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In this work, the morphology of carbon material (CM) has been researched by the nitrogen adsorption/
desorption method. Furthermore, it was determined that the specific surface area is about 1200-1300 m2/g.
NiWO, was synthesized by co-precipitation method, and its structure was investigated by XRD. Additional-
ly, the electrochemical properties of CM and NiWO4 were studied by the methods of chronoamperometry
and voltammetry, and the use of these materials as electrodes of hybrid supercapacitors (HSC) — anode
and cathode, respectively, was tested. A hybrid electrochemical system of the CM/KOH/NiWO,4 type was
formed. The use of this system makes it possible to increase the operating voltage range of HSC based on
aqueous electrolytes from 0-1 V to 0.6-1.6 V, and, consequently, to increase the energy characteristics of a
unit cell by more than 2 times. It is shown that at operating currents of 1 mA, the specific capacity of the
HSC is 57.1 F/g, while the specific energy density and power are 7.09 Wh/kg and 1.39 W/kg, respectively.
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1. INTRODUCTION

One of the most common devices for the accumula-
tion and storage of electrical energy is an electrochemi-
cal capacitor (EC), which is due to the fact that ECs
have a high specific power, long cycle life and short
charge/discharge time [1, 2].

The most common material for the production of EC
electrodes is carbon material (CM) [3]. The advantages
of CMs are low cost, ease of manufacture and versatili-
ty of existing forms (foam, powders, composites, mono-
liths, foils). CM-based ECs operate on the charge/dis-
charge principle of an electric double layer (EDL).
Therefore, for effective recharging of EDL, materials
with a large specific surface area and pore size adapted
to the size of ions are needed, which is decisive for the
performance of ECs [4, 5]. The porosity of CM and the
pore size distribution were controlled depending on the
chemical or physical activation performed. The most
important parameters of the activation process are
time, temperature and type of activating agent [6, 7].

Despite the large specific surface area of CMs, the
amount of charge accumulated in the EDL is not large
enough, which in turn limits the specific capacity and
energy density of the device. Therefore, one of the ways
to increase the energy density of EC is the formation of
hybrid ECs, in which positive and negative electrodes
are made of materials with different mechanisms of
accumulation of electric charge due to an expansion of
the operating voltage range [8, 9]. An increase in the
voltage of a unit cell leads to a significant increase in
the specific energy, and the use of CMs leads to an
increase in the specific power of the device.

In this work, we study the effect of the porous struc-
ture of CMs on the electrochemical characteristics of
HSCs formed based on CM and nickel tungstate.
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2. SYNTHESIS AND RESEARCH OF
MATERIALS AND METHODS

Nickel tungstate powdered material was obtained
by co-precipitation method by mixing Na:WOQO42H20 and
NiClz ‘6H20. Thus, NiClz‘6H20 (8 mmol) was dissolved
in 50 ml of distilled water and stirred at 70 °C for 10 min
during the synthesis procedure. At the next stage, 40 ml
of Na:WO42H20 (8 mmol) dissolved in distilled water
was added dropwise. The addition process was carried
out for 1h, then the resulting suspension was further
stirred at 70 °C for 3 h. Finally, the light green precipi-
tate was repeatedly washed with deionized water sever-
al times and dried at 80 °C for 8 h in air.

CMs were derived from plant raw materials by car-
bonization and activation with potassium hydroxide.
Moreover, dried apricot seeds as a feedstock were
crushed to fractions from 0.25 to 1 mm and carbonized
in a closed furnace at 330 to 350 °C with a heating rate
of 10 °C/min. Thus, the resulting carbon was mechani-
cally crushed to fractions from 200 to 250 pm and mixed
with potassium hydroxide and water in a weight ratio:
m(C) : m(KOH) : m(H20) =1:1:2. The resulting mix-
ture was thoroughly stirred for 1 to 2 h, after which it
was dried in a thermostat to constant weight. Then, the
dry material was placed in a furnace and heated in an
argon atmosphere from 900 to 920 °C at a heating rate
of 10 °C/min and kept at this temperature for 20 min.
Finally, after cooling, the resulting material was washed
with 5 % aqueous HCI and distilled water to neutral pH
and again dried at 90 °C to constant weight [10].

