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Abstract:

Further development of solid oxide fuel cell (SOFC) oxygen electrodes can be achieved through
improvements in oxygen electrode design by microstructure miniaturisation alongside nanomaterials
implementation. In this work, improved electrochemical performance of an LageSro4Coo2Fe0s03-q
(LSCF) cathode was achieved by the controlled modification of the LagsSro4Co0s.4 (LSC) nanocrystalline
interlayer introduced between a porous oxygen electrode and dense electrolyte. The evaluation was
carried out for various LSC layer thicknesses, annealing temperatures, oxygen partial pressures, and
temperatures, as well as subjected to long-term stability tests and evaluated in typical operating
conditions in an intermediate temperature SOFC. Electrochemical impedance spectroscopy (EIS) and a
distribution of relaxation times analysis (DRT) were performed to reveal the rate-limiting
electrochemical processes that limit the overall electrode performance. The main processes with an
impact on the electrode performance were the adsorption of gaseous oxygen O, dissociation of O,,
and charge transfer-diffusion (0%). The introduction of a nanoporous and nanocrystalline interlayer
with extended electrochemically active surface area accelerates the oxygen surface exchange kinetics
and oxygen ion diffusions, reducing polarisation resistances. The polarisation resistance of the
reference LSCF was lowered by one order of magnitude from 0.77Q-cm? to 0.076 Q-cm? at 600°C by
the deposition of a 400 nm LSC interlayer at the interface. The developed electrode tested in the

anode-supported fuel cell configuration showed a higher cell performance by 20% compared to the
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cell with the reference electrode. The maximum power density at 700°C reaches 675 and 820 mW-cm~
2 for the reference cell and the cell with the LSC interlayer, respectively. Ageing tests at 700°C under a

high load of 1 A-cm? were performed.
Keywords:

oxygen electrode interlayer, electrode-electrolyte interface, solid oxide fuel cells, spray pyrolysis,

nanocrystalline layer, distribution of relaxation times, electrochemical impedance spectroscopy
1. Introduction

Hydrogen energy is a promising renewable resource for the sustainable development of
society and has significant potential to accelerate the scale-up of clean and renewable energy’2. Solid
oxide cells (SOCs) are one of the technologies considered as clean and highly efficient in comparison
to the current energy conversion and storage systems and can easily cooperate with renewable energy
sources to produce hydrogen-based liquid fuels®. Besides the benefits from the use of SOCs, there are
some technical issues to be solved. SOC systems require high operating temperatures of 800-1000°C
which accelerates degradation processes, contributes to poor thermomechanical stability, and makes
the use of nanomaterials impossible in that high-temperature range *°. One of the main problems
alongside reducing the operating temperatures is increasing the internal resistances of the electrolytes
and electrodes. While it is possible to reduce the thickness of the electrolyte to reduce the ohmic
resistance, the electrode materials require more sophisticated modifications to improve their
performance at lower temperatures 8. Progress in developing and understanding fuel and oxygen
electrode materials at lower temperatures is needed. Special attention has been placed on oxygen
electrodes, which often limit the overall performance of cells °. However, some groups report the

overall performance of SOFC may be limited by both the cathode as well as anode!®!?,

Throughout the years, primarily electron-conducting electrodes such as La14SrMnQs.4 (LSM)
have been replaced by mixed ionic-electronic conductors such as LaoeSro4Coo2Feos0s.4 (LSCF) or
Lao.6Sro.4Co0s (LSC). LSC is a very catalytically active material and is reported as a good material for
infiltration and modification of the mixed conducting LSCF. Further improvement of the electrode
microstructure has been achieved by the fabrication of nanocomposite cathodes, graded cathodes,
infiltrated cathodes, and cathodes with an active functional layer 2724, All these modifications are
linked with the application of nanoparticles or nanometric grains which lead to a well-developed
microstructure and yield a higher TPB density, lower polarisation resistance, and improved redox
stability 1°. However, LSC has reported a very high thermal expansion coefficient for dense bulk
samples (i.e.~23 x 10° K)!¢. The TEC of commonly used electrolyte materials for SOFC applications,

such as yttria-stabilized zirconia (i.e.~10.5 x 10 K'!) or gadolinium doped ceria (i.e.~12.5 x 10 K})
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differ substantially from the LSCF electrode (i.e.~14.8 x 10°® K)'” as well as LSC electrode. A large
difference in reported thermal expansion coefficients may have an adverse effect on both thermal
stress and lattice strain between the cathode and the electrolyte and can lead to delamination of the
interface during thermal cycling. On the other hand, the reported TEC value of LSC mainly refers to
dense bulk materials, not porous thin films. The value of the thermal expansion coefficient shows
thickness dependence and is laterally constrained and expands along the thickness direction only due

to the solid substrate?®.

