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ENERGY STORAGE TECHNOLOGIES BASED ON ELECTROCHEMICAL
DOUBLE LAYER CAPACITORS: A REVIEW

Y. A. Maletin,? N. G. Stryzhakova,'? S. O. Zelinskyi,'” UDC 544.636
and S. I. Chernukhin'?

Modern design approaches to electric energy storage devices based on nanostructured electrode materials, in
particular, electrochemical double layer capacitors (supercapacitors) and their hybrids with Li-ion batteries,
are considered. It is shown that hybridization of both positive and negative electrodes and also an electrolyte
increases energy density of an electrochemical system, thus, filling the gap between supercapacitors and
batteries in terms of specific energy and power, as well as charge rate and the number of charge-discharge
cycles.
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INTRODUCTION

Batteries of different types are the most well-known, deeply studied, and widely used among storage devices and
electrical energy sources based on electrochemical systems. Charge-discharge processes in batteries involve reversible
electrochemical transformations in the volume of two electrode materials, selected in such a way that these processes occur in
negative and positive potential ranges that are the most distant from each other. The potential difference of electrodes
determines the operating voltage range of a particular type of battery. This difference tends to be increased, since the energy
stored and given by a battery is proportional to its voltage. Lithium-ion batteries can serve as an example [1, 2], in which the
charging process is performed by input or intercalation of lithium ions into anode material (usually graphite or lithium titanate)
with simultaneous output/deintercalation of lithium ions from cathode material. A relatively wide range of mixed valence
lithiated metal oxides or phosphates can be used as such a material. The reverse process occurs during discharge, in particular,
deintercalation of lithium ions from the anode material and their intercalation into the cathode material. The maximum
operating voltage of charge usually reaches 4.3 V, while the minimum voltage is not recommended to be lower than 2.5 V
during discharge. Solutions of chemically stable lithium salts, such as tetrafluoroborate, hexafluorophosphate, or lithium
bis(trifluoromethanesulfonyl)imide in carbonate solvents, such as a mixture of ethylene carbonate and methyl ethyl carbonate,
are used as electrolytes and solid state systems have also been developed recently. The specific energy of commercially
available lithium-ion batteries reaches 350-750 kJ/kg (depending on the requirements for specific power) with a number of
charge-discharge cycles of up to 3000 and, in some cases, up to 5000 cycles. These figures significantly exceed the
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characteristics of “veterans” of the battery industry, in particular, lead-acid batteries with an energy of 120-150 kJ/kg and a
number of deep charge-discharge cycles of about 400-500. Nowadays, lithium-ion batteries dominate in consumer electronics
and the electric car industry; at the same time in 2019 the Nobel Prize in Chemistry was awarded for their development.
Electric double layer capacitors are fundamentally different types of electrical energy storage devices [3-5], which are
also known as supercapacitors (SC), ultracapacitors or (obsolete name) liquid ionistors. Nanostructured carbon materials, such as
specially synthesized activated carbon, carbon nanotubes, or graphene, are most commonly used in electrodes of these systems.
There is no difference in potentials between electrodes, and there is no possibility to generate electricity since the electrodes are
made of the same material, soon after producing an electrochemical cell from two such electrodes, separated by a porous dielectric
separator and impregnated with electrolyte. The accumulation of energy occurs due to the application of a potential difference to
the electrodes from an external source, which leads to the separation of charges in the electrolyte and the formation of an electric
double layer (capacitor) on each electrode. The plates of these capacitors include negatively charged ions on the positive electrode
of the electrolyte side and the positively charged ions on the negative electrode. The corresponding charges of opposite sign are
plates on the sides of the electrodes, which are generated in a conductive matrix of the electrode material [6]. The simplest
equivalent circuit of the obtained system can be represented as two capacitors connected in series through the resistance of the
electrolyte, while the total capacity (C,

ota) Of such a system is described by the equation

c.C.
C,+C°

total

(1)

where C, and C_are the capacitance of the electric double layer on the positive and negative electrodes. This equation will help
to further understand some properties of SC design and its hybrid systems with batteries.

