors showed that, under the same electrochemical conditions, the specific
capacitance value of the MC electrode was 1.2 times higher than that of the activated carbon electrode (133
F/g and 107 F/g, respectively). In cell tests at a potential of 1.2 V and a salt solution concentration of 0.5
mg/L, the amount of adsorbed ions on the MC and activated carbon electrodes was 677.9 pg/g and 251.3
ug/g, respectively. The authors of the study attribute the better performance of MCs to the presence of pores
with an optimal size (~3 nm) for ion sorption. Modern methods for producing various mesoporous carbons
are summarized in recent reviews [56-58].

The main drawbacks of such materials are the need of hydrophobic binders used in the electrode
formation process (which reduces the efficiency of charged particle sorption) and low conductivity. To solve
the first problem, alternative binders such as PVA [59], PU [60] poly(arylene)sylphone [61], etc. are actively
being developed. To solve the second problem, various modifications of the material are applied: heteroatom
doping [43, 44], creation of composites with carbon nanotubes [49], modifications with semiconducting
oxides [46] or the introduction of conductive additives [62].

A mesoporous carbon material with one of the best performance to date was obtained in 2020
[63], with SAC values of 23.9 mg/g, 46.3 mg/g and 83.0 mg/g for saline solutions of 250 mg/mL,
500 mg/mL and 1000 mg/L, respectively. This result is of great interest not only due to the
extremely high SAC value but also because the material does not require any modifications. Thus,
the average SAC value for N-modified coals is about 25 mg/g, for undoped coals it is much lower
[64]. For example, in a study [43], nitrogen-rich mesoporous carbons (NKZCs) were synthesized
using a zeolite imidazolate framework-8. CDI cell testing showed a SAC of 31.30 mg/g for NKZCs
electrodes in a 1000 mg/L NaCl solution at 1.2V, which is higher than the carbons made from the
ZIF-8/KOH composite. (SAC-20.29 mg/g) and undoped ZIF-8 (SAC-17.18 mg/g). The specific
surface area of NKZCs was 2566 m?/g, the pore volume was 1.65 cm’/g.

A good cycling stability for mesoporous carbon-based cells is considered to be 100 cycles or more [65].
One of the records of cycling stability is a hierarchical porous carbon synthesized in [66], which has a low
SAC of 13.3 mg/g and can cycle for 600 cycles without losing efficiency.

Despite the extremely wide prevalence of mesoporous carbon materials as electrodes for CDI, we have
not found any recent reviews dedicated to them, except the work [67]. These materials are partially reviewed in
2017 in work [68] and in the review dedicated to metal-organic framework derived carbon for CDI [69]. We
summarized some salt capacity electrosorption of various types of hierarchical carbon materials in Table 4.

Table 4
Comparison of salt capacity electrosorption of various types of hierarchical carbon materials from the literature.

CDI electrode material Cell voltage, V NaCl SOlu'E.IOIl SAC, mg/g Ref.
concentration, mg/L

Activated mesoporous carbon sheets 1.4 1000 3.5 [70]

Hierarchical ordered mesoporous silicon

carbide-derived carbon 12 290 12.8 [71]

Graphene sponge 1.2 500 14.9 [54]

Hierarchically porous carbon derived from

PolyHIPE 1.2 300 17.5 [72]

3D foam-like carbon nanoarchitectures 1.4 300 13.5 [73]

Carbon nanofibers reinforced 3D porous 12 500 16.98 [74]

carbon polyhedra network
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Micro/mesoporoussheets 1.2 300 15.34 [75]
3D porousgraphene 1.4 300 8.97 [76]
Hierarchicalporouscarbon 1.2 580 7.75 [77]
3D Channel-structuredgraphene 1.5 295 9.6 [78]
. . 1.2 292 12.63
HierarchicalporouscarbonsHPCs 12 200 120 [79]

Carbon cloth

The second most accessible and promising material for commercial CDI cells is carbon cloth. The use
of this material for electrode fabrication eliminates the need of hydrophobic polymer binders, as well as leads
to simplification of the electrode manufacturing process, reducing it to cutting the material. In addition, the
use of carbon fabric makes it possible to abandon the use of current collectors by connecting the contact
directly to the electrode [39, 80].

