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1. Introduction
Disperse systems are used in scientific research, technology, and 
industrial processes. Various types of disperse systems include 
highly dispersed carbon materials [activated carbon (AC), 
aerogels, graphenes, carbon nanotubes, etc.],1 – 5 ion exchange 
membranes, and various composites. Disperse systems form the 
basis of electrodes in chemical current sources,6, 7 ion-exchange 
membranes,8 and active layers of fuel cells.5, 9, 10

Surface groups (SGs),† which are present in many disperse 
systems, considerably influence their functional properties. The 

presence of SGs imparts some new properties to dispersed 
materials. For example, AC-based electrodes provide a 
noticeable conductivity even in pure water.

The demand for highly dispersed carbon materials such as 
AC characterized by high sorption capacity increases with the 
progress of industry. Activated carbon is universally used in 
environmental engineering (for water conditioning and as a part 
of filters for air and gas purification), in medicine (for 
haemodialysis), in food industry (to improve the colour, taste, 
and odour of foodstuffs), and in many other fields. A unique 
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† It should be noted that the notion ‘surface groups’ is used in 
publications of many authors, who, however, do not give a strict 
definition to this term. As applied to the subject matter of this review, 
we can propose the following definition: ‘surface groups are chemical 
compounds strongly bound to the surface of highly dispersed 
materials’.
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feature of AC that is especially valuable for electrochemical 
applications is that AC is simultaneously an electron and ion 
exchanger due to electronic conductivity and the presence of 
numerous surface groups.

Activated carbon is widely used as an electrode material for 
energy storage devices such as electrochemical supercapacitors 
(ECSCs). These devices function due to charge separation, 
which is reversible; therefore ECSCs can rapidly give off 
energy. Devices similar to supercapacitors are utilized for the 
capacitive deionization (CDI) of water, which is the most 
economical and efficient method for desalination and purification 
of seawater and process water.8, 11 – 18 The use of AC provides 
water desalination level that complies with specification 
requirements in water treatment. The presence of particular SGs 
in the electrodes has a pronounced effect on the ECSC 
characteristics and on the CDI process.

Most of electrical energy in all countries is still generated 
upon combustion of fossil hydrocarbons. However, this is 
fraught with adverse environmental consequences. Today, it is 
impossible to overcome this situation using renewable energy 
sources because of their drawbacks, the main of which are low 
efficiency of the production units using renewable materials and 
the possibility of their functioning under definite environmental 
conditions.

Apparently, the energy supply problem could be solved using 
fuel cells. These devices with a high overall efficiency are 
characterized by simple design and environmental friendliness 
(there are almost no hazardous emissions to the environment). 
The proton exchange membrane fuel cells (PEMFC) are most 
widely encountered and most efficient. The structural and 
hydrophilic — hydrophobic properties of carbon supports in the 
catalytic layer are determined by the presence of SGs.

The structure of this review reflects the results of research on 
the influence of SGs on the characteristics of the above-
mentioned objects: the preparation methods and studies of 
properties are considered in relation to AC (Section 2); the 
effects of SGs on the operation of ECSCs (Section 3), on CDI 
processes (Section 4), and on the functioning of PEMFC 
(Section 5) are demonstrated

2. Activated carbon

2.1. Main properties of activated carbon

Activated carbon is a porous substance obtained from various 
carbon-containing materials of organic origin: charcoal and hard 
coal, petroleum coke, nutshells and kernels, and also from 
synthetic polymers (e.g., polyacrylonitrile and polyvinyl 
chloride). The following unique properties are inherent in AC: 
large specific surface area (ranging from ~500 to 
2500 m2 g–1),19 – 26 clear-cut adsorption capacity,21 – 26 electronic 
conductivity, and the presence of numerous surface groups.9, 12 
High specific surface area and high electronic conductivity 
account for wide use of AC in electrodes for electrochemical 
devices 24, 27 – 35 and for CDI processes.36 – 46

The key properties and the pore structure of activated carbon 
are determined, first of all, by the type of the initial carbon raw 
material and the method of its processing. Activated carbon is 
produced using various types of industrial furnaces and 
fluidized-bed reactors. The AC production process includes the 
following key stages: raw material particles are crushed down to 
the 3 – 5 cm size, then carbonized, and then activated.23, 26, 45, 46 
During carbonization, which consists in the pyrolytic 
decomposition of the starting compound at 500 – 600 °C, all 

volatile elements except for carbon (hydrogen, oxygen, nitrogen, 
etc.) are removed.‡ This affords the basis for the future activated 
carbon, that is, the primary porosity.§ However, the sizes of the 
pores thus formed (and, hence, the specific surface area) are 
moderate; therefore, the resulting carbonized material has poor 
adsorption properties.

The activation is carried out to generate a specific pore 
structure and to enhance the adsorption properties. This is 
accomplished either by preliminary impregnation of the 
carbonized material with a solution of zinc chloride, potassium 
carbonate, or another salt followed by heating to 400 – 600 °C 
without access of air or by the most popular method consisting 
in the oxidation of the carbonized material on treatment with 
superheated steam, carbon dioxide, or oxygen (or their mixture) 
at a temperature of 700 – 900 °C under strictly controlled 
conditions.

During activation, a part of carbon is removed from the 
carbonized material, being replaced by pores with linear 
dimensions ranging from <1 nm to 100 nm. As an example 
giving an idea of the surface structure of disperse systems, Fig. 1 
shows the scanning electron microscopy (SEM) images of 
carbon-based materials: AC fabrics manufactured under brand 
names VISKUMAK and CH900 and an AC-based composite 
SAIT + 5% polytetrafluoroethylene (PTFE).

2.2. Study of the structure of activated carbon

The standard contact porosimetry (SCP) method,48 – 51 
recommended by IUPAC,52 is a versatile method for studying 
the porous structure of solids, including disperse systems with a 
very broad range of linear pore sizes (from ~1 to 105 nm). The 
need for the development of SCP method was caused by the 
drawbacks and limitations of conventional porosimetry 
techniques such as mercury intrusion method, centrifugal 
porosimetry, liquid intrusion porosimetry, capillary 
condensation, small-angle X-ray scattering, electronic, 
tunnelling, and atomic force spectroscopy, and optical and 
microscopic examinations. The major drawback of the first-
mentioned method are the toxicity of mercury, deformation and 
destruction of samples under high pressure, distortion of the 
results due to amalgamation of most metals, and complexity of 
the equipment. Other methods are characterized by narrow 
ranges of measurable linear dimensions of pores (most often, ~1 

‡ If necessary (in particular, before being used as parts of electrodes 
in electrochemical devices), the carbon material obtained after 
pyrolysis is subjected to acid treatment to remove the remaining non-
volatile elements such as silicon, calcium, magnesium, iron, etc.
§ The pores in activated carbon are classified in terms of their linear 
dimension (x): the half-width for the slit-like model or the radius for 
the cylindrical and spherical models. According to the IUPAC 
recommendations, micro- (x < 2 nm), meso- (x ranging from 2 to 
50 nm), and macropores (x > 50 nm) are distinguished.

50 µm 50 µm 50 µm

a b c

Fig. 1. SEM images of activated carbon materials: VISKUMAK (a), 
CH900 (b), and SAIT (c). In Fig. a and b, fibres can be seen, and in 
Fig. c, a composite structure incorporating AC and PTFE particles 
can be traced.47
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to 50 nm), difficult sample preparation procedures, and 
complicated quantitative interpretation of the results.

The method of SCP is free from the above drawbacks. When 
octane is used as the measuring liquid, the procedure gives 
porosimetry curves for all pores, while the use of water gives the 
curves only for hydrophilic pores. Figure 2 shows the integral 
and differential effective radius distribution of pores for all AC 
materials

*
cos

r
r

q 
=  (1)

(r* and r are the effective and true pore radius, respectively; q is 
the contact angle for water), while Fig. 3 depicts the dependence 
of θ on r*. Octane wets all materials almost perfectly; therefore, 
for octane, θ ≈ 0 and r* ≈ r, while for water, θ > 0 and r* > r.