Figure 1. Schematic model of proposed modification with highlighted characteristic reaction

occurring in the electrode.

This work evaluates the effects of the addition of a highly active interface interlayer of LSC
between a porous LSCF electrode and CeosGdo2019 electrolyte. Figure 1 shows a schematic
representation of the model electrode interfaces with the occurring electrochemical reactions. LSCF is
a mixed ionic electronic conducting material so the electrochemical reaction not only takes place at
the electrode-electrolyte-gas interface but can also take place on the surface of the grains of the
electrode material. The introduction of a thin <1 pum nanocrystalline MIEC layer between the
macroporous electrode and electrolyte extends the electrochemically active surface area and reduces
the individual resistances of rate-limiting reactions. Thus, performance improvement seems to be
possible through the application of the nanoporous and nanocrystalline LSC electrode material at the
electrode-electrolyte interface, but a detailed analysis of the impact of a modification on the final

properties of the electrode is necessary.
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2. Materials and Methods

For the electrochemical investigations, symmetrical samples of the developed electrode were
prepared on dense CeosGdo20:-4 (GDC-20K, Daiichi Kigenso Kagaku Kogyo Japan) pellets sintered at
1450°C for 5h and polished on both sides. An interlayer of electrochemically active LSC was prepared
to utilise the spray pyrolysis technique on both sides of the pellets. Detailed characterisation of the
crystal structure and microstructural properties of this layer was previously investigated and described
elsewhere %, To investigate the influence of the interlayer thickness on the electrochemical
performance, different amounts of LSC precursor (0.5, 1, 2, 4, and 8 ml) were sprayed onto pellets to
obtain interlayer thicknesses of 50, 100, 200, 400, and 800 nm. The liquid precursors were prepared
from 10 vol% of aqueous nitrate solutions of selected nitrates, La(NOs)s-6H,0 (Alfa Aesar, 99% purity),
Sr(NOs), (Alfa Aesar, 99% purity), Co(NOs)2:6H20 (Chempur, 98%), mixed with 90 vol% tetraethylene
glycol (Sigma-Aldrich, 99% purity). The total concentration of cations in the precursor was fixed at 0.2
mol L. The substrate temperature was 390°C and the polymer precursor flow rate was set to 2.5 ml/h.
After the deposition process, approx. 30 um of porous LapeSro4Coo2Feos0s.4 (ESL Europe) was screen
printed on top of the deposited layer and annealed at 600°C for 2h before the electrochemical
measurements. Additional reference symmetrical samples without the interlayer at the interface were
prepared and sintered at 600°C or 1050°C for 2h. For the fuel cell tests, anode-supported half-cells
were used for oxygen electrode deposition. The half cells were produced by the National Taipei
University of Technology (TaipeiTech, Taipei, Taiwan) by tape-casting/screen printing processes. The
cells consist of a Ni-YSZ support, Ni-YSZ active electrode, and 8-10 um thick YSZ electrolyte. More
details about the cell microstructure and CGO barrier layer deposition can be found here 222, Two
types of cells were prepared: a reference cell and a cell with a 400 nm LSC layer on the interface

between the electrolyte and the LSCF electrode

The microstructure of the samples was analysed by X-ray diffraction (XRD) using a Bruker D2
Phaser diffractometer with a Lynxeye XE-T detector with CuKa radiation (A = 0.15406 nm) at room
temperature. The morphology of the samples was investigated by scanning electron microscopy (FEI
Quanta FEG 250) with an ET (Everhart—Thornley) secondary electron detector at an acceleration
voltage of 20 kV. TEM investigations were performed in high resolution on a Titan Cubed G2 60-300
(FEI) Probe Cs corrected (S)TEM equipped with a ChemiSTEM EDX detector system based on four

windowless Silicon Drift Detectors (Super X).

The electrochemical properties were measured using Solatron 1260 frequency analyser.
Measurements were carried out in a frequency range of 100 kHz — 0.1 Hz with an excitation amplitude

of 25 mV. The temperature was controlled by a PID controller contacted with a thermocouple placed
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directly on the sample. The gas composition in the sealed quartz tube was controlled by mass flow
controllers (Alicat Scientific). EIS data analysis was performed using the Elchemea Analytical
software®. Distribution of Relaxation Times analysis was performed using the DRTools Matlab GUI %4,
The DRT analysis was performed by choosing the C4 Matern method of discretisation utilising the 2™

order of regularisation derivative and regularisation parameter (A) of 104,

Measurements of samples with different interlayer thicknesses were conducted in
atmospheric air exposing the samples to different maximum annealing temperatures in four annealing-
cooling cycles. The first measurement of the cycle was started after the isothermal holding of a sample
at the evaluated annealing temperature i.e. 600°C for 2h and measured down to 400°C with 50°C steps.
During the cooling down steps, the sample was held for one hour in isothermal conditions before the
measurement. Each subsequent cycle was higher by 100°C until the last cycle of 900°C. The ASRpo was
obtained from the impedance spectra by the intercept of the spectra with the real axis divided by a
factor of two and by multiplying the cathode polarisation resistance by the cathode area to account

for the electrodes on both sides.

