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A B S T R A C T   

This work evaluates partially amorphous La0.6Sr0.4CoO3-δ (LSC) as a potential oxygen electrode for low- 
temperature solid oxide cells. LSC was deposited using the spin-coating technique onto Ce0.8Gd0.2O2-δ (CGO) 
substrates. The optimal oxygen electrode thickness was determined as 500 nm. The electrochemical impedance 
spectroscopy (EIS) study showed a significant improvement in oxygen reduction/oxidation reaction kinetics 
when annealing temperatures below 600 ◦C. The lowest value of the polarisation resistance was observed for the 
sample annealed at 400 ◦C, followed by a temperature of 500 ◦C. EIS measurements at different pO2 content were 
performed at levels between 0.5 % and 20 %. A comprehensive equivalent circuit analysis was carried out for an 
explanation of the limiting factors of the catalytic reaction. X-ray absorption fine structure analysis allowed for 
the identification of differences between crystalline LSC and its partially amorphous form. X-ray absorption near- 
edge spectroscopy analysis indicated that cobalt adopts a lower oxidation state for the partially amorphous form. 
Moreover, extended X-ray absorption fine structure analysis indicated the decreased of cobalt oxidation state in 
partially amorphous LSC. It can be assumed that the increased activity of LSC at temperatures below the crys-
tallization may be due to increased defects and oxygen vacancies in the material.   

1. Introduction 

Solid oxide cells (SOCs) technology has been continuously devel-
oping for decades [1]. This potentially zero-emission technology to 
obtain energy from hydrogen may be crucial in the process of energy 
transformation [2]. Initially, the operating temperature of the fuel cells 
was 1000 ◦C and above, and it immediately became clear to commer-
cialise the technology, it was necessary to reduce the working temper-
ature and the high operating costs associated with it. Over the last 20 
years, it has been provided to reduce the operating temperature of cells 
to the operating range of 600 ◦C to 800 ◦C, and the temperature of 
500 ◦C is increasingly being studied. Reducing the optimal operating 

temperature for SOCs and increasing the efficiency requires solving 
many problems. In such a situation, it became necessary to find appro-
priate materials that allow for a reaction to happen at lower tempera-
tures with high efficiency [1,3]. 

Recently, much attention has been devoted to the development of 
high-performance oxygen electrodes for intermediate and low- 
temperature SOCs applications. Pristine material used as a oxygen 
electrode was a perovskite material that conducts both electronically 
and ionically, La1-xSrxMnO3 (LSM). However, lowering the operating 
temperature creates a need for new materials with properties better than 
LSM. The search for alternatives led to materials such as LSC (LaxSr1- 

xCoO3-δ) or LSCF (LaxSr1-xCoyFe1-yO3-δ). Among the materials used as 
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oxygen electrodes in low-temperature SOCs, one should include 
Ce0.8Gd0.2O2-δ (CGO) infiltrated by LSC and LSCF [4]. Other potentially 
promising materials include praseodymium oxide [5,6], Pr2NiO4+δ [6], 
and strontium-cobalt oxide doped with antimony [7]. 

Of the materials mentioned, LSC and LSCF currently seem to be the 
most promising. LSC can exhibits two crystalline forms. Chen et al. 
examined the crystallographic structure of the LSC and showed the 
presence of the hexagonal (trigonal, rhombohedral) lattice form in the 
temperature range from room temperature up to 390 ◦C. Between 390 ◦C 
and 611 ◦C, there is a phase transition to the cubic perovskite phase, 
which is stable above 611 ◦C. In that study, LSC powders were syn-
thesised by a solid-state reaction [8]. The synthesis of LSC usually ends 
with obtaining a product consisting of several phases, as demonstrated 
by Hayd et al. The crystallographic analysis of LSC layers deposited on 
CGO showed, in addition to the perovskite La0.6Sr0.4CoO3-δ phase, the 
(La,Sr)2Co4+δ and SrO phases [9]. Moreover, Co3O4 phase was also 
detected in other works [10]. The synthesis temperature below 550 ◦C 
results in obtaining the material in semi-amorphous or amorphous form 
[11,12]. LSC is known as a oxygen electrode material with a high ionic 
conductivity between 0.56 S/m and 1.2 S/m at 700 ◦C [13,14]. For 
LSCF, this value is 0.474 S/m at the same temperature [14]. So far, the 
electrochemical properties of LSC have been mainly studied at temper-
atures >400 ◦C, whereas its performance at lower temperatures remains 
unexplored [15]. Such a low operating temperature also allows the 
possibility of using amorphous and partially amorphous materials. 

In the literature, the vast majority of works refer to crystalline LSC. 
Limited number of papers undertake research on amorphous LSC. At low 
temperatures, the best results when it comes to the performance of 
crystalline electrodes, so far, has been achieved by Kim et al., who ob-
tained polarisation resistance (Rpol) value ~1.51 Ω⋅cm2 at 400 ◦C for the 
oxygen electrode in the form of LSC-LSCF composite, where the LSC was 
added in the process of infiltration in the form of nanosheets [16]. The 
infiltration of CGO with LSC was also used by Samson et al. and the 
research team obtained at the same temperature value of Rpol equal to 
2.57 Ω⋅cm2 [17]. Hayd et al. investigated the use of LSC as a oxygen 
electrode in their work. The 200 nm-thick oxygen electrode layer was 
screen-printed. The area specific resistance (ASR) value for the sym-
metrical half-cell was ~3.2 Ω⋅cm2 at 400 ◦C [9]. Samat et al. presented a 
oxygen electrode in the form of LSC prepared by the polymeric 
complexation method. The oxygen electrode thickness used was around 
1 µm. At a temperature of 400 ◦C, the polarisation resistance was 
approximately 32 Ω⋅cm2 [18]. Januschewsky et al. reported the use of 
LSC as a oxygen electrode deposited on yttria-stabilised zirconia (YSZ) 
using pulsed laser deposition (PLD), and the selected layer thickness was 
set at 200 nm. For the layer deposited at a temperature of 420 ◦C and 
kept for 3 days at 600 ◦C, the polarisation resistance was determined in 
the temperature range of 600–400 ◦C. At 400 ◦C, the value of the 
polarisation resistance was approximately 180 Ω⋅cm2 [19]. 

For amorphous or partially amorphous electrode materials, the 
number of valuable scientific publications is quite limited. Cavallaro 
et al. investigated the potential use of an amorphous LSC as a oxygen 
electrode in low-temperature SOCs. A layer with a thickness of around 
300 nm was deposited by the PLD technique and subjected to thermal 
treatment in the temperature range from room temperature through 
200 ◦C and up to 750 ◦C. The Rpol value at the temperature of 415 ◦C was 
as high as 850 Ω⋅cm2 [20]. Evans et al., used partially amorphous LSC as 
a oxygen electrode for micro-solid oxide fuel cells. Oxygen electrode 
thicknesses were set as 100 nm and 200 nm, and for the latter value at 
400 ◦C, the ASR value for the oxygen electrode was determined to be no 
more than 0.3 Ω⋅cm2 as deconvoluted from fuel cell measurements [12]. 
Due to limited number of studies, and a wide range of Rpol values, the 
electrochemical performance of amorphous or partially amorphous 
electrode materials remains interesting for further exploration. In this 
article, we present and discuss the influence of the LSC structure on the 
electrocatalytic properties of oxygen reduction/oxidation at low- 
temperatures. 

