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Abstract—The process of glycol-citrate synthesis of nanodispersed oxide with the composition
Lay ¢Sr; 4Co, ,Fe, 305 _ 5 have been studied. The resulting nanopowder has been examined using a complex of
modern methods of physicochemical analysis. The thermal behavior of the obtained powder in air in the tem-
perature range of 20—1000°C has been investigated using synchronous TGA/DSC analysis. As a result, the
optimal conditions for the sample heat treatment have been determined, to lead to the formation of a single-
phase nanocrystalline oxide. Using X-ray diffraction analysis, IR spectroscopy, and energy-dispersive X-ray
spectroscopy, it has been shown that the proposed synthesis method is convenient and effective for obtaining
a highly dispersed powder of the specified composition with the target crystal structure. Scanning electron
microscopy has been applied to analyze the morphology of the oxide nanopowder and determine the average
particle and pore size.

Keywords: glycol—citrate method, lanthanum oxide, strontium oxide, iron oxide, cobalt oxide, cathode, fuel

cell
DOI: 10.1134/S0036023621040203

INTRODUCTION

According to estimates of various international
news agencies, by 2048 the level of global energy con-
sumption will increase by 50% compared to 2012.
Given the inertial development of the energy sector
and the use of traditional energy sources as the main
ones, this fact may entail negative environmental con-
sequences because of growing volumes of emissions
that pollute the atmosphere and the environment as a
whole [1, 2]. In this regard, many developed countries
are pursuing an active policy of searching for and inte-
grating environmentally friendly renewable energy
sources into the existing energy supply system [3, 4].
To date, considerable attention is attracted by technol-
ogies of electrochemical power engineering, in partic-
ular, electrochemical generators of electricity, i.e.,
solid oxide fuel cells (SOFCs) [5, 6]. This type of
device allows one to convert directly the chemical
energy of the redox reaction (between fuel and oxi-
dizer, usually air) into electrical energy with high effi-
ciency (up to 80% using cogeneration technology), use
not only hydrogen but also various hydrocarbons as
fuel (in particular, methane, propane, and natural gas)
and biofuels, as well as significantly minimize carbon
dioxide emissions into the atmosphere [7]. One of the
key tasks in the development of modern energy-effi-
cient SOFC:s is to reduce their operating temperatures

when creating medium-temperature fuel cells, which,
in turn, will significantly expand the range of used
construction materials, reduce the cost, and increase
the reliability and service life of the device as a whole
[8—10]. The solution of this problem requires the
search for and development of new electrolyte and
electrode materials that are not inferior in their perfor-
mance characteristics to the traditionally used compo-
nents in the formation of high-temperature SOFCs
[11—15]. Thus, promising candidates for the role of a
cathode for medium-temperature solid oxide fuel cells
are oxides with a perovskite structure based on lantha-
num cobaltite doped with strontium and iron
(La, _,Sr,Co/Fe; _ ,0; _ 5, LSCF) [16-21]. These
materials are distinguished by high values of electrical
conductivity (350—400 S/cm for the composition
La, ¢Sry 4Co,,Fe; 505 _5) and mixed electronic-ionic
conductivity (1 X 1072 and 10% S/cm at 800°C, respec-
tively) along with high catalytic activity in oxygen
reduction reactions. In addition, in terms of their
chemical and mechanical characteristics, such solid
solutions are combined with medium-temperature
electrolytes based on cerium dioxide doped with rare
earth elements. Thus, the linear coefficient of thermal
expansion for electrolytes in the CeO,—Gd,0O; system
is (11.5—11.9) x 10-¢ K-, and for cathodes based on
LSCF it is (14—15.29) x 10-¢ K-! [22—27]. As you
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Dissolution of initial salts

in distilled water

2 Addition of concentrated nitric acid, boiling

3 Addition of citric acid monohydrate,
ammonium nitrate, and ethylene glycol

4 Concentration of the resulting mixture at 250°C
until its spontaneous combustion

5 Heat treatment of the resulting powder
(500°C, 1 h) to obtain the target oxide

Fig. 1. Scheme of the glycol—citrate synthesis of nanopowder with the composition Lag ¢St 4Co ,Fe O3 _ .

