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In this work, the processes occurring in electrochemical systems based on nanoporous carbon material and
manganese oxide in an aqueous solution of lithium sulfate are analyzed. Furthermore, it is shows the feasibility of
these materials combination cycling as electrodes of a hybrid electrochemical capacitor. The combination of
electrode materials with different mechanisms of charge accumulation was determined. Consequently, an increase
in the accumulated energy by more than 25 % by the formation of an electric double layer and the occurrence of
redox reactions based on carbon and manganese oxide respectively. The laboratory sample of an aqueous
electrolyte hybrid electrochemical capacitor was formed. Moreover, the laboratory sample is electrochemically

stable at an operating voltage of 2 V.
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Introduction

It is urgent task today the optimization of the
methodology for the synthesis of electrode materials of
highly efficient electrochemical charge storage devices.
Typically, it is important that the new electrochemical
devices should have high specific power and energy
values, as well as operates for >10° charge/discharge
cycles at a stable Coulomb efficiency.

Electrochemical capacitors (EC) is one of such
devices in which charge is accumulated due to the
occurrence of redox reactions and the formation of an
electric double layer (EDL) at the interface of the
electrode material with a large specific surface area
(1500 - 2000 m?/g) with electrolyte [1]. The particular
attention is paid to the development of methods for the
synthesis of new electrode materials that are not
destroyed or degraded during the charge/discharge
process [2, 3].

Activated carbon (AC) is one of the most common
materials used to form classic EC electrodes. Moreover,
supercapacitors were formatted based on AC, that
operate on the charge / discharge principle of EDL [4].
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On the one hand, the advantages of using AC are
simple technique for production with high specific
energy and energy characteristics, chemical and
electrochemical stability, as well as the availability of
raw materials and their low cost.

On the other hand, it is the insufficiently high
accumulated specific energy of EC in comparison with
power supplies prompts the development of a new type
of electrochemical systems that can solve this problem.
One of the ways to increase the specific energy is the
formation of hybrid electrochemical capacitors (HECS),
in which charge accumulation processes of different
nature occur on paired electrodes [5], namely, a redox
reaction and charge accumulation of a EDL on the one
and other electrodes respectively. The use of a non-
polarized electrode raises the potential of a single
element and increases the operating voltage of the EC,
since in the equivalent circuit the second capacitor
connected in series is removed, thereby increasing the
amount of accumulated energy [6].

Thus, HECs attract considerable scientific and
practical interest due to they provide high power,
compared to batteries, accumulate more energy than
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conventional supercapacitors, and have a long cycle life
[7]. Furthermore, it is possible that, HECs can be bridge
the efficiency gap between the energy density of batteries
and the high power density of conventional dielectric
capacitors by implementing two different charge storage
mechanisms, and thus provide rapid energy storage and
release [8].

Typically, the material for a polarized electrode is an
activated carbon material, and for an unpolarized one, it
is promising to use oxides, hydroxides, and sulfides of
transition metals.

In this work, we have been researched the porous
structure of carbon material, the crystal structure of
a-MnO, and the electrochemical characteristics of
symmetric and hybrid electrochemical capacitors with
electrodes based on the obtained materials in an aqueous
electrolyte of lithium sulfate.

I.  Synthesis of materials and research
methods

Nanodispersed manganese oxide alpha form of
predefined morphology was obtained by hydrothermal
synthesis, in accordance with the redox reaction of
3MnCl; + 2KMnO4 + 2H,0 — 5Mn0O, + 4HCI + 2KCI
[9].

The investigation of the phase composition and crystal
structure of the obtained materials was carried out using
X-ray diffractometric analysis on a DRON-3.0
diffractometer in the radiation of a copper anode (Cu Ka -
radiation).

The morphology of the obtained carbon materials
was investigated by low-temperature porosimetry using a
Quantachrome Autosorb Nova 2200e equipment. Before
measurements, AC was degassed at 180° C for 18 h. The
specific surface area was determined using the BET
(Seer) method with a linear dependence of

L/[W (po / p) - 1] on po/p in the adsorption isotherm
range for the po / p ratio in the range from 0.05 to 0.35. In
addition, the Langmuir (S.) and DFT (Sper) methods
were used to determine the total surface area of
microporous carbon materials. The area of micropores
was determined by the t-method (St-micro), and mesopores
by the BJH method (Sgin-meso). The total pore volume
(Vi) was calculated from the amount of adsorbed
nitrogen at P / Po ~ 1.0, the volume of micropores (Vmicro)
was determined using the t-method.