Increasing the specific surface area of carbon cloth and the efficiency of salt sorption can be achieved
by modifying the surface with semiconductor nanoparticles. In addition, the deposition of a semiconductor
enhances the uniformity of the electric field distribution at the electrode-electrolyte interface and reduces
resistance, leading to lower losses during device operation [35, 36, 46]. In [46] the authors achieved a 40 %
increase in SAC (from 5.7 mg/g to 8.1 mg/g) compared to unmodified carbon cloth electrodes by surface
modification with ZnO nanorods. Typical characteristic values of modified carbon cloths compared to
conventional ones are presented in Table 5 [81].

Table 5
Various activated carbon cloth (ACC) electrodes and their CDI treatment performance [81].
Carbon electrode Specific Sl;rface area, Cell voltage, V NaCl sglutlon SAC, mg/g

m°/g concentration, mg/L

ACC 984 1.6 1000 5.4

1043 1.2 100 -

1980 1.0 5844 1.8

1200 1.2 100 5.8

1980 1.2 5844 —

ACC/ZnO 1300 1.2 100 8.5

637 1.6 1000 8.1

ACC/titania 1180 1.2 5844 8.1

1890 1.0 5844 4.3

546 1.2 500 -

Carbon aerogel

Carbon aerogel is one of three most commonly used materials for capacitive deionization (CDI).
Aerogels were first used in CDI cells in 1995 [82]. Additional activation of carbon aerogel can improve its
characteristics. For example, in the study by [47], this material was synthesized by the sol-gel method from
glucose and then activated with KOH. The resulting carbon aerogels showed better characteristics (Table 6)
compared to conventional carbon aerogels: the specific surface area and total pore volume increased from
567 m?/g and 0.300 cm®/g (activated carbon) to 2413 m*/g and 1.389 cm®/g (carbon aerogel), and the specific
capacitance increased from 19.70 F/g to 111.89 F/g. The specific adsorption capacity values were determined
during desalination of a NaCl solution with a concentration of 100 mg/L and 500 mg/L at a liquid flow rate
of 30 ml/min, with a maximum SAC value of 26.1 mg/g.

Table 6
Comparison of NaCl adsorption capability of ACA electrode and other electrode materials [47].
. Adsorption conditions
Electrode materials - - - SAC, mg/g
Voltage, V | NaCl solution concentration, mg/L | Flow speed, ml/min
Carbon aerogel 1.2 500 50 15.7
Porous carbons 1.2 500 30 17.2
Activated carbon 1.5 1000 50 14.6
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Porous carbon spheres 1.2 500 20 15.8
Porous carbon spheres 1.6 500 50 5.8
Graphene 1.4 500 35 13.7
Graphene 1.8 100 50 4.8
Carbon sponge 1.2 500 80 16.1
Carbon nanofiber 1.2 1000 50 12.8
MoS;,—graphene 1.2 500 50 19.4
Activated carbon aerogel 1.4 500 35 26.1

Carbon aerogels possess the capacity to adsorb heavy metals as well. The authors of [48] conducted
studies on the adsorption of Cu®* on a carbon aerogel synthesized by the sol-gel method from resorcinol and
formaldehyde. A CuzSOj4 solution with a concentration of 100 mg/L was used as a model, and the specific
adsorption capacity (SAC) was evaluated at different potentials on the cell (0.4-1.5 V). The best result of
29.7 mg/g was obtained at a potential of 1.2 V.

However, despite the fact that aerogels have all the characteristics for CDI processes, their use is
limited due to the high cost of production [67, 68].

Carbon nanotubes and nanofibers

Carbon nanotubes are a type of one-dimensional material with a hollow structure, characterized by high
conductivity and good mechanical and chemical stability [83]. The high conductivity of CNTs makes it
possible to use them as electrode materials and current collectors simultaneously. This also makes it possible
to reduce the contact resistance and increase the power density [84]. As electrodes in CDI cells, carbon
nanotubes were first used in 2005 [85].

The main problem of usage of a carbon nanotubes is the need for a binder to form the electrode.
However, in the case of CNTs, alternative solutions are possible: growing directly on the surface of current
collectors [86] or embedding CNTs into the carbon electrode structure [95]. For example, in [49], a CDI cell,
including an anode and a cathode made of g-Al,O3/CNT and SiO,/CNT, respectively, showed a SAC of
6.5 mg/g and high performance compared to a number of other materials. The authors attribute the high
efficiency to the morphology of the electrodes, in which CNT fibers act simultaneously as a current
collector, active material, and metal oxide substrate. This architecture exhibits high capacitance with
minimal internal resistance.