The characteristics of the porous structure (surface
area and total pore volume) of CM were determined by
analyzing sorption isotherms of nitrogen at its boiling
point (77 K), obtained using a Quantachrome Autosorb
Nova2200e (Quantachrome Instruments, Boynton
Beach, FL, USA).
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Electrochemical investigation of the electrode mate-
rial/electrolyte system was carried out in a three-
electrode cell. The working electrode was made of a
mechanical mixture of the material under study and
acetylene black in a ratio of 80 :20. A platinum elec-
trode was used as an auxiliary electrode, and a silver
chloride (Ag/AgCl) reference electrode was placed in a
3.5 M aqueous solution of KCl and combined with the
working chamber through an agar-agar salt bridge.
A 30 % aqueous solution of KOH was used as the elec-
trolyte. Electrochemical study was carried out using an
Autolab PGSTAT/FRA-2 spectrometer in galvanostatic
and potentiodynamic modes. Galvanostatic research was
carried out at currents in a range of 1 to 100 mA. The
cyclic voltammetry (CVA) investigation was performed
at a scan rate of 1 to 50 mV/s. The specific capacitance
of EC and hybrid supercapacitor (HSC) was calculated
according to the procedure described in [11].

The performance characteristics of laboratory sam-
ples of HSC were determined in a two-electrode cell. In
HSC, the cathode was made from a mechanical mix-
ture of NiWO4 and acetylene black in a ratio of 80 : 20.
Another electrode (anode) was made by mixing CM
with acetylene black, also in a ratio of 80 : 20. Finally,
the resulting electrode materials were pressed into a
nickel mesh. Afterwards, the electrodes were leaked by
the electrolyte, separated by a separator and placed in
a two-electrode cell of 25 x 25 size. After that, they
were sealed.

3. RESULTS AND DISCUSSION

The crystal structure of NiWO4 was investigated us-
ing X-ray diffraction analysis (CuKa radiation) in an
angle range of 10° < 260< 90°. The obtained material is
amorphous and/or nanoscale in accordance with low
intensity of diffraction peaks. Also, NiIWO4 was kept in
air at 600 °C for 1 h. Nevertheless, diffraction peaks
corresponding to nickel tungstate from the database of
inorganic crystal structure (ICSD No. 15852) were
established in the obtained X-ray diffraction pattern.

The morphology of the obtained CM was investigat-
ed by the method of low-temperature adsorption/
desorption of nitrogen, the quantitative characteristics
of its porous structure are presented in Table 1.

Table 1 — Sorption properties of CM

SBET, SiL, Sprr, St-micro,
m?2/g m?/g m?/g m?/g
1236 1405 1085 1040
SBJH—meso, Smicro, ‘/total, Vmicra,
m?2/g % cm’/g cm’/g
160 84 0.69 0.41

In particular, the specific surface area was deter-
mined by the BET (Sper) method with a linear depend-
ence of 1/[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
[12]. In addition, Langmuir (Sz) and DFT (Sprr) meth-
ods were used to determine the total surface area of
microporous CMs. The area of micropores was deter-
mined by the ¢-method (St.micro), and mesopores — by the
BJH method (SBJH-meso). The total pore volume (Viowi)
was calculated from the amount of adsorbed nitrogen
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at P/Po~ 1.0, the volume of micropores (Vmico) was
determined using the ¢-method. In the obtained CM,
the specific area of mesopores is up to 15 % of the total
surface area, which is 1200-1300 m?/g. It is determined
by the above three methods and correlates within an
error of 10 %. The micropore volume determined by the
t-method is 0.41 cm?/g, which is about 60 % of the total
pore volume determined at maximum pressure. Meso-
pores play the role of transport channels for adsorbate
or electrolyte to enter micropores.
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Fig. 1 - CVA curves (a) and galvanostatic charge-discharge
curves (b) of the CM