It can be seen that all AC materials contain both hydrophilic 
and hydrophobic pores with linear dimensions varying over a 
very wide range, from fractions of a nanometre to 100 mm, i.e., 
over a range covering more than five orders of magnitude. The 
very complex pattern of dependences shown in Fig. 3 is 
attributable to the non-uniform distribution of hydrophilic SGs 

in the pores of different size in AC and to the presence of 
hydrophobic PTFE particles in the RIKON and SAIT materials.

The authors of some publications (see, e.g., Refs 53 – 64) 
consider it advantageous to use ACs with a hierarchical pore 
structure, which is formed upon agglomeration of particles with 
different size ranges. Many specialists believe that a large 
specific surface area is the most important characteristic of the 
pore structure determining the properties of electrodes in 
electrochemical devices.65 – 77

2.3. Surface conductivity

A general procedure for measuring the surface ionic conductivity 
of porous electrodes was first reported by Volfkovich et al.78 
The concentration and composition of SGs were determined by 
the standardized Boehm titration for carbon materials.79 – 82

It is known that activated carbon contains numerous surface 
groups.83 – 85 Nitrogen- and oxygen-containing groups are 
encountered most often (Fig. 4). A study of AG-3 and SKT-6a 
activated carbons showed the presence of numerous basic 
groups on their surface (695 and 1402 mmol g–1) and the 
absence of phenolic groups.47 It was noted above that SGs have 
a pronounced effect on the AC properties. Activated carbons 
possess electronic conductivity, while SG counter-ions provide 
also the surface ionic conductivity; in other words, AC is both an 
electron and an ion exchanger. According to M. Smolukhovsky,82 
an electrolyte solution contained in the diaphragm pores has a 
higher electrical conductivity than the equilibrium solution. The 
additional, or surface conductivity (SC) is due to the mobility of 
excess ions of the electric double layer (EDL). The electrical 
conductivity of the solution in the pores (κ) is the sum of the 
electrical conductivity of the free equilibrium solution (κv) and 
the surface conductivity. Thus, SC is the longitudinal (tangential) 
conductivity of EDL. In turn, the surface conductivity is equal to 
the sum

κsc = κsg + κsch (2)

where κsg is the conductivity of the SG counter-ions, while κsch is 
the conductivity of SGs depending on their electrostatic charge, 
caused by the presence of EDL.84 The κsg value depends on the 
SG concentration, that is, on the SG exchange capacity, while 
κsch depends on the potential and on the solution concentration.

The relationship of the mentioned values is demonstrated 
below in relation to the CH900 and SAIT AC materials and for 
the use of a KCl solution. The k values plotted against the KCl 
concentration for electrodes based on CH900 and SAIT at their 
stationary potentials are depicted in Fig. 5. It can be seen that at 
very low concentrations the plots are linear. The κsg values were 
determined by extrapolating the presented data to a zero 
concentration of KCl.83 The stationary potentials (Estat), the 
conductivity of counter-ions (κsg), and the exchange capacity of 
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Fig. 2. Integral (a, c, e, g) and differential (b, d, f, h) porosimetric 
curves for activated carbon materials: CH900 (a, b), VISKUMAK 
(c, d ), SAIT (e, f ), and RIKON (g, h) measured using octane (1) and 
water (2); n is the specific pore volume; RIKON is a material based on 
Norit AC with 4% PTFE binder.47
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SGs with respect to the potassium ion (Q) for the indicated 
electrodes are given below.45

Parameter Q, mg-equiv. g–1 Estat, V κsg , S cm–1

СН900 1.14 0.497 0.000123
SAIT 0.37 0.482 0.00004

It follows from the presented data that the Q and κsg ratios 
for the CH900 and SAIT electrodes are approximately equal. 
Hence, the conductivity of counter-ions is roughly proportional 
to the exchange capacity of SGs

κsg ≈ Q κsgi (3)

where κsgi is the surface conductivity for unit exchange capacity 
(Q = 1 mg-equiv. g–1).

The dependences of conductivity on the potential (E ) at 
various KCl concentrations for the considered electrodes are 
shown in Fig. 6. The E values at the minima of the curves 
correspond to the total zero charge potential (ZCP). The 
ranges of variation of this parameter for various carbon 
materials (in particular, for AC) are very broad: the lowest 
and highest values can differ by approximately an order of 
magnitude. The ZCP values found for the given electrodes 
are in line with the published data. Thus, the method for 

measuring the surface conductivity proposed by Volfkovich 
et al.78 is a new approach for studying EDL in porous 
electrodes.

Owing to the presence of various SGs, activated carbon 
exhibits both anion and cation exchange properties. While using 
electrodes based on AC materials in electrochemical devices (in 
particular, in CDI), it is important to know both their anion and 
cation exchange capacities. In a study of Volfkovich et al.,83 
these values for Norit and CH900 AC materials were determined 
to be as follows (mol g–1):

Capacity Anion exchange Cation exchange

СН900 70 0.06
Nоrit 0.20 0.56

Thus, the electrochemical measurements for AC revealed the 
presence of a porous structure with a very broad range of linear 
pore dimensions and sorption, hydrophilic — hydrophobic, and 
ion exchange properties. It comes as no surprise that AC-based 
materials are widely used in various fields, particularly, in 
electrochemical supercapacitors and in the capacitive 
deionization (desalination) of water.

3. Electrochemical supercapacitors

Activated carbon is used most often in electrochemical 
supercapacitors.86 – 93 According to the commonly accepted 
definition, which was first proposed by Conway, ECSCs are 
electrochemical devices in which quasi-reversible 
electrochemical charge — discharge processes take place and 
the galvanostatic charge — discharge curves of which are nearly 
linear, i.e., they are similar in shape to the corresponding plots 
for common electrostatic capacitors.86 The electrodes used in 
electrochemical supercapacitors are based on highly dispersed 
carbon materials with a large specific surface area. The main 
advantages of ECSCs over batteries are as follows:

— higher power characteristics and cyclability, which is 
comparable with the cyclability of traditional capacitors (up to 
hundreds of thousands or a million of cycles);
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— efficient operation under unusual conditions (at 
temperatures from –50 to 60 °C) and small size;

— very high energy efficiency (the ratio of the discharge to 
charge energy) of some ECSCs makes it possible to use them for 
energy accumulation, storage, and supply and to smooth out the 
peak loads of electric networks;

— wide range of charge and discharge times (from fractions 
of a second to several hours);

— environmental safety: the disposal of many types of 
batteries (lead, alkaline, or lithium batteries) is associated with 
the release of toxic elements such as lead, nickel, lithium, 
fluorine, sulfur, etc.; conversely, ECSCs with carbon electrodes 
and aqueous electrolytes are nearly environmentally benign.

A drawback of ECSCs is more pronounced decrease in the 
voltage and stored energy density upon self-discharge compared 
to that of batteries.88 This drawback could be mitigated by 
manufacturing high-purity ECSCs, since the self-discharge is 
induced by impurities in the electrolyte and electrodes.

Electrochemical supercapacitors are used most widely in 
road and rail transport and in various electronic devices. 
Depending on their function, ECSCs are classified into power, 
or pulse devices (those with high power density) and energy 
devices (those with high energy density). Depending on the 
design and processes that take place in ECSCs, they are classified 
into double layer capacitors (DLCs), pseudocapacitors (PsCs), 
and hybrid supercapacitors (HSCs).86, 87

3.1. Main properties of double-layer capacitors

The functioning of DLCs is based on charging of an electric 
double layer of AC electrodes. The DLC design includes two 
highly dispersed porous polarizable electrodes and a porous 
separator. The energy conservation is accomplished via charge 
separation at the two electrodes with a considerable potential 
drop between them. These devices effectively operate under 
non-standard conditions, since their functioning is not limited 
by the kinetics of electrochemical processes, but obeys the laws 
of electrophysics. The DLC energy efficiency may approach 
100%, because DLCs, unlike batteries, are not subject to energy 
losses caused by polarization of electrode reactions. The 
electrical charge of DLCs is determined by the EDL capacity.