Close relatives to carbon nanotubes are carbon nanofibers (CNF), which can be obtained by
electrospinning method [87]. The properties of this material can be easily varied: for example, the authors
of [50] changed the diameter of the obtained nanofibers within the range of 285-800 nm by varying the
activation temperature from 750 to 900 °C. The obtained material had a specific surface area within the
range of 335-712 m?/g and showed a maximum SAC of 4.64 mg/g at a cell voltage of 1.6 V.

The authors of [52] showed a higher value of SAC. In this work, a carbon nanofiber was fabricated by
electrospinning followed by one-stage carbonization using phenol resin as a precursor. While testing such
electrodes in a CDI cell, SAC value of 50.1 mg/g at a voltage of 1.2 V was achieved, the concentration of the
salt solution was 2000 mg/L. Similar values were obtained by the authors of [88]: in their work, the
electrodes demonstrated a specific surface area of 3066 m*/g, a pore volume of 2.23 cm®/g, and a SAC of
47.22 and 63.83 mg/g in a saline solution with a concentration of 500 mg/l at potentials of 1.2 and 1.6 V,
respectively.

It should be noted that despite the good characteristics of electrodes based on carbon nanotubes, their
use is associated with the highest risk of developing oncological diseases (compared to other carbon
materials) if particles of the material get into the treated drinking water [89].

Graphene-based electrodes

Graphene is a 2D material consisting of a monolayer of sp2-hybridized carbon atoms. Graphene has a
number of unique properties, such as high mechanical strength, large specific surface area (2630 m*/g), high
charge carrier mobility, and others [90]. Despite the enormous potential of graphene as a material for
electrodes in CDI cells, it is relatively rarely used. This is due to the fact that graphene monolayers can
spontaneously agglomerate, which reduces the specific surface area, affects the electrode conductivity and
ion transfer rate [91, 92].
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One way to solve this problem is to introduce other carbon materials into the graphene matrix. For
example, in [53], co-electrospinning of reduced graphene oxide and activated carbon nanofiber was used,
followed by activation at 800 °C. The authors noted that the reduced graphene oxide and activated carbon
nanofiber electrode exhibited SAC of 7.2 mg/g in 400 mg/L saline. The parameters of the specific surface
area and pore size of the electrode made of reduced graphene oxide and activated carbon nanofiber were
621 m*/g and 0.35 cm?/g, respectively. Other solutions of the problem can be the doping of graphene with
pyrgenic SiO; nanoparticles [93], the introduction of conductive polymers [94], or the bonding of graphene
sheets using large functional groups [95]. A side effect of using the above methods is a drop in the stability
of the composite material. It is also worth highlighting the use of crumpled graphene sheets [96, 97]. The
authors of [98] showed that this solution makes it possible to obtain a material with a high specific surface
area of 1568 m*/g and a good SAC of 1.72 mg/g.

Recent advances in the field of graphene-based materials for CDI application are summarized in a
number of recent reviews [99-102].

Non-carbon electrode materials

The main alternative to carbon materials in CDI are faradaic materials. These include primarily
materials for electrodes in Na-ion and Cl-ion batteries, less commonly materials for Li-ion batteries and
conducting polymer materials.

The most utilized materials for CDI are those used in Na-ion batteries. Among them, it is worth
highlighting 1D channel structures based on a-, B-, and y-MnO,, layered 2D structures based on 6-MnQO,,
transition metal dichalcogenides, carbides, nitrides, MXenes, and 3D structures based on A-MnQO,. Notably,
sodium manganese oxide (NaxMnO>) deserves separate attention due to its ability to form tunnel, layered, or
mixed structures, which is dependent on the quantity of sodium [24].