Electrochemical studies of the obtained CM were
carried out using a three-electrode cell. Cyclic voltam-
mograms of the material under research are typical for
EC with EDL (Fig. 1a). On the one hand, with increas-
ing scan rate, the CVA curves deviate from a rectangu-
lar shape due to an increase in the internal resistance
of the electrochemical system. On the other hand, with
increasing scan rate, small diameter pores are availa-
ble for electrolyte ions, they cause internal resistance,
which is the result of diffusion, which restricts the
movement of electrolyte ions in these pores [13].

The value of the specific capacity of the carbon elec-
trode was determined from area A of the CVA curves
by integrating the cathodic current I(U) to the potential
U, in the range from the anode limiting voltage U, to
the cathode limiting voltage U. and dividing by the
scan rate s, mass of the nanocomposite and voltage rate
(Us— Ur) by the formula: C=A/2ms(Us— Ur)). At a
scan rate of 5 mV/s, the specific capacity is 110 F/g and
decreases to 79 F/g at a scan rate of 50 mV/s.
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Fig. 1b shows the charge/discharge curves obtained
for the carbon electrode. The investigated CM is elec-
trochemically stable in this electrolyte, as evidenced by
the linear dependence of the voltage on the discharge
current, varying within 2-16 mA. Moreover, based on
the obtained discharge curves, the specific capacities of
the CM were determined. At a discharge current of
2 mA, the specific capacity is 212 F/g.
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Fig. 2 — CVA curves (a) and galvanostatic charge-discharge
curves (b) of the NiWOu4/electrolyte system

The CVA curves of the nickel tungstate/electrolyte
electrochemical system are shown in Fig. 2a. All CVA
curves have redox peaks, one anodic and cathodic
peaks (U=0.23 V) at low scan rates (1-5 mV/s), which
shift towards a lower potential (U= 0.15V) at a scan
rate of 50 mV/s, and with an increase in the scan rate
(s>10mV), a second cathode peak begins to appear
(U=0.3V). The presence of peaks indicates the pas-
sage of electrochemical reactions, due to which the
charge is accumulated. An increase in the scan rate by
an order of magnitude (from 1 to 10 mV/s) leads to a
twofold decrease in the specific capacity of the system,
which indicates the prospect of using these materials at
low scan rates.

Fig. 2b illustrates the discharge curves for the
NiWOd/electrolyte system obtained by the galvanostatic
method. A linear section is observed in the voltage
range 0.2-0 V, which is related to the capacity of the
EDL formed at the electrode/electrolyte interface, and a
plateau in the range 0.25-0.35V, which is associated
with pseudo-minus charge storage. Based on the exper-
imentally obtained discharge curves (Fig. 2b), the de-
pendence of the specific capacity of the system on the
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value of the discharge current was calculated. The
specific capacity value at a discharge current of 1 mA is
105 F/g and gradually decreases with an increase in
the discharge current.

Therefore, based on research of the electrochemical
behavior of a CM in the negative potential range and
nickel tungstate in the positive one, a hybrid electro-
chemical system of the CM/KOH/NiWOi type was
formed. The use of materials with different nature of
charge accumulation in an electrochemical system
allows it to operate at higher voltages and, accordingly,
increases the energy characteristics of a unit cell. The
study of the joint functioning of electrode materials in a
hybrid electrochemical system was carried out by the
potentiodynamic method. To determine the optimal
operating voltage of a single element, potentiodynamic
investigations were carried out in a voltage range of
0-1.6 V. The operating potential window was 1 V. Fig. 3
illustrates the CVA curves obtained for HSC of the
CM/KOH/NiWO; type at various operating potentials
and a scan rate of 1 mV/s. In the entire voltage range,
the operation of the electrochemical system is stable.
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Fig. 3 — CVA curves for HSC at different working potentials

Based on the experimentally obtained CVA curves
(Fig. 3), the values of the specific capacity of HSC were
determined, which are 27.3, 32.9, 47.1, and 62.4 F/g in
accordance with the values of the working potential O-
1, 0.2-1.2, 0.4-1.4, and 0.6-1.6 V. The HSC showed sta-
bility in the voltage range 0.6-1.6 V; therefore, further
electrochemical research was carried out in that poten-
tial range.