The dependence of the electrochemical response on different oxygen partial pressures was
studied to support EIS spectra deconvolution by indicating the electrochemical reactions occurring in
the electrode. p(0;) measurement starts with an isothermal holding of the sample overnight (16h) at
600°C in air and then the EIS spectra were measured at 0.1, 0.5, 1.5, 5, and 20 % oxygen concentration
precisely controlled by mass flow controllers. The investigated temperatures were 600, 550, and
500°C. After the last measurement, the temperature was returned to 600°C and the sample was

isothermally held in the air atmosphere for the next 100h.

Fuel cell characterisation was performed in an OpenFlanges V5 test setup (Fiaxell Sarl
Technologies). The prepared cell was electrically connected by a nickel mesh from the anode side and
by an Au mesh from the cathode side. The cell was placed in a Kittec furnace with a process identifier
temperature controller. The wires were connected to a Solartron 1260/1287 frequency analyser for
impedance and current-voltage characterisation. The cell was heated to 700°C and isothermally held.
The anode was reduced in dry H, used as a fuel supplied from the anode side and also synthetic air
was delivered to the cathode as an oxidant. To characterise the cell, the impedance spectra were
measured at OCV. For cell performance, current-voltage characteristics were measured. The ageing of

the cell was performed in galvanostatic mode at current densities of 250, 500, and 1000 mA-cm™,
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3. Results and discussion

3.1 Description of the prepared layers used for testing

Figures 2 A, B, and C show XRD spectra of the bare CGO substrate and LSC layers on CGO
substrates after different heat treatments. In the as-deposited state, the layer is amorphous and
crystallises at approx. 600°C, as was previously studied for the layers on sapphire substrates *°. The LSC
peaks are marked according to PDF #00-36-1393, corresponding to the rhombohedral structure,
though the cubic structure also fits well, in agreement with the literature %°. The main LSC peaks
(indexed as 110, 104) overlap with the main CGO peak (PDF #00-50-0201, (200) peak approx. 33.083°),
therefore Figures 2 B and C present the magnified (012) and (202) peaks of the LSC, which show the

formation of the perovskite phase.
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Figure 2. (A—C) X-ray diffractometry patterns of LSC layers deposited on CGO and annealed at

different temperatures, D) SEM surface image of LSC layer annealed at 700°C for 2h, E) HAADF TEM

cross-section image of electrode interface F—L) STEM-EDS distribution of elements maps.
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Figures 2 D and E present the SEM (BSE) and TEM (HAADF) images of the LSC surface and cross-
section after annealing at 700°C for 2h. No special features are visible on the surface, the whole surface
is covered uniformly, with no cracks or delamination defects. Nanometric pores (d=80 nm) are
homogenously distributed over a whole surface area. The cross-section shows the LSC interface layer
sandwiched between the CGO substrate and the current-collecting LSCF layer. The presented layer was
prepared from a 4 ml liquid precursor, resulting in a thickness of approx. 400 nm. The LSC layer adheres
very well to the CGO substrate and has smaller particles and small pores when compared to the LSCF
current-collecting layer or traditionally powder-processed electrodes. The distribution of elements
present in the sample were shown in Figures 2 F-L. There are no interactions between the electrolyte
and electrode, while the distributions of the elements were homogenous and no segregation of the

elements was observed.
3.2 Electrochemical tests of symmetrical cells

To evaluate the electrochemical performance towards the oxygen reduction/oxidation reaction,

electrochemical impedance spectroscopy measurements were performed on symmetrical samples.

3.2.1 Influence of layer thickness
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Figure 3. A) Nyquist plot and B) Polarisation resistances of the cells with different LSC interlayer
thicknesses annealed at 700°C for 2h. Results for reference LSCF electrode annealed under the same

conditions are included for comparison.