The research of the properties of electrochemical
systems o - MnOx/electrolyte, ~ AClelectrolyte  and
ACl/electrolyte/o. - MnO, was carried out in a three-

electrode cell wusing an Autolab PGSTAS/FRA-2
impedance spectrometer. The information on the
electrochemical behavior of the o- MnO2/electrolyte

system from 0 to 1V potential window and the
AClelectrolyte system in the range from -0.2 to -1V
relative to the chlorine-silver reference electrode was
obtained by cyclic voltammetry. The rate of the applied
potential was varied in the range from 1 to 15 mV/s. For
comparison, the attached results of measuring the specific
capacitance by the galvanostatic method at a constant
current in the range from 0.1 to 15 mA.

Working electrodes were prepared by applying a
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mixture of the material under research/acetylene
black/polyvinylidene fluoride (solution in ethanol) on a
nickel grid (5 mm X 5 mm) in a mass ratio of 85 to 10 to 5.
The mass of the working electrode was 0.02 g.

The research of the hybrid electrochemical
capacitors behavior was carried out in a two electrode
cell. The HECs electrodes were formed based on the
same procedure. The formed electrodes were separated
by a separator and placed in an electrochemical cell,
which was hermetically sealed after filling with
electrolyte.

I1. Results and Discussion

According to the results of X-ray analysis, a
monophase ultrafine phase a-MnO, with a crystal
structure of Mn* * and O% was formed using the
hydrothermal methods of synthesis at a temperature of
180°C for 48 hours, (JCPDSno.42-1348) (Fig. 1).
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Fig. 1. XRD patterns of the obtained sample and
reference (JCPDS no.42-1348) a - MnO> [9].

It was determined that, the average sizes of the
coherent scattering regions are 12 -16 nanometers
calculated by the Scherrer equation. Moreover, the four
molar concentration of KCI ions is a key factor of the
a - MnO; phase formation [9].

The adsorption/desorption isotherms obtained for
AC are typical for microporous carbon materials was
determined by low-temperature porosimetry [10]. The
volume of sorbed nitrogen increases to 450 cm®/g with an
increase in relative pressure to unity and gradually
decreases during desorption, forming a hysteresis loop at
high pressures.

A significant contribution to the specific surface area
and total pore volume was produced by micropores with
a size of 0.5-2 nm was determined by distribution of
pore volume and area by size. Furthermore, mesoporous
2-6 nm in size are formed a porous volume of
0.28 cm®/g [10].

The quantitative characteristics of the porous
structure of AC are presented in Table 1.

The obtained AC material is microporous with
mesopores, which make up to 15 % of the total surface
area. The surface area is equal to 1236 m?/g, determined
by three methods, correlates within the error, is 10 %.
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Table 1
Sorption characteristics of AC
Sample SBET, SL, SDFT, St-micro, SBJH-meso, Smicro, VtotaI, Vmicro,
m?/g m2/g m2/g m?/g m2/g % cm®/g cmi/g
AC 1236 1405 1085 1040 160 84 0.69 0.41
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Fig. 2. Potentiodynamic curves were obtained for the o - MnOy/electrolyte system at scan rates from 1 to 15 mV /s a)
and the dependence of the specific capacity of the system on the scan rates b).
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Fig. 3. Potentiodynamic curves obtained for the system AC/electrolyte a) and the dependence of the specific capacity
of the system on the scan rates.

The micropore volume determined by the t-method is set
to 0.41 cm®g, which is about 60 % of the total pore
volume determined at the maximum pressure. Mesopores
play the role of transport channels for adsorbate or
electrolyte to enter micropores.

I11. Electrochemical parameters of
symmetric and asymmetric
supercapacitors

It was determined that the cyclic voltammetry curves
obtained for the a-MnOylelectrolyte system are
asymmetric over the entire range of scan rates by the
method of cyclic voltammetry (CV) (Fig. 2a).

The CV curves show that redox peaks are at both the
anodic (U = 0.5V) and cathodic (U = 0.4 V) curves,
respectively, which shift towards a lower potential with
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increasing scan rate. Moreover, it is evidence of the
passage of electrochemical reactions of charge
accumulation due to reverse transitions of Mn®* to Mn**

Figure 2b shows the dependence of the specific
capacity of the a - MnO2/electrolyte system on the rate of
change in the applied potential.

An increase in the scan rates (from 5 mV/s to 15 mV/s)
leads to a slight decrease in the specific capacity of the
system, which indicates the prospect of using these
materials at high scan rates.

It was determined that after 5, 50 and 150 scan cycles,
the CV curves retain their usual shape, this shape is
indicates the reversibility of charge-discharge processes
occurring in a system with electrodes based on a - MnO; in
Li>SO4 electrolyte.