2. Experimental 

The base on which the oxygen electrode layer was deposited was 
pellets prepared from Ce0.8Gd0.2O2-δ powder (GDC-20 K or CGO, Daiichi 
Kigenso Kagaku Kogyo, Japan). 0.8 g of CGO powder was placed in a 
mould with a diameter of 16 mm and pressed at 98 MPa for 1 min. The 
prepared pellets were sintered at 1450 ◦C for 10 h in the box furnace. 
After sintering, the pellets shrank to an average diameter of 13 mm. The 
samples were polished on both sides on a semi-automatic polisher 
(Struers Tergamin-20) and annealed again at 1200 ◦C for 2 h. 

The La0.6Sr0.4CoO3-δ precursor was prepared in the ethylene glycol 
photopolymerization process. La(NO3)3⋅6H2O (99.9 % purity, Alfa 
Aesar), Sr(NO3)2 (99 % purity, Sigma Aldrich), and Co(NO3)3⋅6H2O (99 
% purity, Sigma Aldrich) were dissolved in proper stoichiometry in 
distilled water to obtain a concentration of 0.25 mol⋅dm− 3. Ethylene 
glycol (99 % purity, Sigma Aldrich) and citric acid (99 % purity, 
Chempur) were added to the solution in a mass ratio of 1:1. Adition-
ally,10 wt% of ethanol (99,8% POCH) was added, along with 0.05 wt% 
of the photoinitiator [2-hydroxy-4′-(2-hydroxyethoxy)]-2-m-ethyl-
propiophenone (98 % purity, Sigma Aldrich). When all substrates were 
mixed, the solution was exposed to UV light for 13 min (a time selected 
from preliminary studies to determine optimal conditions). UV light was 
provided by the laboratory ultraviolet lamp EMITA VP-60, rated power 
180 W, at a supply voltage of 220–240 V AC. A wood glass filter was used 
that transmits UV radiation in the range of 320 to 400 nm, with a 
maximum at 365 nm. 

To determine the crystalline or partially amorphous structure at low 
temperatures, a series of LSC powders synthesised from the described 
precursor, was prepared and sintered in a furnace for two hours at a 
temperature ranging from 400 ◦C to 1000 ◦C in increments of 100 ◦C. 
The product of sintering obtained in this way was ground in a mortar to 
obtain a homogeneous powder. These samples were analysed by X-ray 
diffraction (XRD), high-temperature X-ray diffraction (HT-XRD), and 
XAFS (X-ray absorption fine structure) in XANES (X-ray absorption near- 
edge spectroscopy) and EXAFS (extended X-ray absorption fine struc-
ture) regions. 

The LSC oxygen electrode was deposited onto the prepared pellets 
using the spin-coating technique (Laurell spin coater, model WS-400B- 
6NPP/LITE). 20 µl of LSC precursor was dropped onto the surface of 
CGO, and using a three-stage rotational speed, excess solution was 
removed at 500 rpm for 20 s, 1000 rpm for 20 s, and 3000 rpm for 30 s. 
After each application of a new layer, the heat treatment process was 
applied using a hot plate, and the pellets were heated to 400 ◦C for 15 
min. A series of samples with a different number of application cycles, 
from 1 to 20, were made to determine the relationship between the 
number of cycles and the thickness of the final layer. It was determined 
that 10 cycles gave a oxygen electrode thickness of around 300 nm, and 
20 cycles resulted in a thickness of around 500 nm. After the pre-
determined oxygen electrode thickness was reached, the edges of the 
half-cells were polished to remove the remaining LSC at the edges. Then, 
they were annealed in the furnace (Carbolyte RHF 16/8 box furnace) in 
the temperature range of 400–1000 ◦C for 2 h. The method of sample 
preparation (multiple heating and cooling cycles) did not cause 
delamination of the layer from the substrate. After determining the 
proper thickness layer, still good adhesion with the substrate was ach-
ieved. Moreover, further measurements at higher temperatures did not 
show significant differences in ohmic resistance values over a wide 
temperature range. A current collector layer in the form of LSC paste 
(Fiaxell) was applied to each of the pellets and annealed at 400 ◦C for 2 
h. The symmetrical half cells prepared in this way, with the LSC oxygen 
electrode on both sides, were used for further tests. 

The viscosity of the prepared precursor was measured using a 
FUNGILAB ALPHA series rotational viscometer with an adapter for 
measuring small samples. 10 ml of the precursor before and after the 
photopolymerization process was used to perform the measurement. 
The rotation speed was selected for each sample to ensure the highest 
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accuracy of the measurement indicated by the viscometer. 
Wetting properties were probed with drop shape analyser DSA25 

(Krüss) under the sessile drop mode. The contour of the 2 μl drop was 
imaged using dedicated software Advance and fitted with the Young 
Laplace method. 

XRD was used to examine the microstructure of LSC powder samples 
using a Bruker D2Phaser (Bruker AXS, Mannheim, Germany) diffrac-
tometer with a Lynxeye XE-T detector and CuKα radiation (α = 0.15406 
nm). 

Data for high-temperature X-ray powder diffraction was gathered on 
a Philips X’Pert Pro diffractometer, equipped with an X’Celerator de-
tector. Ni-filtered Cu-Kα radiation was used to generate the data, and the 
values for λ1 and λ2 were 1.54056 Å and 1.54439 Å, respectively. 
Measurements at the elevated temperatures were carried out with the 
assistance of an Anton-Paar HTK 1200 high temperature camera. The 
LaB6 standard was used for the calibration process. Diffraction patterns 
were obtained in air at room temperature as well as at intervals of 50 ◦C 
ranging from 50 ◦C to 850 ◦C. 

Raman spectra were acquired using an inVia spectrometer 
(Renishaw, United Kingdom) outfitted with an optical microscope 
(Leica, Wetzlar, Germany) and a motorised sample platform. Using a 50x 
objective, the excitation beam from a diode laser emitting at 532 nm was 
focused on the sample. At the surface of the sample, the laser power was 
3.2 mW. The Raman Stokes signal was scattered using a diffraction 
grating with 2400 grooves per millimetre, and the data were captured 
using a Peltier-cooled charge-coupled device (CCD) detector with 1024 
× 256 pixels. This system has a spectral resolution of around 1 cm− 1. 
Silicon was used to calibrate both the Raman wavenumber and the 
spectral intensity of the Raman apparatus. 

Fourier transform infrared (FTIR) spectra were acquired at room 
temperature using a VERTEX 70 (Bruker, Ettlingen, Germany) spec-
trometer. Scans were performed in Kubelka-Munk mode in the range of 
4000 to 400 cm− 1. 

The X-ray absorption spectroscopy measurements at the Co K-edge 
were made at the ASTRA beamline at the SOLARIS National Synchrotron 
Radiation Centre in Cracow, Poland. The white beam from the 1.3 
bending magnet was monochromatized by modified Lemonnier type 
double crystal monochromator equipped with Ge(220) crystal pair. At 
the sample position the size of the monochromatized beam was 7x1 mm. 
The XAFS spectra in XANES and EXAFS regions were collected in 
transmission mode, where sample chamber and ionisation chambers 
were filled with N2 gas at atmospheric pressure. The monochromator at 
the Co K-edge was calibrated using Co foil from Exafs Company. During 
the measurements of the samples of interest the Co foil was also 
measured as a reference sample in order to control alignment of the 
collected spectra. For the measurements the homogeneous powder of 
samples of interest were mixed with cellulose and uniform pellets of 
diameter 1.3 cm were made. To get a good edge step the mass of the 
powders before mixing with cellulose were evaluated using XAFSmass 
program. A further analysis of the spectra was performed using Athena 
and Arthemis softwares. The crystallography data used to fit the calcu-
lated Fourier transform (FT) spectra was taken from the Crystallography 
Open Database (COD). FEFF files for fitting into the Artemis software 
have been prepared on the WebAtoms website. A map of the intensities 
of the atom distribution was made using wavelet transforms (WT) with 
Hama Fortran software [21,22]. 