The electrochemical process in DLCs can be represented as 
follows:

negative electrode

Еs + Cat+ + е–  Е–
s /Cat+ (4)

positive electrode

Еs + An–  Е+
s /Аn– + е- (5)

overall reaction

Еs + Еs + Cat+ + An–  Е–
s /Cat+ + Е+

s /An– (6)

where Es is the electrode surface, / is EDL, An– are anions, and 
Cat+ are cations.

During charging, electrons are transported from the positive 
electrode to the negative one through an external current source. 
The electrolyte ions migrate towards the electrodes. During the 
discharge, the electrons and ions move in the opposite directions. 
The charging and discharging processes are accompanied by a 
change in the charge at the interface. The theoretical views on 
the EDL capacity are based on the known Helmholtz, Stern, 
Gouy – Chapman, and Graham theories.84

Detailed electrochemical analysis of processes in ECSCs is 
carried out by measuring the current (I ) — voltage (CV) curves 

at a specified linear voltage (potential) sweep rate by cyclic 
voltammetry (Fig. 7).

Like for all ideal capacitors, the electrical capacitance of 
DLC (C) is inversely proportional to plate thickness (l)

C
l4

e
p 

=  (7)

where ϶ is the dielectric constant of the electrolyte.
In conventional capacitors, a sheet of paper placed between 

the electrodes serves as the plate. These capacitors have a low 
specific capacitance, as the paper thickness is relatively large: 
several tens of micrometres. In DLC, the plate is EDL, which 
is a few tenths of nanometre thick; therefore, the specific 
capacitance per unit area of the interface between the electrode 
and the liquid electrolyte (Cs) is many orders of magnitude 
greater than that of paper capacitors. For aqueous electrolytes, 
CS is in the range from 10 to 20 mF cm–2, while for non-
aqueous electrolytes it is a few units.84 Lower CS values for 
organic electrolytes compared to aqueous electrolytes are due 
to the fact that a considerable part of the surface of many 
carbon materials belongs to micropores into which the organic 
ions and molecules cannot penetrate because of their large 
size.86, 87

The specific capacitance per unit electrode weight (Cg) is 
defined by the product

Сg = Сs · S (8)

Here, the specific surface area S is expressed in cm2 g–1. In order 
to obtain a high capacitance, electrodes with S from ~500 to 
2500 m2 g–1 are used in DLCs. Highly dispersed materials such 
as activated carbon, aerogels, carbon nanotubes and nanofibres, 
graphenes, carbon blacks, etc., are used as the basis for these 
electrodes.

3.2. Influence of redox reactions of surface groups 
on the energy efficiency of electrochemical 
supercapacitors

Volfkovich and co-workers 89, 90 demonstrated the influence of 
redox reactions of the surface groups of AC electrodes on the 
energy efficiency of ECSCs. The authors 89 developed a 
mathematical model that took into account the EDL charging 
and the pseudocapacitance of the SG redox reactions. It is 
important that the energy efficiency of ECSCs, unlike the 
efficiency of batteries, is not limited by the polarization of 
electrode reactions, but is limited only by ohmic energy losses. 
Therefore, the efficiency of double layer supercapacitors can 
approach 100%.

E, V E, V0

I, A
+

–

0

I, A
+

–

a b

Fig. 7. Schematic views of CV curves for ideal DLC (a) and for PsC 
(b). The difference between the shapes of CV curves is due to the fact 
that the total capacitance of DLC is determined only by EDL 
capacitance, while in the case of PsC, it is determined by EDL 
capacitance and the pseudocapacitance of electrochemical reactions. 
The vertical dashed lines indicate the possibility of charging to 
intermediate potentials.87
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Volfkovich et al.89 calculated the energy efficiency for ECSC 
with electrodes based on Norit activated carbon from the 
experimental galvanostatic dependences of voltage on the 
charging and discharging time. The experimental and calculated 
dependences of the energy efficiency (h) on the current for 
symmetrical ECSCs (with two identical electrodes) are shown in 
Fig. 8. It can be seen that on moving to higher currents, the 
efficiency first increases to reach a maximum of ~90% and then 
decreases.

This bell-like shape of the curves can be explained as follows. 
At low currents, a considerable contribution to the total 
capacitance is made by the pseudocapacitance (battery) process 
characterized by low efficiency due to polarization of electrode 
reactions. When the current is high, the ohmic losses are 
involved. At intermediate currents, only EDL charging takes 
place, while the pseudocapacitance and ohmic losses are 
virtually absent. Since charging of EDL is reversible, its 
efficiency is maximized. This dependence of the efficiency on 
the current is significant when ECSCs are applied to smooth out 
peak loads of electric networks, because it demonstrates that in 
this case, it is necessary to operate in the region of maximum 
efficiency. The similarity of the calculated and experimental 
dependences of the efficiency on the current (see Fig. 8) is a 
piece of evidence for the accepted mechanism of ECSC 
operation.

As the current density decreases, the capacitance increases 
(Fig. 9). At high currents, this increase is relatively slow, 
because it is associated with a decrease in the ohmic losses. 
However, at low currents, there is a sharp increase in the 
capacitance during the charging and discharging processes, 
because of the significant contribution of the pseudocapacitance 
of the redox reactions of surface groups.
The effect of these reactions on the energy efficiency was also 
studied 90 for KJEC 600/Li type supercapacitor with non-
aqueous electrolytes. The porosimetry curves in octane and in 
water for the KJEC 600 carbon black, which is similar to AC, 
measured by SCP method are depicted in Fig. 10. It can be seen 
that the porosity in octane is much higher than that in water; this 
attests to the presence of both hydrophilic and hydrophobic 
pores. It is noteworthy that these curves intersect in the region of 
small pores with r* ≈ 10 nm, that is, the curve for water is 
shifted towards smaller r*. In view of the fact that octane almost 
perfectly wets all materials (for octane, q ≈ 0), this intersection 
implies better wetting of the KJEC 600 carbon black with water 

than with octane. This phenomenon, which is called 
superhydrophilicity, can be attributed to the presence of a large 
number of SGs that are hydrated in water, inducing swelling of 
the material. The specific surface areas calculated from the 
porosimetric curves were 2500 m2 g–1 for octane and 2600 m2 g–1 
for water.

The charge and discharge curves for the KJEC 600/Li type 
supercapacitor at various specific currents and the dependence 
of the energy efficiency on the discharge current derived from 
these curves are presented in Figs 11 and 12, respectively. The 
latter plot has a maximum, like the curves in Fig. 8, and for the 
same reason.

Bograchev et al.90 developed a mathematical model that took 
into account both the charging of EDL and redox reactions of 
SGs. A comparison of the theoretical and experimental charge — 
discharge curves shown in Fig. 11 indicates that they are in 
satisfactory agreement with each other, thus confirming the 
correctness of the model.

Thus, the above examples provide the conclusion that the 
presence of a certain type of surface groups may decrease the 
energy efficiency of ECSCs.
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3.3. Redox capacitors based on organic monomers. 
Influence of surface groups
An interesting issue is the development of pseudocapacitors 
containing redox pairs based on organic monomers bound to the 
carbon base of the electrodes by covalent bonds. As a typical 
example of redox capacitor, we will consider asymmetric PsC in 
which the positive electrode is modified with 1,2-dihydroxy-
benzene (C-DHB), while the negative electrode is modified with 
anthraquinone (C-AQ).87 The modified carbon fabric 
Spectracarb 2225 was chosen as the base of the manufacture of 
electrodes. The specific capacitance of the DHB-modified 
carbon fabric electrode was 201 F g–1, while that of the non-
modified electrode was 141 F g–1. 4-Aminocatechol used as the 
precursor can bind to the carbon fabric in two ways: by forming 
the C – C bond (structure 1) and C – N bond (structure 2); 
therefore, CV curves for DHB exhibit two peaks.87

Structures 1, 2

OH

OH

NH

OH

OH

1 2

The C-AQ negative electrode also showed a substantial 
increase in the capacitance (up to 367 F g–1) compared with the 
unmodified electrode made of AC fabric. The energy density 
(W) and power density (P) obtained for two ECSCs, one with 
unmodified (C/C type capacitor) and one with modified 
electrodes (C-AQ/C-DHB type PsC), are given in Table 1. It can 
be seen that PsC with modified electrodes provides a much 
higher energy density than the capacitor with unmodified carbon 
electrodes.