The CV curves of the AC/electrolyte system are
typical for EC with EDL (Fig. 3, a). With an increase in the
scan rate from 1 to 10 mV/s, the potentiodynamic curves
deviate from a rectangular shape due to an increase in the
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Fig. 4. Potentiodynamic curves of the AC/Li>SO./
a -MnO; system at a scan rate of 1 mV/s.

internal resistance of the system.

The shape of the obtained CV curves is typical for EC
with carbon electrodes in aqueous electrolytes [11]. At low
scan rate, the CV curves have a symmetric approximate
rectangular shape and, which is typical, there are no peaks
that are responsible for the course of redox processes in the
system. The maximum value of the specific capacity (Fig.
2, b) of a carbon electrode in Li>SO4 electrolyte is 45 F/g.

Figures 2, b and 3, b shows the dependences of the
specific capacity on the scan rate for systems based on
AC and o-MnO; respectively. Furthermore, with an
increase in the scan rate from 1 mV/s to 15 mV/s, the
specific capacitance for both systems decreases
monotonically. Thus, it is can be noted that the change in
the specific capacitance from the scan rate for both
systems is practically the same, which is positive during
the systems works.

A hybrid electrochemical system of the AC/Li,SO4/
a - MnO; type was formed based on carbon material and
manganese oxide of the a form in the negative and
positive potential range respectively. It is possible to an
increase in  the energy characteristics of an
electrochemical cell due to the use of materials with a

different nature of charge accumulation in the
electrochemical system, which allows it to function at
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higher voltages. The research of the combination
functioning of electrode materials in a hybrid
electrochemical system was carried out by the
potentiodynamic method. In order to determine the
optimal operating voltage of a single element,
potentiodynamic research were carried out with a gradual
increase in the maximum voltage (step 0.2 V) in the
range from 1.0 to 2.0 V (Fig. 4). In the entire voltage
range, the operation of the electrochemical system was
stable. Therefore, further electrochemical research were
carried out in this potential range.

The CV curves (Fig. 5,a) are characterized by the
presence of redox peaks, which are responsible for the

redox reactions, mainly according to the
charge

scheme Mn3t——Mn**,
discharge

The dependence of the specific capacity of HEC on
the cycle rate was determined based on experimentally
obtained potentiodynamic curves (Fig. 5a,b). The
maximum value of the specific capacitance is 46.5 F/g.
The HEC model has shown stability in the voltage range
from 0 to 2 for more than 500 cycles.

The total capacity of the HEC can be divided into the
capacity of the electric double layer (CepL) and the
diffusion-controlled redox capacity due to Faraday's fast
reverse reactions (Ce) C=Cg, +C:, based on the data
obtained with (Fig. 5, b) [12].

In the kinetic model [13], it is assumed that the scan
rate affects the total specific electrochemical capacity of
the system, since the diffuse component of the capacity
(Ce) is a function of the reaction time. Thus, the scan rate
can be considered inverse to the diffusion time.
Furthermore, in the case of semi-infinite linear diffusion,
the total capacity is related to the scan rate by the
following equation c=cC_, +a/+/s Where a is constant

value, and Cppy = Co—sp -

A decrease in the scan rate leads to an increase in the
specific capacity (Fig. 6,b). Thus, the dependence of the
specific capacity on the scan rate can be extrapolated in
the other direction to s=0 using the functional
dependence on s [13]. Since C increases linearly with
s¥2, then 1/C should decrease linearly with s2. Then,

504 b)

454 Q

C,F/g

O

0 T T T T T T T T
0 2 4 6 8 10 12 14 16

s, mV/s

Fig. 5. Potentiodynamic curves of the AC/Li,SO. / a - MnO2 system in the voltage range from 0 to 2.0 V at scan
rates of from 1 to 16 mV / s a) and the dependence of the specific capacity of the system on the scan rate b).
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Fig. 7. Charge / discharge curves for the AC/electrolyte system a) and o - MnO; / electrolyte b).

%=3%.,=bys Where C._, is the maximum specific

capacity that can be obtained, b is a constant.
Extrapolation of the C dependences from s'2 to the
Y-axis (Fig. 6,a) made it possible to determine the
specific capacity of the EDL of the materials under
research (Table 2).

Table 2
Specific characteristics of the HEC
CDEL, F/g 13.85
Crax, F/g 125
Coer/Crnax 0.11

The discharge curves of the research electrochemical
systems are shown in Fig. 7. For the AC/electrolyte
electrochemical system in the negative potential range
(Fig. 7, a), there is a linear dependence of voltage on
time, at constant current, which indicates electrostatic
charge accumulation.