Electrochemical impedance spectroscopy (EIS) was used to measure 
the ohmic and polarisation resistance (Rohm and Rpol) of the prepared 
symmetrical cells (LSC|CGO|LSC) with an excitation amplitude of 25 mV 
and a frequency range of 3 MHz–50 mHz. The samples were placed in a 
compression cell where on each side of the sample was a gold mesh 
electrically connected to platinum wires leading outside the furnace. EIS 
studies aimed to determine the influence of the material structure 
(partly amorphous and crystallised) on the catalytic properties. Mea-
surements were performed in an atmosphere of synthetic air with a flow 
rate of 50 ml⋅min− 1. The tested temperature range varied depending on 

the annealing temperature. For lower annealing temperatures, more 
frequent measurements were used to more precisely analyse the low- 
temperature range. 

Measurements at various partial contents occurred at pO2 values of 
0.5 %, 1 %, 3 %, 5 %, 10 %, and 20 % at a flow rate of 50 ml⋅min− 1. 
Before the measurement, stabilisation in an atmosphere of selected pO2 
for 4 h was done. EIS measurements were performed in the range of 
400 ◦C–300 ◦C every 25 ◦C. The Distribution of Relaxation Times (DRT) 
method was used for detailed analysis. For this purpose, the DRTtool 
Matlab GUI was used [23]. The DRT analysis was performed by choosing 
the C4 Matern method of discretization utilizing the 2nd order of the 
regularization derivative and a regularization parameter (λ) of 10− 4. 

The samples were aged in an atmosphere of synthetic air, where pO2 
is 20 %, and in isothermal conditions at a temperature of 400 ◦C. 
Measurements were carried out for 100 h, with collecting spectra every 
5 h. 

3. Results and discussion 

3.1. Layer preparation and structural analysis 

The preparation of the oxygen electrode layer began with the prep-
aration of the precursor. In this case, instead of the standard precursor 
prepared by the Pechini patent [24], the photopolymerization process 
was used. The increase in viscosity from 50.6 mPa⋅s to 88.88 mPa⋅s in-
dicates that the use of a photoinitiator and UV light accelerated the 
polymerization process of ethylene glycol (EG) to polyethylene glycol. 
Contact angle analysis was used to see how the wettability changed and 
to compare it with the EG-based solution that was made as described 
above (S1 and S2 in the supplementary). In the case of distilled water, 
the initial contact angle was around 60◦ and gradually decreased to 
reach the minimum measured angle of approximately 7◦ after approxi-
mately 12 min. In the case of the EG-based reference solution, the initial 
value of the contact angle was around 20◦, and after 6 min, it dropped to 
approximately 5◦. As expected, the prepared precursor had an initial 
contact angle lower than before photopolimerisation and the value was 
about 20◦. However, the CGO surface was much more wettable, so after 
two to three minutes, the contact angle became too small to measure. 
Contact angle measurements indicate that the new precursor prepara-
tion method accelerates the wettability of the CGO surface. 

Fig. S3 shows the SEM images of the LSC layers deposited on the CGO 
surface using the spin-coating technique with a varying number of 
deposition cycles. The average LSC layer thicknesses from the SEM im-
ages were ~50 nm, ~100 nm, ~190 nm, ~230 nm, ~290 nm, and 
~500 nm for 2, 4, 6, 8, 10, and 20 cycles respectively. Fig. S4 presents 
the calibration curve for oxygen electrode layer deposition depending 
on the number of cycles. 

Fig. 1A shows the XRD results of the LSC powders sintered at 
different temperatures. It shows that the diffractograms have charac-
teristic peaks that correspond to both R3̲c rhombohedral phases. These 
are the main peaks at 33◦ (110, 104), 47.5◦ (113), and 58◦ (024). 
However, there were also peaks indicating the Pm3‾m phase at 23.25◦

(012) and 40.75◦ (202). At 600 ◦C, in addition to the main peaks, 
characteristic of strontium carbonate became visible at 25.5◦ and 36◦ as 
well as faint peaks at 45◦ and 50◦. The presence of strontium carbonate 
as an impurity is typical for LSC materials [25]. Below the temperature 
of 600 ◦C, the diffraction pattern indicates a partially amorphous form of 
the analysed material. LSC-specific peaks are noticeable and recognis-
able. In addition, peaks at 31.3◦ and 65.2◦, not present at higher tem-
peratures, were observed, indicating the presence of Co3O4. 

Fig. 1B shows the Co K-edge XANES spectra for the LSC material as a 
function of annealing temperature. At around 7709 eV in each of the LSC 
samples, the pre-edge feature is observed, regardless of the annealing 
temperature. For 3d metals, the pre-edge feature depends on the 
contribution of the 1 s electric dipole transition to the 4p component in 
3d – 4p hybridized orbitals and the tiny quadrupole transition to 3d 
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component. The p-d hybridization could not occur for a regular octa-
hedral symmetry, and the pre-edge peak is weak because the transition 
momentum of the electric quadrupole process is small. When the center 
of inversion symmetry is broken due to progressive distortion from 
octahedral to tetrahedral geometry, the pre-edge feature gains addi-
tional intensity due to the 1 s transition to the 4p component in the 
3d–4p hybridized orbital, where the mixing of 4p and 3d depends 
strongly on the coordination symmetry [26]. In this case, the pro-
nounced pre-edge peak for LSC could be explained by distortions of the 
octahedral structure due to the occurrence of defects and oxygen va-
cancies. Additional distortions introduced by the lack of a fully crys-
talline structure only increase the level of distortion, resulting in a 
distinct pre-edge peak [27,28]. 

Fig. 1C presents a linear relationship between the cobalt oxidation 
state and the mid-edge energy. It should be noted that the choice of the 
edge position is rather arbitrary, therefore the value of mid-egde energy 
was chosen to verify the spectral shift. In order to determine the curve 
determining this relationship, standard compounds with known and 
established oxidation states were used. The XANES spectra indicate the 
presence of cobalt is close to the theoretical value of 3.4+, so therefore, 
cobalt occurs in both 3+ and 4+ oxidation states in LSC annealed above 
600 ◦C. The situation was different for LSC annealed below 600 ◦C. The 
lower the annealing temperature, the more a more a gradual decrease in 
the average oxidation state of cobalt is observed. At a temperature of 
600 ◦C, this value is already ~3.3+; at annealing temperatures of 500 ◦C 
and 400 ◦C, it is 2.9+. The decrease in the average oxidation state of the 
cobalt in the LSC structure significantly affects the properties of the 
material itself. Fig. 1D shows k-space oscillation plots and Fourier 
transform (FT) (k2 χ(k)) plots of EXAFS for LSC annealed at different 
temperatures (no phase correction were applied). In the obtained 
spectrum, the first peak reaches its maximum at a radial distance of 
approximately 1.5 Å. This peak occurs for both partially amorphous and 
crystalline structures. In non-crystalline LSC, a peak at approximately 
1.1 Å is also visible, the intensity of which in the crystal structure is 
much lower. In the case of partially amorphous structures, the next peak 

