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Abstract

With growing energy demand, limited fossil fuel reserves, and the threat of
global warming, the development of alternative energy sources is essential. Solid
oxide fuel cells are among the most promising solutions because they provide stable
energy independently of weather conditions and may become an important part of
future smart grid systems. Research on materials for intermediate- and low-
temperature solid oxide cells is essential, as this field remains underexplored and
lower operating temperatures create new technological opportunities.

This doctoral dissertation investigates promising materials that could be used
in next generation solid oxide cells. It focuses on two key areas: metallic
interconnects and oxygen electrode materials. The first concerns high-temperature
corrosion and improved chromium diffusion blocking, both crucial for electrical
efficiency. The second addresses oxygen electrodes for operation <600 °C, where
lower temperature increases polarization resistance and reduces cell performance.
Corrosion studies examined 100 nm oxide coatings based on La,0s3, Y,0;, Gd,03, and
Ce0s. Y205 and Gd,0; showed the most promising protective properties and, when
combined with CuMn, ;Feq 30,4 in double protective layers, enabled low area specific
resistance after 4000 hours at 700 °C while improving chromium blocking. The
second part of the work focused on LSC and PrO, as oxygen electrode materials. LSC
showed the highest electrochemical activity after annealing at 400 °C. Electrodes
based on porous CGO scaffolds infiltrated with LSC achieved very low polarization
resistance and an 8% higher power density than a commercial counterpart.
Praseodymium oxide also proved to be an effective oxygen electrode material. A 200
nm PrOy layer provided very low polarization resistance, with the best results after
annealing at 500 °C. It also showed greater resistance to humidity and CO, than LSC
and enabled a 40% increase in power density compared with a commercial solution.

Overall, the dissertation provides a strong basis for further research into new

materials for intermediate- and low-temperature solid oxide cells.



Streszczenie

W obliczu rosngcego zapotrzebowania na energie, ograniczonych zasobdéw
paliw kopalnych i zagrozenia globalnym ociepleniem rozwéj alternatywnych Zrodet
energii staje sie koniecznoscig. Ogniwa ze statym tlenkiem (SOC) nalezg do
najbardziej obiecujgcych rozwigzan, gdyz zapewniajg stabilne dostawy energii
niezaleznie od warunkow pogodowych i moga stac sie waznym elementem przysztych
inteligentnych sieci energetycznych. Badania nad materiatami do $rednio-
i niskotemperaturowych SOC sg szczegdlnie istotne, gdyz obszar ten pozostaje stabo
zbadany, a obnizenie temperatury pracy otwiera nowe mozliwosci technologiczne.

Niniejsza rozprawa doktorska dotyczy obiecujgcych materiatow, ktore
mogtyby zastgpi¢ obecnie stosowane w ogniwach ze statym tlenkiem. Skupia sie na
dwdch zagadnieniach: metalicznych interkonektach oraz materiatach elektrod
tlenowych. Pierwsze obejmuje korozje wysokotemperaturowa i poprawe blokowania
dyfuzji chromu, kluczowe dla sprawnosci uktadu. Drugie dotyczy elektrod tlenowych
pracujacych < 600 °C, gdzie obnizenie temperatury zwieksza opdr polaryzacyjny
i pogarsza prace ogniwa. W badaniach korozyjnych analizowano powtoki tlenkowe
o grubosci 100 nm na bazie La0s;, Y.0; Gd,O; i CeO,. Najlepsze wtasciwosci
ochronne wykazaty Y,03 i Gd,Os3, ktére po potaczeniu z CuMn, sFeo 304 w podwadjnych
warstwach ochronnych umozliwity uzyskanie niskiej rezystancji powierzchniowej po
4000 godzin utleniania w 700 °C oraz poprawe blokowania dyfuzji chromu. Druga
czesc¢ pracy dotyczyta materiatéw LSC i PrOy jako elektrod tlenowych. LSC wykazat
najwyzszg aktywnosc¢ elektrochemiczng po spiekaniu w 400 °C. Elektrody oparte na
porowatym szkielecie CGO, infiltrowane LSC, osiggnety bardzo niski opdr
polaryzacyjny i o 8% wyzszg gestos¢ mocy niz odpowiednik komercyjny. Tlenek
prazeodymu rowniez okazat sie skutecznym materiatem elektrody tlenowej. Warstwa
PrOy o0 grubosci 200 nm zapewnita bardzo niski opér polaryzacyjny, a najlepsze wyniki
uzyskano po spiekaniu w 500 °C. Materiat ten wykazat wiekszg odpornos¢ na wilgo¢
iCO, niz LSC oraz umozliwit wzrost gestosci mocy o 40% w pordwnaniu
zrozwigzaniem komercyjnym.

Rozprawa stanowi solidng podstawe do dalszych badan nad nowymi

materiatami do Srednio- i niskotemperaturowych ogniw ze statym tlenkiem.
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List of important symbols and abbreviations
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1. Introduction

Humans' natural curiosity and creative thinking abilities drove them to
continually improve and invent new tools that made their work more efficient.
This creativity, coupled with changing social demands, led to the Industrial
Revolution of the 18th century and a radical increase in energy demand. During
this time, global economies transitioned from wood to more calorific fossil fuels,
including hard coal. Currently, human civilization is in the third industrial
revolution and on the verge of transitioning to the fourth, in which artificial
intelligence and machine learning will play an increasingly significant role. This
will entail another significant increase in energy demand and require higher
electricity production. According to a report by the Institute of Environmental
Protection - National Research Institute with Centre for Climate and Energy
Analysis, electricity demand in Poland alone will increase from 140 TWh in 2020
to 330-360 TWh by 2050 [1]. From a global perspective, the trend shown in Figure
1 indicates a rapid increase in electricity consumption. According to the
projections, global electricity consumption is expected to rise from 154.6 PWh in
2020 to 231.8 PWh by 2050 [2]. It is also assumed that current oil, natural gas,
and coal reserves are sufficient to meet global consumption needs for
approximately 50, 50, and 132 years, respectively [2], [3]. This is the reason why
alternative energy sources that don'trely on fossilfuels have been developed over
the past few decades. Furthermore, continuous development of potentially zero-
emission and renewable energy production methods brings us closer to
achieving a Type 1 civilization on the Kardashev scale [4]. The planned energy mix
for the energy transition will rely primarily on solar, wind, and nuclear power [5].
Other sources, such as hydropower, geothermal energy, and wave energy, may
also be utilized locally [5]-[8]. However, because some of these sources are
weather-dependent, ensuring a stable electricity supply remains a challenge,
and the proposed diversification of sources may not fully resolve this issue. At
present, producing hydrogen from surplus energy appears to be the one of the
most interesting alternative for energy storage systems based on lithium-ion
batteries for large-scale application and for long-term storage [9]. This can be
achieved using solid oxide cells (SOCs), which operate in two modes: as solid

15



oxide fuel cells (SOFCs) that use hydrogen as fuel, and as solid oxide
electrolysers (SOECs) that produce hydrogen from excess energy. This approach
enables stored fuel to be used at any time, ensuring continuous operation
regardless of weather conditions. A further advantage of SOEC technology is its
high energy efficiency — 80 - 90% (Example - 83% efficiency for the system
according to the report of the Institute for Sustainable Process Technology for
industrial use cases) [10], [11] —for SOFC more thar 60% of efficiency, compared
to 70-80% for low-temperature proton exchange membrane (PEM) or alkaline
electrolysers [5]. This efficiency surpasses that of other storage methods, such
as pumped-storage hydropower (70-85%) [12] and compressed air energy
storage (CAES) (70-80% - for adiabatic CAES) [13], and is comparable to that of

lithium-ion batteries (>85%) [14].

Figure 1. Global energy consumption by source of energy [3].

Hydrogen is the lightest, simplest, and mostabundant elementin the universe,
accounting for an estimated 91.9% of its total atoms number [15]. A hydrogen
atom consists of a nucleus containing a single proton and one electron. There are
three naturally occurring isotopes of hydrogen: the most common form described
above; deuterium, which has one neutron in addition to the proton; and tritium,
which has two neutrons. There are also lesser known isotopes such as muon,
muon helium, and positronium [16]. Under typical Earth-surface conditions,
hydrogenis rarely found in nature as free molecular hydrogen. When it does occur

in its free form, it is usually as diatomic hydrogen (H.) - an odourless, colourless
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gas present only in trace amounts in the atmosphere and sometimes in small
proportions in natural gas or other geological gases. Most hydrogen on Earth is
bound in inorganic and organic compounds, with water being the most abundant
[17]. Producing hydrogen for use as afuel or energy carrier therefore usually
requires generating and/or purifying H, from hydrogen-containing feedstocks,
which requires an energy input. Hydrogen has a high gravimetric energy density
(143 MJ/kg, nearly three times higher than diesel or gasoline) but a very low
volumetric energy density under standard conditions (0.01 MJ/dm?® compared to
34.2 MJ/dm? for gasoline), as determined by Avogadro’s law - one mole of gas
occupies 22.4 dm?® under standard conditions, and a mole of hydrogen has
amass of only 2 g [9], [18], [19]. To address this, hydrogen can be compressed to
700 bar (5.6 MJ/dm3) or liquefied (10.1 MJ/dm?3), both requiring specialized
technologies due to hydrogen’s tendency to cause metal embrittlement and
permeate most materials [9], [18]. Currently, hydrogen is produced via thermal
methods such as steam methane reforming, biological processes, and
electrochemical methods like water electrolysis. It is classified according to its

production pathway:
e Gray hydrogen - from fossil fuels, without carbon capture;
e Blue hydrogen —from fossil fuels, with CO, capture;
¢ Turquoise hydrogen — from methane pyrolysis or waste plastic processing;
¢ Pink/Red/Purple hydrogen - from nuclear-powered electrolysis;
¢ Yellow hydrogen — from electrolysis powered directly by solar energy;

e Green hydrogen —from water electrolysis powered by renewable energy
sources.

Efforts are underway to maximize the use and production of green hydrogen
[20]. Hydrogen is widely used in the chemical, metallurgical, and food industries,
and is gaining importance in the energy sector, where high-temperature solid
oxide cells may become a leading technology for stable electricity generation in

the future [21], [22].
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2. Fuelcells

Storing energy in the form of hydrogen appears to be a highly promising
alternative to today’s standard methods. Fuel cells are commonly used to recover
energy stored in chemical fuels. In general, fuel cells (FCs) are efficient and low-
emission electrochemical devices that convert the chemical energy of a fuel
directly into electrical energy (and heat). Compared with conventional
combustion-based engines, they can achieve significantly higher efficiency and
lower greenhouse-gas emissions, which is why they are widely regarded as one of
the most promising energy-conversion technologies in the context of sustainable
development. Fuel-cell technologies are commonly classified by electrolyte type
and the ionic species transported through the electrolyte. Low-temperature fuel
cells include PEMFCs (proton exchange membrane fuel cells), AFCs (alkaline fuel
cells), and PAFCs (phosphoric acid fuel cells). High-temperature fuel cells include
MCFCs (molten carbonate fuel cells), PCFCs (proton-conducting fuel cells), and
SOFCs (solid oxide fuel cells). The basic division of fuel cells is shown in Figure 2.

The electrolyte determines both the operating temperature and the dominant
ion-transport mechanism. In general, increasing the operating temperature can
improve electrochemical kinetics and, in some cases, system efficiency, but it
may also increase system complexity and the manufacturing costs of the cell and
stack. For MCFC, PCFC, and SOFC systems, high overall efficiency can also result
from the effective utilization of high-grade waste heat, for example for hot-water
production or internal thermal management. In contrast, AFC, PAFC, and MCFC
electrolytes are strongly corrosive, which can limit durability and complicate
large-scale commercialization [23], [24]. Although several fuel cell technologies
have electrolyzer counterparts, their reversibility and practical implementation
differ considerably. The most established reversible systems are alkaline, PEM,
and solid oxide technologies, with SOFC/SOEC being the most direct example of
reversible, high-temperature operation. PEMFCs are usually less cost-effective for
stationary power generation, while MCFCs and PAFCs remain more niche and are

frequently less economically competitive [25].
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Figure 2. Overview of fuel cell types in relation to operating temperature, efficiency, system complexity,
fabrication cost, and material cost [23].

PEMFCs use polymer proton-exchange membranes. State-of-the-art
perfluorosulfonic acid (PFSA) membranes, such as Nafion, combined with
platinum-based electrocatalysts, enable fast start-up, high power density, and
low operating temperatures (typically ~80°C or below), as well as relatively
straightforward installation and operation. PEMFCs are also the most mature fuel-
cell technology for light-duty fuel-cell vehicles. Despite intensive research into
non-noble electrocatalysts, many such catalysts perform satisfactorily mainly in
alkaline environments, which has stimulated the development of anion-exchange
membrane fuel cells (AEMFCs). However, developing anion-exchange
membranes with high ionic conductivity and adequate chemical and mechanical
stability remains a significant challenge. Although platinum resources are limited,
Pt catalysts used in PEMFCs can generally be recovered and recycled at end-of-
life. Consequently, Pt-based catalysts will likely remain important for the
foreseeable future, and reducing Pt loading while maintaining orimproving activity
and durability is a key research direction. Catalyst performance can also be
improved by using highly conductive nanostructured oxides or carbides as
supports instead of conventional carbon-based carriers. SOFCs are based on
ceramic components and, owing to their high operating temperatures (typically

700-900°C), do not require noble-metal catalysts. High temperature also enables
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the use of a broad range of fuels—including hydrogen from reformate streams,
natural gas, other hydrocarbons, and alcohol fuels—which is a major advantage
relative to most other fuel cell types. For this reason, SOFCs are particularly well
suited for stationary distributed generation in the kilowatt-to-megawatt range. Key
technological challenges include thermal stability, resistance to thermal cycling,
stack durability, and controllability at the system level. In solid-oxide devices,
thermal-expansion mismatch between components can lead to mechanical
stresses, instability, and degradation, especially during start-up and shut-down.
Stack durability depends strongly on the activity and stability of electrode
materials; however, gradual degradation due to contaminants in the fuel or air—
and due to interactions with other system components such as metallic
interconnects, seals, and current collectors—remains a majorissue. Polarization-
induced interfacial phenomena and their effects on microstructure and interface
stability are also receiving increasing attention. A global trend in SOFC
developmentis to reduce operating temperature to low levels of 500-600 °C, often
referred to as low-temperature SOFC (LT-SOFC). The main advantages include
lower manufacturing cost, a wider selection of materials for cell and stack
construction, and improved thermal stability. Direct utilization of alcohol fuels
also becomes more attractive in this temperature range. However, LT-SOFC
development faces major challenges, primarily the reduced ionic conductivity of
conventional electrolytes such as yttria-stabilized zirconia (YSZ) and increased
polarization losses of electrode reactions—particularly oxygen reduction at the
cathode [26]. Atypical SOFC fuel cell structure is shown in Figure 3. Nevertheless,
for hydrocarbon-fueled SOFC systems (e.g., natural-gas systems), lowering
operating temperature below ~700-800°C may offer limited system-level benefits
if internal or external reforming remains necessary. System lifetime is another
critical aspect.

The IEA reports typical electrical efficiencies for SOFC systems of
approximately 50-60%, and in some comparisons even 50-70% (HHV - Higher
Heating Value). For MCFCs, reported values are typically around 43-47% or above
60% (HHV), depending on the source and system configuration. For PAFCs, typical

values are around 40-42%, while stationary PEMFC systems are often reported at
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approximately 30-40% or 32-49% (HHV) [27]. Higher electrical efficiency
generally reduces the fuel cost per kWh produced, which can constitute
a significant share of the total cost of electricity. However, the high operating
temperatures of SOFCs and the associated need for high-temperature
components and high-chromium steels can increase the overall system cost.
SOFC systems often achieve among the lowest levelized electricity costs (LCOE)
within stationary fuel-cell technologies, primarily due to their high electrical
efficiency and their ability to operate on fuels such as natural gas.

For stationary SOFC systems, a lifespan of 40,000 hours is often assumed,
although reported values in the literature vary widely depending on operating
conditions and the definition of end-of-life. For other fuel cell types, typical ranges
are approximately 5,000-8,000 hours for AFC, 20,000-60,000 hours for PEMFC,
30,000-80,000 hours for PAFC, and 20,000-40,000 hours for MCFC[28], [29].

Overall, SOFCs offer some of the highest electrical efficiency and among the
best performance metrics across fuel cell technologies. They also provide
areasonable lifespan and can deliver relatively low electricity cost per kWh
produced under suitable operating conditions. A major advantage of high-
temperature fuel cells is their exceptional fuel flexibility. Moreover, the ability to
switch between fuel-cell and electrolyzer operation (in reversible solid oxide
systems) can be valuable for optimizing hydrogen-based energy storage and
utilization. At the same time, high operating temperatures increase system
complexity and, consequently, cost [30]. A key pathway to faster deployment may
therefore lie in developing efficient materials and cell architectures that enable
durable operation at lower temperatures. It is nevertheless widely assumed that
improved materials and designs for SOFCs operating at lower temperatures—
below 600°C (and in some studies even below 500°C)—could enable substantial

cost reductions and accelerate commercialization and market uptake [31], [32].
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Figure 3. Cross-section of a modern anode-supported solid oxide cell (SOC), highlighting individual components
— pictures taken by author.
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3. SOCs history and generations

The origins of fuel cells date back to 1839, when Sir William Grove
demonstrated an electrochemical cell using two platinum electrodes and dilute
sulfuric acid as the electrolyte. The reactants, hydrogen and oxygen, was used to
produce an electric current and water at room temperature. This experiment was
the first to show that water electrolysis—a process already known at the time—
could be reversible [33]. Less than a century later, Baur and Preis verified the
feasibility of constructing a fuel cell based on a solid electrolyte, simultaneously
demonstrating the ionic conductivity of oxygen ions. They employed zirconia
(ZrO,) stabilized with 15% yttria (YSZ) as the electrolyte and iron or carbon as the
fuel electrode and magnetite (FesO,) as an oxygen electrodes. The cell, operated
at 1000 °C, exhibited limited performance but initiated the continuous
development of SOC technology [34]. Subsequent advances led to cells with
significantly thinner YSZ electrolytes than those used by Baur and Preis and to the
replacement of platinum electrodes with more affordable materials. Ni-YSZ
cermets (cer-met — ceramic-metallic composite) were introduced on the fuel
side, while the oxygen electrode was based on the perovskite oxide LSM (La:.
«SrkMn0s.5). These innovations reduced the operating temperature below 1000 °C.
Ceramic interconnects, specifically LaCrOs;, were also introduced, as metallic
materials could not withstand such high temperatures over long operation. This
generation of SOCs is commonly referred to as electrolyte-supported cells [35],
[36]. Further reductions in electrolyte thickness to 10-20 pum (still primarily YSZ)
lowered operating temperatures to the 800-900 °C range. Improved oxygen
electrode materials, such as LSC (La1xSrC00s.5) and LSCF (La1..SrCo1yFeyOs.s),
were adopted, while a CGO (Ce1.xGdO..5) barrier layer was introduced to prevent
the formation of La,Zr,O; and SrZrO; at the YSZ—perovskite interface—a phase
that blocks ionic conduction. The reduced temperature also enabled the use of
metallic interconnects, particularly high-chromium steels such as Crofer 22 APU.
These developments increased the achievable power density per cm?. At this
stage, anode-supported cells became dominant, while cathode-supported
designs were less common [37]. The next generation was characterized by further
electrolyte thinning to below 10 um. While YSZ remained the primary electrolyte,
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the reduced operating temperature (650-800 °C) allowed for alternatives such as
CGO and SDC (samaria doped ceria). Electrode materials remained largely
unchanged [35], [38]. The next generation, still not implemented to the market,
become interesting topic for explored replacing the anode support with porous
stainless steel. Such supports provided both mechanical strength and effective
gas distribution, enabling thinner electrodes while maintaining similar electrolyte
thicknesses. These designs aimed to reduce the operating range to 650-750 °C,
though challenges remain, including corrosion in both oxygen rich (oxygen side)
and steamrich (fuel side) atmospheres and overall material degradation affecting
long-term stability [39], [40]. The most recent concept involves micro-SOCs,
where the total cell thickness does not exceed 1 um. Initial designs employed YSZ
electrolytes with platinum electrodes. Advances in thin-film deposition
techniques have since enabled the fabrication of high-quality layers of more
complex materials. It is anticipated that micro-SOFCs could operate even below
500 °C [41]. This goal is already feasible as is possible to find the reports already
demonstrate power densities exceeding 1 W-cm at temperatures around 500 °C
and lower, highlighting their potential for next-generation low-temperature SOC
technology [42]-[44]. Figure 4 shows the generations of fuel cells with emphasis

on the support used and the assumed operating temperature range.
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Figure 4. Generations of SOCs with support indication and operating temperature range (Figure created by the

author).
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4. Principles of SOCs operation

SOCs are electrochemical devices capable of operating in two modes:
converting chemical energy into electricity (fuel mode) and converting electrical
energy into chemical energy (electrolyser mode). The fuel, which may be
hydrogen, methane and other hydrocarbons, alcohols such as methanol, ethanol
or biogas, is subjected to an electrochemical and catalytic combustion reaction
to obtain the energy stored in the bonds between the atoms of the fuel molecule.
Depending on the type of fuel used, the side effects will either be water or carbon
dioxide and water [45], [46]. The simplest construction of the SOC stack system
as is shown in Figure 5. is based on four elements: electrolyte, fuel electrode,

oxygen electrode and interconnects [45].

4.1. Electrolyte

The electrolyte is the central component of the cell, performing several critical
functions. Primarily, it acts as an electronic barrier between the
electrochemically active electrodes and enables the transport of oxygen ions
from the oxygen electrode to the fuel electrode. In first SOC generation, it also
provides mechanical support for the cell. Materials suitable for electrolytes in
SOC technology must meet several criteria:

¢ Highionic conductivity

¢ Negligible electronic conductivity

¢ High chemical stability in both oxidizing and reducing environments
e Compatibility with electrode materials (no adverse reactions)

e Thermal expansion coefficient matched to other cell components

e Low fuel crossover (low porosity, gas-tight)

o Sufficient mechanical strength

o Resistance to long-term degradation

o Easy forfabrication

e Lowcost
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The most complex and, at the same time, crucial property for potential
electrolyte materials is ionic conductivity - in this case, oxygen ion transport. The
diffusion of ions between equilibrium positions is driven by concentration
gradients across the electrolyte. This motion critically depends on the presence
of point defects [47].

Three main diffusion mechanisms are typically distinguished in oxides,
depending on the type of point defect: interstitial, interstitialcy, and vacancy
mechanisms [48], [49]. The interstitial mechanism assumes that ions located in
interstitial lattice sites migrate by hopping between adjacent interstitial
positions. This mechanism does not require additional defects apart from the
interstitial ions themselves [48]-[50]. In the interstitialcy mechanism, an
interstitial oxygen atom displaces a lattice oxygen atom, which in turn moves to
a new position in the sublattice. This process proceeds in two successive steps
and can be affected by the presence of blocked sites or clusters [49], [51]-[53].

In the vacancy mechanism, a lattice oxygen ion migrates into a neighbouring
vacancy. Oxygen vacancies are critical defects in transition metal oxides that are
often created by either dopant substitution or a deviation from stoichiometry.
Frenkel and Schottky defects are two key examples. The vacancy mechanism
dominates oxygen self-diffusion in many stoichiometric systems, such as those
with fluorite or perovskite structures. However, because of the typically high
energy barriers associated with this process, these materials must operate at
elevated temperatures. Consequently, at high temperatures (above ~900 K),
materials such as YSZ are widely recognized as excellent oxygen-ion conductors

[48], [54]-[59].

4.2. Fuel electrode

The fuel electrode in fuel mode is responsible for the oxidation of the gaseous
fuel, such as hydrogen. The fuel electrode is typically composed of a composite
material (cermet) consisting of a ceramic phase, which is usually the same
material as the electrolyte and metallic phase - typically nickel. This ceramic
phase is characterized by high ionic conductivity, low electrical conductivity, and

high stability under highly reducing conditions. It is combined with a metallic
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phase, which serves as an efficient electrical conductor and a catalyst for fuel
oxidation. Active sites in these electrode are located at triple-phase boundaries
where the nickel particles catalyse the breaking of the covalent bond between two
hydrogen atoms. The ionically conductive ceramic phase transports oxygen
anions to the point of contact with the metallic phase. At this interface, the oxygen
anion reacts with the hydrogen cations, completing the electrochemical oxidation
process. However, for the oxidation reaction to occur, several sequential steps
must take place, each playing a significant role in the overall process.
Understanding these steps is crucial for selecting optimal materials for fuel
electrode fabrication. The first step is the mass transport of the fuel to the active
sites within the electrode structure. The second step involves the adsorption of
fuel molecules onto the electrode surface, where intermolecular interactions are
formed. In the third step, two bonds are created between the catalyst and the
dissociated hydrogen atoms. At this stage, the H, molecule is split into two
individual hydrogen atoms, each bound to atoms on the electrode surface via
specific interactions. Then, in step four, the hydrogen atoms combine with the
oxygen anion provided by diffusion in the ionically conducting material to form
a product molecule (water) and release it. Simultaneously in fifth step, the
transfer of electrons from the chemisorbed hydrogen atoms to the
electrode/interconnect [60]. Catalytic reaction of hydrogen diatom molecule
creates two protons and two electrons. The result of the formation of H* ions

according to the reaction [61]:
H, < 2H* + 2e~ (D

4.3. Oxygen electrode

The oxygen electrode is responsible for creating oxygen ions from atmospheric
oxygen and transporting them to the electrolyte. Similar to the fuel electrode, the
oxygen reduction process occurs in several stages. However, unlike the fuel
electrode, the resulting oxygen—catalyst bond incorporates the oxygen atom into
the crystal structure, from which itis then transported to the electrolyte. Because
the electrochemical reaction requires both ionic and electronic conductivity,

various material solutions have been developed. One approach is to use
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a composite of a highly ionically conductive material with a highly electronically
conductive material (e.g., CGO-LSM). The discovery of mixed ionic—electronic
conductors (MIECs), which simultaneously meet both requirements, has greatly
increased their use—although the associated processes are even more complex.
The key advantage of MIEC materials is that, by conducting both ions and
electrons, they extend the electrochemically active region from the triple phase
boundary close to the electrolyte interface to the entire electrode volume.
Oxygen electrode materials are often doped with cations of lower oxidation states
to create vacancies in the crystal lattice and maintain charge neutrality. These
vacancies enable the migration of oxygen anions by hopping between cations. In
addition, MIEC materials can contain electronic defects, such as free electrons
or holes. In one reaction, a single oxygen vacancy (V0) is generated for every two
atoms of dopant. In another, two holes (h’) are produced for every two cation
substitutions. A reduction reaction of oxygen takes place with the use of four

electrons according to the reaction [60], [62], [63]:
0, 4+ 2Vo + 4e™ = 20 (2)

The electrons formed in the reaction diffuse towards the interconnects

from the fuel electrode to ultimately participate in the reduction of oxygen.

4.4. Interconnects

Although interconnects are not directly involved in energy or fuel production,
they are a critical component of the cell stack in commercial SOC applications.
They represent a significant part of the stack’s mass and can account for up to
50% of its total cost. Consequently, significant efforts are being made to lower
interconnect costs as a means of reducing the cost per kilowatt of electricity
produced. In solid oxide cell technology, interconnects perform two key
functions. First, they ensure efficient access and optimal gas distribution to the
electrode, thereby reducing concentration polarization. Second, they provide the
shortest possible current path to minimize ohmic polarization by collecting
electrons generated at the fuel electrode and delivering them to the oxygen

electrode[64]. Because the interconnect is simultaneously exposed to both the
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reductive and oxidizing environments, it must remain stable in both conditions.

Materials used for interconnects must meet the following requirements:

e High electrical conductivity (area-specific resistance (ASR) < 0.1 Q-cm?)

e Thermal expansion coefficient (TEC) compatible with electrodes and
electrolyte in order to minimize thermal stresses

e Chemical stability and non-reactivity with fuel electrode, oxygen electrode,
and electrolyte materials

e Low gas permeability for oxygen and hydrogen to prevent the direct mixing of
the oxidant and fuel during operation

e Resistance to sulphur and carbon poisoning as well as oxidation resistance

e Easy for fabrication and low production cost. [65]

Early SOC designs used primarily ceramic interconnects (e.g. LaCrQOs;) due to
the high operating temperatures—close to 1000 °C. Advances in technology have
since enabled operation at lower temperatures, making it possible to employ
metallic interconnects [66]. Advances in lowering the operating temperature of
SOCs, the temperature remains low enough to enable the use of high-chromium
ferritic steels (e.g., Crofer 22 APU) to ensure long-term durability of up to 40,000
hours [67]. The presence of chromium is also linked to corrosion processes
occurring under elevated temperatures and highly oxidizing conditions.
Chromium oxide not only exhibits one of the highest electrical conductivities
among transition metal oxides, but also has the ability to form a dense
passivation layer and to react with other transition metals to produce spinels or
perovskite oxides, which display higher conductivity than single oxides [68]-[73].
The formation of such a protective layer effectively slows further corrosion.
However, it has been observed that volatile chromium species (e.g., CrOs,
CrO,(OH),) generated at elevated temperatures can migrate and poison the
oxygen electrode, leading to a significant reduction in electrochemical
performance after only a few hundred hours. To mitigate this problem, protective
coatings have been applied to metallic interconnects, both to slow down
corrosion and to protect the oxygen electrode from chromium-related

degradation [65], [74], [75].
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Looking ahead, continued technological progress and further reductions in
SOC operating temperatures may enable the use of less expensive austenitic

alloys, which contain lower chromium levels but are unsuitable for today’s

higher-temperature conditions.
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Figure 5. Construction and operation of basic SOC system (Figure created by the author).
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5. Factors impacting SOCs performance

When analysing the parameters of the obtained electrodes, one cannot
forget about the losses that affect the efficiency of the cell and take them away
from the ideal model. In this section, the focus will be on the most important
parameters that cause losses in SOCs cells. In the ideal model (Nernst equation),
the potential between the fuel electrode and the oxygen electrode is +1.229V (this
value is equivalent to the standard potential of electrode). The use of atmospheric
air instead of pure oxygen causes the potential slightly decrease to +1.219V
(therefore the use of air is a standard). Cell efficiency is also affected by activation
polarization, ohmic losses from ion and electronic resistance, and concentration
losses due to mass transport [76]. Figure 6. shows the effect of these losses on

the |-V characteristics of the cell.

5.1. Activation polarisation

Electrochemical reactions are reactions on a completely different basis than
the classical types of chemical reactions. This type involves the transfer of
electrons between the electrode surface and a chemical compound related to
intermolecular interactions with the electrode surface. Transferring an electron
requires the use of a specific quantum of energy, and this energy is called
activation energy. This potential can be defined as the internal energy of
electrons. Thus, the energy used in the electron hopping process contributes to
the decrease in the potential of the entire cell. It is clear, that materials with the
lowest possible activation energy should be used [63], [77]-[79]. The activation

loss is described by the Butler-Volmer equation:

where ip is the exchange current density, B is the transfer coefficient, n. is
electrons transferred per reaction, F is Faraday constant (96 485 C-mol™), nac is
activation polarization (V), R is universal gas constant (8.314 J-mol™"-K ") and T is
temperature (K) [79]. The electrode reaction rates at equilibrium are measured by
the exchange current density. High exchange current density means a fast

electrochemical reaction rate and high fuel cell performance. With high
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activation polarization, the first part of the equation will have high values and the
second part will be negligibly small, which will reduce the value of the potential
between the electrodes (simplified to Tafel equation). In the case of low activation
polarization, the value of the first term will be less than one, which will resultin a

smaller potential decrease - a favourable situation [63], [78]-[80].

5.2. Ohmic Voltage Loss

In the case of loss of potential due to cell resistance, the main factor is the
resistance of the diffusion of oxygen ions in the electrolyte material and the flow
of electrons in the oxygen electrode and fuel electrode materials. Depending on
the material used, the loss of ohmic potential may be lower or higher.
Temperature also has a significantinfluence on the loss of ohmic potential. In the
case of lowering the cell operating temperature (what is the current trend), the
resistance of the entire cell increases significantly. This phenomenon can be
compensated by selecting materials with better conductive properties or thinner
electrolytes. The internal resistance of a fuel cell dependent on the temperature
change in the fuel cell is described by the equation [79]-[81]:
1 1
Vohmic = {V exp [.3 <T_o - T)]} Ire = 1lpc (4)

where T is the fuel cell temperature; To =973 K, y=0.2 Q, and B = -2870 K are
the constant coefficients of the fuel cell; and r is the internal resistance of the

SOC [80].

5.3. Concentration Voltage Loss

Conventional diffusion occurs when the pore width of the material's mean
path is larger than the gas molecules. Knudsen diffusion is defined as the
molecular movement through pores that are small compared to the mean free
path of the gas. In this regime, molecules collide with the pore walls more
frequently than with other molecules. Upon collision, atoms are rapidly adsorbed
onto the surface and subsequently desorbed in a diffusive manner. The repeated
interactions with the pore walls slow down the overall molecular transport. The
Knudsen diffusion coefficient can be estimated using kinetic theory by relating

the pore diameter to the mean free path of the gas. In solid oxide cell electrodes,
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gases must diffuse through the gas-filled pores to reach the electrochemical
reaction sites. Under these conditions, concentration polarisation can become
significant, as the partial pressure of the gas at the reaction sites is lower than in
the bulk gas stream when current is generated. Consequently, a reduction in gas
concentration within the pores may cause severe polarization and limit the
current. However, under typical operating conditions, concentration polarization
does not result in substantial voltage losses until the current density approaches
the limiting current [79], [80], [82]. The voltage loss due to concentration may be
calculated by the following equation:

_RT_ (G,

Voon = —In (22 (5)

where C;, is the concentration at the triple-phase boundary, where the gas,
electrolyte, and electrode meet; C= is the bulk concentration of reactant; and nis

the number of moles of electrons participating in the reaction [80].
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Figure 6. Activation, ohmic and mass losses plotted throughout the |-V curve [83].

Ultimately, considering all these factors, the actual cell potential is

obtained from the thermodynamically determined potential, minus the
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voltage losses described above. Accordingly, the resulting cell potential can

be expressed by the following equation:

V= Ethermo — Nact — Nonmic — Nconc (6)

where: V - real output voltage of cell, Ewemo — thermodynamically
predicted output voltage, n...— activation losses, Nonmic — Ohmic losses, and

Neconc — CONCenNtration losses [83].
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6. Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is a research method
used to investigate the electrical and electrochemical properties of various
materials. This method is widely applied in both liquid and solid-state
electrochemistry, including studies of batteries, fuel cells, sensors, and
biosensors. The technique involves measuring the impedance of a system as
a function of the frequency of an applied signal. EIS is considered a non-
invasive method because only a small sinusoidal voltage or current
perturbation is applied, and the system's response is subsequently analysed
using a dedicated frequency response analyser.

Impedance consists of a real part (resistance) and an imaginary part
(reactance). Differences between the input signal and the system's response
arise from the intrinsic properties of the system that restrict electron flow.
Analysis of changes in amplitude and phase shift allows determination of how
electrons and charge carriers interact with the electrode. Measurements are
typically performed over a wide frequency range (from mHz to MHz), enabling
the investigation of processes occurring on different time scales. This
technique has also found wide application in the field of solid oxide cells (SOC)
and can be used in several measurement configurations. The most basic type
of impedance measurement involves the analysis of a complete
electrochemical cell. However, such analysis is complex due to the structural
complexity (two different electrodes) of the cell and the multitude of
electrochemical processes occurring at the electrodes. Therefore,
symmetrical measurements are often performed, in which both electrodes are
composed of the same electrochemically active material. These
measurements provide information about the kinetics of electrochemical
reactions, ion and electron transport, and the properties of both the
electrodes and the electrolyte. They also enable analysis of the quality of
interfaces between materials and allow monitoring of cell degradation
processes during operation. Measurements of full cells can be conducted in
in situ and operando modes. Such experiments are used to analyse the
behaviour of the cell under operating conditions and to identify degradation
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mechanisms. In contrast, symmetrical measurements are performed in situ,
as theyinvolve the analysis of a half-cell configuration. This approach provides
detailed information about the electrode material without overlapping effects
from the counter electrode.

EIS measurement results are most commonly presented as Bode or
Nyquist plots. In a Nyquist plot, the impedance spectrum typically appears as
a series of overlapping semicircles, each corresponding to a different
electrochemical process occurring within a specific frequency range. An
example of such a spectrum obtained from symmetrical measurements is
shown in Figure 7. Depending on the temperature at which the system is
measured, some processes may or may not be distinguishable. The example
shown represents a complete set of processes that can be identified. Two
semicircles are highlighted that correspond to the series resistance
associated with the electrolyte. The first semicircle is related to ionic
conduction within electrolyte grains, while the second corresponds to ionic
transport across grain boundaries. The third semicircle represents the
polarization resistance associated with the electrochemically active
electrode. In practice, this semicircle often consists of several overlapping
contributions that correspond to different electrochemical processes
occurring at the electrode.

Analysis of impedance spectra is typically performed by fitting an
appropriate equivalent circuit model. In such models, resistors represent
resistance to ion and electron transport or charge transfer at the electrode,
while capacitors describe polarization phenomena and processes occurring
at the electrode surface. In practice, ideal capacitors are rarely used; instead,
special elements such as the Constant Phase Element (CPE) are introduced
to account for the non-ideal behaviour of the electrochemical double layer
and structural heterogeneity of the electrode (e.g., porosity). Another
commonly used element is the Warburg or Gerischer element, which
represents impedance associated with mass transport; in the case of the
Gerischer element, this transport is typically coupled with a chemical or

distributed electrochemical reaction. From symmetric measurements, a
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number of important parameters can be extracted, including the ohmic
resistance (R.nm) determined from the high-frequency intercept, the total
polarization resistance (Ry.) calculated from the difference between the low-
and high-frequency intercepts of the Nyquist plot, and characteristic
processes located in different frequency ranges (e.g., charge transport,
adsorption of analyte species on the electrode surface, or gas diffusion).
Additional parameters such as activation energy from Arrhenius relationships,
reaction orders with respect to partial pressures, partial resistances, and
relaxation times can be obtained through equivalent circuit fitting or

distribution of relaxation times (DRT) analysis [84]-[91].
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Figure 7. Example of an impedance spectrum with components listed (Figure created by the author) (A) and Rpo
components related to processes at the oxygen electrode: P1—predominantly thermally activated interfacial
process, P2—molecular oxygen adsorption, and P3—gas diffusion [85].

Identification of individual processes is often performed using measurements

conducted at different oxygen partial pressures (pO,) for oxygen electrodes and
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hydrogen or steam partial pressures (pH,, pH20) for fuel electrodes. For oxygen
electrodes, changes in pO; are a key tool for identifying the mechanism of the
oxygen reduction reaction (ORR). If Ry decreases with increasing pO,, this
indicates that the rate-limiting step is related to oxygen reduction, adsorption, or

dissociation processes. In such cases, power-law analysis is commonly applied:
R, x pO;™ (7)

The value of the exponent provides mechanistic insight. For example, m=1
may correspond to dissociative adsorption of O,, m=3/8 to a subsequent electron-
transfer step, and approximately m=1/8 to oxygen incorporation into the electrode
material. Symmetric measurements can also be performed in the presence of
electrochemical inhibitors. This approach provides information about the
interaction between the electrode material and potentially poisoning species. The
response of the material can generally be classified as no reaction, reversible
reaction (the effect disappears once baseline conditions are restored), partially
reversible reaction, or irreversible degradation [92], [93]. For oxygen electrodes,
such studies are typically conducted at different pH,O, pCO,, and concentrations
of other gas-phase species. Measurements performed at varying pCO, primarily
indicate susceptibility to surface carbonation, changes in ORR activity, the
reversibility of degradation processes, and whether degradation occurs mainly at
the surface or involves deeper structural reconstruction of the electrode. Similar
insights can be obtained from measurements performed in the presence of other
inhibitors. For fuel electrodes, variations in pH,, pH>O, and sometimes the total
gas flow are investigated. These experiments allow separation of the contributions
of hydrogen oxidation reaction (HOR) kinetics, hydrogen and steam transport
within electrode pores, gas conversion processes, TPB/DPB limitations, and local
changes in gas composition in both functional and support layers. Furthermore,
such measurements are typically performed at various temperatures, which
enables identification of thermally activated processes as well as processes

controlled by analyte concentration [86], [94], [95].
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7. Materials for SOCs

7.1.  Electrolyte materials

The basic and still most widely used electrolyte material in SOC technology is
yttria-stabilized zirconia. Figure 8 shows the known phases for zirconium oxide.
Pure zirconia exhibits a monoclinic structure (P2,/c; no. 14) under standard
conditions. Upon heating, it undergoes a phase transition to a tetragonal
structure (P4./nmc; no. 137) at ~1000 °C, followed by a transition to a cubic
fluorite structure (Fm-3m; no. 225) at around 2370 °C [96], [97]. The addition of
Y,0; stabilizes the cubic fluorite phase, maintaining its stability even at room
temperature [98], [99]. Furthermore, the substitution of Zr** ions by Y** cations
generates oxygen vacancies, which facilitate oxygen-ion diffusion, as discussed
in Section 4.1. In the pioneering experiment by Baur and Preis, YSZ with 15 mol%
Y,0; was employed; however, such compositions are no longer relevant.
Subsequent studies demonstrated that the dopant concentration critically
influences ionic conductivity: above ~10 mol% Y.03;, conductivity decreases
significantly [99]-[101]. Currently, the most widely applied compositions are 8
mol% YSZ (8YSZ) and 5 or 3 mol% YSZ (3YSZ). While 3YSZ and 5YSZ provides
superior mechanical properties, 8YSZ is preferred in SOC applications due to its
higher ionic conductivity [99], [102], [103]. YSZ exhibits high ionic conductivity,
approximately 0.1 S-cm™ at 1000 °C and between 102and 102 S-cm™ in the 600-
800 °C range. It is also practically an electrical insulator. Its thermal expansion
coefficient is approximately 10-11-10°-K", making it compatible with commonly
used electrode materials [104]. This material is also characterized by excellent
stability in both oxidizing and reducing atmospheres, which accounts for its
continued widespread use in SOC technology. However, one of its major
drawbacks is the tendency to chemically react with perovskite-type oxygen
electrode materials based on La and Sr. At high temperatures, this leads to the
formation of reaction products such as La,Zr,O; and SrZrOs. Since these phases
are non-ionically conductive, their presence at the electrode-electrolyte
interface significantly reduces cell efficiency. YSZ performs particularly well at

high operating temperatures (above 700 °C). Nevertheless, with the ongoing trend
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toward lowering SOC operating temperatures into the intermediate-temperature
range, the intrinsic properties of YSZ may become insufficient, motivating the
search for alternative electrolytes with higher ionic conductivity at reduced
temperatures. A different type of dopant can also be used, such as scandium

instead of yttrium. Although scandium-doped ceria has higher ionic conductivity

than YSZ, its use is limited due to the high cost of scandium [99].

Q

&) {c)

Figure 8. The crystal structure of all three zirconia phases: (a) cubic, (b) tetragonal, and (c) monoclinic [105],
[106].

Another class of materials increasingly employed in SOC technology is cerium
oxide doped with gadolinium or samarium (CGO - cerium gadolinium oxide; GDC
— gadolinium-doped ceria; SDC - samarium doped ceria) [106]. Cerium oxide
(Ce0,, Ce*) exhibits the cubic fluorite structure (Fm-3m; no. 225) stable from
room temperature to melting point at around 2400 °C [106], [107]. Doping with
lower-valence cations, such as Gd* or Sm?®', does not change the crystal
structure. However, the structural stability is enhanced across a broad
temperature range and under varying oxygen partial pressures. Typical dopant
concentrations reported in the literature and used commercially are 10 mol% or
20 mol%. Among them, CGO20 exhibits lower ionic conductivity compared to
CGO10[106],[108]. In general, CGO displays superior ionic conductivity relative
to YSZ, making it a highly promising electrolyte material for intermediate- and
low-temperature operation (500-750 °C) [108]. The ionic conductivity of CGO20
range from 107 to 102 S-cm™ between 600 and 700 °C [108], [109]. Samarium-
doped ceria (SDC) has slightly higher ionic conductivity than CGO[109]. However,
unlike YSZ, CGO is less stable under reducing conditions. On the fuel electrode
side, partial reduction of Ce* to Ce* occurs, introducing an electronic

conduction pathway and rendering CGO a mixed ionic—-electronic conductor
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(MIEC). This electronic contribution lowers the open-circuit voltage (OCV) and
increases power losses in the cell[110], [111]. The thermal expansion coefficient
of CGOisinthe range of 12-13-10°-K" (25-1000 °C)[112]. This value is higher than
that of YSZ, but closer to the value of oxygen electrode materials (14-15-10¢-K™").
This facilitates better thermomechanical compatibility [113]. Furthermore, CGO
does not chemically react with common oxygen electrode materials. For this
reason, CGO is frequently employed as a barrier layer on YSZ electrolytes to
prevent interfacial reactions between perovskite-type oxides and the electrolyte
[114], [115].

Alternative electrolyte materials, though far less commonly employed, include
doped perovskite oxides such as LaGaO; (Pbnm/Pnma up to 152 °C, and
rhombohedral R3c above). This compound exhibits relatively low electrical
conductivity but can be considered for use in the intermediate- and low-
temperature range. Its major limitations are the complexity of synthesis and the
tendency of reduced gallium to react with Ni. Other candidates of interest are
doped bismuth oxides, including compositions such as ESB (ErBi»xOs) and
DWSB (Dyo.0sWo.04BiossO156). These materials display the highest ionic
conductivities reported to date; however, they suffer from instability, readily
transforming into phases with poor ionic conductivity. In addition, they require
a barrier layer due to the relative ease of Bi reduction. Their low mechanical
strength and challenges in densification further limit their practical application
[32]. A comparison of the ionic conductivity for the more important electrolyte

materials in SOC is shown in Figure 9.
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Figure 9. Comparison of the ionic conductivity of different types of solid oxide materials [32].

7.2. Fuel electrode materials

For fuel electrodes, the situation is relatively straightforward, with cermet-
based compositions dominating over alternative solutions. The most common
configuration is the Ni-YSZ composite. YSZ, employed as the ceramic
component, provides sufficiently high ionic conductivity and stability in strongly
reducing atmospheres. In addition, it ensures the best possible compatibility
with the electrolyte (typically also YSZ), thereby avoiding thermal expansion
mismatch issues. Nickel contributes both electrical conductivity and catalytic
activity; however, electrochemical reactions occuronly atthe interfaces between
the metallic and ceramic phases—uwithin the so-called triple-phase boundaries.
Effective electrode preparation is therefore essential: a continuous percolating
network of the ceramic phase must connect to the electrolyte, while the metallic
phase must form acontinuous path to allow electron transport. These
requirements substantially limit the effective active volume of the electrode.
A major drawback of Ni-YSZ electrodes is their high susceptibility to sulphur

poisoning, which can markedly reduce efficiency. Moreover, when operating with
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fuels other than hydrogen (e.g., CO or methane), carbon deposition (coking) may
occur, leading to catalyst deactivation. Long-term operation can also promote
nickel agglomeration and the growth of large metallic clusters, thereby reducing
the active surface area and overall cell performance [116]-[119]. At lower
operating temperatures, Ni-CGO composites are considered as an alternative to
Ni-YSZ. Their operation principle is analogous; however, as noted in Section 7.1,
the partial reduction of cerium from Ce* to Ce®* introduces mixed ionic-
electronic conduction, effectively extending the length of the active reaction
zone. While this effect can be beneficial, Ni-CGO systems are less stable under
reducing conditions compared to YSZ-based electrodes. Nonetheless, the higher
ionic conductivity of CGO relative to YSZ is advantageous, making such
composites attractive for low-temperature SOCs [116], [117], [120], [121].
Beyond cermets, single-phase mixed conductors based on perovskites and
double perovskites are also under investigation. Notable candidates include
LSCM (Lao.75Sr0.25Cro.sMnos03.5), LSCr (La1xSrCrOs3), and double perovskites such
as SFM (Sr.Fe1sM00s0s.5). These materials exhibit stability in reducing
environments and are largely resistant to sulphur poisoning and carbon
deposition. Moreover, the TEC values for these materials are comparable to those
of YSZ and CGO (range: 9-13-10¢-K™"). However, their electrical conductivity and
catalytic activity remain lower than those of conventional cermet composites.
Despite these limitations, such materials may be promising for intermediate-

temperature SOC applications [122]-[124].

7.3. Oxygen electrode materials

Oxygen electrode materials encompass the broadest spectrum of compounds
employed in SOCs. At high operating temperatures, the most widely adopted
material was initially LSM (La:, SrkMnOs.s), a cubic close-packed perovskite
structure (Pm-3m) [125]. LSM exhibits almost only electrical conductivity, making
it effective primarily at temperatures above 800 °C, where its conductivity
reaches 100 - 485 S-cm™ in the 800-1000 °C range [125], [126]. Owing to the lack
of significant ionic transport (107-10® S-cm™ at 800 °C), the oxygen reduction

reaction is restricted to triple-phase boundaries, thereby limiting the active
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electrode area [126]. While the material offers acceptable chemical stability, it
may react with YSZ, as discussed previously. Its thermal expansion coefficient
(TEC) of 11.3-12.4-10°-K" matches properly with the electrolyte [125], [127].
However, as SOC technology advanced and operating temperatures were
reduced, the performance of LSM became insufficient. Subsequently, cobalt-
based perovskites such as LSC (La:,SrC00s5) and LSCF (La..SrCo1.yFe,Os.5)
emerged as leading alternatives (typically rhombohedral R-3¢ at room
temperature, but commonly indexed as (pseudo)cubic Pm-3m at SOC operating
temperatures). LSC exhibits mixed conductivity, combining high electronic
conductivity (100-1000 S-cm™ in the 600-800 °C range) with substantial ionic
conductivity (0.01-0.22 S-cm™ at 600-800 °C) [126], [128], [129]. This enables
oxygen reduction to proceed over an extended electrode surface rather than
being confined to triple-phase boundaries. However, LSC has avery high TEC (17-
21-10%-K™"), which reduces compatibility with electrolytes, and it relatively easily
reacts with YSZ, necessitating the use of CGO barrier layers [128], [130].
Additional limitations include rapid performance degradation due to strontium
segregation and sensitivity to moisture, leading to the formation of strontium
hydroxide that block active sites. At present, LSCF is more commonly used than
LSC. Like LSC, LSCF exhibits mixed conductivity, with electronic conductivity of
~200-300 S-cm™ and ionic conductivity in the range of ~0.01-0.1 S-cm™ in the
same temperature range [131], [132]. Its TEC (15-17-10%-K") is lower than that of
LSC but still exceeds that of typical electrolyte and electrode materials [131],
[133]. Other properties, including reactivity with YSZ and degradation
mechanisms, largely mirror those of LSC. Figure 10 shows the electrical

conductivity of some materials used as oxygen electrodes in SOCs.
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Figure 10. Arrhenius plots of electronic conductivity for various oxygen electrodes for SOCs [134].

A promising alternative to commonly used intermediate-temperature oxygen
electrode materials is the cubic perovskite oxide STF (SrTii«FexOs.5) (space group
- Pm-3m), regarded as one of the best cobalt-free alternative [135]. Iron doping
introduces oxygen vacancies, thereby enhancing the material’s conductivity.
While its electronic conductivity is moderate compared to LSC and LSCEF, it still
reaches between 0.6-100 S-cm™ in the 600-800 °C range. Its ionic conductivity is
comparatively high, reported at ~3.5 x 102 S-cm™ at 900 °C [135], [136]. The
thermal expansion coefficient (TEC), ranging from 11.7 to 16.5-10%-K™" at 77-477
°C, and 16.6-31.1-10°%-K" between 477 and 777 °C, is mismatched to typical
electrolyte materials [136]. STF also exhibits greater chemical stability than LSC
and LSCF, though its use is limited by the formation of a dense interfacial layer
when the Sr-deficientin material structure at the electrode—electrolyte boundary,
which reduces the effective active surface area [88].