Figure 3 presents (A) Nyquist plot and (B) ASRy. values as a function of temperature for reference
and electrodes with the LSC interface layer annealed at 700°C for 2h. For clarity, the ohmic resistance
has been subtracted. The ASRpo values of the samples with the interfacial layer are much lower in

comparison with the reference sample. The addition of even the thinnest layer (approx. 50 nm) of LSC
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at the interface reduces the polarisation resistance, which is further improved by increasing the
thickness of the interfacial layer. The ASRy. values measured at 600°C were 0.349; 0.145; 0.105; 0.079
and 0.076 Q-cm? for samples with 50, 100, 200, 400 and 800 nm of LSC interlayer thickness, while ASR o
for the reference LSCF without interface modification was 0.77Q-cm?. The decreasing ASRyo with the
increasing LSC thickness could be correlated with the thickness of the electrochemically active layer of
a nanoporous electrode with mixed ion-electron conductivity. In the beginning, increasing the
thickness of the LSC electrode decreases the polarisation resistance due to a larger surface area
becoming available for the reaction at the LSC interlayer/gas interface. As explained by Liu, the
thickness of the electrochemically active layer of a porous MIEC electrode decreases with the increased
rate of surface reaction and with decreased transport of ionic or electronic defects in the LSC interlayer
26 Thus, the deposition of the nanoporous LSC interlayer with a higher surface exchange property than
LSCF ¥ makes it possible to reduce the thickness of the whole electrode. At some interlayer thickness,
the ASRpol results do not further decrease. The results obtained for the 400 nm and 800 nm are similar,
which is most likely related to the limitations of charge transfer through the electrolyte layer. This may
hint that LSCF serves as the current collector not the electrochemical catalyst for the oxygen reduction
reaction. Therefore, for certain thicknesses of the LSC interlayer, LSC becomes the effective cathode
layer, and LSCF acts then merely as a current collector. Thus, for the remaining studies, 400 nm thick

LSC was selected as the sample for more extensive evaluations.

3.2.2 Influence of annealing temperature.
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Figure 4. A) Ohmic and B) polarisation resistances of the cells with 400 nm thick LSC interlayer

annealed at different temperatures. Results for reference LSCF are included for comparison.
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The next step was an evaluation of the influence of the annealing temperature and
microstructural features on the electrode performance. As was described in our previous work *°, the
post-processing temperature has a strong influence on the layer microstructure by determining their
porosity and grain dimensions. The main goal was to find the best microstructure for the highest
electrochemical efficiency of the electrode. The Ronmic and ASRpo values for different annealing
temperatures of a sample with a 400 nm LSC interlayer are presented in Figure 4. As can be seen,
increasing the annealing temperature reduces the ohmic resistance of the electrode-electrolyte
interface, reaching a minimum for the sample annealed at 900°C. This may explain the better adhesion
of the layer to the electrolyte. However, the polarisation resistance also reaches the minimum for the
sample annealed at 700°C, indicating the best microstructural features for the best electrochemical
performance. A further increase in the annealing temperature results in a significantly increasing
polarisation resistance. This phenomenon is related to the high surface area available for the oxygen
surface exchange reaction in layers annealed at lower temperatures, resulting from the nanoscaled
microstructure and enhanced oxygen surface exchange properties of LSC. Figure S1 in supplementary
materials presents SEM images of polished cross-sections of samples annealed at a temperature range
of 600 - 900°C for 2h. As can be noticed, the LSC layer microstructure significantly changes by increasing
grain dimensions due to coarsening of nanoparticles after annealing above 700°C. However, at the
intermediate temperature range of 600 — 700°C interlayer microstructure remains nanocrystalline and
is the same for both temperatures. Increasing the annealing temperature leads to increased growth
and reduced porosity of the layer, which reduces the number of available catalytically active sites and
leads to an increase in the polarisation resistance. A similar observation was noticed by Hayd et al. 2
in nanoscaled LSC electrodes produced by the metal-organic deposition (MOD) method, where the
highest electrode activity was reported for electrodes processed at 700°C. In the other work, Develos-
Bagarinao et al. investigated the influence of the deposition temperature and long-term annealing on
LSC thin films deposited by Pulsed Layer Deposition (PLD)?. In their research, a significant
improvement in the electrode performance was also achieved by enhancing the surface exchange
property as mediated by a distinctive nanostructure that retains the high porosity, and the better

stability of the electrode-electrolyte interfaces %.

3.2.3 Impedance Data Analysis

To better understand the mechanisms occurring in the developed electrode, a detailed
analysis of the collected EIS data was performed. A representative sample with 400 nm of LSC

interlayer was measured at different oxygen partial pressures.
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Figure 5. DRT analysis results for a sample with a 400 nm LSC interlayer at the interface. Results

compare deconvoluted EIS spectra measured at different p(0,) at A) 600°C, B) 550°C, and C) 500°C.