The SC operating voltage reaches 2.5-3.0 V in the case of organic aprotic electrolytes. The specific energy of SC does
not exceed 20-30 kJ/kg, since only the electrode surface is involved in energy storage rather than its entire volume in this case;
at the same time, the typical value is 15-25 kJ/kg for commercially available products, which is significantly lower when
compared to all types of industrial batteries. However, on the other hand, the absence of delayed solid-phase diffusion (for
example, intercalation and deintercalation of lithium ions) in the structure of the electrode material and the participation of only
rapid ion diffusion in the electrolyte volume in the SC charge-discharge processes leads to a significant decrease in internal SC
resistance when compared to battery systems, as well as reduction of the degradation level of electrodes during continuous
cycling. The SC advantages over batteries include higher specific power at high values of energy conversion efficiency, fast
charging, and continuous cycling (up to a million charge-discharge cycles).

Modern SC technology and ways of increasing its specific energy are discussed below.

CURRENT THEORY AND TECHNOLOGY
OF SUPERCAPACITORS

Activated carbon materials are used as a material of electrodes in the vast majority of modern SC, the pore size of
which does not normally exceeds 5 nm; according to our data, the optimal pore size is 1-3 nm. Although narrower pores can
increase electrostatic capacitance [7], they significantly slow down electrolyte diffusion in the electrode porous structure. On
the other hand, mesoporous materials are characterized by a smaller specific surface area and, as a result, a smaller capacitance.
The presence of pores of different sizes and shapes in the electrode material and, accordingly, their different availability for
electrolyte, is manifested in the fact that charge-discharge curves and SC impedance spectra, as a rule, cannot be described by a
single RC circuit. A model of distributed RC-circuits of De Levie is widely used for such porous electrodes [8, 9], which
provides an infinite number of such circuits; however, in most cases a good correlation of experimental and calculated data is
achieved by using a circuit of two links, as shown in Fig. 1. This correlation was obtained both for the discharge curves at
different loads [10, 11] and in the description of the impedance spectra [12]. A satisfactory correlation was observed [12] for
SC with the highest power when the spectrum was modeled using only one RC- circuit.

This review does not contain a detailed description of the impedance spectra since some authors have recently
submitted a detailed article on this topic. It should be noted that SC containing carbon electrode materials with a relatively
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Fig. 1. Equivalent model of two RC-chains,
which provides a good description of SC
charge-discharge processes.
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narrow pore size distribution and a low internal resistance show spectra that are close to theoretical, with a dominant capacitive
component in the low frequency range. The contribution of an induction component is insignificant in the vast majority of SC
with different design solutions.

There were multiple attempts to provide a complete theoretical description of the charge-discharge processes of SC
electrodes involving various models of their structure aimed at finding the optimal porous structure, electrode thickness, etc.
(see, for example, [13, 14]). Unfortunately, these attempts were not successful; therefore, the electrode characteristics should
be considered together with the electrolyte characteristics [15, 16]; at the same time, stationary models do not consider possible
changes in electrolyte mobility in pores of different sizes. The possible quantitative effect of such a change on the SC
characteristics was first shown by Kalugin et al. [17]; calculations within molecular dynamics showed a significant slowdown
in the diffusion of acetonitrile in carbon nanotubes with a decrease in their diameter, which was caused by the increasing effect
of confinement. Since acetonitrile is the most common solvent in SC technology, it is necessary to perform experimental tests
of mobility reduction of its electrolytes in nanoporous activated carbon materials, which are widely used in SC electrodes.