Another material of growing interest for oxygen electrodes is praseodymium
oxide (PrOy). Praseodymium oxides are structurally complex, exhibiting multiple
phases that complicate direct correlations between structure and
electrochemical performance. The four main phases (shown in Figure 11) are
PrO, (space group - Pm-3m), PrsO+1 (space group - Pm-3m), Pr,O+ (trigonal R3),
and Pr,O;(space groups — A -type - P-3m1, and C-type - la-3), but several other
substoichiometric forms (e.g., PrsOs - monoclinic P2;/c, Pr1Ox - triclinic P-7) are

also known [137]-[141]. Literature reports identify the cubic B-phase (PrsO11, or
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PrO; s33) as the most electrochemically active form, with total conductivity of 6.77
x 102 S.cm™ at 400 °C and an activation energy of 0.52 eV per atom [142]. This
phase is stable up to ~430 °C, after which successive phase transitions occur: to
the &-phase (Pr1102) near 470 °C, to the e-phase (PrsOg) at ~490-520 °C, and to
the rhombohedral -phase (Pr;0+2) up to ~700 °C [142], [143]. The -phase is
characterized by markedly lower total conductivity [143]. Despite these
transformations, the phases remain structurally similar, reflecting a common
underlying lattice framework. The pronounced phase variability, and the
associated differences in physicochemical properties, necessitate careful
optimization of parameters for the application of PrO4 in SOCs. Under reducing
conditions, Pr** is readily reduced to Pr®*, which alters the material’s properties.
Notably, PrO, exhibits very high catalytic activity in the low-temperature range
(<600 °C). However, its relatively low electrical conductivity—approximately 1
S-cm™ at 800 °C [144], [145]—limits its use as a primary electrode material;
instead, it is often employed as an infiltrated additive to enhance the
electrocatalytic activity of composite electrodes [146]-[154]. The thermal
expansion for PrOy is strongly phase dependent: TEC increases from ~11-10%-K"
(25-207 °C) to ~13-10°-K" at 527 °C, exceeding 16-10°-K" above 727 °C (1000 K).
Above ~600 °C, TEC values surpass 14-10°%-K", leading to compatibility issues
with other cell components [155]. In addition, PrO4 exhibits a reversible
interaction with water, forming weak bonds with hydroxide groups. This behaviour
contrasts with typical perovskite materials, where the reaction with hydroxide is
only partially reversible and results in the irreversible loss of some active sites
[86].

PrO, —» Pr,0,,—» Pr,0,—> pr,0,,—» Pr,0,
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a £

- . 4 2 ;;'-

Figure 11. Variability of praseodymium oxides (Figure created by the author).
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7.4. Interconnect coating materials

With the advancement of SOC technology, metallic interconnects have
become widely adopted. The use of high-chromium ferritic steels, such as
Crofer 22 APU, quickly revealed the need for protective coatings. These
coatings serve to suppress chromium evaporation—which otherwise poisons
the oxygen electrodes—and to reduce the corrosion rate. Without protection,
the gradual increasing of chromium oxide thickness generates additional
mechanical stresses that may ultimately lead to cell fracture and premature
failure [156]. Several classes of materials have been investigated as protective
coatings. The simplest are rare-earth oxides, including cerium oxide, yttrium
oxide, gadolinium oxide, and lanthanum oxide. With the exception of CeO,,
these oxides effectively block oxygen diffusion to the steel surface, thereby
slowing corrosion, while also impeding chromium diffusion. However, their
relatively low electrical conductivity limits their use to thin layers (below 1um),
as thicker coatings would introduce excessive resistance [157]. The main
differences among these oxides lie in their chemical stability and reactivity
with chromium, often resulting in the formation of perovskite-type compounds
with higher electrical conductivity than the initial protective oxide. For
example, La,O; reacts rapidly with chromium to form LaCrO; at 1000 °C. Gd.O;
forms GdCrQO; after 144 h, while Y,O; requires 288 h to form YCrOgz, and even
then the reaction remains incomplete [157], [158]. Electrolytic deposition
applied to create coatings of ~100 nm thickness significantly improved
corrosion resistance, with La,0O; and Y,0; yielding the lowest weight gain,
followed by Gd,O3, whereas CeO, performed poorest [159].

Currently, the most widely applied coatings are spinel oxides, valued for
their relatively high electronic conductivity and strong diffusion-blocking
properties against both oxygen and chromium. Among these, MnCo0,0, (MCO)
and CuMn,0, are the most studied. MCO effectively inhibits chromium
diffusion, forming dense, stable, high-quality layers. It also slows oxygen
diffusion, which retards chromium oxide growth. Its electrical conductivity
(10100 S-cm1) is sufficient for interconnect applications. The main limitation

of MCO is its high cobalt content -an expensive and crucial element in many

47



areas such as batteries, and lower electrical conductivity in low temperature
range. As a result, research has shifted toward alternatives such as CuMn,0,
and doped derivatives. These materials can reach higher conductivities—up
to ~225 S-cml at 750 °C—while being nearly pure electronic conductors,
which makes them very effective oxygen diffusion barriers [160], [161].
However, their ability to block chromium diffusion is inferior to that of MCO.
Their key advantages are the use of cheaper, more abundant elements and a
thermal expansion coefficient (TEC) of 9.6-10.6 x 107® K™ (50-600 °C),
comparable to Crofer steel and other SOC components [161].

Perovskite oxides, such as La.«SrCrO;[162]-[164] and LSC/LSCF [165]-
[168], have also been explored as protective coatings. Their main advantages
include high electronic conductivity—often exceeding that of spinels—
together with acceptable chromium-blocking performance and good
chemical compatibility with oxygen electrode materials [156]. Their mixed
ionic—electronic conductivity can also facilitate faster formation of protective
oxide layers, further mitigating corrosion. The main drawback, however, lies in
difficulties associated with densification. Beyond these classes, additional
alternatives such as CGO [169], composites [170], [171], and bilayer coatings

[172], [173] have also been investigated.

7.5. Current status and gaps of developed research topics

7.5.1. Protective coatings for metal interconnects based on rare-earth
oxides and spinel CuMn.,0, and its derivatives.

Replacing MCO with an alternative protective coating material for
metallic interconnects requires the development of a solution of equivalent
quality. Using rare-earth oxides is one possible solution, but the limitations
described in Section 7.4 effectively restrict the potential application of these
materials to thin coatings. Studies examining the use of these layers in SOC
technology most often focus on operating temperatures of 750 °C and above.
Studies analysing the impact on corrosion resistance at temperatures below 750
°C are relatively rare. A similar situation exists for the use of CuMn,0O, spinel and

its derivatives. Given the decreasing effective operating temperature of cell
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stacks, it is necessary to characterise corrosion processes at lower
temperatures, and the reduced operating temperature and slower material
degradation rate allow the use of materials with better properties than MCO.
Table 1 provides an overview of studies investigating protective coatings based

on rare-earth metals, CuMn,0, spinel, and its derivatives.

Table 1. Review of works related to rare earth metals and spinel derivatives CuMn20..

Protective layer Oxidation time > 4 Temperature
Composition [hours] Kp[g*cm™s™] [°C] Reference
Y 2.44 x 1075 [5-300]
Y,03 300 7.09 x 107'5[8-300] 800 [174]
La,0s 1000 - 800 [175]
Gd,0s 2260 3.22 x 107 [260-2260] 800 [176]
MnCuFe0 6.1x107"°
MnCuFe01 3000 4.92x107° 750 [177]
MnCuFe03 4.73 %107
Mn; sCuFe(.104 5000 8.05x 107" 750 [178]
Cu1.3Mn; 704 100 8.50 x 107" 750 [179]
CuMn40, 1000 - 800 [180]
CuMn, 50,4 120 - 800 [181]
<x<
CusMna,Oa (1.0 < x 1000 5.16-8.33 x 1075 800 [182]

1.3)

Studies addressing corrosion behaviour at 700 °C remain still rare. This
gap is significant, as commercially available systems are already capable of
efficient operation at such temperatures. Moreover, the proposed iron doping
exhibits peak electrical conductivity within the 600-700 °C range, which to

date has not been systematically investigated [161].
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7.5.2. LSC- or PrO,-based oxygen electrodes for low-temperature fuel cells
Based on the available literature, two promising materials were selected for
research on oxygen electrodes in next-generation solid oxide cells operating at
temperatures <600 °C: LSC and praseodymium oxide. While position of the
crystalline form of LSC is relatively well-established, the knowledge of its
partially amorphous or amorphous forms is very limited. Praseodymium oxide
remains an intriguing and poorly understood material.

La.SrCo00;.5 can exist in two crystalline forms - hexagonal (trigonal,
rhombohedral) lattice structure between room temperature and 390 °C, and
cubic perovskite form which remains stable above 611 °C [183]. Typically, the
synthesis of LSC leads to multiphase products, not only the perovskite LSC
phase but also (La,Sr),Cos.s and SrO [184]. Other studies additionally
identified Co3;04[185]. At synthesis temperatures below 550 °C, LSC tends to
form in semi-amorphous or amorphous states. LSC is a well-established
oxygen electrode material, characterized by high ionic conductivity ranging
from 0.56 to 1.2 S/m at 700 °C, which is around three times higher than LSCF
exhibits a conductivity of0.474 S/m atthe same temperature [186], [187]. Most
of the literature focuses on crystalline LSC, whereas reports on amorphous
LSC are extremely rare. For crystalline LSC, the range of electrode polarization
resistance values describing electrochemical performance is wide. The
examples of works of LSC as an oxygen electrode at focused temperatures

over the last dozen or so years is presented in Table 2.

Table 2.0verview of the results obtained so far for LSC as an oxygen electrode.

. Deposition Polarisation o
Composition Technique resistance [Q-cm?] Temperature [°C] Reference
Crystalline LSC
CGO infiltrated Infiltration 0.044
with LSC 600 [188]
LSC 1 um hand-painted 0.97 600 [189]
LSC 200 nm Metal organic 0.023 600 [190]
deposition
LSC 113-214 Co-sputterring 0-15 575 [191]
deposition
LSC 200 nm pulsed laser 0.1 600 [192]
deposition
LSC 300 nm Metal organic 0.13 600 [90]
deposition
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Metal organic 0.007

LSC 200 nm = 600 [184]
deposition

LSC 400 nm Spray pyrolysis 0.076 600 (85]

2D LSC Immersion 0.316
nanosheets/LSCF 600 [193]
Partially Amorphous / Amorphous LSC

LSC8020 ~300 Pulsed .lzfmser 850 415 [194]
nm deposition

LSC 100 nm Pulsed laser Lower than 0.3 400 [195]
deposition

There is limited research on partially amorphous or amorphous LSCs,
but the few studies that exist indicate the potential application of such
a solution. The trend of lowering the effective operating temperature of fuel
cells enables the use of non-crystalline materials with very small grain sizes,
which may be beneficial due to the high number of defects present in the
material. The gap in detailed research on these materials is due to
commercial cells still operating at excessively high temperatures, attempts to
find alternative solutions, and the complexity of the structures and processes
occurring in such systems. However, continuous progress in the field of solid
oxide cells means that such a solution can be envisaged, and this is an area
that requires further research.

The situation is different for praseodymium oxide. This relatively still
unknown material is usually addition to the base material to improve the
electrochemical performance of the entire electrode. Areview of the available
literature, presented in Table 3, indicates that the dominant technique is the
infiltration of other materials. The few studies describing the material itself
either treat these samples as reference samples for the infiltrated ones or
report inferior electrode performance, in which case the material itself is not
analysed in detail. As with LSC, a fairly wide range of polarization resistance

results is observed for PrOy at the same or similar temperatures.
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Table 3. Overview of the results obtained so far for praseodymium as an part or functional oxygen electrode.

. . ) Polarisation o
Composition Deposition Technique resistance [Q.sz] Temperature [°C] Reference
PreOq4 Spray pyrolysis 0.245 600 [146]
PrO,- CGO 0.42
LSC:PrOx - Immersion/ Infiltration 0'23 600 [147]
CGO )
. . 0.028 600
PrsO4; - CGO Infiltration 014 500 [148]
Pr6011 with
LSMas CC Electrostatic spray 0.02
PrsO11 with deposition 0.022 600 [149]
LSCF as CC
LSM-YSZ - PrOy .
LSM-YSZ - E'e;tef";?;g;'ca' Of 650 [150]
(Pr,Ce)O, P
LSM - PrOy 0.284 +0.013
LSC- PrOy Infiltration 0.273+0.011 600 [151]
LSCF- PrOy 0.482 +0.032
LSCF - PrOy Infiltration 0.991 500 [152]
LSCF - PrOy . . 0.556
STFC - PrO, Infiltration 0.067 650 [153]
PrOxonto CGO 0.125
PrO,-CGO Spray pyrolysis 0.03
PrO, LSM-CGO /infiltration 0.06 650 [154]
PrO,-LSM 0.1

Despite the growing interest in this material, and the clear
improvements in its electrochemical performance demonstrated in the
literature, detailed characterisation of praseodymium oxide remains
incomplete. There is also a significant gap in understanding of the impact of
potentially interfering factors, such as H,O and CO,, on electrode

performance.
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8. Objectives and hypothesis of the thesis

Fuel cell technology for electricity generation from hydrogen and
hydrocarbons has been known and developed for more than a century. The
trend toward lowering operating temperatures opens new opportunities and,
as aconsequence, may contribute to reducing energy production costs. It also
highlights areas that remain insufficiently explored in the literature.

The objective of this work was to develop and characterize advanced
electrochemically active materials suitable for next-generation solid oxide
cells, with particular emphasis on their structural properties and suitability for
lower-temperature operation. An additional consideration was the use of
fabrication methods that are simple and cost-effective, requiring no
specialized or expensive equipment, yet still ensuring adequate material
quality.

A review of the literature indicates that the corrosion resistance of
protective coatings is typically investigated at temperatures above 750 °C,
corresponding to conventional commercial applications. However, cells
operating in the intermediate range of 600-700 °C are becoming increasingly
common. This temperature window remains relatively unexplored, and the
slower reaction kinetics associated with reduced operating temperatures may,
in fact, enable the long-term use of alternative protective materials. Similarly,
oxygen electrode materials are rarely evaluated for operation at temperatures
<600 °C, representing a notable gap in the knowledge base of fuel cell
research. Lower-temperature operation also allows for the application of
partially amorphous or nanocrystalline materials, where reduced crystalline
and grain size increases the electrochemically active surface area. Drawing on
existing literature, materials with promising protective or catalytic properties
were identified and selected for implementation in solid oxide fuel cells
operating below the temperatures typically used in current technologies.
A complementary approach involved the proposal of novel materials with
improved functional properties relative to established systems. Importantly,
these properties can be tuned and optimized without altering the overall
chemical composition. The presented direction of research and development
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on advanced materials for next-generation solid oxide cells has enabled to

formulate the following hypotheses:

1. Effective chromium diffusion-blocking protective coatings for
metallic interconnects in intermediate-temperature solid oxide
cells can be developed by harnessing the synergistic effects of rare-

earth oxides and the cobalt-free spinel CuMn.;Fe,;0,(CMFO).

The effectiveness of the proposed synergistic approach stems from the
properties of rare-earth oxides such as La,0O3;, CeO,, Y,03, and Gd,0;. These
oxides limit oxygen diffusion to the steel surface, thereby improving corrosion
resistance. However, they exhibit low electronic conductivity. In contrast,
CMFO is characterized by high electronic conductivity, low ionic conductivity,
and a good capacity to block chromium diffusion. The first hypothesis posits
that a synergistic approach can be developed to combine the advantages of
these materials while significantly mitigating their individual limitations.
Articles 1 and 2 of this thesis address this hypothesis and demonstrate the
feasibility of fabricating effective protective layers based on CMFO and rare-
earth oxides that significantly reduce the oxidation rate and inhibit chromium

diffusion.

2. Electrochemical activity of oxygen reduction reaction in low-
temperature solid oxide cells operating at =600 °C can be enhanced
through optimization of the fabrication process of oxygen
electrodes based on mixed ionic-electronic conductors such as

LSC (Lao,ssro_4C003.5) and ProO,.

The application of thin-film techniques such as spin coating or infiltration
enables more efficient use of materials, better control of microstructural
parameters, including crystallite and grain size, and improved electrode-
substrate contact. Articles 3-5 show that low-temperature fabrication of
oxygen electrodes can enhance the electrochemical activity of LSC and PrOy

materials, especially at lower operating temperatures. Furthermore, despite
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the low sintering temperature of the layers, no deterioration of the electrode-

electrolyte interface was observed.

The research supporting these theses has been published in scientific
journals listed in the Journal Citation Reports (JCR) and is presented in

Chapter 10.
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9. Materials preparation and measurement methods
9.1. Material synthesis and layer preparation

9.1.1. RE-oxide layer preparation

Deposition of La,0z;, CeO,, Y.0; and Gd,O; was carried out using an
electrolytic technique. For this purpose, 2 mM ethanolic solutions of the
respective metal nitrates were prepared. Crofer 22 APU samples, pretreated
through a cleaning process, served as the working electrodes (cathodes) in a two-
electrode deposition setup, with electrical connections made via crocodile clips.
An oversized Crofer 22 APU steel sheet was used as the counter electrode
(anode), positioned symmetrically on both sides of the working electrode,
yielding an active geometric surface area of approximately 50 cm?. The
interelectrode spacing was maintained at ~1.5 cm. Deposition was performed by
applying a constant DC voltage of 40 V for varying durations (10 seconds - 4
minutes). Following deposition, the specimens were carefully air-dried before
undergoing an annealing treatment at 400 °C. Figure 12 presents the setup used
for applying a ceramic coating by the electrolytic technique, together with
example samples after coating deposition and during the annealing stage

described above.

g wv—lﬁ B
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Cathode

Anode

Electrolyte

Figure 12. Sketch of deposition setup (A), and the example of samples after the deposition and annealing at 400
°C (B) (Figure created by the author).
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9.1.2. Spinel synthesis and deposition

The spinel material CuMn;;Feq304 (CMFO) was synthesized via the sol-gel
method. Metal ion precursors were introduced in the form of nitrate salts, while
citric acid and ethylenediaminetetraacetic acid (EDTA) served as chelating
agents. These components were dissolved in deionized water under magnetic
stirring. During sol preparation, the pH of the solution was adjusted with aqueous
ammonia to suppress precipitation of metal hydroxides. Ethylene glycol was
added as a polyesterification agent to promote polymer network formation. The
precursor solution was maintained at 80 °C until it formed a dense gel. The
resulting gel was calcined in a muffle furnace at 400 °C for 2 h, followed by
annealing of the obtained powder at 800 °C for 2 h. To minimize grain size, the
powder was subseguently ball-milled in a planetary mill using zirconia balls (& =
3 mm) at 800 rpm for 4 h.

The spinel layer was prepared by electrophoretic deposition (EPD).
A suspension was formulated by dispersing 1 g of CMFO powder in 100 cm?® of an
isopropanol:acetone mixture (4:1). Crystalline iodine (0.1 g per 100 cm?) was
added as a charging agent. The suspension was ultrasonicated for 15 min to
ensure homogeneous dispersion of the spinel particles. Deposition was
performed at a constant DC potential of 80 V for 4 min, yielding a layer thickness
of approximately 10 um. Finally, the coated samples underwent a two-step
thermal treatment: reduction in hydrogen at 800 °C for 10 h, followed by oxidation
at 900 °C for 2 h. Figure 13 presents the setup used for applying a spinel coating
by the electrophoretic deposition, together with example sample after coating

deposition.
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Anode

Figure 13. Sketch of deposition setup (A), and the example of Crofer 22 APU samples with deposited spinel layer
(B) (Figure created by the author).

9.1.3. LSC oxygen electrode deposition

The LaesSrosCo0sz5 precursor was synthesized via the ethylene glycol
photopolymerization method. Metal nitrate salts were dissolved in distilled water
with the addition of ethylene glycol, ethanol, and citric acid. To this solution, 0.05
wt% of the photoinitiator [2-hydroxy-4'-(2-hydroxyethoxy)]-2-m-
ethylpropiophenone was introduced. The LSC oxygen electrode was
subsequently deposited onto prepared CGO pellets using the spin-coating
technique (Figure 14 and Figure 15). A droplet of the LSC precursor solution was
applied to the substrate surface, and excess solution was removed by employing
a three-step rotational speed program. After each coating step, thermal
treatment was carried out on a hot plate at 400 °C to ensure layer stabilization.
Finally, the coated pellets were annealed in a furnace at temperatures ranging

from 400 to 1000 °C.
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Figure 14. Graphic visualization of the process of deposition of ceramic layers by spin-coating technique (Figure

created by the author).

9.1.4. PrO, oxygen electrode deposition

Oxygen electrode layers based on PrO, were fabricated analogously to LSC
using the spin-coating method (as shown in Figure 14 and 15). The precursor
solution was prepared from praseodymium nitrate dissolved in distilled water
and 2-butoxyethanol (1:1 volume ratio), with citric acid added at a metal-to-
ligand molar ratio of 1:2. Additionally, 5 wt.% ethanol was introduced into the
mixture. The solution was heated on a hot plate at 100 °C under continuous
stirring for ~15 min to evaporate most of the water and ethanol, thereby reducing
the solution volume by half. To assess the influence of application cycles on the
resulting layer thickness, samples were produced with 1-4 coating cycles. After

deposition, the samples were annealed in a box furnace at 400-900 °C for 2 h.

CGO ‘ PrOx

substrate /

==

N

Spin coater

LSC

Figure 15. Spin coater used to deposit PrOx layers on YSZ, CGO, and LSC substrates, along with the sample

before and after deposition (Figure created by the author).
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9.1.5. Oxygen electrode prepared by infiltration CGO by LSC, PrOx and
LSC:PrOx composite.

Polymeric precursors for infiltration were prepared using the Pechini method.
Nitrates of the selected cations were dissolved in distilled water at a total molar
concentration of 0.2 M and in the required stoichiometric ratio. Ethylene glycol
was then added to initiate polymerization, and the solution was heated to 80 °C
on a hot plate under continuous stirring until complete water evaporation. The
end of this process was determined by monitoring the reduction in solution mass
relative to the initial water content. A porous backbone with ~50% porosity was
subsequently prepared. For this purpose, a slurry was formulated for wet-powder
spraying, consisting of toluene and ethanol (toluene:ethanolratio of 1:4), a binder
(Heraeus), and CGO powder (3 wt.%). The slurry was applied to CGO pellets
placed on a hot plate at 250 °C using an airbrush (Paasche VLS). The sprayed
samples were sintered at 1150 °C for 2 h to ensure sufficient mechanical stability
and strong adhesion between the dense electrolyte surface and the porous
backbone. Infiltration was performed by immersing the pellets with the porous
backbone into the prepared precursor solution (1 cm?® and evacuating the
trapped air in a vacuum chamber (0.08 Pa) for 10 min. The samples were pre-
annealed on a hot plate at 400 °C, followed by final annealing in a muffle furnace

at 600 °C for 2 h.

9.2. Measurement methods

9.2.1. Structural studies

9.2.1.1. X-raydiffractometry - XRD

One of the fundamental and most frequently employed structural
characterization techniques in this doctoral dissertation was X-ray diffraction
(XRD). The method is based on the interaction of X-ray photons (energy ~125 eV-
125 keV; wavelength A = 0.01-10 nm) with matter, where several interaction
processes may occur. X-rays are scattered primarily by electrons, as scattering

by the atomic nucleus is negligible. Two types of scattering can be distinguished:
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e Elastic scattering (Thomson scattering) —the energy of the incident and
scattered photons remains equal. This process is responsible for

diffraction.

e Inelastic scattering (Compton scattering) — the scattered photon has

lower energy than the incident photon.

The diffraction phenomenon is described by Bragg’s law, which relates to
constructive interference of X-ray beams reflected from crystallographic planes
and reaching the detector. A schematic representation of Bragg’s law is shown in

Figure 16. and can be expressed as:

nd = 2d - sin® (8)

eo o0 6e

Figure 16. Bragg's Law (Figure created by the author).

where n is the order of reflection, A is the X-ray wavelength, d is the interplanar
spacing, and 8 is the diffraction angle. As part of this research, samples were

analysed using four different diffractometers and under various configurations:

e Parallel beam and GIXRD measurements were performed on a Bruker
D2Phaser diffractometer equipped with a Lynxeye XE-T detector and Cu Ka
radiation (A=0.15406 nm). Measurements performed at Gdansk University of

Technology and Warsaw University of Technology.

e High-temperature powder diffraction analyses were carried out on a Philips

X’Pert Pro diffractometer equipped with an X’Celerator detector. Ni-filtered Cu
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Ka radiation was employed, with A, = 1.54056 A and A, = 1.54439 A.
Measurements at elevated temperatures were conducted using an Anton Paar
HTK 1200 high-temperature chamber. A LaBs standard was used for

calibration. Measurements performed at Warsaw University of Technology.

High-temperature XRD measurements of oxygen electrode layers were
performed on an X'Pert Pro MPD diffractometer (Malvern Panalytical)
equipped with a Pixcel 1D detector. Cu Ka radiation was used as the source,
with the setup including a Cu X-ray tube, B-filter, and a monochromator
optimized for Cu radiation. Measurements performed at Tampere University,

Finland.

9.2.1.2. X-ray photoelectron spectroscopy - XPS

X-ray photoelectron spectroscopy (XPS) is a versatile technique applicable
to a vast range of materials. It enables semi-quantitative determination of the
elemental composition, chemical states, and electronic structure of the
sample surface, with a maximum information depth not exceeding ~10 nm. In
XPS, atoms within the sample are excited by a beam of low-energy
monochromatic X-ray radiation. The absorbed energy causes emission of
electrons from inner shells (depending on the photon energy), and the kinetic
energy of the emitted photoelectrons is measured by an analyser (Figure 17).
Typically, the energy range analysed lies between 10 and 2000 eV. Each atom
(with the exception of hydrogen) possesses core electrons that do not directly
participate in chemical bonding. However, their binding energy is sensitive to
the local chemical environment. Since the binding energy of a core electron is
characteristic of a given element and orbital, knowledge of the incident photon
energy allows conversion of the measured photoelectron kinetic energy into
the corresponding binding energy. These binding energies are tabulated, which
makes spectral interpretation straightforward once the sample compositioniis
known. An XPS spectrum consists of distinct peaks corresponding to specific
photoelectrons, superimposed on abackground of inelastically scattered
electrons. Shifts in binding energies provide valuable chemical-state

information and can be explained, for example, by differences in
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electronegativity between bonding atoms. When an atom of higher
electronegativity is bonded to one of lower electronegativity, electron density
shifts toward the more electronegative element, reducing valence electron
screening. This effect manifests as a shift of the core-level peaks to higher
binding energies. Furthermore, variations between single and multiple bonds
can also be detected through such shifts.

In this study, XPS measurements were performed using a Thermo Fisher
Scientific Escalab 250Xi spectrometer equipped with a monochromatic Al Ka
X-ray source. Spectral deconvolution and peak fitting were conducted with the
integrated Avantage software package (Thermo Fisher Scientific).

Measurements performed at Gdansk University of Technology.
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Figure 17. Scheme of photoelectron and Auger electron process (A) and the construction of modern XPS (B)
[196].
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9.2.1.3. X-ray Absorption Spectroscopy XAS

X-ray absorption spectroscopy (XAS) is based on the interaction of
synchrotron radiation with matter. This technique enables the investigation of
the local atomic and electronic structure of nearly all elements (with the
exception of those lighter than Li). XAS provides insight into the energy
distribution of unoccupied electronic states as well as the local chemical
environment of the absorbing atom. Importantly, the method can be applied
not only to crystalline but also to amorphous materials—a capability that only
few other techniques offer. Key advantages of XAS include its high element
selectivity, very high sensitivity (down to 10-100 molecules per mole), short
acquisition times, and the small amount of sample required (typically on the
order of tens of milligrams). In transmission mode, a sample is placed in the
measurement chamber and analysed by recording the initial current intensity
(I,) and the current intensity after the beam go through the sample (lx). The
absorption coefficient y(E) is then calculated as a function of energy according
to the equation:

u(E) = —In (j—x> 9)

Depending on the element of interest and the energy range, samples may
be prepared in different forms: for soft XAS, material is typically deposited on
a conductive substrate such as a carbon tape or Kapton tape, while for hard
XAS, samples are commonly pressed into pellets with cellulose. Besides
transmission, measurements can also be performed in fluorescence mode,
which detects photons emitted during radiative recombination of the excited
atomtoits ground state. The X-ray Absorption Fine Structure (XAFS) comprises
oscillations in the absorption coefficient observed above the absorption edge

(1000-1500 eV beyond). The XAFS spectrum is divided into two regions:

e XANES (X-ray Absorption Near Edge Spectroscopy), extending from the

absorption edge to ~50 eV above it,

e EXAFS (Extended X-ray Absorption Fine Structure), extending up to
~1000 eV above the edge.
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XANES can be analysed experimentally, by comparison with reference
spectra, or theoretically, through calculations of local densities of states and
multiple scattering in real space. Experimentally, the shift of the absorption
edge to higher energies allows estimation of the average oxidation state of the
absorber. Moreover, linear combination fitting enables identification and
quantification of the basic components of a material.

EXAFS provides complementary structural information, particularly
valuable for amorphous systems, disordered phases, and low-dimensional
impurities. Its greatest strength lies in its element selectivity, which allows
reconstruction of the local atomic environment even at low concentrations.
EXAFS oscillations originate from interference between the outgoing
photoelectron wave and waves scattered by neighbouring atoms. When
combined with crystallographic data, EXAFS modelling allows determination
of interatomic distances, coordination numbers, and bond angles, enabling
detailed comparison across materials. Furthermore, the application of
wavelet transforms permits separation of contributions from atoms at similar
distances (e.g., impurities) in two dimensions, offering refined insight into
subtle structural differences, such as variations in bond lengths between
impurity and host atoms.

For this PhD dissertation, XAS/XAFS experiments were conducted at the
PIRX and ASTRA beamlines (Figure 18.) of the SOLARIS National Synchrotron
Radiation Centre as part of the Jagiellonian University in Krakéw. Spectral
analysis was carried out using the Athena and Artemis software packages as
well as PyMCA [197]. Crystallographic data employed for fitting Fourier-
transformed (FT) spectra were obtained from the Crystallography Open
Database (COD). FEFF input files for Artemis were prepared via the WebAtoms
platform. Additionally, atomic distribution intensity maps were generated

using wavelet transform analysis with Hama Fortran software [198].
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Figure 18. an Omicron plate with powders of the reference materials applied (A), a loading station with plates on
the PIRX beamline (B) and the end part of the ASTRA beamline with the marking of the measurement and

reference chamber (C) (Figure created by the author).

9.2.1.4. Raman Spectroscopy

Raman spectroscopy is based on the Raman effect, which arises from the
inelastic scattering of electromagnetic wave. In this process, the energy of the
scattered photons differs from that of the incident photons, with the difference
corresponding to the energy absorbed or released through collective atomic
vibrations—phonons in solids or normal vibrational modes in molecules,
liquids, and gases. Since vibrational states are intrinsically linked to the atomic
structure of a material, Raman spectroscopy serves as an effective tool for
structural and chemical characterization, in a manner complementary to
infrared (IR) spectroscopy. Raman scattering is typically very weak, with an
intensity 9-20 orders of magnitude lower than incident beam intensity. It can
be described as light emitted by oscillating electric dipoles induced in the
material by the excitation source. When the scattered photons have lower

energy than the incident photons, the effect is termed Stokes scattering; when
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they have higher energy, it is called anti-Stokes scattering (Figure 19). In
principle, photons with energies exceeding those of the vibrational modes can
be inelastically scattered. If the excitation photon energy approaches that of
an electronic transition, resonant Raman scattering may occur, greatly
enhancing the intensity. The positions and intensities of Raman peaks are
directly related to the symmetries of lattice vibrations and are characteristic
for specific compounds. Major advantages of Raman spectroscopy include its
(typically) non-destructive nature, high sensitivity to lattice symmetry and
structural defects, and the ability to distinguish phases that may yield nearly

identical XRD patterns.

As part of this PhD research, Raman spectra were recorded using an inVia
spectrometer equipped with an optical microscope and motorized sample
stage. A 532 nm diode laser was focused onto the sample through a 50x
objective, yielding a spot size of ~1.5 pm, with a power of 3.2 mW at the
surface. The Raman signal was dispersed with a diffraction grating of 2400
grooves-mm-1, and spectra were collected using a Peltier-cooled CCD
detector (1024 x 256 pixels). Measurement performed at Kaunas University of

Technology.

In situ high-temperature measurements were performed using a Renishaw
inVia Reflex spectrometer equipped with an 1800 lines-mm-1 grating. A532 nm
excitation laser was focused onto the sample through a 50x objective, with
laser power limited to ~5 mW to minimize local heating. Measurements were
conducted under a constant flow of dry synthetic air, while the sample was
heated from 25 °C to 900 °C using a Linkam temperature-controlled stage.

Measurement performed at Warsaw University of Technology.

Confocal Raman imaging was carried out using a WITec alpha 300 M+
spectrometer with a 488-nm laser line for Raman confocal imaging.
Measurements were taken on pre-prepared cross sections using a ZEISS
Epiplan-Neofluar 100x objective with an NA of 0.9 and a 600-grating

spectrometer (spectral resolution of approximately 3 cm™). Areas of constant
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width (5 pum) were scanned, and their height (from 8 to 13 um) depended on
the scale/coating thickness. Measurement performed at AGH University of

Science and Technology.
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Figure 19. Energy level diagrams describing the physical phenomenon of Rayleigh scattering and Raman

scattering [199].

9.2.1.5. Fourier Transform Infra-Red Spectroscopy - FTIR

FTIR is based on the analysis of the intensity of a radiation beam after it has
passed through or been reflected from a sample. An example of the operating
principle of an FTIR spectrometer is shown in Figure 20. The transmitted or
reflected beam is compared with a reference beam that travels directly to the
detector. Interaction of the sample-modified beam with the primary beam
produces an interference pattern, which is subsequently processed by Fourier
transform to obtain the relationship between radiation intensity and
wavelength. The standard spectral range used in IR spectroscopy is 4000-400
cm! (corresponding to 2-16 um). When molecules are excited to specific
vibrational states, they absorb energy at characteristic frequencies, leading to
a reduction in the intensity of the transmitted beam. Different functional
groups absorb at distinct frequencies, reflecting the stretching or bending
vibrations of their chemical bonds. This technique is most widely applied in
the identification of functional groups and chemical bonds in organic
compounds, in the structural characterization of inorganic materials, and in

the monitoring of chemical processes.
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In this study, Fourier transform infrared spectra were recorded at room
temperature using a VERTEX 70 spectrometer. Measurements were performed

in Kubelka—Munk mode at the Institute of Materials Science, Kaunas University

of Technology.
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Figure 20. Schematic representation of the operating principle of an FTIR spectrometer using a Michelson
interferometer [196].

9.2.1.6. Scanning Electron Microscopy with Energy Dispersive
Spectroscopy - SEM-EDS

Scanningelectron microscopy (SEM) is a high-resolution imaging technique
that enables detailed observation of sample surfaces and topography, with
maghnifications reaching several hundred thousand times. Instead of visible
light, SEM employs a focused beam of electrons with defined energy directed
onto the sample surface. The interaction of the primary electron beam with the
specimen excites the material, with a penetration depth that depends on the
incident beam energy and may reach several micrometres. Imaging is
achieved by detecting electrons emitted or reflected from the sample.
Depending on the detection mode, different signals are collected.
A backscattered electron detector (BSD) records elastically scattered, high-
energy electrons, providing contrast sensitive to atomic number. A secondary
electron detector (SED) captures low-energy inelastically scattered electrons,

which typically originate from the near-surface region, making it particularly
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useful for resolving fine surface details. The principle of SEM-EDS is shown in
Figure 21.

Energy-dispersive spectroscopy (EDS) complements SEM by detecting the
characteristic X-ray radiation emitted when excited atoms relax to lower
energy states. The energy of the emitted X-rays is element-specific, enabling
both qualitative and quantitative chemical analysis. EDS allows determination
of elemental composition, concentration of specific elements, and their
spatial distribution. Various acquisition modes are available, including point
analysis, line scans, and two-dimensional elemental mapping, thus providing

comprehensive microstructural and chemical information.

In this research, SEM-EDS analyses were carried out on multiple
instruments. Measurements were performed at the Gdarnisk University of
Technology (ETI and FTIMS faculties) as well as at the AGH University of
Science and Technology, Faculty of Metals Engineering and Industrial

Computer Science.
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Figure 21. Principal function of the SEM-EDS analysis technique (A). Based on work [200]. A stand with a Phenom

XL microscope, which is part of the equipment of Gdansk University of Technology, that where a significant part

of the performed microscopic analyses (B) (Figure created by the author).

9.2.2. Thermogravimetric measurements in high-temperature corrosion

High-temperature corrosion of metallic interconnects represents a critical
challenge, as it directly affects the long-term durability of protective coatings.

Verification of corrosion resistance is therefore essential. At elevated
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temperatures, oxidation reactions proceed more rapidly due to enhanced
reaction kinetics. In simplified form, the oxidation process may be expressed

by the reaction:
Me + 0, - MeO, (10)

The kinetics of high-temperature oxidation are commonly studied by
monitoring the change in sample mass, which corresponds to the uptake of
oxygen relative to the total sample mass. Several kinetic models describe the
growth behaviour of oxide scales. Linear law — assumes a linear increase in
sample mass with time. This occurs when no protective oxide layer forms, and
the chemical reaction proceeds unhindered. It may also indicate degradation
or removal of the protective layer, exposing bare metal, or the formation of
a porous oxide scale that allows easy access of oxygen to the metal surface.
Parabolic law — typical of high-chromium steels such as Crofer alloys. It is
based on the formation of a continuous and dense protective scale that
separates the metal from the oxidizing environment. For further oxidation to
occur, either oxygen must diffuse inward to the metal/oxide interface or metal
cations must diffuse outward to the oxide/gas interface—or both. The
parabolic rate law can be expressed as:

<A7m>2 =k t+C (11)

Where: Am is the weight gain (g), A is the sample area (cm?), k, is the
parabolic rate constant (g>-.cm™-s™), t is the oxidation time (s), and C is the

integration constant (g>-cm™)

Cubic law — applied to more complex processes that deviate from the ideal
parabolic assumption, often due to simultaneous competing mechanisms.
Logarithmic law — usually observed at low temperatures, where oxide growth
slows down considerably as the film thickens. In addition to kinetic modelling,
determination of the activation energy (E,) of oxidation is a key aspect of
describing corrosion processes. Since oxidation is a thermally activated

reaction, its rate constant follows the Arrhenius-type dependence:
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ASR = A - exp T (12)

Where: ASR - Area specific resistance, A is a pre-exponential factor
(Q-cm™-K™"), E, is the activation energy (kJ-mol™), k is Boltzmann’s constant

(J-K™") and T is the temperature (K).

9.2.3. Electrical and electrochemical measurements

9.2.3.1. Electrical conductivity measurements

Electrical conductivity measurements, expressed in terms of area-specific
resistance (ASR), provide insight into the electrical properties of samples,
particularly with respect to oxide scale growth during high-temperature
corrosion. For Crofer 22 APU steel, the relevant layer is chromium oxide,
whose conductivity at 750 °C does not exceed 0.02 S-cm-1[201]. As the oxide
layer grows thicker—or becomes less conductive—the ASR value increases
significantly. The ASR parameter can be calculated using the relation:

R-A

ASR = 5 (13)

where R is the measured resistance of the sample, and A is the active area,
typically defined by the current collector (in this case, platinum). Because the
bulk steel substrate and protective coatings are highly conductive, the main
contribution to the measured resistance originates from the chromium oxide
scale formed during corrosion.

In this work, ASR measurements were performed using a compression cell,
in which platinum wires were connected to a gold mesh in direct contact with
the sample as shown in Figure 22. Electrochemical impedance spectroscopy
(EIS) was conducted in a four-electrode configuration at a fixed frequency of 1
Hz and an amplitude of 1 mA. At this frequency, the imaginary component of
the spectrum was negligible (3—-4 orders of magnitude lower than the real
component). Measurements were performed across various temperature
ranges, with the furnace temperature controlled by a PID regulator equipped
with feedback from an internal thermocouple placed near the sample. The

experiments were carried out using a Gamry Interface 1000 potentiostat and
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a Vertex.5A potentiostat (lvium Technologies). The measurements was

performed at Gdansk University of Technology.
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Figure 22. ASR measurement diagram for Crofer 22 APU steel samples after corrosion tests (A) and a
measuring station for ASR measurements at the Gdarisk University of Technology (B) (Figure created by the

author).

9.2.3.2. DC conductivity measurement using the Van der Pauw method

Van der Pauw (VdP) measurements are employed to determine the
resistivity and Hall coefficient of a material. The resistivity measurement
enables the calculation of the material’s conductivity according to the Van der
Pauw formalism. A major advantage of this method is its applicability to
samples of arbitrary shape. The only requirement is that the sample be
effectively two-dimensional—thatis, its thickness must be much smaller than
its lateral dimensions. The measurement setup (Figure 23) consisted of
a ceramic measurement cell with a flat stage on which the sample was placed.
The samples were positioned inside a tube furnace to allow temperature-
dependent measurements. Electrical contacts were made at four peripheral
points of the sample using platinum wires attached with silver paste. To ensure
accuracy, the contact areas were kept as small as possible, as required by the
VdP method. The four-point geometry allows for the determination of the
average resistivity. The system enabled both current-controlled and voltage-
controlled operation—either applying a potential and measuring the resulting
current or vice versa. For the present work, potential control was selected,
with an applied bias of 1 V. The measurement procedure involved applying

a potential between two adjacent contacts (e.g., Vi) while measuring the
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current through the opposite pair (e.g., l12). The resistance was then calculated

according to Ohm’s law:

Vi
R12,34 = E (14)
1

To obtain the material’s conductivity, measurements were performed in
four different contact configurations. From these, the characteristic
resistances (R1 and R;) were determined and subsequently used in the Van der
Pauw equation to calculate the sample conductivity:

FE)=1- () B (e (R2-82) oy

2ln2

md(Ry+Ry) - f (g_;)

o= (16)

where: f is the correlation function, o is the electrical conductivity (S-cm-1),
and d is the thickness of the measured sample (cm). One important assumption
isthatthe values of R1and R; should be as close to each other as possible. Ideally,

they should be identical. The measurements was performed at Gdansk University

of Technology.

Figure 23. Schematic diagram of the sample and electrical connections on which conductivity was
measured (A) and a photo of the measurement system with the sample - PrOx layer deposited on fused
silica (B), and a measuring station for Van der Pauw measurements at the Gdarisk University of Technology

(C) (Figure created by the author).
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9.2.3.3. Electrochemicalimpedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is based on perturbing
a electrochemical system with a sinusoidal excitation signal (either potential or
alternating current) over a wide frequency range (in this work, typically from 3
MHz to 50 mHz). The technique provides kinetic and mechanistic insight into
electrochemical systems and enables the identification of contributions from
processes such as gas diffusion, charge transfer reactions, ion adsorption, mass
transport, passive layer resistance, and ionic conductivity (particularly relevant
in SOCs studies). It also allows determination of double-layer capacitance,

among other parameters. The basic relations in EIS can be expressed as:

E(t) = E, - cos(wt) @17)
I1(t) = I - cos(wt + @) (18)
_E@® cos(wt) (19)

T I 7 cos(wt + @)

where: E(t) — excitation signal (V); Eo — signal amplitude (V); w — angular
frequency (Hz); I(t) — current response (A); lo — response amplitude (A); ¢ —
phase shift; Z-impedance (Q); Zo—impedance modulus (Q).

Measurement data are typically presented in two forms: Nyquist plots,
which display impedance in the complex plane with the real part on the X-axis
and the imaginary part on the Y-axis, plotted as a function of frequency and
Bode plots, which show impedance modulus and phase shift versus
frequency.

All experiments were performed in a four-electrode configuration. In
symmetrical cell measurements, both electrodes consist of the same
material, allowing elimination of contributions from other cell components
(e.g., electrolyte) and enabling precise evaluation of electrode properties. This
configuration minimizes asymmetry effects and simplifies interpretation,
providing reliable insight into material behaviour. However, the drawback is
that such measurements do not replicate the operation of a full cell. A typical
impedance spectrum of a symmetrical cell (below ~500 °C) contains three

polarization contributions and two ohmic component (Figure 24). The ohmic
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resistance (series resistance) corresponds mainly to the electrolyte resistance
and at high temperatures can be determined from the intercept of the
spectrum with the X-axis. At lower temperatures, additional contributions
from the electrolyte complicate the analysis. The polarization resistance
represents the overall resistance of processes occurring at the electrode. The
first semicircle, visible at high frequencies, corresponds to grain (bulk)
resistance (Rg) within the electrolyte. The second semicircle, at intermediate
frequencies, is associated with grain boundary resistance (Rgv). The third
semicircle, observed at intermediate to low frequencies, reflects processes at
the oxygen electrode, including gas exchange and ion transport. The spectra
were fitted using the equivalent circuit model. To standardize the results, the
measured resistances were normalized to the electrode surface area using the
following relations:

R, A

Rypor =~ (20)

Ronm = Rs - A (21)

where: Rpo —calculated polarization resistance; R, — measured
polarization resistance; Ronm — ohmic resistance; Rs — measured ohmic
resistance; A — electrode surface area.

In this study, symmetrical measurements were carried out in the
temperature range of 300-600 °C under standard conditions (pO. =20%) using
synthetic air. Additional experiments examined the effect of electrode
thickness and annealing temperature, as well as the influence of varying pO.,,
pCO.,, and pH,0. The measurements was performed at Gdarnsk University of

Technology.
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Figure 24. Graphic diagram of the sample for symmetrical measurements and the measurement system (A) and
a measuring station for EIS measurements at the Gdarisk University of Technology (B) along with a photo of the
compression cell where the measurement samples are placed (C) (Figure created by the author).

9.2.3.4. Distribution of relaxation times - DRT

Distribution of relaxation times (DRT) analysis assumes that the overall
impedance response can be represented as an infinite series of resistive—
capacitive relaxation processes, described by a time-domain distribution
function y(ln 1). The impedance corresponding to this distribution is expressed
as:

“ y(n71)

mTZﬂ.’f’l'd(ln T) (22)

Zprr = Ro + f

where: R« is the high-frequency intercept, f is the frequency, and tis
the relaxation time.

The DRT method enables separation of overlapping electrochemical
processes that may not be clearly distinguishable in a classical Nyquist plot.
Nevertheless, careful interpretation is required, since the number of peaks

associated with distinct processes does not always match the expected
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values, as peak overlap can occur—analogous to limitations encountered with
equivalent circuit modelling. To facilitate the analysis, dedicated software
packages such as DRTtools can be employed [202]. These tools offer
substantial flexibility in parameter selection and preprocessing, though
caution must be exercised to avoid artifacts. In this work, DRT analysis proved
particularly valuable for interpreting impedance spectra obtained under
varying pO. conditions, as it enabled identification of specific electrochemical

processes occurring within the studied materials.

9.2.3.5. Fuel cell characterisation

To evaluate the proposed solutions, a series of solid oxide fuel cells was
prepared using Elcogen half-cells. A CGO layer was deposited onto each half-
cell by spray pyrolysis, followed by deposition of the oxygen electrode using
the spin-coating technique. Electrochemical performance of the assembled
fuel cells was assessed with the Open Flanges V5 test configuration (Figure

25). Power density was determined according to the relation:
P=U-I (23)

where P is the power density (W-cm-2), U is the measured cell voltage (V),
and lis the current density (A-cm2). The current density and the effective
active area were calculated based on the measured surface area of the oxygen
electrode. Electrical interconnection was achieved by placing a nickel mesh
on the fuel electrode side and a gold mesh on the oxygen electrode side. The
cell was mounted in a furnace equipped with a temperature controller with
feedback regulation. All electrochemical measurements, including
impedance spectroscopy and current-voltage (I-V) characterization, were
performed using an Ivium Vertex.2A potentiostat. The measurements was

performed at Gdansk University of Technology.
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Figure 25. Prepared fuel cell with applied oxygen electrode (A), Fiaxell Open Flanges V5 test configuration with
the cell after measurements (B) and cell connection diagram (C) and a measuring station for cell measurements
at the Gdarisk University of Technology (D) (Figure created by the author).
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10.

List of publications included in the dissertation

This chapter contains scientific publications that were developed and
published as part of PhD studies. Each publication is preceded by an abstract
and author statements detailing their contributions to the work.

Articles 1 and 2 address hypothesis 1, which concerns the
development of protective coatings that can effectively block chromium
diffusion using cobalt-free compounds. The first article describes the
formation of rare-earth oxide layers and their corrosion properties after 2,000
hours of oxidation at 700 °C. Based on this article's conclusions, two of the
most promising materials were used to produce bilayers in combination with
spinel oxide — CuMn, sFeo304. This solution combines the advantages of each
material: good corrosion resistance due to the presence of rare-earth oxide
layers and the blocking of chromium diffusion, as well as lower area-specific
resistance after long-term corrosion exposure (4000 h) owing to the higher
electrical conductivity of spinel compared with MCO.

Publications related to the second hypothesis are numbered 3 to 5,
describing research on oxygen electrodes in low-temperature solid oxide cells
attemperatures <600 °C. Article no. 3 describes the potential applications of,
and the structural and electrochemical comparisons between, partially
amorphous and crystalline LSC. Article 4. describes a process of infiltration
of a porous CGO backbone with materials such as LSC or PrO, and
a composite of these two materials. The infiltration process reduces the mass
of the active electrode material required. Article 5. describes the use of thin
oxygen electrodes in the form of praseodymium oxide, which was deposited
by spin-coating technique. It provides a comprehensive description of the
properties of the complex praseodymium oxide system, taking into account
phase transitions and optimising the utilisation parameters of the material. It
also identifies factors that hinder the efficient electrochemical reaction.

Publications related to the proof of hypothesis 1:

Effective chromium diffusion-blocking protective coatings for metallic

interconnects in intermediate-temperature solid oxide cells can be
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developed by harnessing the synergistic effects of rare-earth oxides and

the cobalt-free spinel CuMn,;Fe,;0,(CMFO).

1. Lemieszek B, Ignaczak J, Kamecki B, et al. Electrolytic deposition of
reactive element thin films on Crofer 22 APU and evaluation of the resulting
high-temperature corrosion protection properties at 700 °C-900 °C. Int J
Hydrogen Energy, IF = 7.2 (2022), MSHE (Ministry of Science and Higher

Education) points 140, Citations: 13

2. Lemieszek B, Ignaczak J, Lankauf K, et al. CuMn1.7Fe0.304 - RE203
(RE =Y, Gd) bilayers as protective interconnect coatings for solid oxide cells. J

Eur Ceram Soc. 2024;44(15), IF = 6.2 (2024), MSHE points 140, Citations: 10
Publications related to the proof of hypothesis 2:

Electrochemical activity of oxygen reduction reaction in low-temperature
solid oxide cells operating at =600 °C can be enhanced through
optimization of the fabrication process of oxygen electrodes based on

mixed ionic-electronic conductors such as LSC (Lao¢Sr,.4C0035) and PrO,.

3. Lemieszek B, Ilickas M, Jamroz J, et al. Enhanced electrochemical
performance of partially amorphous La0.6Sr0.4Co03-5 oxygen electrode
materials for low-temperature solid oxide cells operating at 400 °C. Appl Surf

Sci. 2024;670. IF = 6.9 (2024), MSHE points 140, Citations: 8

4. Faruk Aksoy O, Lemieszek B, Murutoglu M, Karczewski J, Jasinski P,
Molin S. Developing high-performance oxygen electrodes for intermediate.