Activated carbons were also modified by 2-nitro-1-naphthol 
to manufacture ECSC electrodes that make use of the EDL 
capacitance and the pseudocapacitance of redox reactions of 
organic compounds such as o-aminonaphthol and o-naphtho-
quinonimine (Scheme 1).87

Modification of an AC electrode resulted in a specific charge 
of 35 mA h g–1. Combination of this electrode with proton 
transfer agents such as Mo2N or WO3 results in an increase in 
the potential drop between the electrodes and in the corresponding 
increase in the specific charge, which may be used to develop 
HSC.

3.4. Lithium cation exchange capacitors

Original PsCs in which exchange of lithium cations between the 
anode and cathode takes place have been developed.94 The 
action mechanism of these devices is similar to that of lithium 
ion batteries (LIBs). The differences between them are as 
follows. The operation of LIBs is based on the Faradaic reactions 
in the bulk of the active material. This mechanism provides an 
energy density (180 W h kg–1) higher than that of ECSCs. 
However, in this case, lithium should migrate from the inner part 
of a cathode active particle to the surface of an anode active 
particle during charging, while during the discharge lithium 
migrates back. Thus, intercalation — deintercalation processes 
take place in the electrodes; owing to the very low rate of solid-
phase diffusion, these processes are kinetically limited. As a 
result, LIBs have a very low power density (100 – 1000 W kg–1), 
and recharging requires a lot of time.

In the modern lithium ion capacitors, both electrodes are 
based on graphene with a large specific surface area. Graphene 
materials with particular SGs contact with the electrolyte; this is 
accompanied by fast and direct adsorption of lithium and/or 
surface reaction of SGs (Scheme 2). This eliminates the necessity 
of intercalation.87, 94

Scheme 2

O
O

+Li+

–Li+

O Li

O Li

or
Cgraphene CgrapheneO + Li+ + e– OLi

Thus, these PsCs are redox capacitors in which the energy 
density (160 W h kg–1) and power density (100 kW kg–1) are 30 
and 10 times higher, respectively, than those in DLC; the power 
density of these devices exceeds this characteristic of LIBs by a 
factor of 100. Whereas in the case of conventional LIBs, several 
hours are required for lithium intercalation — deintercalation to 
be completed in both electrodes, in the case of lithium ion PsC, 
the time of ion migration is approximately several minutes.

However, the benefits of this mechanism decrease due to the 
absence of a source of lithium ions in the device; therefore, 
preliminary charging is required by carbon electrode lithiation 
in an additional cell and transfer to the supercapacitor cell in a 
dry box. The methods proposed to solve this problem have 
drawbacks. A procedure based on the use of a lithiated organic 
material, dilithium salt of 3,4-dihydroxybenzonitrile, has been 
developed.95 This compound is capable of supplying lithium 
cations into a graphite electrode in the initial stage of charging. 
The attained energy densities are 40 – 60 W h kg–1, the power 
densities are 2 kW kg–1, and the cyclability reaches 15 000.

Li et al.96 considered several types of prelithiation of the 
negative electrode: short-circuit method, electrochemical 
method, extraction of lithium from lithiated transition metal 

Table 1 Energy density and power density at various currents for a 
capacitor with unmodified electrodes (C/C type) and PsC with 
modified electrodes (C-AQ/C-DHB type).87

Current,  
A

C/C type capacitor C-AQ/C-DHB type PsC

W, W h kg–1 Р, kW kg–1 W, W h kg–1 Р, kW kg–1

0.01 5.2 0.16 10.0 0.18
0.1 4.2 1.5  8.3 1.7
0.2 3.5 2.9  7.0 3.0
0.5 2.1 6.2  3.9 5.4
1.0 0.8 8.8  1.1 6.3

Scheme 1
OH

NH2 –2 H+, –2 e–

+2 H+, +2 e–
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oxides in the positive electrode; and introduction of a lithium 
salt into the electrolyte.

3.5. Self-discharge of electrochemical 
supercapacitors with activated carbon-based 
electrodes

The demand for ECSCs in various fields of economy stimulates 
the studies and the increase in the industrial production of these 
devices.86, 87 The advantages of ECSCs over batteries have been 
noted above, together with their significant drawback–fast self-
discharge, which is manifested as a voltage drop after charging 
and opening of the external circuit. In most publications devoted 
to ECSCs, self-discharge is usually neglected. Therefore, it is 
very important to comprehensively study this phenomenon. 
Kurzweil and Shamonin 97 showed that the self-discharge for 
two weeks is accompanied by the loss of 5 to 60% of voltage, 
and the rate of this process depends on the initial voltage, 
temperature, and the duration of charging. There are 
publications 88, 97 – 124 that describe methods for measuring the 
self-discharge rate and propose ways to decrease it. It is clear 
that elaboration of measures reducing the self-discharge rate 
would be favourable for expanding the scope of applications of 
supercapacitors in various fields of national economy, in 
particular in arms industry.

Investigations of the self-discharge of ECSCs with 
electrodes based on CH900 and with an 1 m aqueous solution 
of MgSO4 as the electrolyte have been reported by Volfkovich 
et al.88, 122 The elemental compositions of the positive and 
negative electrodes became sharply different after 
electrochemical treatment up to 1.6 V. Very high concentrations 
of hydrogen and oxygen caused by the formation of SGs 
appeared on the positive electrode. It was shown that ~70 min 
after the beginning of self-discharge, the logarithm of self-
discharge rate is proportional to the charging voltage, while 
after 2000 min, the curves reach a minimum caused by the 
action of two opposing factors. First, a significant contribution 
to the capacitance is made by the pseudocapacitance of the 
Faradaic redox reactions of SGs and, second, the mere presence 
of these groups leads to increasing self-discharge rate. The 
former factor predominates in the low voltage region, while 
the latter factor prevails at ta high voltage.

3.6. Influence of surface groups of a definite 
composition on characteristics of electrochemical 
supercapacitors

In recent years, numerous original studies describing the 
influence of SGs on the characteristics of ECSCs have been 
published (see, for example, Refs 125 – 128). The methods used 
to detect SGs include IR, X-ray photoelectron, and Raman 
spectroscopy. The influence of SGs on the characteristics of the 
fibrous solid-state ECSCs used for energy storage in wearable 
soft electronics was studied by Hsiao and Lin.125 Carbon fibres 
were treated with acid mixtures containing various ratios of 
HNO3 and H2SO4 . The highest energy density was 
16.57 mW h cm–2 and the power density was 62.50 mW cm–2. 
Lee and An 127 fabricated the first flexible fibrous supercapacitor 
with electrodes based on AC fibre with surface groups and a gel 
polymer electrolyte containing a redox additive to be used as a 
wearable energy storage device. This device showed a very high 
electrochemical characteristics, namely, specific capacitances of 
891 and 399 mF cm–2 for current densities of 70.0 and 
400 mA cm–2, respectively.

Quite recently, a new family of two-dimensional inorganic 
materials called MXenes have been reported. These materials 
consist of atomically thin layers of transition metals carbides, 
carbonitrides, or nitrides. MXenes have become in high demand 
for the manufacture of energy storage devices, as they possess a 
number of remarkable properties caused by both their unique 
structure and adjustable SGs. MXenes are especially suitable as 
electrode materials for ECSCs, because they are mechanically 
more flexible, have a higher energy density, and have good 
electrochemical characteristics as compared with other materials. 
A review by Wang et al.128 summarizes the achievements in the 
synthesis of MXenes and the results of studying the fundamental 
properties of composite materials based on them, with attention 
being focused on the most recent electrochemical characteristics 
of electrodes in electrochemical devices.