It should be noted that analysis of all possible contributions to the SC internal resistance shows [5] that a decrease
(about 70%) in electrical conductivity of an electrolyte is dominant in the nanoporous structure of an electrode. Piezoquartz
microweighing and NMR measurements in situ experimentally showed an accumulation of electrolyte ions with a charge
opposite to the sign of applied potential; at the same time, electrolyte ions can be partially desolvated when potentials are
applied to SC electrodes in nanopores of electrode materials [18]. The NMR method of pulsed field gradient stimulated
spin-echo was chosen [19] to determine the mobility of electrolyte ions in such nanopores, which is widely used to measure
diffusion coefficients in liquids [20]. The work [19] used this method and an attachment for spin-echo measurements in solids
to study the electrolyte diffusion processes in nanopores of activated carbon powders. The NMR ampoule contained common
SC components, such as powder of nanoporous carbon material impregnated with a solution of ethyltrimethylammonium
tetrafluoroborate (EtMe3N+BF; )* in acetonitrile. Measurements were performed on 'H and '°F nuclei, providing a satisfactory

correlation of the obtained values of diffusion coefficients with the change in the internal resistance of SC prototypes using the
same powders as electrodes.

The diffusion coefficients were also determined by cyclic voltammetry with a rotating disk electrode [21], on which a
layer of nanoporous carbon powder was deposited in order to further verify the results of these measurements. The
measurements with a porous rotating electrode also showed [19] a satisfactory correlation between ion diffusion slowdown in
nanopores of different carbon materials and an increase in the resistance of SC prototypes in which these materials were used as
electrodes.

It should be noted that the obtained values of diffusion coefficients for the eight studied nanoporous carbon materials
[19] differ significantly for BF, anion (from 5- 10%m?s ' to 14-10 1" m*s ") and for EtMe3N+ cation (from 1.25- 1019 m?s!

t0 2.05-107'° m%.s7). Although the values of diffusion coefficients obtained using both methods are obviously average values
for pores of different sizes, it is not surprising that the diffusion coefficient values and the corresponding SC resistance are

*Tetrafluoroborate tetracthylammonium is also often used. The electrical conductivity of such electrolytes in acetonitrile
reaches 55-60 mS/cm at room temperature.
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Fig. 2. Dependence of available energy on the amount of load for
SC with the same capacity of 1400 F but with different internal

resistance: 0.09 mQ (1) and 0.50 mQ (2).

correlated when considering the De Levie model and its simplified representation in Fig. 1, which also summarizes the
resistance of different RC-circuits. According to the obtained data, the measurement method for effective diffusion coefficients
was patented [22] to select materials for positive and negative SC electrodes with the lowest internal resistance and,
accordingly, the highest values of specific power and efficiency.

It should also be noted that low internal resistance, even though it does not determine the maximum SC energy stored
(Eq. (3)), significantly affects the dependence of available energy on the amount of load. Figure 2 shows results [23] of studies
of the SC samples produced by different manufacturers with the same capacity values (about 1400 F) and operating voltage
(2.7 V) but with significant difference in internal resistance. Figure 2 shows how low resistance stabilizes high energy level
when load is increased. The use of SC is usually associated with high loads, and in these cases, low resistance can double useful
energy and, as a result, significantly reduce the level of energy dissipation in the form of heat, in particular, power source
heating. It is possible to avoid dangerous power supply overheating in many cases and eliminate its active cooling when using
SC with low internal resistance.

In addition to low internal resistance, the SC operating voltage is another important factor involved in specific power

and specific energy increase. The maximum values of power (P,,,) and energy (£, ,,) are proportional to the square of the

voltage:
U2
Pm X > 2
TS @)
cuU?
Emax = 2 ’ (3)

where U is the SC operating voltage; C is the capacitance; R, is the internal resistance. The operating voltage of commercially
available SC is in the range of 2.5-3.0 V with tetraalkylammonium tetrafluoroborate solutions in acetonitrile, which are used as
electrolytes. Cyclic voltammetry (CV) is used to select electrode materials that can provide high SC operating voltage, as
shown in [19]; examples are shown in Figs. 3 and 4.

It is possible to increase the SC operating voltage to 3.0 V or even higher by increasing self-discharge and reducing
lifetime by means of different carbon materials for positive and negative electrodes.

