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In this work, the perovskite LaMnO; material has been prepared based on the sol-gel process of synthesis
with the participation of combustion. According to the X-ray phase analysis, it was determined that the obtained
material consists of LaMnO; one phase (space group Pm-3m). Nevertheless, it has been determined that the
average size of the coherent scattering region of the obtained material is about 24 nm. Moreover, the average
particle size is 40 - 60 nm in case the approximation that the particles are spherical shape. Thus, it has been
determined that the specific surface area of the material is 42 m?/g. The electrochemical investigations have been
performed using nanosized LaMnO3; powder as a cathode material for electrochemical capacitors. The LaMnO;
material under research showed a specific capacity of 40 F/g at a discharge of up to 1V.
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Introduction

Much attention today is paid to the development of
new and improvement of existing electrochemical
current sources. One of the most optimal storage of
electrical energy is electrochemical capacitors (EC). For
the optimal use of EC in practice, it is necessary to
increase the value of their specific energy and power and
reduce the technological cost of the system. The solution
to this problem is the development of hybrid
electrochemical capacitors, which are a battery-capacitor
electrochemical system that can solve the problems of
increasing the specific energy of the EC and the specific
power and limited charge / discharge cycles in lithium-
ion current sources [1, 2].

The increase in capacity and stability of the charge-
discharge cycle are the main reasons for the search for
new electrode materials for electrochemical capacitors.
One of the materials that correspond to these qualities are
materials with a perovskite structure of the general
formula ABOs, where position A contains alkaline earth
metals, such as Lanthanum, and position B contains
transition metals having 6-fold coordination [3]. A
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feature of the perovskite structure is its ability to possible
combinations with fragments of other structures, as a
result of which new frame or layered composite
structures can arise and their characteristics can
significantly improve [4]. Also, materials of this type are
widely research as functional materials of electronic
technology, laser materials, sensors, catalysts [5] and
materials for solar cells [6].

The oxidation state of cations A and B are depend on
the structure of the perovskite material and allows
changing the properties of this material [7]. A change in
the oxidation state of metal oxide in the structure of
perovskite allows the use of these materials as electrode
materials for supercapacitors [8]. One of the most
promising transition metal oxides is MnO, nanoparticles,
which have high thermal and structural stability, low cost
and ease of processing. [8, 9, 10]. Recently, considerable
attention has been paid to perovskite, as electrode
materials for supercapacitors, due to the mechanisms of
oxygen-anion intercalation of charge accumulation,
significantly affects the electrochemical parameters of
electrodes [11]. Among the most promising cathode
materials of this type is LaMnOj3, which is characterized
by environmental and economic availability and fairly
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high electrochemical parameters [12,13]. Oxygen
vacancy is an important characteristic of the structure of
perovskite material and significantly affects the specific
capacitance of LaMnQO; nanoparticles [12]. Therefore,
these materials, due to oxygen vacancies and fast ion
diffusion, have been used as electrode materials in
energy storage [14].

It was determine that a slight substitution of position
A in LaMnO; perovskite systems with a lower valence
cation (Sr¥") creates electron holes at position B. In
LaMnO; perovskite systems, to maintain the
electroneutrality condition, Mn®*" can be oxidized to
Mn**, which leads to an increase in electronic
conductivity [15, 16] and improves electrochemical
values.

The electrochemical properties of perovskite
material are depending on the concentration and type of
electrolyte ions. With an increase in the concentration of
electrolyte ions, an increase in oxygen vacancies is
observed, which in turn strengthens the pseudocapacity
characteristics of materials with perovskite structure [17,
18].

Materials with a perovskite structure are capable of
energy storage well due to reverse Faraday processes [12,
19]. However, the main drawback of the LaMnO3, as an
electrode material for electrochemical capacitors is the
low conductivity and short charge/discharge cycle [13,
19].

. Experimental details

LaMnO3 complex oxide was obtained by the sol-gel
method with the participation of auto-mine. The
synthesis reagents were lanthanum nitrate (La (NOs)s
‘6H20), manganese nitrate (Mn (NOs), - 6H,0) and
citric acid (CgHgO; - H,0). The stoichiometric redox
reaction between the fuel and the oxidizing agent was
based on the molar ratio of metal nitrates to citric
acid 1: 1.