know, the final functional characteristics of materials
are determined by both their dispersion and micro-
structure. In this case, convenient and scalable meth-
ods of synthesis, which make it possible to obtain sin-
gle-phase nanocrystalline materials based on
La,_,Sr,CoFe, _ ,0; _;, are combustion methods:
the citrate-nitrate [28—30], glycine-nitrate [31—33], as
well as glycol—citrate methods [34—37]. However, the
preparation of the solid solutions by these methods
requires high-temperature treatment (as a rule, above
700°C) because organic components in the reaction
system should be decomposed and residual carbon
should be removed. In turn, this leads to a significant
decrease in dispersion and porosity, which are import-
ant parameters for cathode materials. Nevertheless, by
varying the ratio between the initial reagents (inor-
ganic salts) and organic components (citric acid, eth-
ylene glycol, as well as ammonium nitrate), it is possi-
ble to effect the completeness of the redox reaction of
the formation of the target product, reducing the tem-
perature of the subsequent heat treatment, which
allows maintaining the high dispersion of the obtained
materials [38].

Thus, the aim of this work was to study the process
of glycol—citrate synthesis of nanopowder with the
composition La,¢Sr, 4Co,,Fe; 305 _ 5 and investigate
its thermal behavior and microstructural features.

EXPERIMENTAL

A nanopowder of composition La, (St 4Co, ,Fe, 504
was prepared by the glycol—citrate method. The start-
ing reagents were barium, cobalt, and strontium
nitrates and ferric chloride, the weighed portions of
which were dissolved in a minimum amount of dis-
tilled water. In order to prevent contamination of the
target oxide with chlorine ions, immediately before
the start of the synthesis, salt solutions were boiled in
the presence of nitric acid in order to replace chloride
ions with nitrate ions. Then, citric acid monohydrate,
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ammonium nitrate, and ethylene glycol were added to
the resulting reaction mixture in a molar ratio to the tar-
get product of 3: 1, 6 : 1 and 2 : 1, respectively. The
resulting mixture was evaporated at 250°C until the
formation of a viscous system, which, upon further
heating, combusts spontaneously to form the target
foamed oxide nanopowder (Fig. 1).

The thermal behavior of the obtained nanopowder
was studied using synchronous (TGA/DSC) thermal
analysis carried out using an SDT Q-600 thermal ana-
lyzer. Controlled heating was performed in Al,O,
microcrucibles in the temperature range 20—1000°C
at a rate of 10 K/min in an airflow of 250 mL/min.

The IR transmission spectra of the test sample were
recorded using an Infralum FT-08 FT-IR spectrome-
ter. A suspension of the powder in liquid paraffin was
prepared and placed in the form of a film between KBr
glasses. Spectral analysis was performed in the wave-
number range 350—4000 cm~! (the signal accumula-
tion time was 15 s; the resolution was 1 cm™).

X-ray powder diffraction of the powder was per-
formed on a Bruker D8 Advance diffractometer (CuK,
radiation, 20 angle range 20°—80°, resolution 0.02°,
and signal accumulation time at a point 0.3 s).

The microstructure and elemental composition of
the obtained powder were studied using scanning elec-
tron microscopy (SEM) on an NVision 40 three-beam
workstation (Carl Zeiss) equipped with an Oxford
Instruments X-MAX 80 energy dispersive microprobe
analyzer.

RESULTS AND DISCUSSION

The thermal behavior of the powder obtained from
the glycol—citrate synthesis was investigated using a
synchronous thermal analysis in a stream of air. When
the powder is heated to 1000°C, the thermal curve
(Fig. 2) shows six stages of weight loss (Am = 73.11%),
the first two of which (2.32 and 5.20%) are observed in
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Fig. 2. TGA (green) and DSC (red) curves in an air flow
for the resulting powder.

the temperature range 20—175°C and are accompa-
nied by a low-intensity endotherm with a minimum at
128°C, which is associated with the removal of sorbed
atmospheric gases and water. At the next stage (175—
300°C), the largest weight loss (32.13%) occurs, which
corresponds to two exotherms with maxima at 202 and
221°C associated with the oxidation of organic com-
ponents present in the reaction system. Further, in the
temperature range of 300—500°C, an intense exo-
therm (Am = 10.55%) is observed, which is caused by
the oxidation of residual carbon formed during the
oxidation reaction at the previous stage. In the course
of further heating in the temperature ranges of 500—
765 and 765—1000°C, two stages of weight loss are
observed (1.73 and 21.20%, respectively). In order to
oxidize the residual organic components of the reac-
tion system and form an oxide nanopowder of the
desired composition, the conditions for further heat
treatment were chosen: heating to 500°C and isother-
mal holding for 1 h.