is observed at a radial distance of ~2.5 Å. This is a significant difference 
from the crystal structure, where the three broad peaks indicate Co-Sr/ 
La/Co is in the range of 2.7–3.8 Å. Figs. S6A and S6B present the LSC 
spectra and the results of fitting the vibrational spectra |Х(R)| (Å− 4) in k- 
space and k3 Х(k)(Å− 3) in q-space. The parameters obtained during 
fitting are presented in Table S1. The EXAFS analysis indicates a sig-
nificant decrease of number of oxygen atoms around the central atom for 
partially amorphous LSC. For annealing temperatures below 600 ◦C, the 
value of the coordination number is close to 4, and for crystalline 
samples it oscillates between 4.6 and 5.0. The decrease in this value for 
annealing temperatures of 900 ◦C and 1000 ◦C may be related to the 
formation of additional phases. They may not be visible in the dif-
fractogram, as shown in work Zhang et al., where the formation of the 
CoOx phase was not detected using XRD and its occurrence was observed 
using SEM-EDS. They also determined the stability phase diagrams for 
(La0.6Sr0.4)0.99CoyO3-δ, and for temperatures above 800 ◦C in air, the 
occurrence of LSC with spinel (La,Sr)CoO4 is possible, and above 900 ◦C, 
LSC with halite CoO is observed [29]. To better understand the differ-
ences between crystalline and partially amorphous material, a wavelet 
transform (WT) based on Morlet wavelets (κ = 15, σ = 1), was also 
performed for each analysed sample as a function of the annealing 
temperature. The WT determines the centres of the backscatter wave 
functions in energy (or wave vector) space. This method is particularly 
helpful when their waves cannot be separated by the Fourier transform/ 
backtransform approach due to the presence of several elements in one 
shell, or the irregular nature of the material. Moreover, this method is 
particularly useful in determining minor changes in the centres of wave 
functions depending on various factors. Fig. 1 E–G present the obtained 
maps for annealing temperatures from 400 ◦C to 600 ◦C, and Fig. S6 C–F 
presents the obtained maps for annealing temperatures in the range of 
700–1000 ◦C. For crystalline LSC, there are two areas with maximum 
intensities at R around 1.5 Å and 3 Å. The first of them corresponds to 
the Co–O bond and has a quite wide range. The second area originates 
from the Co-La/Sr/Co. Similar results were observed for all tempera-
tures above 600 ◦C. In the case of the annealing temperatures of 900 ◦C 

Fig. 1. X-ray diffraction of LSC powders annealed at different temperatures (A); XANES spectra (B); Average cobalt oxidation state calculated from mid-energy (C) R- 
space FT Fourier transform (k2χ(k)) Co-K-edge EXAFS for LSC as a function of annealing temperature (D); and Wavelet Transform calculated from EXAFS for LSC 
annealed at range 400 ◦C–600 ◦C (E-G). 
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and 1000 ◦C, changes was observed in oxygen occupancy. It may be 
related to a new phase formation in the LSC at a high temperature [29]. 
For partially amorphous LSC a clear leftward shift is observed for Co-La/ 
Sr/Co scattering path, where maximum intensities are observed at 2.5 Å, 
compared to 3 Å for the crystalline LSC. At an annealing temperature 
below 600 ◦C, two distinct areas with comparable intensities are 
observed, which distributions are broader, than for crystalline LSC. 
Based on the determined values of coordination numbers for Co-O 
bonds, it can be assumed that the number of oxygen atoms near the 
central atom has decreased, and may be comparable to the number of 
cations. This suggests that it can contribute to the occurrence of many 
more defects in the material itself. The appearance of defects in the 
structure of the material is related to its activity. Wang et al. analysed 
the LSC-Co3O4 composite in the context of oxygen activation in the 
material structure. The presence of an interface composed of LSC-Co3O4 
increases the conversion of inactive oxygen species O2– to active O2-x. 
This is done by increasing the number of electrons transferred from the 
perovskite LSC to the Co3O4 lattice [30]. The occurrence of such defects 
may have a beneficial effect on the electrochemical reaction. 

Fig. S5A shows high-temperature XRD analysis (HT-XRD) for the 
powder annealed at 400 ◦C (amorphous form). The characteristic first 
peaks of La0.6Sr0.4CoO3 appear at a temperature of 550 ◦C, which in-
dicates that the minimum temperature for the formation of the LSC 
perovskite crystal form is between 500 ◦C and 550 ◦C. In the tempera-
ture range of 550–600 ◦C, the characteristic SrCO3 peaks are visible. 
Above 611 ◦C, a stable perovskite structure is observed, as shown in the 
literature [8]. The measurements reveal that LSC annealed at tempera-
tures below 550 ◦C is partially amorphous and will be taken for future 
examination. To further improve the understanding of the structural 
properties, the examination with additional is required to offer more 
accurate details. 

Raman spectroscopy was performed on oxygen electrode layers 
deposited on CGO pellets, and the results are shown in Fig. S5B. Mea-
surements were made for a pure CGO pellet and an LSC layer with a 
thickness of 500 nm in the range of annealing temperatures from 400 ◦C 
to 1000 ◦C. For the pure CGO pellet, a broad and intensive band was 
observed with a Raman shift of 470 cm− 1. This is the only band observed 
in the analysed range of the measurement. Raman shift bands for the LSC 
are visible at 480 cm− 1, 520 cm− 1 and 678 cm− 1. At the annealing 
temperatures of 400 ◦C and 500 ◦C, no band at 520 cm− 1 was observed. 
In the case of perovskites, the presence of bands in Raman spectroscopy 
corresponds to Jahn-Teller distortions. In contrast to the perovskite’s 
ideal structure, these distortions cause structural disturbances in the 
oxygen sublattice structure. Specifically, they cause the differences in 
the lengths of the Co-O bonds in the octahedral CoO6, which leads to the 
formation of a monoclinic structure. In the case of a material such as 
LSC, strontium doping causes a decrease in the intensity of the bands and 
their broadening. These bands may be related to the Co3+ intermediate 
spin state [31]. There is a limited number of articles in the literature that 
even partially deal with the study of Raman scattering of perovskites 
such as LaCoO3, and in the case of LSC, finding such studies is even more 
difficult. In the case of the LaCoO3 perovskite, Ishikawa et al. observed 
Raman bands at 425 cm− 1, 536 cm− 1 and 653 cm− 1 (relative to the 
measurement range presented here), but only 425 cm− 1 for La0.7Sr0.3-

CoO3 [32]. In the case of La1-xSrxCoO3, the Raman shifts were different 
depending on the grain size and the stoichiometry of the material. 
Orlovskaya et al. for La0.8Sr0.2CoO3 distinguished shifts of 448 cm− 1, 
557 cm− 1 and 673 cm− 1 [33] and Li et al. for La0.8Sr0.2CoO3 (grain size 
11.5 nm) observed shifts at 500 cm− 1 and 630 cm− 1 [34]. Celikbilek 
et al. for La0.6Sr0.4CoO3 he observed bands at 420 cm− 1 and 678 cm− 1 

[31]. 
The lack of agreement in the literature regarding the specific bands 

responsible for LSC makes the analysis of the results even more complex. 
In this case, La0.6Sr0.4CoO3 overlaps the band at 678 cm− 1 with the 
Celikbilek work, and it is also seen that the band at 420 cm− 1 cannot be 
determined due to CGO. The band at 500 cm− 1 was observed in 

La0.8Sr0.2CoO3 and in LaCoO3 at 536 cm− 1, 557 cm− 1 or 570 cm− 1 [7]. 
Aakib et al. showed the presence of Raman bands at 470 cm− 1, 510 
cm− 1, 610 cm− 1 and 670 cm− 1 for Co3O4 [35]. 