For the o - MnOy/electrolyte electrochemical system
in the positive potential range, at low currents (Fig. 7, b),
the slope of the discharge curve changes, which is due to
the simultaneous implementation of two mechanisms of
energy accumulation namely the formation of EDL by
electrolyte ions on the surface of the electrode material
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and the occurrence of Faraday accumulation reactions
charge.

The use of materials with different nature of charge
accumulation and in different potential ranges made it
possible to design a hybrid electrochemical system
operating at a maximum voltage of 2 V in an aqueous
electrolyte (Fig. 8,a).

At low operating currents on the discharge curves
(Fig. 8,a), there is practically no voltage drop during
discharge, which indicates the minimum internal
resistance of the designed electrochemical system. The
system under research is electrochemically stable in this
voltage range, as evidenced by the constant value of the
Coulomb efficiency over more than 500 operating cycles.
The specific energy characteristics of the systems under
research (Fig. 8,b) were determined, namely, the
dependence of the specific energy on the discharge
current based on the obtained discharge curves (Fig. 7
and Fig. 8, a). The maximum values of the specific
energy for the systems o-MnO./electrolyte, AC/
electrolyte, and HEC with electrodes based on AC/
Li;SOs/a- MNO, are 39.4, 739 and 87.7 Jg,
respectively.
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Conclusion

It was determined that the obtained results of the
hybrid supercapacitor with electrodes based on AC and
a - MnO; in Li,SO4 is characterized by better energy-
efficient parameters than symmetric supercapacitors
based on two carbon electrodes, probably due to the
following structural features of electrode materials.

On the one hand, the porous structure of carbon
guarantees a high specific surface area (1236 m?g™) with
an average pore size of 2 - 6 nm. On the other hand, the
channel structure of the a-MnQO; transition material with
a particle size of 12 - 16 nanometers provides fast ionic
and electronic mechanisms of charge transfer, as well as
the course of the redox reaction and cyclic processes,
and, consequently, leads to an increase in the specific
capacity of the electrochemical system.
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IL.I. KonkoBebkuit, b.K. Octadiituyk, M.1. Konkoscwkuit, H.4. IBan1voOK,
C.C. CknenoBa, b.1. Pauiit

MexaHi3Mi HAKONTUYEHHS 3apPsiy B €JIeKTPOXiMiYHMX CHCTEMAX,
chopMOBaHHMX HA OCHOBi HAHOTIOPUCTOIO BYIVIEHI0 TA OKCHY MAHTAHY

HABH3 “Ipuxapnamcoruil nayionansnuil ynisepcumem imeri Bacuns Cmeghanuxa”, Ieano-@pankiscor, Yipaina,
Pkolkovskyy@gmail.com

B naniit po6oTi mpoaHaNi30BaHO MPOLECH, IO BiAOYBAaIOThCS B €JIEKTPOXIMIYHMX CHCTEMax Ha OCHOBI
HAHOIIOPHCTOTO BYIJICHEBOTO MaTepially Ta OKCHIY MaHTaHy y BOJHOMY PO3YMHI Cynb(ary JiTilo, a TaKoX
MOKA3aHO JOIJIBHICTE CYMICHOTO (DYHKIIOHYBaHHS [JaHUX MaTepialiB, SK eJIEKTPOIiB TiOpHIHOTO
€JIEKTPOXIMIYHOTO KOHAeHcaTtopa. [loeqHaHHSA eNeKTPOAHUX MaTepialiB 3 PI3HUMHU MEXaHi3MaMH HAKOTHYEHHS
3apsaay: GopMyBaHHS HOABIMHOTO €IEKTPUYHOTO IIapy HA BYIJVIEII Ta MPOTIKAaHHA PENOKC peakuii Ha MaHTaH
OKCHJII TIPU3BENO JIO0 3pOCTaHHA HaKomM4eHoi eHeprii Oimpmr Hixk Ha 25 %. CdhopmoBaHMil MakeT TiOpHIHOTO
€JIEKTPOXIMIYHOTO KOHJCHCATOpa Ha OCHOBI BOJHOTO ENIEKTPOJITY € ENEKTPOXIMIYHO CTaOIIbHUM Ipu pobouiit
Harpysi 2 B.

KnrouoBi cioBa: HaHOmOpHCTHI ByrileneBWi Martepiay, MaHraH OKCHI, TiOpHIHI e€JIEKTPOXiMiuHi
KOHJICHCATOPH, CYJIb(AT JiTit0, BOJILTAMICPOMETPIsI.
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