Figures 5 A—C present the results of the DRT analyses. Three sub-processes can be
distinguished, contributing to the impedance response of the electrode — P1, P2, and P3 processes
located at a high, medium, and low-frequency range, respectively. The dependence of P1 with
decreasing p(0.) results in a slight increase in the peak area. Moreover, the P1 peak area increases
with the decreasing temperature. By comparing the above behaviour with the high-frequency range,
it can be attributed to the charge transfer at the electrode/electrolyte interface. The P2 process
present in the medium frequency range has a strong dependence on p(O3) and the temperature. P2
can be associated with various electrode processes described as oxygen surface exchange kinetics and
oxygen ion diffusions such as the adsorption of gaseous oxygen O, dissociation of O,, and charge
transfer-diffusion (0%) 3931, The last sub-process, P3, occurring at low frequencies, has a strong
dependence on p(0,) only and its peak area increases with the decreasing p(0). This process may be
related to the gas diffusion process in the porous cathode and it is just slightly dependent on the
temperature, but strongly dependent on the microstructural features 3. The identified electrode

processes are identical to the results of other groups performing the DRT analysis of thin LSC electrodes
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Figure 6. A) Detailed deconvolution of EIS for a sample with 400 nm LSC measured at 550°C fitted

with an equivalent circuit based on DRT analysis. B) Kramers-Kroning analysis result comparison.

The DRT analysis of the EIS data measured at different p(0O3) and temperatures made it possible
to distinguish processes occurring in the investigated electrode and gave a hint for fitting the
equivalent circuits to the EIS spectra. Figure 6A presents representative EIS spectra with fitted
elements corresponding to the identified electrochemical processes. The equivalent circuit used for
fitting consisted of three parallel R| |CPE elements (P1, P2, and P3) connected in series with an
inductance L and series resistance. Consequently, the model was fitted to all measured impedance
spectra, and the collected data allowed us to plot fitting results as the ASR and capacitance
characteristics as a function of the oxygen partial pressure summarized in Figure 7. To verify the results
of the impedance measurement and establish the validity of the impedance dataset, the Kramers—

Kronig test was applied to recorded the spectra 3*3°

. Figure 6B presents two plots containing
representative test results for the sample exposed for one hour of isothermal holding after
temperature reduction and the second one shows the result for the sample exposed for one hour after
gas composition change. As can be seen, the K-K transform results overlap, thus demonstrating the
selfconsistency of the data. For most of the spectrum, the relative error of both the real and imaginary

data was under 0.02%.
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Figure 7. Fitting results of EIS. Plots of calculated resistances and equivalent capacitances of the P1,

P2, and P3 contributions as a function of p(02) measured at A), D) 600°C, B), E) 550°C and C), F)

500°C.
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Figure 7 (A-C) presents variations of the ASRs of the identified electrode sub-processes with
pO.. The slope of the curves allows us to determine the possible mechanism of the occurring reaction
in the electrodes 3®. For a slope of -0.5 to -0.25, the dependence may be attributed to adsorption and
surface exchange, whereas a slope of -1 involves the contribution of molecular oxygen and is attributed
to gaseous diffusion. The P3 process is characterised by the greatest variability in the function of pO;
with a value of slope close to -1 for the investigated temperature range and can be correlated with the
gas diffusion reactions in the electrode. The resistances of the two other processes, P1 and P2, are
more sensitive to the temperature and have a much smaller slope than P3. For the P2 process, the
value of the slope increases with the reducing temperature and varies from -0.58 to -0.28 for 600 and
500°C, respectively. It makes it possible to conclude that this process is related to oxygen surface
exchange kinetics and oxygen ion diffusion. In contrast, the process P1 presents an almost flat
inclination of a slope but the ASR has thermally activated dependence and increases with the
decreasing temperature. Thus, P1 corresponds to the charge transfer reaction at the
electrode/electrolyte interface. Looking into details on the resistance values of individual processes in
the air atmosphere, it can be seen that at high temperatures, the P1 process related to the charge-
transfer reaction at the interface has higher resistance compared to other sub-processes, indicating
that P1is the rate-determining reaction at higher temperatures, but with the decreasing temperature,
P2 significantly increases and P2 overtakes P1 at temperatures below 550°C, becoming the rate-

determining reaction in the lower temperature range.

To supplement the ASR values, specific pseudocapacitances of the identified sub-processes
were calculated and presented in Figure 7 (D-F). For the low-frequency contribution (P3), the
equivalent capacitance shows high values and varies between 1.4 to 20 F-cm™ depending on the
oxygen concentration and measurement temperature. The low-frequency contribution does not show
strong temperature dependence but shows strong oxygen partial pressure dependence. These high
capacitance values have a chemical, not electrochemical origin, and are typical for a gas diffusion
resistance in porous electrodes. Furthermore, the capacitance of the P2 process is between one to two
orders of magnitude lower than for P3, which is typical for the adsorption processes assigned to P2 ¥/,
The lowest capacitance values were observed for the P1 process (<107) and can be correlated with the

charge transfer process occurring at the interface between the electrode and electrolyte layers.
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Figure 8. DRT analysis results measured at 600°C, 550°C and 500°C for samples with (A—C) various LSC

thicknesseses in a range of 50—800 nm and (D-F) annealed at different temperatures (600—900°C).

