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In this work, lanthanum (LaMnOs), strontium (SrMnOs) and Sr-doped lanthanum (Lao.7SrosMnOs)
manganites with the perovskite structure were synthesized by the sol-gel autocombustion method. Moreo-
ver, the obtained material structure was investigated by the XRD method. Additionally, the electrochemi-
cal properties of nanoporous carbon materials (CMs), lanthanum (LaMnOs) and strontium (SrMnOs) man-
ganites, as well as Lao.7SrosMnOs were investigated by the methods of chronoamperometry and voltamme-
try, and the application of these materials as electrodes (anode and cathode) of hybrid electrochemical su-
percapacitors (HECs) was tested. The hybrid electrochemical system of the CM/KOH/Lao.7Sro.sMnOs type
was formed. The employment of this system made it possible to increase the operating voltage range of
HEC based on aqueous electrolytes from 0-1 to 0-1.4 V and, consequently, increase the energy characteris-
tics of a unit cell. It was determined that high specific capacitance values were recorded for HECs with an
electrode based on Lao.7SrosMnOs and amounted to about 235 F/g at 1 mV/s. At the same time, much lower
specific capacitance values were obtained for HECs with electrodes based on LaMnOs and SrMnOs, which
were about 130 F/g and 40 F/g, respectively.
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1. INTRODUCTION

Electrochemical capacitors (ECs) are one of the most
common devices for storing electricity due to their high
values of specific power, long cycle time, and short
charge/discharge time [1, 2]. Carbon materials (CMs) of
various modifications are the most common materials
for the manufacture of EC electrodes [3, 4]. The main
advantages of CMs are low cost, ease of production and
versatility of existing forms (foam, powders, nanotubes,
composites, monoliths, foil). ECs with electrodes based
on CMs with a large surface area work on the principle
of charge/discharge of the electric double layer (EDL)
[5, 6]. The amount of charge accumulated in the EDL is
not large enough, despite the large specific surface area
of CM, which in turn limits the specific capacity and
energy density of the device. Therefore, one of the ways
to increase the energy density of ECs is the formation of
hybrid EC (HECs), in which positive and negative elec-
trodes are formed based on materials with different
mechanisms of electric charge accumulation, namely
EDL and Faraday process, thus expanding the operat-
ing voltage range [7, 8]. Furthermore, the Faraday pro-
cess is carried out due to the reversible redox reaction
on the electrode surface [9]. The electrode materials for
the Faraday process are transition metal oxides (for
example, RuOz, MnOgz, NiO, Co20s3, etc.) and leading
polymers (for example, polyaniline, polypyrol, etc.) [10-
16]. The perovskite materials of the ABOs type are of
great research interest among metal oxides due to their
excellent electronic structure, good thermal stability,
and exceptional ionic conductivity. Moreover, lantha-
num manganites with the perovskite structure are at-
tracting much attention due to their promising electri-
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cal properties. The authors of [17] suggested that the
electrical properties of lanthanum manganites with the
perovskite structure correspond to the interaction be-
tween Mn?* and Mn?** ions. The control of Mn?* and
Mn?** ions in the material structure is provided by
changing the doping level or oxygen stoichiometry [18].
Therefore, by combining CMs with perovskite struc-
tures, it is possible to obtain hybrid electrode materials
for supercapacitors characterized by low cost, high elec-
trical conductivity and chemical stability. In order to
solve the problem of low values of specific energy, specif-
ic power and operation time of conventional supercapac-
itors, in this work, we studied the effect of the porous
structure of CMs on the electrochemical characteristics
of HECs formed based on lanthanum (LaMnQOs) and
strontium (SrMnQOs) manganites and Sr-doped LaMnOs
(Lao.7Sr0.sMnOs) with the perovskite structure.