Appl Phys A Mater Sci Process; IF = 2.8 (2024), MSHE points 70, Citations: 1

5. Lemieszek B, Alluhaibi L, Maximenko A, et al. Unveiling the Potential of
Praseodymium Oxide as Efficient Oxygen Electrode for Low-Temperature Solid
Oxide Cell Applications. Chem Eng J. 2026;531:173949.
doi:10.1016/j.cej.2026.173949. IF = 13.2 (2024), MSHE points 200, Citations:
0
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10.1. Electrolytic deposition of reactive element thin films on Crofer 22 APU
and evaluation of the resulting high-temperature corrosion protection

properties at 700 °C-900 °C

Authors: Barttomiej Lemieszek, Justyna Ignaczak, Bartosz Kamecki, Jakub

Karczewski, Mogens Bjerg Mogensen, Sebastian Molin, Piotr Jasiniski
International Journal of Hydrogen Energy, vol. 47, issue 78, pages 33453-
33465, 2022, https://doi.org/10.1016/j.ijhydene.2022.07.220
IF=7.2(2022), MSHE points 140, Citations: 13

In this study, thin rare-earth oxide ceramic layers — CeO,, Gd.0s, La,0Os,
and Y,Os;—were deposited on high-chromium Crofer 22 APU steel using
electrolytic methods. The process was optimized to produce coatings about
100 nm thick. Even very short deposition times, 1 minute (and 10 seconds for
La,0s;), significantly improved high-temperature corrosion resistance, as
shown by reduced weight gain after 250 hours of oxidation at 900 °C. Short-
term tests at 700 °C and 800 °C, supported by ASR measurements, confirmed
these results and showed a clear decrease in ASR, especially at the lower
temperatures. At 900 °C, however, no clear ASR improvement was observed,
likely due to the formation of thick oxide scales regardless of coating type.

After 2,000 hours of oxidation, the lowest weight gains were recorded for
La,0s- and Y,0s-coated samples, followed by Gd,Os, while CeO, was the least
effective, although still better than the uncoated reference. In terms of
electrical performance, Gd.O;, La,Os, and Y,0; showed the most promising
results, whereas CeQ, performed the worst, even below the reference sample.
Post-corrosion crystallographic analysis revealed the formation of GdMnOs;
and LaCrO; for Gd,Os- and La,Os-coated samples, respectively, while no
secondary phases were detected for CeO, and Y.O; beyond their primary
oxides.

A key outcome of this work was the nearly 40% reduction in weight gain

for Y,Os- and La.Os-coated samples, despite the coatings being only ~100 nm
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thick. Moreover, the ASR values decreased by up to a factor of four compared
with the uncoated reference sample.

The novelty of this work lies in investigating the corrosion properties of
single metal oxide protective layers deposited onto Crofer 22 APU steel at 700
°C, atemperature range that remains insufficiently explored despite the
availability of commercial cell solutions operating under such conditions.

My contributions to this study included preparing precursor solutions for

the target coatings, performing layer deposition onto Crofer 22 APU steel, and
calibrating the deposition process. | carried out both short- and long-term
corrosion experiments at 700 °C, 800 °C, and 900 °C, and independently
conducted weight-gain analyses. In addition, | performed significant part of
SEM-EDS and ASR measurements. | was also responsible for analysing the
obtained results, preparing figures, and writing the manuscript. As the
corresponding author, | was responsible for article submission and for

preparing responses to reviewer comments.

83



Declaration of co-authors on their contribution to the publication: “Electrolytic
deposition of reactive element thin films on Crofer 22 APU and evaluation of
the resulting high-temperature corrosion protection properties at 700 “C-900

S

Name and Surname

Contribution

Signature

Bartiomiej Lemieszek

Investigation: corrosion
study, ASR, SEM,
Methodology, Writing ~
original draft, Writing -
review & editing,

: %,{u (oA

Justyna Ignaczak

Investigation - Corrosion
study, Methodology.
Writing — review & editing,

'L [éﬂ:"_ (.( L[ "L\ﬁ

Bartosz Kamecki

Investigation (XRD),
Methodology, Writing —
review & editing,

’_\—‘ s{’ ")( Er

Jakub Karczewski

Investigation (SEM),
Methodology, Writing -
review and editing

.
’

== <2 L en
- L]

Mogens Bjerg Mogensen

Methodology, Writing —
original draft, Writing -
review & editing,

o///%uz o«’{é’ﬁw'*

Sebastian Molin

Conceptualization,
Methodology, Writing —
review & editing, Writing -
original draft, Supervision

v
% S{thm

Piotr Jasinski

Conceptualization,
Funding acquisition,
Methodology, Writing -
review & editing,

-

84



Avalabie onfine ol www sclencedirect com

ScienceDirect

HYDROGEN
» ENERGY

¥ &

journal homepage: www.elseviercomilocatalhe

Electrolytic deposition of reactive element thin m
films on Crofer 22 APU and evaluation of the
resulting high-temperature corrosion protection
properties at 700 “C—-900 “C

Bartlomiej Lemieszek “, Justyna Ignaczak “, Bartosz Kamecki °,
Jakub Karczewski ", Mogens Bjerg Mogensen °, Sebastian Molin °,
Piotr Jasinski °

¥ Adwonced Matenals Cemtre, Faoulty uf Electronics, Telecomprumontions and I'nj:-rlﬂ abcs, Gdovisk Lhnneersity uj
Techmolegy, 1. G. Narutouncsa 11712, B0-233 Gdanshk, Palard

* Advanced Materials Centre, Faculty of Applied Physics and Moshematics, Gdasisk University of Techmobogy, UL G
Morutounzza 11712, 80-733 Gdansk, Poland

* Deparement of Energy Comuersion and Storage Electrochemistry, Techmical University of Demmark, Fysikej,
Budlding 310, 2800 Kga. Lyngby. Demmark

HIGHLIGHTS

» Mow technigue of obtaining thin ceramic layers - dectrolytic techmlgus.

& Clectrolytsc deposition of ceriam, gadolinium, lanthanum and ytriom oxide Topem.

= Thin ceramic layers, on the order of Ens of anemeters.

» Reduetion of the thermogravimetric weight gain of samples covered with & ceramic layer

» Electrical measurements showed that the surface-modiSed snmples had lower resistance than the uncoated ssmple.

ARTICLE INFO

Article history:

Recerwed M March 2002
Recaved in wvised brm

14 funa 0TI

Arcepted 56 July 2002

Avelable online 20 Augas PET

Keyumrds:

Ceramic layers
Electrol ytic technigue
Rare earth elements
Carmssan

ABSTREACT

This article presents electmolytic deposition of thin Rare Earth (BE) coatings on Crofier 22
AP stainiess stes] substrates for bigh tempersture spplicatiom, such as nlerconneds
in solid oxbde cefl sincks. The depositon of costings based on yurum-, gadolinum-,
lanthanum-, and cerium nitmtes & dscussed. The high temperatisre corrogsion properties
off surface-modi fed steels were examined using thermogravimetry and electrical resistivity
megsurements, Coatlngs and oxkde microstructures were examined by XED and STM of
surfaces and cross-soctioes. The results showed that the use of the BE element oxide layers
reduced the growth of odide scale, as evidenoed by lower weight gain. The layers based on
Y- and Gd-oxides showed the best corrosion protection properties. The electrical mes-
suremants ghowed that the surfeemodited samples had lower reststancs than the un-
roated samphe.
i@ W23 The Aulhor (8], Published by Elsevier Lid on behalf of Hydrogen Ener gy Publications
LLC Thes ks an open scoess artiele under the OC BY lioense (hop e rmativecomm o org
licemees/tng' 4 07}

* Corvesponding autkor,

E-munil address: bartlomie) lemieszek@pg edu pl [, Lemissaek)

Boripe Mol cor 00 BTREAS Jjlnpd i 30T 0F 230

0RE0-11950 R The Aqthoris). Paldished by Haevier Lid o behalf of Hydrogen Tnemy Poblionions LLC. This i an open scoms afticle under the ©C WY
Lieross [ o S T B T i w e T B

85



3“5' IHTRERMATIOWAL [GHENAL BF HTER

EAW EHELRTY 4F (7039] 33453-3540%

Introduction

High-ternperamre corroalon of stinbess steel interconnects ia
one of the maln undesirable phenomensa of solid oxide oells,
limiting their long-term operation |1-3%]. Current generation
anode-supported Salid Dxde Cells (S00s) operate ar the
00000 “C pemperature range and therefore, surface owdde
scale growth is inevitable during ecpesum of iron-chromium
alloys at these temperatures. Due to the low electrical on-
ductivity of the caide, its growth results in an increase in the
electrical resistance across the inerconnects, leading o &
decrease in the power cutput of the siack, The ncease
restance and deteriomtion of physical propertes due
cormgion spurred the developrnent of protective yers [4-—6)
i Ty of protecd ve coadngs 16 thick and dense spinel layers
that bock chromium svaporation, These are mostly based on
cobalt or cobalt-manganess oxides [7-10] Cur group has sa
far emensively stodied thick Mn-Co oxide spinel-based
coatings for the reducdon of Cr-ewapomdon |11,12] Another
type of coating is wery thin Rare Earth elements-based (RE)
oxbde costings appibed to decrense the rate of cowosion, &,
cerum-, gadoliniam-, lanthanum-, and yoriom cedde 13- 17
These two types of coatings can be mmbined o obtain syn-
-ur;islil: effects |1E.19-|. The use of rven very low HE oodde
thldeness (-10 nm) coadngs s very beneficial in decreasing
wcale thickness [20,21).

Among the many ceramic deposition mwthods, the elec-
tralytic e nique sserme well suited for the deposition of RE
oxbde thin layers on steel interconnects [77]. In comparson o
the slecrrophoretc deposition pmoess, whem solid pamicles
are deposited, the electrolytic method uiilises metal =l jo.g.
iitrates, chiorides) and sohrents (ethanol or water) which, by
electrochemical reacdon, form deposits on the working elec-
tode [ 73], The thiclkness of the deposits can be contmoled by
the deposition woltage time, and concentration of the sahs-
Hon, This method and similar cost-sifectve ediniques have
been previcushy used for the depositon of cemmic coatngs n
order to improve corrosion protecton of steel at high tem-
pemture. Some works refer o coating process only, while
some include alse corrosion tests. Molin et al presented re-
wulis of the shectrolydc deposition of & Y-based layer from &
.05 M ethanol solution of ytirium nitrate together with the
remilts of coroson mvestgation. The corrosion rate of the
yirta-coated Crofer 22 APU sheets at 750 “C was 20 omes
lcwer than that of uncosted samples [17]. Zhitomirsky ot al
showed the results of coating nickel with the layer of yttrium
oxbde using precumar conssdng of 0.02 M aguwesus yEHum
nitae soludon mixed with poly jdialbyldimethylarmemcndum
chloride), During the process of cathodic electodeposition at
the current densty of 10 mA cm-2, the layer of about 0.2 pm
was obtined [24] I another waork, Zhitomlrsky ot al pro-
posed the deposition of the corium cxide ayer by electrolytic
technique from 001 M cerium chloride solution dissohed in @
151 ethancl: water mixture. The deposidon at the current
density of 10 mA cm? resulted in the cerium codde layer
thickness of -0.3-0.3 um [25) Yanget al. deposited 0.1-0.3 m
Bk layer of cerium aatide using a salution consisting of 5 mM
cedum chioride |26] Mazur e al proposed coating lerritic
steel inmended for inerconnectors with gadolinium oxide
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nanoparticles using the electolytic and immersion tech-
migues The obtained results indicate s reduction of axidation
e of about 10 dmes &t 700 “C [27] Yoon et al coated steel
using the dip-coating wechnigque, which allowed depositing
200210 nem thick layers of lanthanum made. After the 5ii-h
oxidaron process at 700 “C, the presence of |anthamam-
chrormdum and manginese-chromium spinels on the sarmphe
surface was proven [18], Saeidpour et al. coated Crofer 23 APU
steel with nmpmihnfnuhli:cdﬂﬂ'.lndyﬂri!mn:ﬂ:
using the elecropladng method. After 500 b at 800 “C, wedght
gain was much higher for the coated samples than for un-
coated one, However, the oxidation rate was great by reduced,
and the coated samples would perform much better in tme
The initial grester weight gain was dwe w the rapld exddatgon
of cobalt | 25]. As presented. REoxides may be deposited by the
cosi-affectve technigues and usually these layers lower the
oxbdarion rate of the steel, however thorough mrresen pro-
tection studies of RE oxides still should be carried out.

This work & an investigaton of promiging thin RE oxide
layers fabricated by elecrodeposifion. The results of the
fabrication of thin cermmic flme based on cernem-, yrrum-,
gadolinium-, and lanthanum cxides and thelr effects on the
msuling high tempemtum corrosion properties relevant for
ekl coide cells are presentid. The surfare-modibed camples
were siudied by themmogramdmeny, elecmical conductviny
measurements, and post-mortem  analyses (microscopy.
diffractometry).

Experimental procedures

Corenercial hydroved metnl salws: Gd{NOG)-6H0 (Sipma
Aldrich 59.9% purity, Saint Louls, United States of America),
WM 5HO {Sipma Aldrich 59% pure, Saint Louais, United
Srates of America), Ce{MO,), 5,0 (Honeywell Fluka, Morth
Carcling, United Swmtes of Ametles), and LafMOg),-6Hz0
(Sigma Aldrich 59.95%, Saint Louis United States of America)
were used for the preparation of solutons in ethyl alkcohol
[Sigma Aldrich 998%, Saknt Louls, Unsted States of America)
with a catlon concenmruton of 2 mM. The solutlon was sefmnl -
tansparent without visible precipiation even after several
months of shell [He The specific conductivity of electrolytic
solutions was determnined from impedance spectra obtained
by 2-probe measurerment with 100 mV amplinode in the range
fromn 100 kHz to 1 Hz, For conductivity calculations, 1 mM and
01 M KO were used 38 reference solutions.

A 03 mm thick sheet of Crofer 23 AFU sweel (VDM Metals,
Werdohl, Germany) was out into 1.5 « 1.5 e plates w be used
as the substrates for BE electrodeposition. A small hole (3 mm
in diametet) was punched in the top part of the samples sa
they could be suspended on an abumina rod for cormson
exposure. The edges of plates were smoothed out in order to
remowe visible fexures using a polishing machine with wet
1300 griv paper. Before applying the RE coadngs, the plates
were thoroughly cleaned inacetone (POCH, Gliwice, Poland)in
an ultrusonic bath. The cleaned and ﬂ.l'i.'ﬂd.?hﬂl'ﬂ'lflﬂm-
dile cips connected as the worldng electrode (Gthode] n a
mwo-elecrode elecrolyde deposidon systern, The counter
siecoode (anods) was an oversized Crofer 22 APU steel shewt
and was placed symmetrically on both sides of the working
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lectrode (active geometrical surface area of shout 50 cm’),
The distance between the working electrode and the counter
elecirodes was -15 an 3 samples were made for each RE-
oxide, and ench sample was weighed three dmes. Each swm-
ple was rnﬂf:n‘ dﬁ.edblﬁ:uhui.ngmukdnm"t Each
operaton was performed with exreme care o ensure that the
layers were undamaged. A skech of the deposidon semuep is
presented in Fig 1

A valtape of 40 V was applied between the electrodes 3 in
Ref, |19 usng & programmable power supply [Delm Elok-
ronika Power Supply SM 300-5, Zierikzee, The Metherlands),
Current measurements were recorded using the ammensr
(sanwa PFCSOOA, Sanwa Eecoic Instrument Co, Gbaralk,
lapan). The optimised deposition Bme for each of the sobu-
dons was deduced from the preliminary wsts ot repormed
here). After application of the BE layer, each of the samples
was ar-dred and heated to a temperature af aboot 400 “C for
compleie comversion of the deposited layers 1o cxddes and the
decompesiton of refdual nitmies. This process has been
studied and desoribed n the Hbera o [30-331

To determine comroaion Mnetics, the themogaimery
{weight changes) method was wsed. Dxidation sis were
performed in a chamber fumare [Kitec 5011, Vanovioe-
Eeltice, Crech Republic] in stagnamt adr. The axidadon tests
weme cutied out in a IZFHJI: ranner n l."umaiﬁ.fhl- st
“pre-evaluation™ was based on a relatively short time (250 h
with welght messurernents every 50 k) at three different
emperaiomes (M0 <G 800 ~C and 900 ) The second step,
“long-term™ cormosion study, was cimied out for a total of
2000 h at 700 *C with weight gain measurements every 250 h.
The weight gain measurements wors performed on 3 balance
with an accumey of 10" g Radvwag XA £2714AY MA R PLUS,
Radom, Poland).

The microstructure of the Crafer 22 AU steel sampleswas
anabysed by X-ray dffracrion (JHD) using & Bruker DIPhaser
(Bruker AXS, Mannheirn, Germany] dffractometer with a
Lymuxeye NE-T detector with Culls radiation (k = 015406 nm}).
Post-martem. studies in the form of surface and orogs-section
analyses were performed using & scanning elecoon mioo-
soope with an integrated energy dispersive X-rmy [EDS) ana-
lyser [Thermo Fiacher Phenom XL, Waltham Undted States of
Amarica)

Electrical mesistance measurements were performed @ a
cross-scabe configuraton (peross Po'oxd de/smeeliowd de/Pr). The
pladnum elecmdes (with an area of 0.5 ou®) were brush-
painted on the two sides of the steel, dried and heated o

CURRENT
MEASUREMENT

ANODE

ELECTROLYTE

SOLUTION

CATHODE

Fig.1 - Sketch of the deposition semp.
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00 “C for 2 h. The slectrical msistance measurement was
carried out m a fourelectmode Eysitem u:l'ti an 'nnpﬂhm;.
analyser [Gamry nterface 1000E, Warminster, PA, United
States). The measurement was performed ar a frequency of
1Hz {the maginary part of the impedance was neghgible) with
an armplimde of 5 mV, The sarmple was heated 1o 700 “C and
then cosled to 300 °C while the resistance was measured. The
muand mum current fiowing through the sample was Emited to
5 ek e

Results and discussion

The results section & organised as follows: first, the results
refared w0 the deposidon process of the RE coatngs with
different thiclmesses are presented. Then an ecoeferaed
mtidation soreening test of the differently coated cmples =
shown Based on the accelerated tost, the most pramising RE
coating thickness was selected, Short-term {250 b ar FOLB00/
800 “C) and lon g-terrn oxidation studies are conducted on the
selemed sampies Finally, post-fmorem analyses are per-
formed to describe the microstructures of the samples.

Preparation of the layers

The prepamtion of the Eyers was staried by analysing the
snlution conductvity and electrical charge density measure-
ments during the elecrodepostdon process. Measurements
on the sohrtons of Ce-, La-, Gd-, and ¥-nitrates showed spe-
clfic conductivity of 246 pS o', 23.1 p5 em Y, 321 45 em
and 41.0 ps on?, espemively. The obmmed conducivithes
show similar values, which may :twﬂrhﬂuui:pmm
shoubd ot hove & cructal influenoe on the deposidon process
af the RE-kyer an the steel surface. During the depositon, the
electric current was remorded in crder o estimate the effec-
tiveness of the deposition process Based on this measire-
menit, the electric charge perom® was caloulated and shoam in
Fig TA The caleulated value of deposited BE-oxide accarding
w0 charge {for the deposition dmeof 1 min) is 3 28, 50,6 229
and 199 ymol = ' for Ce-, Gd-, La~, and Y -oxide, respec-
twely. According to Faradays first law, the deposition effi-
clency of the proposed method was calrulared for each RE-
moide. The determined efficiencies are 60%, 79%, 79%, and
BO% for the depogition of Ce-, Gd-, La-, and ¥Y-oxide, respec-
dwely. In the initial sage of the smdy, the dependence of the
depositon time on the deposit weight wassudied, and Fig. 7B
shows the results. For this purposs, a sefes of Croler 22 APU
soee] sarmples with different deposidon tmes jof up to 4 min}
ware propamed,

The depogition of the La-coatng showed the highess
welght galn, thus depositon dmes within 10-680 & were also
studied. The deposition of the La-oxide ]:yn SESTNS T
intenes than the other coatings It was estimated, assuming
formmatdon of a contimious and dense layer, thar 10 & of La-
oxide deposition rmesualts in <34 om  layer thicimess
{16 g cm ), while in the case of Y-oxide deposition, 1 min of
deposition results in -37 am Eyer thickness [#84 pg am ™),
Calkculated layer thickneses can be compared with thoss
obtained by thearetical calculadons Mamely, -30 am for
La-oxide and —46 nm for Y-oxide were obtained, which &
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Fig. 2 — Edectric charge density vs. the deposition time |A) weight of the coating materials ve. the deposition time (B}, SEM
surface images of the reference, uncoated steel (C), Ce- (D), Gd- (E], La- (F), ¥- (G} conted for 1 min.

regsonably close w the experimentally caleulated layer
thicknesses and at the same time to the mass change values
gvenin Fig 28, Since 10 s is a relatively short time, the weight
obtained during the elecwodeposition process was companed
with the dip coating technique. [n the case of the La-oxtide
layer. ten tmes greater weight gain was cbiained dunng 10s
of La-nitrate deposition ln comparison with the dipped sam-
ple in the La-ndrate solutlon for the same period of dme

Elesctron rrdcrnﬂ:n:q:y' images of the 60 5 deposits ane pre-
sented i Fig 2 C-G. In nearly all cases, the deposiis are
wigible as discontinuous layers. The presence of the respec:
tive RE was further confirmed by EDS analysis, where the RE
content {based on low magnification surface analysis) was
estimated to be -1 8% for the prepared coatings. The welght
gain results show that the Ce-oxide layer is less effectively
formed in compariscn with the other layers. The SEM ob-
sereations showed that Ce-ocxide I8 formed as randomly
distributed deposits. Local agglomerates of deposited EE-
cxides are visible. However, according to the EDS analysis
an the surface of stesl samples (whese the RE-oxide [ayer =
not wisible), the concentration of the analysed rare earth el -
ements s in the range of 0.6—0.7% by area. In the case of the
areas where these agglomerstes aceur, the obtained result of
atomic concentration increases o 1.2%. The mapping of el-
emenis in combination with the determined depositon ef-
ficency indicates the efficiency of the process. Formed oxide
apglomerates may be caused by local imperfections of the
steel surface (formed in the process of rolling steel, which
can ke seen in the reference sample}. Despite this chserea-
tion, the EDS tests clearly show the presence of deposited Ce
oxides in significant amounts, though it is impossible from
these measurements w judge the layer thickness or s
continuity. Nevertheless, all tested RE layers were further
mvestigated since the RE layer quality on comosion protec-
ton effectivensss is unknown
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Short-term corrosion evahsation

Initial corrosion screeming at 900 “C

After the fabrication of samples with different weights of the
RE-axide layer, the samples were suljected to high tempera-
ture cxidation o assess the influence of the cxide layer
thickness on the corrosion rate. This helps the selection of
samples for extended measurements

The effect of the costing depesiton time {-thickness) on
the weight gain of the samples was dewrmined by cyclic
oxidation ot a temperature of 900 °C for 250 h {5 cycles of S0h).
An initial test at 8 relatively high temperature of 300 “C was
carried out vo highlight the differences resulting from the
physicochemical propertes of the oxides in a shom thme
frame — it acts as an acoelerated test procedure

Tor the Ce-, Gd-, and Y-oxide layers, samples with depo-
siion times varying between 1 min and 4 min were studied.
The time was &lso varied bebween 10 and 60 8 due © the for-
mation of thick deposits

The omdation weight gain values for samples expossd ol
500 “Care shown in Fig. 3, In all cases, the uncoated steel was
uged a5 a reference. The weight gain of the uncoated Crafer 22
AP steel after 250 h at 900 “C is -0E mg cm * which is
conssbent with the literature data. Talic et al reported virtu-
ally the same value for a Crofer 27 APU sheet with a similar
thickness {1 mm] [17].

The deposition of all coatings resulted in visibly reduced
weight gains caused by oxidation, The cbmined weight gain
data indicstes thai there was po significant effect of the
deposition time on the I.lqi;ht g:.i.n. The average weight gain
of the coated steel sheets was similar 0 all cases
{=0.37F mg cm "'] The weight gain difference between the un-
coated and ooated alloys was -#0%, which & a marked
improvement in cormosion resistance, Similar thenmagravi-
metrc results at high temperatures for the axddes analysed
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Fig. 3 — Weight gain curves for samples oxidised ar 900 'C deposied with a bayer of: Ce- [A), Gd- [B), La- (C], Y- (D

may have a different basis. The fact is that even a thin layer of
rare earth oxides reduces weight gain High corrosion tem-
pera ture {200 “C) affects the corrogion rate and the |nfluence of
RE-oxides is visible, Therelore, despite the lower efficiency in
the deposition of cerlum oxide compared to sther analysed
ceramics, the result ks ultimately similar. The initial stage of
oxidation of the cerium oxide coated sample shows the least
reduction of weight gain compared to the other RE-codde
layers. Thes mformation may indicate the behaviour of
cerium oxide at lower temperstures. Another ohservation is
the fiattening of the weight gain for lanthanum axide, which
inltally showed almmilar values to the reference sample, then
to slow down the oxidation process and get the most prom-
ising result Each of the descrited results indicates that each
of the rare earihs has its own physical-chemical process
behind the reduction of weight gein undes the mfuence of
oxidation.

Based on thess mesults, the samples prepared with the
shortest deposition times (10 5 for La-codde and 1 min for Ce-,
G-, and Y-oxides) were selected for further research. These
sarnples showed (Tig 2 B) the deposited weights n the range
of 0.01-0.05 mg e (60 s dnpmitinn for Ce-, Gd-, and Y-ox-
ides, and 108 for the La-oxide coating). Based on layer weight,
one can predict the layer thickness The thearetical avernpe
equivalent thickness of the coating is 50 nm when the density
of the RE oxides {5-7 g cm™ ") and the specified deposit weight
are considered.
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Short-term corrosion exposure at SO0/800,/700 ~C

The selected samples were tested {or thelr corroslon proper-
ties at lower temperatunes fior B00 “Cand 700 °C, Typically, the
temmperature range betwesn 900 °C and 700 “C s most often
studied for the determination of comosion pm-prrl:iﬂ: of alloys
used in solid axide cell stacks [34].

The weight gain results for 800 °C and 700 "C are shown in
Fig. 4. At all emperatures, the uncoated samples have the
largest weight gain, also confirming the protective properties
of the coating materials used at lower temperanres. At 800 “C,
the lowest wesght gain was obiained for the Y-osdde conted
sample (-0.089 mg cm~), followed closely by the Gd-oxide
conted sample -0.093 mg cm 7). The La-oxide costed sam-
ples showed mtermediate weight ga.in vilues, with the 'IlEi.IhI:
gain of the Ce-oxide samples closest to the uncoated alloy.

At 700 “C_ the weight gain behaviour is similsr w that
abasrved at B00 “C The lowest weight gain is noted for the Gd-
oxide coated sample (-0.028 mg on ), whereas the ¥-oxide
and La-oxide coated samples are slightly worse, but sall pre-
sent o lower welght gain than the uncoared sample, Again, the
Ce-pxide coated alloy has 8 weight gain quite similar to the
uncoated alloy.

Analysing the results of oidation at 700, 200, and 500 C, it
seems that the sample with ceria layer coating is effective
only 8t the highest ternperature, whereas the Gd-oxide, La-
axide, and Y-oxide are effective in the whaole temperatore
range. The Gd-oxide coadng seems the most effective at
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Fig. 4 — Weight gain and parabolic plots for samples oxidised (for 250 h) at 800 'C (&) and 700 “C {BL

r:dul;n't-_g the oxde growth, 1:lpn|:|:|.nlf:|I in lower tempermatures
(o0 “C). That confirmed the first -100 h at 00 *C. during
which the Gdy0, -based layer showed less weight gain than
the ather ceramic loyers, but in the subsequent phase of the
experiment, the samples with the gedolinium oxide layer
showed growing weight gain, and fnally, afer 150 b, they
showed a higher weight gain than the sample coated with
yiiria. RE-oxide coatings are able to provide a marked redue-
ton of the axide growth rate even at & moderate lemperaniee
af 708 “C, which seems especially important since, e.g, the
Mn-Cp oxide spinels de not provide an oxide growth rate
reduction at this tempemture [30). Thus, by potentially
cormbining these two coating materials (RE + spinel), a syn-
ergstic low-temperature effective coating can be designed,

Electrical resistivity measurements. The weight gain moa-
surements showed a protective effect of the applied thin
coatings in terms of the lowered weight gain. The influence of
the coatings can also be studied by electrical resistivity mea-
surements. The thicker the cxide scales formed on the alloys
due to caadation, the higher the cross-scale electrical resis-
wmnce af the allegs. The deposited ceramibc coatinge can also
mfluence the electrical resistivity of the samples since the
oxide form of the scated elements (Ce0,, Gda0y, Lay0, and
f30y) are electrical insulators. Thus, their applicability to salid
cotide cell stacks should not negadvely influsnce the elecirical
praperties, which must be studied.

The Area Spedcfic Resistance [ASH) was studied on sam-
ples after the 250-h coddation test st 700, 800 and 900 “C.
Graphs showing the temperature dependence of the ASH,
inchuding the companison of the ASR walues obtmined at
T00 "C, are shown in Fig 5. The ASR results show that in
almost all cases, the samples with the applied coatings have &
lower electrical resistance than the uncoated samples (with
the exception of the Ce-coated alloy oxidised ar 800 'C). As
indicated in Fig & A—C and summarised in D, there is a strong
effect of the exposure temperature on the resulnng ASR level:
the higher the exposure wmperature, the higher the resis-
tmnce. For example, for the uncoated samples, the ASE values
after 50 h of exposure at 900, 500, and 70O “C were
- 140 mil cm”, - 70 mil em® and =35 mi om® (vahies measired
at 700 “C, Fig 5 D). For the surfsce-modified samples, the
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lowrest ASE values were obtained for the yitria-coated seres,
The ASE values were -95 mi cm’, - 15 milem? and -7 mil em®
after 250 h expasures at SO0B00 and 700 “C. The difference in
the ASH between the unceated and the Y-oxide costed sam-
ple is pronounced at lewer cxidation termperatures, where as
high as a 5-fobd decresse in the ASH value was obtained, For
the Ce-oxide, Gd-oxide, and La- oxide modified samples, the
ASE values were also lower than for the refersnce sample
{except for the ceria coated sarmple measured at BOO “C), with
the Gd-cxide and La-oxide coatings being slightly inferior to
the Y-oxide coating. The slopes of the ASE curves werne also
similar for all samples, :ind.'ncati.ng a similar overall conduc-
tiwity mechanism of the uncoated and coated samples, most
prebably dominated by chromia scale in all cases

The RE coating procediure, sspecially in the case of Y-axde
and La-oxide, has & very positive offect on the resulting ASH
value, which B wery imponant for effident and low-
degradation S0C stacks,

After short-term weight gain and ASE measurements, the
sarnples were analysed by scanning elecwon microecopy
|SEM). Micrographs of the sample cross-secHons were taken o
asgess the differences in the surface stucture after short-
term corrosion &t F00 ©C, 800 “C and 300 C, Selected mages
of the lantharmam coated samples are shown in Ty 6

A 700 G, where the weight gein was wery low
{-0.035 mg e ), only & very thin, rough cormesion layer is
visibile. Mo sign of the La-oxide coating is noticeable, At 800 °C,
dhee 1o the higher weight gain {-0.1 mg em ™), the cxide kyer
becomes more apparent. The formed ceide uniformly covers
the sample surface. Within the oxide {in the middle), a very
thin bright layer is visible, which is the deposited La-oxide
material. The sample at 900 'C has the highest weight gain
{-0.35 mg em7) and traces of the La-sadde costing are
noticeable on the surface of the oxide,

Long-term oxidation at 700 'C

A temperature of 700 “C was selected for performing the
longer-term study, as it is of interest for intermediate tem-
perature SOFC technology [35]. As discussed, the RE-oxide
coatings seem o provide an impartant reduction in oxide
scale growth at this temperature. The exposures were
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Fig. 6 — SEM pictures of the cross-section for La-coated samples. From the Jeft for 700 'C, 800 'C and 900 ‘C.

performed up to 2000 h (8 cydes of 250 h) and the obtained
weight gain results are presented in 7'ig. 7 A together with a
parabolic plot (Fig 7 B)

Typically, the weight gain values determined at 700 “C are
very low due to slow corrosion kinetics [19. The weight gain

was again the highest for the uncoated alloy; after 2000 h it
reached -0.09 mg cm . The coated samples showed lower
weight gain values, with the yttria- and La-oxide coated alloys
resulting in & weight gain of ~0.055 mg cm ?, so a decrease of
~40% was achieved

A' 0 Reforence
0 Cel,
se{ & G40, o
R v a0, o o § B ¢
% Y0, ° ) .4 a
4] . .-
S am v o -
g g ®
= o
TR
g
o
300 4 T T T T T T T
0 WO D 00 40 M 0 %
Owication Sme 1000 (soconds)

o o

g

o
o
A

na
B O Reference

0G0, ol
= 7G40,
5:vhvu'o_ o
= N8 -
- -3
gt.l. o “

w n -

s
R
i

o
=

P —— S S A ——
0 W X0 M a0 00 w0 Mo
Crooation Jeney 1000 [aaconas )
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When considering the kinetice of high-temperature
oxidation, usually & square (parabolic) dependence of the
weight increase vs. me is used:

(2E) =kpt+c

where: Arm 1= the weight gain [g], & i the sample sres jom’], k,
is the corrosion rate parameter [g* e~ 87 '], tis the oxidation
time [5], and C is the integration constant [g* em |

A parabalic plot of the weight gain values is presented in
Fig. TB. Due to its nonlnesr behavious, the fining of the k; was
performed separately for the perieds of 250-1000 and
10002000 b The caleubsted k, values nre summarised n
Tabde 1. The consiant C B wsually assigned 1o the inkdal
carrogion phenomena. Far the uncoated samples, the C value
is wisibly larger then for the coated alleys, meaning that the
initial stage of corrosion was modifed by the additon of the
reactive element

The initial cxidation of the alloys follows a gimilar kinetics,
wihens the k, valwes range from 126 x10°" gfem 2 " w094
110" " g cm * 8" " for the uncoated and La-oxide coated al
leys, respectively. A more pronounced difference is viatble for
the 2nd analysis period (10002000 h), where the comosien
kinetics slows down The difference between the uncoated
and the La-oxide coated sarmple is one order of magninede.
Also, the Y-oxide coated saumple shows o marked corrosion
rafe decrease. The samples coated with Gd-ooode and Ce-
oxide show little improvement.

The possible change of slopes of the wekght gain is often
rrp:rl.ed in the lifemture. One of the reasons might be
changes in the chemistry of the lyers, including phase sa-
bilisathon'grain growth (eg, Cr0y andfer (MnCrj,00, or
depletion of oxide scale-forming elements (Mn] from the
substrate. Additionally, differences in the formation of spinel
M Cr)ly and chrommum oxide may be caused by the for-
maftion of protective phases during the conversion of depos-
ited Ce-/Gd-La-Y -oxide coating precursors [36).

Cwerall, the deposited reactive slement coatings, especially
in the cse of the Y0, and Lagdy coatings, resilted in a
marked improvement in corrosion reslstance,

After the long-term exposure test, the samples were also
subjected o electrical resistivily measurements. The results
are ghown in Fig. 8. The samples coated with La-, Gd-, and ¥-
oride show a visible decrease of the ASE, whereas Ce-oxde
has a minor effect. The highest ASH values at 700 °C were
found for the uncoated samples (-85 mid cm® st 700 °C).
Slightly lower values were found for the Ce-_ ¥ and La-oxide
coated samples (~45 mil cm® for Ce-oxide, ~35 mi} cm® for

yiiria and La-oxide). The lowest ASH value was obtained for
the Gd-cxide modifed sample {-20 mil cm’). At a temperature
of <600 “C, the highest resistance was obtained for the ceria-
coated sample, which showed an actvation energy of
-0.55 &Y.

The ceria-coated sample showed the highest ASH, possibly
dse to the combination of several effects. The first is the cenia
layver itmelf, which & an elecirical inswlator, and the wweight
gain of the Ce-oxide coated sample was comparable to that of
the meference, uncorted sample fespecially at lower temper-
atures) The contribuies o the formathon of a falrly thick
corrosian layer on top of which the cerdum oxide layer is
deposited. Uldmarely, this inoesses the ASE value even
compared w the reference sample. Also, the slope of the ob-
tained curve clearly indicates the highest activation energy.
The La-cxide and ¥-oode costed samples showed improwe-
ment compared (o the reference sample. Despite the thicker
laypers, the ASE vabies were lower due to the formation of a
much thinner corresion Layer for the La-oxide-based layer, In
the case al the Y-oxide based loyer, this value was slightly
worse because the layer imell was the most continuous of all,
This was also confirmed by the activation energy values. The
best ASE properties were obiained for samiples coated with
Gd-oxide. The thickest layer of the GdOy-based sample did
not cause the thinnest camosion layer, but ewen this did not
prevent the greatest decresse in the ASE value. The applica-
tion of Gd-oxide-based coating led to & 4-fold decrease in the
ASR, which is an important achievement regarding potential
long-term stack operaton.

In Fig. & A X-ray diffractometry analysis was performed on
the samples oxidised at 700 “C for 2000 h Due e the amall
thickness of the oxide coadng layer, the intensity of the
coatings-related peaks 18 low but still allows gualitative
identification,

For the uncoated sample, the peaks [rom the stee] sub-
strate could be detected together with the peaks from the
formed oxide phases. The most intensive ]:f:'l: carma from the
cubic MRCr0y, [ICOD card #75-1614) follewed by Cr,0,
[#IB—1475). The measured peaks wene shifted in comparison
to the dembase mpuis, but gualitatively they very well
desceibe the oxides. The shift might be caused by sample
masalignment or a slight difference in the chemical compo-
sition of the oxides. The two found oxide phases ane typical for
Crafer 22 AFU cxidised in the conditions used [36,37].

The analysis of the coated samples reveabed some diffier-
ences in the oxide scale formation on different substrates, The
sample comted with cerum showed the formaton of
[MnCriyCy, Cryly and the Cely phase (#34—3594), which seems
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Fig. 9 ~ XRD spectra of coated alloys after 2000 h of oxidation (A), relative ratio of the intensities of the steel peak to the main

peak of the oxide phase (B).

to retain its fluorite structure. In the case of the gadolinium-
coated sample, the most intensive peaks came from the
MnCr,0, spinel, followed by GAMnO, (#25-337), Cr;0, and
Gd,0, (#12-797) phases. Gadolinium oxiie reacts with man-
ganese oxide, forming a new phase Some gadolinium
remained in the pure oxide form. The La-oxide coated sample
showed the formation of a LaCrO, perovskite phase
(#24-1016), which was the most intense peak. In addition,
Cr,04 could be detected. For this sample, the formation of the
MnCr;04 seemed suppressed - it had the Jowest relative in-
tensity among the studied samples. In the case of the samples
with a Y;0, layer, the most intense peak corresponded to
cubic MnCr,O,. The less intense peak carresponded to Cr,0,
and the least intense, but still characteristic peak, to Y;0,
(# 41-1105) [38-41).

To qualitatively compare the oxide scale thickness formed
on different samples, the relative intensity ratio of the main
steel substrate peak and the most intensive axide phase peaks
is plotted in Fig 9B

For the long-term samples, the sample with the La-based
layer had the highest value of the intensity ratio coefficient.
This was mainly due to the formation of the chromium-
lanthunum spinel This spinel is the most intense peak in
the diffraction pattern. There is no visible spinel in the Y,0,
layer, only the oxide itself These two layers also showed the
lowest weight gain. In the case of the sample with a layer of
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cerium oxide and gadolinium oxide, both the presence of the
oxide and the spinel were identified. At the same time, these
samples showed a Bttle better weight gain properties than the
reference sample.

The results obtained are supported by studies conducted
by Chevalier et al. [40], In his work, he investigated the for-
mation of perovskites from Gd-oxide, Y-oxide and La-oxide.
The tests were performed at a temperature of 1000 ‘C.
Chevaber showed that LaO, converts to perovskites very
quickly. Gd;0, transforms much slower (more than 100 h at
this high temperature). In the case of Y0y, this time was even
longer, nearly 300 h. In our case, the described tests were
camied out at a lower temperature (700 °C) but the phase
formatson after 2000 h of exposure was similar [42]. Gil et al
undertook the task of explaining the effect of the grain
structure on the oxidation product in the case of the appli-
cation of protective layers on steel. Studies have shown that
thin yttria layers do not form a continuous layer at tempera-
tures close to 1000 'C. At lower temperatures, the oxide forms
a continuous layer. However, attention should be paid to the
short measurement time of 100 h. When using longer times, a
tendency towards oxide discontinuity may be observed. The
formation of perovskite in the form of YCrO, faciitutes the
slow diffusion of oxygen to the inside, which at the same time
significantly slows down the diffusion of chromium to the
outside [37]. The cited studies show that the temperature of
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700 “C 15 too low for the formation of the perovskite form of
YCrO,, More time and a higher temperature are needed to
produce such a phase that could inhibit the diffusion of
chromium to the outside. This problem does not occur in the
case of lanthanum, which is produced in 4 significant amount
in the form of LaCrO,, and even the shorter deposition time

and the thinner layer did not significantly deteniorate the
thermogravimetric results cbtained. The samples with Gd203
and CeO2 partially form a perovskite phase, so the protective
effect s more complex. It seems that several “protective”

mechanisms are plausible, and these have been studied for

many years, as pointed out in & recent summary of Chevalier

m

Mn Ce

Fig. 10 - SEM and EDS elemental maps of surfaces of CeOy (A), Gd ;04 (8), Laj04 (C) and Y404 coated (D) samples after 2000 h of

oxidation a1t 700 C

Raleronce

Fig. 11
layers and the reference sample
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SEM photos and the EDS analysis taken for sections of samples after long-term corrosion at 700 'C for the discussed
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[43] Mewertheless, both thermogravimetrdie, electrical and
XRD messurements show the importanos and effectveness of
rare earths in cormosion protection.

A peost-mortem examination was performed by SEMEDS 1o
analyse the surfaces and cross-sections of the samples. This
analysis was performed after 2000 hat 700 °C. The results are
ghewn kn Fig. 10 and Flg. 11

On the Ce-oxide and Gd-oxide conted samples' surfaces,
small [1-2 pm} manganess-chromium spine]l crystals are
vigible, The ¥-oxide coated sample shows the Ergest surface
crystallites, which are composed of Cr and Me. In these cases,
the active elerments seem to be distributed uniformly on the
surface of the alloy and are not present in the large
crystallites.

The samples based on a layer of Lag0y show a differsm
surface morphology. In this case, it seems that the formation
of the LaCrD, perovskie phase socurred uniformiy over the
sample surface, According to the MRD, this indicates a
significantly reduced formation of MoCr,0,, which seems o
grow along the alloy grain boundaries. The surface of the La-
oxide coated sample = the smoothest, with no large
crystallites.

The results of the SEM/EDS cross-section analyses are
presented in Fig 11, The aodation 8t 700 "C resuled in & very
thin codde scale. The cormesion products seem similar in all
cases. The chemical compesition of the outer oxide deter-
mined by EDS shows the presepnce of resctve ehements at
same gpots. The coatings are not contdnucns a8 they are quite
thin and they react with the Mn/Cr oxdde scale. Some mbernal
coidation is visible on gll samples, which is connected to the
growth of the oxide scale in the grain beundaries of the alloy.

Conclusions

This artecle presents the results of the eleciyod epesition of
Ce-, Gd-, La-, and ¥ -oxide coatings based on ethanol solutions
of dissolved reactive element nitrates. In terms of educing
the kinetics of oxide scale growth, all of the coatings per-
formed similarly. Ths was confirmed by both thermogravi-
metric and electrical resistivity measurements. The lowest
wibght gain was obtained for the Y-oxide and La-oxide based
coatings, where the commosion mate parameter was decreased
by -40%. The electrical resistvity of the oxide scale was
reduced by a factor of 4-7-fold depending on the particular
coattng. X-ray diffractemeny allowed for the gualitatihe
identification of the cxides on the suaface of the Crofer 22 APU
plates. The reactive elementa showed different reactwvicy
with the Mn/Cr from the alloy. In the case of the yitria coated
sample, no feacton with Cridn was detscted, whereas for
the La-podde coated samples, ransformation of the La-oxide
coating to LaCrd, perovekite was apparent SEM microscopy
confirmed the dissimilar behawviowr of the different coatings.
in the case of the La-oxide coating, its distribution was alse
uniform on the sample surface and no large Mn-Cr oxide
spinel parteles were {ormed, whereas in the caze of the Y-
oxide coating, its distribution was also uniform but larp
Min-Cr oxide crystallitea grew. Overall, the most promising
laypers seem 1o be either La-/Y-/Gd-oxide based, affering quite
similar performance and benefts.
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10.2. CuMn,,Feo:04-RE:O; (RE =Y, Gd) bilayers as protective interconnect
coatings for solid oxide cells

Authors: Barttomiej Lemieszek, Justyna Ignaczak, Krystian Lankauf, Patryk

Btaszczak, Maciej Bik, Marcin Zajgc, Maciej Sitarz, Piotr Jasinski, Sebastian
Molin

Jornal of European Ceramic Society, vol. 44, issue 15, pages 116743, 2024,
https://doi.org/10.1016/j.jeurceramsoc.2024.116743

IF=6.2(2024), MSHE points 140, Citations: 10

This work, a continuation of Article 1, focused on two selected rare-
earth oxides, Gd,03; and Y,03;, combined with CuMn, 7Feq 304 (CMFO) spinel to
form protective bilayers. While the role of rare-earth oxide layers was
described previously, here CMFO was electrodeposited as an alternative to
the commonly used MnCo0,0, spinel in order to achieve higher electrical
conductivity. The bilayer desigh was intended to compensate for the low
electrical conductivity of rare-earth oxides through the use of CMFO, while
maintaining effective chromium diffusion-blocking properties.

Structural analysis of sol-gel synthesized CMFO by XRD and TPR
showed that it decomposes and reduces at lower temperatures than MCO.
Three coating systems were prepared: CMFO, CMFO-Gd,0;, and CMFO-Y,0s.
After 4,000 hours of oxidation at 700 °C, the lowest weight gain was observed
for CMFO-Y,0;, followed by CMFO and CMFO-Gd,0;. ASR measurements
also indicated the best performance for the CMFO-Y,0; bilayer, while CMFO-
Gd,0; showed similarly low values. In contrast, CMFO alone exhibited higher
ASR than the reference samples.

SEM-EDS analysis confirmed that the rare-earth oxide layers effectively
inhibit the formation of athick chromia layer, which causes stronger chromium
migration, as observed in samples without these layers. Confocal Raman
imaging supported this result by showing markedly higher MnO, content in
CMFO-only coatings, which was absent in the bilayers. XAS analysis further
revealed changes in the manganese oxidation state, suggesting possible

degradation processes in the material.
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The novelty of this work lies in the application of double layers with
CMFO spinel and in evaluating the effect of the protective layer on corrosion
resistance at 700 °C. The additional layer significantly enhanced the blocking
of chromium diffusion. Furthermore, the material’s reduction and oxidation
mechanisms were investigated using the TPR (Temperature Programmed
Reduction) and TPO (Temperature Programmed Oxidation) techniques.

The main achievements of this work include demonstrating the
feasibility of obtaining a protective coating for Crofer 22 APU steel using
cobalt-free materials, while simultaneously eliminating the problem
associated with such materials. Notably, after 4,000 hours of oxidation at 700
°C, the ASR value was below 10 mQ-cm? - well below the commonly accepted
limit of 100 mQ-cm?.

My contributions to this study included material synthesis, coating

deposition, corrosion testing, ASR measurements, SEM-EDS and XAS
analyses, as well as evaluation of corrosion, ASR, XRD, and XAS data. As in
Article 1, | was also responsible for interpreting results, preparing figures, and
writing the manuscript. As the corresponding author, | handled article

submission and prepared revisions in response to reviewer comments.
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ARTICLEINYO ABSTRACTY

Keywande Efficiont replacement of marerials based on crtical cdements such as cobalt is coe of the greates challonges
Mgh impaanse coanuin facing the fiedd of solsd oxdde colls. New generation mamerial, froe of cobadt show potential w replace conves.
Sold axide cull (S00) tiosal material. However, these maesials are characterised by poor ability m Mock chremium difesion. This
mw,‘ anicle dscribed the stady of CuMay Feq 104 (CMPO) spinel combined with single metsl oxide (Y20, or Gd0y)
Resctive & e thin flms & protective contings for steel Suerconnects. OMFO was exssmined using XRD and TPR. Conted siosl
siempies were oxhdised in as alr mesphere s 700 °C for 4000 h. The contings and oxide scake microstructures
and cresssections were examined by CRI, XRD, and SEM-EDX. The dlectrical properties of the stosicoating
sysiemt were evadusted using Area Specific Resbstance messrements. Based oo (he resedis olealned, it can be
comcbaded it the we of thin layess of eare sarnth oxcides allowed for better blocking of chromins diffusion
1, Introduction diffusion of chromium (0 the surface of the layer, and increasing the

High-mmperature corvosion of sieel intercoemects is ane of the main
degradation problems in salid oxide cell ssacks. At high temperatures,
ferritic steels develop a cheomium oxdde scale, which further peotects
the steel substrate from uncontmiled oxidation (1.2). The thickness of
the chromium oxide layer increases with time acconding 1o parabelic
oxidation kinetics [1]. Oxide growth muses two important factors: an
Increase in the electrical resistance (area specific resistance - ASR) and
the evaporation of chromium (s air side), reducing the efficiency of the
fuel colls [1.2.4], One of the mitigation stmteghes is 10 cont the in-
terconnects with dedicated protective contings. Various materials have
been considered for coasting ferritic steels, Incloding metallic coatings
(5-4), reactive element oxddes |9 15, perovskite axides [ 11926, and
spimels (27-94). Among these materials, reactive-clement oxides and
spinels are particularly often used.

Reactive-element oxades in the form of LayOy, CeO,, Gd;05 and
Y40, are used commonly as costings or additives for high temperature
aloys and also were successfally used o coat interconnects. These
materials are characterised by a high aflinity for oxygen, blocking the

* Ceeresponding suthor.
Eonil eddraa: bartlomie ! mlecsbopp od pl 08 Lemiesaek).

hirpee s Abat o g/ 10,10 160 | Josromrmmmand, 2024, 116740

adhesion of the layer to the metallic sabstrase (1], The main disadvan-
tage of this group of ceramics is limited electronic conducdvity, there-
fore the coating thicknesses are usually low, bedow ~ 1 pm (V). Yoon
et al. described the application of LayO; as a coating of STS444 In-
terconnects  (stalnless steel). The study examdned the surface
morphology and cross-sections after 500 h at 700 “C, The presence of
phases such as CryOy, LaCrOy, and (Mn,Cr Oy was demonstrated [ 141,
Molin et al wsed thin Y30, coatings of a thickness bedow 100 nm on
Crofer 22 APU and tesaed] the protective properties of the kyer on the
stesen -hydrogen sde at 750 'C for 20000, The descrided thin-kayer
coating resulted In a redoction in the thickaess of the oxide layer and
a high and stable ASR valoe over thme [10). Lemibeszek et al. demon-
strated the influence of thin layes (CeO) G0, LajO,,
Y30, thickness below 100 nm) on Crofer 22 APU steel in an air at-
mosphere at 700 “C for 2000 b & has been shown that the use of coat-
ings reduces sgnificant weight gain, especially in the case of LayOy and
Y105 coatings. The best ASR values were demonstrated by samples with
# Gdz0y5 ar Y40, conting [ 18], These coatings, even thoagh they reduce
oxide scale growth kinetics, they do not prevest Cr-diffusion and
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evnporation, as the exiemal sirface pemalns &s Oyl just with o e
ercil thickeess

As Moy (MOD) spine 15 she curment safe-l-thean projective
layer for S0C metallic interconmecis. This materal was found o be
highly effective ol preventing oxidation and redudeg, chromium diffu-
stan and evapomiion in metallic intermanecss [15]. The foous & now
aimex fowards finding sllemative materials than MOO, The oot anad
dificul working condivions of msnkeg coball, ad well as 0 Grcinoges
miciny, cannon b overbonkid |56, 070, That is why maberials subsinring
cobaly with, £g., copper hawe been developed, with various dopants
(A2 4L For example, ignaczak et al. synthesised a new spinel marerial,
Moy 7Cuy 5 gFeglly [xo= 0,001, 0.3, 0.5) [55) and Mng CuFegOy (x = 000,
0.1, 030 [349); msing a modified Pechini metbod.