Fig. S5C shows the FTIR spectra of LSC deposited on CGO pellets and 
sintered at different temperatures. Bands at wavenumbers 400 cm− 1, 
562 cm− 1 and 660 cm− 1 are recognised. The observed bands at about 
400 cm− 1 and 660 cm− 1 are attributed to the modes of deformation and 
stretching vibrations in the plane of the O–Co–O bonds. In addition, the 
band width at 400 cm− 1 may indicate the overlapping of the La–O and 
Sr–O bond stretching vibrations. The vibrations occurring at 562 cm− 1 

can be attributed to the stretching vibrations of the La/Sr–O–Co bonds. 
At low annealing temperatures, the bands are hardly visible, probably 
due to irregularities in the surroundings of the analysed bonds, which 
also affect the shift of the absorption maximum (local minimum of 
transmittance). The most sharp and visible bands are for LSC annealed at 
1000 ◦C. The values of the wavenumbers that have been matched to the 
appropriate vibrations correspond to the data from the literature. The 
FTIR spectra obtained by Ghorbani-Moghadam et al. showed the bands 
and types of vibrations for the spinel material La0.7Sr1.3CoO4 and the 
Cu/Fe dopants. They identified three distinct bands at the wavenumbers 
of 400 cm− 1, 520 cm− 1 and 600 cm− 1, respectively. They attributed the 
first and last bands to stretching vibrations in the plane of the Co(Fe/ 
Cu)-O bonds, and the band between 450–550 cm− 1 to stretching vi-
brations of the apical La/Sr-O(II)–Co–(Fe/Cu) bond [36]. In another 
study, they studied a series of spinels with the La2-xSrxCoO4 structure. In 
the case of La1.3Sr0.7CoO4, bands at wavelengths of 421 cm− 1, 486 cm− 1, 
616 cm− 1 and 672 cm− 1 were determined. It was also shown that this 
band shifted to lower wavenumber values with the change of the La:Sr 
ratio, and at the La:Sr ratios of 0.9:1.1 and 0.7:1.3, this shift reached the 
minimum value of 468 cm− 1 (from 512 cm− 1) [37]. In this study, the 
content of lanthanum and strontium in the perovskite structure is much 
lower, so it is possible that stretching of the octahedral CoO6 is present, 
but it is invisible, or it consists of a wide band from 400 cm− 1 to as much 
as 480 cm− 1. Sivakumar et al. identified bands at 446 cm− 1, 476 cm− 1 

and 620 cm− 1 for the LaCoO3 perovskite. They determined that at 446 
cm− 1, can be attributed to the La-O stretching, and at 620 cm− 1 for O- 
Co-O stretching vibrations. Mishra et al. analysed the LaCoO3 material 
and identified the band at 586 cm− 1 as stretch vibration between Co-O- 
Fe/Ni-O, as well as vibrations in the octahedral perovskite structure 
[38]. Garces et al. performed the FTIR spectroscopy measurement for 
the LaSrCoO3 perovskite. In the spectrum, they identified bands at 
wavenumbers of 686 cm− 1 and 523 cm− 1. The band at 686 cm− 1 was 
related to the O-Co-O bond stretching vibrations, and the band at 523 
cm− 1 is related to the La-O and Sr-O bond stretching vibrations [39]. The 
occurrence of the described bands for each annealing temperature in-
dicates the similar nature of the crystalline and partially amorphous 
material. The decrease in band intensity with decreasing annealing 
temperature is also noticeable and indicates the presence of a more 
disordered structure. 

SEM images in Fig. 2A–G depict the surface morphology of the ox-
ygen electrode. At an annealing temperature of 400 ◦C, the grains are too 
small (<10 nm) to distinguished. The grain size was ~23 nm at the 
annealing temperature of 500 ◦C. The average grain sizes for crystalline 
LSC were around 40 nm, 68 nm, 82 nm, 147 nm, and 112 nm at 
annealing temperatures of 600 ◦C, 700 ◦C, 800 ◦C, 900 ◦C, and 1000 ◦C, 
respectively. There is also a considerable increase in the pore size. The 
pore size of a partially amorphous LSC is nanometric and grows as the 
annealing temperature increases. During high annealing temperatures, 
the pores expand to a size larger than the grains. 

3.2. Electrochemical impedance spectroscopy 

Structural analysis indicated differences between crystalline and 
amorphous LSC. These differences may affect the catalytic properties of 
the material. To determine the efficiency of the electrochemical oxygen 
electrochemical reaction, various types of measurements were carried 
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out using electrochemical impedance spectrometry. The value of 
polarisation resistance (Rp or Rpol) was taken into account as a key 
parameter for assessing the efficiency of this process. A series of sym-
metrical samples was prepared for the tests. 

3.2.1. Optimal thickness determinations 
The first stage of the research using EIS was to determine the optimal 

thickness of the LSC layer, starting at 200 nm and ending at 1000 nm. 
The electrochemical performance, depending on the thickness, was 

determined in the temperature range of 400 ◦C–300 ◦C by performing 
three impedance measurements every 25 ◦C. Fig. 3A and 3B show the 
ohmic and polarisation resistances, and Fig. 3C shows the obtained 
impedance spectra for various oxygen electrode thicknesses. At 400 ◦C, 
values of polarisation resistance of 59.3 Ω⋅cm2, 38.8 Ω⋅cm2, 35.9 Ω⋅cm2, 
and 51.6 Ω⋅cm2 were obtained, respectively, for layer thicknesses of 200 
nm, 300 nm, 500 nm, and 1000 nm. For the sample without LSC layer 
(reference sample), this value is 527 Ω⋅cm2. The nanoporous LSC oxygen 
electrode causes a significant increase in the oxygen electrode-air 

Fig. 2. SEM images of the LSC-based oxygen electrode surface depending on different annealing temperatures: from 400 ◦C to 1000 ◦C (A-G).  

Fig. 3. Influence of La0.6Sr0.4CoO3-δ oxygen electrode thickness on ohmic (A), polarisation resistance (B), obtained impedance spectra (C), and the relationship 
between annealing temperature and ohmic and polarisation resistance (D). 
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contact area, which is reflected in the value of the polarisation resistance 
of the cell. The initial decrease in the polarisation resistance value is 
related to the increase in the area of the active oxygen electrode layer 
and more efficient electrochemical reaction. The Rp values for the 
thickness of 300 nm are close to the sample thickness of 500 nm, and the 
positive effect of the increase in the active surface is inhibited. At a 
thickness of 1000 nm, an increase in the Rpol value was observed. This 
might be because the limiting charge transfer through the electrolyte 
layer. It may become more significant as the thickness of the oxygen 
electrode increases. Moreover, it can be assumed that the optimal range 
of oxygen electrode thickness is from 200 nm to 1000 nm. Fig. 3D shows 
the changes in the values of ohmic resistance and polarisation resistance 
as a function of electrode thickness. The visible decrease in the Rpol value 
with an increase in electrode thickness is noticeable. This trend is 
stopped when the thickness is higher than 300 nm, and the lowest value 
is achieved for a thickness of 500 nm. For the Rohm the values are similar, 
and no significant effect is noticed. Therefore, a thickness of 500 nm was 
selected for further research. 

3.2.2. Effect of annealing temperature 
The next stage of the analysis was to assess of the effect of the 

annealing temperature on the efficiency of the catalytic reaction. This 
parameter has been proven to have a significant impact of electrode 
performance [40]. This is due to, among others, the formation of a 
crystal structure as well as changing the grain size, which directly affects 
the active surface area. 