Fig. 4 shows the dependence of the specific capacity
on the scan rate for the CM/KOH/NiWOy4 system. It can
be seen that the specific characteristics of the device
decrease. In addition, depending on the scan rate, the
redox reactions responsible for the amount of charge
accumulation must be fast and vice versa, otherwise
the charge accumulation decreases sharply.

The dependence of the specific capacity on the scan
rate was calculated based on the obtained potentiody-
namic curves for CM (Fig. 1a) and NiWOy4 (Fig. 2a). For
CM at a scan rate of 5 mV/s, the capacity is 110 F/g and
decreases linearly to 79 F/g with increasing scan rate to
50 mV/s. For NiWO4 at a scan rate of 1 mV/s, the ca-
pacity is 98 F/g and decreases faster than for CM to
15 F/g at 50 mV/s, which is associated with the low rate
of adsorption/desorption of ions.
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Fig. 4 — CVA curves of the CM/KOH/NiWO, system at a scan
rate of 1-50 mV/s (a), dependence of the specific capacity on
the scan rate (b)

The value of the specific capacity was calculated at
various charge-discharge currents based on the charge-
discharge curves for CM (Fig. 1b) and NiWO4. It was
determined that for CM with a discharge current of
2 mA, the capacity is 212 F/g, while for NiWOs, the
capacity is 104 F/g at a discharge current of 1 mA. It
was determined that the capacity in this case for
NiWO4 decreases much faster than for CM based on
the calculated capacity from the charge-discharge
curves for NiWO4 and CM.

HSC differs from classical EC by the presence of an
unpolarized electrode, in this case of NiWQO4, on which
Faraday reactions can be seen. Although the capaci-
tance for potentiodynamic or galvanostatic curves drops
faster for NiWO4 than for CM with increasing scan rate
or discharge current, using an unpolarized electrode in
the HSC we managed to raise the operating voltage to
1.6 V. The capacity of this HSC is 62.4 F/g at a scan rate
of 1 mV/s and reaches 26.8 F/g at a scan rate of 40 mV/s.
In this case, the specific energy and specific power are
7.09 W-h/kg and 1.39 W/kg, respectively.

The pseudocapacitive behavior of HSC is additional-
ly confirmed by galvanostatic curves (Fig. 5) of a non-
linear nature. The voltage plateaus formed are in good
agreement with peaks observed on the corresponding
CVA. The specific capacity for CM/KOH/NiWO4 HSC is
57.1 F/g, which corresponds to a discharge current of
1 mA. These values are higher than the value for a
symmetric supercapacitor under the same conditions.

Therefore, based on the data obtained from Fig. 4b,
the total capacity of materials can be divided into EDL
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capacity (Cepr) and diffusion-controlled redox capacity
due to fast Faraday reverse reactions (Cr) [14]. In the
kinetic model [15], it is assumed that the scan rate
affects the total specific electrochemical capacity of the
system, since the diffuse component of the capacitance
(Cv) is a function of the reaction time. As a result, the
scan rate can be considered inverse to the diffusion
time. Thus, in the case of semi-infinite linear diffusion,
the total capacity is related to the scan rate by the
following equation: C = Cs=« + a/s~!, where a is a con-
stant value and Cepr = Cs=w.
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Fig. 5 — Galvanostatic curves for CM/KOH/NiWOs HSC at
charge/discharge currents of 1, 5 and 10 mA