It was noted above that highly dispersed carbon materials 
contain a lot of diverse SGs, which considerably affect the 
ECSC characteristics.129 – 133 The presence of SGs can change 
the key properties of carbon materials: wettability, conductivity, 
and pore size distribution; SGs can also participate in redox 
reactions. Most often, carbon materials contain oxygenated SGs. 
He et al.129 reported a systematic analysis of the mechanisms of 
increase in the capacitance, which take into account the presence 
of oxygenated SGs, and the consequent mechanisms of 
appearance of the pseudocapacitance in acid and alkaline 
aqueous electrolytes.

Li et al.130 modified oxygenated SGs on commercial AC by 
oxidation with ammonium persulfate (NH4)2S2O8 followed by 
annealing at various temperatures. The effect of surface 
modification on the electrochemical characteristics of ECSC 
electrodes was studied by X-ray photoelectron spectroscopy and 
Fourier transform IR spectroscopy, argon adsorption, and 
electrochemical testing. According to the results, the presence of 
oxygenated (especially carboxyl and carbonyl) SGs leads to 
better wettability of the pore surface, higher rate of electrolyte 
diffusion, and higher specific capacitance due to the additional 
pseudocapacitance arising in the aqueous electrolyte (6 m 
aqueous KOH). An excess content of oxygen resulted in 
blocking of some of the pores, which deteriorated the 
electrochemical performance; however, after annealing at 
300 °C under inert atmosphere, the specific capacitance 
increased and the kinetic characteristics were improved. 
However, in an organic electrolyte (1 m Et4NBF4/propylene 
carbonate), modification of SGs via the oxidation with 
ammonium persulfate resulted in a decrease in the specific 
capacitance, which efficiently increased after annealing at 
700 °C. Activated carbon with a hierarchical pore structure and 
optimized porosity is a promising material for the use in ECSCs. 
However, selective regulation of SGs is a difficult task. 
Xu et al.131 used carbonization of linoleic acid under autogenic 
pressure at elevated temperature followed by activation with 
KOH to obtain carbon microspheres with a hierarchical pore 
structure enriched with carbonyl and carboxyl groups. Numerous 
micro- and mesoporous channels appeared after activation with 
potassium hydroxide, with the specific surface area varying 
from 1992 to 2414 m2 g–1. When this carbon material was used 
as the electrode and KOH served as the electrolyte, the 
capacitance of ECSCs was 365 F g–1 at a current density of 
0.5 A g–1. The two-dimensional porous carbon material prepared 
by Wang et al.132 from pomelo peels had a large specific surface 
area (1927 m2 g–1) and was rich in oxygenated SGs. Therefore, 
when used as an ECSC electrode, it provided high capacitance 
(398 F g–1 at a current density of 1 A g–1) in aqueous electrolytes 
and high energy density (21 W h kg–1) in ionic liquids.
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While studying the relationship between the oxygen-
containing SGs of graphene and stability of ECSC operation, 
Lin et al.133 synthesized reduced graphene oxide (rGO) bearing 
various oxygen-cobtaining groups. Hydrazine was used as the 
reducing agent; the reduction time was varied. According to the 
results of transmission electron microscopy, Raman 
spectroscopy, X-ray photoelectron spectroscopy, and X-ray 
diffraction analysis, the sp2-bonded structure was reduced with 
increasing time of synthesis, and the resulting rGO had a good 
crystallinity because of the removal of oxygen-containing SGs. 
High capacitance characteristics of rGO indicate that these SGs 
contribute to the pseudocapacitance, and this results in a higher 
specific electrical capacitance. Apart from oxygen-containing 
SGs, nitrogen-containing groups have a pronounced influence 
on the ECSC characteristics.134 – 138 Ilnicka et al.134 investigated 
nitrogen-doped porous carbons for ECSC electrodes obtained 
from chitosan, gelatine, and green algae. The authors addressed 
the influence of three factors, namely, the specific surface area, 
the presence of SGs, and the pore structure on the electrochemical 
performance. Changes in the nitrogen content (from 5.46 to 
10.08 mass %) and S values (from 532 to 1095 m2 g–1) were 
attained by modifying the carbon precursor and varying the 
carbonization temperature. The carbons obtained in this way 
had a high capacitance (231 F g–1 for a current density of 
0.1 A g–1) and cycling stability in 0.2 m K2SO4 . Analysis of 
electrochemical behaviour revealed the influence of nitrogen-
containing SGs on the pseudocapacitance. Groups containing 
quaternary and pyrrole nitrogen induced an increase in the 
pseudocapacitance owing to the presence of positive charge; 
therefore, they facilitated the electron transfer at high current 
loads; graphite/quaternary nitrogen structures were found to be 
most important and to influence energy storage characteristics.

A high-performance foldable solid-state asymmetric ECSC 
was developed using one-step scalable chemical oxidation and 
MXene ink painting of nitrogen-doped carbon fibre textile 
substrate.135 The used O- and N-functionalized carbon fibre and 
MXene materials with opposite potentials combine the 
electrochemical behaviours of highly dispersed pseudo capacitance 
carbon materials, particularly, high charging and discharging rate 
and great pseudocapacitance. By varying the oxidation time and 
the MXene loading, an expanded potential window (1.6 V) and 
high energy density (277.3 mW h cm–2) were attained for the 
active layers of MXene-decorated ECSC electrodes.

In recent years, porous carbon electrode materials obtained 
from biopolymers such as chitin and chitosan (structures 3 and 
4, respectively) have attracted attention owing to their ready 
availability, high porosity, low specific weight, natural 
biodegradability, and environmental friendliness. The structure 
of these compounds comprises a long linear chain, which can be 
functionalized with oxygen- and nitrogen-containing groups via 
β-glucosidic linkage. They can be used as templates to design 
electrode materials with tunable and clearly defined geometry. 
The application of chitin- and chitosan-based materials as ECSC 
electrodes was discussed by Vinodh et al.136

Low energy density is a key problem hampering 
commercialization of Zn ion hybrid supercapacitors. This 
problem is due to the lack of high-capacitance cathode materials, 
especially for high current density. Wang et al.137 used biomass 
to synthesize carbon nanosheets with a porous hierarchical 
structure functionalized with oxygen-containing groups 
containing some nitrogen. The materials thus obtained, which 
were used as cathodes, possessed a high capacitance, particularly, 
220.1 mA h g–1 at a current density of 0.2 A g–1 and 
118.2 mA h g–1 as the current density increased 100-fold (up to 
20 A g–1). Zinc-ion hybrid supercapacitors with these cathodes 
demonstrated an ultrahigh energy density (181.6 W h kg–1). 
Experimental results and theoretical calculations showed that 
the hierarchical pore structure of ultrathin nanosheets with 
macro-, meso-, and micropores is favourable for enhancing the 
physical adsorption of Zn2+ cations, while the introduction of 
surface pyrrole and carboxyl groups synergistically increases 
the chemical adsorption of Zn2+ cations.

Liu et al.138 used waste polyimide (PI) film to manufacture 
several flaky porous carbon materials to be used ECSC 
electrodes. The structures of pores and SGs of the porous carbon 
materials were optimized by activation with potassium 
hydroxide. The relationship between the pore structure, carbon 
matrix, surface groups, and electrochemical performance was 
studied using nitrogen adsorption, X-ray diffraction techniques, 
Raman spectroscopy, X-ray photoelectron spectroscopy, Fourier 
transform IR spectroscopy, and electrochemical measurements. 
The flaky porous carbon had a calibrated size distribution of 
hierarchical pores and were rich in oxygen- and nitrogen-
containing SGs. Electrodes made of these materials possessed 
high specific capacitance (482 F g–1), being superior in this 
characteristic to the electrodes made of porous carbons based on 
PI film obtained by physical activation and also to AC-based 
commercial electrodes.