Fig. 4A shows the ohmic resistance values, Fig. 4B shows the polar-
isation resistances, Fig. 4C shows the impedance spectra, and Fig. 4D 
shows the influence of the annealing temperature on the ohmic and 
polarisation resistance values. The sample annealed at 1000 ◦C and 

800 ◦C revealed the smallest Rohm values, 78.3 Ω⋅cm2 and 82.2 Ω⋅cm2 

respectively. For other samples, the difference in Rohm value was 
negligible. Such values for the Rohm parameter indicate that a good bond 
with the CGO substrate has been achieved. The highest Rohm value at 
400 ◦C was observed of 125 Ω⋅cm2 for the sample annealed at 400 ◦C, 
followed by the sample annealed at 900 ◦C with Rohm equal to 117 Ω⋅cm2 

at the same temperature. Polarisation resistance gives information on 
the efficiency and activity of the reaction between La0.6Sr0.4CoO3-δ and 
O2. The lowest value was observed for the sample annealed at 400 ◦C 
and the highest at 900 ◦C. These values are respectively 35.9 Ω⋅cm2 and 
2370 Ω⋅cm2 at 400 ◦C. A significant decrease in polarisation resistance is 
the result of the nanoporous structure of a partially amorphous 
La0.6Sr0.4CoO3-δ. A promising result was also obtained for the sample 
annealed at 500 ◦C, where the Rpol value at 400 ◦C was 112 Ω⋅cm2. The 
advantage of using partially amorphous LSC is revealed here. The results 
for fully crystallised LSC are similar, and the best results with crystalline 
LSC were observed at an annealing temperature of 600 ◦C. This is 
influenced by the small grain size of the crystalline LSC, whose active 
surface is larger compared to LSC annealed at higher temperatures. This 
effect has been described in previous works [40–42]. The use of a sin-
tering temperature below the formation temperature of a crystalline 
structure contributes to a significant decrease in the Rpol value. This 
means that the oxygen electrode’s activity got enhanced. 

Fig. 4D shows the influence of annealing temperature on the ohmic 
resistance and the polarisation resistance. The results shows the differ-
ences in the parameters describing the oxygen electrode, and indicates 
the optimal parameters. There is a visible downward polarisation 
resistance with lowering the annealing temperature. For the ohmic 
resistance, there is a clear indication of a decrease of this parameter with 
the increase in the annealing temperature. Moreover, activation energy 

Fig. 4. Ohmic (A) and polarisation (B) values of symmetrical half-cells as a function of annealing temperature; obtained impedance spectra (C), and ohmic resistance 
and polarisation resistance changes in a function of annealing temperature (D). 
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for the annealing temperature of 400 ◦C is lower than that calculated for 
crystalline form (in this case compared to the annealing temperature of 
600 ◦C), and it takes a value of 0.99 eV compared to 1.15 eV. This 
phenomenon was also described by Cavallaro et al. with amorphous LSC 
[20]. 

Additionally, analysing the Bode plots for partially amorphous and 
crystalline LSC presented in Fig. S7, they show significant differences. A 
significant reduction in the middle frequencies was observed for the 
partially amorphous material, as well as a small change in the frequency 
characteristic of Rpol towards higher frequencies. It follows that the re-
action mechanism does not differ much in relation to the crystal struc-
ture. Obtaining a low Rpol value compared to other works describing 
amorphous materials indicates that the problem of electron migration 
resistance from the current collector to the active reaction site is avoi-
ded. Additionally, the relationship obtained during EIS measurements at 
different pO2 resembles the relationship obtained in work on crystalline 
form of the LSC [40]. 

Obtaining the best result for the annealing temperature of 400 ◦C 
indicates that the presence of an irregular structure with a significant 

number of defects has a positive effect on the catalytic activity. Ac-
cording to XANES and EXAFS analyses using WT, there may be varia-
tions in the arrangement of atoms in the material that could have an 
impact on the electrochemical efficiency of the material. The possible 
occurrence of a mixture of LSC with Co3O4, as indicated by XRD and 
Raman spectroscopy and supported by the literature, indicates the su-
perior properties of an partially-amorphous material [30]. 

3.3. Detailed electrochemical impedance spectroscopy investigation of 
electrode processes 

The measurements performed using EIS gave only a partial answer to 
the question of the effectiveness of the oxygen electrode material. In 
order to better understand the phenomena that occur in the partially 
amorphous LSC, a series of measurements were performed at different 
pO2 in the temperature range of 400 ◦C–300 ◦C. Fig. 5A show obtained 
impedance spectra, and 5B-C show the ohmic and polarisation resistance 
values obtained for the measurements at different partial pressures of 
oxygen. Fig. 5D and 5E show the DRT analysis performed for these 

Fig. 5. Impedance spectra obtained during a measurements (A); Arrhenius plots for ohmic (B) and polarisation (C) resistance for measurements at different partial 
pressures of oxygen and DRT analysis for measurements made at 400 ◦C (D) and 300 ◦C (E); determined ASR values for processes P1 and P2 (F), equivalent 
capacitance values for (G) measured at 400 ◦C; determined ‘K’ (H) and ‘Y’ (I) parameters value for Gerischer element; determined equivalent circuit (J) repre-
sentative example of fitting for impedance spectra collected in synthetic air (K) and Kronig–Kramers analysis result comparison (L). 
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measurements. According to the available literature analysing DRT at 
higher temperatures, three processes can be distinguished [40,43]. The 
decrease in the pO2 leads to a modest increase in P1 peak area. 
Furthermore, the area of the P1 process peak grows as the temperature 
decreases. In comparison to the high frequency range, this behaviour 
can be attributed to charge transfer at the electrode/electrolyte contact. 
The P2 process, which occurs in the medium frequency range, is highly 
dependent on pO2 and temperature. P2 can be linked to a variety of 
electrode processes known as surface oxygen exchange kinetics and 
oxygen ion diffusion, including adsorption of oxygen gas O2, dissocia-
tion of O2, and charge transfer diffusion (O2) [44,45]. The final sub- 
process, P3, occurs at low frequencies and is strongly dependent pri-
marily on pO2, with peak area increasing as pO2 decreases. This mech-
anism is similar to gas diffusion in the porous oxygen electrode and is 
only marginally temperature-dependent but substantially dependent on 
microstructural characteristics [46]. Therefore, it is clear that these 
phenomena are purely thermally activated. 

DRT analysis revealed three peaks typical of oxygen electrodes, 
denoted as subprocesses P1, P2, and P3. Moreover, at higher fre-
quencies, a characteristic is observed indicating the presence of the 
Gerischer element, which determines mass transport in the electrode. 
The impedance of the Gerisher element results from the relation: 

Z(ω) =
1

Y(k + jω)
0.5. (1)  

where ‘k’ is the effective transfer rate of the chemical reaction and ‘Y’ is 
the initial coefficient, i.e. the inverse of Z0 [47]. Variations of the ASRs of 
the identified electrode subprocesses with pO2 are shown in Fig. 5F–G. 
The slope of the curves helps to deduce the likely mechanism of the 
reaction occurring in the electrodes [48]. The dependency can be 
attributed to adsorption and surface exchange for slopes 0.5 to 0.25, but 
a slope of 1 involves the contribution of molecular oxygen and is 
attributed to gaseous diffusion [49]. For different oxygen concentrations 
at 400 ◦C, we observed a slope of 0.087 for process P1 and − 0.368 for 
process P2. It was impossible to analyse the value for the P3 process with 
the indicated gas diffusion. The reason for that is the low temperature of 
the experiment, when part of the impedance spectra describing this 
process is negligible, and it was impossible to achieve proper and valid 
results. Processes P2 and P1 have different slopes, which may indicate 
oxygen surface exchange kinetics and oxygen ion diffusion, respectively. 
In the case of the P1 process, we are talking rather about the charge- 
transfer reaction at the interface, which has a higher resistance 
compared to other subprocesses. 