In 2014, the first cell with a NasMnoO,s anode and a porous carbon cathode separated by anion-
exchange membrane was introduced [23]. When cathode was charged by a negative voltage, sodium ions
were embedded in the material and released into the solution upon voltage inversion. The material had an
SAC of 31.2 mg/g, which was much higher than that of a traditional activated carbon electrode at that time.
This work initiated the investigation of a new class of CDI architectures — hybrid CDL

One-dimensional materials based on manganese oxide allow to obtain a wide range of channel
diameters, which can increase the selectivity of sorption for larger cations such as Ca?* or Mg?*. In [103], the
authors obtained a material characterized by channels of various sizes, which allowed for the simultaneous
accumulation of cations of different radii, such as Na*, K*, and Mg** (Fig. 3).
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Figure 3. Scheme of available sizes for accumulating ions of various radii in a faradaic material based on MnO,
structure [103],

Layered two-dimensional materials, such as MoS; [104], TiS, [105, 106], V205 [107], MXenes [108],
etc, store ions between their layers. Some of these materials exhibit pseudocapacitive behavior and can store
both cations and anions, while others show battery-like properties and can store only cations. All these
materials have good specific capacitance and SAC, however, they also have a number of drawbacks.
Restacking of interlayers and rapid degradation due to volume changes during intercalation-deintercalation
processes are common issues [109].

Three-dimensional faradaic materials for CDI are mainly represented by NASICON structural type.
Such electrodes are characterized by fantastic SAC values up to 130 mg/g [110, 111], which are unattainable
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for carbon materials. The main problems of NASICONSs are the high selectivity (intercalation of ions other
than sodium is practically impossible) and the significant volume expansion during the operation.

Faradaic materials for CDI are described in detail in a number of recent reviews [24, 64, 112], so we
will not consider them. Briefly, the advantages and disadvantages of the considered types of materials for
electrodes in CDI cells are summarized in Table 7.

Table 7
Advantages and disadvantages of various adsorption materials for CDI process.

Material Advantages Disadvantages
Good SAC, lowest cost, control of pore size . . .
Mesoporous carbons distribution Small pore size, high degree of pore bending
Carbon fiber and Low cost, ease of processing, wide Medium SAC, difficult technology to
carbon cloth availability of commercial samples manufacture in the lab

High specific surface area, control of pore

rbon aerogel . A
Carbon aerogels size distribution

High costs

High tendency to aggregate (drop in specific

Carbon nanotubes and [High surface area, great electrical surface area), need for hydrophobic binder, low

nanofibers conductivity, high cycling stability

SAC
High surface area, great electrical Extreme tendency to aggregation (drop in specific
Graphene .
conductivity surface area, SAC, etc)
Metal.—carbon High specific capa.lcuance, wettability and Complicated production process and high cost
materials good electrochemical performance

Complicated production process and high cost
Faradaic materials Very high specific capacitance and SAC Insufficient cyclic stability, high selectivity,
significant volumetric expansion of the material

To sum up, there are following trends in the development of carbon materials for CDI: currently, the
best results are achieved with classical mesoporous carbons, although the average specific adsorption
capacity (SAC) of 25 mg/g for this type of material is still relatively low. Recently, materials with various
modifications have been actively studied, including N and B doping, development of composite materials
that include both classical carbon and nanoscale materials, and the active exploration of possibilities for
transitioning from classical binders (such as PVDF) to more hydrophobic ones. However, there are also
harmful trends: when multiple modifications are introduced in pursuit of improving one characteristic,
authors often lose ground in others. Therefore, we would like to emphasize the need for a rational approach
in the design and development of new materials [113].

The use of faradaic materials as electrodes for CDI seems to be more promising in terms of seawater
desalination. Such materials currently allow the desalination of much more concentrated solutions in
comparison with classical carbon materials. Nevertheless, this direction has its own peculiarities, among
which it is necessary to highlight the extremely high selectivity for the removal of Na* and CI" ions, which
does not allow most materials to be used for water purification from heavy metals and associated ions. The
second feature is the presence of a small amount of faradaic materials suitable for capturing Cl anions. In
fact, currently there are only 3 materials for Cl™ storage in CDI systems: these are MXenes [108], BiOCl
[114] and Ag [115]. Adapting other materials used in batteries for CI” storage seems to be a promising task.
The third feature is that due to the specificity of materials and processes involved, symmetric CDI cells
cannot always be created. This leads to the fact that different amounts of electrons may be required to
remove ions of opposite charge [114], which means that without additional optimization and synchronization
of the processes occurring at the electrodes, such CDI cells will have a reduced desalination efficiency.
However, most current research ignores the issue of cell balancing, both in the case of Faraday and carbon
electrode materials, focusing solely on the efficiency of the finished system. We highly recommend
performing individual ion capture studies for each electrode and optimizing finished cells.