The results presented in subsections 3.2.1 and 3.2.2, including the effect of the thickness of
the LSC layer and the annealing temperature, were subjected to DRT analysis and the rate-limiting
processes taking place in the electrodes was not determined. Figure 8 presents the results of the DRT
analysis for the measurements performed in air in the temperature range of 500-600°C. Due to
different scales, the result for the reference LSCF sample was presented separately in Figure S2 in
supplementary materials. It can be seen that the rate-limiting process for LSFC electrode is related with
the P3 process, which has the highest intensity. The introduction of a nanoporous LSC layer (from 50
nm) with a very well developed active surface causes that the gas diffusion process ceases to dominate
and becomes a process that does not affect the overall reaction of the electrode. In Figures 8 A-C, the

presented results for the sample with a 50 nm LSC layer indicate the dominance of the resistance
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associated with P2 described as oxygen surface exchange kinetics and oxygen ion diffusion.
Nevertheless, increasing the thickness of the LSC layer significantly reduces the peak area by improving
the electrode performance. This phenomenon can be attributed to the increase of the triple phase
boundary leading to developing the active area surface between three different phases close to the
electrode-electrolyte interface. Moreover, the area of the peak correlated with P2 improves and
remains almost constant for the layers with thicknesses of 400 nm and 800 nm. This allows the
assumption that due to the well-developed microstructure of the LSC layer and the extremely fast
kinetics of this MIEC electrode material, the electrochemically active layer thickness near the interface
is close to 400 nm. In such a situation, the porous LSCF electrode above the active LSC layer merely
acts as a current collector and is not electrochemically active. By analysing the behaviour of the P1
process with increasing layer thickness, a reduction in the process resistance between 50 and 100 nm
of the layer thickness can be noticed. A subsequent increase in layer thickness has no significant effect
on this process. This fact can be explained by the continuity of the applied layer. The spray pyrolysis
technique is a method in which a layer is created by depositing fine droplets from an air-atomised
precursor solution on a heated substrate. A continuous layer is formed when the falling droplets of the
precursor overlap each other and form a uniform layer. One of the limitations of this method is the
need to deposit a certain amount of precursor to obtain a continuous and homogenous layer in terms
of thickness. In the case of layers with a thickness of >100 nm, it is possible to obtain homogeneous
layers, but below this range, some discontinuities in the coating are visible due to places where the
droplets did not spread. This effect was presented in our earlier publication examining the properties
of the LSC layer deposited from different amounts of precursor solution *°. On the other hand, above
1 um thickness, the droplets overlap and start making clear differences in the thickness of the layer
visible in the cross-section images, giving the impression of a wavy surface. The 50 nm thick layer is
not a continuous layer and the LSCF is partially in direct contact with the electrolyte. LSC is a material
with a higher electronic conductivity than LSCF, therefore the increased resistance of the P1 process
for a sample with a 50 nm layer will be related to this phenomenon. The last P3 process related to the
gas diffusion reaction in the cathode has the smallest contribution to the electrode resistance. The
resistance of this process does not change significantly with the increase of the thickness of the LSC

layer and remains almost constant in the analysed temperature range.

Figures 8 D—F show the results of the DRT analysis for a sample with an LSC layer thickness of
400 nm, exposed at different temperatures. The presented graphs show that the dominant process
with the highest resistance is the P2 process. Moreover, with the increase of the annealing
temperature from 600°C to 700°C, a clear decrease in the P2resistance is observed, and a further

increase in the annealing temperature to 800°C causes a slight increase in the resistance, but its value
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is still lower than for the sample annealed at 600°C. A significant increase in the resistance associated
with P2 can only be observed when the sample is exposed to a temperature of 900°C, but slight
changes for P1 and P3 are also observed. Referring again to the earlier publication where the influence
of the annealing temperature on the microstructural and electrical properties of the layer was
investigated, it can be concluded that it is the change in the microstructure and electrical conductivity
of the LSC layer that is directly responsible for the increase in the resistance of the sample exposed to

900°C *°.

3.2.4 Durability of the electrodes
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Figure 9. Long-term stability test A) Nyquist plot B) DRT analysis result.