The observed capacitance values do not change significantly with 
increasing oxygen content in the analysed samples. Values observed for 
the P2 process indicate that it could be the adsorption process [40,45]. 
In this case, there is no dependence or very small dependence of the 
capacitance on the oxygen concentration. Capacitance values decrease 
with increasing oxygen concentration, which correlates with literature 
data [40,49]. For the P1 process, the capacitance values were 
~10− 7F⋅cm− 2. This is likely because of the charge transfer that occurs at 
the interface between the electrode and the electrolyte layer. Fig. 5H–I 
present the determined values of the parameters ‘k’ and ‘Y’ for the 
Gericher element. Examining the impact of oxygen partial pressure on 
the Gerischer element parameters, a pronounced reliance on the rate 
constant parameter k (with a slope of 0.689) becomes apparent. 
Conversely, the Y parameter associated with admittance appears unaf-
fected by changes in pO2, displaying a nearly constant value with a very 
small slope. Notably, the resistance of the Gerischer element at 400 ◦C 
and pO2 of 20 % measures 9.3 Ω⋅cm2 and exhibits dependency on pO2. 
Fig. 5J shows the equivalent circuit obtained by DRT analysis. Fig. 5K 
shows a representative example of the fit obtained for the equivalent 
circuit used. Additionally, a Kronig–Kramers (KK) analysis was per-
formed [50,51]. Representative analysis results are presented in Fig. 5L. 
For most of the spectrum, the relative error of both the real and 

imaginary data was under 0.04 %. 

3.4. Stability tests 

The use of a low annealing temperature and the use of partially 
amorphous La0.6Sr0.4CoO3-δ can affect the stability of the oxygen elec-
trode over time. The active surface of the electrode may also change. 
Nyquist plots show the changes over time and are presented in Fig. 6A. 
Fig. 6B and C show the change of Rohm and Rpol parameters over time. In 
the case of Rohm, an initial value of 92.8 Ω⋅cm2 was observed, and the 
value fluctuated around this value. The final value was 92.3 Ω⋅cm2, 
which means a reduction of 0.5 Ω⋅cm2. In the case of the polarisation 
resistance, an increase in the value from the initial value of 35.7 Ω⋅cm2 

to the value of 43.2⋅Ω cm2 was observed, which means a change in 
degradation rate of 21 % in 100 h. The observed increase in polarisation 
resistance is also different from that observed for the crystalline form of 
LSC at higher temperatures [40,52]. This may be related to various 
processes, mainly chemical and not necessarily related to degradation, 
occurring in the partially amorphous material. 

Fig. S8 shows the XRD spectra taken on the samples after EIS mea-
surements. Along with the LSC-matched peaks, which were the same as 
for the powders in the first part of this article, CGO peaks at 29◦ and 57◦

and overlapping LSC peaks at 33◦ and 48◦ were also found. Moreover, 
starting from an annealing temperature higher than 600 ◦C, the occur-
rence of additional peaks was identified, which indicate the formation of 
an additional phase adapted to the presence of cobalt spinel at 32◦, 37◦, 
54◦, and 66◦. At lower temperatures, crystallisation occurs slowly, and 
the SRN (signal-to-noise ratio) at 400 ◦C is lower than that observed at 
500 ◦C. Peaks corresponding to the appearance of Co3O4 are also not 
observed. The results obtained for higher temperatures are consistent 
with those available in the literature. The lack of identification of SrCO3 
should also be noted. At the same time, the use of an amorphous material 
causes its high variability because the diffractogram made after the tests 
for temperatures below 600 ◦C differs significantly from the one made 
before the tests. It seems that the material crystallises slowly, which may 
cause an initial large variability in the parameters describing the elec-
trode. This may also explain the increase in polarisation resistance ob-
tained during ageing measurements, and the observed increase in this 
parameter is due to changes occurring in the material and not to its 
degradation. 

4. Electrode reaction mechanism on a partially-amorphous LSC 
oxygen electrode 

The transport of charges at the oxygen electrode in MIEC (Mixed 
Ionic-Electronic Conductor) materials, such as LSC, proceeds through 
three steps: the adsorption of oxygen molecules followed by their 
dissociation, the reduction of oxygen ions leading to their ionisation, 
and the integration of oxygen ions into the surface of the oxygen elec-
trode [53]. In the following step, the oxygen ion undergoes either bulk 
diffusion or surface diffusion, and ultimately, in the final step, it reaches 
the interface between the oxygen electrode and the electrolyte. 

Amorphous or partially amorphous materials exhibit unique prop-
erties that allow for electrochemical enhancement and catalytic activity. 
These materials show a short-range order, but on a larger scale, along- 
range disorder should be considered. For those material a reduction of 
electronic conductivity, increase in the occurrence of defects and va-
cancies, and possible faster ionic diffusion is observed [54]. In amor-
phous or partially-amorphous material, the movement of oxygen occurs 
through a “saddle point” located between two A-site cations and one B- 
site cation, instead of directly jumping from one site to the adjacent 
vacancy along the anion octahedra edge. The larger volume of the 
perovskite cell in the amorphous oxygen electrode material, along with 
its lower density, may cause a decrease in the amount of energy required 
for oxygen to move into a neighbouring oxygen vacancy. Similarly, the 
pathway through which oxygen moves in an amorphous ’pre’-perovskite 
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structure is likely to be distinct, resulting in a reduced activation energy 
for oxygen diffusion [55–57]. The combination of various sharing ge-
ometries also affects the properties. Amorphous materials are created by 
stacking distorted metal–oxygen polyhedra to create lattice arrays in a 
random arrangement. The oxygen atoms of multiple polyhedra are 
connected to each other through various sharing configurations, 
including edge sharing, corner sharing, and face sharing. The presence 
of extensive structural disturbances in amorphous materials reduces the 
mean free scattering path, while the absence of grain boundaries leads to 
the uniformity of electronic properties over large areas [54]. The 
improvement obtained in the catalytic properties of LSC in the partially 
amorphous form indicates that the greater number of defects and va-
cancies produced is responsible for this effect. 

Annealing at 400 ◦C results in a reduction in polarisation resistance 
due to a high active surface area, a larger number of defects and va-
cancies, and extremely small grains, but at the same time increases 
ohmic resistance. Higher annealing temperatures lead to larger grain 
sizes, crystallisation of LSC, and a reduction in the number of defects and 
vacancies compared to the partially amorphous form. This outcome 
exhibits reduced ohmic resistance while also demonstrating notably 
higher polarisation resistance. 

4.1. Literature comparison of electrochemical performance of oxygen 
electrodes at low temperatures 

Among cited works an introduction part, for improve the discussion 
the result obtainsed in this study was compared with other works The 
obtained results were compared with the data available in the literature, 
not only for LSC but also for other promising oxygen electrode materials. 
Fig. 7A presents Arrhenius plots for cited works and a comparison with 

this work. Delving deeper into the topic, Fig. 7B presents the Rpol values 
obtained over the last 15 years. This chart also includes a division into 
the use of a single material and the composites. 

For example Kamecki et al. describe the use of LSC oxygen electrode 
layer deposited with spray pyrolysis method. The electrode thickness 
was set as 400 nm. The symmetrical cell showed very low value of the 
polarisation resistance in 400 ◦C as ~10 Ω⋅cm2. The fuel cell with this 
electrode show high stability over the long time of stability experiment 
(around 1000 h) [40]. Very promising results were also achieved in the 
work of Nicolett et al. where they studied a CGO-based cathode infil-
trated by praseodymium oxide. The polarization resistance value was 
~2 Ω⋅cm2 at 400 ◦C[6]. Hu et al. described the use of SrCo1-xSbxO3-δ as a 
potential cathode. At 500 ◦C, the polarisation resistance for the 
SrCo0.8125Sb0.1875O3-δ sample was ~1.7 Ω⋅cm2. Additionally, this work 
demonstrated an improvement in CO2 tolerance [7]. Samat et al. 
described the use of single-phase, submicron LSC synthesized via a 
polymeric complexation method as an oxygen electrode in proton- 
conducting fuel cells. Symmetric samples were sintered at 900 ◦C. EIS 
measurements at 400 ◦C showed an Rpol value of approximately 32 
Ω⋅cm2 [18]. Noh et al. prepared a cell with an LSC oxygen electrode 
approximately 1 μm thick. At a temperature of 400 ◦C, the ASR value 
was 17.7 Ω⋅cm2 [58]. 