The sracture of the Mg 7CuPeq 30y alter synthesis and caldnation
a1 4K °C reveals the presence of the makn phase being Cubng Feq 404
with a miced cublic (Rd-3m) and a erragonsd (M1 am 2) spine] seroc-
ture. Following the inerease & Fe doping, the siee of 1he usin cell was
redigced. Additional Cul) phass were mor dewoed when aneealing
spined ai fempemiures higher than #0 "C (349 Mamr e al. denoted &
miyﬂinﬁﬁm':htungﬂm_mnﬂn “ when the
material was synthesised by the EDTA-gel peocess [40]. Hosseini e al.
described the coating of ABI 430 steel with a layver of Coy sMng 0y
spinel, and the corrmmion properties wene exariined a8 750 °C for 500 h,
A 70 % reduction in the ASE wohse was observed from 63,5 0 19,3 mi
ere® & 750 0 I vins also observeil that the axide layer fimmed after the
amidation process wias — 4pm [41], Sudy by Ignaceak et al. showed
several beneficial fesures of the Mn-Cu hased cxbde spinels over the
Moo based oxide spinss higher electrical comductivity, especially <
i, well matched thermal expansion coefcient. The drawback has
bewn lower intrinsic oxidation protection, i.e the steels coated with
MICO ghowred lower weight gain in comparison e the Mn-Ci hassd axdde
apinels coabed seels [ 79),

A v Dremd i e enating of interconnscs with double layerm, inost
aiften kn the foeen of & thin layer of 8 mactive element oxide and & thicker
layer of spanet, but also double lnvers bassd of peroaskine coldes (42,430,
The concept of coating, interoonnects with pam macerials is to wee the
addvaniages of each type of material. The use of a REoxide in combi-
natiom with spinels makes use of the advantages of each material. Bal-
land et sl presemted the resahs of @ investigation on the coating of
interonnects. with lnmthasmum axide and (CoMnj0y on Cofer AP
wleel for o maoimiuam of WKL ar BN "C Coating invelved spplying
lanthanum oxide and annealing for 100'h then depositing metallic {Co,
Mah This alitmarely resubied in the nematdon of LaiCry Mgy and
(T Mn] 90y fayers [17]. Bryfewski et al examined the influence of &
double layer composed of (e 205 and MCoz0y. The BE-oxide layer was
applied by mpin comting and the spinel Layer by electrophoretic deposi-
tiom, The mempled weee frod at 8O0 °C for Z260h in s airtight stmo-
sphere. An elfective reduction in the Toemation of valatile clromiom
companmds anid p dgedficans reduction in weight galn sl area-speciiic
resdsance were found [44]. Mass et al. presented the results of ooating
Croder 22 AP steed with & dowhle layver composed of GOy and
MpCooth, Themsogravimetnic tests were performed ar 500 “C for
POHH b & significant reduction in wedght gaim and & very low ASH valoe
af (1% 61 cm” after the final stage of cxidation wene demanstrated.
Tests were also camied mat wsing a foel cell (o check the ability of the
protecive layer W ek the formation of active chromium species thar
eoaald] pariseen thee cell s cathagde. This spely cleady indicaned the effective
blocking of this element by the combination of maserials used as peo-
tective lmyers |45 | To the best of our knosledge, there i no mendan in
the liverature of the wse of bi-layer coating in the form of reactive
elemeni oxide and spinel (CuMnFejyle.

This resenrch work presents the resils of coating Craler 22 AFU steel
with bi-laypers of B E-owide (yitrium oxide or gadofi nbem ocide] amnd a tap
Lanyer of CaMoy +Feg 4Oy grinel. The wlection of (hese two BE-oxides s
hawed on conclddons from provious dedies due eo (e reduction in
wesght galn sl lowses ASH valwes (18], The senples were tessed via
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thefmegravimeirie messuremens in nthermal condickons for o 4000 b
Post-martem malyds wis used o study amd compare the stnoonanal
properiies of the materials using meihods such as XED, SEM-EIS, XAS
spectra, and Confocal Raman imaging Additonally, the elecrical

properties of the smples were pested.
2 Materials and methods

1. RE-oide Layer depasitiog

The hase solution ased o ohain de RE-ouide layers was 2 mb Gd
(MO bt Hp O (Sigma Aldrich %259 % purity, USA) or ¥{NOyly = 6Hz0
(Sigma Aldrich 99% purity, USA]) dissolved in sthamol (Sigems Aldrids
9.8 %, USA)L For mre eanth oxide dedrolyiic deposition, suibstraies of
1.5 = I.ﬁl:ml",llﬂr- thick plates were cull from Crofer 22 AFU seel
(YD Metals, Germany ) A small hale 3 mm in diameter ) was panched
i T e puat of The sampdes, MNoliceable Devures wer remoyied o
the palges of the planes wsing a polishing machine with wet 1200 grc
paper. Before applying the mee camh yirrium or gadolinium odde
coanings {artibuted as RE further in the jex), the places were meticu-
loudy cleaned in an slerasonic bath containing a sletion of disifled
water, then in acetone (POCHL Poland). Crofer 22 AFU stee] plade wis
ased as the working electrode (mithode] i a two-derctrode dlecrobytic
depmigion swsbam Crocodile clips wene aead 1o connect 0 the cleamsd
and driegd plabes, The counter electrodo Canode) was o large Crofer 22
AL wreed shawt posicioned symmersically on either side of the working
eleatrode {active geometic saface area of about 50 em®). The disinnee
berween ibe working and counver edecirodes was less 1han 15 mm.

A programmahle power sapply was used o apply #0V berween the
eleotroades (Delta Elektronika Power supply S5 300-5, The Metherlands).
Basesl on a previous smdy, the deposition time was sdecied as | min
(iickmess — 100 nml [15]. After applying the RE lnyer. each samgple was
wir-dried aml hoated to 00 "C o e the complete comversion ol the
depisited layers 10 axides amd the hroakdows of rsidual nisates,

22 Spdeel opnthesis ama deariion

Cu(NCyly & 25H0 (Sigens Addrich, 99.993% puriry, LISAL Mn
{ MOl # AHR (Sigma Aldrick, 97 % parity, DSAL amd Fe{ MOyl » %H;0
(% gma Aldrich, 9€.5599 % puriny, USA) were dissodwed in distilled waier
anid used & the maning solugons. According 1o the intended commal
compusition of the spinel powders, those were mixed i proper meolar
ratio. The sobations were heated 1o B0 “C with constamt stirriog on &
henting plabe equipped with a magnetic siimer, Ciric adid {Caligy,
Sigma Aldrich, 99% purity, USAY aml EDTA ([CHoMCHO00H ],
Sigma Aldrich, 99 % purity, LISA b were sdded oo the sriceed solution ine
modar pacin of 2:0:1-TMI as ehelating agens (TMI - 1oanl number of
midar kns]. Diluved ammonia (25 wws HzO) was added dropwiss o
adjust the pH 10 & To inftiste the ransesterificaion proces, ethylens
glvool (T, 98 % purity, Saint Louis, USA) was added while stirring
coestantly inan amount safficient bo obtain a ratio of 1 mal polyalooha
1o L mel metal citione, The ligeid precemsar wis maintained o 80 "C
until & devre gedlike siroctine wi schiewed, The realam gl was
placed in & mmusfie G ace and hismied 1o 400°C for two hours. Afer this,
the oibiained powder was floed ar 800 °C e 2 b, To schieve the lowess
jpossibde grain size, tee povwder was ball milled using the roll mill method
with zirconia milling halls (¢ = 3 mm} and & rotastonal speed of 800 mo
for 4 b usimg a planetary mill.

The CuMm sFeg 0 (CMPO) spinel layer was applied by the elec-
trophoretic deposilion technique wing Crofer 22 AP steel as the
calbyole didentical i the LE-0 de Diver] with the same dimessions, The
i was Crofer 23 APU steel with a langer surface mea (50 cm™), The
Buree snluthon comtained 1 g of CMPD powder dispersed in bopeopanal:
advinne (4:1 mth, 100mlL Crystalline jodime (001 g per 1000ml of so-
lutinn] was added o the soluison. The nesaliing mvixnzre was sonicated in
an uhrasomic bath for 15 min to dispere the spinel particks in the
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liqquiad. Thre rypes of samples wene prepasad. The fest 1ype wis Coaler
22 APU steel momples with only ihe spine] layer (labelled as CMFO)
The serond type conssied of samples with & thim layer of gadolinhsm
oxide and, on topof that, a spinel byer (labelbed as 'CMPO-GdaOy'L The
last rypee was samples with an ytirium oxbde Laver (same thickness) and
the spinel layer (labelled as ‘CMPO-Y304 L Uncoated Croffer 22 AFL
avee] plites were used ad reference smples Oabelled a8 reference L The
summary of 1he prepared samples is presenied in Table 1, A prsgmm-
mabile power supply (Delin Elekimonika Power Supply S8 300-5, The
Netherlands) was osed o apply BOW between the decimdes The
dumticn of the elecirophoresis was 4 minates io obtnin a spined layer of
= 16 pmi thickness, After coaring the sieed, a heat treaiment process was:
applied wiader a redudng amd oxidzing st ogtere, The reduction siep
wias cartied aul bn tubs fumsee (Carbolite STF 16,450, Germasy ) at RO
“C foe 10h under a hydrogen atmosphere with o flow 175 el min 7, sod
an o kdar| on szep a1 900 “C for 2 boonder sl in a box fumeee (Linn High
Therm IMA1L06, Germany). The selection of these conditions was
based on preliminary tests determining the optimal conditions, and the
choice of a lower tempembere was asocisted with the result of smaller
meiallic partides of copper and iron. The awe of a lower temperature for
the reduction gage also rechices the thickness of the dyvromiam oxide
lnyer after the exidation sage.

23 Mesuremmis setheds

Temperansre-progmmmed reduction (TPR) es was perfomeed for
Cubding 7Feg 10y wsing an o house: buils TP wmit induding a TCD {Hsck
Soientific; USA), hested trapsfer line, and specially designed quartz
reacbor. For the reduction test, 75 mg ol spine] powder was placed in the
P s, QUAPTE W] s usind B0 creaie & homeposeois reactive bod and
limin the ehition of the powder. The TPIL e was performed under the
starlard 5 val® Hy in Arand flow rate of 40 mlmin " The sumple was
heated up from room tempemmre o — 900 “C at a rate of 10 min !
with ibe dain collection frequency set io | He The smmple of CuMng o
Freg by umderwent two idlowing cycles of reduction inlerspersed with
the oollection of the oxidation profile inder ihe same expermental
conditicna, akhosgh ander & Seeans of 5% OgHe eadive gae. For
comparisom, a wmple of comenercial MinCoy0y ponwder [Marion Tech-
nodigles, e ) was measared while under reduction.

X-my diffractbon (XED} was wsed (0 examine the microstrocture of
the onabed Crofer 22 APU steel samples using a Bruker D2 Phaser | Bruker
AXS, Germmany} diffraciometer with & Lymoeye XE-T detecor and Cula
radiation (L = {L.1546nm) XED measorements of the smithesissd
powdier were made for ithe powder afier treatment ail 800 "C ander ai-
mngiheric air and bor prepuired ssmples after T b, 2000 b ang 4000k
of el bt i,

To determine the oxidanion dnetics, the samples were subjected 1oa
tempeniere of 700 'C under an sir ammosphere 1o & box fsmace
(Nabertherm LS/11/8180, Gemany) The weight gain was measured
using a bakance with a precision of 10 grammes(Radwag KA 62175,
A0 PLUS, Polmd b The long-term " comouson shady was carded oul for
4000 h i 250 cycles (16 cyveles), falkowed by mass measurervem
and caleulation of the mes imereme, For ench of the sample 1ypes, 16
sperimens wene nasigeed for bong-term eating, of which 3 samples were
takens out afier 1000h, 4 sfter 20MHkh, amd ihe remainiog 9 were
remowved after the final period of $000 b Unooated Crofer 22 APU siee]
was ised & reference simple (5 samples) As for ihe mated samples,
one reference sumple wos taken out after 1000 b, two after 2000h and
e alter 4000 k.

Hecrical resisoce migsucements  were perfomed  ex-situ far
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anmples after anddation rimes eqanl 1o aege, 1000, MEN0, and 40006k, As
& reflerence, uncoaied samples that had undergone the same oxidaion
times were med. In a cress-scale setup, electrical resisiance pests were
comducted {Pr/lapes steel Aayens/M). On both sides of the sieel, plat-
irmm electrodes (with a surfaoe aren of 0% cm”) wen paimied with a
brushy, dries], amd heated 28 700 °C for two howrs. The electrical resis-
lamew wim frvasared asing an impedance sslyser inoa fec-eloctrode
setug (Vertex, SA, Iium Technologies, The Metherbands). The ee was
perfomued @ & feequency of 1 He with an amplioude of 1 mA (the
imaginary component of the impedance was negligible]. The smples
were heated po F00 “C, and the resisance was measured i a cooling
cyde every 50 “C down to 300 “C. The mamimum current density
through tle specimen was retricted 1o 10mA om,

Cros-srcions amd the stond surfem with & proteciive Llyer wern
exmmined uslng scannéng electron micrscopy (SEM) on a @adanary
SEM Phenomn XL (Thermo Fisher Scientific, USA} ot an aocelemring
violesge of 15kY and & pressure of (L1 Pa. A SED (zecondary electran
detecior) and integraied energy dispersive Xoay microanalyser (EDX)
wemne el The sumples were imbedded in epoxy resin { Epo¥ix, Streers)
and then polisked fv a 1pm finish using @ semi-automatic Seroers
Tegramis- 20 machine. Price to the imaging @ep, the smmples were
sputieeed with a thin casbon layer for benter curge trassfor and higher
resalucion of the SEM Emages.

Raman specirscopy (Raman Confocal Imeging] was carried o
wsing a WiTer alpha 300 M+ spectmometer (488 nm kser line) Mes-
suremens were corried out on pee-prepared ooss sections, osing a
1ik = FEISS Epiplan-Meofluar objective with M4 « 0.9 and 600 grating
spectral resshition of &, 3om "), The aneas of o comstant width (5 am)
wene scanied s thelr leighi (om & o 13 pm) wis dependent on
seale maring thickness. The iniegration time for & singbe specinam was
equal 1 158 The WiTec Conral AVE sofrware was osed o meoord
Raman spectra, wherens 'WiTec Project FIVE 5.3 PLUS, s well a5 the
GPUS 7.2 software were used o post-process and mnalyse the resules,
Prior o analysis, preliminary mathematical processing — exiracting the
lknimﬂrmilli—lllﬂm'l?.t-:ﬁn:mm}nndmimhu
removal Mhe CRR [eer] - wis eoecubed. Salsoquenily. an inlegratian
Meee (with both mecifie position amd width on the gpecrum) was
applied 10 the charscieristic speciel pegions (e.g. the CrgOhy hasd st o,
ssﬁm'llﬂ:lruﬂ.nhmunhﬂnﬁuunimqnmpmud,lm
of distribmtion images was revenled, and the most represeniative specim
fior ench phese were exiracted manually, which deemined the presence
of dominating phases,

K-my Absorption Spectroscopy (XAS) was performed using the PFIRX
tewmling ar the SOLARE Mavional Syncheotron Redinten Cemtre,
Krakow, Poland. The specim were eollected nr war ous compositions of
the prepared protective coating as well s the samples sahjecred o
different oxidation imes. Messarements were made for all three el
ments included n the analyssd materisl by measiting the abaomption
specira ol The Ly and Ly edges of Cu. Mn, amid Fe, In the case of copper,
puere, and high-grade oxiddes of CogD and Ca werne used o the refer-
enie, For mangaaese, MnOroxide, Mgy, and MnO; oxides wene mken
&f nominal materisls Feglly owide wos ssed o determine the &an
ol daring siaie in the preparsd smgles.

3. Results
A1 Peowde preporation wal charncienismsior

The phase comgesition of the powders was determined by XRD
mensuremenis, The obiained dilfrscion patbern foe the Cubin g Py 10y

Tahle 1
Momenclinre divicion of mples with difsrem oypes of pooiecive levess.
Sampds sEme Eairrense (s "u o] CMITGE Ty CMP-Va
S rtwpla corm pun il ion Bare: Crofer X3 AL Caaej pley iy il j Py 0y - Gy Cuibe pley sly- ¥ iy
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povler is presendedin Uie 1A Pesks were observedd for the cubic phase
{spacce groap: Fd-3m) s 17, 30 367, 375", 437, 52°, 547, B8, 64", and
A", il for 1he tetengonal phase (spaoe grougs M1 amid:2) an 327, 457,
and 65, Imguricies in the form of Mach; and MnyOy oxide were alsio
ohsorved. Peaks comesponding o My were lound m 29, 37, 577,
549°, 617, and 65 and for Mny0y ar 187, 31°, 44", and 65" Ignaceak et al.
also observed a mized cubic amd eragonal phase oocurming for
My CuPen 905 [94]. Bobruk etal observed Cog aMng #04 impurities in
the form: of Mng(y [£5].

[rase ix the resjuiremnent of sintering of the spinel-Based coatings in
yeiducing cudising  condidons {redox dmierieg), undersanding the
spinel eedwction process can be valluable | 47]. TFH profiles can indionbe
the mdudeg reactivity of metal oddes. In general, & decresse in the
reduction tempemiimne indicates @n increase in the redoction activity.
The: composition, particle siee and surface area of the metal oxide in-
Mueenor its meducing capacity, The resalting reduction profles of the
aplnel are possenoed I Fig 1B, Two redactlon cyches were perfonmind 1o
hetier underaand the proceses happeaing during the coating prepara-
tios gep. Two man eduction regions (peaks) were observed, which
describe the processes mldng place in 0 complex way. AL & tem peramrne
close to — 260 °C, the start of the reduction of the Cu®* s visible (),
which is gaite commeon in the fiekd of Ca-based spimels. The Cu fons are
being easily reduced o Ca’ and further fnbo metallic oo, which =
qpuite o Fasg process with o e distinction between the fwa sbeps [45],
The reduction pmerss af Co ons, depending an ihe degree of doping.
can mke place up w0 @ tempemiure of 400 “C. o this cese, @ seems 10

with the manganese lons reduction signal when reducing Mo
o Mo ai around 306 “C () (490

Liwwer temperaiares of the rediction into purely metallic species ane
chamaeristic for Cul) deposited onto carriers mich as Y52 or 20y, &
sl s Firr highily dispersed cogper axchde and Cu™ entiens in the oon-
hedral stnacruee of the materals (50551 The | prik s & seperposition
af the dngle-mep balk Cu®* reducion and the fies Min reduceion siep.
The manganese redudion process from Mn'* to Mo?' revealed & first
miai v at — 3 °C o] comiinses & a fwo-step process up bo 365 O
{71 when most of the Mn fons are being comveried into a Mo™" sate,
Toeming & precipitaie of Me(k The lowering of the Mn raduction tem-
peratire can be midbubed 10 the Cu-indaced spillover effea [56].
Metallic Cu parvicles are incrensing the kinetics of the reduction process
al the bulk spined and the coming preparation tempersure can be
lowered. The aforementioned are also overlapping with the
reduction of P jons imio Fe'"' spacies, abeo indicated as the ¥
peak. After that step, the mmple still coninins the Peheled phase,
which upon harther hesting abwsve 600 "C under Hy, is slow iy converied
inen imetallic imi (55,5759, The reductbm of lroa above 600 °C dors
nat hivve sach s birge Impact die (o the bow content of this dement in the
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meaterial. Pollowing the reduction of the spinel stracture, it is decom-
psnd it the comespooiling misture of separated oxides/metalk. The
formation of retallic masganes & not posible within (e aelyed
rerm e,y range and the sample |5 compesed of M mized with
meetnllic Cu and FelFe The oxldazion profile s shown in Fig. 50 A and
Indicates ibat full reoxidation was finished up to 800 “C with visihle
mamima coming from each of the substiieents found in the redwced
sample. The secondary reduction profile visible in Fig. 1B shows thas
after the reduction amd oxidation proces, the spinel struchine sems bo
become more homogerens amd most likely ek 1o eoryanBise into
melcrometric grains, that due o the overwhelmieg amount of Cu s being
reduced in one sep with mo clear distinction beoween the undergoing
proceses. Une should mke that inio account when perfonming the
reduction process, as wo-mpid straciural changes might mduce huge
intemnal siresses amd mny lesd © lower integrity of the layer. Fz 51 8
sharws the reduction profile of MnCozCy (MCO) spinel. Compared (o the
M0 e e, ot o 1 rac tion proonis ol Culng #Fiy 0 ta ke place
ar sempersiures kower than for MOD For MOCO, the main peaks corme-
sponding to the eductkon of Cooand $n species o metallic Co and Mo
wene located an 500 nod 585 " The result is in line with previous re-
ports om the MO0 reducton behandoor [40]. Disregarding the sluggish
reducison of the Peld down io metallic Fe, ghe CuMng 7Feg 40 15 more
easly meducible. The reasun for such recogmition of peaks in TPR &= o
ke inlo seoount e vadue af the pedox potealizal of swch cition amd to
ke into pecown literaiure data. The redox potentials are respectively
fiar the comversion from pMeCh, Mo, e M & 1224V and |
1.51 eV, respectively, (pMn® M b - LiBsev; o2 e’
el e are + 0.771 eV and — 044 eV, respectively, The redox po-
pential for copger reduction Ca ' ACu” is & 0342 &V,

12 Oxideion res

The: mnfluerce of the spinel bayver om steed corrosion behaviour and the
Il of a (hin cersmic biyer of gadol ind um oxdde s yvindwn oxide
werne imvestigaied by nabijecring the samples 1o corrosiom tests al 700 °C,
Those condithons were chosen hased on the cuseent rempemiure reed in
the SO (461,

The resalis of the cydic thermogravimetry messsrements are shomwn
in Fig. 2A m a linear scale, in 28 in a parabolic smle, and in 2 G, the
warfation of e pstantaneons corrosion mie over the mmmse of the
experiment. In the case of ong-term comosion, the highest weight gain
huﬂmﬂﬁtﬁtﬂ&menmﬂhmulmﬂ.ﬁﬂ*ﬂ.mm:m"
afber 000 b, However, o slovdown in the inceas in weight gain b
visitle afier 3{H10 h, where the weight change is small, and afier 350 h,
the maex 5 being maintained practically constant. For the CMPG same-
ples, the iodal weight gain after 4000 b was U042 4 (WS mg cm T

A+ -cubin Fe, 0, so0°c | B |cumn, Fe, 0,
w - WD), M e 1" b
) = = I Aaduchon

LT = 308 396

Intensity (a.u)

i i
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- : Mn® ki L
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Fig. 1. XBD al the CaMing »Fey 30y spine] @fier caleinaion ar 500 “C 04D and the TRF plo foe 1he maleerion ol e Do oF e, 40, (B1
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which was more than a thresfold decrense in this valne comparsd ta the
reference tample. The same was observed with the CMPOGda0y same
plex, where after 4000 h, an imoease in mass was equal to 0053 &
.04 g cm? wins sen, The lowest weight gain was obtained for the
CMFO-Y 0 samples, Samples with a ytiria layer snd spinel showad a
wesght gain alter 4000 1 eqanl 0o 0040 & 0L mg o7, Le., nearly
T vhenes less werighe gain than the reference sample.

For clarity, Fig. 52 A and B shows welght gains of eoated samples
excluding the reference sumple. Values presenied in Figs. 2 and 52 are
hasedt on the avernge weight gain of the smples. Fig. 53 shows the in-
dividual weight gains af the tested specimens of CVPO (53 A), CMFO-
Gety iy (53 B andd CMPO-Yo05 (g 53 CL All smples showed a smilar
variaiion I weight gain values. However, for the CMFO samples, a
smaller number of samples was incuded in the average due o the
accurrence of the layver detaching durieg the oxidation. This may be
influenced by a slighsly different TEC (thermal expansion coc{ficiens)
which foe MO0 s 13,1 10 " K " and for spinel Cay oMo 40 |6 was secom
1.9 108 K°F [0, 63]. For Crofer 22 APU seel, this wale was defined
asm— 12107% K71 i)

The obmired resahs were compared with other results for dmilar
materials nbtained by other groups. Talic o1 al. ssowed that Crofer 22
AP steel conted with an MCO protective laver showed & weight gain
afier 4000 b of a littke over (W08 g cm ™", Figher weight gains were
abserved for MO doped with Fon amd copper, with <0000 mg em
ol = 0.1 g em ™ s chi srudy (2], Mazur o o, descrifad & woight
g chose 1o 01 mg em ™ [50)] fioe pampdes of Miross 4016, 4016 seel
coated with spinel Coy gofng ecMig 0y and oxidised ar 80 “C dor
2000 h. In iheir work, Ignacrak et al compared the weight gains of
Croder 22APU smeel samples coated with dron-doped Bnglodl,
My oCulPey 1Oy Mng 2CuFey 20y, and MO0. a reference sample (seel
sample], and a reference sample of pre-oxidised steel. The smalest mass
increise was fimimed in samples with an MCO looer, then pre-oxidised,
amd sistsseuently Mg #CaFes s, Mg oCuFeg O, asd MagCuy, The
csdation was carried oot ot 750 "C for 3000 b (79]. Talic e al seed
the MO eouting of Crofer 22H, 441, snd 430 steel, snd the corrodon
properties were anabysed ar 700 L The corrosbon (ime was 2000 b The
ohiained welght gaim values @ the final stage of the experiment were
approximately 0081 mgem %, 0O mg om ®, and — 0091 mg em?
for stee] 441, 430, and Crofer 23, respeciively. The weight gain mea-
suremenis were sabject o considerable eroor, as indicated by the emmor
hare. A weight los was obeerved for Crofer 232H steel coated with MOD,
In the case of 430 seel, a redudion in weight gain was intially
ahserved. Then, an increiee i mas was observed, and o e final stage
al the experiment, the mass inease wan higher than the inital value,
Thits problem did noc oceur in the oase of siee] 441; bowever, the welgh
gan values were very close to the walues for seeel wichous n protective
layer (4], The cited literature dats indicaie gocd anti-corrosion prog-
erties. All the quoted weight gain values are higher than those obtained
im this wark. The only lower mas incmases wene observed fin ghe waork
where i was difficull 1o amalyse mas incresdes ot ssch Jow
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tempertures. In this work, this effen was als improved by esdng o thin
layer of KE-oxdde.

The kinsths of the oxidation resction af high lemperamres =
described by the square dependence of the weight change during
oxidation. The parabalic law B descrifaed by The equation:

() ~seee 2

where &m & the weight nl;;l,ﬁilh::-pb-u[m’],l,hlh:
parabolic rate monstant (3" om’ b B 'j.li: the i ti oo Elome {5), and C s
the integmtion constant {g” cm*) [£5]. The cabculaged values of the ky,
coefficient an: shown in Tobie 2. The anslysed oaiklation time ws
divided inio 3 sages (0-1000 h, VWS- b, amd SE-4000 h),
taking into accound the visible change |n mass with the progres of
axldation. For the relerence sample, o the fies sge, the k valoe ws
determined m be .18 = 107 "%, and in subsequen siages, it decreased m
168 = 1079 and 204 = 107", respectively. In the case of mated
A the inigial vabees were .55 < 10717, 481 = 1077, and 457 =
1075 For CMIO, CMPO-Gd0h, and CMPORY 305, respectively. An in-
crese in this pommeter was ohserved e all the simples in the pedod
T0eMk-3MM0 b, The dewnmined values af the k, coeflicent for ooated
stenls indicie b beneficial effect of usng o thin sdditonal layer, This
is eqpecially visible for semples with s pdditional layer of yrirsm
vl ifie.

m“hu:l'dth,cneﬂﬂminiulﬂtlmm
properties of the material. As noticed in this srudy, by, waloes vary with
time, w0 an additional analysis of corosion Knetics vs time has been
added: the instaninnecas pambolic midation mie consiant. The valoes
of k' are independent of their dustion and assume a constant value [or
a process oonsistent with the pambolic lmw. The net oxidation mie
onstand Ky can be aaleulabed by ssmming the instantaneons valoes
Ao |l mesaremend range emglayed in ke experiments, accanding
1o b frameuln (65

K= (ﬂ) {M} i

2 T = Tayy

where k'; is the instantaneous parabolic oxidation rate constant {g*
om ® 5 1% 1 s the oxidation time [s], and N represents she number of
mensurement perinls

When the increase in iBe scabe oBlows the parsbalic oxidation rube

Table I
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soroes all tempemtures, &T-Ludkphul",llﬂnem 1. The deter.
nined net oxidation e consants (k") are presented in Table 1 The
@ iy ratin, which i wsad 10 determine ihe departure from parabolic
aoci chai o Minethes, i prresented in Table 4. The determined values of the
natnganeous paroholic axidation rate do sot différ significantly from
e psrabdic D for ench wpe of peesensied samgples. This indicates thar
e e af addivional duin layers does oo gignifeantly affect the corm-
i mechaniana For sanples covered with protective layens s the last
it oof angiidaning, these valuss aee chosest oo 1, which is well deseribed
¥ the parabolic rie L,

The determined comosion coefficiens showed oomplinnee of the
iidation process with the pambolic L, and the obmined values for
Zrofer 32 APU steel should be compared with the avaikable literatare
Iata. Previous work for the same steel showed a ky coeffickent of 126 «
Lo~ i the range of 250-1000 b and 047 = 107" in the range of
L 0u¥E- 20001 b 18], Talic et al. determined this pacmeter for Cmder Z2H
el an B2 = 10" ap P50 °C for 2000 b [67L Kosaelow et al. shewed a
vuloe of 4.5 = 107" for porous Fe22Cr steel afler an cxldmion time of
L0 b |65], Shaibameiad o al received & vade of 254 = WY for
araler 23 APL @oel oxidised For 200 h sehemaally & 700 °C |50,
gnaczak o al. obaaked values of this coefflicient equal o 3276 « 107 7°
and 228 « 107" for oxldation cimes of O-500 b ad SO0-3000 b & 750
1990 In the cose of Crofer 22H steel coated with MO0, Talic et al
‘eported thas the parabolie oxidation cocfficlent was 9 = 107" aiter
MO b at 840 °C (1)L In another work, where the coated material was
ipimel MCO), Mg pFeg 0, and MeCe 0y 90, the ky coefficlent at
P00 °C wes 55 « 10778 BG w 107 and 11w 107" at P00 0
sespeciively, lor an ooddation tme of 4000 h [29). [macak et ok re-
sorted k, values Jor Crofer 22 APU stesls costed with MinCuFed,
vinCuFed], amd MaCuFe0d spinel of 6.0 = 107", 402 « 107", and
473 % 107, respectively, 01 750 'C for isotvermal oxidation for
OO b [ 3], The abraised vabaes af the k, coeflicient ase comparahle 1o
hose reporned i the literarape. Mo signiBann dilferences are observed
‘o haeh i coated steed and the proposed prolective biver.

LR Eeorkd el masirames

The inwerconmecis should have a working lite of close to 0,000 b and
showmld nat exceed the ASH value of 0,1 Qe [ 70, Fulfilling these rwo
onditions is necessury 0 obiain adequate effidiency. The resalis obs
ained for cross-acale elecrical edsance mearuements are shown in
‘Ig. WAL Im addition, Supplemenmry Figs. SiA amd 518 show the
abmulsted ASHE wlues after the 1000- and 2000: b soepes, and Figs. 54 C
i 24 [ show the activation emergy values miculated based on the
neasuremmendts divided into two sages: high-temperature (F00-550 “Cp
inad low bempeecatune (SO0-300 "CL

Far samples with nn asddation tme of sem houms (1.2, To samples
wirh layers and after the heat iseaiment proces and the base Crofer gel
wi reesencel, the ASH valus were 7,62 m0) em®, 14.92mi am’,
1147 ek em?, and H.07 mil e’ for the reference sample, (MFO,
PGy, amd CMFOY 30y samples, respectively. After the final
wxidation stage (SHM) k), the ASR valwes were s follows: 1289 mik
an’, 1A mil on’, A7 mil e, 7.97 mil o for the reference
ummple, CMFO, CMPORGdoOy and CMPOLY 0y samples, respectively. It
% also worth noting the changes in the ASE walues at lower tempera.
ares. Im this case, a significant difference was observed in the dope of
e curve for the reference ssmple at the inital sagze and after 4000 h,

Fable 3
Jetrrmined w3 luey of the instaataneous ocidal oo roef ficime

Wy oeilidenl = 00" g em "

Time irserval {k| Neferemen M CRPCLGE VP Ay
-1 i} (EE] 0lEl 113} 009
(1L ETE i ] 164 ik e Lid (12 53
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Tabls 4
Eiesermined vahion of the k', k, cais e the couting sted, tnking i s oot
the axddation siages

Wy il
Tewse iviervad [h) Nedrreaie [=EoH NI -Gty M- 50,
A e 4.1 i 434 LR ]
Tk IO e il 1L L
S Wl 4.5 480 u

amkl there wa no visible difference in the dlecrical properties of the
referne ad coaled samples. However, (e ASR valuis. far st iy
coated with o profective layer for each of e dmalysed types indicate &
sim lar charncter, and the ASH valees ar 300 °C were between 1 amd 2 0
cm®. Together with the cngoing axidarios proces, we also nbserye the
convergence of ASH valwes for individual rypes. These values also march
the mend ohserved in weight gain memurements. After 1000 h of
oxidation, we chserve that the lowest ASE value can be cbserved [or
samples with an additional layer of G0y, Also, the lowest weight gain
value was observed for the CMPO-Gd 205 samples. In the next oxidation
snge, il was observed ihad the owest ASH valoes were messured for the
CMPO-Y 20 samiples. Thils resuli s expaivalent to the lowess weighit gain.
The sample with an additional layer of gadclinium oxide, despite the
worsl weight gnin amang the protective lgers used, showed & lower
ASR val e than U sanipde with ipiiel anly, Maear eof al. determised the
ASR values for the Mg eCog o0y and Bng asCog asDog 0y layers as
204wl em” and 293 mid ens” w1 TS0 0 after aidacion for 1200 h ar
the same emperature]71]. In another work describing the effesr of
coaring Croler 22 APU seel with double layers of gadodinkam celde and
BInnglly spine] ar B0 “C fior TOM b, an ASR of 1% mi oo was obe
tained [45). Ignacrak of al. determined the ASE values for the same seel
coated with MnCaPell, MnCuFell, md MolaFe03 spinsl and oxidived
at 750 °C for 3000 b as vahees between 3 and 5 midcm® at 750 °C, which
wiere bower values tban for samples with an MCO layer amed percodded
samples | 39], Sun et al. reported the conting of Crofer 32 AP seel with
i M w0y spicel andd oxidation o B0 °C for THS B The ASE value
obtaingd for (hese combinmins was 6,13 mi cm® a & "C [34],
Huaseg et 6. indicabed s ASR value of 4,6 mC em® for the applied layer
of eoating the e sieel with Cublag g0y spiesdd amd aidisiion for
100 B &p 800 °C |72,

The activation caergy was dewmnined wsing the shope obraimed
darieg the A%R measurements and according oo the Arvhenlss b

ASH = A EP::—;_I- (33

where: A =8 pre-exponential facter (6 em™ K715, Ea is the activation
energy (k) mal 'L k i Bolosmann's constant (0 K" and T is the 1em-
perature (K1 The initlal sctivarion energles wese 11.41 kel mal ™',
36,53 kd mol !, 5506 K mol ', and 44.58 kI mal 7, for the refenence
sample, with  Cubin sFey, 501 layer, Cubing e 00, with Gdy Oy layesr,
amd CuMng 7Feq o0y with YoOw respectively (in the range 00-550 “C),
& very lnw value is noticeable for the reference sample, which s not
sarprising since the initial siage of cormosion of unooated steel is wery
fast. The highest vabae of the activation energy was ohserved for the
Cubng Fen 30:Gd 0y mmples. &fter the final stage of oxidation, the
walue of Ea was 42,98 k) mol ', 5488 kI mal ', 3948 k2 mod " and
H.%Hm"hhmmm;ﬁmmlﬁ!tu;hﬁ-m.
Cubng Fen 0y with Gy layer, and Cobdng oFeg 0¥l nepec
tively, These values refer w0 the snalysed mege in the higher tempera-
rube pegion, Talie o ol obisined sctivaton energy values for
MRy g 30 dil MGy sCg 400 protective coalings = the range of
T7-TR kt mal ™! for samples aged ar 800 “C for 4370 b and 65 b mal "
For clean Crofer 22 APU steel |29, Bednarz & al. determined the act-
wai o TR for Bl ;':ﬂ:lgﬂ.'h amd m..ﬂ'.bl..;ﬂnﬂ.h maierstls
ouddised ot SO0 “C for 1200 h as 52,40 k8 mol " and 48,44 kf mal
respeciively [71]. The obinined data are compamble with the litemture
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Fig- 3. Amhediog phsi of the serelies ceiiimnes of demples sxldised ar 700 "C fod O b (A) &l 4000 b (B) el simiparison of the ASR value @ 700 "C o'ver (ke

datn. Comparsons are malnly o higher femperamnes. & corroson
nnalysis at low tempemmres (700 “C)is still largely unknown. However,
these valoes are rational and do not differ from the Biersture tremd.

A4 KR amd SEM analyss

XED meassrensems and SEM analysis of postmortem sumples were
b periormed. Fig. 55 shows the XRD measurement afier K6 h siages
po check the sability of the materdal over time. The obtained diffeaction
specirum makes il posible o identify (he main phese in the Torm of a
culie gructure (space group Ril3m) of the CuMang Py 30y spinel, For
samigibis wheoe the caly protective laver |8 CMFC, small peaks st 290 and
57" were abso identified, indicating the presence of Moy in the moating.
However, there are no observatons of peaies corresponding: to Crly and
MinCry0y [ommed during oxidation. For layers with an additional RE
i e predective liyver B the case of CMIFCHGA 01, an additional peak
obwerved at 325, which identifed the tetgonal phase (ipaoe group:
141 samd T1 A inothe case of CMPO, no peaks connespond ing 1o Craly’
MinCryly comrosion were ohserved and there wns oo sgnal fom BE
oualde in the form of ¥304 or Giz0y. There were alsy no pesis respon-
sibdde for YMnly or Gd Crlly fommed daring the oxidation, the exstence of
which was confirmed in previoas work [18).

Fig. 4 presents gosssection images e the sample with the
CuMing »Fiog o0y splse] (Fig. AA), Toe the sansple with an adlitional layer
off o ind um ceclde (48}, aed for the sample with an ad diviomal laver of
yrrum axide (4 C) obained or samples subjected 1o corrosion for
00N b ot P00 "L The darker layer visible near the sarface of the seel
inlicates thai a very thin lover of Crols/MnCr0y had Tommed SEM
muges show a thin layer of chromium oxide (thidkest for the sample
with CATRDY liver). A laver of dense spimel B abio obsrvi] close @ (e
soeel marfnce. A thin gadalinium oxide-hased liver was observed on ihe

CMFO

CMFO - Gd.D

Gy Uy et vl svemipilie . 0 thee ¥y pmucediflend samaplee, & disconi nsous
¥ thin layer was observed. Despite these mionostruoaral i Serences,
as shown in Section 3.2, it revealed good comoeion protectiaon poper-
Hen Fly 56 e SEM images showing o larger amea of the analysed
saiiipliss,

Fig. 57 depics an SEM-ED® analysis dluszrating che shemesaal dis-
tribirion within the layer. It wos demonstrmed that there exiss &
chromium:rich lnyer in direct comtact wich the seeel. Moreover, notice-
able in smmples with a CMPO layer are regions of heightened intensicy
cher bo the layer's sarfsce, indiciting chromidum diffuson throagh the
baver, In smples CVIFO-Gd 04 aned CWMFO-Y 905, 8 detkng border of
chirosii s oxde orusTen o I8 observnd, ahinckling with The presence of
an sdditional laves. The discentinuses nature of the Yy layer was
oitserved in previons work 15 Line seans were conducted on the dis-
cussed sample rypes to further understand and illustmte the Modicing of
chromium diffusion. The obtaned ling scans are shown im Fig 54, For
the CAMPO sample; after #0460 h, & region corresponding to ke chromium
oaide laver w visible af the peak chrombam concentration. The dhim-
mium comlenl gradually decieanss ustil eeacling the surfade anea, In
saumepless w1 o add inlonal Leyer of gadolinium oxide or pieium oxide, &
distinct flatiening of the chromiom fine after the layer |s ohserved,
indicming blocking of chromiam diffesion. The inhesent blocking ca-
padty of the CMPO Byer alone is limited, as demonstraied o peior
sudies on dimila materials, The inclugon of a thm add itienal byer of
yabrii of gadaliniam oxhds feiuds in a alighi regluctian in cbsominnm
dhffusion, possibly inffuenced by the dsmncisoous aeure asd seall
chicknes [ — 100 nm) of the yirium odde lnyer. Reddy e al, desoribed
the coating of Crofer 22 APL stee]l with mriom protective maberials,
including CuMny o0 compared 1o MO0, and compared, among others,
chromium evaporation. ECS anal yiis after 300 b of axidation at S0 °C
wcrwed] Ehisl the layer cogoded of Culdiig g0y B the wors parmmetens

C CMFO-Y,0

Fig: 4. SEMI plenires caken for samphes afer oxidation lar 4000 st 700 "C. Cross sect hond o b ined for 3 samiphs with & kiyer of spinel Cubldng Feg 40, (AL spinel and

padalinfum axide (5, sl spinel and yoriom sdde (CL
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for ocking chromium diffusion. En this case, 0 gradaal decrease in the
amounl of chromiam is visible, In the ceme of MOD, muech snaller
diffesion b8 oheerved, and the chromisn sap indicatis @ very small
content ol cheomium dlfused bae the layer icsell [74]. The resson for
this may be e greaner sulubiliny of chromium in che Co and Mn-hased
spinel layers. I has been shown that CabMeg Oy spinel B an excellent
getier of chromium (or chromium cadde) [75]. & similar relationship in
EDS meaps, like for Cobng ¢0y, is observed for the CMFO [ayer. & dear
change in the slope of the carve in line scans observed for samples with
an adklitional loyer imficates an incresse in the degeee al chromium
blockiog, but mot completely prevenring it Spor meoasanemenis were
nlso condwcted to precisely determine the chrominom oonrent in imdi-
vidual layer pans. The data presented in Flg. 598 were gaibered from
four pesints distribated along the Layer (Fig, 594) Chromium content i
cormpammble across all samples al the podnt heare® go the steel surface,
Haweser, & natalle roduction a chionsium contend is otoerond o (B
secomdl palt for CMFO-GdDy and CMPCY 0y smmples. Cheoamium
ouncenaratons for poings o oeer 1o the surface have the lowest chromium
concentration and compamble acmss all tpes b 5 als wonh notieg;
that dve ciromiom confent near the suriace i kow and a large ermor is
possible &1 this point with EDS spot analysis. bn the case of the com-
pariznn ol the coelfident betwonn (e stomic conten) of manganese ansd
copper (presented i Pl SAC), B wes shown et the area dch in
chronsmm oxlde and the reactive layer have & signiflcantly different
coeffident from the basic ome. This indicaies the potential decomposi-
thon of spinel by cheomium diffusing inio the layer. For the teo analysed
poinis farther away from the steel surface, it is vigble thar this meffi-
cieml his values dose to the target value This slso indicates the ladk of
degradaton af the material itedl amd the decamposition of spined ko
warlous oldes.

The SEM-EDS smalyses presemied in the form of elemeni idendfica-
ton mapping, line scans, and point amalysis of the layer demonstrated an
enhancement in blocking chromiums diffasion compared to samples with
only a CMFO spinel lyer. This enhancement is asoc@ied with the
presence ol o thin layer of GdOy or Yoy, However, the extenl of
Etiprosement b coimtemined by the low (hidoess of (he adiditonal lavers
and its discontingoss miure.

A5 Confosel Revan isegng

I opder 1o deseribe and underzand the reacelons bervweorn Ceoler 22
APU meel, prowecive layess, and oxypen, measiements were made
using Ramsin Comfocal imaging. For this purpose, samples that had un-
dergone KK h of oxidation were selected from among the CMPG,
R Gl 0, ] CMPO- Y 500 mpecimeens and were cross-sectioned ancd
pofished, Similarky ta liverarune reports [45,76], the formation of baa
very typical phases for Crofer 22000 below e provective contisg win
confirmed with Raman Confocal imaging (Flg. 51 - Crgly hased on
baimets at ca 206, 352, 555 | the most charneterisie ones ) and &16 cm t
1771, as well as (Min, Cr 0y spine] based on Baman modes at aroend 509
and 691 an ! [78], Moreover, hands af ca. 430 and 541 cm' were
obserend for the thickest, top layes, which & composed of CubinFe
spamel [70.80). A5 can be seen, Den specten of 8 very smilar shape,
eapecially within dve 350-700 0o~ gpecrrad pange, were desermined -
the anly, bur easily norlcesbls ddferenee conoerms 1he npposine intensiny
relatian of characteristic hands coming from CubinPe spinel (541 cm ')
and BnCs (622 an”! [517) kooated mainly in the upper part of the
profective coating. For specimens with additional protection n the form
off Welky (Thg. 40D aned GeloOy (Vi 400, reails similar o frs cample,
wilich were alia alike, were obiained - in both chees, Crolly, Mn-Or
spimel and progective Cubng sFeg o0 mpinel mied with MnDy were
found. Inv this case, it was impossible o diferenciaie the Incagion of
prodecrve spinel and Metk,. which soggests the scattering of the laiter
within the whole moating. As far & Y- and Gd-based phases are con-
cermed, fwo iniriguing observation were made. Firatly, no bands topical
far ¥alhy mnd Gy wire motesd, Secondly, diffees ype ol
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perovskite-like non-ountirmous phases were fommed, just above the
Mn-Cr mpinel, depending on the applied oxide - [or vieda, YOy was
formed (hands & ea. 224, 418, 448, 647, and 601 cm~ b (5200 and for
gadodinium, 115 probable vhas GACrTky o GdMing, G0y (with x close o
1) wos ncleated {modes ar around 22, 930, 634, &0 am ! (E3)L
Maner et al described the formation of o smiar Gid-based perovskiie -
like struciure., but for a differem probective spinel (MnCoplis) (45). Ina
previous study that oaly focused on protective cernmic layers, similar
requltd were alss noioed, In thar stedy, the feemation of perovekite
coripernds bised on ¥ and G, s well as pluses of chiem s oxdde aisd
mnganse-chromium spinel, sandard for Crofer 22 AU steel, was
oimerved [14], The identification of the YhinOy layer as the reacion
product of yimium during oxidation is an ineresting observation.
Linescans performed for CMFO-Gd 200 and CMPO-Y 205 samgples indicaie
im increnssd conceiimmbion of masganese hear the KE-caide layver, This
may alw mlmrmemhlhrmmﬂm Iy 12 liner-
amure, mog often, YOOy B dentilled &5 & resull of the reaction of
ytrium cadde and choom bem o de formed duning oxidation [ 1554 85,
The anly wark found bs which Y80, was present described the coating
of A5 430 seel with & layer of Y204 However, in the cited work, the
XRE peaks identified as YhioDy were small, snd the remaining peaks
odmogred them | 56,67, The influence af the eanslormsition of yitrum
oaide and gadalinium ooxdde an perovall e compounids i also visihle in
those deseribed kn Section 2% by observiag lowes ASH walues for the
CMPO-Y g0y and CMPOWGEd 0y ssmples, even despite the greater weight
gain for the second 1ype. The reason for this is char perovskine owides are
chamcterised by musch higher electonic meduaivity than reactive
element ovides. Addisionally, the highest ASIL vabar vy observed for
thit ssemple with only spinel, which is prahably pelaved o ibe signilicans
st of manganese mide obeerved (n this study.

R KAS specruscopy

T supplemend the discussion on ke charncteristics af the Cubng 2
Figy 710, spinel marerial and ihe impact of inberactions with other ma-
terials, sach s the applisd ceramic layers and the Crofer 22 APL el
sl a s of X-my absrption spectroscopy { XAS) messurements was
takem. The obdaimed Cu Ly-edge spectra for copper ame presented in
i 6A. Analogous mesarements for manganess and iron chectrmic
sarpomindEng are shown in By 68 anid Tig. 60, respectively. The ab-
sorpiion edges of the Cu reference powiders wese abserved an 93885 oV
fior Cal) and 931 .55 &V e CugD), This is in e with the standardised
datn reconde] previonsly for Oa oxides. In mse of the opper-
mimgmnese-iron spinel analysis, a sharp bamd at — SEES eV wn
ﬂlﬁmﬂhlﬂmﬂf&hhﬂulmhmﬂmﬁﬂinlﬁ:ﬂu?'
caigdation sate, The ohservid pealis ndicste the excitason of ke Cu 2p
electron, which wader the influsnce of the energy quanium, goes e &
higher energy level, in this ease 3d, cooipying the wmoco phed band and
resulting in the 2p° 34" configuration [97], The obtsined spectrs
correspond to the presence of copper a5 a divalent cition within the
A-xite in the spine] gruchure [H481, A more comglex situation is ohaervisd
in the case of nissgasese, For (he MnCL the ahsomtion sdge wiie line
weas nbserved at 6402 @V, Ioe the MigOy at 5422 %, and for e MOy
an H42.9 eV, respeetvely. For masganese in the M ol dation mate,
the chmerved himding value of the edge can wand for high<pin
manganess fons in ihe ;imﬂpum Respecavely, for ihe Mn™
oxidation state, the electronic configuration of 30" wes reconded, and
the 3d” configuration for e Mn®* jons [ 59], The manganee o in the
Culing e o0y sgiine] were Toand 1o be in mmiced valence, oocupying all
thies oxidation ssaes, A change is U valencs albes the expesure 1o an
cabdising envirmmenr was alsy observed. With the CMFD and
CMPO-GdA0y samples, a decrease in the oxidation sme of the Mn
omdation sinte was observed in relotion to the indtisl daca, while the
Mn®" and Mn™ bands became more pronounced at 640.2 eV and
G412 eV, respectively. In contrant, for the semplies with an addithonad
bmyer al yiriem exbde, 1 transitien of manganise 1o higher oxidaian
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Fig. 5. Raman Comfocal mapmg Sor Crofer 22 APU stoel samples with a pro-
tective layer of CuMn, sPe, A0, (A), CuMny seg 0 Gd05 (1) md CaMn, »
Foa 0 Y40 after 4000 h of oxidation at 700 “C. For ol Raman dstx red
square in confocnl Image comreapomds to arma investigated with Raman laer
Raumsn distrilmtion mmages (obtsined via @w tegration of the most charse-
teritic baad for the spocific phaae along with value of its Ramas shift given in
the brackews) are Wmtrated with the Raman spectra Bach spectrum was abo
matked with bands that can be unequvocally strbuted © cormespond ing
phass)

*

states was observed. For the Fe reference powder, the absorption edges
were observed at 7083 eV (cormesponding to Fe' ) and at 709.7 eV (the
characteristic maximum for Fe'7). The Fe Lyedge of the
spinel-only-covered sample was Jocated at 709.7 eV, which implies that
most of the iron jons had undergone Pe’* axidation. This indicates a
saccessful occupancy of the odahedral position of the 34* wrivalent kan
in the spinel B-site structaee (59, No sigaificant differences after the
corrosion tests were observed for both copper and lroa. Copper occuples
the spinel’s tetrahodrall A-site, and trivalent kon resides in the B-site of
the spinel. Ondy minor changes were observed for the manganese
valence, XAS measurements indicate differences that oocur in the ma-
terial during axadation (specifically in the case of Mn). For the CMFO
samples, the MaO; that was seen in the CRI and XRD measurements
could not be fosnd in the XAS, probubly due to $he possibility because
only the sample’s sarface could be analysed.