Grain growth and densification of the nanocrystalline and nanoporous material is one of the
potential problems due to the high operating temperatures, which consequently leads to a reduction
of the active surface area. The long-term stability test was maintained as a continuation of the
measurement of the samples tested at different p(O,) and lasted over 140 h in total. The sample was
held in isothermal conditions at 600°C in the air atmosphere except for the testing times in different
oxygen partial pressures. Figure 9A presents a Nyquist plot with EIS spectra collected at various times
during the test. The inset in the diagram also shows the change in Ronmic and Rpoi Values throughout the
experiment. As can be seen, the ohmic resistance (Ronmic) remains constant throughout the experiment.
This proves the good adhesion of the layer to the electrolyte and the absence of any adverse reaction
between the layer and the electrolyte. On the other hand, the graph of the polarisation resistance (Rpol)
change over time shows a decrease in the resistance value after the first 10 h and its stabilisation at
around 55 mQ-cm?. This is a significant improvement in the performance of the electrode. As shown
above, in section 3.2.2, the increase of the annealing temperature from 600°C to 700°C results in a
decrease in the polarisation resistance, and thus the extended annealing time of the sample previously

sintered at 600°C also has a positive effect on the microstructure relaxation by reducing the value of
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the polarisation resistance. By analysing the results of the EIS spectra utilising the DRT method, it is
visible that a change took place at a medium frequency related to electrochemical reactions at the
surface of the electrode, described above as a P2 sub-process. This phenomenon may be also related
to the improvement of the electrical conductivity of LSC observed in previous studies ?°. The electrical
conductivity of the LSC layer deposited on the sapphire increased by 20% in the first 10 hours of the
isothermal holding. Such a significant improvement affects the efficiency of reactions related to oxygen
surface exchange kinetics and oxygen ion diffusions such as the adsorption of gaseous oxygen O,,

dissociation of O, and charge transfer-diffusion (0%).

3.2.5 SOFC ageing test
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Figure 10. Initial performance of prepared ASC-SOFCs with reference and developed electrodes. A)

Current-Voltage characteristics and B) Bode and Nyquist plots measured in OCV at 700°C.

Afuel cell test was performed to determine the electrochemical performance of the developed
electrode. For this purpose, two anode-supported cells were compared, a reference cell and a cell with
an LSCinterlayer at the interface. Figure 10 presents the current-voltage characteristics and impedance
measurement results measured at the beginning of the measurement was taken after reduction
process. The two cells show the same OCV values of 1.07 V. The maximum power density reaches 675
and 820 mW-cm? for the reference cell and the cell with the LSC interlayer, respectively. The initial
ohmic and polarisation resistances for the modified electrode were 0.21 Q-cm? and 0.5 Q-cm?,
whereas, for the unmodified sample, they were 0.24 Q-cm? and 0.55 Q-cm?. As can be seen, there is a
clear improvement in the efficiency of the cell with the modified electrode (by approx. 20%). Sung Soo
Shin et al. also investigated the nanoscale interlayer of cathodes in low-temperature solid oxide fuel
cells and achieved a similar improvement in reference to cells without an interlayer. The higher power
densities achieved by this group may result from the use of a thinner YSZ electrolyte and more precise
methods of applying the buffer layer (PLD) and active layer (precursor-solution electrospray method)

38, Another piece of research presented by Solovyev et al. also reveals a significant improvement of an
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anode-supported cell by 1.6 times at 700°C by utilising a sputter-deposited 600 nm thick LSC interlayer
between the LSC electrode and the CGO electrolyte *°. Moreover, the obtained results are comparable
with the previous performance of the cells on the same type of anode substrates, where the CGO
barrier layer was investigated, but in this case, the operating temperature of the cell was lowered by
50°C 2. Therefore, it was possible to maintain the efficiency of the cells by lowering the operating

temperature, which was the aim of this study.
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Figure 11. Long-term stability test under load. A) and B) Voltage as a function of time plots for
reference and modified electrode cells working under load. C) Ohmic resistance and D) polarisation

resistance change as a function of time.