MXenes are widely used for microsupercapacitors. Among 
them, the most studied systems are Ti3C2Tx , where T are 
functional SGs, for example, F, OH, and O. These MXenes are 
obtained by etching the A layer of the initial Ti3AlC2 MAX 
phase. Functional groups play an important role in the charge 
accumulation and they should be controlled in order to improve 
the electrochemical performance of MXenes. Peng et al.139 used 
bacterial cellulose (BC) with a definite content of SGs to 
increase the distance between MXene layers to allow more ions 
to be adsorbed on the surface. Then a solution of KOH was 
added to treat the mixed solution of MXene and BC. A Fourier 
transform IR spectroscopic examination confirmed that the 
surface of the MXene/BC film bore a large number of SGs. 
According to X-ray photoelectron spectroscopy data, the 
strength of oxygen SGs on the treated film surface was greater 
than that for the untreated film. Electrochemical performance 
testing demonstrated that the composite film treated with a KOH 
solution, being used as a microsupercapacitor electrode, had a 
specific capacitance of 223 mF cm–2 and an energy density of 
42 mW h cm–2; these values were better than those of the 
composite film electrode without KOH treatment (specific 
capacitance of 161 mF cm–2 and energy density of 
31 mW h cm–2).

A series of studies 140 – 142 addresses carbons bearing nitrogen-
containing SGs. p-Nitroaniline was used as a universal precursor 
for the selective preparation of porous carbons with a large 
content of nitrogen SGs. Owing to the catalytic effect of pyridine 
and pyrrole N-sites and to high specific surface area and 
conductivity values, the optimized porous carbon is favourable 
for redox reactions. ECSCs fabricated using this material 
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showed a very high specific capacitance (1783 F g–1 at a current 
density of 1 A g–1), high rate capability (800 F g–1 at a current 
density of 6 A g–1), and an excellent cycling stability.

Currently, original nanostructures are often manufactured 
using biomass as the source of carbon. However, the biological 
diversity does not favour the use of biomass for high-precision 
applications. Lian et al.141 obtained porous carbon without 
resorting to the known pore generation methods (such as alkaline 
activation). The authors used biomass that was subjected to 
biodegradation. From the obtained carbon-containing 
components of the biomass, nanospheres (NC) and nanosheets 
were synthesized. These nanostructures were modified with 
p-phenylenediamine (PPD). The nanospheres modified with 
functional groups (NC-PPD) were tested as electrodes for 
flexible ECSCs and CDI units. The following results were 
obtained: the NC-PPD//NC-PPD assembly in ECSC provided a 
high energy density of 8.8 W h kg–1, with the highest power 
density being 2.5 kW kg–1. The salt capacity for the CDI unit 
can be as high as 33.2 mg g–1.

Magnetic nanoparticles with a high surface area to volume 
ratio are present in materials meant for various purposes, 
including tunable optical, electrical (particularly, for ECSCs), 
catalytic, biological, and nanofluid materials. However, to attain 
desired material properties, it is strictly necessary to appropriately 
functionalize the nanoparticle surface. Singh et al.142 used 
aryldiazonium salts to modify NiFe2O4 nanoparticles. As a 
result, stable SGs were formed on nanoparticles functionalized 
with organic molecules. The modified nanoparticles exhibited a 
sharp increase in the specific capacitance in 3 m KOH 
(~1279 F g–1) compared with unmodified NiFe2O4 particles.

Carbon materials with SGs consisting of either a small or a 
large number of chemical elements can be used as electrodes in 
ECSCs. In order to markedly improve the electrochemical 
performance of ECSCs, Zheng et al.143 obtained carbon 
materials doped with heteroatoms (N, P, S, O) to be used as 
electrodes. Heteroatom doping leads to higher pseudocapacitance 
and electrical conductivity, better wettability, higher capability 
of reversible ion accumulation, and increasing rate of 
electrochemical processes. Structural nitrogen atoms include 
pyridine, pyrrole, quaternary (graphite) nitrogen, and pyridine 
N-oxide. The pyrrole and pyridine nitrogen atoms increase the 
pseudocapacitance. Nitrogen accelerates the transfer of 
electrons. Phosphorus atoms can bind to oxygen atoms to form 
a single bond. Sulfur is often present near the edge or at defective 
sites of carbon hexagons, being a part of thiophene or SOx oxide. 
Oxygen binds to carbon through single, double, or another bond 
in the carbon skeleton. Zheng et al.143 described the mechanism 
of heteroatom doping of carbon materials and its influence on 
the characteristics of the obtained doped materials, which are 
used as electrodes for ECSCs.

Study of efficient and durable electrode materials is a crucial 
factr for the design of high-performance HSCs. Chen et al.144 
deposited Fe3O4/Fe nanoparticles modified with phosphate ions 
(P – Fe3O4/Fe) on carbon nanosheets (CNS) by a two-step 
calcination with sodium sulfate in the solid state. Owing to the 
synergistic effect of the components and unique two-dimensional 
architecture, the prepared P – Fe3O4/Fe/CNS electrode provided 
high energy storage characteristics with a high specific 
capacitance of 427.4 F g–1 at a current density of 1 A g–1. Then, 
phosphate-functionalized P – Co9S8/CoS nanoparticles attached 
to carbon nanosheets were prepared by the same procedure; 
these materials provided a highest specific capacity of 
544.6 C g–1 at the same current density of 1 A g–1. The assembled 
P – Co9S8/CoS / CNS//P – Fe3O4/Fe/CNS hybrid supercapacitor 

had a high energy density of 73.4 W h kg–1, with the power 
density being 1041.7 W kg–1 in an alkaline electrolyte. The 
authors proposed an effective structure for the design of high-
performance HSCs with effective electrodes produced by 
phosphate functionalization using a sodium sulfate template.

4. Capacitive deionization of water

Many countries lack sufficient supplies of clean fresh water for 
domestic, agricultural, and industrial use.145 According to the 
prediction of environmentalists, approximately 2.5 billion 
people would suffer from acute shortage of clean water by 2025. 
Purification of aqueous solutions (including desalination of 
seawater) is mainly performed by the following methods: 
electrodeionization, distillation, ion exchange, chemical 
treatment, freezing, reverse osmosis, and electrodialysis. In 
recent years, the process of capacitive deionization of water has 
been actively developed in advanced countries.146 – 155 According 
to this process, in CDI cell, the liquid feed flow is pumped 
between two porous electrodes (e.g., AC electrodes) with a large 
specific surface area (from ~500 to 2500 m2 g–1), with the 
potential difference between the electrodes being more than 
1.2 V (Fig. 13).

Ions with a definite charge sign were electrostatically 
adsorbed on the inner surface of the oppositely charged 
electrode. Thus, EDL charging and solvent deionization take 
place. After a certain period of time, the electrode surface 
saturated by adsorbed ions should be regenerated. The 
regeneration is attained by electrode polarity reversal or by 
opening of the circuit. This is accompanied by ion desorption 
from the electrodes, and the solution flow at the outlet of the cell 
becomes more concentrated. A CDI unit, which consists of at 
least two electrochemical cells, usually operates continuously. 
For some period of time, one cell performs deionization, while 
the other cell concentrates the solution. This gives two products, 
that is, deionized water and a concentrated solution, which may 
find use in the national economy. Most often, ~80% of the feed 
solution enters the deionization cell, while the other 20% is 
supplied to the regeneration cell to concentrate the solution.

The most important benefit of CDI is the minimum energy 
consumption, which amounts to approximately one third of the 
energy consumption involved in the main competing method, 
reverse osmosis, which is now widely used to desalinate 
water.156, 157

The advantages of CDI over other desalination techniques 
are as follows:

— low operation costs;
— long cycling time;
— functioning to provide different desalination levels;
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— low content of foreign particles in the pores (minimum 
clogging of pores);

— during regeneration (concentration), a considerable part of 
energy returns to the unit; therefore, the energy spent for 
deionization is partly recovered;

— in the coming years, CDI efficiency is expected to 
significantly increase due to the high science-intensity of this 
technique.