2. EXPERIMENTAL TECHNIQUE
2.1 Synthesis of LaMnOs

Lanthanum manganite LaMnOs (LMO) with the
perovskite structure was synthesized by the sol-gel
method involving autocombustion, the procedure of
which is described in detail in [18]. For the synthesis of
complex oxide SrMnQs (SMO), the sol-gel method with
the participation of autocombustion was also used.
However, for the synthesis of LMO, 0.01 M lanthanum
nitrate (La(NO3)3x6H20), 0.01 M manganese nitrate
(Mn(NO3)2x6H20) and 0.02 M citric acid (CeHsO7xH20)
were dissolved in deionized solution. To establish the
pH level = 7, a small amount of 25 % aqueous ammonia
solution was added to the resulting solution, until ob-
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taining a milky pink solution. After continuous stirring
the solution for 4 h, a maroon (purple) solution was
obtained. The resulting sol was placed in a furnace at
120 °C for 10-12 h until completely dry. A polyconden-
sation reaction occurred between citric acid and metal
nitrates to form a gel during the dehydration process.
Then the resulting material was heated to 300 °C. A
few minutes later, autocombustion of the xerogel oc-
curred, as a result of which a free-flowing LaMnOs
product was obtained. A similar synthesis method was
used to obtain Sr-doped LaMnOs complex oxide
(Lao.7Sro.sMnOs) with the perovskite structure.

2.2 Research Methods

The crystal structure of the sample was determined
by X-ray diffraction (XRD) using a Shimadzu XRD-7000
diffractometer. The results of the obtained diffracto-
grams were subjected to a full-profile analysis accord-
ing to the Rietveld method using the FullProf program.
The size of nanocrystallites of the research sample and
its phase composition were determined from the analy-
sis of X-ray structural data.

Electrochemical studies of the electrode materi-
al/electrolyte system were performed in a three-
electrode cell. The working electrode was made of a
mechanical mixture of the test material and acetylene
carbon black in a ratio of 85:10:5. A platinum electrode
served as an auxiliary electrode, and silver chloride
(Ag/AgCl) served as a reference electrode, which was
placed in a 3.5 M aqueous KCI solution and connected
to the working chamber through an agar-agar salt
bridge. A 30 % aqueous solution of KOH was used as an
electrolyte. Electrochemical studies were carried out
using an Autolab PGSTAT/FRA-2 spectrometer in gal-
vanostatic and potentiodynamic modes. The galvanos-
tatic investigation was performed at currents in a
range of 1 to 30 mA. Cyclic voltammetry investigations
were carried out at a scan rate of 1 to 30 mV/s. The
operational characteristics of laboratory samples of
ECs were determined in a two-electrode cell. In HECs,
the cathode was made from a mechanical mixture of
ABOs, acetylene black and PVDF in a ratio of 85:10:5.
Another electrode (anode) was made by mixing CM
with acetylene black and PVDF in a ratio of 85:10:5.
Finally, the resulting electrode materials were pressed
into a nickel grid. The electrodes were impregnated
with the electrolyte, separated by a separator, and
placed in a two-electrode cell of the 25x25 size, after
which they were sealed.

3. RESULTS AND DISCUSSION

The LaMnOs compound is formed as a result of a
chemical reaction:

36La(NOs3)3x6H20 + 36Mn(NO3)2x6H20 +
H; -H
50C6Hs07xH202 28 36LaMnOs + 90N: 1 + 300COz 1

+ 682H20 1 1)

The technology and features of the synthesis of the
studied material are described in [19]. The crystal
structure of SrMnOs and Lao.7Sro.sMnOs (LSMO) was
investigated using XRD analysis (CuKq radiation) in an
angle range of 10° < 26 < 70°.
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Fig. 1a shows the diffraction patterns of LSMO.
From the experimental XRD patterns, it was found
that the diffraction peak (260= 23, 32, 40, 46, 52, 58, 68)
for the obtained material is well indexed with the
Lao.7Sr0.sMnOs cubic phase.
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Fig. 1 - XRD patterns of the synthesized LSMO at an anneal-
ing temperature of 300, 600 and 800 °C (a) and a model of the
LSMO crystal structure (b-axis view) (b)
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Fig. 2 - XRD pattern of the synthesized Lao.7SrosMnOs at an
annealing temperature of 300 °C