A separate problem is the degradation of electrode materials during operation. And if for faradaic
materials this problem is associated with a change in volume during operation and is universal for CDI and
batteries, then for carbon materials this problem is unique and does not manifest itself in other applications.
We will discuss this issue in details in the next section.
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Degradation of electrodes

The most common process of electrode degradation is the process of anodic oxidation, when oxygen-
containing functional groups are formed on the surface of the electrode. The reactions describing this process
are presented below [64]:

C+H0>C=0+2H"+2¢

C+H0>C-OH+H +e

C+2H0 > CO,+4 H" +4e, E’=0.21 V/SHE

First, the formation of functional groups disrupts the uniform distribution of potential both on the
electrode surfaces and between them, leading to faster cell wear. Second, the formation of new groups
reduces the available surface area and pore volume. Finally, this undesirable surface modification leads to an
“inversion effect”, which is characterized by the displacement of anions from the surface of the charged cell,
resulting in a decrease in efficiency [25, 116]. The authors of [117] observed this phenomenon during
cycling of a symmetric cell in the +1.2/0 V mode, which led to a decrease in the SAC index from 7.3 to 0.5
mg/g over 70 cycles. Transitioning from a symmetric to an asymmetric cell and optimizing the operating
mode (+0.8/-0.4 V) increased cyclability to over 120 cycles without loss of effectiveness while maintaining
SAC of 6.3 mg/g. In [118] it is shown that activated carbon tissue undergoes oxidation in Na,SOs or
KH,PO4/KOH buffer solutions at potentials ranging from -1.5 to 5.0 V. The Table 7 summarizes XPS data,
BET surface area determinations, and pH at the point of zero charge for samples subjected to various
conditions. It can be seen that the available surface area decreases with increasing applied potential and
simultaneous changes in the C and O contents in favor of the formation of oxygen-containing groups on the
surface (Table 8). The shift in pH at point of zero charge (pHpzc) from 7.40 to 3.21 also indicates an increase
in surface acidity. Based on the research results, the authors propose an optimal range of potentials from -1.5
V to +0.8 V, which is significantly lower than the classical potential values on the cell in the sorption mode
(+1.2-1.6 V).

Table 8
Surface textural properties of pristine and polarization treated ACC samples [118].

Sample Sper, m*/g Viot, cm’/g C H 0 pHpzc
ACC 1596 0.697 85.9 1.13 13.0 7.40
ACC+0.5 1549 0.671 85.1 1.12 13.8 6.83
ACC+0.8 1541 0.655 81.4 1.15 17.4 6.34
ACC+1.5 1488 0.652 76.8 1.45 21.8 3.95
ACC+5.0 1300 0.559 68.3 0.98 30.8 3.21
ACC-1.5 1518 0.662 84.4 1.14 133 7.32

The second undesirable process is cathodic reduction, characterized by the following reactions:

02+ 2 H" +2¢> Hy0,, £ = 0.69 V/SHE

H,0, +2 H"+ 2e > 2 H,0, E = 1.78 V/SHE

O, +4 H" +4e> 2 Hy0, E’ = 1.23 V/SHE

It can be seen that the main process here is a two-electron transfer with the formation of hydrogen
peroxide, which is a strong oxidizing agent. The formation of H»>O, in the system further exacerbates the
anodic oxidation process. There are several options for solving this problem: modification of the surface of a
carbon material [119, 120], the use of membrane technologies [121], which prevent the access of oxygen to
the electrode, or the transition to inversion CDI [26]. However, these solutions have their drawbacks: for
example, the use of ion-selective membranes and modification of electrodes significantly increase the cost of
the device, and iCDI devices cannot compete with classical systems yet.

Regarding non-carbon materials, they are not subjected to oxidation processes during device operation,
however, they have their own issues related to the volume change during ion
intercalation/deintercalation [24].