Figures 11 A and B show graphs of voltage as a function of time with a different cell loads. The
voltage under a load of 250 mA-cm? is marked in red, 500 mA-cm? is marked in green, and 1 A-cm? is
black. Long-term stability tests were carried out for almost 950h for the modified cell, and 600h for
the reference cell. The shorter duration of the reference experiment resulted from an unexpected
power failure. The target test was to check the cell degradation under a high load of 1 A-cm?, therefore
at the beginning of the experiment, both cells were loaded with a current of 250 and 500 A-cm? for
initial stabilisation, and then the current was increased to the target values of 1 A-cm? The degradation
rate values at high current densities were 0.17 mV/h for the reference cell and 0.1 mV/h for the cell
with LSC at the interface. It showed better resistance to degradation and better performance of the
cell with an LSC layer on the interface. In addition, impedance measurements at OCV were carried out
from time to time to record changes in the resistance of the cells during the experiment. The measured
values of the ohmic and polarisation resistances are presented in the form of graphs in Figures 11 C
and D, respectively. The nature of the curves plotted on the measurement points indicates similar
changes in the resistance value with the difference being that the values for the cell with the LSC

interlayer are lower. The lowest values of ohmic and polarisation resistances were recorded after
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about 50 hours of cell operation under load and were Ryo = 0.298, 0.231 Q-cm?, and R, = 0.218, 0.174
Q-cm? for the reference and modified sample, respectively. The same character of changes in the
resistance values over time, regardless of whether a reference or a modified cathode was used,
suggests changes occurring in the anode part of the cell and can be explained by the evolution of the

morphology of the anode bulk previously observed by Zhang et al.*°

Additional Figure S3 in supplementary materials presents a modified electrode-electrolyte
interface cross-section of the fuel cell after the ageing test at 700°C for almost 1000h. As can be
noticed, the interlayer microstructure changed over a long operation time under load. The interlayer
microstructure after the test changed significantly from those presented in Figure S1B - reference after
annealing at 700°C for 2 hours. Nanoparticles became coarser, but the electrochemical efficiency

remained stable and still presented better results than the reference sample without interlayer.
4. Conclusions

In this work, an LageSro4Co0s.4 oxygen electrode material was deposited between a dense
Ce0.8Gdo.,0,.4 electrolyte and a porous LageSro.sCoo.2Feo 5034 electrode by the spray pyrolysis technique.
The developed oxygen electrode interface was investigated utilising electrochemical impedance
spectroscopy and distribution of relaxation times analysis. The material tests were carried out for
various LSC layer thicknesses, annealing temperatures, oxygen partial pressures, and temperatures,
and were subjected to long-term stability tests and evaluated in typical operating conditions in an

intermediate temperature SOFC.

Structural studies confirmed the presence of a single-phase nanocrystalline LSC crystallised in a
cubic perovskite structure. In addition, phase analysis of the interface cross-section did not indicate
interfacial reactions between the electrode and electrolyte or segregation inside the layer.
Electrochemical investigations proved that the addition of even a very thin layer (approx. 50 nm) of
LSC at the interface measurably reduces the polarisation resistance, which is further improved by
increasing the thickness of the interfacial layer. The lowest polarisation resistance values were
obtained for a layer with a thickness of 400 nm, annealed at a temperature of 700°C and the ASR,
values measured at 600°C were 0.349; 0.145; 0.105; 0.079, and 0.076 Q-cm? for samples with 50, 100,
200, 400 and 800 nm of LSC interlayer thickness, while ASR, for a reference LSCF without interface
modification was 0.77Q-cm? Studies over a wide range of oxygen partial pressures and temperatures
identified three electrochemical processes in the modified electrode. The identified reactions were: P1
—charge transfer reaction at the electrode/electrolyte interface; P2 — oxygen surface exchange kinetics
and oxygen ion diffusion; P3 — gas diffusion reaction in the cathode. It was found that the process

limiting further efficiency improvement is related to P2, while in the long-term tests, the resistance of
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P2 decreased, making the P1 process dominant after some time. After the initial stabilisation in the
ageing tests, the electrode did not degrade during the following hours, and both Rgo and Ronmic

remained stable over time.

Finally, the electrode was tested in a working fuel cell. The tests showed increased electrode
performance by 20% compared to an unmodified electrode. The maximum power density reached 675
and 820 mW-cm™ for the reference cell and the cell with the LSC interlayer, respectively. Ageing tests

under high load showed an almost twofold lower degradation rate.

In summary, it was possible to produce an electrode with a highly developed active surface at the
electrode-electrolyte interface, which decreased the resistance values and contributed to an increase
in electrochemical efficiency in the cell. The nanocrystalline and nanoporous LSC layer produced by
spray pyrolysis was responsible for increasing the cell’s performance. The main goal of the work,
lowering the operating temperature of the cell while maintaining high electrochemical efficiency, was

achieved.
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Figure S1. Cross-section SEM images of electrode-electrolyte interface microstructure annealed at

A) 600°C, B) 700°C, C) 800°C, D) 900°C for 2h.
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Figure S2. DRT analysis results measured at 600°C, 550°C and 500°C for reference LSCF electrode

annealed at 1050°C for 2h.
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Figure S3. SEM freacture image of electrode-electrolyte interface of anode supported fuel cell with

LSC interlayer after 1000h aging at 700°C under high load.
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