It is almost impossible to increase the operating voltage by using other aprotic solvents instead of acetonitrile. For
example, the work [24] showed that acetonitrile limits the growth of the positive electrode potential, while the use of propylene
carbonate limits the range of negative potentials. The use of ionic liquids has not solved the problem yet, as their high
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Fig. 3. For example, CV for a three-electrode cell with a
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Fig. 4. An example of CV in a SC model with electrodes selected
for the positive and negative potential regions according to the
method shown in Fig. 3.

electrochemical resistance is neutralized by their high viscosity at room temperature and, consequently, low electrical
conductivity. The increase in electrical conductivity by increasing temperature is accompanied by a significant decrease in
their electrochemical stability (“electrochemical window” narrowing) (see, for example, Table 1 and comments). Their limited
use in SC technology, which mainly involves high-temperature applications, is due to the higher cost of ionic liquids when
compared to known aprotic electrolytes [25].

It should be noted that SC operating temperature increase can be achieved not only by ionic liquids but also by some
organic solvents with boiling points around 200°C, such as benzonitrile, which enable operation of the SC at a temperature of
100°C and above [26], and which show even better performance when compared to ionic liquids. For example, the
characteristics of SC from the FastCap Co., USA [25], one of the leaders in the use of ionic liquids (IL) and vertically oriented
carbon nanotubes in the electrode, can be compared with the SC characteristics based on benzonitrile (PhCN) and nanoporous
activated carbon’ [26] (Table 1).

Table 1 shows the low operating voltage of SC with ionic liquid at 100°C (while the voltage drops to 1.5 and 1.0 V at
125°C and at 150°C respectively [25]). The internal resistance of SC with ionic liquid remains quite high even at 100°C; which
is shown by the comparison of RC constants: 2.7 s and 0.66 s for SC with ionic liquid and 0.20 s for SC with benzonitrile. The
RC constant value determines the SC charge-discharge rate, for example, the degree of charge Q, for time ¢ is determined by

"The results of our tests, as well as tests performed at the IME Laboratory, Cleveland, USA.
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TABLE 1. SC Characteristics Based on Ionic Liquid and Benzonitrile at 100°C

. . . Specific energy,

Electrolyte/solvent Capacity, F Resistance, mQ Voltage, V Weight, kg Wk

g
IL [25] 370 7.4 2.0 0.11 6.7
IL [25] 38 17.3 2.0 0.021 3.6
PhCN [26] 200 1.0 2.5 0.052 12.0

_r
Qt = Qf 1—e RC , (4)

where O, is the full charge of the SC.

The relatively low specific energy of the first two SCs in Table 1 is obviously due to the inaccessibility of a significant
part of the nanotube surface for a viscous electrolyte, as well as the low operating voltage.

Recently, their modification by nitrogen heteroatoms is often used to improve the performance of SC electrode
materials [27]. The surface of nanoporous carbon can be effectively modified as a result of, for example, thermal
decomposition of melamine with the release of ammonia [28, 29]. The work [28] shows that pre-oxidation of activated carbon
allows one to introduce an increased (compared to unoxidized) and adjustable amount of nitrogen into its surface. Surface
oxidation methods are well known [30] and, according to our observations, oxidation with subsequent nitrogen modification
allows one to reduce the SC internal resistance and increase its operating voltage and specific power in some cases [29]. This
method can be especially promising when using microwave treatment, the duration of which does not exceed 8-10 min, instead
of continuous and energy-consuming treatment of a mixture of carbon material with melamine in a tubular furnace [31].

When new allotropic modifications of carbon, such as carbon nanotubes and graphene, were discovered, researchers
have tried to use them in SC electrode materials for several years [32, 33]. However, despite numerous assumptions of high
performance of these materials, there was no practical evidence of such a fact in real prototypes or commercial samples of SC.
For example, Table shows the SC technical characteristics of the FastCap Co. [25] with electrodes containing vertically
oriented nanotubes on a current collector. Their use (in this case in combination with ionic liquids) does not provide any
advantages over nanoporous activated carbon materials. Similar results were obtained in our laboratory with nanotubes from
other manufacturers; in particular, SC prototypes with electrodes based on nanotubes or commercially available nanoporous
activated carbon produced under the same conditions showed significantly higher parameters in the second case. This may be
due to the availability constraints of the inner surface of nanotubes, as discussed above and in [17, 19], as well as the low
specific value of their outer surface.