Table 2 — Specific capacitive characteristics of the CM/KOH/
NiWO, system

Capacitor type CM/NiWO,
Cepi, Fig 32.8
Crax, Flg 90.9

Extrapolation of the dependences of C on s—12 to
the Y-axis made it possible to determine the specific
capacity of the EDL of the materials under research
(Table 2). A decrease in the scan rate leads to an in-
crease in the specific capacity. Thus, the dependence of
the specific capacity on the scan rate can be extrapolat-
ed in the other direction to s =0, using the functional
dependence on s [14]. Since C increases linearly with
s¥2 then 1/C should decrease linearly with s¥2. Then,
1/C=1/Cs=» + bs—1, where Cs=w is the maximum spe-
cific capacity that can be obtained, and b is a constant.
The inverse value of the specific capacity linearly de-
pends on s'2. Extrapolation of the dependences of C-1! on
s12 to the Y-axis allowed us to determine the maximum
specific capacity of the studied materials (Table 2).

4. CONCLUSIONS

It was found that in HSCs based on CM and NiWO4
it is possible to increase the operating voltage to the
limits of 0.6-1.6 V, which provides their high specific
capacity, in particular, at a discharge current of 1 mA.
Moreover, it was determined that the specific capacity
is 57.1 F/g, and the specific energy density and power
are 7.09 W-h/kg and 1.39 W/kg, respectively.
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Enexrpoximiuni Bi1acTuBOCTI riOpuaHuX CynepKOHIEeHCATOPiB, chOopMOBaHUX HA OCHORI
HaHOMOPHCTOrO BYIJIEIIO Ta BOJIbhpaMaTy HiKeJro

10.10. Crapuyxk!, B.I. Pauiit!, .M. Bynsyssaxk!, I1.I. Konkosesrmit!, H.. Isamivok!, M.O. anymak?

L Ilpurkapnamcevkuil HaylonaavHuil yuisepcumem imerni Bacuns Cmegpanura, eyn. Illesuenra, 57,
76018 lIseano-Ppankiscvk, YEpaina
2 Hauionanvruli mexHiunull yHigepcumem rwagmu i 2asy, 8ysi. Kapnamceora, 15,
76000 Isano-PpanKiscvk, YEpaina

B po6Goti mpoBenero mocmimxertHs MmopdosIorii moBepxHi ByriereBoro matepiany (BM) metomom azmcop06-
1111/ mecopOIrii a30Ty Ta BU3HAYEHO IMIATOMY ILJIOIII ITOBEPXHI, sika ctaHoBuTh 1200-1300 m2/r. Meromom cirigo-
camkenns cuuTe3oBaHo NiWO4 ta mocsimskeHo #oro crpyrrypy. JocaiaKeHo eeKTpoXiMiuHI BIACTHBOCTI
BM Tta NiWO4 metomamMu XpoHOAMIIEPOMETpIi Ta BOJIBTAMIIEPOMETPII, a TAKOMXK AIPOOOBAHO BUKOPHCTAHHS
IaHUX MaTeplajiB SK eJeKTpomiB riopumuux cymepkxoHmencaropis (['K) — amoma Ta karToma BiZIOBIZHO.
Cdopmosano riopuany esnexrpoximiuny cucremy tuimy BM/KOH/NiWO,.. Bukopucranasa Taxoi cucremMu 10-
3BOJIsSIE MIABUIMUTH poboumit miamason Hanpyru I'K mHa ocHoBI Bogumx enextpositis 3 0-1 B mo 0,6-1,6 B, a
OTsKe, 1 MIBUIIUTH €HePreTHYHI XapaKTePUCTUKN OQUHUYHOI KOMIpKH Oisbire, Hix y 2 pasu. [TokasaHo, 1110
mpu pobounx crpymax 1 MA mmroma emuicts 'K crarosuts 57,1 @/r, mpu 11boMy IUTOMA T'YCTUHA €HEPril Ta
TOTYKHICTH CTAHOBJIATE 7,09 Br-rom/kr ta 1,39 Br/kr BigmosigHo.

Knrouori cnosa: Enexrpoximiuai mHarkommuysaui eseprii, Bosbsdpamar mireso, Ilopuermit Byriemesumit

marepias, BogHwuit esreKTposTiT.
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