The powders obtained after synthesis, as well as
after additional heat treatment (500°C, 1 h), were
investigated using FTIR spectroscopy (Fig. 3). It can
be seen that the spectrum of the powder obtained after
the synthesis contains absorption bands in the range of
3100—3700 cm~!, which correspond to the stretching
vibrations of OH groups. In the range 1750—1530 cm™,
absorption bands characteristic of stretching vibra-
tions of the C—0O, C=0, and OH groups are also
observed [39]. In addition, in the range 1180—800 cm™,
there are characteristic bands of stretching vibrations
of the C—0O and C—O—C groups [40]. After the pow-
der was calcined, the intensity of the absorption bands
corresponding to the vibrations of the OH bonds
decreases significantly and the absorption bands cor-
responding to the vibrations of carbonate and carbonyl
groups disappear. In this case, the spectra before and
after heat treatment contain bands with maxima at 660
and 575 cm™!, corresponding to vibrations of the La—
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Fig. 3. IR transmission spectra of the powder obtained by
(1) the glycol—citrate synthesis and (2) subsequent heat
treatment at 500°C for 1 h.

O and Fe—O bonds [41, 42], which indicates the for-
mation of a compound of the target composition.

The crystal structure of the powder obtained after
heat treatment at 500°C was studied by X-ray powder
diffraction (Fig. 4). As can be seen from the X-ray
powder diffraction pattern, the reflections with max-
ima at 23°, 32°, 41°, 47°, 53°, 58°, 68°, 73°, and 78°
correspond to the crystallographic planes (100), (110),
(111), (200), (210), (211), (220), (221, 300), and (310)

of the perovskite-type cubic crystal lattice (Pm3m)
[43]. Thus, the X-ray powder diffraction results are in
good agreement with the results of IR spectroscopy
and indicate the formation of a single-phase target
oxide containing no impurity crystalline inclusions.
The average CSR size for a given nanopowder was cal-
culated using the Scherrer formula: d = K?»/ Bcoso,
where d is the average CSR size, K= 0.9 in the approx-
imation that the powder particles are spherical [43], A
is the X-ray radiation wavelength, B is the reflection
width at half maximum, and 0 is the diffraction angle.
Thus, the average CSR size was 26 =+ 3 nm.

The morphology of the La;Sr,,Co,,Fe 305 _ 5
powder after heat treatment was studied using scan-
ning electron microscopy. According to SEM data
(Figs. 5a and 5b), it is characterized by the presence of
porous agglomerates (the average pore size is ~38 nm),
consisting of particles with an average size of ~83 nm.
Thus, taking into account the X-ray powder diffrac-
tion results, it can be assumed that one particle con-
sists, on average, of 3—4 crystallites. The elemental
composition of the investigated nanopowder was
monitored using X-ray spectral elemental analysis car-
ried out in the framework of scanning electron micros-
copy. Analysis of the spectrum obtained (Fig. 5¢) con-
firmed the target ratio of metals in the oxide nano-
powder, as well as the absence of impurity inclusions.
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Fig. 4. X-ray diffraction pattern of nanopowder with the
composition Lag ¢Sty 4Coq ,Fe( O3 _ 5 obtained after
heat treatment at 500°C.

CONCLUSIONS

The glycol—citrate synthesis of the oxide of com-
position La,¢Sr,,Coq,Fe; 305 _ 5 has been studied.
According to the results of X-ray powder diffraction,
IR spectroscopy, and X-ray spectral elemental analy-
sis within the framework of scanning electron micros-
copy, it was found that this method and conditions of
synthesis, as well as subsequent heat treatment, make
it possible at a sufficiently low temperature (500°C) to
obtain a single-phase nanocrystalline powder (average
CSR size 26 £ 3 nm) of the target composition, having

a cubic perovskite crystal structure (Pm3m) and con-
taining no crystalline impurities.

Thus, based on the experimental data obtained
using a comprehensive analysis (X-ray powder diffrac-
tion, SEM, IR spectroscopy, and synchronous ther-
mal analysis), the synthesized oxide is of practical
interest in terms of its physicochemical characteristics
and microstructural features. On its basis, in the
future, it is planned to prepare stable disperse systems
suitable in terms of their rheological characteristics for
use as functional ink in the formation of cathode coat-
ings for medium-temperature solid oxide fuel cells
using printing technologies.
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