4. Conclusions

This work demonstrated the potential of using CuMn, sFeg 0y, spined
with thin additional peotective layers (Gd Oy, Y704) to peotect Inser-
connectors at 700 “C. The material was characterised using TPR, which
showed that reduction begins at approcimatedy 250 “C with Cu reducing
to metallic copper. The spinel exhibited a lower reduction temperature
compared 1o MCO, influenced by the presence of metallie Cu

Electrophoretic deposition techaigue allowed for adegume applics-
thon of prosective layers on Crofer 22 APU steel Thiee coating types
were lested spined only (CMPO), spinel with gadolinkum cxide (CMFO.
GdyOy), and spined with yttriem oxide (CMFO-YZ04). These were axb
dised at 700 “C for 4000 h. The CMFO.Y ;0 coming demonstrased the
lowest weight gain, while the other sumples showed slightly higher
values. Electrical redstivity measurements revealed low Area Specific
Resistance (ASR) values for all coated samples, with no significant in-
crosse in ASR or activation energy observed throughost the analysis
preriod,

Comprehensive material analysis after oxddation was conducied
wsing SEM-EDS, Confocdl Rames imaging (CRI), X-my Abscrpeion
Spectroscopy (XAS), mnd Xay Diffraction (XRD). These techniques
indicated the presence of standard phases in Crofer 22 APU steed,
including chromium oxide and manganese.chromium spinel. The addi-
tional yvitria and gadolinium oxide coatings resulted in the formation of
YMNO,; and GACIOy perovskite phases, respectively, These analyses also
confirmed the presence of a low content of the Mo, phase,

Spot and linescan miceoscople analyses confimed enhanced chro-
miumn diffusion blocking In samples with additional RE-axide layers.
This s particularly significant due to the nature of copper manganese
spinels, which typically show weaker chromium diffuson blocking
compared to state-ofthe-art (Mn,Co)y0y.

XAS measurements carmed out on samples with different oxidation
times detected changes occurring in the structurne of the protective kyer
after subsequent stages of oxidation. No changes in the oxidation state of
copper sl iron were observed. Durisg the oxidathon prooess, the sig-
mificant chumges were observed with the manganese, where shifts 10-
wards a higher oxidation state (CMPO-Y04) or towards a lower one (for
other types of samples) were observed. A gmphical summary of the
impact of the additional reactive element layer is presented in the Hy 7

The proposed mew combination of coating represents a viable
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Fig. 7. Sketch esplaining the effect of an addirional layer in blocking chromium @fusion.

alternative to the state-of-the-art (Mn,Co)yOy spinels The tested mate-
rials are free of cobalk, while maistaining its protective and even
Imgroving the clectrical propesties. The effective seduction of cobale in
SOC materials opens the door 1o an effective reduction In production
costs and dispels doubts in the comtext of possible health and environ-
mental isswes,
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Figure S1. Oxidation profile obtained for CuMn1.zFeo.3s04 powder after prior reduction (A), and the reduction
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Figure S2. Weight gain plots of corrosion study of three types of coated samples (A) and parabolic plots showing
the kinetic of the reaction (B).
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Figure S3. Weight gain plots for each sample separately present the repeatability of tested samples and show the
anticorrosion behaviour of CuMn1.zFeo.304 spinel and the influence of additional ceramic layers.
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Figure S4. Arrhenius plots for samples oxidised for 1000 hours (A), 2000 hours (B) and calculated activation energies divided into
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Figure S7. EDS analysis of prepared sample cross-sections after 4000 hours of oxidation at 700°C.
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Figure S9. SEM image show the distribution of point analysis (A), and a changes in the chromium concentration in the
cross-section of the layer (B).
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10.3. Enhanced electrochemical performance of partially amorphous
Lao.sSr...C00;.5 oxygen electrode materials for low-temperature solid
oxide cells operating at 400 °C

Authors: Barttomiej Lemieszek, Mindaugas Ilickas, Jan Jamroz, Asta

TamuleviCieng, Jakub Karczewski, Patryk Btaszczak, Alexey Maximenko, Brigita
AbakeviCiené, Marcin Matys, Sigitas Tamulevic¢ius, Piotr Jasinski, Sebastian
Molin

Applied Surface Science, vol. 670, pages 160620, 2024,
https://doi.org/10.1016/j.apsusc.2024.160620

IF=6.9(2024), MSHE points 140, Citations: 8

Article 3 addresses the second thesis by examining the feasibility of
using partially amorphous LSC (LaoeSro.4C00s3.5) as an oxygen electrode in low-
temperature fuel cells. Thin electrode layers were deposited on CGO
electrolytes by spin coating and characterized using XRD, HT-XRD, Raman
spectroscopy, FTIR, and XAFS. Among these methods, XAFS was particularly
useful for describing the partially amorphous phase. It showed that cobalt in
partially amorphous LSC has an average oxidation state 0.5 lower than in the
crystalline form, along with significant changes in the distance to its nearest
cation neighbours.

Electrochemical properties were investigated in symmetrical half-cells
using EIS. The study optimized electrode thickness and annealing temperature
to improve the oxygen reduction reaction under atmospheric conditions. The
optimal thickness was 500 nm, corresponding to 20 deposition cycles, while
the lowest polarization resistance was obtained after annealing at 400 °C. This
behaviour was linked to grain size and the resulting active surface area.
Measurements under different oxygen partial pressures helped identify the
rate-limiting step, showing that the P2 process, related to surface oxygen
exchange and oxygen ion diffusion, was critical. Stability tests over 100 hours
confirmed good material stability, although resistance gradually increased
with time.

The novelty of this work lies in employing partially amorphous LSC as

an effective oxygen electrode material for low-temperature SOCs (400 °C). The
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material was comprehensively characterized by means of XANES, EXAFS, and
Wavelet Transform analyses, an approach that has not previously been
reported for partially amorphous or amorphous LSC. Moreover, investigating
the reaction kinetics of LSC at temperatures as low as 400 °C represents
another novel aspect of this study.

The main achievement of this work was the detailed characterization
of LSC in its partially amorphous form, with XAFS providing unique insights.
This analysis demonstrated a reduction in the average oxidation state of
cobalt, the electrochemically active element, which explain enhancement for
performance. The study thus showed that partially amorphous, and potentially
fully amorphous, materials may represent promising alternatives to
conventional crystalline electrodes.

My contributions included developing a new type of precursor for

oxygen electrode fabrication, depositing the electrode layers, and conducting
symmetric-cell and XAFS measurements. | also analysed XRD, Raman, HT-
XRD, XAFS, and FTIR data, interpreted the results, prepared figures, and wrote
the manuscript. As the corresponding author, | was responsible for article

submission and for preparing responses to reviewer comments.
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ARTICLEINFO ABSTRACT

Koywonds This work evalutes pastially amerpous LagoSsy 1CoOy 4 (LSC) as 2 potentind oxygen electrode for low-
Sobd omide celis temperamire wobd oxide cells. LS was deposited using the spim-costing technique onto Ceg yGdy 5.4 (0GO)
Onypes clectrode subutrates. The optimal oxygen electrode thickaess was determined s 500 nm. The dectrochemical impedance
:‘* S spectroscopy (EIS) study showed a significans improvement n oxygen reduction/exidation reaction kinetics
XAPS when annealing temperatures below 600 “C. The lowest valee of the polarisation resistance was obeerwed for the
e sample amealed a2 400 °C, followed by a temperansre of 500 “C. EIS measurements at diflerent pO; content were
performed at levels between 0.5 % and 20 % A comprebensive equivalent ciroust analysis was carried oat for an
explanation of the limiting factoes of the catalytic reaction. X.my absoaption fme stucoare analysis allowed for
the idenficarion of differences berween crystaline LSC and Its partially amorphous form. X-say absorption near:
edge speceroscopy analysis indicaed that cobalt adopes a lower axidation stase for the partially ameephons form.
Morrover, extendad X.cay ahsorption fine structure amalysis indicased the decreased of cobalt axidation staee in
patially assorphous LSC 1t can be assomed that 1he incressed activity of LSC & tempesatures below the crys.
tallzaton may be due 10 Incressad defeces and oxygen vacancies In the material,
1, Introduction tempersture for SOCs and Increasiog the elfficiency requires sodving

many problems, In such a sicuation, it becamse nocessary 10 find appro-

Solid axide cells (SOCs) sechnology has been continuousdly devel-
oping for decades (1) This potentially zero.emission techmology to
obtain energy from hydrogen may be crucial in the process of energy
tramsformation | 2] Initially, the operating temperature of the fued cells
was 1000 “C and above, and it immediately becime clear 1o commer-
cialise the technology, it was necessary 10 reduce the warking temper-
atare and the igh operating costs associsted with it. Over the last 20
years, it has been peovided 1o reduce the opemting temperntuse of cells
to the operating range of 600 “C w 800 'C, and the temperature of
500 “C Is Increasingly being stedied. Redocing the optmal opemting

* Ceeresponding suthor.
F-oail eddrass: bertiomie] leminssbEpg ot pl 8. Lemiessek).

W/ /ot org/ 10,10 160§ apeuse, 2024, | 60630

priate materials thar allow for o reaction to happen at lower tempera-
tures with high efficiency [1.3),

Recently, much attention has been devoted 10 the development of
highperformance oxygen eclectrodes for intermediate and Jow-
temperntare SOCs applications, Pristine material used as a oxygen
electrode was a perovskite material that conducts both electronically
and fonically, Loy Se, MOy (LSM). However, lowering the operating
temperature creates  peod for now materials with properties betrer than
1SM, The search for altematives bed 10 materdals such as 1SC (La Sy
W00y 3) o LSCF (LagSry CoyFe; (Oya) Among the materials used us

Teceived 17 May 2004; Received in revised foem 22 June 2024 Acorpied 27 June 2024
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I Lowvirionk o al

oaygen elecirodes in low-temperame 5005, one should (nclude
Cieg il o0 4 COGD) infilimmied by LSC and L5CF [4). Other potentially
promising maleriak incdhade praseodymiam oaide [56], Profity.s (6]
and strontkam-cobali oxide doped with antimeony [7].

O the maerials memtioned, LSC and LSCF currently seens 1o be the
mal peomdsing. 1SC an exhibits twe erymalline forms. Chen et al.
cxamined the orvaaliogmphic scructure of the LSC and showed the
presence of the hexagomal {rigonal, rhombohedral) mdce fomm in the
tempemiure mege from mom tempemature up o 360 Between 39000
aned 611 " there is a phaw tmmsition o the osbic perovskite phase,
wibiich i stable above 611 T In thal sudy, L5C powdens were om-
thesised by a solid-sate reserion [A], The synihesis of LS asually ends
witth ohimining a product cossisting of several phasss. ns demonstmved
by Hawd 2 al. The ary=allogmphic snalyss of LSC layers deposived om
G0 showed, im addition io the perovskite La, g8rq 0oy 5 phase, the
(L, Sr}Cay g amd 500 phases [V Moreover, Con0y phsse wan alo
detected in other works | 10]. The synthetis sempersture below 550 °C
results in pbiaining the maserial in semi-amarphoss or amsorpheus foem
(10, 12). LSE is knowm as & cxygen electrode maceriad with & high londe
conductivity betwesn 056 5/m and 1.2 §/m &t 700 “C [13.14]. For
LECF, dhis vabse is (474 5/m ot the same temperature (14 ], S0 far, the
electrochemical properties of LSC have been mainly studied at temper-
nfgres =400 °C, whensas its performance al lower e nsperabures nemains
unenploned [15], Sach a low operating temperature ibso allows the
possibility of using amorphous and partially amonphous maierials

1n the Bremmurme, the vas majoriry of works refer o orysmlline LSC
Limited mumber of papers undertake reseanch on amorphous LSC. At Low
temperatures, the bt resuls when il comes o the performance of
eryelalline clectrode, so r, has been schisved by Kin o al, who ab-
i ned pobarisation rosbsancs () valus — 1,51 Senr at 400 °C fof the
vaygen elecrode in the form of LSC-150F composite, where the 150 was
niided in the process of infilration in the form of nancehveets [ 16]. The
infilration of OGO with LSC was also used by Samson et al and the
research temm ohilained o the same tenigeratre value of B equal 1o
L57 fhem” [17], Hasd et al investigated the use of LSC as & oxygens
electrnde in thelr weork. The 200 nsahick oxypen clectrode liver wis
screenprinted. The area specifle reslstmer (ASR) value for the sym-
merrical half-cell was — 3.2 (om” gt 400 °C %), Seemat et al. presenged o
oxygen elecrode i the fom of LSC prepared by ibe polymeric
complexation method. The mogen electrode thickness used was anound
I san. At a temperature of 400 "C, the poladstion ressgance wis
Apprnaimately 32 Qom” [16]. Jamuschewsky o al, repored the wee of
LEC as & axygen ebecrods deposited on yieris-seabilised sirconis (Y523
using pulsed laser deposition (PLD), and the selectied layer thickness was
set ot 200 nm. For the layer deposited at o fempemtere of 420 “°C and
kept for 3 days ad 600 °C, the polaristion resdstance was determined in
the tempernlune range of G00-400 “C. AL 400 °C, the value of the
poliriantion meiance was appeo mabely 180 Sem® [19],

For amorphous of partially amcrphous elecrode mmerials, the
number of valuable scienriilc pablications & quite lmied. Cavallam
et al imestigated the potemtial wse of an amorphous LSC as a oxygen
electrode im low-temperature S0Cs. & layer with a thickness of srand
0 nm was dheprsived by (ke PLD technigue and subjeced o thermal
treatment in e lempismiun reage from eoom emperaluee through
200 ] e TR0 CC The Rﬁudutp the remgeraine af 415 °C was
as high as 850 I.I'ﬂIt|'.'1H. Evans et al., used partially amorphoss LSC =
o oxygen electode for micro-solid oxide fised cells. Oxypen elecirode
thickni s were set as 100 am and 200 nm, and o the lnter valoe &1
400 ", the ASR wabae for the oxypes cloctrode was determined (o be oo
mscere thun 0.3 C-eo” as decosodured From fsel eol] measusensents [12],
mmmﬂmﬂhﬂﬂ“hﬂlﬂﬂwﬂmmﬂﬁt
electrochemial performance of amorphous or partially amorphous
electrode materials remains interesting for further exploration. |n this
articde, we present and disosss 1ke influence of the LSC stracture on the
cledrocatalviic properties of oxygen mdection/osidation a1 low-
levreraluees.
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1. Experimental

The base on which the oxygen slecirode byer wis deposited was
peelleis preparesd from Ceg gGilp 2004 povader (GDC-20 K oor CGO, Dalichi
Kigenso Kagaka Eogyo, Japanl (b8 g af OG0 powder wit plioed im a
mimi il with a dismeter ol 16 mm and pressed o 98 MPa fos 1 min, The
prepared pellers were simteresd ar 1450 G for 100 h in the hox fumace.
After sintering, the pellers shrank 1oan average dismeter of 13 mm. The
samples were polished on both sides on a semi-amomaric polisher
[ Strwers Tergamin- 201 and srmealed agsin of 1200 °C for 2 h

That Ly, g5y yCirlly 5 precursor was pevpanad i the sthylone glyeol
phompolymerization process LafMigd, 6HO (909 % puery, Al
Acsarl, S NGy (99 % puricy, Sligma Abdrich and ColNOyy GH0 (99
% purity, Sigma Aldrich) were diszolved in proper stoichlometry in
distilled water ta obtain 0 concentmation of 0.25 mol-dm . Ehylne
ghyeul (90 % purity, Sipma Abdrich) and citric achd (00 % perity,
Chempear) were added o the solution ina mass satio of 101, Adivion-
ally, 10 wats of ethanal (99,8% POCH) wis addod, aloeg with 0,05 wrd,
of the pholniimor {25 ydmay-4(2-hvdrooyethooey §] -2-m-ethyd-
propiophenone (98 % purity, Sigma Aldrich]. When ofl subsirates were
miimed, the sluiion was exposed to UV light for 13 min (a time selected
from preliminarmy studies to determine optimal comditons). UV light was
prowided by the Inboraiory Wimviolet lnmp EMITA VP60, rated povwer
TRINW, it i supeply volings: of 220-280 ¥ AC. A wood glass flter was daed
that mansmits UV radiation in the range of 320 to $K) nm, with a
maximum i 355 nm.

Todetermine the crysialline or parially amorphous structuee at Low
temperniures, 8 =ries of LSC powders srnthesisd (mom the desoribed
precirser, was prepared and sisered in a lemsoe for twe houts an
remm perature meging from 400 °C w0 1000 °C In mcrements of 100 °C.
The product of sinpering obiained in this way was groond in g momar s
obtain & homogensom powder. These sampls were analysed by Xoray
diffraction (XRDY, high-temperature Xoray diffraction (MT-XRD) and
XAFS (X-ray absorplion fne structare]) in KANES CF-ray absorption mear-
wlge spectosoopy | and EXAFS (extended X-may absorption fine struc-
turw) reglons.

The L5C naypen electode was deposlied omo the prepared pelles
using the spin-coatisg technique (Laurell spin coater, mode] WE-808-
BMPPAITER 20 W of LSC prenersor was dropped onto the sarface of
O, amel using a three-stage rotlional speed, excess solution was
remmoved at SO0 rpem for 2005, 1000 rpm for 20 5, and 3000 rpm for 305
After each application of & sew laper, the leal Eresimens process wis
applied using a ke plme, and che pellets weee beaned oo 400 °C for 15
min. A series of semples with a different numiber of applicaton cycles,
from 1 o 2, were made o deiermine the relstionship befween the
muimber of cydes and the thicknes ol the Gnal kiver. It wa determined
Chat 1 eycles gave o axygen eleonode (hackness ol aroiond 180 am, sl
20 ewveles rosulted 1o o thickness of sround 500 mm After the pre-
determined navpen ekcrmde thickness was reached, the odpes of 1he
hadi-oed|s were polished 1o remosre the: remsaining LSC ar the edges. Then,
they were annealed in the fumaece (Carbolyte RHF 1608 box furnace] in
the temperature rapge of 400-1000 “C e 2 h. The method of sample
prepacation (maldple besting and cooling cyclest did not cawse
delambnmbon of e liver Bam the mbarste. Alter determining the
proger thickness layer, still gond adbeston with the substmie was ach-
iewed. Morover, further measurements at higher temperatures did not
show significant differences in chmic resistance vallues over a wide
temperature ramge. A camrepd oollector bover in the [orm of LSC paste
[ Flaxell) vems appliod o sach of the pellets s annealed a1 4040 °C for 2
b, Th symevetrical Ball cells prepaned in this way, with the LSC axygen
electrode on both sides, were used for furher escs.

The viscosity of the prepared precursor wes measured asing a
FUNGILAB ALFHA series rotational viscometer with an adapter for
meeasuring small smples 10 mil of the precursor before and after the
phonpEslyme dzation process was ussd fo porfrm (e measaremen,
The eotition speed was selected lor each sumple s essire the Righes
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accuracy af the mesuremeni indicaied by (he viscometer.

Wetting properties were probed with dmp shape analyer DEAIS
(Erils] wniler the sestile drop mode, The conbour of the 2 0 deop was
imaged usieg dedicared sliware Advincs and firned with the Young
Laplace method.

XED veas used to examine the mbcrostrocture of LSC powder samples
using a Braker [2Phaser (Broker AXS, Mannhedm, Germany) difrac-
pometer with a Lynxeye XE-T detector and CoKa radistiin (o« 0015406
niml

Tsen for high-vemperature X-ray powder dilfraction was garhered on
a Philigs X Pert Pro diffmciomeer, equipped with an X' Celemor de-
vector. i filtered Ca-Koradimion was used to generare the data, and the
values for &y and by were 154056 A and 154439 A, respectively.
Meamurements ai the elevated temperstones were carried out wigh the
asistanoe of an Ardon-Paar HTE VA high temperatune comera, The
Ll standird was ased e the calibalion peocess. TRllmetion paterms
wiene odstil e n adr an room esperarune as well as ag inesvals of 50 °C
ranglg from 50 0 1 850 “C

Haman specira were acquired using am mVia  specromeser
(Fenishaw, Uniied Kingdom) outfiited wigth an optical microscope
[ Leica, Weezlar, Germamy ) and a mosori sed ssmple platform. Using a 80w
olseciive, Lhe excitation beam fom a diode laser emigting ab 552 nm wis
foured o the sumple, AL the saeface of (ho sample, he laser power Wi
1.2 mW. The Raman Smbkes sgnal was scanered wing a diffescrion
grating with 2400 grooves per millimetre, and ihe data were caprured
using a Peltier-conled chargecompled device (OO0 deteoor with 1024
« 2% pixels. This sysiem has a spectral resolution of arcund 1 cm™ !,
Silcon wis wied o calibrate both the Ramon wavenamber and (he
speecieal intensdly of the Raman appamius,

Fourier ramelorm mdemred (FTTR) spectrn were poguiieed an room
tempeniuee wang a VERTEX 70 (Bruker, Einlingen, Germany) spec-
tromeier, Scans were performed in Kubelln-Munk mode in ibe range of
A po 400 em

The X-ray absorption spectroscogy measuremends at the Co K-sdge
wiere made a1 the ASTRA beamiline o the SOLARIS National Syndymtron
Radintion Cenire in Cracow, Polasd, The white beam from ihe 1.3
bending magnet was mosceheematized by modified Lemosnier oype
inahle erysanl moncchmmatoe equipped wish Gel220) cryseal palr. At
the simple posivion the size of tie monochromatieed besmn was 7ol mm.
The XAFS spectra in XAMES and E(AFS megions were collecied in
tramsmizgon mode, when sample chamber and fonisation desmbers
witre Fillesd withs ™ gas @t anmos pheric presosse, The mosstheamatos o
the Cin K-ubge weins calibrated using Co Bl from Exals Comprny. Durieg
the measurements of the samples of invierest the Co foll was abso
measured as a reference sample in order o conrold alignment of the
callected spectr. For the mesurements the homogeneous poveder of
samgples ol interest were mixed with cellilose and aniform pellets of
dimmeter 1.3 cm were made. To get & good edge step the mas o the
pormibens bifore mlzing with celluloss were avaluabed using KAFSmins
peogram. A Further analysts of the specton wag periemed using A thena
nmd Arthemls sofwanes. The crsallography dan ssed o e the caleu-
lated Fourier cransioam (FT) speatrn was mbken from the Crysallogmply
Open Database (COO)L FEFF files for fining imo the Anemis software
have bern prepared an the WebAioms website. A map of the inbensiges
of the atom digtributics was made using wavelel transformes (WT) with
Hama Fortman softwane [21 22).

Elearachemionl impadanor guecirasmipy (EI5) wis used 16 measure
the ohmic and puhrhlunnruh_::[ﬂﬂ..n'ldl.qlul'ﬁpqnmd
syerametrical ol ls (LSC| CGO)LEC) with an exditation amplitude of 25 m
and & freaency range of 3 M50 mHz The samphes were plced ima
compresdon cell where on each side of the mmple w3 gokl mesh
elecerically comsected 1o platinsm wires leading ould de the Bamace, E15
stuidies aimed 0 determine the edlucnee of the maerisl anacture
{parcly amorphons and erystallised) on the catalytic properies. Mea-
surements were performed |n an armospiere of synchetic air with a Bow
rate of 50 ml-min” . The tesied temperatun range vasied depending on

125

Applil Ra s fobmes G710 710247 160G

the aneiling tempemature. For lower anmealing temperatures, more
froquent mensinemends wene used o more prodsely analyse the low-
o PP e ranger,

Measuremens al varkoas partial convesas aceurned ar ply values of
05 S 1 % 3 %, 5% 10 %, and 20 % ar o flow rate of 50 mlmin~?.
Belore the measurement, sahilisition i an amosphere of selecied ply
for 4 h was done. Bl meassrements were performed in the range of
400 C- MM} “Cevery 25 " The Distribution of Relaxation Times {BRAT)
methesd] was used for detailes] analysis For this purpose, the DRTiool
Pl G was wsmend [ 2], Tihe D08 T sl i wons periarmeedd by choosing
the G4 Marem meethod of discredzation wiliving the 2nd order of the
regularization derdvadve and o regolarization parameses (2 of 107,

The samples. were aged inan atmosphere of synihetic air, whene pO;
s 20 %, and in sothermal conditions & a tempemure of 400 “C
Ml emremrenis wene carried out for 1060 by with collectimg spectm overy
Sh

¥ Resilis and disousion
R Layer praparaion and sl iy

The prepamton of the oxygen elecirode lnyer began with the prep-
amtion of the precursor. In this case; Esiead of the sendand precursor
prepared by the Pechini patemt [24], he photopolymerization process
s el Thee increase in visoosity from 5006 mPa-s o 8888 mPas in-
dicates 1Bal the use of & phatoinitiater amd UV light aooelersted the
polymerizstion proces of sbylene glyeal (RG) 0 palyeiylae glyoal,
Coneact saghe analysts wes used 1o see how the wertahiling chasged and
o coampare i with the BG-based solusgion thar was made as described
above (51 and 52 in the supplememary ). In the oeee of distilbed wser,
the imitial contact angle was around 60 and groduslfly decreassd o
rench the minimuem measinesd angle of approdmately 7 afier approxi-
mately 13 min. Im the case al 1he BG-basid reference solmion, 1he indtial
walue of the conteet aeghe was arosnd 30°, wnd alter 6 min, it deopped o
approximately 5°, As expeced, the prepared precunsor had an indrial
contact angle lower than before photopolimerisation and the walue was
aboui 21, However, the CGO surface was moch more wetinhble, so afier
twa B theee minates, the congact angle became oo smadl to measure.
Contact angle measurements indicale that the new phecumsor prepars-
elon mathiod sceelerstes (e wettabiliny of the OO sk,

Fig. 55 shomrs the SEM images of the LSC layers deposived on the CGO
sarface using the spin-coming techmique with & varying number of
depamiton cycles. The average LSC Layer thicknesses fmm the SEM im-
ages were —50 nm, —100 nm, —190 nm, —2Z3) om, —Z% mm, and
~500 nm for 2, 4, &, 8, 10, and M cecles respectively. Fie. 54 presents
the calibration curve Tor covgen electmsde layer deposition depending
on the nummlber of eyele

Fig. 1A shows the XRD ressds of the 150 powden sinered a
different tempemiures. [t shows that the diffmaogmens have charne-
terisiic peaks that merespond 1o both B3c rhombohedml phases. These
are the main peaks at B (110, 1040 475 {1 13 and 58" (D240
Howerver, there were abio peshl indicating the Pmi m phase a1 23,25
(012) and 80,75 (2021 At 600 “C, o sddition 1o the main peaks,
chamcteristic of sironium earbonate beone vidhle s 355 aed 36" o
wiell as fuinr peaks ar 45" and 50F. The presence of stroevism carbomate
s am imperity is typical for LSC mareraals [25]. Below the remperature
of &0} “C, the diffraction pattern mdicates a partially amsomphous form of
the amalysed maieral. LSCspecific peaks are noticeable and recognis-
abde, In addition, peaks &1 305 and 65.2°, not present 81 higher 1em-
peeralmmes, were obuerved, indieateg b preseses of Coghy.

Fig. 1B sheiwes the Co K-sdge XANES specira for thie LSC mapesial as s
funcion of anneal ing remperamne. Al around 7708 ¢V 0 esch of the 150
samples, the pre-sdge festure is ohserved, mgardless of the anneling
temperstane. For 3d metals, the preedge feature depends on the
corbribiigion of the 1 & electric dipole eransition tothe 4p compones in
3 - dp bybeidised orbimls and the tny qusdeupsle transivion (s
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component. The ped bybridization coald not oocur for o regalar oces-
hedml symmeiry, and the pre-edge peak is weak bemuse the transition
mamentum of the electdc gquadrupole process is small. When the center
of nversion symmetry i broken die to progrissive Eaomion from
oelahedral 1o petrahedral geometry, the pre-edee fafure gaing wld-
rional invemsity due 10 the 1 5 imnsition o the 4p ompanent in the
dd-4p hybridized orbiml where the mizing of 4p and 3d depends
strongly om the coordination symmery [25]. I this case, the po-
noanced pre-sdge peak for LSC could be explained by distortions of the
nciahedml gruchee doe o the orcurrence of defecs and @ypen vae
carches, Additional distorticans introdaced by the ok of a flly orys-
talline stracture only incredss tbe level af distortion, resilting in 8
dismineg pra-edge peak [17,25],

Fig. 1T presents a linear relarionship berwmen the cobaly exidmion
state and the mid-edge enesgy. 1t should be noted thar the chodce of the
edge posicion & rather arbiirary, therelone the valoe of mid-egde energy
wits chosen io verify the speceral shift. in order io determine the curve
determmanimg thi=z relatieonship, standand compaands with kaown asd
esiablished oxidation stabes were ussl. The XANES spectra indicate the
presence of mball & chose 1o the theoretical vahie of 34, & therefore,
poball cecurs ln bath 35 el 47 axkdation sees in 150 pnnealed above
600 L, The situstion wagdifferent lor LSC snnealed below 600 °C The
Inwwwer the annealing bem peranee, the more o more & gradual decrease in
the average oxidation staie of cobalt & observed. A a temperarure of
600 “C, this valoe is already —3.37; a2 annealing temperatures of 500 "C
and #MC it Rs 2.97 . The decrense in the avernge oxidation stake of the
coball in the LSC siracture significantly alfecs the properties of the
material (sl Fep 1D dvows k-space osillitbon plots and Pourser
eraloam (FT) (k2 g0kih plote of EXAFS for LSC anneaded at diffires
empemiees (oo phase comection were appliedl. In the obmined
specirum, the firt peak reaches s maximumn &t @ radial distnce of
lmmnuﬁi.llmlputmu inr both partially amomhous and
crysialline structures. [n nos-orysalline LSC, a peak ai appoximaicly
1.1 A is also visble, the miersity of which in the aysal srocture is
insach enwy, B the case af parrially assorphou rocise, the nexl peak
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is nberrved a2 @ radial distance of —25 A This bs a significans difference
froms the crysial strecture, where the: three brooad peaks indice CoSrs
La/Co is in ihe range of L7-1.8 A Figs S6A and Sel presen the LSC
apictrs and B resi s of g the virsianal spectea KR (A k-
apace and k' XA in qspace. The prrameters obtained dusing
fiaring are presenied in Table 51, The EXAFS analysis Indicates o sig-
nifleamt decrense of mamber of oaygen anms amund the cenmral mom for
partially amorphous LSC For anneal ing temperamnes below 600 “C, the
vilue of the coonlination number & dose bo 4, ad e crysialline
samples # osclaies behween 4.6 and S0 The decrease in this valuse for
annealing temperteres of 900 “C and 1000 "C may be related 1o the
[ermuation of @abditional phases They may nod b visible in the -
Tractogram, w dhown in work g of al, whero the ematlon of the
i, phase vns st detevted wang XRD asd s ocourrence was chservd
using SEM-EDS They alsa devermined che sabiliny phase dingmms for
| L 500 4 nueslng Uy 5, and for temperaimres above 800 “C in air, the
oocurence of LSC with spinel (La,Sr)Colly is possible, and above 900 “C,
LSC with halite Codd is observed [79]. To better understand the differ-
emces hitween crystalline and parfially amorphous material, a wavelet
transform (WT) basedd on Mocket wavelets (v = 15, 8 = 1}, was also
mperfoemsed for cach analveed sample as & fomebon of the annealing
Ienipaeraruee. The WT determings the opmims of thie hackscatter wave
functions in energy (or wave veoior ) space. This method is particularty
hetpful when their waves cannot be sepamted by the Fourier transform,/
hacktransfiorm approach dwe io the presence of several elements in one
shell, or the imeguler mature of the material, Moreover, this method is
particu larhy usehal in determdning minor changes in the cenires of wave
hanetions depending on varfous Battors, Py | E-G proses e obisised
maps for ansealing lemperaiunes from $00 o600 O, and Fig 55 C-F
presemis the chiained maps for annealieng temperatures in the mnge of
FOO- 10K “C, For orysmiline 150, chere are two arens with macimon
imtensities at & around 1.5 & and 3 A The first of them corresponds to
ke Cov-0) bomd and has a quite wide mnge. The second area originaes
from the Co-laSr/Co. Similar resulis were observed fix all tempers-
T absv GO0 . [n (e canee of (b s Bing Demgerar o of S " C
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amd 1HKH) ", chapges was observed in oaygen occupancy. I may be
relaned o a new phipse formadon im the L5C ar a high sempemnee |25
For parvially amorphaoss 150 a ol ear lefvward shifit is observed for Co-Las
SpCo safiering pash, where maxmmm h'l.tﬂdd:lmnt':wndlli.ﬂ-.ﬁq
compares] to 3 A for the coystalline LSC. AL an annealing (emperature
beloww 600 “C, two distied apms with compueable ntemdtes are
obmarwd, which diswibutions ane beoader, than for ayaalliee 150
Bised om the devermined valees of mordination numbers for G0
homds, i1 an be ssumed hat the number of oxygen atoms sear the
pemiral atom bas decrensed, and may be comparable io the nember of
cations. This suggesis that it can contribute o the sccumence of many
e dielecis in the maedal i, The appearasoe of delect in the
seructus of the material is melaied 1o 28 activiry, Wang H-ILH_P‘IH
the LSC-Coglly composite in the convext of caygen sctivation bn the
manerial sirooare, The presence af an ineraee composed of LSC-Cog0y,
increases the conversion of inactive oxygen spocies OF o acthee 087,
This is done by increasing the mamber of dectrons transferred from the
perovskite LEC to the Cogly lattioe [30]. The ococurmence of such defects
may have a beneficial effed m the elecirechemical reaction,

Fig. 554 shows high-lempembane XA apalyss (HT-XRE ke the
povenler annealod a1 400 °C (amoesphous foml The chamoerssie firs
peiiks of Lig St Dol appesr o & temperanee of 550 0 which in-
dimres thas the minimum remperature for the bemation of e LSC
perovskite crysal form is berween 500 °C and 550 “C In che tempera-
ture ramgge of S550-600 “C, the chawacteristic 5000, peaks are visihle,
Abonve 611 °C a siable perovskite strocture i3 observed, a5 shown in the
mﬂnlﬂl.mmm“mﬂllmmﬂm
nunes below 550 °C is partially amorphous and will be aken for lsure
exmmimtion. To ferher impeove the undemandieg of the simociarsl
properties, the examination with sdditional is required o offer more
nocurate detuil

Raman spedrosmpy was performesd oo oxygen electrode nyers
depesiied on OF0 pellets, and the resulls are shown im Fig 558, Mes-
surwiienib were made himmpﬂﬂmdmmlwmmi
chickness of 500 mm in the pange af annealing peen perisnes o S0 O
o 1000 ", For the pure OG0 pellet, a brond and Infensive hand was
observed with a Raman shift of 270.cm | This is the onby band abserved
in the analysed mnge of the measurement. Raman shift bands for the LSC
are visible at 480 om”’, 520 on " and 678 cmo'. Az the annealing
m;ﬁim‘ﬂuﬂm{;mhﬂﬂmm"wum
I the case af perovekites, the pressnor of Bands i K aman spectrosoopy
comesponds ro Aabe-Teller dimorthons. In conras 1o the perovskine’s
ideal structare, thise distonioss mase sirectursl distorhances in the
oxygen miblattice sructure. Specifically, they muose the dfference in
the lengtha off the Co(¥ bonds in the octahadral CoOy. which lesds 1o the
Farmmation of a moncclnic struciure, In the s of 8 malerial such a8
LEC, strontiuns daping couses & decrease i (b imdenaity af the hids andd
thelr benadening. These basds may be melated so the Ca™ intermadiage
spim st | 11, There is a imiwed number of ankcles in the ineracure thar
even partally dead with the sudy of Raman scattering of perovskines
such as LaCollhy, and in the s of LS, finding such studies is even more
difficult. Im the case of the LaColy perovslate, Ishikawa et al observed
Eaman barsds at 425 e, 536 om ! and 6583 cm irelative io the
mieasurenment cange presested hered, but anly 435 em ™ for Lag 8004,
Carldy [12], I e i il Laig o SrColly, the Raman dvilts wese dilferent
depending on the gmin size and the acichiometry of the marerial,
muu;; et ol for LagsSrp y0oly diminguished shigs of 448 cm™!,
887 om ! and #53 em ! 195] vl 11 et @l for Lag gSrp g0y (grain size
11.5 nm) cheerved shifts ot 500 cm ! and 630 em ™! [34]. Colikbilek
et al. For LigsSty 4oty he observed bands of 420 cm ™" and 678 cm ™!
[E1§E

That lack of agresment in (e |esature rogarding the speeific bands
responsihle for LSC makes the analysis of the nesulis sven mose complex,
In this case, LaggSn «Coly overlaps the band st 678 cm ! with the
Celikbilek work. and it & also seen that the band st 420 cm ™ ! mnnot be
determined due o OGO The band a1 %30 cm™! wios observed in
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Ly 558 g0 and i Lol an 536 cm ', 557 em ' ar 570 ! (7).
Askih ef sl showed the presesce of Raman bands ar 470 an~?, 510
e Y, 610 em ! and 670 an ! for Cogly [35],

Fig. 55C shows the FTIR spectra off L3C deposived on CGO peflets and
sinfered at different temperatiores. Banlds ab wavesmmbers 400 om 1,
562 cm ' amd 660 an ! are recagmised, The ohserved bamnds at about
00 em " and B60 e ! are stAbused o the modes of Ssfarmation and
siretching viberrions im the plase of the O-Co-0 bosds. In addizion, the
band widih ar 400 cm " may indicate the overlapping of the La-0) and
Sr-(3 bomd siresching viboations. The vibrations cocurring at 562 cm ™!
can be aftrifaited 1o the stresching vibrations of the La/Sr-0-Co bonds.
A1 I annealing iemperatanes, the basds are hardly visible, prohably
due 1 ireegularivies in the surroundings of e analyed honds, which
alen affect the shift of the absorpaion madimum (loeal minimum of
transmd imance]. The mos sharp and visisle bands are for 150 annealed ar
1000 ", The valoes of the wivenumbers thai e been maiched to the
approprinte vibrations correspond m the data from the litembhare. The
FTIR spectm obtained by Gharban -Moghadam of al showed the hands
amil fypes of vibrations for the spinel material Lag s8¢ 1Coy and the
TP alopeanits, They ideneified three distine hands @ (e wavenumbers
oof 4o ", 520 e " and SO0 em ", respectively. They srribied the
firs amd lesa bands o stresching vibeations in the plane of the ColFe/
Cuh0 bonds, and the band berween 450-550 em ' o sereiching wi-
brations of the apical La /Se-D0if-Co-{Fe/Cu) bond [3). In another
study, they studied o series of spines with the Lag.  SrColy struchure. In
the s af Ly 48 2Colly, bands ot wavelengths of 421 cm™", 486.cm ™7,
616 an " and 677 an " were determimed 1 was alio shown that this
hand shified po lower wavenumber vadues with the chasge of e Lase
racio, and a1 the LaczSr rados of 00921, 1 and 0.7:1 .3, chis skl reachied the
mimimum wvalue of 468 cm ! {from 512 cm ') (57). In this sudy, the
comtent of lanthansm and strontium in the perovskite strocture is mach
lowwer, s it is possibide that streiching of the ocahedral Coll, is present.
bulihhnifhlr.wilmmﬂﬂuhwhﬁhﬁﬂlmﬂl]m"mumdl
a8 4B am ", Savakainar et al, dentifiod hands ar 446 om ', 476 om !
wnd 630 cm " Tor the LaGoly perovikise. They determined that o 446
ey enn be attributed o the La-0) sirepching, and m 620 cm " for O
G0 sizeiching vibrarions. Mishra ef al. analysed the LaColly maierial
anil identified the band ai 856 cm ™! a5 siretch vibration between Co.(s
Pe/Mi-0, as well & vibrations in the odabedral perovskite structare
|98} Garces el al performed the FTIR speciroscopy measanement for
the LaStCoils perovikite. In the spedrum, they fdentified bands ai
wavenamnbers of 586 o' snd 523 ow ). The basd i 686 oo ! was
redated o the (-CoO) boid seretehing vibentbons, and the hand @i 523
cm ! is related to the La-0 and Sr.0 bond stretching wibrations | 24). The
occurmence of the described bands for each apmealing, (emperature in-
dicmes the similar nature of the crystalline and partially amorphous
maierial. The decreamr in hand imtendity wilh decrmsing aanesling
tempernture I8 alo poticeahle and indicates the presence of & more
disordered sruciure,

SEM images in Flg. 2A-0G depler the surface morphology of the ox-
yien electrodes, Ar an annealing remspemiuee of 400 °C, the grains are oo
small (<10 nm} to distinguished. The gmin size was —23 nm ai the
annealing temperature of 300 “C. The avernge grain sizes for crystalline
LSC weere arouns 40 gm, 68 mm. B2 nm, 147 e, mnd 102 nm @i
annealing lenipenadures of S0 °C, TO0 “C, B0 “C, 00 “C, aned 10600 T,
respeciively. There |8 also a considemble increase |6 1he pore size. The
pore size of a panially amorphous LSC s asnomeri: and gy as the
annealing temperniure increases. During high annealing wemperaneres,
the pores expand 1o a size larger than the gmins.

A2 Flearochemical bmpadance spacrrsoopy

Strucrural analysis indicmied differences berween crystalline and
amorphous LSC These differences may alfect the mitalytic properties of
The meaterial, To determine the efficiency of the elecerochensical oxygen
clivtrochemiaal macthon, varkius (ypes of memssunmments wons airred
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Fig. 2. SEM lmages of the LSChased oxygon slecuode surface depending on different annealing temperanees from 400 “C to 1000 C (AG)

ot using electrochemical Empedance spectrometry, The value of
polarisation resistance (Ry, or Rl was taken into account as a key
pammeter for asessing the efficiency of this process. A series of sym.
metrical smnples was prepared for the tests.

321, Optimal dcknes derermiation

The fiest stage of the research wsing E1S was 1o deternsioe the optimal
thickness of the LSC Byer, staning at 200 nan and ending at 1000 am.
The decrochemionl performance, depending on the thickness was
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Temperature 1000/T (1/K)

determined in the temperature range of 400 “C-300 “C by perfomming
three impedance measurements every 25 “C. Fig. 1A and 38 show the
obmic and polarisation resstances, and Fig C shows the obtalned
impedance spectra for vanous oxygen electrode dhicknesses. At 400 "C
valoes of polarisstion resistance of 59,3 Q<m’, 38,8 Qcm’, 35.9 -am’,
wnd 51.6 0rcm” were obtained, respectively, foe layer thicknesses of 200
o, 300 nm, S00 am, and 1000 nm. For the ssnple withow 1SC layer
(reference sample), this value is 527 @ e, The nanoporons LSC axygen
clearode causes a sgnificant Increase In the oxygen clectrodeale
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Fig. 3. bfumce of Lag S Loy, oxygm slectrode thickaes on olmic (A), polarisation sesstance (B), obtained impedance spectra (C), and e relvtiondip

betwermn annesding tsspernture wnd ohmic and polarastion radstmce (D)
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comtact aren, which is refllecisd inthe value of the polarisation ressance
al the il The initisl decress in the polarisstion msiganoe valoe B
uhmdulheimuﬂlmhmﬂmvmmmummﬁmm
anid more efficdens elecirochemical resction. The By, walues for the
hbcloess of 300 nm &ne dose oo ihe sienple thickness of 500 nm, and 1be
pasicive effect of the increase in the active surface |s knhibied & a
thickness of 10460 nm, an Encrease i the Ry value was observed. This
might be becous: the limiting charge tmnsfer ihrosgh the electrolyie
laver. It may become maore significant as the thidkness of the oxygen
ehetrode moreases. Moreover, il can be assimed that the oplimal range
al oxygen ebevtrode thicksees & fromm 200 mm o 1000 em. Fig. 20 shows
the chamges in the values of chmic resistanee and polarisation resdsnnce
as a funciion of elearode ihickness. The vidble decrease in the Ry valae
with an imcrease in electmde chickness iz noticeable, This trend i
stopped when the thidoness is higher tham 300 nm; aml the lowest valae
isachived fora thickness of 500 mm. Por the B, the values are similar,
amd o zignificant &Fet 8 noticsd. Thesefore, a thickaes of 500 nm wa
sedeciod for furthes research.

A2Z Effecr of anrcaling reperanae
The next stage of tee analysis was o sssess of te cffeot of the

anneading temperature on the efficiency of the mialytic reaction. This
pamameier has been proven o henee a significant impact of electrode
periormance [40], This & dwe 1o, among others, the formation of &
erystal sruciuse s well as changisg the geain siee, which direaly alfecns
the activve suirface anms,

Fig. AA shows the ohmic reslstanee vilues, Fly. B shows the polar-
istion resistances, Fig. 4C shows the impadance specra, amd Fig. 4D
shows the infleence of the annenling tempemture on the chmic and
polarsation resistance values, The sample amnealed a8 10} "C and

Appied Syaticr Somcs S0 ENT) Prakega

B0 “C revealed the smsllest Ry, values, 783 (an® and 822 fem®
respectively. For other samiples, the differemce in Ry value was
erligibbe, Such walues for the A parameter isdicass thin a gocsd lwnd
with the OGO substrate his been schiroad The highes B, wmhs: st
400 i was observed of 125 Dom® for the samgle annealiod a6 400 °C,
Follovwed by the semple omnealed a S G with R sqed to 117 Cam®
af the same temperaiure. Poladsation resisance gives information on
the effidency and activity of the reaction between LapsSra #0005 and
Oy The lowest valee was observed for the sample annealsd ai 400 °C
amdl the highest ot M "C These values e respectvely 35,9 (-eem and
2370 e AL A0 A signdficant decienss in paolorismion e
the resnlt of the manoporous structere of & pardally amcrphous
Litg g Seg yColly & A promising, resuli was also obmined for the sample
lmﬂdim‘ﬂwheﬂuﬂﬂvmim‘tmiﬂumi.m
adhaniage of using partially amorphous LSC s revesled here. The resalis
for fally crystallised LEC are similar, and the best resalts with cry=talline
LSC were abserved ai Hlll'l'ﬂlh'lt“ﬂ'h:!'l‘ﬂ'ur! af 6 “C. This =
influenerd by (ke amall grain dse of the ayvaalline 150, whoss &t
warlace |s lnrger conspared po 150 annealed ar bgher lemperanenes, This
efieey has been described in previous works (4042 ). The mse of a sin-
tering temperaiere below the formadon temperanare of o crysalline
sruciure contributes o a significant decremse in the Ry alue. This
mears thiat the oaygen electrode’s activity got enhanced.

Fig. 4D shows the influence of ammealing temperature on e ohmic
resktnnee sl the polsrisation sesisimoe. The reulis dows thee difler-
i i the prmneters describing the oxygen clectrado, and indicaes
the optimal paramesers, These b5 a vislble dowenward polarisation
resistance with lowering the annealing tempermtare. For the ohmic
resistance, there isa clear indicagion of a decrease of this paameter with
the imcresese in the srmealing temperstsre. Morsover, activation energy
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for the annealing temperature of 400 “C is lower than that calculated for
crystalline form (in this ase compared to the annealing temperature of
600 “C), and it takes & value of 0,99 ¢V compared 0 115 eV, This
phenomenon was also described by Cavallaro et al. with amorphous 1LSC
[20].

Addicionally, unalysing the Bode plots for partially ansorphoss and
crystalline LSC presented in Fig. 57, they show significant differences A
significane reduction in the middle frequencies was observed for the
partially amorphous material, as well as a small change in the frequency
characteristic of Re sowards higher frequencies. It follows that the re-
action mechanism does not differ much in relation 1o the crystal struc-
ture. Obtaining & low Ry value compared to other works describing
Amorphous materials indicates that the problem of electron migration
resistance from the current collectoe to the active renction site s wvol-
ded. Additionally, the relationship obtabned during EIS messurements at
different pO; resembies the relationship obtalned in work on crystalline
form of the LSC [40).

Obtaining the best result for the annealing tempesature of 400 °C
Indicates that the peesence of an irvegular stracture with a significant

Apind Surfece Sclene 670 (20240 | 6060

mumber of defects has a positive effect on the catalytic activity, Ac-
cording 10 XANES and EXAFS analyses using WT, there may be varda
tions in the arrangement of atoms in the material that could have an
impact on the elecrochemical efficiency of the maserial. The pessible
cccumence of 4 mxtuee of LSC with CoyOy, as indicated by XRD and
Raman spectroscopy and supported by the liremoure, indicates the su-
perior properties of an parmially-aenorphoss materiad (00,

23 Dealed dectrochemica tmpedance pectrascapy investigasion of
elearade 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, & serbes of measurements were perfonmed ar Sifferens
O3 in the tempersture range of 400 "C-300 °C. Fig SA show obtaioed
impedance spectra, and SB-C show the ohmic and polarisation resistance
values obtained for the measurements a different panial pressures of
onxygen. Fig. 5D and 5E show the DRT analysis pesformed for these
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Fig. 5. Impedance specera obtaned during & ssensmmmsents (A), Archenius plots for ohasie (B) md polarisntion (C) resivtance for messussoments ot dfforent pastial
presure of oxygen and DRT snalyvls for memurements made st 400 “C (D) and 300 “C (K detormained ASK walues for processes Pl and P2 (F), equivalest
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meas ey, According 1o the svalable liemuee aalysing DRT @
higher remperarures, throe processs can be disingaished [40,43). The
decrense i the ply beads 10 a modesi incvease in P1 peak area.
Furthermore, the area of the P process penk grows as the tems pemiure
decreases. In comparisin to the high frequency moge, this behaviour
ran be artributed to charge transfer ai the electmde/electml yte contact.
The P2 process, which ooourns in the mediam frequency range, i highly
depenadent om ply mxl emperdure. P2 can be linked to a wadety of
electrode procesis known a aede oxypen exchange kinetio amd
oxygen fon EiTusion, duling adsorption of axygen gas Oy, dissods-
rion of 0y, and charge mmesfer diffusion [0l [44,45], The fiaal sub-
proces, P, occurs ar low frequencics and bs sinongly dependent pri-
marily on ply, with peak aren increasing as ply decreases. This mech-
ang=m is similar 1o gas diffusion in the poroes meygen elecrode and is
undy marginally temperarure-dependent bat sobstantially dependent an
microstructuml characteristics [46]. Therefore, it is dear that these
phenomena are parely thermally activaed,

DRT anakyss reveaks] three penks typical of oxygen elecirodes,
denoied as subprocesses 1, PL amd PR Moreover, ot higher Ire-
quendies, b charpcieristie b5 observed imdicating the presence of the
Gerlscher ehment, which determines mas rampon s the electrode,
The impedance of the Gersher element mesulis from the nelari on

1
W =
FALTE W‘- i11
where 'k I8 the effective tmesler rie of the chemenl resction and ‘Y s
the Inlvial coeificlent, Le. the ivverse of B |47 Varations of the ASRS of
the idenified elecirode subproceses with ply are shown in Plg. 5P,
The slope of the curves helps © deduce the likely mechanism ol the
reaction occurrimg (n the electrodes (45 The dependency can be
nizribaved o adsorption and surfoce exchange for slopes 0.5 10 0225, bat
n shope of | involves the comiribmiiion of molecular oxygen and is
attribaped o gnseous diffusion [49]. Por different oxygen conentrations
ol 400 “C; we observed a slope of U8 for process P and —0.368 for
procs FL 18 was imposs e 10 analyse the valoe for the P3 process with
the indicaed s diffaion The meason for that is the low temperatics of
the experiment, when part of the impedanee et deseribing this
proces |8 pegligihle, and it was fmpossible 1o schieve proper mnd valid
resules, Processes P2 and Pl hnve diffesess slopes, which may indicaie
oaygen surface eochange binetics and oxygen lon diffasion, respectively.
In the case af the M1 process, we are [alking mither abowt the charge-
tramsfer resction & the interfoce, which has a higher resisance
compered o other sabprooeses,

The obwserved capacitance vahses do not change significantly with
increasing cxygen conbenl i e salyesd semples. Vabaes olbserved for
thit P procesa jnilicats that it could e dse sdsorprion proess [£0,45],
In this case, there b no depesdence or very small dependenoe aof the
capaci tAnce an Tk 0xypen contentration. Capae|mnee values decrease
with increasing noygen oofcenmagion, which corredmes wigh lirermure
dama [40,449). For the Pl process, ihe capacicance values were
—10T¥con 2, This |s likely becnuse of the dharge transier that cccurs ot
the interface between the dectrode and the elecrofyie ayer. Az SH-A
present the determined valoes of the parameters &' and Y for the
Gericher element. Examining the impact of oxygen partial pressure on
the Gedsher elemsnl parameten, & pronoenced reliasce o the e
constanl pacaiwier K (with 8 sdope of O6EY) heosmes appand,
Conversely, the ¥ pammeier senclated with adminance appears unal-
fected by changes in py, dsplaying a neardy consae value with & very
small slope. Motably, the resistance of the Gerischer element ai 400 “C
and pOy of 20 % measures 9.3 Gom’ and exhibits dependency on pO;.
Flg. 5 shows the egaivalent cirosit obtained by DRT analysis. Flg 5K
shivms a representative example of the fit obtsined for the equivalent
circutt useel. Additionally, a Kromig-Kramers (KK] analyss was per-
fomned [50.51], Representative analysis results are presented in g Sk
For most of the specitram, the melaive ermor of Baolh (he neal amd
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R4, Seabiliey st

The wse af 4 low annealing remperature and the e of panially
amoaphous Lag o Seg fC0050 can affect the smbsiliny of the aygen elee-
trode over time, The actve surface of the elecirode may also change.
Mygaist ploas shaow the changes over tme and ane presented o Fig. GA.
Fig. 68 and C show the change of Hyjg and Ry, parameters over time. in
ihe case of Ry, an initial valve of %28 (3-on” was observed, and the
vailue Auchasied amand this value The fnal valie was 92.% (on?,
which means & redudion of 05 @en’. In the cise of ihe polarsation
resintance, an Eoease in the valee frm e inddal value of 35,7 0m®
1o ihe value of 43200 m’mtmwm mdns o dhange i
degradarion rate of 21 % in 100 b The abserved increase in polaristion
reslstmnce bs also different from that observed for che crysaalline form of
L5C ar higher ewpemnses |40,52), This may be relaed 1o varkous
proceses, malnly chemiml and not necessari by relared o degmdarion,
ooouring in tee partially amorphous material,

Fig. =4 shows the XHD sperim taken oo the samples afier E15 mea-
surements. Alomg with the LSC-matched peaks, wiich were the same as
for the poveders in the firs part of this artide, 0G0 peaks at 297 and 577
and mwerlapping LSC peaks at 55" amd 48" were also fous]. Moseover,
atarting fFoen an asnealisg empemaiioe gher than 600 °C, the oocur-
rer al pddditional pemakis wad idemtilind, which indicate thie lormation of
an addidonal phase adapied o the presende of cobaly spined ar 327, 377,
547, and &6 AL lower remperatures, erystallisation orcurs shossdy, and
the SR {signal-to-nolse ratio} at #K “C is lower than that olsenved af
501 “C. Peaks corresponding io the appearance of Coyils are also not
observed. The resulis obtained for higher empernises are consistent
with those wvailable in the Llieraiure. The lack of ideniification of S0,
whirald also be noted. A1 the same Hme, the use of an amorphous material
i ity high variability because (he diffraciogmim made afler ibe lesis
fior lensperaiures bebow 600 °C dilfers siguificantly Fom the one made
Dl e vests, 1 s ma ihat the material crysiallimes dowly, which may
cauie an initial large variabiliny in the paramsetens describing the elee-
troule. This may abo explain the incresme in polarsion resiannee ob-
iained during ageing measurements, and the observed increase in this
pammeter & due fo changes occurring in the material and nog o s

degracation.