It was shown 158 that the amount of energy consumed in a 
CDI unit for water desalination approaches the thermodynamic 
minimum. A comparison of specific energy consumption for the 
production of 1 m3 of desalinated water (WН2О) by a number of 
methods including reverse osmosis (RO), electrodialysis (Ed), 
multistep distillation (MD) and CDI is presented below 145 
demonstrates the advantage of CDI.

Method RO Ed MD CDI
WН2О , kW h m–3 2 – 6 0.4 – 8.7 10 – 58 0.1 – 2.03

Almost the only drawback of CDI is the necessity to design 
new high-performance units. It is clear that this problem will be 
overcome with time.

4.1. Process designs of the capacitive deionization 
of water

Apart from the basic CDI process, there are various other 
process designs. The membrane capacitive deionization (MCDI) 
is one of the most popular CDI techniques.159 – 171 In this process, 
an anion exchange membrane is in contact with the positively 
charged electrode, while a cation exchange membrane is in 
contact with the negatively charged electrode. A separator is 
located between the membranes, and the separator pores are 
filled with the aqueous solution being pumped. The anion 
exchange membrane prevents cation transport towards the 
anode, while the cation exchange membrane suppresses almost 
completely the anion transport towards the cathode.

It was noted above that the lower energy consumption of CDI 
compared with other desalination techniques is, first of all, due 
to the fact that during the discharge (regeneration) stage, a 
certain part of the energy returns to the unit and, hence, the 
energy spent for charging (deionization) is partly recovered. The 
same is true for MCDI.160 The time variation of the voltage 
during charging and discharging stages in the galvanostatic 
operation mode of MCDI can be followed by the data shown in 
Fig. 14.

One more type of CDI is flow electrode capacitive 
deionization (FCDI).168 – 171 A dispersion of a carbon material 
(usually AC) in an aqueous electrolyte is used, most often, as the 
dispersed electrode. FCDI provides continuous deionization and 
good desalination characteristics. The advantages of FCDI also 
include the ability to deionize solutions with high salt 
concentrations, including seawater. Efficient operation of FCDI 
units with low energy consumption requires a high-capacity 
flow electrode with a low electrical resistance. Desalination 
characteristics of flow electrode cells with electrodes based on 
spherical AC particles and aqueous electrolytes with different 
NaCl contents were investigated. In an FCDI unit, the flow of 
the feed solution is split into two unequal parts, the greater of 
which is fed to the electrochemical cell to be desalinated, while 
the smaller one enters the electrochemical cell to be concentrated.

The next stage in the upgrading of CDI technique was the 
design of a unit containing both the flow electrodes and anion 
and cation exchange membranes. This unit for the production of 

pure water combines the benefits of MCDI and FCDI, i.e., high 
degree of deionization and high production rate.169

4.2. Production of pure drinking water

Drinking water is meant for the intake by living organisms and 
characterized by low salt content. In each country, the 
composition and properties of drinking water are regulated by 
law, and the specifications for the quality of drinking water 
differ from country to country (in some cases, significantly).

It was shown above that AC possesses both anion and cation 
exchange properties and surface conductivity in pure water (see 
Section 2.3); therefore, it is the electrode material of choice for 
CDI cells. In these units, the limiting factor is the porous 
separator, because water in the separator pores has a very high 
resistance, which results in a very high energy expenditure. 
Therefore, mosaic ion exchange membranes possessing both 
anion and cation exchange properties were devised.83, 172, 173

In mosaic membranes, the anion and cation exchange resin 
particles are mixed (Fig. 15). These membranes possess quite 
adequate ionic conductivity even in pure water; therefore, they 
started to be used in CDI units instead of the usual porous 
separators. Figure 16 shows the concentration dependences of 
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Fig. 14. Diagram of time variation of the voltage during the charging 
and discharging stages. The resulting energy is proportional to the 
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(2) micropores; (3) positively charged fixed SGs incorporated in the 
anion exchange resin particles; (4) anions; (5) negatively charged SGs 
incorporated in the cation exchange resin particles; (6) cations; (7 and 
8) electrodes.47
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the electrical conductivity at very low salt concentrations in 
aqueous solutions for two types of mosaic membranes, fibrous 
and film ones.83 It can be seen that for both types of membranes, 
the specific conductivity is quite high even in pure water. This is 
due to the above-mentioned presence of anion and cation 
exchange SGs. Electrochemical measurements were carried out 
for static type CDI cells (without a solution flow).83 The cell 
contained two AC electrodes based on the Norit carbon and a 
mosaic membrane located between the electrodes. The 
membrane and electrode pores were impregnated with pure 
water. The cyclic capacitance — voltage curves at different 
potential sweep rates (w) are presented in Fig. 17.

The following operation mechanism for an electrochemical 
cell with pure water was established (Fig. 18). When the electric 
field is switched on, the counter-cations of one AC electrode 
hop by the relay mechanism, owing to the surface conductivity, 
from one counter-cation to another and to the mosaic membrane 
where they migrate to the opposite electrode by a similar 
mechanism. At the same time, the counter-anions of the second 
AC electrode hop by the relay mechanism from one counter-
anion to another, and then to the mosaic membrane where they 
are transported from one counter-anion to another, also by the 
relay mechanism, and then migrate to the opposite electrode in 
which they hop from one counter-anion to another. That is how 
EDL is charged. As can be seen, the shape of the cyclic 
capacitance — voltage curves shown in Fig. 17 a corresponds to 
the shapes of similar curves for DLC, and at the lowest potential 
sweep rate of 0.1 mV s–1, it has a nearly rectangular shape, i.e., 
it characterizes the EDL charging (see the upper curves in 
Fig. 7).

The cyclic capacitance — voltage curves for a static 
electrochemical cell with the Norit electrodes and a mosaic 
membrane for various KCl concentrations in an aqueous solution 
at a constant potential sweep rate of 0.1 mV s–1 are shown in 
Fig. 17 b. It can be seen that these double-layer curves nearly 

coincide with each other. Thus, the salt concentration has almost 
no effect on the capacitance of EDL of carbon electrodes, unlike 
that of metal electrodes such as platinum or mercury ones. It is 
known that the diffuse part of the capacitance increases with 
increasing electrolyte concentration.84 From this it follows that 
the capacitance of EDL of activated carbon electrodes is 
determined by virtually only SG concentration.

4.3. Redox reactions of surface groups  
in the capacitive water deionization units

Volfkovich et al.28, 174, 175 studied the operation of ECSCs as 
parts of CDI units. Electrochemical supercapacitors were 
impregnated with various electrolytes (aqueous solutions of 
salts), which were subjected to deionization. Analysis of the 
capacitance of ECSCs with VISKUMAK and CH900 AC 
electrodes as a function of the current over a broad range of 
currents (Fig. 19) revealed the presence of SG redox 
reactions.174, 175 The capacitance values were derived from the 
galvanostatic curves. The dependence of the integral 
electrochemical capacitance of the CH900 electrode on the 
current density in a solution of a mixture of CaCl2 , NaHCO3 , 
and MgSO4 salts (Fig. 19 b) indicates that as the current 
decreases, the capacitance first increases, then reaches a plateau, 
and then sharply increases again. This pattern of dependence is 
due to the relatively high ohmic losses at high currents. As the 
current decreases, these losses decrease and the capacitance 
smoothly increases. When the current further decreases, the 
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ohmic losses at the plateau of the curve are small, and the 
capacitance is virtually determined by the EDL charging alone; 
this capacitance remains approximately invariable until the 
pseudocapacitance of the Faradaic reactions starts to make a 
substantial contribution to the total capacitance. It was 
found 174, 175 that for AC electrodes, the Faradaic reactions are 
mainly represented by quasi-reversible redox reactions of SGs 
(see Section 3.2). For a mixture of NaHCO3 , CaCl2 , and MgSO4 
salts, the specific capacitance of EDL was 63 F g–1. The same 
procedure for estimating EDL capacitance was also used for 
solutions of other salts.

It is noteworthy that the plots of the capacitance vs. current 
for the VISKUMAK and CH900 AC electrodes also contain a 
characteristic plateau.