Attempts to replace nanoporous activated carbon in SC electrodes with graphene led to a decrease in performance in
some cases [34]. Thus, the four studied samples of graphene had the following values of specific surface area (DFT) and
electrostatic capacitance: 1440 m?/g and 84 F/g, while the corresponding values of the best commercially available nanoporous
carbon materials obtained from coconut shells are in the range of 2100-2400 m*/g and 112-130 F/g [34]. The significant
reduction in specific surface area (and, consequently, capacity) may be caused by a partial aggregation of single-layer graphene
fragments into multilayer ones. On the other hand, the Graphene Energy Co., USA, reported [35] the development of laboratory
samples of SC based on graphene and ionic liquid with an operating voltage of 3.5 V and energy stored of about 70 kJ/kg.
However, the subsequent works involving the same Ruoff’s team show [36, 37] that in this case the electrode material was
obtained by chemical activation of thermally expanded graphite with potassium hydroxide. The material has a
three-dimensional structure with pores ranging in size from 0.6 to 4 nm, with high specific surface area and capacity of about
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150 F/g. Therefore, the properties of the obtained material are obviously associated with three-dimensional activated carbon,
which is not subject to aggregation, rather than with single-layer graphene. The aggregation of single-layer graphene was
prevented in the works of Miller et al. [38, 39] through the production of ultra-thin electrodes (0.6 pm) using vertically oriented
graphene petals on a metal substrate. At the same time, obtaining an energy-intensive system was not the goal; rather, the
possibility of replacing aluminum electrolytic capacitors with RC constant at the level of 0.1 ms for current filtration circuits at
a frequency of up to 120 Hz was studied. An effective increase in SC energy density can be achieved by creating so-called
pseudocapacitors or hybrid systems that include components of SC and batteries.

PSEUDOCAPACITORS (PC)

The name “pseudocapacitors” involves electrochemical systems in which the capacity of the electric double layer is
supplemented by the electrode-electrolyte distribution surface by charge transfer processes across this boundary [3, 40, 41].
Since the charge accumulation process involves both the surface and volume of the electrode, PCs show almost twice the
specific energy when compared to common SCs. The first PC samples included Ru and Ir hydrated oxides as an active electrode
material, although there were attempts to use oxides of other transition metals [42, 43]. The redox transition Ru/Ru' is
associated with rapid proton exchange between oxide and hydroxide sites. High capacity (up to 500 F/g based on active mass)
and high values of velocity/current were obtained for the charge-discharge processes due to reversible reactions on the
electrode surface. However, these systems have not been widely used due to low availability and high cost of the most efficient
Ru and Ir-based materials.

Over the last two decades, polymers with high electronic conductivity, such as polyaniline, polypyrrole, and
polythiophene have also been studied as PC electrodes [44-46]. The Crosslink Co., USA showed [46] the characteristics of PC
button cells with polyaniline-based electrodes with a specific power of several kW/kg (depending on design) and an energy of
about 20 kJ/kg taking into account the weight of the polymer, which is comparable to the characteristics of existing SCs. On the
other hand, Barsukov et al. [44, 45] proposed a “capacitor” concept with polyaniline-based electrode with the possibility of
obtaining ultra-high specific capacity (up to 500-600 F/g). However, these studies reported the gradual formation of a
nonconductive layer in polyaniline near the boundary of the current collector. Developers of PC based on electrically
conductive polymers are faced with this effect, which may be at least one of the reasons for rapid degradation of the system and
reduction in the number of charge-discharge cycles, thus preventing their entry into the energy storage market.

Recently, the group of Gogotsi and Barsoum [47, 48] synthesized a new class of materials under the general name
MXene, in particular, two-dimensional carbides or nitrides of transition metals. The resulting materials, such as Ti,C,, form a
layered structure with a layer thickness equal to several atoms. The material has high electronic conductivity; at the same time,
the intercalation of various ions into an interlayer space is possible. Various possible applications of MXenes are offered, in
particular, as electrode materials for PC with high specific capacity; however, these concepts have not gone beyond laboratory
studies yet. Nevertheless, it is important to obtain data on resource tests of these promising materials, PC behavior based on
them in a wide temperature range, and capacity dependence on current, etc.