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

The trasspoct of charges o the oxygen elecrode o MIEC (Mixed
lenie-Ebeetranic Conducior) materials, such & L5C, prooeeds. throagh
three @epst the adsorpiion of coygen molecules Ellowed by ibeir
iisaceintion, ke reduwetion of axygen lons leading oo tsedr jonssacion,
and the integration of oxygen jons into the surface of the oxygen elec-
mrode [531. In dhe following step, the oxygen jon undergoes eicher balk
diffaxion or nrfeoe diffusion, and wltimmely, in the Anal siep, it reachis
the interface between the oxygen elecirode anid the electrolyie,

Amorpheus or partially amorplyas materdals exhibit undque prop-
ertiea Tl allow lor electmshensical enbaneensent and catalytic scriviry,
Thest mmeriaks show a shost-range order, bug on a larger seale, along-
range disorder should be considered, For those mmerial & rductios of
elertranic conductivity, Increase i the oocurrence of dedects and va-
cancies, and possible faster jonke diffusion is ohserved [54). In amor-
phaous or partlally-ansorphoes manerial, the movemsenst of oxygen omurs
through a “saddle point™ kemed between two Asite catbons and one B-
site cagon, instead of directly jomping from one site o the adjzen
vican<y along the amion ocinbedra edpe. The larger volume of the
perovskite cell in the amorphous oxygen eledrode materal, alomg with
iteboweer density, may cawe & deorese in i amoa of enecgy neguired
lor nxyjpen o mer imn o neighbousing eaygen vacancy. Simdlardy, the
pathoway through which oy gen moves in en amorph e " pre’ - permyvekie
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strictume is likely to be distineg, ressilting in & reduced activation energy
far cxygen diffasion |55-57). The comhination of vardoas sharing ge-
inietr i i Alfocts (he properties. Amorphois msieial an crested by
stecking distnered metal-oxygen polybedra 1o create lankoe arrays ina
random amangement. The oxygen stoms of maltiple polybedra are
connecied fo ench odher thmugh wadows sharing configumtions,
inchling edge sharing. comner sharing, and face sharing. The presence
of eaterdive grucharal digurhances in gmorphous materials redoces the
iman free scanering path, while tha ahsenes of graen houmdarie leads i
the umifrenity of electronie poperies over lege aress (54), The
improvement obviained in the caradytic properics of LS in the partislly
amorphous form indicates that the greacer mumber of defecs and va-
cancies produced is responsihle for this effece.

Ammealing at 400 “C pesults in a reduction in polarisation ressances
due to a high active suface aren, o larger mumber of defecs and va-
ciarcies, and extremely small graim, bul @ the same time increses
olemic prdEsance, Higher annealing temperaians laul o larger grain
sizes, erveall sation of 150, and & reduetion in the sumsber of defecs and
vorandles compared to the parially amorphous form, This oufeome
exhibiis peduced ohmic resimance while also demossirating notbly

higher polaristion resistanoe.

4.1, Literarure comparison of elactrochomica performance of angm
il o low demmjoranrel

Amaong dved works an intmduction pee, for improve the discesson
the result obininsed im this soady was compared with oteer works The
obtmined results wene compared with the data available in the litemiore,
nof onl ¥ for LSC et adso for otber promising oxygen elecinsde materials.
Flgg. 7A presents Armrhenius plois for ciled works and a comparism with

Jemgeriure ()

i 800 550

Al work, Die lving deeper int the wopic, Fig. 7B presents the B values
abesined over the last 15 yeass. This chan also indades a divisgion inpo
ke s of & single material and the composites.

For sxample Kameckl e al describe the nee of LSC oaygen electrode
layer deposited with spray pymolysis method. The elemrode thickness
wits sei as #{H nm. The symmetrical cell showed very low value of the
mmﬂmhm‘ﬂn—lﬂﬁﬁ.mmnﬂdﬁm
electrole dhow Righ stability over the long tinee of ssability experimene
{araninad N0 B [40]. Very promiseg cesnlis were sl aduievad in the
wirk al Nicolett o 8l where they sudied 8 OO0-based eahiode (sl
irabed by prasecdyminm oxlde. The poladsmtion resissance valus was
—2 (hom® a 400 “C[6]. Ho o al, deseribed the mme of Srio) Shilyas s
potential cathode. At 500 “C. the polarisstion resisance for the
Srlng araaSba er=Che sample wes —1.7 {em?, Additiomally, this work
demonsimied an improvement in 00y tolemnee [7]. Samat et al,
discribed he use of singlephase, submicmon LG synthesizsd via &
Mﬂﬁt comiplenaiion mithod & an oxvgen dedrsls in peoton-
ronduciimg fuel oells Symmerc samples wene singered ar 900 " FIS
mensurements at 400 “C showed an Ry wlee of appeocdmanely 32
idems® [18]. Moh et ol prepared a cell with an LSC sxygen clectrode
approximetely 1 pm thick. At a temperature of 400 “C. the ASH value
wis 177 Ceam? [54],

There ame very few works describing the use of non-arystalline LSC.
Herwrwer, (her commparisan with (hem i3 che peost meaningful. In e work
af Cavallam o 8l a FLD<deposited laves with a thickness of sppeosk-
mately 300 nm was wed and heat eated from mom [EMpEratie o
750 °C, wich an intemmnedine step ar 300 "C. Ars rempemoere of 415 °C,
the Ry vahse reached 850 £-em® (30, In 0 separate stady, Evans ef al,
employed partially amorphous LSC as an oxygen electrode in micm-
solid oxide fuel cells. They imvestigated elecirode thicknesses of 1040
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nm ared 200 nme For the 200 nm thicloess an 400 “C, fuel cell mea-
suremenis indficated an ASH walue for the oxygen elecirode oot
exceeding .3 (oo’ [120

The values obamned in this work are in tdhe middle of the polarieation
resitance vabses oblained in other works. This means that Ffurther
development of partially amorphous oxygen eledrode materiak =
nevdked. It i worth noting that in the o of single materias, beter
resulis are generally achieved with composites. Of the ciied waorks, only
one inchided tempemure & low as 300 L

5. Conclusions

In this weork, am axygen electrade bn the Torm al Lig oSng J0005 5 was
deposined on oy glidg o0 4 pelles uskag the spin-coating nechaique. A
new method for preparing the LSC precusor wsing UV radiation has
been used. The sractural annbysis was based on vesis sach as XRO, HT-
XRD, RAMAN spectrn, FTIR, XANES, EXAFS, and WT as a fonction af
annealing temperature in the range of 400-1000 "C. Bectrochemical
impedanoe spedirosmpy allwed 1o determine (be opfimal range of
axygen decirode thickness (500 am) amd 16 daemaine the opimal
annealing temperarang (400 “CLI his boen shiven it the partially
amnrphous LSC hes significandy higher clocrrochemical seriviry. The
panially amorphous maure of the macerial is indicaed by the presence
af characteristic bonds {typlcal for cryszallise LSC, bt lower intensicy of
the zignal) with identified osing Raman and FTIE specimscopy. This i=
also indicated by the Bode characiengic in EIS m = More-
over, NRD and HT-XRD messsrements indicae that the  oeinismm
eryitalliestion lempernmee |5 appronimacely 00 °C {(nasocrysallies],

The increas in elecimchemical activity of parvially ansenphous 152
is probably due o the derensed oxidation stare (from 24 1o 2.9) of
codalt in partially amorphous LSC This chamge is combined with a
wisibly lower mordination number of oxygen pear the centml stom. All
thdis, combine] with the irmegular spmtial stnacture, incneases the mmber
af defects in the material and oxygen vecandes,

Stnbsiliry e s posn-moetem analysis of smmples iedican adequare
stability of ghe maierial combined with the lick of abservat oo of oxldes
indiicating material decomposizion (Sr00y or Cos0y) indicade the po-
tentinl mse of partinlly amorphous LEC & an oxygen eledrode in $0Cs,

Tio the best of our krowledge, this wark is the first o describe ina
comprehensive siudy the electrochemical and streduml properties of
mﬂrﬂumﬁnmﬂinﬂmﬂdm,fﬂlﬂmm
& low rempemiuee. Artensps 1o describe parcialby mmorphosis material
and demonstrste slmilaricles and diferences using multiple 1echni goes
are alss worth noting.
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Figure S1. A relationship showing changes in the contact angle over time for different types of precursors
and water as a reference sample.
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Figure S2. Photos presenting the determined contact angles for various types of precursors at the initial
moment and after 4 minutes (3 minutes for the proposed precursor).
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Figure S3. Fractures of CGO pellets with a LSC layer deposited by spin-coating show an increase in layer thickness

with successive cycles of deposition.
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Figure S4. Calibration curve of the dependence of the change in layer thickness on the
number of spin coating application cycles.
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Figure S5. High-temperature diffractogram taken for LSC powder annealed at 400°C (A), Raman spectroscopy for LSC
layers deposited on CGO (B); FTIR spectra for LSC layers (C).

Table S4. Fourier transform fit values for best fit.

Lao.6Sr0.4Co03.5  Shell N sigma”2 R R-factor
400 °C Co-0 3.8 (0.5) 0.0018 (0.0022) 1.91(0.001) 0.013
500 °C Co-0 4.0 (0.4) 0.0014 (0.0014) 1.90 (0.006) 0.009
600 °C Co-0 4.8 (0.5) 0.0034 (0.0017) 1.92(0.006) 0.012
700 °C Co-0 5.0 (0.4) 0.0027 (0.0011) 1.92 (0.006) 0.005
800 °C Co-0 5.0 (0.4) 0.0026 (0.0010) 1.92 (0.005) 0.004
900 °C Co-0 4.6 (0.6) 0.0027 (0.0018) 1.91(0.01) 0.017
1000 °C Co-0 4.7(0.5) 0.0016 (0.0014) 1.92(0.007) 0.009

N - coordination number; R - interatomic distance; sigma”2- disorder parameter. All
the fitting analysis were performed in the R space, AR=1.0-2.1 and AK=2.1-11.
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Figure S6. Determined vibration spectra |X(R)| (A?) in k-space (A) and k2 X(k)(A2) in g-space for LSC (B) and a fit
allowing the identification of bonds in the crystal structure of LSC; maps determined using the wavelet transform for
LSC with an annealing temperature in the range of 700°C-1000°C (C-F).
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Figure S8. XRD diffraction pattern collected for samples after impedance measurements.
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10.4. Developing high-performance oxygen electrodes for intermediate solid

oxide cells (SOC) prepared by Ce,.sGdo..0.-5 backbone infiltration

Authors: Omer Faruk Aksoy, Barttomiej Lemieszek, Murat Murutoglu, Jakub

Karczewski, Piotr Jasinski, Sebastian Molin
Applied Physics A, wvol. 130, issue 11, pages 779, 2024,
https://doi.org/10.1007/s00339-024-07939-0
IF=2.8 (2024), MSHE points 70, Citations: 1

Article 4 describes research on the infiltration of a porous CGO
backbone with oxygen electrode materials in the form of LSC, PrOy, and
a composite of the two (PrO«:LSC). Among the tested infiltration procedure,
nine cycles of immersion yielded the best electrocatalytic performance.
Symmetrical measurements demonstrated that CGO-LSC exhibited the
lowest polarization resistance, followed by the PrO.:LSC composite, and
finally CGO-PrOy. Based on these results, CGO-LSC samples were selected
for further investigation. Stability tests revealed an initial decrease in ohmic
resistance, followed by a linear increase in polarization resistance over a 100-
hour experiment. Fuel cell measurements with the proposed oxygen electrode
achieved a peak power density of 0.53 W-cm™ at 600 °C, representing an 8%
improvement compared to the reference cell. Importantly, the cell maintained
stable performance in an atmosphere containing 50% water vapour and 50%
hydrogen, delivering nearly identical power output. Additionally, electrolyser-
mode testing showed improved efficiency, confirming that the proposed
electrode configuration enhances performance in both operating modes.

The novelty of this work lies in the systematic investigation of porous
CGO backbones infiltrated with LSC, PrO,, and composite infiltrates. In
addition the PrO,LSC composite as a novel infiltrated electrode material.
A direct side-by-side comparison of single-phase and composite infiltrates
within the same porous backbone enabled a comprehensive evaluation of
their electrochemical performance toward the oxygen reduction reaction,
particularly at relatively low operating temperatures. The work further
demonstrated the practical relevance of the proposed approach through

validation in a commercial Elcogen cell.
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The main achievement of this work was demonstrating improved
efficiency while significantly reducing the amount of electrochemically active
material required, thereby lowering cell cost. Furthermore, two promising
cathode materials for low-temperature cells were directly compared, and it
was shown that the relatively low annealing temperature of 600 °C did not
cause a substantial increase in ohmic resistance or a decrease in overall
efficiency.

My contributions included conducting part of symmetrical

measurements to identify the optimal electrode configuration for subsequent
tests, as well as performing and analysing long-term stability measurements.
In addition, | was responsible for writing the manuscript and, as the
corresponding author, submitting the article to the journal and preparing

responses to reviewer comments.
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Developing high-performance oxygen electrodes for intermediate
solid oxide cells (SOC) prepared by Ce, ,Gd, ,0, s backbone infiltration
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Abstract

Gidy, ey 00 -, (GIDC) porows backbone infiliration with Lag, Sr, ;CoCy_ (LSC), Pridx and LSC: Prix as o composile
ogygen electrode for mtermediote solid oxide cells are conducied within the scope of this work, Samples were charac-
terized using scanning electron microscopy (SEM), energy dispersive Xy spectroscopy (EDX) amd electrochemical
mmpedance speciroscopy {EIS ) A uniform distribution of the infilirated material inside the backbone and ai the electmlyvie-
hackbone interface was achieved, EIS mensurements on the prepared svmmetrical samples showed electirode polarization
resistance (K} valwes of 0,029 {1om?, 0.23 (kem?, and (044 Quem? for LSC, LSC; PrOx, and Prow an 600 °C, respec-
tively, Long-term stability meassiremenis al 600 °C for 100 h showed a slight increase in polarization resistance duning
the measurement period. Fuel cell measurements of commercial cells (Eleogen) with porous oxy gen electrode consisting
of G infiltrated with LSC showed an increase in power density companed to the reference cell with a value of (.53 W,
em ™~ * obtained at 600 °C. It is proven that infiltmtion via polymeric precursor imto porous scaffolds as backbone oygen
clectrode lyver is effective and convenient method to develop high perfommance and stable solid oxide cells,

Keywords Solid oxide cells © Oxvpen electrode © Infilivation - LSC - Praseodvmiam oxide

1 Introduction infermedinte tempernlore range o reduce cost signifis

cantly [, 4]. To achieve this goal, improvements in oxy-

Solid oxede cells (SOCs ) are one of the promismg technolo-
gics that are a potentially importani pan of encrgy ransfor-
matbon [1]. Typreally, S0Cs can operate i two mahes: fuel
cell - solid ocide Tl cell (SOFC) and electrolyveer - solid
axide ebectrolysis cell (SOEC) [2]

Originally, SOCs operated at  temperstures  above
0 ", amd B immediadely became obvious thai (o
mplement the fechnology, o significant reduction in ihe
syslem’s opermling lemperafure was needed, The current
rent objective is 1o provide efficient cells operating in the

' Depannseni of Maiorial Science and Englneaning. Gicbae

Techmical University, Koceli 41800, Turkey

Advanced Materisls Centre, Faculty of Elearonlcs,
Tetegomminications ard Informatics, Gelask University of
Tiechnsd oy, wil. Ci. Mamsowicza 11012, Gdahsk

B33, Poland

T Advarced Muerinls Cenere, Faculty of Appliod Physics
end Muthemmatics, Gdafisk Umiversity of Technology, ul. G,
Wansowicea 11712, Gadmisk 80-233, Poland
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gen electrode development must take place, The reason for
this iz the polarization resistance of this dectrode, which
i% responsihbe for o significant pant of the resistance of the
entire cell [5). Therefore, in recent vears, there has been
an inlemification of research on effective material for
oxygen electrodes operoting at low temperatures. Amaong
e analyzed materials, mived jonkc-electronic conducions
(MIECs) have gained popularity, as the oxyeen reduction
reaction lakes place al triple phase boundaries where both
the presence of electrons and the transport of wns in the
material are possible [6]. The materials analvred for use as
an eogvgen clectrode m cells include perovskite onides such
as Lay_ Sr Mndhy_, (LSM) [T, B], Lay_ Sr Colyy_g (L5C)
[6. 9-13]. or La, _ Sr,Coy _ Fe 0y _; (LSCF)[14-17]. Addi-
tionally, materials such as Pridw and Buddlsden-Popper
phase PryMNiOy . are curently gaining populariy [18, 19].
The efficiency of the oxygen eclectrode is also influ-
enced by ils mamifncturing technique. The most popular
techniques used to prepare these clectrodes include screen-
primting [20], tape-casting [21-24], spin-costing [25-27],

ﬂ Springer
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dip-conting | 23], and more sdvanced technigues such as
pulsed laser deposition (PLIN [29]. stomic laver deposi-
o (ALDY [30, 31], spray pvrolysis [6, 10], or chemical
vapor deposition (CVD} [32]. Furthermore, the mflimtion
technicue is increasingly used, in which a poroas backlsoone
miigde of an electroly te material with high ionie conductivity
i impregnated with & material with high electronic comduc-
tivity [33-36],

For example, in the work of Choi e al, described the
miiltration of La,, MOy material (p=1,23) ino the
porous sinecture of Y5 (ytina-siabilized zirconia). A
poroas backbong with a thickness of abow 50 pm e infil-
troted with the prepored precursor until the loading reached
45 wis, then ihe propared oxvgen elecirode was annealed
o K50 °C. Electrochemscal Impodance Spectroscopy (El5)
mcasiremients showed polarization resistance valwes of
0,120 Lhem® for Lo,NiCy, 0,112 f2.em® for LayNi,04, and
0.068 [Lem? for La Ni, Oy, at a temperature of 730 °C, The
full cell mensurements, with the LagNijOy, as an oxygen
eectrode, reached 0889 W-em™" a1 750 °C [37]. Shah et
al. described the infiltration of Lag . Sn; 0 Cog o Feg 404 info
porous GOC {gadeliniom-doped cerial. It has been shown
that the optimal sintering temperature for GEC hackbone
is between 11060 “C and 1200 °C, Loading of 12.5 w4%, of
materzl kvbo the porous backbone showed the lowest polar-
teation resistance (R equal 1o 0.24 (Lam’ o 0 temperature
of G0 "C | 38]. Huang et al. deseribed the infiltmation of the
poreus Y52 backbone with LSM (Lig g S Mo, ) mire-
nal as a potential oxvgen electrode. All tesied combinaiions
ahowed similar catalyiic [nqllzﬁ:inu. and the polarzation
resistance values were approximately 0.4 (lem® st 700 °C
[39]. Theng ¢t al, deseribed the process of mfiltration of
the composite Y5240 Lag o5 2Fetly 5 11:1 miio) with LSCF
(Lay  Sry  Coyg oFeg g0 ) material. With only twe infiltra-
tion cyvcles of LSCF, decrease in polarization resstance from
1.4 £Lom? (for sample without infiftration ) 1o 0,16 (Lem® o
a lemperature of 700 °C, was observed. The prepared cell
with the proposed oxypen elecinode showed a power den-
sity of 0.4 Weem™ " at 700 °C [40], Samson et al, described
the infiliration of a porows Cey, G, (O, _; backbone with o
thickness of approximately 25 pm with LSC as a potential
oxvgen electrode for imermedinte-tempernture solid oxide
fuel cells It was found that for a precursor soluiion with a
comeentration of spproximately 1 M, the optanal nunber of
infilirstion cveles was % i was also shown that the optimal
annesling emperature wis set o Gl °C, The polariation
resistance of the obained oxveen electnode ai GO0 °C was
{1044 £1.cm’ [ 34]. Nicollet et al. proposed infiliration porous
GO with Py, maierial. 1t has been shown that the opti-
mial backbom: thickness was determined as 14 pm. Infiltra-
tien with the Pr,(y; precursor contmued until a loading of
30 wite was achieved {34 cyveles). Afier the preparation

&1 Springer
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process, the samples were annealed an 600 °C, EI% measure-
menis showed a very low value of pelarization resisiance.
equal to 0.028 £2.cm” a1 the same temperature, The cell with
the deseribed ooovgen electrode showed a power density of
0,825 Waem ™ at 600 “C compared to about 0.4 Wem™ for
o commercial cell [18].

In this work vestigation on the process of nfilration
of o porous GO {gadelinium-doped cering backbone with
meaienials such as LRC, Prix, and the LSC: Pridx compos-
ite were descrbed. The infiltration process allows for the
sieady distribudion of nanopanicles of the impregnated
matenal throaglil the structure of the backbone material.
Electrochamical sctivity mensurements showed very good
oxygan reduction reaction (ORR) properties of the materi-
als. Ameng the three matenals discussed, LSC wmed oud
to be the maost promising. The use of the best combination
15 the oxvgen electrode i the solid oxide fuel cell showed
an increase in power density of the infilrated commercial
Ebcogen cell compared 1o the plain Elcogen cell as reference
sample which is denoted as EL throughout the paper

2 Experimental

In this work, infilimiion of porous air electrodes made of
'Ccmﬁdﬂ 1”3_‘ EGIJL] hﬂ-kb‘.']l'-' “I.h LI.;..,E-':i-ru 4{."‘.‘.}3_;
(LSCy, Pridx and LSC: Pros 01:0 by precursor vol.) were
performed, Various charmcierization technkues have been
done, such as Eloctrochemical Impedance Spectroscopy
(EISL Scamning Electron Microscopy with Energy Dhisper-
sive X-rav Spectroscopy (SEM-EDS ) and X-ray diffraction
{XRID,

2.1 Sample preparation

Polymeric precursomrs for infiliration were prepared with
the Pecham method [41]. Mitrnte salts in the form of
LafNOy)-6HD (purity 9995, Alln Acsar), Sr(MNO,),
(purity 9%%, Sigma Aldrich), ColNOL ) aHLO (puriny SR,
Sigma Aldrich). or PrNO),6H, 0 (HL59% of purity, Alfa
Agsary were dissolved in the appropriake sidchiometry in
dislilled water with a total molar concentmtion of (.2 M {or
niirales as 0,04 M of eilwlene glvenlh Ethylene ghoeol was
then ndded 1o perform the polymerization process with heat-
img at B0 “C on a otplaic with continuous stiefing. Heating
wits continued until all the water had evaporated from the
solution. The completion of this process was determined by
e decrense in the mass of the solution by the mass of waler
measumed at the mifial stage.

0.8 g of commercially available GDC powder (GIC-
20 K, Daiichi Kigenso kKaogaku Kogyvo, Japan) was placed
i & mould with a diamseter of 16 mim and pressed an 98 MPa
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for 1 min. Sintering was carmeed out af 1400 “C for 10 h to
obtain a dense structure, Afler sintering, the pellets shrank
1o an average dismeler of 13 mm with a thickness of around
{0 mam,

The mext step was preparation a porous backbone with
a porosity of approximately 50%. Prepared slurry, Tor wel-
powder sprayving. consisting of iolueng, ethanol, (with ratio
toluene to ethanod 134} binder {Heracus) and GO powder
(3 wi%e), spraved using an airbrgh (Passche V0LS) onio
GO pellets on a hot plate heated o 250 C. The slurry was
kept i an ultrsonic bath for homogenization before spray -
ing. As a resull of contact with the hod surface, the solvents
evaporated instmn taneoushy, beaving the scaflold struciure.
Porous backbone wis prepared on both sides of the dense
GIDC pellets, After spraving. sintering was carried owt, at a
temperture of 1150 °C for 2 b in order 1o obtain adequate
mechanical propertics and a good connection berween the
dense electrolvie surlice and the backbone. Prepared pellets
with a porous backbone were used for infiliration . Wet-pow-
der spraving and posi-sintering infiltralion are graphically
showm in Fig. 1.

The infiliration process was cormied owl by Enmersing
pellets with a porowss backbone into the prepared precursor
solution (1 mil} and then removing the air remaining from the
pores using o vacunm chamber (008 Paj for 10 min. Excess
solution was then gently removed with a paper wowel. The
ulilization of the immersion technigue permiticd the simul-
tancous and uniform application of the precursor solution to
both sides of the sample, The samples prepared in this way
were then pre-annealed on a hotplate 8t o temperature of
AiEy 2T, The pre-annesling process ook place in b stages:
W S5 min, 180 C-15 min and 400 C-15 min. The
optimum loading volume of the porous material with the
impregnated materinl was determined using electrochemi-
cal impedance spectroscopy (EI5) It was found thai the
lowest values of the polanzstion resistance were obtumed
for the samples that were infilirasted for 6 cveles. After comi-
pleting the procedaire, the sam ples were anncaled ina muflle

b)

fumace (Carbolvie RHF [6/8 box fumace) a 600 “C for
2 b, The samples prepured in this way were wsed lor further
research,

2.2 Characterization

Electrochemical impedance spectroscopy (E13) messure-
menis were conducted on the prepared symmietrical cells,
to evaluate the ohmic and polarization resistance (K.
and R ). An LSC paste (Fiaxell) current collector layer was
applied to both side of the pellets and annealed ot 600 “C
tor two hours. The samples were placed in o compression
cell where the electricnl contact was a gold mesh connected
io platimem wires on both sides of the somple. These wires
wiere led oanside the fumace where they were connected o
the MNovocaontrol Alpha-A potentiostal, which was used 1o
perform the measurements. For EIS measuremenis, an exci-
tation amplitude of 25 mY and in frequency range of 3 MHz
o 50 mHz were used. Messuremenis were performed in the
temperature range from 600 “C 10 300 °C. every 30 °C in
the range of 600 “C-400 °C, ond every 25 °C in the range
of 400 “C-300 “C. An mimosphere of symbetic air was used
with a controlled flow of 50 ml min™".

SEM-EDS analysis of fractures, with appropriale maten-
ols was performed using o field emission scanning electron
microscope [ FED Cuanta FECG230) equipped with a second-
wry ET detector, The scceleratmg vollage was muiintained
al 10 ke

Commercial hall=cells {ASC-4008, Elcogen), compris-
ing a Mil-Y8E (fuel electrode), YSEGOC (electrabyie).
without an oxy gen electrode, were used for the full cell mea-
surements. [nfiltrated samples were labeled as EL-% C-L8C
and El-12 C-I5C respectively depending on iheir infil-
tration cyche ns 9 or 12 times, The porous backbone wis
prepared in the same procedure as for symmetrical measure-
ments. The infiliration process wis conducted by applying
the precursor to the surface of the porous GOC and subject-
ing it o pre-annealing at 400 °C on a hot plate. Once the

FAg. 1 Graphical reproemintbon of 4) G backbine speaymp on o GO pellets and b) infileraiion of porsies GO backbones with sohisons
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optimal loading of the GDC backbone had been achieved,
the samples were anncaled at 600 “C for two hours, The
reference sample was o commercial full cell (Elcogen) with
an LSC oxygen electrode.

The fuel cell characterization was performed using an
Open Flanges V5 test setup (Fiaxell Sarl Technologies). The
prepared cell was electrically connected on the fuel side by
a nickel foam and on the air side by a gold mesh. The cell
was placed in a Kittee furnace equipped with a PID tem-
perature controller. The wires were connected 1o a Solartron
1260/1287 frequency analyzer for impedance and current-
voltage characterization. The cell was heated to 600 “C and
held isothermally. The fuel electrode was reduced in dry
hydrogen gas (100 ml min "), which was supplied as fuel,
while synthetic nir was delivered to the oxygen electrode as
the oxidant (200 ml min '), To characterize the cell, imped-
ance spectra were measured o open-circuit voltage (OCV)
conditions in the frequency range of 100 kHz-0.1 Hz. For
evaluating the cell performance, current-voltage characler-
istics were performed.

3 Results and discussion
3.1 Sample preparation

Following the infiltration process, the peepared samples
were subjected to SEM-EDX analysis to confirm the uni-
form distribution of the infiltrated material within the back-
bone structure, The SEM images in Fig. 2 show the fractures
of the samples after infiltration for LSC, LSC: PrOx, and
PrOx. The backbone structure is well formed, despite the
presence of heterogeneities, segregation and flake structure,
and the pore size 1s relstively small. Nevertheless, the pres-
ence of nanoparticles denived from the respective materials
was discerned in all three infiltrated precursors (LSC, PrOx
and LSC: PrOx) (red circles). Concurrently, the loading
level is relatively low.

An EDX analysis was conducted to ascertain the dis-
tribution of materials within the porous backbone. Spot
EDX analysis was performed on the fractures of samples
immersed in [SC, LSC: PrOx and PrOx aloae. Figure 3
shows the distribution of measurement spots. Figure 4 shows
EDX spectra with elements identified at point 4, closest to
the electrolyte. The elements expected to be introduced into
the backbone by the immersion technique were identified.

Fig. 2 SEM images of LSC, LSC: PrOx and PrOx infilirated backbones

& Springer
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Fg. 3 Locavon spots of EDX responses from infiloted symmetrical cells in the hackbone
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Fig- 4 EDX malvsis of a) LSC, b) ESC: PrOx and ) PrOx infi irasted backbones at spot 4

Table 1 presents the atomic concentration of indentificd
cations obtained at cach of the analysed points, Moreover,
no segregation of strontium or other clements was identi-
fied, and the atomic distribution was found to be consistent
with the expected pattern. Furthermore, a markedly higher
loading of LSC in comparison to PrOx was discerned. This
result was unexpected, given that the total cation concentra-
tion was identical in both precursors. The LSC was respon-
stble for approximately 14% of the tofal signal, while PrOx
accounted for approximately 4.5%. In the case of the com-
posite-infiltrated sumple, the signal ratio of LSC 1o Prox
was, on average, 3:1 at points 2, 3, and 4. However. at point
I, the ratio was higher, amounting to 5.4:1.

The EDX analysis performed was mainly for qualita-
tive analysis, e, 10 demonstrate the presence of specific
clements in the porous GIDC backbone and for rough com-
parison of values, This was due to the high quantitative
inaccuracy of EDX for atomic concentrations below 5%,
An effective and umiform distribution of the impeegnated
materials in the porous GDC backbone was demonstrated
by SEM-EDX analysis.

148

3.2 Electrochemical impedance spectroscopy

A series of measurements were conducted using electro-
chemical impedance spectroscopy on symmetrical samples
with an electrode layer on either side of the electrolyte. The
objective was to determine the electrochemical performance
of the proposed oxygen clectrode.

Figure 5a and b show the arca specific resistance (ASR)
dependence ws o function of temperature for three types
of samples. including ohmic resistance and electrode
polarization

I'he analysis demonstrated that the lowest ohmic resis-
tance values were observed in samples infiltrsted with an
LSC: PrOx composite, followed by samples infiltrated with
LSC. Conversely, the highest ohmic resistance values were
observed in samples that had been infiltrated with PrOx
alone. The activation energy values (Ea) were also deter-
mined for the aforementioned data set. Furthermore, the
lowest activation energy at higher temperatures was identi-
fied for samples infiltrated in PrOx. Similar Ea values were
obtained at lower temperatures for all three tested types of
specimens.

In terms of polarization resistance, the LSC-infiltrated
sample obtain the lowest polanization resistance ot a temper-
ature of 600 “C, followed by the GDC-LSC; PrOx-infiltrated

~
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sample, and the GDC-infilirated Pros-infilirsied sample
had the highest values, The polarnzstion resistance for the
oxvaen electrode in the form of porous GDC immersed
in LSC was 0,029 (Lem’, 0.68 {Lem? and 7.89 (lem’ at
temperatures of 600 “C, 500 "C and 400 °C respectively, In
the case of the LSC: Pro sample, it was 0,23 £2.cm’, 0.93
frem® and 975 Qiem’, respectively, and for the samples
with GDC backbone infiltrated m PrCh alone, it was 0.42
fem?®, 295 Qem? and 17.38 [hemy?, respectively, at the
same lemperslures. Significant differences i activation
energy at higher lemperaiunes was noticeable. The sample
infiltrated with the L5C: Prix composite has a significonily
lewer Eavalue than the others. This cutcome is likely attrib-
utable to the combinmtion of the properties of the two mste-
rials. 11 iz also noteworthy thai the Ea valwe of 1.323 ¢V for
LSC in the temperature range between 600 °C pnd 450 °C is
considerably higher than the data presented in te literature,
for exsmple, the value of 1.099 ¢V reporied m the study
comducted by Samson A el al. [42]. Au lower lemperatunes
it was noticenble that the Ea for LSC and LSC: Prid are
almost identicel. This was most likely due to the high elecii-
cal conductivity of LSC compared to Prik, which domi-
nales over prasesdymium oxide al lower lemperatores in
the composite. The significantly higher value of polarization
resistance for Prix was the result of the low electrcal con-
ductivity of the material ot bow tem pernfures [43). Figure 6
ghows the Nyquist plois olain for the samples tested at
different temperntures. The ohmic resistance panl has been
subtracied to compare the electrode perfosmance only. Al
00 70, high frequencies are reloted 1o chorge trunsfer and
transport of oxide ions through the composite o the elecs
trodvte mterface in TPB {iriple-phose bousdary ), mediom
frequencies are related o diffusion of adsorbed oxygen and
finally low frequencies were related 1o the oxygen reduction
reaction {conversion ). Two differcnt impedance semicircles
wiere observed sl 4400 “C and 500 °C, The semicirle in higher
frequencies was related to the grain boundary polarization
and the semicircle i bower frequencies was related o the
oogvgen electrode polarization mentioned above. The polar-
ization value of the oxygen electrode {hereafier referred to
as R, ) was the diameter of the semi-circle on the real imped-
ance axis, multiplied by the arca of the active electrode sur-
fwie mnd divided by iwo 1o obinin the ASR of one side of
the electrode, due to the symmetrical nofure of the samples
Tt

1.3 Long-term stability

Figure Ta illusirates ihe EIS spectra recalculated o ihe
active area of the oxygen electrode, Figure Th depicts the
change in ohmic resistance coleulsed throaghout the e xper.
iment, while Fig. Te illustrsies the change in polarization
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resistance. The initial decline was followed by a period of
stabalisstion, which commenced after 30 b, The mitnl B,
value was determined o be | 058 {1lem®, and afier 50 h of
the experiment. a decrense of approximstely 0,19 {3em?
was observed. Between 50 and 100 b a slight increase in
ohmic resistince was noted, smounting 1o 0005 £ cm®, The
reduction in B observed during the experiment may be
witributed 1o minor micrestructural alterations at the L5C-
GO imterphase, including alterations in porosity, grain
size of the LSC nanoparticles, and the number amd lengih
of TPHs. The electrode polarization resistance exhibited an
incrense From an initial value of 00375 (hem? to (L0464
Llem?, representing a 24% change in AASE after 100 h
in L5C. This phenmenon is a commaon occumence in lils
eraiure, with a threefold increase in polanzation resisiance
achieved when screen-printed and deposited lilims are used
in companson 1o the conventional methods described in lit-
erature [47, 48]. The observed increase in R, with the pas-
sage of time ks pttributed to groin coarsening, which was o
consequence of a reduction in the electronically active arcas
and length of TPB.
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3.4 Fuel cell testing

Amnalysis of the oxygen electrode in the form of symmcirical
measurements wsing electrochemical impedance specinos-
copy gives a general overview of the material’s propertics,
For a mone comprehensive chamscterization, measures
ments were performed on full cells. The described com-
bination of o porons GO backbone infi rated with LSC
was used as the oxygen electrode. Porous GEC hackbone
on commercially available hall cells was prepared i the
same procedure as symmedrical cells and infiltrated with
the L3C precursor. [n this case it was necessary 10 change
the method from immersing o dropping dug 1o the nature
of the samples. It was found that this method gave similar
resulis after | 2 infilirabion cycles. The reference was o com-
mercial cell with an oxygen elecirode in the form of LSC,
Figure #a and b, show the -V curves and Fig. & and d EIS
graphs obtamed for cells with the proposed solution for 9
and 12 infiltrations and the reference sample in both dry
and humidified H2 (30% H,-50%H,0) at o temperature of
H00°C, The 12 C imfiltraged sample show a power density of
0,53 Wem™ at 600 °C, an Increase of 8% over the reference
sample. Fuel mde measuremenis also showed an increase
in currenl density al the same podendinl for the 12 C LSO
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infiltrsted sample compared o the reference. The increase
was analveed using the potential of 0.7 V, which vielded a
value of 062 A_cm ™ to 0.7 A-cm ™ for the reference sample
and 12 C LSC, respectively, Furthermore. a lower slope
was ohaeryved in the eleciralysis mode, confirming the trend
above, This observation maicates an incrense n the ¢lec-
trochemical sctivity of the cell. It has been shown that due
tir the idemtical fuel electrode ol electrolyie, the obtuined
increase in power density was related (o the increased elec-
trochemical efficiency of the oxygen electrode, Al the snme
time, 4 redwection in the polanzation resistance of the cell
was obacrved for both dry and wet ivdrogen. In the case
of dry hydrogen, R, was 1.8 £Lem® compared to 2.3 fkem®
for the reference sample, a reduction of approximately 22%
compared 1o the reference sample. A similar relationship
occurs in the case of wet hydrogen where the R, for the
12C LSC impregnated sample was 0,47 (Lom® compared to
(.55 L1.em® for the reference sample, a reduction of approxi-
mislely 15%,
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4 Discussion and literature comparison
4.1 Symmetrical cells

To facilitate a more comprelensive imerpretation of the
results, a comparntive mnalyvsis was conducted 10 identify
any poeicntial discrepancies between the findings and the
existing lnterature, [n the present study, the oxygen elecirods
formed of & porous backbone of GDC immersed in LSC
exhibited the most promising electrochemical performance,
The polarization resistance was observed fo be 0,029 {1 om?
and 789 Llcm® al 600 °C and 400 “C, respectively. The
L5C: Pridx composite infiltration exhibits an intermediate
performance compared to single phase compositions, with
R, values of 0.23 {Lem? and 9.75 (lem? at 600 °C and
400 °C, respectively. The highest R, values were observied
for samples immersed in Prix alone, with polanzsion
resistance sl S0 “C and 400 °C being 0,42 Chem® and 17,38
Lrom’, respectively.

In a similar =sudy, A. Samson et al. examined the infilirs-
tiom of the sme composation {L5C64) o s screen-printed
porous GI backbone on a sintered G elecirolvic at
1050 *C. They observed a polanztion resistance of 0.044
Lrem® and .04 {3 cm® af GO0 “C and 400 °C respectively.
Despile the use of a very thin electrolvie (180 pm), an
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infiltrstion loading of 9 tmes that wsed in this sowdy, and &
polymenc precursor concentrstion of | M, which = 5 times
higher than that used in this stedy [34]. In the later work,
the same group achieved avalue of 0,062 L1.cm? with the six
cycles of infiltration of the LSC |42]. Owtar 5. e al. achieved
W R_r valie of (031 LLem® al a lemperatire of T °C. The
electrode was produced through a8 process of infilirmgion,
whereby a Y57 backbone was subjecied o six layvers of
G and subsequently nine loyvers of L5C [44). In the work
of #han Fei el al, the infiliration of 1. 5C inio samans-doped
cerin (SD0C, Smy-Ceg 00 o) backbone omo SDC electrolyie
hiss boen conducted. resulting in an B, of 0.28] em’ afier
subjecting the material 1o varions thermal cvcling regimes
[45). In a study conducted by Chrean A et al. symmetrical
cells infiltrated with Lay  Sr, (Cog oFey o005 were prepaned.
The objective was to imvestigale the effects of simbering
temperature, thickness of the hackbone and electrolyie, and
the number of infiltration cyvcles on the polarization resis-
wnce. Additionally, the molarity ol the filrdion solwion
was varked. Al 600 “C, the polarization resistance achicved
was (016 Trem®. The inferior performance observed in this
stusdy mary be minbuted tothe use of comrser GDC particles,
which resull in diminished electrocatalyviic activity die 1o
the shortened TPE and reduced active aren [46)
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Micollet C et al. conducted an infilirtion process of
Pry0y, mto screen-prinded 10 pm LaMi,  Feg (0, (LNF}
or GIDC backbone (714 wm ) onto a commercially available
100 pm 3% Y52 dense electrolyle, Motably, the poliriza-
tion resistance was found to be (U028 LLom® st 600 *C. The
modar concentration of Pr nitrate was 2 M, which s ienfold
higher than thai wsed in our work [ 18] In a receni study,
Caizin-luanarena et al. mvestigated the potestial of Pry -
infiltrated LSM-GDC hackbone prepared by spray pyrolysis
as pn efficient oxygen clectrode for solid oxide fuel vells.
Electrochemical impedance  spectroscopy  mensurements
revealed a polarization resistance of 0.3 (lem® and 445
(hem? R, at 650 °C [47]. In our work, 2284 (hem? of
Ry, was obtained for samples infiltrated with Priw itsell
ad 00 A,

The values obtained for the sample mmersed in Prosc:
LSC composite exhibit a higher polarfimation resistance
than those reporied by Xiaofeng T, ef al. for Pr-doped G
(CGPOY) and LS, which is not a composite mixiure, but o
comparison in lerms of Prinvelvement msy be reasonable,
The composite miciure was infiltraied mwice with CGPOY
and nine times with LSC into the GDC backbone, resulting
in an B, of 0,104 Crome® at 700 °C [48].

[y
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4.2 Fullcells

As previously stafed, the mifilirtion of oxvgen ebecinmbes
has been identified as a popular method for enhamcing cell
performance in the Hlerature. However, the majorty of
these siudies reporied the performance of cells measured
above T “C [44, 49-56). The utilisation of anode-sup-
ported solid oxide cells ai such low temperntures remains
a relatively uncommon practice, ahthough this operating
lemperature is guining in popularity. For example. Sam-
son AC. et al. reporied 128 (lem’ toial polarization of
o similar cell with an LSC-infilirnted GDC oxygen clec-
irode al 630 °C [5T7]. The anode was fucled by humidified
Hy (BP0 H Y, In another study with o similar cell
siructure, Rehman 510 et al. showed that infilirating [5C
o o porous GER decrensed the total polarization from
211 fhem? 1o 1.32 (em® when compared 1o the conven-
tionally febricated LSC-GDC oxygen electrode [58], The
siudy reported an increase in power density from 048 W
em™? 1o 0,82 Wem ™ The measurements were carmied oul
at 630 °C with dry H, as fuel. Huang et al. studied LSC
infiliration e an LSCEF-SDC cathode integrated with o
Wi-GDC anode-supponied GDC electrolyvie cell and claimed
maximum power densities of 0.8 and 0.4 Wem ™ at 600
and 330 °C_ respectively [39]. Inthis curremt study, similar
Iov the hitersture, n trend 1o merease performance with the
infiliration methed was demonstraled, and o power density
of 0.53 W.em ™ was oblained al 604 °C.

5 Conclusion

Infiltration process of LSC, LSC: Pros and Pridc indo the
porous backbone GIN was prepared with wet powder
sproving, as an porous oxvgen electrode for intermediate
solid oxide cells. It was found that an effective infiloration
process was corried out by the immersion method. SEM-
EDX analysis showed a uniform disiribution of the immerse
material in the porous backbone, both on the surface and in
the eleciralvie, In addition, the LSC infiliration was shown
1o be movre effective than the Prix infiliration,
Electrochemical impedance specifoscopy mcasufcmenis
showed o very low value of polarization resistance for L5C-
immersed samples (0029 Crom® o 600 °C), Specimens
infiltrated with the LSC: Prix composite showed interme-
dimte valwes (.23 (Lem? at the same temperadure), and the
wiirst resulis were oblsmed with samples infilirated with
omly Pridx (.42 (Lem? al the same tem perature™C )
Long-term  stability measurements showed a slight
increase in the polarization resistance of the LSC-immersed
sample. This value changed by 24% m 100 h. A decrense
and stabilization of the chmic resistance wis also observed.
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Measurements of full cells showed o high power density
of 0.53 Wem™* al a temperature of 600 °C, an increase of
E%% compared 1o the reference sample, Improvement wis
alse demonsirated in all cell operating modes, both fuel
and electrolyvser. EIS measurements performed on the cells
showed a reduction in polanzation resistance for the L5C-
infiltrated samples compared to the reference.

Achnowledgements This rescarch has been supported by Notiomal
Science Cemire (MUN) DAINA 1 project number U306 20000381
STROOA1E: “Porous metsd supponed micro-scale solid oxide fuel
cells: furdamenmls, fabricwion snd testing”

Authors conl ribution Chmer Farnuk Aksow - Writing - original dimfi,
Writmg = review & editing, Validation, Methodology, Investigation
{Sample propantion, symmeinical cells messurements), Formal anal-
ysis, Data curstion, Barlomic) Lemiesrek: Wrritimg - original dmifi,
Writg = review & editing. Validation, Methodology, Investigation
|svmmewical cells mensurements), Formal amalysis, Dwin curation,
Mlurad Murutofiia ~ Writing - review & editimg. Methododopy, Innes-
tigaton | Full cells measuremenis), Formal amalvsis, Duia curation.
Jakub Karceewski = Writing - review & editing. Methodology, Inves-
tigatson, Fotr lasinski - Wisting - review & ediimg Methodology,
Schmtian Molin - Writing - review & alfing, Supervision, Funding
mequmition. Mabodology, Conceplualiration.

Dt arva ilbilty The row/processed datn Trom ihis siudy will be avail-
whle om reguest from the comesponding outhor.

Declarations

Competing interests The authors declare that they have no known
competing fnancial interests or personal relationships that could have
sppeared 1 influence the work reporied in (his paper.

Dpen Access Thas article 15 licmsed umder a Cromtive Commons
Anribition 4.0 Inematbonal Licmse, whih permits ase, sharing.,
adapation, disinbulon amd reprodection in asy medivm or Fommal,
as bong as you give appropriale credit 1o the angiml mihon(s) and the
somree, provide a limk 10 the Creative Commons. liconcr, amd indicaie
il changes were nsxle. The images o ogher thind party material in this
wrtiche are inchsded in the amticle’s Creative Commons licence, unlss
indicaicd otherwise in a coalil bne so the materfal. 11 nsmerml is ol
imcluled in the ankcle s Cnelive Comsmons samee and your imended
s i ol permiited by samiony repulation o eceods the permitied
use, you will need 1o obiain permatssion dvectly from the coparght
hodder. To view a copy of this leace, visil hipoeaivesmimons.
o Heonsesby 40

References

1. A Alsswad, A, Baroussji A, Rerk, M, Kamadan, &G, Olabs,
Adbeagen in Solld Ol Faed Cell Moverinls I Enoyelopedia
af Smwrer Mveriady, pp. 334540 (HI200 himpas!idol org/ 101016
BUTE-0-12-B0338 1 -8 11 7436

Wi, Chamarinis, A, Babes, ©, Zamani, H, Aslannejad, A pplics-
o af the distribation of relassion ime method in elec o bem-
ical snabvsis of the nir electrodes in the SOFCS0EC devices:
® review, Chem. Eng. ). Adw. 18, 1K CMIZ3) hapssfdod,
argd 1 10 A LCTEI A 2 3 10030

L



Develnging high-performance soygen elecirodes far intermediate solid cuide celk (SOC) prepared by .

Fage 110812 779

i

1

12,

13.

14,

15

1.

17.