The first stage of the synthesis was the
corresponding amount of metal nitrates and citric acid
were dissolved in distilled water. To establishapH =7, a
small amount of a 25 % aqueous ammonia solution was
added to the resulting solution, thereby obtaining a milky
pink solution. The resulting sol was placed in an furnace
at 400 K for 10 - 12 hours until completely dry. During
the dehydration process, a polycondensation reaction
took place between citric acid and metal nitrates to form
a gel. After complete drying, the obtained material was

36La (N03)36H20 + 36Mn (N03)26H20 + 50C6H807 Hzo

heated to 570 K. After a few minutes, the process of
auto-xerogel xing took place, as a result of which the
bulk material LaMnO3 was obtained.

The microstructure of LaMnO3 samples was
investigated using a scanning electron microscope
(SEM).

The phase composition and crystal structure of the
obtained materials were investigated by XRD based on
DRON -3 M diffractometer (Cu Ko radiation). The
diffraction patterns were processed by the full-profile
Rietveld analysis using the FullProf program. The size of
the nanocrystallites of the sample and its phase
composition were determined based on the X-ray
structural analysis.

The characteristics of the obtained sample (surface
area and total pore volume) of the LaMnO; perovskite
material were determined based on the analysis of
nitrogen adsorption / desorption isotherms at boiling
point (77 K) by Quantachrome Autosorb Nova 2200e
instrument. Namely, the total surface area (SBET) by the
BET multipoint method in the isotherm limited by the
relative pressure range P/PO = 0.050...0.35. The total
pore volume (Vtotal, cm*/g) calculated by the amount of
sorbet nitrogen at P/PO ~ 1. Additionally, the samples
were previously degassed at 470 K for 18 h.

Electrochemical measurements were performed
based on three - electrode cells consisted of working
electrode (electrode composition on the pure Ni subtract
1 cm?) reference electrode (Ag / AgCl), counter electrode
(platinum wire). Electrode composition consists of 85 %
active material, 10 % acetylene black and 5%
polyvinylidene fluoride mixed with n-methylpyrrolidone
and dried at 300 K for 3 hours. 6 M KOH was used as an
electrolyte.  Electrochemical  investigation  were
performed an Autolab PGSTAT/FRA-2 spectrometer in
galvanostatic and potentiodynamic modes.

I1. Results and discussion

The sol-gel method based on the participation of auto
combustion, which is used for the synthesis of nanosized
powders, has several advantages compared to other
methods, since it does not require complex and expensive
equipment or rare reagents for synthesis. The technology
and synthesis features of the studied material are
described in [20]. The LaMnO3; compound is formed as a
result of a chemical reaction:

NH, - H,0
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36LaMnO; + 90N, 1 + 300CO, 1 + 682H,0 1 (1)
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Typical SEM images of the surface of the obtained
material at various magnifications are shown in Fig. 1. It
was established that the synthesized LaMnO; has a
mesoporous structure with particle sizes of 40 - 60 nm.
With high-resolution SEM images, a clear crystallinity of
the obtained material is seen. Fig. 2 a show the nitrogen

Ulm— WD 6.2mm

JSM-6700F 10.0kV  X5,000

JSM-6700F 10.0kv X100,000 100nm WD 6.2mm

adsorption-desorption isotherms are presented by
LaMnO; material. Using the BET method, the specific
surface area of the synthesized material was determined,
which is 42 m?/g. The pore size distribution according to
the BJH method is shown in Fig. 2b. The material is
mesoporous with a cavity size of 5 to 12 nm. The results

JSM-6700F SEI 10.0kV  X20,000 Tam WD 6.2mm
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Fig. 1. SEM micrographs of LaMnOs_,
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Fig. 3. Diffraction patterns of LaMnO3; material (a) and model of the crystal structure of LaMnO3
(view along the C axis) (b).

obtained indicate that the mesoporous structure of the
LaMnO; material is favorable for the diffusion of
electrolyte ions.

If we assume that the particles of the formed phase
have a spherical shape, then the average particle diameter
d. and the specific surface area S, are related by the
relation: d. =6/ S, Where p is the density of the

material. It was determined that the average particle size
is 22 = 2 nm based on the obtained X-ray density of the
synthesized material and the measured specific surface
area by the BET method. Thus, we can assume that the
synthesized material consists of particles of a size of
20 nm, which are aggregated into particles of a size of
50 - 60 nm.