Another type of material that can be classified as PC is based on metal complexes with organic ligands. There are
known attempts at using complex compounds in the polymer matrix as electrode materials, such as complexes of mixed
valence metals with Schiff bases derived from salicylic aldehyde and aliphatic diamines [49], which can be reversibly oxidized
and reduced in the desired potential range. The use of such metal complexes has not gone beyond laboratory studies yet, which
is due to the insufficient reversibility of their redox transformations and insufficiently high capacity at a relatively high cost.
Recently, metal-organic framework structures (MOF) have gained popularity, which are considered a new class of porous
materials with a high specific surface area and a large volume of pores [50, 51]. However, the direct application of MOF in PC
is still limited by their low electrical conductivity and insufficient electrochemical resistance. On the other hand, MOF-based
framework structures contain more carbon and may be used as precursors for the template synthesis of nanoporous carbon
materials with a given pore structure and transport channels. The study [51] showed one of the first examples of such template
synthesis of nanoporous carbon material with a high specific surface area and good electrode characteristics when used in PC,
in which an MOF-5 framework structure (Zn,0(OOCCH,COO),) with a three-dimensional intersecting channel system and a
cavity diameter of 1.8 nm and furfuryl alcohol was used as a precursor. The obtained electrode material showed a maximum
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specific capacitance of 312 F/g. This template synthesis in combination with doping by nitrogen heteroatoms contributes to the
production of electrode materials with a specific capacitance of 270 F/g, regardless of cycling with a current of 2 A/g [50]. In
addition, MOFs contribute to the production of composite materials containing nanoparticles of metal oxides, such as
Co0/Co,0, [52], thus increasing the capacitance of the system by adding pseudocapacitance by means of redox processes
involving these nanoparticles. Further studies of MOF in SC and PC systems appears promising.

COMBINED AND HYBRID SC SYSTEMS
WITH BATTERIES

According to the above data, a significant increase in SC energy density due to the use of new carbon materials in
electrodes and/or new electrolytes seems unlikely. Pseudocapacitor systems have not provided a significant breakthrough yet.
Therefore, the technology of storage and power sources until recently proceeds in two directions: in one, the SC is used to
obtain short-term superpower energy pulses and, in the other hand, (mainly) LIB is used to provide high specific energy at low
specific power. If the former “suffers” from a lack of energy, the use of the latter can be dangerous in high power modes,
especially during fast charging involving high current. There are numerous well-known cases of their uncontrolled
overheating, destruction, and even combustion that are caused mainly by such modes [53]. A combination of SC and LIB could
be a natural solution to this issue, in particular, parallel connection of two power supplies, where LIB provides the required
energy consumption, while SC covers peak loads. Such a module with a voltage of 12 V was implemented by us; indeed, the SC
fragment successfully withstood peak loads, allowing the LIB fragment to operate in an energy-saving mode and maintain the
SC fragment voltage (see Fig. 5).

However, the parallel combination of two current sources, each of which consists of series-connected elements of SC
and LIB aimed at achieving the desired voltage, leads to a corresponding increase in mass and volume caused by a separate
packaging of each source, two control and monitoring systems (BMS), and additional contacts. This increase may be
insignificant for a number of stationary applications, but the weight and/or volume of power supply is very critical for
numerous moving or portable objects, such as aircrafts, cars, and smart phones. Therefore, other solutions should be sought,
one of which may involve internal hybridization of electrochemical systems of SC and batteries at the level of electrode
materials and electrolytes. Theoretical principles of such hybridization were formulated in the known studies [3, 4, 54]. In
addition, some examples of practical implementation of hybrid systems will be considered below.

According to the terminology [54], the principle of asymmetric or “serial” connection of electrodes using SC and
battery technology was implemented in the first hybrid systems. For example, the first industrial hybrid [55, 56] included
nanoporous carbon material (SC fragment) in the negative electrode and nickel hydroxide (technology of nickel-cadmium or
nickel-metal hydride batteries) in the positive electrode. This hybrid system doubled the energy density of the SC, providing
fast charging within 15 min using inexpensive electrode elements and an aqueous alkaline electrolyte. It is not surprising that
the technology was licensed by SAFT to power large diesel vehicles [57]. It is assumed that the use of a hybrid capacitor will
optimize battery performance and provide the necessary power to start diesel engines even at low temperatures or for frequent
starts in a start-stop system.