However, the obtained material is not single-phase
and contains both the expected Lao.7Sro.3sMnQOs phase
and an organic chemical compound such as acetonitrile
CH3CN (Fig. 2). The presence of an organic compound
indicates that not all organic substances from the xero-
gel components burned out during the autocombustion
reaction. Sintering at 600 °C for 3 h was used to re-
move the organic compound (Fig. 3).
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Fig. 3 - XRD pattern of the synthesized Lao.7SrosMnOs at an
annealing temperature of 600 °C

XRD analysis of the sample after sintering showed
that the amount of the organic compound in the sample
decreased, but the sample remained two-phase. To
obtain a single-phase system, another annealing was
carried out at a temperature of 800 °C (Fig. 4a). As a
result of this annealing, a single-phase material
Lao.7Sro.sMnOs was obtained. The FullProf program
was used to calculate the theoretical diffraction pattern
using the Rietveld method for a more detailed analysis
of X-ray structural data. Details and features of using
this program are described in [20].
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Fig. 4 —- XRD pattern of the synthesized Lao.7SrosMnOs at an
annealing temperature of 800 °C (cubic lattice with space
group Pm-3m was used for fitting)

In general, the undistorted perovskite structure has
a cubic lattice with a Pm-3m space group. The crystal
lattice is distorted due to the large ionic radius of the
cations included in the structure of the studied perov-
skite, which leads to a decrease in the symmetry of the
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crystal structure and manifests itself in XRD patterns
in the splitting of peaks characteristic of the cubic
structure and the appearance of new peaks. Symmetry
reduction in perovskite leads to the formation of an
orthorhombic structure or a trigonal structure. In our
case, the appearance of new peaks compared to the
cubic structure is not observed. Therefore, the obtained
perovskite is not characterized by an orthorhombic
structure possible for this type of compounds (P2c2ab).
The use of the Rietveld method made it is possible to
refine the structure of the synthesized perovskite. Ac-
cording to the refined data (Fig. 5a), the resulting
Lao.7Sro.sMnOs belongs to a trigonal system with space
symmetry group R3m (160).

Consideration of cubic and trigonal structures when
interpreting the diffractograms confirmed that the
synthesized material has a trigonal structure R3m,
which is clearly seen from a comparison of Fig. 4b and
Fig. 5b, where the decoupling of lines at large angles
clearly shows that each experimental reflection consists
of several lines (Fig. 5a).
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Fig. 5 - XRD pattern of the synthesized Lao.7SrosMnOs at an
annealing temperature of 800 °C (trigonal structure R3m was
used for fitting)

Furthermore, this result is consistent with the re-
sults obtained in [21]. The parameters of the perovskite
crystal lattice, within the accuracy of their determina-
tion, decrease with increasing annealing temperature
(Fig. 5b), which is explained by the healing of defects in
the crystal structure when the material is held at high
temperatures [22, 23].

The average sizes of CSR blocks, which were deter-
mined according to [24], increased during the annealing
from 300 to 600 °C. Moreover, annealing at 800 °C had
little effect on their sizes.
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Fig. 6 — Dependence of the CSR parameters of the crystal
lattice of the perovskite structure on temperature

The structure and behavior of the SrMnQO3s sample
upon annealing were similar. Thus, materials obtained
after annealing at 800 °C were used as materials for
supercapacitors for further research.

Potentiodynamic studies of ECs with electrodes
based on SrMnOs, LaMnOs and Lao.7SrosMnOs na-
nosized materials were carried out in 1 M KOH aque-
ous solution in a potential window from —0.23 to 1V
relative to the (Ag/AgCl) electrode at different scan
rates from 1 mV/s. Fig. 7b shows comparative CVA
curves of ECs with electrodes based on SrMnQs, LaM-
nOs3 and Lao.7Sro.sMnOs nanosized materials at a scan
rate of 10 mV/s. Moreover, CVA curves of ECs with
electrodes based on Lao.7Sro.sMnOs nanosized material
at different scan rates from 1 to 30 mV/s are shown in
Fig. 7a. Furthermore, Fig. 7a shows that for all CVA
curves, there is a deviation from a rectangular shape,
which indicates interruptions in the redox reaction
both on the charge and discharge branches.