Fig. 3a shows the diffraction patterns of the obtained
LaMnO;. From the experimental X-ray diffraction
pattern, it was determined that the peak diffraction (26 =
23, 32, 40, 46, 52, 58, 68) for the obtained material is
well indexed with the cubic phase of pure LaMnOa.
Thus, we can assume that the investigated material has a
perovskite  structure  of  the space group
Pm - 3m. Figure 3b shows a model of the crystal
structure of synthesized LaMnQOj; (view along the c axis),
from which it can be seen that the Mn cation is in the
octahedral environment of O anions. According to the
simulation data, it was established that the formed
Mn — O bonds in the equatorial plane and axial vertices
have a length of about 1.944 A, and the length of the
O — O bonds for axial vertices is about 2.7492 A. La ions
are placed between the equally oriented octahedron. The
coordination  polyhedron has the shape of a
cuboctahedron.

The lattice constant of the synthesized material is a =
3.945 A, and the volume is V = 61.38 A% According to
the X-ray analysis, the density of the material is
p=6.54¢g/cm’. The average size of the coherent
scattering regions is 24 nm.

The electrochemical  characteristics of the
synthesized LaMnO; material were research using cyclic
voltammetry in the potential range 0 - 1 V with respect to
the Ag/AgCI reference electrode in the range of scan

rates of 1 - 20 mV/s. When the electrode is cycled based
on the LaMnO3; material under research in the potential
range (0 -1 V), its capacitance is provided by negative
electrolyte ions (OH groups).

Fig. 4 shows the obtained CVA curves for the
LaMnO; sample at a scan rate of 1 mV/s, which are
asymmetric. The curves are characterized by peaks that
are responsible for the oxidation of Mn ions. Peaks
corresponding to oxidation and reduction processes are
observed both on the anode and cathode branches,
respectively. The peak at 0.4 V corresponds to the
oxidation of Mn®* to Mn*" due to the intercalation of
oxygen ions in an oxygen vacancy [12].

The peak observed at 0.85 V is a consequence of the
intercalation of excess oxygen into the structure at which
Mn®" is oxidized to Mn*". Thus, it can be argued that the
contribution to the capacity of the material under study is

E,V

Fig. 4. CVA curves of the LaMnO3;/KOH system
ats=1mV/s.
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Fig. 6. CVA curves of the LaMnO3/KOH system at 1
to 16 scan rates.

provided mainly by redox reactions and an insignificant
contribution of the charge that accumulates as a result of
the formation of a double electric layer (DEL).

Using voltammograms, the dependence of the
specific capacitance of LaMnO; material on the cycle
number was determined (Fig. 5). The structure is stable,
as evidenced by the independence of the value of the
accumulated charge during long cycling. With an
increase in the scan rates from 2 to 16 mV / s (Fig. 6) on
the voltammogram, the anode peaks shift towards high
potentials by about 0.15 V, the cathode peak shift is
insignificant and amounts to 0.02 - 0.05 V. At maximum
scan rate on the voltammogram maintains the presence of
peaks, which indicates the progress in the system of fast
reverse Faraday redox / reduction processes, however,
the internal electrical resistance of the system is growing,
due to the mobility of electrolyte ions.

The dependence of the specific capacity of the
obtained LaMnO; material on the scan rate is shown in
Fig. 7. The maximum value of the specific capacity of
the system under research is 40 F/g at a scan rate

of 1 mV/s.

Figure 7 shows that with increasing scan rate, the
capacity of the material decreases. Using the obtained
dependence of C on s, the total capacity of the material
under research can be divided into the capacity of a
double electric layer (Cpg) and the diffusion-controlled
redox capacity due to the faraday reverse redox (Cg)
reactions: C=CpgL +Cr [21]. In the kinetic model [21],

it is assumed that the scan rate affects the total specific
electrochemical capacitance of the system, since the
diffuse component of the capacitance (Cg) is a function
of the reaction time.

So, the scan rate can be considered inverse to the
time of diffusion. Thus, in the case of linear diffusion,
the total capacitance is related to the scan rate by the
following equation: ¢ =c,__, +a/JsWhere a is a constant
valug, & Cpp =Cs—o As follows from fig. 8, the
specific capacity of LaMnOs; material linearly depends
on s, Extrapolation of the C dependences from s to
the Y axis (Fig. 8) made it possible to determine the
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Fig. 7. Specific capacity of the LaMnOz/KOH
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Table 1
Specific capacitive characteristics of LaMnO3s/KOH
System
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Fig. 9. Dependence of C* on s for LaMnO;

specific capacity of the DEL of the materials under
research (Table 1).

The dependence of the specific capacitance on the
scan rate can be extrapolated to the other side to s = 0
using the functional dependence on s. Since C grows
linearly with s”2, then 1/C should decrease linearly with
s1/2. Then, ¥ =1 = b+/s Where the maximum specific

capacity that can be obtained, b is a constant value
(Fig. 9).