Later, similar serial hybrids were developed [58, 59] using a positive electrode and an electrolyte involving technology
of lead-sulfuric acid batteries; at the same time, nanoporous carbon material was used in the negative electrode. The advantages
of the system included low-cost elements, well-designed technology for the production of lead-sulfuric acid batteries, and a
twofold increase in specific energy when compared to common SC.

Serial hybridization of SC with LIB has also been successfully performed. This type of hybrids is known as LIC (Li-ion
capacitor) [60-64]. As for battery technology, LIC usually includes an anode, most often graphite, although turbostratic carbon
(“hard carbon” in the English literature) [62] or lithium titanate, Li, Ti;O,, [64], was used in some cases. An original approach
was proposed using a composite material such as nanoparticles of lithium titanate deposited on carbon nanofibers [65, 66]. The
industrial development of LIC was carried out by the JSR Micro Co. [60, 63]. Hybrid capacitors and modules with an operating
voltage of up to 45.6 V and a capacity of up to 800 F, produced under the brand of ULTIMO, show high discharge currents and a
large number of charge-discharge cycles.
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Fig. 5. Distribution of current between SC and LIB
fragments when discharging the combination module
with a voltage of 12 V. Total discharge current /=400 A,
module mass 2.2 kg.

It should be noted, however, that all of the above technologies of asymmetric or serial hybridization can only double
the capacity of common SCs. According to Eq. (1) the total system capacity is limited to the significantly lower capacity
electrode of SC technology in this case, where only the capacity of the electric double layer is realized. Although higher values
were obtained for laboratory samples, ULTIMO modules have specific energy only in the range of 40-50 kJ/kg [62]. On the
other hand, Eq. (1) suggests a way of overcoming this limitation. It is not enough to increase the capacity of only one electrode,
but it is necessary to find a way to increase the capacity of both positive and negative electrodes.

The theoretical justification of such a symmetric solution was proposed in the study of Kotz et al. [54], which is called a
“parallel” hybrid. It was implemented in practice in our works [67, 68]. The system proposed by us has the following
properties.

— Both positive and negative electrodes are obtained by mixing powders of nanoporous carbon material and lithium
transition metal oxide or phosphate; the negative electrode contains nanosized lithium titanate powder, while the positive
electrode contains any cathode material known in the technology of Li-ion batteries. According to Figs. 3 and 4, nanoporous
carbon in the positive and negative electrodes can be different, aimed at better matching of potential ranges with battery
components. In general, the active components of the obtained composite electrodes should be carefully matched to the mass
and ranges of the operating potentials, thus preventing the allowable potential intervals in the charge-discharge processes to be
exceeded.

— A binding agent and electrically conductive additive (special carbon black and/or graphite) are added to the powder
mixture of the active electrode components; the resulting composite is deposited on aluminum foil (current collector), thus
forming an electrode.

— It is desirable to use solutions of chemically stable lithium salts as an electrolyte, which are common for Li-ion
battery technology, such as lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) in acetonitrile. It is necessary to use
acetonitrile instead of carbonate solvents, which are commonly used in the technology of Li-ion batteries, to increase electrical
conductivity. It is also possible to add tetraalkylammonium salts to the electrolyte for this purpose.

As a result, such hybridization of the entire electrochemical system (both electrodes and electrolyte) leads to a
significant increase in specific energy; in particular, energy density of the first generation parallel or symmetrical hybrids was
raised to 120-130 kJ/kg [5]. Currently, the second generation of such hybrids shows energy density of up to 220 kJ/kg while
maintaining the inherent high discharge currents for SC, possibility of fast charging, and continuous cycling. Some of the
important characteristics for practical use are shown in Figs. 6 and 7.