High specific capacitance values were recorded for
EC with an electrode based on Lao.7SrosMnOs and
amounted to about 235 F/g at 1 mV/s. At the same
time, slightly lower specific capacitance values were
obtained for ECs with electrodes based on LaMnOs and
SrMnOs, which were about 130 F/g and 40 F/g, respec-
tively (Fig. 7c), which can probably be associated with
the structural and morphological features of the mate-
rials under study. At low scan rates, electrolyte ions,
namely OH-hydroxyl groups, get enough time to inter-
act and electrochemically react with electrochemically
active centers, which leads to an increase in specific
capacitance.

The CV curves of Lao.7Sro.sMnOs have a redox peak
at about 0.8 V (against the Ag/AgCl electrode), which
corresponds to the Mn3* < Mn** transition [25]. The
charge imbalance arising in the crystal lattice of LaM-
nOs due to the replacement of La3* ions by Sr2* ions is
compensated either by the oxidation of Mn?* ions to
Mn** or by the introduction of oxygen vacancies.

The main role in charge accumulation is played by
the intercalation of ions with active centers in both
alkaline and neutral electrolytes. Fig. 8 shows the volt-
ammograms obtained for the CM/KOH/Lao.7Sr0.3MnOs3
system at various operating potentials and a scan rate
of 1 mV/s. Moreover, the operation of the electrochemi-
cal system is stable over the entire voltage range.
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Fig. 7 - Potentiodynamic curves for the LSMO/electrolyte
system, at scan rates from 1 to 30 mV/s (a), the same for the
SMO, LMO and LSMO systems at 10 mV/s (b) and specific
capacitance values of the corresponding systems (c)

Based on the experimentally obtained potentiody-
namic curves (Fig. 8a), the specific capacitances of the
CM/KOH/Lao.7Sr0.sMnQOs system were determined as
follows: 27.0, 39.3 and 46.7 F/g according to the values
of the working potential of 0-1, 0-1.2 and 0-1.4 'V, re-
spectively. The model of the CM/KOH/Lao.7Sro.3sMnOs3
system showed stability in the voltage range of 0-1.4 V
(Fig. 8b). Therefore, further electrochemical studies
were performed in this potential range (Fig. 9a).

The CV curves for the Lao.7Sro.sMnOs/electrolyte/CM
system have a redox peak of about 0.9 V (against the
CM electrode), which corresponds to the Mn?3* <> Mn**
transition. The maximum value of specific capacitance
for the Lao.7SrosMnOs/electrolyte/CM system was ob-
tained at a scan rate of 1 mV/s and is about 210 F/g
with a gradual decrease to about 60 F/g with an in-
crease in the scan rate up to 30 mV/s (Fig. 9b).
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Fig. 10a shows the charge/discharge curves for the
Lao.7Sro.sMnOs/electrolyte/CM system obtained by the
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galvanostatic method from O to 1.4 V, corresponding to
the capacitance of the EDL formed at the elec-
trode/electrolyte interface and pseudo-capacitance due
to charge accumulation. Using the experimentally ob-
tained discharge curves (Fig. 10a), the dependence of
the specific capacitance of the system on the value of
the discharge current was calculated (Fig. 10b). The
value of the specific capacitance at a discharge current
of 1 mA is 205 F/g and gradually decreases with in-
creasing discharge current.
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Fig. 10 — Galvanostatic curves (a) at different charge/dis-
charge currents (1-30 mA); dependence of capacitance of
Lao.7Sro.sMnOs/electrolyte/CM on discharge current (b)