As follows from Fig. 9, the reciprocal of the specific
capacitance linearly depends on s"2. The extrapolation of
the dependences of C* on 52 of the Y axis (Fig. 9) made
it possible to determine the maximum specific capacity
of the material under study (Table 1).

The charge-discharge curves of an electrochemical
system with LaMnOs-based electrodes are shown in Fig.
10. The discharge curves are characterized by two linear
sections with different tilt angles, which indicate two
different mechanisms of electric energy storage. For a
proper assessment of the amount of charge stored on the
electrode, the specific capacitance Cm is used, which can

. _C_ IxAt
be calculated by the formuIa.Cmf—fAUXm where C,

(F/g) is the specific capacity, 1 (mA) is the discharge
current, At (s) is the discharge time, AU (V) is the
potential during the discharge, and m (g) is the mass of
the active material inside the electrode.

The capacitance characteristics of the LaMnO;
electrode material at various discharge currents are
shown in Fig. 11. At a discharge current of 1 mA, the
specific capacity is 62 F/g. It can be seen from the figure
that, with an increase in the discharge current, the
capacitance of the electrode material LaMnO;
significantly decreases. This is probably due to the fact
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that, at high discharge currents, there is not enough time
for the electrolyte ions to completely penetrate into the
electrode materials and enter vacancies.

Conclusions

The complex oxide of LaMnO3; was obtained based
on sol-gel method with the participation of auto
combustion. It was determined that the obtained material
has a perovskite structure of the Pm-3m space group with
a lattice parameter of 3.945 A. The density of the
material is 6.54 g/cm®. Moreover, It was determined that
the average size of the coherent scattering regions is
24 nm.

The specific surface area of the synthesized material,
determined using the BET method, is 42 m%g. The
morphology of the material was research and it was
determined that the synthesized LaMnO; is formed by
particles with sizes of 40-60 nm, between which cavities
from 5 to 12 nm are formed.

The electrochemical investigations of the
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Fig. 10. The charge-discharge curves in the potential
window from 0 to 1 V at various currents.
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LaMnOg/electrolyte system were carried out and the
dependence of the specific capacity of the obtained
material on the rate of change of the potential was
determined. It is shown that the total capacity of the
material is ensured by the occurrence of redox reactions.
The specific capacitance of the LaMnOs; material,
calculated according to the data of the potentiodynamic
method, is 40 F/g at a scan rate of 1 mV/s. The data
obtained are confirmed by the charge/discharge method.
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CuHTe3 Ta eJIEKTPOXIMIYHI BJACTUBOCTI HAHOPO3MIipPHOTO
nepoBCcKUTHOTrO Matepiaay LaMnO;

1BH3 “Ilpuxapnamceruii HayionanvHull yrisepcumem imeni Bacuna Cmeganuxa”, leano-@panxiecvk, Yxpaina,
Pkolkovskyy@gmail.com
ZleaHo-(DpaHKisczaKmZ HayioHanbHull MeOuyHull ynieepcumem, leano-@Ppanxiscok, Yrpaina

B naniii po6oTi Oys10 mpUroToBICHO NEPOBCKUTHUI MaTepian LaMnO33a 10MOMOroo 301b-Telib METOLY 3a
y4dacTi aBTOrOpiHHA. 3TigHO X-TIPpOMEHEBOro (ha30BOrO aHaNi3y BCTAaHOBJICHO, LIO OTPUMAHUHA MaTepian
ckiIagaeTbes 3 oaHiel ¢asm LaMnO; (mpocropoBa rpyma Pm-3m). Cepenniit posmip OKP mocnimxyBaHoro
Matepiany 24 HM. 3a HaONMMKEHHSM, 110 YaCTUHKHU cheprdHOT POpMHU pO3paxoBaHMI CepenHii PO3Mip YaCTHHKH
cranouth 40 - 60 mM. IluToMa Iuioma moBepxHi Marepiany ckiamae 42 M%/r. 3mificHeHO emekpoximidmi
JOCIIJDKEHHST 3 BUKOPUCTaHHSIM HaHOpo3MipHOro mnopomky LaMnOjz; y sKOCTI KaTogHOTO MaTepiamy Uit
CJIEKTPOXIMIYHMX KOHAeHcaTopiB. JlocmimkyBanuii matepian LaMnO; noka3aB muromy emHicts 40 ®/r npu
po3psai mkepena no 1 B.

Ki1ro4oBi ci1oBa: 3076-Tenb METO, CTpyKTypa nepoBckuty, KOH enekTposit, muToMa €éMHICTb.
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