There are very few works describing the use of non-crystalline LSC. 
However, the comparison with them is the most meaningful. In the work 
of Cavallaro et al. a PLD-deposited layer with a thickness of approxi-
mately 300 nm was used and heat treated from room temperature to 
750 ◦C, with an intermediate step at 200 ◦C. At a temperature of 415 ◦C, 
the Rpol value reached 850 Ω⋅cm2 [20]. In a separate study, Evans et al. 
employed partially amorphous LSC as an oxygen electrode in micro- 
solid oxide fuel cells. They investigated electrode thicknesses of 100 

Fig. 6. Impedance spectra at 0, 50, and 100 h for a sample subjected to 100-hour ageing tests in 400 ◦C (A); change of ohmic resistance (B), and polarisation 
resistance during ageing measurements (C). 

Fig. 7. Arrhenius plot of the polarization resistance of symmetrical half-cells in tests of cathodes that can be used in SOCs technology from literature data 
[6,7,9,16–19,40,42,43,58–64]. 
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nm and 200 nm. For the 200 nm thickness at 400 ◦C, fuel cell mea-
surements indicated an ASR value for the oxygen electrode not 
exceeding 0.3 Ω⋅cm2 [12]. 

The values obtained in this work are in the middle of the polarization 
resistance values obtained in other works. This means that further 
development of partially amorphous oxygen electrode materials is 
needed. It is worth noting that in the case of single materials, better 
results are generally achieved with composites. Of the cited works, only 
one included temperature as low as 300 ◦C. 

5. Conclusions 

In this work, an oxygen electrode in the form of La0.6Sr0.4CoO3-δ was 
deposited on Ce0.8Gd0.2O2-δ pellets using the spin-coating technique. A 
new method for preparing the LSC precursor using UV radiation has 
been used. The structural analysis was based on tests such as XRD, HT- 
XRD, RAMAN spectra, FTIR, XANES, EXAFS, and WT as a function of 
annealing temperature in the range of 400–1000 ◦C. Electrochemical 
impedance spectroscopy allowed to determine the optimal range of 
oxygen electrode thickness (~500 nm) and to determine the optimal 
annealing temperature (400 ◦C).It has been shown that the partially 
amorphous LSC has significantly higher electrochemical activity. The 
partially amorphous nature of the material is indicated by the presence 
of characteristic bonds (typical for crystalline LSC, but lower intensity of 
the signal) with identified using Raman and FTIR spectroscopy. This is 
also indicated by the Bode characteristic in EIS measurements. More-
over, XRD and HT-XRD measurements indicate that the minimum 
crystallization temperature is approximately 600 ◦C (nanocrystalline). 

The increase in electrochemical activity of partially amorphous LSC 
is probably due to the decreased oxidation state (from 3.4 to 2.9) of 
cobalt in partially amorphous LSC. This change is combined with a 
visibly lower coordination number of oxygen near the central atom. All 
this, combined with the irregular spatial structure, increases the number 
of defects in the material and oxygen vacancies. 

Stability tests and post-mortem analysis of samples indicate adequate 
stability of the material combined with the lack of observations of oxides 
indicating material decomposition (SrCO3 or Co3O4) indicate the po-
tential use of partially amorphous LSC as an oxygen electrode in SOCs. 

To the best of our knowledge, this work is the first to describe in a 
comprehensive study the electrochemical and structural properties of 
perovskite-based oxygen electrodes in SOC technology, focusing on such 
a low temperature. Attempts to describe partially amorphous material 
and demonstrate similarities and differences using multiple techniques 
are also worth noting. 
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Tamulevičius: Writing – review & editing, Supervision, Resources, 
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[28] F. De Groot, G. Vankó, P. Glatzel, The 1s x-ray absorption pre-edge structures in 
transition metal oxides, J. Phys. Condens. Matter 21 (10) (2009), https://doi.org/ 
10.1088/0953-8984/21/10/104207. 

[29] W.W. Zhang, E. Povoden-Karadeniz, Y. Shang, P.V. Hendriksen, M. Chen, Phase 
equilibria and defect chemistry of the La-Sr-Co-O system, J. Eur. Ceram. Soc. 43 
(10) (2023) 4419–4430, https://doi.org/10.1016/j.jeurceramsoc.2023.03.026. 

[30] X. Wang, Z. Pan, X. Chu, et al., Atomic-scale insights into surface lattice oxygen 
activation at the spinel/perovskite interface of Co3O4/La0.3Sr0.7CoO3− δ, Angew. 
Chem. 58 (2019) 11720–11725, https://doi.org/10.1002/anie.201905543. 

[31] O. Celikbilek, A. Cavallaro, G. Kerherve, et al., Surface restructuring of thin-film 
electrodes based on thermal history and its significance for the catalytic activity 
and stability at the gas/solid and solid/solid interfaces, ACS Appl. Mater. Interf. 12 
(30) (2020) 34388–34401, https://doi.org/10.1021/acsami.0c08308. 

[32] A. Ishikawa, J. Nohara, S. Sugai, Raman study of the orbital-phonon coupling in 
LaCoO3, Phys. Rev. Lett. 93 (13) (2004) 1–4, https://doi.org/10.1103/ 
PhysRevLett.93.136401. 

[33] N. Orlovskaya, D. Steinmetz, S. Yarmolenko, D. Pai, J. Sankar, J. Goodenough, 
Detection of temperature- and stress-induced modifications of LaCoO3 by micro- 
Raman spectroscopy, Phys. Rev. B – Condens. Matter. Mater. Phys. 72 (1) (2005) 
1–7, https://doi.org/10.1103/PhysRevB.72.014122. 

[34] X. Li, Z. Peng, W. Fan, et al., Raman spectra study of nanocrystalline composite 
oxides, Mater. Chem. Phys. 46 (1) (1996) 50–54, https://doi.org/10.1016/0254- 
0584(96)80129-5. 

[35] A.H. El, J.F. Pierson, M. Chaik, et al., Evolution of the structural, morphological, 
optical and electrical properties of reactively RF-sputtered cobalt oxide thin fi lms 
with oxygen pressure, Vacuum 2019 (159) (2018) 346–352, https://doi.org/ 
10.1016/j.vacuum.2018.10.065. 

[36] T. Ghorbani-Moghadam, A. Kompany, M. Golmohammad, The comparative study 
of doping Cu and Fe on the cathodic properties of La0.7Sr1.3CoO4 layered perovskite 
compound: to be used in IT-SOFC, J. Alloy. Compd. 926 (2022) 166928, https:// 
doi.org/10.1016/J.JALLCOM.2022.166928. 

[37] T. Ghorbani-Moghadam, A. Kompany, M.M. Bagheri-Mohagheghi, M.E. Abrishami, 
Cobalt spin states investigation of Ruddlesden-Popper La2− xSrxCoO4, using X-ray 
diffraction and infrared spectroscopy, J. Magn. Magn. Mater. 465 (2018) 768–774, 
https://doi.org/10.1016/J.JMMM.2018.06.062. 

[38] M. Sivakumar, M. Sakthivel, S.M. Chen, P. Veerakumar, L.S. Bin, Sol-gel synthesis 
of carbon-coated LaCoO3 for effective electrocatalytic oxidation of salicylic acid, 
ChemElectroChem 4 (4) (2017) 935–940, https://doi.org/10.1002/ 
celc.201600714. 

[39] L. Garces, M. Lopez-Medina, K.P. Padmasree, et al., A parchment-like 
supercapacitor made with sustainable graphene electrodes and its enhanced 
capacitance by incorporation of the LaSrCoO 3 perovskite, ChemistrySelect 7 (36) 
(2022), https://doi.org/10.1002/slct.202202199. 
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