4. CONCLUSIONS

A method has been proposed for obtaining modified
LaMnOs with the perovskite structure doped with Sr as
an electrode material for hybrid electrochemical sys-
tems with high energy and capacitance characteristics.
The possibility of operation of a hybrid electrochemical
system based on nanoporous carbon and perovskite
materials of the ABOs type in an alkaline electrolyte
has been shown. It has been established that
Lao.7Sro.3sMnOs can be successfully used as an anode
material for HECs with high specific energy at an op-
erating voltage of the element for aqueous electrolytes
of 1.4 V. Moreover, anodes based on Lao.7Sro.sMnOs
have higher specific capacitance than HECs, in which
LaMnOs and SrMnOs are used as anodes. It has been
determined that the maximum specific capacitance of
205 F/g at an operating current of 1 mA is exhibited by
HECs, in which Lao.7Sro.sMnOs was used as an anode.
It has been shown that in HECs based on CMs and
Lao.7Sro.3sMnOs it is possible to increase the operating
voltage to the limits of 1-1.4 V, which provides, accord-
ingly, their highest energy characteristics.
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Enexrpoximiuni Bi1acTuBOCTi riOpuaHuX CynmepKOHIEHCATOPiB, CPOPMOBAHNX HA OCHOBI
BYTIJIEIIO TA MEePOBCKiTHMX MmaTepiasnis Tumy ABOs

I"M. Konxroscbral, LII. Apewmiit?, I1.I. Konkoseprmiil:2 C.-B.C. CrierioBal, B.I. Pauiiil,
A.T'. Bimoyc?, M.O. lNamymax3

I [Ipurkapnamcokuli Hayionanvhul yrigepcumem imeni Bacuns Cmegpanura, Isano-@parkiscvk, Yrpaina
2 [Jncmumym 3a2abH0T ma Heop2aHiuHol Ximil imerni Bepradcvrozo, Kuis, Yrpaina
3 Isaro-OpanKi8CoKUL HAUIOHAJILHUL MeXHIMHUT YHidepcumem Hagpmu i 2azy, leano-Opankiscok, Yipaina

B poboti curTesoBano mauranitu jgantany (LaMnOs), crporrtio (SrMnOs) Ta LaMnOs, momosanoro Sr,
(Lao.7Sr0.sMnQOs) 31 CTPyKTYpOIO IIEPOBCKITY METOJOM 30JIb-TeJIb aBTOropiHHsA. J[oCIisKeHO CTPYKTYpy OTpH-
Mauux Marepiamis Metogom XRD, metogamu xpoHOaMiiepoMeTpil Ta BOJIBTAMIIEPOMETPIl BUBYEHO eJIEKTPO-
XIMIYHI BJIACTHBOCTI HAHOIOPHUCTHUX ByTJIelleBux Martepiaais (BM), MaHraHiTiB JaHTAHY, CTPOHIIIO, 4 TAKOMK
Lao,7SrosMnOs, 1 mociaimskeHo 3aCTOCYBAHHS IIUX MATEPIaNiB AK €JEKTPOMIB TIOPUIHUX eJIEKTPOXIMIYHUX
roumencaropis (I'EK). Chopmosano ribpuany enexrpoximiuny cucremy tuity BM/KOH/Lao7SrosMnQOs. Bu-
KOPUCTAHHS TAKOI CUCTEMU JI03BOJISIE MIBUINUATH pobounii mianazon Hanpyru 'EK Ha ocHOBI BoIHUX eJieKT-
pouitie 3 0-1 1o 0-1,4 B, a orske, miABUIINTY eHEPreTUYHI XapaKTEPUCTUKY eJIeMeHTa. BCcTaHOBIIeHO, 110 BU-
COK1 3HaueHHs muToMol emHocTi orpumano s EK 3 esexTpomom Ha ocHoBl Lao,7SrosMnOs, mo craHoBuTh
6sm3pro 235 @O/t ipu 1 mB/e. V Toit ke yac murst TEK 3 enexrpogamu Ha ocroBi LaMnOs ta SrMnOs orpu-
MAHO JeNI0 HUKYl 3HAYeHHs ITMTOMOI €MHOCTI, K1 cTaHOBJIATEL 01m3bko 130 @/r i 40 O/t BigmoBigHO.

Knrouoeri ciosa: Enexrpoximiune HakonmyeHHsi eHeprii, Maurauitu janrany, ['i0pumHi cyneproHmzeHca-
topu, [lopucruit Byrirenesuit marepias, Bogauit esrlekTposTiT.
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