Volfkovich et al.174, 175 proposed a mathematical model for 
calculating the galvanostatic curves of ECSCs. The model uses 
the capacitances of EDL derived from the dependences similar 
to those shown in Fig. 19. Typical calculated and experimental 
galvanostatic voltage — time curves for charging of the SAIT 
and VISKUMAK AC electrodes for various currents are 
summarized in Fig. 20. The theoretical curves were calculated 
using the proposed model. It can be seen that the experimental 
and theoretical curves are similar, and this attests to correctness 
of the model, which takes into account the SG redox reactions, 
and validates the above method for determining the EDL 
capacitance.

5. Fuel cells with proton exchange 
membranes
A fuel cell with a proton exchange membrane is the most widely 
occurring and efficient device for converting the fuel chemical 

energy to electricity.87, 176, 177 The operation of PEMFC is 
provided by flows of liquid and gaseous reactants and products 
of electrochemical reactions in a membrane electrode assembly 
(MEA), which consists of the following contacting porous 
components: two catalyst layers, a proton exchange membrane, 
and two gas diffusion layers (Fig. 21).

The pore structure and hydrophilic — hydrophobic properties 
of MEA components substantially affect the velocity and 
direction of liquid and gaseous flows, and, consequently, the 
PEMFC operation efficiency. For better understanding of the 
heat and mass transfer processes in PEMFC and for their 
mathematical modelling and optimization, it is necessary to 
know the pore structure and hydrophilic — hydrophobic 
properties of MEA components. Water is present in PEMFC in 
both gaseous and liquid states. Some of the pores in MEA, 
mainly those formed by catalyst particles, possess hydrophilic 
properties and are wetted with water. Other pores in carbon 
particles and in some hydrophobic polymer particles, e.g., in 
polytetrafluoroethylene (PTFE) agglomerates, remain dry 
during fuel cell operation and, hence, they serve as transport 
channels for gaseous reactants and products (oxygen, hydrogen, 
water vapour). The efficiency of operation of such fuel cells 
depends on the so-called water management related to the 
directions of liquid and water vapour flows in MEA and in its 
pore system.178 – 180

The catalyst layer in PEMFC is a complex composite system, 
which generally contains nanosized particles of platinum 
catalysts supported on larger-size porous carbon (Fig. 22). The 
support provides the electronic conductivity of the catalyst 
layer. The ionomer is responsible for the proton conductivity of 
the catalyst layer. Liquid water is transported across the catalyst 
layer through the hydrophilic pores of the ionomer. The transfer 
of active gases (hydrogen and oxygen) to the surface of catalyst 
particles and the removal of the reaction products (water vapour) 
occur through the hydrophobic pores. An optimal volume ratio 
between the ionomer and the carbon support ensures sufficient 
ionic and electronic conductivities. The structure and 
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hydrophilic — hydrophobic properties of carbon supports 
considerably influence the efficiency of PEMFC operation.

Volfkovich and Sosenkin,10 who studied a catalyst layer with 
40% Pt on Vulcan XC-72 carbon black and 5% ethanol solution 
of Nafion ionomer, used the standard contact porosimetry 
method. However, other types of carbon supports were not used 
in the experiments. The hydrophilic — hydrophobic properties 
and the pore structure of catalytic systems with various carbon 
supports and the changes in the properties of these systems after 
several stages of production of the catalyst layer were addressed 
in another publication.181 The authors studied ten carbon 
supports: Anderson Ax-24 activated carbon; Vulcan XC-72 
carbon black; a few Sibunit blacks; and KVU-1 and KVU-2 
nanofibres. These carbon materials were studied before and 
after the deposition of the ionomer.

It was concluded that the degree of pore blocking by the 
ionomer depends on the nature and number of functional SGs. It 
was found that deposition of the ionomer induced 
hydrophobization of most carbon materials (in particular, 
Vulcan XC-72) and hydrophilization of other materials (e.g., 
KVU-1). The dependences of water contact angle on the pore 
radius for Vulcan XC-72 and KVU-1 before and after ionomer 
deposition are shown in Fig. 23. It can be seen that the ionomer 
deposition on Vulcan XC-72 leads to hydrophobization (increase 
in the water contact angle) and the deposition of the KVU-1 
nanofibre leads to hydrophilization.

The hydrophilic – hydrophobic properties of the carbon 
supports are determined by the nature and concentration of SGs, 
which depend on the preparation procedure of this carbon 
material. The schematic images of the ionomer with sulfo groups 
pointing to the interior and the exterior of Vulcan XC-72 and 
KVU-1 particles, respectively, are depicted in Fig. 24.

In the Vulcan XC-72 carbon black, the hydrophobic 
fluoroplastic chains ( – CF – CF2–)n are located outside, which 

results in particle hydrophobization, while in the case of  
KVU-1, hydrophilic sulfonic groups are outside the particles, 
and this leads to hydrophilization of the catalyst layer. The effect 
of hydrophobization of the catalyst layer by the ionomer is a 
non-trivial and practically important result, since the inner space 
of the ionomer is hydrophilic due to hydration of the sulfo 
groups. In this case, the ionomer acts as both a hydrophobizer 
for the catalyst and as a proton conductor. This is very important 
for optimization of the catalyst layer structure in PEMFC.¶ The 
inversion of sulfo groups in the outer layer of the Nafion ionomer 
particles depending on the type of the carbon support was first 
established by Volfkovich et al.181

* * *

The effect of surface groups on the properties of disperse 
systems is a relevant research topic, the importance of which is 
due to the following. Specialists in science and technology often 
deal with many disperse materials: activated carbons, graphenes, 
carbon nanotubes, carbon blacks, etc., which occur as parts of 
important devices such as electrochemical superconductors, 
units for the capacitive deionization of water, and fuel cells with 
proton exchange membranes. Most disperse objects contain 
numerous surface groups, which affect the operation of 
electrochemical devices.

Evidently, the importance of this area necessitates further 
studies of the topics addressed in this review, including the 
influence of redox reactions of the surface groups on the energy 
efficiency of electrochemical supercapacitors, the operation of 
water capacitive deionization units, redox capacitors based on 
organic monomers, and lithium ion capacitors, functioning of 
cation/anion exchange mosaic membranes, which provide the 
possibility of obtaining pure drinking water, and catalyst layers 
in fuel cells with proton exchange membranes.

This review was prepared with the financial support of the 
Ministry of Science and Higher Education of the Russian 
Federation.

6. List of abbreviations and symbols

AC — activated carbon,
CDI — capacitive deionization of water,
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¶ It is of interest that, without explaining the reasons, some companies 
that use Vulcan XC-72 no longer add the PTFE hydrophobizer to the 
catalyst layer with the Nafion ionomer. Apparently, it was found 
empirically that in this case, the delivery of active gases (oxygen and 
hydrogen) to the surface of catalyst particles does not restrict the rate 
of electrochemical reactions.
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CV — current – voltage (curve),
DLC — double-layer capacitor,
ECSC — electrochemical supercapacitor,
EDL — electric double layer,
HSC — hybrid supercapacitor,
LIB — lithium ion battery,
MEA — membrane electrode assembly,
rGO — reduced graphene oxide,
PEMFC — proton-exchange membrane fuel cell,
PsC — pseudocapacitor,
PTFE — polytetrafluorethylene,
SCP — standard contact porosimetry (method),
SG — surface group,
ZCP — zero-charge potential,
C — electric capacitance,
E — potential,
Estat — stationary potential,
l — plate thickness,
I — current,
i — current density,
κ — electrical conductivity,
κsg — conductivity of the SG counter ions;
κsch  — conductivity of surface groups,
κv — electrical conductivity of a free equilibrium solution,
r* — effective pore radius,
r — true pore radius,
S — specific surface area,
Q — exchange capacity,
U — voltage,
W — specific energy,
v — specific pore volume,
w — potential sweep rate,
η — efficiency,
θ — water contact angle,
∋ — dielectric constant of the electrolyte.
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