A, Tamncén, Strtepes for lowering solid oxide fuel cells oper-
ating temperaiire., Energies 2047, 113001150 { D05}, g idiol.
o 10,3 3 ken 206401 | | 300

LCW, Mah, A, Muschiar, MR, Somahe, M.J. Ghaeali, Meml-
lic mierconnecis for solid ooide foed celk o review om pao-
tective comling amd deposivion techmiques. Ini. 1. Hydrogen
Energy, 4314, 92099229 (3007), hmpsclidai oeg/ 10 IO 164,
ijhvdene 2006.03,194

5. Chen, H, £hang, C. Yao et al., Review of SONC Cathode per-
formance enhancemend by sisrface mod#fications; recent niwanges
and fuune divections. Erergy Fuels. ST(3), 3470-3487 (023}
hatpes: i oeg 10 B2 | facs energy fineds. 2ol 31934

B, Kamecki, G, Campura, P Insisiski, 5 -F. Weng, 5, Molin, Tun-
ing Fleamdhemical performance by Microsiructem] Optimizas-
tion of the Nanocrystalline Functional Ckogen Elecomsde Laver
for Solid Oxide cells. ACS Appl, Mater Interfoces. 14(51)
AT4400 7450 (20231, hatps:tidai.org/ 101001 /acsnmi. 2z R3]

£, Wang, X. Wang, & Xu e al, Semiconducor-ionic manooomm-
peoisine Lall | Sl S0 3 <Gl el B5mi 2025 functional layver for
high perfrmance low temperahae SOFC. Mater. | Baselp. 11{5%)
{201 &), hatges: o ong 10, 3390°%LA ] 91549

2 LL M. Li 2 ey Perovshdie Cathode materials for low-
tempersture solid oxide fuel cells: fundamenials © optimation
STOSrTRD 3 TEM ransmission ebeciron microscopy V52 Y iris-
sinhilized zirconm. 191E3:263-311.  hapsdoi,ong/ 101007
wd 191 RA02 10009

A, Evans, L Mamvncuk, [ Siender, C.W. Scheeider, T, Lippen,
M, Presmi, Low-iemperatare microssolid oxide fuel cells wiih
partinlly amoaphous |all 6560 40000050 cahodes. Adv. Energy
Mlmier, 8( 1 J, -9 (200 5). hgpsc\idoiong’ 10, 1002 3enm. 20| 400747

. B, Knmecki, | Karcrewski, H Ahdoli et al, Deposition and Flec-

trical and Stnociural properties of La, Sr, Coll, thn flms for
Application im High=Temperature Electrochemacal cells. ). Flecs
tron. Mater, 489}, S2E-5440 (2019 hepsidodong/ 10107
8l 166019073 72T

1 Hayd, L. Dieterle, U, Gunww, [ Gerhsen, E. lvers=Tiffe,
Manoscaled L, Sr; Col), |, as inlermedinte emperniure sollid
oide fuel cell oathode: microsnooiure and elecirachemical per-
fomuance. 1. Power Sowrces. 1960 1T, 7263-T2N{ 2001 b higpss
deoi.crgs! HL 1RLET FPOYYSOR TR 2000, 10,147

CoKimg ML Lee, 1. Jang of al., Subcomtinuows 20 Lo, Sr, Colk,
nanisherinsan efficient change comdwor for boosting thecathodic
activity of solid oxide fuel cells. Electrochim. Acta. 3bé, 137371
(2021 ). hatps: doi.ong/ 10, 101 LELECTAT TA. 20, 137371
Y1, Kim, N Shilagono, |Investigation of La, S, Cold, -
Cid, j Cey g0, composite cathodes with different volume mtios
by three-dimensionl recomtnetion Solid Soe bonics. 39,
TT-85 (200 T higpscdoi.ong' 10. D01 60551 200 707,010

YO Jin, £4. Lin £Y Dimg, G. Can, LH. Chyung, Prepirs-
tior, miorosiricture and  electrical  property. of GdSmari-
(1L, o580y b OO compusite elecirolyte via carbonaie infilimbion.
Ceram. Int. 46(5), S689-5654 (20000, hitps:Cdoiorg/T0L 1016,
CERAMINT. 20191 106

¥.1. K, & Oha, A, He et al., Microsineciune and polarisation
charscieristics of LSCF-GDC compesite mthode with differen
volume fractions. ECS Trans. 68 1), 757-762 (20015} himps://doi.
org/| 01 ARAIGR0 ] 0T 5Teost

A Demarri, G, Cordaro, A, Barccr, £ Ding, M Bin, Maesin, A
letailed kimetic model for the reduction of oxygenon LSCF-GIC
composibe cathodes. Electrochim. Acta. 335, 135620 (0200
bt Ao omg/ DD B0 D60 EL ECTACTA, 2020, 135620

C. Fu, K. San. M. Zhang, X. Chen, D. Fhoa Elecinschemical
charscioristics of LECF-500 compossie cathode For intormadi-
abe temperature SOPC. Electrochime Acta. 32113), 45591594
{ 200 hatpes: i ong/ 00 L ELECTACTA 200700 001

154

1 5

23,

26,

L1 8

I

i V.

C, Nigollea, A, Flara, ¥, Vibho, A, Rowagicr, 16, Bassat, 1.0
Tirenier, An innovative efficient oxygen elecorade foor SOFC;
P, infilvrased ino Gd-doped cerm hackbone, I I, Hydogen
Erergy. 41034) | 3538135440 (20063, hopscdod org/ 10,10 16,
ijhydene 20604, 024

. L. Yefsah, ), Laurencin, 8. Heben et al . Electirochemical perfor-

nunce end sashility of Pr| 3, 85 an axygen elecimde for salid
omide electrodvsis cells. Solid Stme lomice. 39(Marchy, 1-14
(20230, hetpss ok, ong’ 10,1 D06/.5si. 20231 16316

. MR Somalu, A Muachiae, WRW, Dawl, N.F, Brondon, Screen-

prmiing inks for the fabricmion of solid odde fuel ol films: o
review. Renew. Susinin. Erergy Rev, T8 December 201 5), 426~
4300200 T hmpac/ o ong! | 016 e, 2006, 1 18

. H. Fhang, T. Chen, &, Hummg G Hu, ). Zhou, 5 Wang, A

cxihode-supportead solid oxide fiel cell prepared by rhe phase-
inversion wpe casting ard impregnating method. Ing. 1. Hydmogen
Frergy. 47435 |ZRI0-1RE19 (30225, gl org/ 1000 16
ijhvdene 202L04,02 |

T Msunz M Ko, HiG. Park, 8. Hwan, SH Hym, Fahri-
cation and charncterition of planar-type SOFC umit cells using
the ispe<casting lamination'co-firing method. Imi. J. Hydro-
gen Energy., N1 A98-504 (20120 bt o oeg/ 1010 161,
LMY DENE 3000 0840

C, Yum, ¥ L, ¥, Zhou, 2. Zhan, 5 Wang, Fabrication and
chareoierization of a cathode-suppornt solid oxide fuel cell by mpe
casting amd lamination. Int 1. Hydrogen Energy. 38036, 16584
L&ERS (201 3). hotps:ddoiorg’ L 10E&T UHYDESNE 200308 146

. 5 Fhang, L. B, L. Phang, C. Ymng, H. Wang, W. Liw, Fabrication

oof cathode supporied solid oxide fuel celdl by mali-layer tape casi-
ing and co=firing method. Inc J. Hydrogen Emergy. 34 1 8L 7789
T (200 ), bettpes i dolorg! 10,1006 LIHY DESE 2000,07 08 |

A Evans, . Benel AL Darbandi et al., Integration of spin=conied
namopaniculate-based La, S, Cold, |, cathodes mio miono-solid
oxide Nuel cell membrines. Fuel Colls. 13(3), &40 444 {301 3).
hitpes: i g D0, D OA0L2 s, 2010 SO0 2 00

£ Wang, W, YWeng, K. Chen, (i. Shen, 2 Dw, G. Han, Prepa-
ration and performance of mnosectured poreas thin cath-
nde for low-iemperabore solid oaide fuel cells by spin-coating
micthod, 1. Power Sources, 175(1), 430435 | 20068} hitps-! doi
ol L0 B0 DA IPOYWS O R 20007, 09092

. B, Lemieseek, M. Hickas, [ Jameoe e al, Enhanced eleciro-

chemical performmnoe of parially amophows Lag Se, (Colk,
ooavgen electrode maierials for Jowsemperniue solid oxide
cells opernting ai 400°C. Appl. Surfl Sci. 670 (2024}, hitps:'deoi,
o | 0, D0 P& apsusc 2024, | 60620

L. Bsqed, A Serquis, Microstructural chamcterization of
Lty (565, oFey o0y, films deposited by dip coating. Appl.
Surf. Sci. TSI 213208 (2007 (SPEC. 155.). hitps:dai.
o/ L0 DD B e 200707033

Bl Xm, L Y Y. Song. K. Ran, W, Wamg, £ Shao, Advances
in Cermmic Thin films fabricaied by Polsed Loser Deposition
for Intermedinie-Temperature Solid Oxide fisel cells. Encrgy
Fuels. M%), MESGE-10582 (D200 hitps.dodong/ 10, P02 | facs.
energy fuek. (all 2118

¥. Chen, L Liang, 5 A Paredes Mavia, A. Hinerman, K. Gendes,
XK. Somp. Synergetic Inferaction of Additive Duanl nanocagaly sis
o accelerate Ohovpgen reduction renction in fuel oell ibodes.
ACE Cagal. WHE), S6bd-66T1 (2019). hepasidod cng/ TOL10ZE
ncscainl. HhiMkE] |

A, Seong. ). Kim, 0. Kwon et al. Self-recorsnuciol infer-
lwyer dorived by in-situ man difusion fom La, . Sc,Mnld, via
alomic layer deposition [or an efficient ba-luncional clectro-
cataly=t. Namo Erergy. TH Jamuary |, 104564 (2020). hitps:'/daoi.
o/ 100 D0 e namsoe . 20000, 1044 564

C. Xpong 5. Xu, X. Lietal., Surface regulating and helero-inter-
face enginecring of an LSCF cihode by VD Bor solid onide Tuel

£ Springer



719 Page 12012

QUF Aksay et al

5

a3,

ar

A8

4l

4

44

cells: imbegration of improved clectrochamical performance and
Crwlerancy. 1. Mater, Chem. A LI, 1576015768 (2023).
hitpa: Vdov o1, 103940 eal224%h

FLWLC, Jung FLJL Kim, FLILL Tuller, Investsgalion of
nanopatous platinam thin films (abrcaied by resctive sputler-
img: application & micr=S0FC electrode. . Power Sources. 275,
BH0-BAS (D5} bnps:idal. org/ 10 10165, gpowsoair 2401 4.1 1084

o AL Bameson, M Sopaand. K. Knibbe, . Bonanos, High perioe-

mance catlsdes for solid sxide foel cells preparcd by inilmtion
ol La, 256, 000, it Gi-Dopad Cerin 1. Flactrschem. Soc.
1 5%{a), B0 (2000 1. hitpsdoiong’ HL 1A% L35T124%

. femg. ¥ Huang, Enhancing surface activity of La, S, Coly
cathode by & simple infiltation process Iei. 1. Hydrogen
Energy. 42100, T2H-T135 (2007 hmpsdod ong/ 10, 11600
LIHYIMESN E. 200604 41 4

. Ding, M. Liu. M. L, 50.FC. Enhancing. Electrode Perfor-
mance thrugh Sarface Modification. ECS Trans. ST( 0, 1801-
TER 2003 1 himpss'diod ong 10U 14%05 700 1 B0l ocst

5. Chal, 5. Yoo, 1 Shin, G, Kim, LE, Soc, B-b P High Perfos-
mance S0FC Cathode pregared by indiliration of La,, N0y,
(= L, 2, and 3) kn poroes Y 52 High Performance SOFC Catbosde
propared by infiliration. ). Eleerochen. Soc, 158(K), B995— 5
{2001} hpacdo.ong 10, 1149 25981 A

b Shab, 5.4 Barmen, Solid oxide foel ool cathodes by infihra-
Nian af Lag S, Oy, Fey, 00, 5 into Gd-Doped Cerla, Selid Stae
Donbgs, 17K 33—36), 20502064 {2008}, hmps:dolong/ 10 W1
SR 00807, 02

W Husng 16 Vides, B Gome, SUHC cashodes prepanad by miil-

traticon wilth sarfoms LS precursons. Blactrochem. Solid-Siae
Lt 9057, 237240 (20060 hmpse'idol ong/| 011497 2183867

Y. Ches ALK Yo, X, LL T O, ML Wobia, B Goste, Prepari-

v of SOFC cathaodes by miihewion o LSF-Y52 comgosite
scaffiolds, ). Electrochem. Soc, 1682, H4-58 (2006, heips:idor,
o/ 111497200 71602 s

SLE Pechiml, Method of Preparing Lesd and Alkaloe Eanh Tag-
nies and Mobates wil coating nsethod using the 2ame w foom a
Cagacitor, [ Pat 5230057, Published onlim: 1967:2

AJd, Samson, M. Sgaand, M. Bonanos, Electrodes for solsd
oawde fuel cells bmsed o infilwation of o-based materials,
Elecirochem. Solid-Seme Lem 1545 54-56 (20020 heaps/ido,
a1 11492 D030l

V. Thamgadurai, B.A. Heggins, W Weppner, Mined lonic-eles-
tronic comductiviy in phases |n the pmseodvimium oxide ss-
tem, 1, Solid Seate Electrochem, §, $31-337 (2001}, heps:/iloi,
aoorger 1, | 08017 (s | CROMER (0N | 67

S Owar, A, Hauch, 5 Velwd, M. Chen, Comparison befwesn
Ly i, (Colyy o oo Ladi, (Coyg 0, Efilirsied oxygen elec-
wredes for lomg-erm dusable solid oxide fuel eells, Electro-
chim, Acta Db, 203301 (2008) heips.doborg/ IO 016G,
elecincia 201802032

F. #hao, R Peng ©. Xia, & LagSe, ol -hased eleconsle
with high durshiliay for intermediate tempersiure salid oxide
fuel cells. Marer. Res Bull 4321, 30376 (2008). heipsidoi.
arg! D 10165, rmaterreshasll 2000703 D06

A, Chezmn, | Karezessski, M. Gaoeda, D, Somezewska, P, Jasin-
sk, Loy S Oy Fe 00, oxypen eledirmdes for solid oide
cells prepased by polymer recwsor and miiraies solation infil-
traticm. inn gadolinium doped cenia backhone, J, B, Cemm,
Soc, NI 3330-0R6 (2007)  heipsdolorg/TO 1 BIGG,
Jeurcemmsoc 201 T.04 032

£ Springer

155

d7. L. Caidin-lusnarern, J. famdio-Garcin, [ Mamero-Loper,
Elecirochemical investigation  of Pry,  infilkmtion  imo
Loy oS :Mnilk, e, JE (O 44 cathodes for IT-50FC. Comam.
Imt. 4820}, 33TIT-33TH (2023).  hepsiidoiong! D0 1H16S.
ceramanl 2023 {18 060

48, X Tomg C. Li, K. Xo o al., Manoengineening of electrodes via
infiliration: an opperenity for developing large-anca solid oxide
fisel cells with high power density. Mancscale. 1540 [6362-
16370 (2023). hitpes-doiong T 0. 1039 3002 T

49 H. Fan, M. Keang, M. L [ Tang, P Singh, Scienodbirect infil-
trated Y5£ oxvgen dacinale [or reversible solil oxdde fuel cells.
200459 b o/ 010 L djhydense 2014.05.149

b AL Tong, 5. Oviar, K. Brodersen, PV, Hendriksen, M. Chen, A 4
= 4 gm 2 Manoengineered Solid Oxide Electrobesis Cell for E #i
cnl and Dhwable Hydrogen Producton. Pablished onfine 201%.
o org 10U 102 L scsanm. ShikT T4t

51 & U WL Song, HL Bim el ol A dvnamic miiltration iechnsjue io
svihestee nanclavered catbodes for high perfommance ond nibwast
sobid oxide flal cells. J. Emerpy Chem. 78, 200-210 (2022).
it o org 1001016/ pechens 2022 02052

520 Y MNampumg ) Homg, A, Kumar, UK. Lim, 5., Sonp One siep
infiliration induced multi-cation oxide nenocatabest for load prool”
SOFC application. Appl. Catal. B Esviron, 267 Movember 2019),
1IR3 [2000). Tapsiidoicrg' 110 6. apeath 2009118374

53, Song YH. Rehman SU, Khn HS e al, Facile surfsce modi-
ficason of LSCFGID cuhodes by epitasial depositon of
Sy 56 U000, via ulirmsoaic speay mlilrsion, ). Mate Chem.
A BT B0 T-50TT (20200, lepsfidol cng' 103 WeSa |1 Tk

5. L. S5 H Almad, M. Zubair @ al, ScienceDhwect Hoosiing
perfommance of the solild oxide feel cell by, InL J, Hydrogen
Energy. 4TWER), 3758737508 (2021}, haps:tdoberg/ 1010165,
{rvdene. 2020, 11,100

5. E.Fheng ) Jmg 2. Led X Wang, 2. Yang, SclencelMrect Perfor-
mance sl DRT analysts of mlilmied Anctional cathode based
on the snode supponed SOFCs with long-tenm siabiling, Im. J
Hydrogen Energy. 470410, 1813918147 {20220 hepeidi,
o' 101 &G dydene 2002, 05 289

Hip, Samson AJ, Segaard M Hialmersson B et ol Dussbility and
perfommance of high performance (nfilinmsn cathodes, 1.3(4),
S50 (200 33, hopse!dodorg 10, M fuce. 200 200185

5 AL Samson, P Hjslmarsson, M. Segaand, | Hpelm, %, Bonanos,
Highly derabde ancsle ssapposned solid oxide fued cell with an in
fi lratad cadhicde, 200 2:2 00 024130, hepsdok org/ 1 16,
Aporwsinisr, 200 2005 40

AR 5 Ug M. Haseeb, H. Kim o al, Applicd Camlyvss B: Environ-
mental Designing the nan-scale archiecoure of the slr ¢lectrode
for high-perfonmance snd robust reversible solid oxide cells,
Appl. Cagal, B Envieon, 33NDecember 20225 132784 (2023),
bt ok o1 0,10 1 & apeath 2023, 22784

. Y Hesng, A0 Hossain EI) Wachsman, SNamo Energy
Mamoscale cathode modi fi cation for high performance and
stable bow- pemperanme solid oxide Fuel cells {SOFCs), Mano
Energy. 4WMarch), 18192 (20125 haps:ddoiorg/H0 10064,
manoen 30§ 0l 008

Publisher’s note Springer Mature remairs neutml with regand in juris-
dictional chaims im publishial maps amd mstitutional sffilistioes.



10.5. Unveiling the Potential of Praseodymium Oxide as Efficient Oxygen
Electrode for Low-Temperature Solid Oxide Cell Applications.

Authors: Barttomiej Lemieszek, Lulu Alluhaibi, Alexey Maximenko, tukasz

Gawet, Aleksandra Mielewczyk-Gryn, Michat Struzik, Marcin Matys,
Muhammad Imran Asghar, Grzegorz Cempura, Piotr Jasiniski, Sebastian Molin
https://doi.org/10.1016/j.cej.2026.173949

Chemical Engineering Journal, vol. 531, pages 173949, 2026,

IF=13.2(2024), MSHE points 200, Citations: 0

The final article investigates the potential of praseodymium oxide as an
oxygen electrode material for low-temperature solid oxide cells. The electrode
was deposited by spin coating using a newly developed precursor, and only
three deposition cycles (~200 nm) were sufficient to achieve very high
electrochemical efficiency. The material was characterized by HT-XRD, Raman
spectroscopy, XPS, XAFS, and DC conductivity measurements. Structural
studies highlighted the complex nature of praseodymium oxide, showing that
several PrO, phases may coexist within narrow temperature ranges. The
average oxidation state of praseodymium strongly depended on annealing
temperature, and EXAFS analysis further confirmed the coexistence of
multiple phases.

Electrochemical characterization on symmetrical cells showed that
the previously unexplored annealing temperature of 500 °C gave the lowest
polarization resistance and the best performance. Measurements at different
oxygen partial pressures indicated stable operation down to 10% pO., below
which polarization resistance increased significantly. The material also
showed reversible interactions with H,O and CO,, which is advantageous
compared with conventional electrodes such as LSC, LSCF, and LSM. Long-
term stability was confirmed over 225 hours. Fuel cell tests demonstrated that
cells with the PrOy electrode achieved about 40% higher power density than
a commercial reference cell and nearly four times higher power density than
a similar cell without the PrOy layer at 500 °C.

The novelty of this work lies in demonstrating that praseodymium oxide

is an effective, stand-alone oxide electrode material for low-temperature oxide
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cells operating at temperatures below 600 °C. The study combines systematic
optimization of spin-coated PrO4 thin films with detailed structural and
electronic characterization, enabling correlation of electrochemical
performance with the oxidation state and phase composition of PrO.. An
additional, novel aspect is the evaluation of the electrode's stability in the
presence of H,O and CO,, along with validation in a full cell at 500°C.

The main achievements of this study include a comprehensive
structural characterization of praseodymium oxide using multiple
complementary techniques, which enabled determination of the average
oxidation state and confirmation of the simultaneous presence of several PrOy
phases. Symmetric-cell measurements yielded some of the best results
reported in the literature, obtained with a low-cost deposition method. The
work also established 500 °C as the optimal annealing temperature, lower
than the previously assumed 600 °C. Furthermore, the study demonstrated
that PrO, electrodes can recover full efficiency after exposure to H,O and CO,,
highlighting their robustness. Finally, a cell operating at 500 °C was developed,

outperforming state-of-the-art commercial product by nearly 40%.

My original contributions included developing the new precursor
recipe, depositing electrode layers, and performing conductivity
measurements using the Van der Pauw technique. | also carried out XAFS
measurements (XANES and EXAFS), symmetric-cell studies at varying
annealing temperatures and gas compositions (pO,, pH.0, pCO,), and long-
term stability tests. In addition, | prepared cells and performed corresponding
electrochemical measurements. | analysed the XRD, XAFS, and XPS data,
wrote the manuscript as first author, prepared all figures except the Raman
spectra, submitted the article to the journal, and prepared responses to

reviewer comments.
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ABSTRACT

Thais sy i igates praseochemium oxide (Prdly ) aos promisisg crygen électrede material for ol avide colla
apemting below 00 “C. The ekecirode was fabricsed using 1he spén-coating lechnique snd chamoverized by
XHD, XPS, XAFS, and D€ conductivity meassremenis. Sinuctsral analysis enabled precse determsinaticon of the
avernge oxidation staie of prasecdymium, revealing the presence of multiple Prdy phases, which significantiy
affert the marerial's electmchemical properties. Elecirochembcal impedance specorescopy (E15) indéenied that &
204} mm elecirode thickness yields optimal performance. The highest electrocatalytic activity for ibe oxygen
reduction resction wan ohserved ai an asnealing temperature of 500 “C. The impact of waler vapor (pHz00 and
carbon dicwide (PO} on dlecirode jrrb 1w &k iris], Bt pases induced peveriibide chasges, with
the electrode remiming i activity —demonstrating superior stsbility compared 1o seste-ol-the-art materials. This
change results from differest structure and chemistry compared 1o perovskite oddes, higher redox activicy
ascinted with greater mobikity of the Pr caticn oxidation stale, and lower basicity, which infloences the for-
maticm af hess @ahle ot and kydsogides. Full coll fests condhictnd at 500 “C yivlded a perwer dessdty of 95
mW-cem T - over four times higher snd 3995 greater than (hat of releresce colls. Thise eesults highligh the
potential of Pr, for use in solkd owide cells, provon-conducting cell techmologles, and broader elecorochemical
applications.

1. Imtroduction

Solid Oxide Cells (SOCs]) have emerged as one of the mosl promising
techmologies in the next generanion of potentially emission-free energy
sources. This technodogy alkows the use of kydrogen as a fuel (solid oxide
fisel celll and the effect of the electrochemical reaction is environmen-
mally newiral waner, In addition, the techology can operate in reverss

* Corresponding amthor,

mode {solid nadide electrolyser celll, allowing excess energy to be wsed
for direct fuel production ||, Despite its potential, this technology re-
guires further advancements o enable effective commercialization.
Achieving these mrgeis beads fo improvements in efficiency and a
reduction in stack costs. It was hypothesized that lowering the operating
temperature bedow 500 °C, even to 350 “C, could lower the costs of
mitallic interconnects, extend the aperatonal lifespan, and contrihane
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to the commercial availability [2-4]. To enable operation wnder these
conditions, advanced research is required to optimize the properties and
enhance the eledrical and electrochemical efficiency. Thiz trend en-
compaszses all components of the cell amd stack, including the sxygen
clecimode |5 7], electrolybe (8- 10), fuel electrode [11-13], potential
additional layers |14], as well as interconnects and their protective
coatings [ 15171,

For cacygen edecirodes, high-performance solutions operting ae low
temperatures (= GO0 “C) are needed, Current stage-of-the-art materials
include mized fomic-electronic conductor (MIEC) perovskdbe oxides,
such as Lag SrColy, (L5C) and Lay 50U Fe 0, (LSCF). These
materials exhibic high ebeoronde and londe conductivity wgether with
low polarization resistance in the imermadisie range [15.19],

Haowever, the quoest for efficient cells in the bow temperatune range i
contributing o the increased search for pew materials for axygen elec-
trodes. Currently, in addition to the materials mentioned above,
particular attention is being paid te praseodvimium oxide. Although this
material has been known for years, it has recently gained inderen as &
potentially more effective material for catalysing the electrochemical
reduction of oxygen in fuel cells [20,2] ). Praseodymium oxide (Pride)
represents an interesting subject within the domain of binary oxides,
exhibiting a broad spectrum of sioichiometries that deviate from the
conventional model predicaied on randomly dispersed isolated point
defiects. These stractures exhibit a high degree of interconnectedness,
thereby ereating a complex and imrlcate netwoek of relatonships (02,

The literature Indicaces that the most electrochemically acrive foom
of prasendymium oxide is the cubic j-phase, Pralh (Priy gl This
phase is characterized by a total conductivity of 5771072 Sem™ &
400 *C, with &n activation energy of 0.52 ¢V per atoen [ 2200, Notably, this
phase exhibis sability st relanvely low emperamures - 430 °C, A small
ircrease in emperatime (up to 470 “C) induces a phase transithon 1o the
G-phase, PryjOs. AL emperamires approaching 490 °C, the e-phase,
Prslly, becomes apparent {(up o 520 "C), whibe a0 temperaiures up s
700 °C, the rhombabedral -phase, Pro0yy, is obeerved (21,221, The
rphase i= distinguizhed by a markedly lower total condwectivity
compared o the aforementioned phases [21]. Despite this variability,
these structures demonsirate a high degree of similarity 1o one another
and to the underlying basic lattice structure |22]. The high phase vari-
ability and the resmlting different physicochemical properties require
detalled parameter optmisation for the effective wse of Prd, in solid
oxide cell technology.

Phase variation can be particulardy critical when Prd, iz imple-
mented a5 a thin funcrional layer, with & thickness of 200 am, Similas
thin-layer concepts hove already been reporved for sther oxygen-
elecimode materials and have been shown to improve performance by
tailoring the inverfacial rescibon zone | 14). This approsch is egpecially
relevant in light of recent findings suggesting that the clecrrochemically
active reghon of the oxygen electrode may be confined to & near-interface
tone. Recent work af Pujimaki et al. using operando micro-XAS indicates
that the electrochemically active resction sone in parous 500 caygen
electrodes can be confined o a charseteristic length of approximanety 1
pm from the electrode-ebectrolyie interface under cathodic polarization.
Thizs means that the active thickness is not necessarily severn] miono-
metres bud can be limited 1o the region near the interface | 259). There-
fore, the use of thin fonctional Layers may be a promising approach boch
for lowering the effective operating temperature of 2005 amd for
enabling altermative architectures, such as metal-supported 500 or
micro-50Hs

In the context of S0C research, there are limived examples in the
literature of the ase of prscodymiom oxide as an oxygen clecirode.
Twpbcally, symmetric messurements for tested manerlal for sxygen
electrodes are made with a consimng gas floew - synrhetle air or somo-
sphieric alr - within a fived temperamre range. Kamecki ot al, invest-
gabed the effect of imerlayer application on the performance ol oxygen
elecirodes In the nermediae emperaiure range of Salkl Oxide Cells.
Onygen electrodes made of Sma sSen sColh s (55C], Lag gSrg 4Coldy.
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[LSC), LagsSreoCon sFeasls s (LSOF), or Prayy (Pedy), with thick-
messes maging from 400 nm o 600 mm, were prepared using the spray
pyrolysis technique. In this study, the efect of annenling temperature
was also evalissied within the rnge of 600 “C to 700 °C. Except for 55C,
the remaining samples exhibited the lowest ASR (Area Specific Resis-
tance} at an annealing temperatare of §00 “C Amaong the tested mate-
rials, praseodymdum oxide showed the highest ASE valaes, though still
Appraximately rwice lower than the reference sample, These valuwes were
245, 0,833, and 1,68 £-cm? at 600 °C, 550 °C, and 500 “C, respectively

240, Alsoy et al. propossd the infiltratton of a porons GDE
(Cig glidy 2040 backbone with materials such as LSC, Priy, and an LSC:
Pridy compasite inoa 1:1 milo, 11 was demonstrated that six infiloration
cyeles were opiimal for achieving the best elecirochemical performance,
as determined by electrochemical impedance spectroscopy (EIS). For
samples modified with prascodymium cxide and the PrO-LSC eom-
pasite, the palarization resistance at 600 *C was 0.42 fhem? for PO,
and 023 fh-em® for the composite of these two materials 7257, Micollet
et al. described an oaygen electrode based on a porous GDC backbone
infiltrated with Prg0y; for intermediate S0Cs. Infiltration was carried
oat by applying a 2 M Prll; precursor solation to the electrode surface
ard placing it under vaouum for 2 min This process was repeated antil
) wi of the backbone was infilimted (3-4 cycles), The finad step
imvalved amnealing the samples at GO0 “C for 2 h, The polarization
resistance values obiained from symmetric measarements were (L0258
frem®, (.14 Ceene®, and 3.5 Gom® ot 600 °C, 500 °C and 400 “C,
respectively |26]. Sharma et al investignted the effect of sintering
temperature an the microstructare of oxygen electrodes composed of
Prgly 5. deposited via electrostavie spray deposivion, for applications in
intermediate-temperarure solid  oxide cells.  Symmeirical  snadies
rewealed chat vhe bowest polarizacion ressstance ar 600 °C was observed
in sanuples where Prgly | was anneabed a1 600 " C for two hours, with an
LEM current callector (CC) layer of 20 pm thickness, yielding a valoe of
0.02 f-em’, Additionally, the sample annealed a1 700 “C for two hours,
with an LSCF current collector layer of 30 pm thickness, also exhibited
low polariestion resistance, measuring 00022 Q-em® at the sanse bem-
perature [27]. Mam et al. described the electirochemical deposition of
Prid, and (Fr,Celd; nancparticles as a method io echance the perfor-
mance af the LSM-YSE composite edectrode for intermedinte tempera-
tures fuel cells. Symmetrical measurements revealed that the lowest
palarzation reststance values were obtained for samipbes modified with
Pridy, followed by samples modified with (Pr,Cedy, while the reference
sample exhibited the highest palarizatinon resistance. For the sample
mindified with Prol,, a value of approximarely 0.6 (-em” was oheained,
fior the sample modified with (Pr,Ced0,, this value was arcund 2 (2om?,
and for the reference sample, it was approximasely 5 Q.om® at 850 °C

251, Ge el al. demonsiested an enlancements in the performance of
conventional oxygen clectrodes (L5M, L5C, LSCF) after the addition of
prasendymium oxide nanoparticles. These dlecrodes were modified
with Pry0y, using tse infiliration technigue and then sintered at 800 °C
for 2 h. The ASH valises for unmodified electrodes were 2.46 & 0.201,
1103 + 0.082, and D763 + D011 (em® far LEM, LECF, amd LSC ax
600 ", respectively. For Pryly j-infiltrated samples, these values were
0284 £ 0013, D482 £ 032, and U273 + 0.011 ﬂm’,rupﬂ:liudy.
al the seme temperature [29]. Kane el al. described the precise modi-
ficatian of the surface of an oxygen elecirode made from LSCF with Prid,
wsing sol-gel deposition 1o form a bilayer. The best results were achieved
after 75 cycles of Priy deposition. The pnlamllnn resisiance {Rlﬂ'.l ik
B0 “C for the modified sample was 0,117 0-cm?, compamed 1o 1,136
fem® for the LSCF alone. At 500 “C, the value was 0,991 (-om?,
compared to 27.41 £2.cm” For the reference sample. Samples subjected to
oo 75 cyeles also demonstrated the bes stability during long-term
mensurements (2306] (0], Lu et o, soodied the Infilimtion of LSCF
ard STEC {SrTig aFegs5lon 1500 5) with Pril, for intermediate- nnd bow-
temperature solid oxide cell spplications. Symmetrical measunements
demansirated that eodification with prasesdymium saide significantly
enhanced the electrochemical performance of axygen electrodes. For
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unmuodifend LRCF, the Ry values an 650 °C and 550 °C were determined
o he 0,220 (-em® and 2,05 (2.em?, respectively, Infileration impeoved
these values to 0.556 [.om® and 0.09% G om?, respectively, at the same
lemperatiares. For the STFC reference, the polariestion resistance values
were recorded s 0,552 (em® and 0U08E [em® at 550 °C and 650 °C,
respectively, Modificaten with Priy, reduced these values to 00202
-om® amd 0,067 -cen” At the same temperatures, respectively, The
oxygen electrodes exhibited very good stability owver almost 1000 b 2t
550 “C and more than 1000 b &1 650 °C (111, Caizan-Jissnarens of sl
examined the infleence of Prglly; mfikmoion om the Lag g4 sMnis
hng ity 10y ga (LEM-CGOY oxygen electrode, Ax 650 °C, the polari-
zation resistance for Prl-infltrated samples was determined to be .03
-cm? for OGO, 006 £8-om? for LSM.CGO0, and 0.1 £-cm? for LSM alone.
For Prs0yy directly deposited on OGO, this value was 0,125 Q-em®, while
fior pure 15M, it was approximacely 0.7 fhems® ag the snme [EmpErarure
(2], As summarized in Table 1, the direcy use of prasecd yminm oxide in
research remains relatively uncommon. In most cases, Prdy was
emploved as an infiltraring material for oaber oxygen elecrode moe-
riaks, while studies focusing on the pure/single-phase Prl, elecins-
de—pantioularly regarding igs intrinsic elecrrochemical properties amd
activity in the oxygen reduction reaction (ORR)-—-are |limited. Only
rarely Pr0, were employed as the primary electrochemically active
campaeent of &n oaygen electrode (e, Nicollet e ol and Aksoy et al.j,
and reports where Pri; is nsed as a smedalone coygen-elecirode layer
are also scarce (o8, Kamecki et al., Sharma eg al. and Cadzdn-Juamarena
ot al . The remaining cited studies—nclading those by Sharma et al.,
Caizin-Juannrena and Aksoy—ase Pro, a8 an sdenlonare of a5 part of
compoesing electnode,

Comprebensive optimizarion of annealing remperanene and thickness
{or, in the case of infiltration, mass loading ) for Pri, s rarely reported in
the literature. Thiz is important because, as shown above, phase vari-
abiliny stroagly infleences the materials propemies; therelone, contpol-
ling the thermal history may be crucial wihen Prdy, is used as a thin
functional layer. Thickmess optimization is also essential, both to
marimize performance amd to minimize malerial wsage, given that Priy
s melnnvely costly yet highly promising for intermediate- snd low-
temperature $008, This represenis a notabde gap In the current Hiers-
ture. Moreover, to the best of our knowledge, there are no sysbematic

Tabds 1
Comparisos ol polasization resistance values oblanined dn the licrsture wsing
prasecdympes oxide g material for oxygen dectrode or for boosting electrode
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reparts on the impact of humidity ar COs on Prid-based elecinode per-
formance, inclading resistance o podsoning and the abdliny 1o mecover
upon returming io inftal conditions. Swch data are highly relesant for
practical deployment. as commercial systems Lvpically operate on af-
mispheric nir containing variable levels of H0 and alten non-eglizible
concentrations of Ol

This paper describes the research on the axygen electrode in the form
of praseodymium oxide thin film (200 nm). The material was charac-
terized for electirical, electrochemical and sructural properties. The
electrods thickness wns optimized, the effect of anrealing femperanure
was (mvestigaied, the camlyiic properties were thoroughly examined,
amd the impact of moisture on efficiency and stability was also
evaluated.

1. Experimsental

1. Ssmple preporation

The subszrate for the deposition of the ooygen electrode layer con-
sisbed of pellets fabricated from Ceggledy 200 (GDC-30 K ar OGO,
Daiichi Kigenso Kagakuo Kogyo, Japan) poswder, To prepare the pelbets,
0.8 g of COO powder was placed in a mald with a 16 mm diameer and
compresed at & pressune of B8 MPa for | mbn. The resulting pellets werne
subsequently sintered in a box furmace ar 1450 “C for 10 b, Following the
sintering process, the pellels exhibited an average diameter reduction o
arcund 13 mm. Both surfaces of the ssmples were palished using a seni-
agtomatie podisher (Stneers Tergamin-30H and then subjected @ an
additional annealing step at 1200 “C for 2 b

The Pri), precursor was prepaned by dissohving ProiNOg GHo 0O
(579,94 purity. Alfa Aesar) in distilled water to achbeve a conoentration
of 0.25 mol-dm . To this selution, 2-butnayethanol (99% purity, Skgma
Addrich) im A 100 wolams racio with waner, and citric acid (99% parity,
Chempur) at a molar ratioof 1:2 (TMI), were added. Additionally, 5 wi
of ethanol [99.6% purity, POCH) was incorporsted. The mixture was
beated on a hotplate at 100 *C with continwous stirming for approm-
muately 15 min 1o evaporste most of the water and ethamol, reducing the
solution volume by kalf. Probonged beating was avoided o prevent the
formation of a white precipitate. Omoe cooled to room temperature, the
prepared precursor was sed o synthesize povwders (for HT-XRD, XPS5,
XAFS and warer uptake analyses and 1o fabricate Prol, layers

The depasktion of the P, capgen elecmode oo the pre-prepared
C0 pellets was achieved using the spin-coating method (Lasrell spin
coater, model W5-400B-6MPP/LITEL A 6 pll of the Prdy, precirsos was
applied to the OG0 surface; amd excess solution was removed by
emplaying » thoee-stage rowtional speed sequence: 1000 rpm for 20 5,
B0 rpm for 3 5, and SO000 rpme for 30 5. After each kver application,
the pellets anderwent besl treatment om a hotplate, where they wene
sequentially heaved ot 90 “C. 180 C, and up 1o 400 “C, with each
tempernture maingnined for 15 min.

To imvestignee the effect of applicarion cycbes an lnyer chickness,
samples were prepared with cycle counits ranging from 1 to 4 It was
determined that 1 eycles results an oxygen electrode layer appeoxi-
mately 70 nm thick, while 3 cvcles yielded & thickeess of sboul 200 mm.
Onee the desined oxygen ebectrode thickness was achieved, the edges of
the half-cells were polished to remove amy residual Pri,. The samiples
were then annealed in 2 box furnace (Carbalite RHFP 16/8) ot tempera-
Tures ranging from 400 o 900 C for 2 ko A layer of LSC paste (Fiaxell)
wis applied o each pellet as a current colbector and subsequently
anmealed ar 400 “C for 2 ke The symmetrical cefls thus prepared,
fexturing Prid; oxygen electrodes on both sides, were utilized for further
analysis.

22, Measirement meifoods

High-temperamare X-ray powder diffmetion datm were collected
wming & Philips X'Pert Pro diffrsciometer equipped with an XCelerator
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detector, The measarements employed Ni-filtened Co-Ka mdiation, with
wavelengths by = 1.54056 A& and Js = 1.54439 A, in (bat-plate Bragg-
Brentano geametry over the 26 range 5-125°, [n steps of 0,033, with an
effective count Hme of 50 & per step. High-temperature experiments
were conducted using an Anton-Paar HTE 1200 high-temperamne
camern, Calibration wes performed with & Labe smndard, Diffraction
patierns were reconded in sir o room temperaiune aed a1 50 °C intervals
from room temperansre up to S0

The temiperature-dependent evalution of the local strocture was
muonitored by in sitn Baman spectroscopy. Measarements were con-
ducted wsing a Hentshaw inVia Reflex spectrometer equipped with an
1800 lines mm ™" grating. A 532 nm excitation laser was focused onto
the sample through a 500 leng working disance objective, yiclding a
spoi size of approximarely 1.5 pm. The laser power was limited to ~5
m'W to minimize bocal heating. Spectra were acquired under a constant
flow of dry synthetic alr, while the sample was heated from 25 °C
M) " using a Linkam temperatare-controlled siage.

The chemical composition of the surface of pragseodymium oxide
samples was analysed using High-Resolution X-may  Photoelectron
Spectroscopy [XPS). The meanirements were carried out using a Thermo
Fisher Scientific Escalab 250 Xi spectrometer, eguipped with a mono-
chramatic Al Ko X-ray source. The pass energy was set 1o 20 eY, and the
amalysed area had a spot siee of G50 ym in diameter. Charge compen-
sation during measuremenl was schisved using a Dood gun, which
emitted low-energy electrons and Ar® ions (emission carrent: 150 pd;
b voltage: 2.1 W, filament current: 3.5 Al Speciral deconyvolution
and peak firting were perlormed using the imegraved Avantage software
package {Thermo Fisher Scientificl.

The X-ray absorption speclroscogy measurements al the Pr Ly-edge
wiere conducted At the ASTRA beambine @t the SOLARIS Mationad Syn-
chrotron Radistion Centre in Cracow, Poland. The white beam from the
1.3 bending magnet was monochromatized by 8 modifbed Lemonnier-
type double erystal monochromatoe cquipped with a Ge(220) erysial
peir. AL the sample position, the monochromatized beam had a siee of 7
= 1 mem, The XANES and EXAFS spectra were eallectod in transnlssion
mide, with the sample chamber and fondsasion chambers filled with air
ar atmespherie pressure, The monochromator an the Pr Lo-edge was
calihrated wsing & Cr fodl from Exafs Company, During the se of the
mieasurements of the samples of interest, the Cr foil was also messured ac
A reference sample in arder o contral the alignment of the codlecied
speora. For the measuremenis, the Pridy powder was mixed with
microcrystalline ceflulose (Warchem, Zakret, Poland) and uniform pel-
lets of a diameter of 16 mm were made. In order oo get 8 gond edge step,
the mass of the powders before miving with cellulose was evalaated
uming the XAFSmass progmm. A further analysis of the specira was
performed using the Athena and Artemds software (320, The crysial-
lography data used 1o fit the calculated Fowrier transform (FT) spectra
was taken from the Crystallography Open Database (C00), FEFT files for
fitting Ento the Aremis software have been prepared on the WebAtoms
wehsite.

The average oxidation state of prasecdymium in Prids was deter-
mined using peak-ares integration. The energy threshold E;,, incorpo-
rated wilthin an arctangent (unction, was sel at the inflection
point—identified as the global maximum of the G derivative, The
central paint of the edge was located at the inflection point of the main
absorption edge. The proceduare and formulas wsed for determining the
average oxldaton state of the praseodymium cation is deseribed in the
supplementiry materials:

DC elecirical conductivity measurements of Prd, material were
conducted Esing the van der Pauw methiod, A thin prasecdymium axkde
Lawer, —200 fm thick, was deposited on a quarte substrabe via Ui spin-
coating technlgue, similarky 1o the prooess used for samples prepaned o
symmetric measurements, Platinam wires were affieed 1o the outer
edges of the sample using silver paste (DoPont 4922 N, USAL The
messarements were carrled oat with o Kelthley 2400 [nstrament
(eveland, USA) and an nutomated data acquisithon symem. Two oypes
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of measurements were performed. The first set of measurements, o
dietermine electrical conductivity, was conducted in a dry synthetic air
mimesphere with & flow rate of 50 mi-min " across an annealing tem-
pernmre range aof 400 °C to 900 °C. Measurements were performed from
the: hiighest annealing temperatuse down o 300 °C in 50 °C steps, The
second set investigared the effect of water vapor on the maerial’s con-
ductivity. In this case, messurements wene perfommed at 500 °C &t
varying pH:0 levels of 0,1%, 0.5%, 1%, P, and 2,77% with the same
gk flow level.

SEM investigations wene performed wsing a Feiss Merlin Gemini 2
high-resclurion FEG-SEM microscope equipped with a Craantax BOD
chamcteristic X-ray spectroscope (Bruker) with the use of secondary
eleciran detector,

HT-XRD[} measarements were performed on & praseodyminm oxide
layer depostied on o OGO substrate using an X'Pert Pro MPD powder
diffractometer (Malvern Panalytical) equipped with a Fixcel 113 detec-
r. Co Ko radiation was wsed as the Xoay source throughout the
experiment. The instrument was configured with a Co X-ray tube, a beta
filter, amnd a momochromator optimized specifically for Cu mdiation. The
20 respdution was better than 0.089°, ensuring high precision in phase
identification. Measuremenis were performed wsing both al and spin-
mer sample hodders, An Anton Paar HTE 1200 N high-temperatare stage
was used bo conduct in situ XRD analysis under ambient air conditions.
Diata were collected over & lemperature Fange from roam lemperalune (o
B0 “C i 50 “C incremenis. The beating raie was set io 6 °C/min.

Electrochemical impedance speciroscopy was used 1o measure the
ahmbe resigance [Rue) and polarization ressance (Rl of the sym-
metrical cells (o, |CGO|Prid,). The experiments were pedlormed using
Movoconired Alpha-A nsainframe with a 4-wire 2G4 inerface [Moa-
tabwur, Germany ], The measarements wene conductsd using an excice-
tion amplitude of 25 mV soross a requency range (rom 3 Mz to 50
mHz. The samples were positoned in a compressbon cell, with gold
meshes on either side ensuring electrical eontact 1o platimum wires
extending bevond the fisnace. This techaigue was aimed o investigaie
the influence of the snnealing temperamine (AT), ply and p,

The influence of annealing tempemiure within the moge of 400 °C o
S G was examined through Impedance measurements conducted
berween G0 G and 300 °C in o synthetic air ammesphere, maincabned at
a flow rate of %0 mlmin~'. Por samples annealed at 500 “C, the
enaxinum testing remperaturt was limdved to 500 “C (S00-300 “C) o
avold inducing additional changes or phase transitions during mea-
surement. Similarly, the sample annealed ot 944 “C was measured only
in the mage 400-300 * C. Two temperamure mages were identified within
this measwrement; from GO0 “C to 400 “C, measarements were taken at
50 “C imberyals, while from 400 “C o 300 “C, measurements wene oon-
ducted at 25 “C imtervals,

Measurements were also conducted at varying partial oxygen pres-
sures {(pOy) of 1%, 3%, 5%, 10%. and 20%, maimaining a constant low
rate of 40 m|-min~ . Prior 1o each mepsurement, the samples were sta-
bilized in the selected pOs armosphere for 3

The Distribution of Relaxation Times (DRT) method was used for
detailed amalysis. For this purpose, the DHTiool Matlab GUT was wsed
[24]. The DET analysis was performed by choosing the C4 Mabern
methved of discretization utilizing the 2od order of the regularization
derivative and a regularization parsmeter () of 1079,

In addition, measurements were conducted 8f varying COy concen-
rrations (pC05), The cxperiments were performed af carbon dicxide
levels of DU04%, OU]1%s, 0L5%, 1%, X%, 3% and 5. maindaining a con-
stant Mow rate of 50 mil-min =", Messurements were tsken every 12 min,
with gas compositions heing changed every 2 b

Thermogravinseric analysis (TGA) was wsed 10 determine the water
upitake of praseodymium edde. Measunements were performed using &
Bletzsch Jupbter® 444 F1 Instrument (Selb, Germany ) ander a controlled
humid atmosphere. A gas mixer equipped with humidifying and drying
misfules was used o precisely control the atmospheric composition.
Prior to each measurement, a Mank nen was performed in both dry and
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humid conditions te allew for sccurate baseline cormection. The pro-
cedure began by heating the sample (powder] to 700 “C at a mte of 5
“Comin' n 40 mlmin ' air as purge gas and 20 ml-min ! mitrogen as
protective gas, and hald at this temperature for 300 min i dry air o
remove any physically adsorbed water and carbon dioxide from the
sample surface. The sample was then coaled to 500 °C in the dry al-
replaced with humidified air (30 = 23102 atm) for two hours of
cxposure, The lasl gep of the measurenvent was performed afier
switching back o dry akr.

The characterisation of the fuel cell was conducted within an Open
Flanges V5 et configueration (Flaxell 5] Technologies). The cell, was
electrically interconnecied by a nickel mesh from the fuel side and by a
An mesh from the oxygen electrode side. Subsequently, the cell was
positboned within a Kitee furssce, which was equipped with a rem-
perature controdler with feedback control. The wires were conmected o
an [VIUM Vertex. 24 for impedance amd carrenrt-volisge (1-V) charac-
Tevieation, The cell was heated oo 600 C for the reduction soepand initis)
characierisation. after which it was cocled down o 500 'C and
isothermally held, The fuel clectrode was redoced im wet Hy (100
mlmin ') which was wsed as a fuel supplied from the fued side, and
aynthetic air (200 ml-min ') was delivered to the caygen electrode as an
oxidant, The celfs charsctertation involved the measarement of
Nyquist plots at OOV within a frequency rnge of 100 kHz - {1 Hz with
an excitation potential of 25 mY, The assesament of cell performance
entniled the measurement of cusrent-voltage characteristics, while the
cell's shortterm stability was evaluated in galvanostatic mode at current
densitics of 100 mA-cm 2, Commerclal planar cells and holf-cells from
Eleogen were used in this study, Both the cells and the half-cells were
anode-sopported and consisted of a Ni-YSE fuel elecrode and an
approcimately 3 pm thick Y52 elecralye. The full cell addivdonally
included a QGO barrier layer and an LSC oxygen elecirode.
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3. Resilis

A 1. Structurad chorecterisotion

4.1.1. X-ray diffraciometry

Fig. IA presents the diffraction pattern obtained from  high-
temperature XRD measurements of Pri, powder. The primary peaks
were observed at 28° (111, %2.5° (200), 46.5° (X20), 55° (311), 58°
(222), 67.57 (400], 75" [331), and 78" (4201, which were charmcteristic
al all phases, but can be conpectsd with cubic (Fre-3m) f-phase - ProOy ).
Al room temperature, the presence of several phases was shown by the
presence of loager tafls a1 bigher angular valoes in the main peaks a0
287, 33", and 55°. This asymmetric broadening indicates the presence of
the cubic (Fri-Jm) a-phase - Prdy: in samples antealed af temperalures:
nil exceeding 400 “C. The remaining peaks were associated with the
ji-phase — Prgty . Additionally, the higher intensity than for the back-
ground ot around 30° a1 bow emperalure range can suggest the exis-
nence of PropC0s (5], Reaching temperature 300 °C results in the
disappearance of this asymmetric broadening. Subsequently, al tem-
peratures cxceeding 500 "C, the & and ¢-phases should become
deteetable, However, the diffraction pattems of A- and e-phases exhibdt
a shifis due o 8 smaller or irregulas lagrice constamt, complicating their
accurate identification due o emperatare-induced spectral chamges.
D to the high similarity of these phases of kattice constans, their pre-
cise identificaion relies on analysing specific peaks that serve &5 umique
fingesprings, At the masimam iemperarune of 800 °C, addidonal peaks
appearat 307,417, 51.57, 84.3°, and 65.7. Although these peaks were of
bow intemsiny, they suggest the siart of formation of the -phase (Pro0 ;).
Although XED messurements provide qualitative informanon abour the
material, the changes ocowrring between successive phases were so
amall that a compbeie description of praseadymism oxlde cannct be
ohinined, XRD indicates temperamare-driven phase evodution of Pri); at
elevated temperatures. In particular, additional prasecdymivm oxide
phases become deteciable abave — 500 °C and are present in a clearly
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observable amount a1 A00-850 “C, Such phose changes may modify the
defect chemistry and transport propertics of the electrode and can also
alfect microstruciure (eg., densification rendency ), which may reduce
the effective scive sarfsoe ares and diminizh the bepeficial impact of
Prid; on oxygen reduction properties.

5. L2 Romm speciroscopy

Fig. 18 presemis the thermal evolution of the Baman spectra of
deposited prasecdymiom oxide layers recorded in the temperature
ramge of $00-800 “C, alongside reference spectrs of Priy, PraDs and
Prgyy. The reference spectra were aoquired from powder samples
bedfore and after ammealing and ane ncluded for comparison.

At 400 “C, the spectrum consists of three broad vibrational bands
centred a1 approximately 428, 499, and 555 cm ', The band near 428
em ™ can be attriduted 1o a Pr-0-Pr vibrational mode claracteristic of
Pri;. Upon increasing temperature, the intensity of this mode progres-
sively decreases, while features a4 —540 and — 585 an ' become mare
pronouiced—these are consident with vibratbonal signatures obserosd
in the spectra of Pryly; powders. Concurrently, two distingg groups of
bmaad modes become evident at bewer Baman shifts: four modes below
200 cm . and three in the 200-350 cm ' range. These features have not
been previously assigned in the literature and may be asociaed with
defect-indwoed or symnsetry -lowered vibrational modes.