Commercial prototypes

Large-scale commercial applications of CDI cells are rarely discussed in major reviews, indicating that
the technology is still in its early stages. Nevertheless, the number of patents with the C02F1/4691 code
(treatment of water, waste water, or sewage by electrochemical methods; by electrochemical separation, e.g.
by electro-osmosis, electrodialysis, electrophoresis; capacitive deionization) has been growing exponentially
in the past 25 years (Fig. 4). The leader in the field is China with approximately 40 % of published patents,
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followed by South Korea and the US, each with about 19 %. Approximately 9 % of the patents belong to
European countries and WIPO, while the remaining countries account for less than 5% of the
patents (Fig. 4). These data collectively indicate the potential of the technology and the interest of the global
community in its development.
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Figure 4. The number of published patents with C02F1/4691 classifier since 1997 till 2022 (left) and the ratio of
country codes in these patents (right). CN — China, EU — European countries, WO — WIPO, JP — Japan, US —
United States, KR — South Korea, etc. — other countries.

Interestingly, that among the data we analyzed, patents with flow-by cell geometry are rare, in contrast
to scientific articles, where such a geometry is used almost universally. As we pointed out at the beginning of
the review, the flow-through geometry does not require optimization of the dimensions of the fluid flow
channel and separator, which, apparently, simplifies the scaling of the system.

Figure 5. Calculated fluid flow vectors in the square (left) and hexagonal (right) CDI cells [122].

Most of the patents concerning the assembly of the CDI system describe conventional cells [123—125]
or MCDI cells [126—-128], in recent years FCDI cells [129—-131] have also been represented. We have not
found any patents for systems with asymmetric electrode geometry. In addition to systems that include only a
CDI cell, various combinations of purification systems are also described: ED-CDI [132, 133], FO-
CDI [134], RO-CDI [128, 135], PVD-CDI [136], etc.

A lot of patents do not provide any information about any tests of described systems, which makes it
difficult to analyze and evaluate the data provided. Nevertheless, we have tried to select a number of works
that are interesting from our point of view, concerning configurations and assembly of prototypes. In
particular, patent [123] describes the procedure for assembling a conventional CDI cell with an optimized
desalination efficiency of 93 %. Liquid inlet is carried out along the plane of the electrodes, outlet from the

26 BecTHuk KaparaHguHckoro yHuBepcuTeTa



Review of the current state of technology...

center, perpendicular to the plane. We did not find such a cell geometry in scientific articles, but it is not rare
in patents [127, 137]. The work [122] describes the optimization of the shape of the flow chamber of the cell,
it is shown that the hexagonal shape makes it possible to achieve a much more uniform liquid flow, which
increases the purification efficiency (Fig. 5).
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Figure 6. Schematic of a cylindrical CDI module with a winding of a six-layer MCDI [127].

Multilayer cylindrical modules [127] represent another intriguing solution. For this, a six-layer flexible
MCDI with two separators (Fig. 6) is assembled, which is wound around the hollow central axis of a
cylindrical container. The scheme of fluid flow through the module is shown in Figure 7. Variation of the
number of layers makes it easy to control the capacity of the module, the winding process is widely used
technologically and does not require the development of additional systems. The procedure for fabricating
flexible electrodes for MCDI is described in a patent [129].

Another solution we did not find in the scientific articles is to increase the working area of the
electrodes by corrugation [137]. However, this solution seems inefficient, since it entails an increase in the
thickness of one module, which leads to an increase in the cost of a full-size installation. FCDI patents
mainly describe the general principles for creating such systems, the most interesting prototype is described
in [131] with a desalination efficiency of 75 %.

A semi-industrial CDI system available on the international market is the CapDI system manufactured
by Voltea [125, 138—140]. System modules are an assembly of several square MCDI cells. Liquid inlet is
carried out through 2 holes on opposite square edges, outlet is manufactured through the central hole. The
average voltage on the cell is 1 V, the efficiency of desalination is 25-90 %, depending on the characteristics
of the source water.

Summary and outlook

Currently, CDI technology is one of the most energy-efficient and cost-effective technologies for
desalinating brackish and, in near future, seawater, which makes it extremely attractive for researchers
around the world. Ideal materials that can be used as electrodes in CDI systems are various carbon materials
similar to those used in supercapacitors. Their comprehensive research has been actively carried out for
several decades, and to date there is a huge number of options for various carbon materials suitable for use in
CDI systems. The use of well-studied faradaic materials has allowed for further increases in SAC and has
shown potential for desalination not only of brackish water but also seawater.