Figure 6 shows the charge-discharge curves of a parallel hybrid manufactured by Yunasko-Ukraine. The figure shows
the two main distinguishing characteristics of the hybrid system when compared to its “parents,” such as SC and LIB. In
contrast to SC, the charge and discharge curves of the hybrid system to relatively high currents (order of 10C) are characterized
by a flat plateau in the region above 2 V, apart from an order of magnitude higher specific energy. The SC charge and discharge
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Fig. 6. Charge-discharge curves of the hybrid sample with a capacity of
3 A'h and a mass of 110 g in galvanostatic mode: 1) charge with a
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current of 150 A; 4) discharge with a current 200 A; 5) discharge with a
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Fig. 7. Ragone plots: 1) SC; 2) the hybrid sample of Yunasko-Ukraine
company; 3) a common high-power Li-ion battery [71].

in the galvanostatic mode is accompanied by a linear change in voltage, which requires an additional connection of a dc-dc
converter for many practical applications. The ability to discharge by large current (for example, 300 A for 20 s for a sample
weighing only 110 g (Fig. 6, curve 6) and the possibility of a full charge in just 5-6 min is an important difference when
compared to LIB. An additional advantage of the hybrid system over LIB is a significant increase in the number of
charge-discharge cycles: 3,000 complete cycles is the default value for LIB, while the hybrid system can operate steadily for up
to 30,000 or even more cycles.

Visual comparison of the characteristics of different electrical energy sources is usually performed by Ragone plots
[69, 70]. The dependence of specific energy on specific power of discharge is built into the logarithmic scale, which is delivered
to a load. Figure 7 shows plots for the SC samples (curve 1), high-power version of LIB [71] (curve 3), and hybrid sample
(curve 2), the charge-discharge curves for which are presented in Fig. 6. All three curves indicate a decrease in useful energy
when load is increased, which is similar to Fig. 2 for SC with different internal resistance. This effect is caused by the
dissipation of energy partially in the form of Joule heat, which is released inside the current source and the value of which is

320



proportional to its internal resistance. Such dissipation is highly undesirable not only due to the partial loss of energy, but it can
also pose the risk of uncontrolled overheating of the source, which has already led to the combustion of LIB in some cases [53].

Figure 7 also shows a characteristic time grid [69] for different current sources, indicating which part of energy can be
obtained at full discharge at a given period of time. Figure 7 shows that the use of SC can provide high specific power
(10 kW/kg and even higher), but for a short period of time, in particular, less than 20 s and up to a sub-second range, which can
be effectively used, for example, for sharp acceleration of electric cars [23], in start-stop systems in hybrid cars (for example, in
Peugeot e-HDi), and in portable welding equipment [72]. Common LIBs with a specific energy of about 700 kJ/kg have slow
charging and discharging process and are not shown in Fig. 7. Nevertheless, the characteristic discharge time should be chosen
between 5-10 min or above even for high-power LIB to avoid a high level of energy dissipation into heat. The niche between
the high-power LIB and SC is successfully filled by hybrid systems, which can be discharged quite effectively in the period
from 20 s to 10 min and which can also be fully charged in 5-6 min.

CONCLUSIONS

1. Currently, supercapacitors are the best candidates for high specific power devices. They are able to provide
discharge pulses in the range of 10-50 kW/kg, the possibility of a full charge in seconds, and almost unlimited cycling.
However, they are competitive only in the time interval from milliseconds to 10 s due to the relatively low energy density.

2. Pseudocapacitor systems and supercapacitor hybrids with different types of batteries, in which one of the electrodes
belongs to supercapacitor technology, are able to double their specific energy, which is enough to expand their applications.

3. Combined systems in which a supercapacitor is connected in parallel to a battery and can effectively cover peak
loads, thus allowing the battery to operate safely and for longer periods of time, have limited use except in a number of cases.

4. Hybrid systems, in which the combination of supercapacitor elements and lithium-ion batteries is carried out at the
level of a single electrochemical system, are able to increase the energy density of supercapacitors while maintaining higher
specific power and a larger number of charge-discharge cycles when compared to batteries, as well as provide a full charge in
just 5 min.
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