The main methods for improving the characteristics of both carbon and faradaic materials are the
methods of modification of bulk material or its surface. However, there are not many studies devoted to the
purification of not ideal solutions based on NaCl, but real samples or at least model systems consisting of
various ions. This is especially true for works dedicated to faradaic electrodes that have high selectivity for
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Na“ ions. Also, many researchers in the pursuit of improving one characteristic lose in a number of others,
which indicates the insufficient use of rational approaches to design and obtaining new materials for
electrodes in CDI cells. In addition, it should be noted that there are only a few works devoted to optimizing
cell geometries, studying processes occurring in the pre-electrode space, and mechanisms underlying ion
sorption/intercalation. Such neglect of fundamental research leads to the underestimation of key indicators of
CDI systems, as researchers often conduct tests of unoptimized systems. In articles devoted to the study of
hybrid cells based on faradaic and carbon materials, the absence of balancing the cathode and anode is often
encountered, although the processes occurring on them are fundamentally different. We urge researchers to
conduct their work more carefully and take these aspects into account. We would also like to draw the
attention of researchers to the lack of unified protocols for testing CDI cells, the use of different SAC
designations and different units for measuring the concentrations of starting salt solutions, which makes it
difficult to evaluate and analyze published works.

Commercial use of CDI cells is currently in its early stages. However, there is a certain interest in this
direction: the number of patents related to this technology is steadily increasing and in recent years it has
been around 200 works per year. In recent years, works [141, 142] have been published on the techno-
economic analysis of CDI technology compared to alternative water purification methods, which have shown
that there are several challenges on the path to successful commercialization of the technology. The main
challenge is electrode degradation caused by anodic oxidation in the case of carbon materials and volume
changes during cycling in the case of faradaic materials. To a large extent, this problem can be solved by ion
exchange membranes, but this leads to a complication of the system and an increase in its cost. Solving these
problems at a fundamental level will make it possible to significantly increase cell cycling, reduce
depreciation costs and move CDI technology to a fundamentally new level.
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0630[) COBPEMEHHOT0 COCTOAHMUA TEXHOJOTHH €MKOCTHOM 1eMOHU3aIUH BOJHbIX

A. 3axapos!, A. Tykemesa'?, Caiten ®axan bun Xax®, Jlxon ®eppapuc’, A. 3axuios’,

*
T. Taxu6aesa’, T. basap6aesa®, B. [Tapnenko'+

Cyabl epiTinaiyiepai CbIHBIMABLUIBIKTBI HOHCBI3AAHABIPY
TEXHOJIOTUSICHIHBIH Ka3ipri KaraaibiHA WOy

Taza cynsi Komkerimainiri XXI racelpaarbl 6acTbl TEXHOJOTHSIIBIK, 9JICYMETTIK JKOHE SKOHOMHKAIBIK
MingerTepain Oipi. JlyHue xy3iHze skep acThl CylapblH OHIIPY/IiH apTybl TY3bI CYIBbIH OyJlakTap MEH CYJIb
TOPH3OHTTApFa OIpTiHIEH eHyiHe oKeneli. Bys cyabl @HEepKACIll MeH aybul MIapyallbUIbIFbIHAA TEXHUKAIBIK
Cy peTiHze HeMece aybl3 Cy peTiHze MaianaHy YIIiH ajJJbIMCH OHbI Ta3apThill, MUHEPAJICHI3IaHIbIPY KaXKeT.
Ochblnaiiia, TY3ABUIBIFBl OPTYPIIL CyJTapbl, 9JICi3 TY3/ABIAAH TEHI3re JeHIH TY3CBI3NaHIBIPY dmicTepi OipiHmi
opbIHFa HibIFaabl. JKyprizinin kaTKaH 3epTTeyNepIiH Kallbl MaKCaThl TY3CHI3IAHABIPY TEXHOJIOTUSIIAPbIH,
SFHA OSHEprusHbl THIMAIpeKk >koHe yHemai eTy. Ocpl Tamanrtapra xayan OepeTiH IIepCIeKTHBTI
TEXHOJIOTHSUIAPIbIH Oipi — CyIbl CHIBIMIBUIBIKIIEH NeHOHU3ausiay. byn TexHomorus 30 xbligaH actam
YaKpIT OOHbI KEHIHEH TaHbIMall, 0ipaK COHFbI JKbULIAPbI FaHAa CYyIbl CHIABIMABUIBIKIICH JCHOHH3ALUSIAY
OoifbIHIIA 3epTTeyNepAe alTapiblKTai MPOTrpecKe KON JKeTKI3unmi. Bys monmyna Cyapl ChIHBIMABUIBIKICH
JEHOHM3ALMsIAY YIIiH Ka3ipri yakbITTa d3ipJICHIeH jKacyllla apXUTEKTYPaChliH, KOMIPTEKTI MaTepUasIapaarsl
JKETICTIKTEp KapacThIPbUIFAH JKOHE OCBI TEXHOJOTMSHBI KOMMEPLHSIAHABIPYIBIH MEPCHEKTHBATIAPbl MEH
KHUBIH/IBIKTapbl TAJIKBUIAHFaH.

Kinm ce30ep: CCJI, ChliBIMIBUIBIK IEHOHH3ALMACH, KOMIPTEKTI Marepuangap, KeyeKTi KeMipTekTep,
KOMIPTEKTI 31eKTpoATap, hapaneit a1eKTpoATapHI.

A. 3axapos, A. TykemieBa, Caiten ®axan bun Xak, [[xon @eppapuc, A. 3aXuaos,
T. Taxxu6aesa, T. bazapOaeBa, B. I1aBnenko

PacTBOpOB

JloCTylIHOCT 4MCTOH BOJBI SBISIETCSI OMHOM M3 KIIOYEBBIX TEXHOJIOTMYECKHUX, COLMAIBHBIX U
SKOHOMHUYecKuX mpobiaeM XXI Beka. YBennueHue NOOBIYM MOI3EMHBIX BOJA BO BCEM MHpPE NPHBOAUT K
MOCTETIEHHOMY TPOHMKHOBEHHUIO COJEHOH BOABI B MCTOYHHKHM M BOAHBIE TOPH30HTHI. /I MCIOIB30BaHUS
9TOW BOJIbl B KAYECTBE TEXHUUYECKOW B MPOMBIIIIEHHOCTH U CEIbCKOM X034MCTBE WM B Kau€CTBE NMUTHEBOU
BOJBI OHA JIOJDKHA OBITH NpeaBapHUTEIbHO OYMIIeHa M obeccoieHa. TakuM oOpa3oM, Ha INEpeJHUH IUIaH
BBIXOJISIT METOIbI OTIPECHEHHUS BOJ Pa3HOH COJICHOCTH: OT c1a00COoIeHbIX 10 Mopckux. O6mas neib TeKymux
HCCIIeIOBaHUI COCTOMUT B TOM, YTOOBI CIIENIaTh TEXHOJIOTUH OIPECHEHHS BOJBI OoJiee SHeprod((HeKTHBHEIMH
n peHtabenbHbIME. ORHOM W3 HEpPCHEKTHBHBIX TEXHOJIOTHH, OTBEYAIONIIEH TUM TPEeOOBAHUSM, SBISETCS
eMKocTHas aenonuzanus Boasl (E/IB). Dta TexHOMOrHa mupoKko u3BectHa yxe 6onee 30 JieT, 0THAKO TOJIBKO
B IOCJIEIHHE TOABI ObUT JOCTUTHYT 3HAYMTENBbHBIA mporpecc B uccienoanusx EJIB. B atom o63ope M
paccMoTpenn pa3paboTaHHBIE B HAcTosIee BpeMs apxuTekTyphl sdeexk EJIB, mocTmkenns B obmactu
YIJIEPOJHBIX MaTePHANOB, a TAKXKE MEPCIIEKTUBEI H IPOOIEMBI KOMMEPIHAIU3AIUH 3TON TEXHOIOTHH.

Kniouesvie cnosa: EJIB, eMKOCTHas NEMOHM3alMsl, YIJIEPOJHbIE MaTepUallbl, IOPUCTHIC YIJIU, YrOJbHBIC
ANIEKTPOJIBI, (hapasieeBCKHE IIEKTPOIBL.
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