3 1.3 Xeray phaoeleciron specirnscogy

To complement the data regarding the praseodymium oxide system,
a sweries ol XPS meassirements were oondocied for the Pr 3ds2 (I 1C)
and (0 1 5{Fig. 1A} regions on samples annealed within the temperatuore
range of 400 “C to 1000 “C. Given the oxygen deficiency in Pril,, and
assuming a dmplified model in which Pr ions are sther eightfold or
sevenfold coordinated by oxygen atoms, anly three Pr ions per unit cell
woulbd exhibit full {eightfold) coordination. This highlights the inherent
complexity of the praseodymium oxide system, stemming from the
cocxistence of multiple oxidation stapes and structural configurations
[ 2], The maxima observed at 928.1 eV (marked as IV}, 30025 eV {10},
and 333.25 eV (1) correspond to ntra-atomic interactions invalving the
344f" aned 344 final states. These feanures were characteristic of both
Pr'' (as in PrOz) and Pr'* (as in Pra0s) oxidation states [37]. Addi-
tiomally, a peak at 33506 ¥ ([) was observed. The survey XPS spectrum
with focus on Pr 3dy< and Pr 3dy5 region with peak and sasellite
strisciuares labelled according to their eléctronic origin as according to
work Seifarth et al. [79] was presented in Fig. 518 and C. This reveals a
furtheer mancimuam at approximately $44 % and 968.1 eV, corresponding
to the duplet 3d"4f! siate configuration. Although this feature was nos
spedific to o single oxidation stabe, its intensity increases with a higher
camcentration of Pr* species (24, 95], For the © 1 5 spectra recoaded for
the sume samples, the main features were ohserved ot 528.5 eV (marked
as I}, which, acconding to the literature, may be associated with a mixed
axidation state of praseodymium, although a dlear mechandstic expla-
nation for this binding energy remains onexplained. Additional peaks
were present at 531.3 eV (markexd as 11), typically attributed to praseoc-
dymdum axide |24 ], and ar 532.9 ¥, which corresponds to O—H bonds
[marked as [0} [27]. All of the spectra obtained correspond o those
observed in the liberature [35 40). Notably, the signal at 5329 eV,
artributed o surface hydroxy| groups, shosws a distinct increase in in-
tensity for the sample annealed ag 1000 *C, wheneas it remnins relativedy
oorstant across the remaining temperature comditions. Cbserved o weak
peak for 3d, 4f'c af 968 eV thas can be observed anly when praseo-
dymedum exists in the 4 oxidation state, on mixed oxidation stabes of
prasecdymium and Prly;, suggesting the existence of many oxygen va-
cancies i the analysed maderial. XP5 measurements give a decper un-
derstanding of prasecdymivm oxide, with the detection of additional
compaounds that coexist with the final material. That provided important
information for furcher rescarch, especially in the edectrochemical
studies.

Chimapal Fagiwearing foemal 511 (2006p F7T90F

314, X-ray ahsorprion ffoe srscture
To précisely determdne the effect of the annealing temperatune and to

accurately describe the material, XAFS measurements were performed
an the sme powders. Fig 1D presents the XANES specira a1 the Pr Ls
edge for Prik, samples annealed at temperatures ranging from 400 °C o
1000 "C. Fof comparison, reference spectra of PriMOsl, where pra-
seodymium exisis only in the 3° oxidation state, and Prg0yy, where Pr
should exhibdl= an average oxidation state of 3.67 7, are also incloded.

1 the: casze of the prasesdymium nitrale reference, a disine peak at
5066 ¢V was ohserved, Indicative of P, All PrO, somples exhibin &
slight shift towards higher energies, which was expected dwe to the
coexistensce af both Pr'° and Pr” within the compound's strachure.
Additionally, a component {a peak at 3970-5971 V) emerges on the
high-energy slope, alongside a third contribution appearing at 5879 e\
Thiese featunes were characteristic of Pr'” siaes, specifically sssociated
with the 4f' and 4f°L electronic configurations. Initially, as the anneal-
ing temperature increases, the inbensity of the frst peak, corresponding
i Pr'*, decreases, while the second and third peaks, associated with
Pr".bnmmemmunmd.'ﬂmhﬂﬂmﬂhnuq:tuanmnﬂ]hg
temperature of 800 ‘C, beyond which the intensity of the first peak
beging to rise again. Determination of average oxidslions stales al pra-
seodymium cations were modelbed by the sum of three Gawsstan func-
tions and an arctangent fusciion representing the stepped edpe of the
comtinuuim excitations. The edge position Ey was defined as the inflec-
tion point of the absorption edge, i.e., the maximum of the first deriv.
ative dy /dE, consistent with the amctangent fanction - description of the
edpe step. The Goussian A cormesponds to the pre-edge region. The
Gaussian B {peak: 5966 £V shows the excitation from 2p, 5 to 4 F 54%,
representing Pr'' ions. 5d* refors io the presence of an excited electron
in the Sad band [41 1. The remainiig Gaussian C and D {peak 5970-5971
eV and peak S97% V) show excitations from 2 pyq o 4 °L S0 and 1o 4
f*5d*, L being a ligand hole in the O 2p orbital, both representing Pr**
bomg [42-45], Table 51 shows the sesuls walees of the avernge Pr
axidatian stabe sbtained for the fitting method used. Example fir ob-
wmined uaing the peak finkng function for Pro, annealing lemperamire of
500 “C shown in Fig. 1E. In addition, Fig. 52 shows the fits performed on
each type of the XAMES spectra analysed, and Fig 1F shows the
axldation sate composition fof praseodymium, Al the annealing em-
peraiune of 0 °C, the average oxkdaton state was determined as
3.433° 4 0044, This value differs significantly from thse liverature
suggestions and the possible coeurrense of the o-phase Prds mixed with
f-phase Pratlyy, This may be due to the sccwrrence af the ProOgCly, e
(0l compouids {confirmed with XRD and XPS measurements),
deseribed in the lireranire &8 impurities presen after synthesis 510 soch
low temiperatures, where the Prcation occurs in the 3° oxidation stabe
together with the presesce of the target Prgiy; and probably Proy ox-
Bdes [0 47 This means that the temperature of 400 “C may mol be
sufficient for fally efficient synthesis of pure prassodymium oxide. Aran
anmealing temperature af 500 “C, the average Pr oxidation siate was
3655 £ 0171, which was alibost neimisal amd consiglent with the
titeratwre [36], A slow decrease in the average oxidation state was
observed above the AT above 500 *C and af an annealing temperature ol
1000 “C the average oxidarion stale was already 35667 4 0080, This
was probably due to the formation of the new phases described abave,
such as the &-phase PryOy (average oxidalion state 36°) and -phase
Predyz (34370, and the existence af o high content of PriOH)s
comfirmed by XPS. The resulis obtained also indicate the stmultaneous
oocurrence of many phases, gnce no straightforward results were ob-
tained by XRD and XAS, and the occurvence of different plases was
allowed.

Fig. 83 shows the k-space oscillation aml Fourier tramsbform (FT)
(ki) EXAFS spectrn for e reference materials and PO, samples
anmealed at different temperatures (with phase correction), along with
thie spectral fit for the annealing temperature of 500 “C [(B—CL For
comparison, Fig. 530 shows the fit abtained when attempting the same
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procedure with the scattering path dota for the Prely) phase only. The
first maximum, corresponding 1o the nearest oxygen aiom, ApPears 818
radial distance of approximately 2.2 A The asymmeirical shape of this
peak indicates that the Pr—{ bond was not only associated with Prs0y,
phase but also with other phases presence in the material. The distnce
tadl ohserved in samples annealed at 400 °C and 500 “C—indicating a
hond length shorter than predicted by theoretical models—may resuls
from multipath scattering effects. The secord peak, located at npproxi-
mately 2.7 A, was well-defined and has been assockated with the pres-
ence of & Pr—0 bond in the form af Pre0s, indicating the presence of
prasecdymium in the 3° oxidation state. A trend of increasing intensity
with rising annealing temperatune can be observed, indicating the in-
crease of Pr'” content in the material A subsequent peak at 3.9 A was
idenrified amd designated as the Pr—Pr bond, Also in this case, the peak
wins also comprised of mulfiple peaks, & evidenced by the presence of an
extended tail ar higher mdial distapces, These (indings support the by-
poethesiz of the siruitancous presence of muliiple prasecdyemium oxide
phases, emphasizing the importance of precise control over the
camposltion of the material,

R LS W comdwctividy

The DC electrical comductivity of the praseodymium oxide was
measured for a Pril; layer approximately 200 nm thick, deposited an a
queartz substrate. The measurements were conducted in the temperatiare
range from the maximuem tested temperaiure doamn o 300 “C in an air
atmosphere {e.g. sample annealed at 500 °C was tested in the range of
SO00-300 “C) The resules were presented in g 16, alongside a com-
parison of the vabues obtained at the lowest maximam temperature of
400 “C (Fig. 543 The lowest conductiviy, 9581007 Som . s
abserved for the sample annealed ar 400 “C, With increasing armealing
temparanires, the conductivity systematically incressed, resching a
macimuem value of 2411072 S-cm " for o sample annealed at 700 °C. A
the same time, &t a tempernture af 70 °C, the elecirical conductivity of
this material was 1.84-10°" S.cm ", MNotably, a significant decrease in
conductivity was observed at B00 “C, which was Ekely attributable to
start the formation of the -phase (ProCha). According to the literature,
this phase exthibits bower conductivity compared 1o other praseodymium
oxide phases [ 21 . Atbempts to measure conduoctivity at 900 “C revealed
a propounced and consistent reduction in conductivity, 10 the expent
that nodse rendered reliable caloulations infeasible. The highest activa-
tion energy value was obiained for the sample anmealed st 400 °C and it
wa (044 eV, For the remaining anncating temperamres this valog was
0,40 eV, 0.38 ¥, 0L38 eV and 0.39 ¥ for 500 *C, 600 “C, 700 °C and
A0 °C, respcrively.,

The achieved valwes were compared with the lirernmre, Thangadurai
1 al. reparted a sodal 1,4 Sem" an G50 °C for o pellet made of com-
mercial Prellyy annealed at 1000 “C for 24 h and then annealed at 350 °C
for additional 24 h. The comresponding activation energy was 0.52 ¥/
peravom, Moreover, it was assumed that -phase has 2 togal conductivity
of 6.77-10 % Som " ag 400°C [ 221, Hassan et al. reporied a conductivity
of 0,954 Sem ! at 850 “C for Pro, samples prepared [rom nanoeods,
These nanorods were synibesized at 500 “C for 2 h. The activation en-
ergy was determined 1o be 0504 eV [45 ], Vshivkaova et al. demonsirated
a conductivity of approximately 1 Sem " ar sroand 800 °C for prasec-
dymium oxide, both in the ceramic sample and in the flm. The activa-
tion energles were (44 eV and 0.42 &V, respectively (49, Abi-Eied
investigated the effect of anmealing temperanare on the electrical con-
dsetivity of prasecdymium oxide. Based on the available data, the
highest conductivity value, approximately 110 Sem ", was obsorved
at 4 “C for a mample annealed at S00 “C |50, Arakawa et al. reported
an electrical candductiviry of appraximately 1.107* Scm ' a1 a temiper-
sture slightly below 400 “C and approximately 18107 Sem ' at a
temperature slightly above 70 “C. The measurements were condocted
an a Pril, layer with a thickmess of 1 pm [51]C

The obtained results are consistent with the data available in the
lineranure, A slighily bower sctivation energy was abserved compared 1o
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those reponted I the mentioned studies, with the valee approaching
those deseribed in Vehivkovs's work (400, The electrical conductiviny
walues ai 700 “C are also in close agreement wich those reported, for
mstamce, by Amkawa and Abu-Zied |50 510 The only notable discrep-
ancy was phserved in the high-temperaare range {ahove 800 °C), where
values of approximately 1 S-cm L were reported, which probably were
nenit b achicwed in this case. Neventbeless, boch the actimtlon energies
and the conductivity values below 8500 “C werne similar io those ohtained
in the cited works.

A2 Thickness opnisatsalion

The aptimization of parmmeters for the oxygen ebectrode based an
prasecclymium oxide began with determining the optimal elecirode
thickness, For this purpose, samples with thicknesses of approximacely
Tk mum, 1060 nen, 300 am, and 300 mm were prepancd, correspanding to 1,
2, 3, and 4 spin-coating cycles, respectively. The sampies were anneaded
at &0 *C for two hours, according to the description of sample preqpa-
ration available in the litermture [ 24,20 . The effect of lyer thickness an
the electrochemical reaction effichency was assessed through a series of
symmetric measurements using electrochemical impedance spectros-
oupy (E15].

Fig. 55 (Husoranes the caloulsned values of ohmic reslmance (Fig. 55A)
and polarizstion resistapce [Fig. S5B), alongside Nyquist plots for indi-
vidlual samples (Fig, 55C) and 8 comparative analyais of polarization
reststance as a function of electrode thickness (Fig. 55030, The measared
whmic resistance values were 41,88, 2824, 24.56, and 24,97 fem” for
samples with thicknesses of 70 nm, 100 am, 2060 nm, and 300 nm,
respectively measared at 500 “C. The sample with the lowest elecirode
thickness {70 nm] exhibited the highest ohmic resisiance, while the
remaining samples showed relatively similar valees, with the Jowest
ohmic resistance observed for the smmple with the electrode thickness af
B0 pme

At 500 °C, the polarization resistance values were determined as
14.74, 0.774, D446, and 0.917 Gem® far sampdes wilth elecinode
thicknesses of 70 nm, 100 nm, 200 nm, and 30 om, respectively. The
highest pobarizatbon resistance was observed for the sample with the
thinnesr oxygen electrode, mirroring the mend ohserved for ahmée
resistance. A reduction in polarization resisance was noted with
increasing thickness, reaching s mintmum valoe st 200 nm, This mend
may be arcributed o an increase in the active sarface area of the elec-
triwle, Himwever, further increasing the elecrrode thickness bevand 200
mm did not yield additional improvements; instead, the polarization
resistance increased. This behaviowr may be associated with the low
electrical conductivity of the material, combined with the attainment of
maximum transference mumbers at relatively low temperatures for
electrolyte material - OGO,

3.3 Anmentling temperibune opfémizabion

The next siep invodved determining the optimum anoealing tem-
perarure, & parameter that significantly nfleences grain size and,
comseiquently, the active surface area and porosity of the edectrode.
Furthermare, as previcusly demonstrated, the annealing temperature
alsn affects the electrical and structural properies of the material,

Fiy. 2 presemts the Arrhenins plot for chmic resistance, shown as the
average value obtaxined [rom three samples (&), the Arhenius plol for
polarization resistance (B}, Kyquist plots measured at #00 °C {2C), and a
comparizon of Rp valoes determined at 400 °C as a funciion of
amnealing temperature (D). In symmetric cell aabilicy wests, the R
vilue iz dominated by the clectrolyte, however, the ElS-derived real
intercept represents the effective weries resistance and may contain
additional components such &5 electrode contact/interface reslsance
amd collectorcurrent lead resistance, To emabde comparison across all
tested AT temperntures, the measaremends were compansd ar $00 °C,
the: bowest tested annealing temperamare, The highest ohmic resistance
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Fig. X The Ascheniss plod of the ohesic reststance (A) and polarization resistance (B) algained from symmetris measurements of kalf-cells with sanealing see-
perniures. Addikenally, the Myquist plots collected ar 400 °C (C), along with & cemvparative analysis of o and By values as & fenction of sancaling tempera-

fure (DL

was observad for the sanple annealed at 400 °C, with a value of 9%6.26
cm?®. As the anmealing temperature increased, the B values
decreased, measuring 9337, 9000, B9.68, 88,26, and B9.12 frem? for
anpealing temperatures (AT) of 500, 600, 700, B0, amd 900 °C,
respectively. This trend is commanly sbserved and can be attriboted o
improved bonding between the electrode and electrolyte at higher
anniealing temperatures.

For polanization reststance, the measured vadues (at 4000C) 11, 8,00,
1276, 19.37, 75.05, and 545,91 flcm? for ATs of 400, 500, 600, 700,
B0, and 900 *C, respectively. These resulis indicate that the optimal
anpealing temperaiure was determined as 500 “C, correspanding 1o the
presenee of [§ and & phases—recognized as the most active forms of
prasendymiom oxide. Beyond 700 “C, a significant increase in R was
abserved, likely due 1o the formatkon of the -phase, which exhibis
considerably lower conductiviry, Pamiculardy notewarthy were the po-
larization resistance values abtained at 500 °C (AT 500 ") and G "C
AT 600 "C), measured o 0,254 fhom” and 0.0208 f-om?, respectively.
These values are comparable o the best resules for Proy deseribed in
Micaller of al.'s work (26 ] and Sharma e al.'s woek [17].

Addivionally, Fig. 56 presents SEM images of the sample surfaces
anpealed af temperatures ranging from 400 °C 1w 900 “C. Given the lew
thickness of the axygen elecirode, electrolyte grains ane also visible in
the SEM images. In the annealing temperature range of 400 w0 600 “C, no
significant struciiral changes were observed. Grain growih was not
detected, and tse graing remain indistinguishable due o their very smsall
size. Significant strectural changes in the electrode become apparent
slartimg at an annealing temperature of 700 “C Al this temperafure, the
electrode densifies, and small voids appear at the grain boundaries of the
underlying electrofyie grains. At 800 “C, these grain bowndaries becoms
chearly visible, and the Priy, layer begins to rupture. Despite this, ag-
glomerabes of electrode material remain visible. By 900 "C, the grain
boundaries are harely discernible, and the elecirode layer was

completely degraded. This degradation was siribabed to the dissalution
of prasend yminm oxide into ceria Initial signs of this phenomenon were
evident at A0 “C. though it coald alse oocur at lower temperatures ak a
muwch shwer rabe. Changes in the oxygen elecirode’s microstrsciure
hatve a substantial impact on its effickency. The oheerved increase in
polarization resistance, particulardy at higher temperatures, can be also
explained by the material's dissalution into the electrolyte.

To validate the hypothesis, high-temperaure ¥R measusements
were condocted on the Pr, layer deposited on a OGO pellet. Fig. 57
presents the diffraction patterns obizined for heated sample, with
focusing on the range between 25° and 357, The peaks from CG0 choaely
align with those fram Prol,, resulting in significamt overlap. Below 500,
the peals exhibit asymmetry, further supporting the owverlap of these
signals. Howewer, above 500, the peaks begin io separate, naaking thelr
idenificacion maee strakghitforwand,

Mo significant changes in the diffraction pattern were observed up to
5000 “C. However, il 600 “C, new diffraction peals begin w emerge. In
particular, & peak a1 325" becomes visthle, and is intensiny increases
substantially, reaching o level comparahle o that of the peak ar 33
{indexed as 200) by 1000 "C. This 33 peak reflects contributions from
Bath CGO and Priy, phases. Notably, the relative imensity of this peak
deereases progressively with Inereasing temperature, Additionally, from
T00 “C onwards, new peaks appear at 29.5° and 28°. The emergence of
these peaks at lower angles than the primary ones indicates the forma-
tion of a distorved OO0 umit oell, characterizsd by enbarged larice pa-
rameters. Analysis of the unit cell size reveals an increass from 54228 &
furﬂﬁﬂnmmﬁﬁlﬂ?ﬁmlhz dissofution of Prd; into the
ceria. The increase in unit cell size results from replacing Gd** gado-
liniem cations with Pr* cations because the atomic radius of the
trivalent praseodymium cation {1.173 A} is larger than that of gadolinium
(105 A). This differemce in atomic radies arises from the lanthanide
cantraction, a phennmenon in which the stomic radius decreases with
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inereasing avomic numher soross the lanthanide serles, while the cation
valence remsains constanl These Andings are consistent with the ma-
Jority of existing literature |52 51|, However, some reports have
whservod the opposine wend [54- 56|, This discrepancy |8 lkely related
by thee specific syntlesis method emplayed and the availability of pra-
seadymium cations in either the 3° or 47 oxidatbon sate |52,

These shservations suggest that high-temperature annealing indisces
erystallographic heterogeneity within the material. Alithcugh Pl -CGOD
ineerdiffosbon is expected po be thermally sctivated and therefore much
showwer &t 500 “C than at higher emperamres, it cannot be cxchaded over
wery by operation times, Consequently, al leas) two [stior appear o
contribute to the observed increase in polarization resiaance: stracmaral
idegradation and phase disolution

Furthermire, regardbes of e substrate—whether the samples wene
deposited cn OGO or quarte for conductivity measurements—a charpc-
terigtic feature af Prioy, was s inability to create porosity. Interestingly,
lowier anmealing remperatures appear 1o have a beneficial effect en this
propery, & antrally oocurring micropososiiy enhances elecrode
perfarmance.

Taking all factors knio consideration, samples annealed st 500 "C
were chosen for further investigation, Mevertheless, additional mea-
surements were also conducted ar 600 "C w provide a basis for com-
parison and o enable 4 mose comprehensive discossion,

Taking the structural and clectrochemdcal results together, several
conclusions can be drawn. As noted above, the most ebectrochemically
actlve Prily material is obtalned for the f- phase sssemblage, which (s
sinble up fo approscdmately 470 “C With increasing annealing temper-
ature, farther phase evolution otcurs (eg., twards tee -phase),
aecompanied by o decrease in elecrical conductivity, XRD provides
qualitative evidence of these changes wp 1o B “C: the first indications
of additional phase formation are already observed st 500 °C, while the
lota-relaved reflections become chearly visible an BOD "C These remds
are consistent with Raman specirascogy, The samples annealed an 400
il 5060 T sl the strongest band an 428 cm ', indicating the highest
Pride-refsted contribution, which gradually dimimishes at higher tem-
peratures. In addition, a naticeablo Frolly contribution & present in the
400 andd SO0 " C sumples ind becomes bess pronounced upon annealing at
higher temperntures, consistent with phase re-equilibration, The evo-
lution of phase compesition is further supported by XAS i the
SANI-600 “C range the highest average Proakdation sate |5 ebserved, and
it decreases progressively with increasing annealing temperamare, For
the 400 “C ssmple, the Pril; powder may not be fully equilibrated and
may contaln sddithonal shon-range ordered or poordy crysalline com-
panents not resplved by XRID; this is consisient with a lower average Pr
nacidation state (higher Pr'* fraction) and a mose defect-rich, chemically
commplex sysiem. The trend in average Pr oxidation stace, approasching
thee value expected for Preyg at high anmealing remperasiure, cormelates
well with the conductivity resals. Abowve 700 “C, the electrical con-
duetiviry decreases significandly, deviating from the inital increase
wheerved Ar lower annealing tempermmures. These structural and trans-
part changes are alzo reflected in the E15 datn: the best electrochemical
performance i abmined for the 500 °C annealed sample, with compa-
mble buat inferior resalts for 400 and B0 . Above 500 °C, Ry in-
creases  systematically, which is  consistent with the phase
rrapsformations evidenced by the sruciural characterisation and may
also be exacerhated by partial dissolation and densification of the Friy
layer an the CGO sarface. All these conclusions ane consistent with the
nssumpiion that the effect of the annealing wemperature (s very impor-
tani for the structeral stncnere of Pridy and, consequently, for the
electrochemical activity of the material in terms of cxygen reduction
reactions.

4 Dewosled EIS analysis

341 pi influersce
A detailed analysis of Nyquaist plois was conducted o identify the
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factogs. limiting the effickency of the Pri, oxygen clectrode, i 54
presents the values of ohmic resistance, while Fig. 5B depicts the po-
larization resisance values ohtained from measaremens performed an
oxygen partal pressures (ply) maging from 1% 1o 200, Fp 20 ils-
trabes the Myquist plots measused ap 500 “C, exclading ohmic resisiance,
The polarization resisnnce values were determined 1o be 0,41, 0.42,
0,65, 083, and 1,93 D-em? for ply levels of 20%, 10, 5%, 3%, and 1%,
respectively. Notably, there was oo signifbcant change in By, values
terween D0 and 30% ply. However, ot lower pOy levels, 8 marked
incroase in polarizaton resisience wis observed,

g, I0-F presents the DRT analysis for spectra collected ar 500 °C,
450 “C, and 400 “C, Aceording 1o the liseramare, in the case of mixed
ionkc-electronic conductars. TRT analysis allows for the identification of
at beast three subprocmses occurring M the oxygen dlecrode. These
include charge wransfer or the elecmode/dlecrolyie imerface, whch
t¥pically occurs at high frequencies and was desiynated as PL. The P2
process enconipasses various clectrode phenomena assocksied with
surfece oxygen exchange kinetlcs and oxygen lon diffusion, inchuding
the adsorpricn of mobecular oxygen, 05 dissociation, and change irsnsfer
diffusion. predominantly cecurring in the medium-frequeney range. The
P23 process, observed ar the lowsst frequencies, Is atwribaied o gas
diffusion within the parcus saygen ebectrode [ 14 57 -60]. Impartantly,
P1-F3 are assigied based on their high-/mediam - /low-frequency
character, and thelr peak positlons may shift with temperaouse and gas
composition due 1o changes in the characteristic relazation times.

For measarements condiscted ot 500 “C, well-separated peaks cos-
responding 1w the aforementioned P1, P2, and P3 processes can be
distimguished. The L subprocess, pssociated with charge cransier ai the
elecrrode/electrolyie interface, shifis owards higher frequencies as piy
incroases. Slmilar trends are ohseroed ag 450 °C, albedt 1o a lesser cxoeng
at 400 "C. In addition 10 peak-positicn shilts, changes in peak inensities
are observed. In pasticular, the P1 inbensity/area shows only 8 weak
dependence on pOy and temperatare, corsistent with & predominanty
thermally sctivaced imerfacial process. Conversely, the P2 process in-
volves the adsorption of molecalar cxvgen, This is reflected ina signif-
icant decresse in peak intensity with increasing ply. Additionably, this
process exhibits a propounced temperature depenidence. These mes-
surements miggest the presence of complex processes that can be
described by the de Levie element, incorporating diffusion impedance,
This phemomenan decurs in porous electredes and deseribes diffusion in
finite pores, where mass ransposnt |s more Intricace (61-53), The P3
process, predominantly associated with gas diffusion, was most promi-
nent @t 500 “C, where o sirong dependence an pOy is observed; an the
highest ocygen concentrations, this valee was significantly reduced, At a
temperanere 50 °C lower, the gas diffusion peak becomes nearly
Imperceptible and has o negligible impee on the efficieney of the oxy-
gen electrode. At 400 °C, this process is no lnger detectable within the
measured freguency windoew. The absence of a gas diffusion component
at lovwer wemperanares can be correlated with the limived camnlytic se-
tiviry of the elecirode material, which causes the rane-limiting eleciro.
chemical resction o occwr andy on the eleorode sarface. Additionally,
this may be influenced by the limited fonic conductivity of the elecmro-
lyte and possibly masked by other processes, which may shift the process
1o frequencies lower than the measurement range.

5. pHsD influence

Prasecdymium oxide was als examined regarding the effect of
water as a poisoning factor for the oxygen electrode. This maberial,
particulsrly i s beta form, exhibits a strong affinity {or binding water
at low temperatures, as reported in the literatare (47 64, Aocording bo
Mtz et al., this process iz reversible, and water B releassd from the oxide
streture ol 350 °C [47). In meast studies, the los of water was discussed
primarily in the context of material synthesis (21 47 64, However, Kim
el al. described & gas sensor (designed for acetone detection) based on
iridivm oxide with added praseodymium oxide that demonsirated
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insensitivity bo water poisoning [65]. Nevertheless, there iz no infor-
mation regarding the high-temperamnere effects of water vapor on this
material. This is a critical gap, as atmaspheric air, rmither than synchetic
air, is typically used in practical applicattons such as S0Cs stacks.
The sersitivity of the state of the art materials commaonly used as
axygen electrodes, such as LSM and L5C to the presence of waiter vapor
wias already confirmed in the lferature. As demonstrated in the stady by
Mielsen i al., Investigating the effect of moisiune on the degradation of
L5M:YAE cathodes, the changes induced by exposure to water vapor
were partially irreversible. This degradation manifests as an increase in
the polarization resistance associated with the high-frequency sedmi-
clrcle, sccompanied by o decrease in the coresponding capaciance,
fuch behaviour indicates impaired oxide jon transfer ar the LSMYSE
inperfsce, most likely due 1o the inital sages of LSM decomposition.
During lomg-term aperation under bumid conditions, interfacial degra-
dation progreses 10 the polnt where & pesmanent loss of contact be-
tween the LSM and YSZ phases is observed. This is accompanied by a
sbgnificant fnerease in ohmic resistance & well a5 (n the resistnees of
bath the high- and low-frequency semdcircles, Upon the removal of
mioisture, a partial reversal of these effects occurs, reflected ina decrease
in the resistance of the high-frequency semicircke and a partial recovery

of the fos1 perfosmance | 66].

A d@imilar phenomenon has been reported for LSC electrodes. In the
stucly by Hayd et al, the influence of water vapor and OO, —Eactars
known to inhibit electrochemical oxygen reduction-—was investigated.
For exposure to COsg, full reversibility of performance degradation was
demomstrated after 10 h. However, as in the case of L5M, exposure o
wmter yapor resulted anly in partial reversibility of the degradarion
process |47 |. Hjalmarsson et al. suggested that this behaviour may be
attribuzed 1o the formarkon of strontium hydroxide (S00H)L) on the
electrode surface, The fomation of such species leads to the sccupation
of active sites by hydroxyl groups, thereby reducing the number of sites
availahle for cxygen reduction and secelerating the overall degradarion
of the eleoirode. This imeversible hinding with hydroxyl ions clearly
compromises clectrochemical efficiency and limits the exrent af per-
formanie recovery alter mostune expossire [H5),

P AA ilusteates the dependence of the Prik, elecirical conducriviey
on pH0, The gas compasktinns were aliernated every 2 h to properly see
the effect of waler vapor. The inkial conductivity of approximately
271077 Sem~ wradually increased, and switching to 0.1% or even
1.5%pH 20 did mot significanly impact the conducnvity, despive a slight
decrease observed afer the 0U1% stage. A pronounced and nearly im-
isediate reduction in comductivity, 1o 1.7-107% Sem ", occurred only
upen switching e 1%pH:0. Following this, a gradual inerease in
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conductivity was observed after switching to symthetic air. Inferestingly,
the: fransition to 54 did not resalt in an immediate effect. Enstead, the
change in conductivity accurred anly afier a significant delay. Motably,
the conductivity did not return (o its indtial valoe, likely doe to the
delayed release of water from the prasecdymium codde strochare.

PH;0 concentrations of 2% and 2. 7% cagsed no substantial changes
in eanductivity. Although the measured values were slightly lower, the
differences were minimal, within 1-1077 §.em ", However, an extended
delay in the onset of water molecule release from the Pri, stnactare was
ohserved.

Thiese findings suggest the oocurrence of looal chemical reactions
invaolving warer, which may simubtanecusly affect clectron carriers
Additionally, water absorplion om the masterials surfscs cannol be
cacluded, poventially forming a stightly mose resistive baver.,

Ta farther investigate the effect of water vapor on the manerial,
thermgravimetric measuremeids were perfotmed. Fio 4B presents the
result obtained ag 500 C. Upon the ntrodoction of waier vapor, 8 mass
inerease of appronimately 0.02% was observed for praseodymium oxide,
which quickly stabilieed. Switching back to dry air bed 1o a relatively
rapid removal of the anached water malecules, and after aboul ome
houir, the mass rerurned 1o i indrial value, These findings suggest that
the process is dominated by hydration rather than hydrogenation. In
order o e whether the messured mass gain cormespands 10 a
ﬁyﬂnﬂjrﬂiﬂmh}:mmﬂmnpﬂﬁﬂummﬁi&n
002 w1 was converted inbo an apparent sdsorption capacity of 0.2
mg-g ', which gives a value of 11.1 pmoligse gL Using the calculated
wahse of average praseodymium oxidatéon state at 500 *C (3685 =
QL1TR), Ml.q:llh:mwupuud:lu'—'f = 1ES-10 (=1 mbeoule af HoO
per ~529 Pr catlons), which is & very small (ractbon of the available

laimboe-delect sides. Approximaring the oxide a8 PPy gives § = 2—

{lf*l} = 01725, ie., an the order of (.17 oxygen vacancies per Pr,

such that the experimentally observed upake would sccount for only
~1.1% of a one-to-one “HyO-per-vacancy” upper bound. This order-of-
magnitade caomparizan irdicates that the measared mass gain is fully
compatible with the defect chemistry af Prid, and suggests that a limdbed,
reversible uptake associnted predominantty with surface/near-sarface
adsorprion and hydroxylagon rather than bulk hydration or phase
degradation.

Ta further verlfy this hypothesis, XPS measunements were carrbod out
on Prily powder annealed at 500 °C for 10 h in a humdd armosphere
(2.7 wt of pHz0). A portion of the powder was subsequemdy re-
annealed for an addivional 10 b in dey air a0 the same temperane o
assess the reversibiliny of the process. The resulis of the Pr 3ds XS
mensurements are shown in Flg 42, while those for © 1 5 ane presenied
in Fig. 40 Similar vo the XPS messuremsents deserited above, the peaks
orrespanding to the Pr 3ds 5 4°vc transition ar 930025 €V and the 3ds;
¢ Puc ransition at 9333 eV were ohserved. A decrense in the contri-
bution from the Il Pr 3ds o state associated with mised praseodymiam
oxidation stabe was also noted, in favour of the remaining oxidation
stntes, when comparing the sampbes after annealing in humid and dey
aff. Much more proncutosd changes were observed for the savgen
sigmal. In the dry air conditions, three sates were identified, corsisvent
with earller ohservatlans: 5t 535.5 eV [correspanding vo O—H bonds), at
5315 eV and at 5384 eV. Under dry conditions, the signal corre-
sponding 10 O—H bonds was weak and of binde significance, However,
afver exposune o humid akr, & sbstantial incresse in this signal was
ohserved, with it intensity approaching that of the most promisent peak
al 531.5 eV. Importantly, after drying the cample, a comparably low
sigmal from the O—H bond was obhtalned.

Considering the application of LSC as a cwrrent collector and fis
behaviour in water vapor-rich emvironmeents, o series of impedance
measirements were cosdacted al varving H2D pantial peesswnes, This
appruach accounts for the partially imeversible interaction between LSC

El
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arul water, acknowledging the potential inability to restore the original
paolarization resistance valees. Fig. S84 and B illustrates the determined
Fohp values for messurements conduscted ot various pH O bevels at
800 “C (A) alongside the corresponding polarization resistance P
vahees (Bl The Ko, velues exhibit minor changes across the entire
range. Althnuagh some correlarions can be observed, the variations are so
minimal that it was challenging 1o ebearly determine the extent 1o which
the: presence of water vapor inflaences this parameter, The sinetion was
moge evidens in the case of polarization resistance. The niial R valee
of approximately (.25 (lcm” incresses marginally by changing o 0.1%
PHZ0, reaching (.26 (em®, Upon transitoning o dry air, the value
reverts to 0,25 {-om’, Introducing 0.5% waber content causes an m-
mediate increase 1o 035 Bem®, followed by stabilkeation a1 roughly
044 fhem®, When dry adr was retntrodeced, 8 redection in Req was
nhiserved; bowever, after two hours, the valoe sbilizes at 0,28 G-cm”.
Introducing 1% water contenl csuses a sudiden rise in By e 0,49
§3-cm-—higher than the value after two hours of exposure to 0.5% pH .
Seabilization was schieved shordy thereafier, with a final value of
approzimsiely 056 [-cm’. Retuming o synthetic sic results in a
decrease 10 0.34 D-cm®. AL 2% pH=0, a jamp to 062 Qom® oocars,
fallowed by & lincar increase in By withaut signs of stabilization, After
two bowrs usider these conditions, the value reaches 0,91 f-em®. Tran-
sitioning back 1o synthetic air initially results in a significamt drop in
Fpal, which arabilizes at 0,55 Q-em® after two sdditional hours, At the
highest possible pH:0 concentration {at 3 °C) tested, an even mone
rapid increase in By was observed. Within two hours, the valise rised
to 1.72 Li-cm”—more than three times the initial vaboe, Switkching 1o
synthetic air again causes an inktial sharp drop in B, ;. which stabilizes at
approximately 1,12 -cm?.

The results obtatived were similar 10 those in Hayd et al.s work for
LS ax oxygen electrode, For a measurement temperature of $00 “C, they
alse observed an indtial sudden increase and subsegquent slowdown after
switching 1o dry air. Then, an inilial decrease in the yalee of Ry was
ohserved, followed by stahilization. The difference lics in the magnitude
of the ohserved changes. In the described work, the maximum mtio of
the Bt value 1o the original value was approximately 1.3 after 10 b in
4% of water comeent and approximately 1.2 afeer 10b in dry adr (670, In
our case, the ratio was above 3.1 for fwoe hours in 2% pH0 content and
around 1.9 in dry air. Therefore, it seems that using Prid; as a readily
water-binding maserial contributes o & sharp change in polarizasion
resistamce amd an equally pronounced decrease in it. These resulis
clearly indicate the formaticn of reversible, weak bonds between P,
and water, The reversthility of this process |s crucial, as if confirms chat
water uptake, while influencing clectrede perfarmance—as evidenced
by changes in AC measuremenis and DC conductivity—does not cause
permaneni inhihiton of the elecirochemical reaction, Additionally, the
presence of weak bonds berween Pridy and water warmnts further
imvestigation, particularly in the context of proton-conducting fuel cefls.
The inhibitory effect of water vapor an the ebectrochemical reaction in
the: Py cxygen-electrode layer is mainly attributed to reversible near-
surface changes, arising from the adsorprion and partial dissocistion of
Hz0k ol oxygen-defect sives, This results im a ranshent increase in O-—H
species (evidenced by XPS and the small mass increase in the warer-
uptake test), which temporarily modifies the eearsurface electronic
srraciure and reduces the svallability of sctive sites involved in the
surface steps of ORK, These changes manifest as a decrease in electrical
conductiviry and an increase in polarization resistance. The limited mass
increase (0.02%) and around 1.1% of wially available water uplake
capacity, and the compbete recovery of both the O—H signal and con-
detivity after palbching back 1o dry conditions Indicate that the nber-
action af HyD with PrO, B reversible and confined (o the surface (or, al
mos1, & shallow subsarface region), rather than being associated witl
permanent hulk bydration er phase degradation. Maoreover, with respect
by fhve ease of removing sdsarbed water, the redox Oexibility of Prd,—i0
., its ability to readily change the prasecdymium oxidation state - also
can play an imporiant rele. Similar e s sirong capability 1o
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accommodase and release onygen, this redox adaprabiliny facilitares
faster desorption of water-derived species compared with state-of-the-
an oxide electrodes.

L6 pCOs influence

Carban dioxide iz alzo one of the key faciors influencing the effi-
ciency of oxygen elecirodes. Ax mentionesd before, for state of the ant
materials, Oz can reversible react with electrode material and blocking
the aotive sides (07, Forthermone bong exposure io can cause the for-
mation additional compounsds e.g. 5600, that permanently decease the
ebectrode efficiency (69, To assess its impact on the proposed elecrode
materal, a series of EES measurements were conducted at differentd
partial pressures of OOy, Considering that using LSC & current coflector
did not couse ireversible degradation and thar polasization resistance
regenerates to its inftial valee after switching back 1o the synthetic air
environment, the possible observation of different behaviowr will be
straightorwardly conmected with the Prid; material. Fig. S%A presents
the determined values of Ry, while Fig. 598 shows B, values deter-
mined during measurement. Hegarding ohmic resistance, similar to the
50 measarements, ne specific irend was chserved. In the case of po-
larization resistance, no significant changes were detected up w0 1%
POk, imdicating that the oxygen electrode was not sensitive o COg
under snndard simospheric candifions (0L04%) or even with a multiple
increase in concentration. Howeser, abowve 1% pl0s, a subsianiial in-
crease in polarization resisionce was observed, reaching 1.11 fom®,
impaortandy, the Hoy value remumns to it inidal siaee, Ar 2% pCily, A
maximum valee of 246 0.cm® was recorded, fallowed by the anset of
stnhilization. Ar higher Cf%; concentrations, polanzation resistance
values of 503 (om® and 7.99 (cm® were obtained for 3% and 5%
OOy, respectively, with an indtial stabdlization phase notceable in bath
cases. At the final stage, the polarization resistance returns (o is initial
value, suggesting that the clectrochomical resction inbibiton was
transient and reversible.

37 Lomg-term siobdliny

Laag-term stability measurements were conducted po evaluale the
usability of the Pro, axygen electrode (n the eontext of its application in
solid axide eell wechnalagy. The low operating rempesatare employed

during these experiments coald help 1o mitgate the degradation e of
thse maaberial and potestially extend s operational lifespan, Additbon-

ally, it facilitates the kemtification of degradation mechanizms and the
quantification of the degree of degradation.
Flp SA depicts the Nyguist plos of the polarization resistamoe
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In the case of ohmic resistance, the initial value was 18.6 (-cm’
Following an initial decrease, a relative stabilization of this parameter
was abserved. The decresse in alimic resistance is a phepomenan re-
ported In severnl studies and was artriboted o the formatlon of
improved conmectivity between the electrode and the electrolyie due 1o
prolonged exposure 1o high temperatures. Afver 65 b, a sudiben inerease
in ohmic resistance was observed, ollowed by a retum to a value af
approcimately 18,0 £-cm®. This valse was maintained Gl the end of the
measirenent. Monitoring (e R value during long-term operation is
importan for disgnosing cell integrity and inperface stabiliny and helps
separale true polarization changes from artifacts related o contact
evolition. & decreasing Fopn value over time, especially in the initial
stages, indicates gradual conditioning/improvement of the electrical
confact {eg.. thermally activated relaxation and increase in the actual
confact ares al the electrode-clectralytel, raber than  contact
degradation.

Palarization resistance, which charcterizes the efficiency of the
elecirochemical reaclion, is influenced by maverial degradation through
various surface processes or, as described in earlier sections, interactions
between the elecirode layer and the substrabe. At 500 “C, the polasiza-
lion resistamoe remained L'Elll.i'ﬂ."; slable. Starting at an initial valie af
0,35 Liem®, it reached 034 £2-cm? after both 100 and 225 h. Similar to
olhmic resistance, an initinl decresse in Ry was followed by a very
gradual increase over time.

Tao betver capture the non-linear time evolution of B, value, the daia
were fitted using a dymamic model combindng an initial relaxation term
and a long-term incresse of oo valee

RIE) = Rogee + AF +

The exponential term acoounts for the early conditioning stage.
whereas k quantifies the long-term degradation mte. For measurement
performesd &t 500 -C, the fit yielded is presented in Tabic L

This provides a more gemeral description than piecewise-linear rates
and separabes the shon-time transient from the loog-term degradation
trend. The shor-time exponential compoment (1 == 4.2 h) can be
antributed oo an indtial conditonimg/relaxation stage, such s equili-
bration of surface coverage and near-sierface defect chemisery (eg..
redistribution of oxygen vacancies and associabed Pt et states],
which temporarily modifies the kinetics of the surface axygen reduction
reaction steps. In contrast, the bong-term linear drift guantified by k is
consistent with slbower, cumuzlative degradation processes, for example

i1}

Table 2
Fitting parameters obtaissd Frosn the dynamic meded for 1he long-feren mea-
sarement of the oxygen eleemode Pe, ar 500 T

iohmic ressstance subtracted) ot three distiner stages of the experiment Pomamerer  Ruo (e8] A [2em’) v [k] b [irem ']
Flg. 58 shows the values of ohimic resistance abtained during a 225-hour Value BT & o0 & 414 & (208 & G.2F.
measurement in o synthetle air smosphere, while Flp. 5C presents the L L8N 1.60 14
polarization resistance vahies recosded during the same experiment.
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gradual microstructeral coarsening, evolution of interfacial resisance,
ar progressive sarface degradation effects, These results indicate an
inirial amd relatively shor comditioning stage (up 1o =17 h according o
the model) followed by a sbow ond long-lasting degradation process of
the material, Good material stability over time and & low degradation
rate sccording to the model of —0021 Gom® within 100 h was
determined.

Fig. 510 illustranes the values of obmic and polarization resistance
abtained during a similar 100-h measurement conducted at a tempern-
tare of &0 “C. For ohmic resistamce, o significant decrease was
abserved, similar to che results an 500 °C. Siarting from an inital valoe of
8.72 @em’, the resistance decressed 1o 827 G-em” after 50 h and
further 1o 8.21 em® after 100 h, representing o reduction of 051
fh-em® over 100 h,

A more propounced change was observed for polarization resistance
at 600 "C. The intial value of 0,038 Q-cm? increased 1o 0075 em®
after 50 h and resched 0,106 -em” afber 100 h. This substomtial and
linear increase suggess a rapld degradacion process. The Myquidst plais
recarded a1 0, 50, and 100 h show a marked increase in the low-
frequency semicircle, which can be associared with gas diffusion
within the electrade. This behaviour may resubt from efther densifica-
tion of the electrode material o the dissolution of the electrode inko the
electrolyie. Based on previous sudies, the Eaner process was mare 1ikely.
This finding provides additional evidence 1o suggest thar 600 “C coald
be too high temperaiure for the Pro, material deposited on CGO.

A8 Fuel cells mearurements

To analyse the performance of the proposed oxygen elecirode under
operating conditions, & series of measarements was conducted on an

anode-sapponted hael cell with a Prid, layer, Fog. oA presents the current-
voltage [1-V) characteri=ation obtained ag 600 “C, 550 “C. and 500 “C.
Fig. oB compares the |-V characteristics a1 500 “C for the cell with the
PrO, electrode amid & reference commerdial cell. Addidonally, I'e. 6T
illustrates the Nyquist plots recorded at 500 “C at open-circuit voliage
(OCY]) For the reference sample and the tested cell, both in ity initial state
and after 87 b of operation under o 100 mA-cm ™ applied current.
Two type of the reference samples were prepared to evaluate the
proposed design, The first type was fabricated identically to the studied

cell, with the exceplion of e prassodymium oxide layer. This sample
underwent the same sintering and redoction ireatment as the research
sample. The second type was a commercially available cell supplied by
Ieagen Company, featuring an LSC oxygen electrode. This cell differed
from the cther two in that it incorporated a thicker CGO layer and was
subjected 0 a higher sintering bemperature during its produoction
[process.

The measured OCV ar 500 °C for the cell with the Pril, electrode was
1.13%, closely matching the reference mmples, which exhibited a value
of 1.12 ¥. The maximum poseer density values obiained for the cell with

Chetniced Englaeeting fowmal S35 (3050) 075000

the Brid; layver were 280 mW.om >, 170 mW.cm >, and 95 mW.cm at
GO0 G, 550 °C, and 500 °C, respectively. For che frst reference sample, &
maximum power density of 22 mW.cm ~* was achieved. This meant that
the use of prassodymiom oxide as the oxygen electrode increased the
cell power density by more than foor tmes. 10 contrast, the reference
Elcogen cell demonstrated & power density of 89 mw.cm ™ at 500 “C,
correspanding 0 an approximate 3% ipcrease for the modified
ehortrode.

Maoreover, the inbial segment of the 1V ourves appears nearly
identical for the studied cell and the Floogen cell, indicnting similar
activation losses for both cells, However, a significant divergence was
ohserved (o the higher current mnge, primanly due o differences in
ahmic losses. The key advantage of the tested cefl was i1s substantially
redisced obmic losses, This conclusion was farther sapported by
impedance spectroscopy, which reveals an exceptionally low ohmic
resistance of 0.52 (-em® st 500 “C. In comparison, the reference sample
eahibined an ohmic restseance of 2,11 G-cm® and 1.41 Gom® for e
Eleogen cell &t the same tempersiure, representing & reduction of
approxinately T5% and 63%. The high ohmic resistance value obtained
for the reference samiple with & deposited CGO laver may be due 1o dwe
wse of an unesually lew sintering temperanine, This remperamre did not
allow for proper connection between the oxygen elecirode and the
cleatralyte. Using thin-flm teclhniques and preparing the Prd, dlecirode
alsir head & benedicial effect in this regard.

Simultnneowsly, the initial polarization resistance of the modified
cell was 108 (-cm®, decreasing 1o 8.4 (-cm” after 87 h of operation. For
thee reference sample, this value was around 20 0-cm® and 7.74 G-em?,
correspanding to decrease of around 50% for the reference oell and an
increase of 3%.5% and B.5% in comparison with the Eloogen sample.
Henweser, measurements performmed ar 00V do ot fully capnere the ceils
performance under load. Thus, despive the higher Ry observed for the
medified cell, this does not directly correlate with its power dersity
capabilities. Therelore, shor-term stability tesis were performed and
after 87 h of operation, the measured power density remained almost
unchanged, indicating short-term cell stability, Fig. 511 presents the
voltage evolution under a constant boad af 100 mA-cm over the 87 b
test. While a slight woltage drift was ohserved. EIS indicates siable ohmic
resistance and a decrease in polarization resistance (from 108 to B4
l'.l-mii:l. together with a small increase in OCV (From 113 o <104 V).
which is consistent with o mild conditioning effect rather than degra-
dation. The small voliage drift & therefore most likely related (o minos
variatbons in the fuel humidification (e.g., changes in the water level in
the homidifier boitle during operntion), rather than 1o a deterioration of
the cell components.

The obtaimed results were companed with the data available in the
literature. The daca were divided into the intermediate range (- &0 " C)
and the low temperature range (< &30 “C). In the irtermediate mnge,
Mam et al. shidied fised cells with oxygen ebectrodes composed of LSM-
VSR - Pril, and LSM-YSZ - (PrCedd, Ab 650 “C, the power dersity

Currant density |
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and the reference cells (B Myquist plot measured &0 OOV at 500 C for the reference samples, as welll as for the modified cell in its inizial state and afier shon-Sem
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was 418 mW-cm ~ for the PrO,-modified sample, 342 mW-cm * for the
(Pr.Ce)O, modified sample, and 142 mW.cm# for the reference sample
| 24]. Dogdibegovic et al. described high-performance metal-supported
solid oxide fuel cells and investigated the effect of infiltrating the oxygen
clectrode (porous YSZ backbone) with PrO,. Their study achieved the
highest power density reported to date compared to previously inves-
tigated materials, reaching 1.3 W.om < at 700 °C

In the low temperature range, for example Nicollet et al. tested a cell
with a PryOy; oxygen electrode, achieving a power density of 825
mW-cm * &t 600 'C and demonstrating good stability over 840 h of
measurement. In cantrast, the commercial reference cell did not exceed
a power density of 400 mW-cm ?126). Ge et al. measured full cells with
both PrO, modified and unmodified electrodes (LSM, LSCF, LSC). The
obtained power densities for unmodified cells were 73 & 18, 155 & 13,
and 279 + 17 mW-cm * for LSM, LSCF, and LSC a1 600 "C, respectively.
For cells infiltrated with praseodymium oxide manoparticles, these
values increased to 505 4 35, 344 & 46, and 531 & 23 mW-cm * under
the same conditions . Kane et al. analysed a full cell with a modified
oxygen clectrode made of LSCF, where 45 cyches of PrO, deposition
resulted in a power density of 220 mW-cm ™ a1 600 °C . Lu et al
conducted tests on STFC-PrO, oxygen electirode foel cells, which
exhibited high power densities—approximately 0.28 W-cm # at 550 °C
and nearly 1 W-em ™ at 650 “C. In the case of the LSCF-PrO, oxygen
electrode, the maximum power density was approximately 0.08 W.cm e
at 550 "C and about 0,42 W-em ™ a1 650 °C So far, Lu et al, were
the only study to investigate a prascodymium oxide-modified oxygen
electrode below 600 “C. The power densities obtained at 550 “C for
STFC-PrO, were higher than thase we obtained for PrO, abone, However,
at the same time, the power density obtained for LSCF-PrO, was lower
than the power density obtained in our wark at a temperature 50 “C
lower, To the best of our knowledge, no one befare has investigated
prascodymium oxide in fuel cells at temperatures as low as 500 "C

Fig. 7A presents an SEM image of the cross-section of the fuel cell
taken after the measurements, Additionally, | ‘B displays EDX maps
illustrating the distribution of elements within the fuel cell. The com-
mercial half.cell consisted of a fue! electrode composed of Ni-YSZ and an
electrolyte in the form of YSZ, Nogably, the OGO layer, depasited via
spray pyrolysis, exhibits an average thickness of approximately 600 nm
and was dense and well-adbered to the YSZ The CGO surface is well-
defined, without significant irregularities, while the visible cracks
were likely a result of the sample preparation and polishing processes.
Above this layer, a porous oxygen eclectrode with a thickness of
approximately 200 nm, deposited using the spin.coating method, was
clearly visible. Purthermore, the small grain size was noteworthy, as it

Chemical Enginecring Journad S21 (2026) 17999

positively influences the active surface of the electrode. Above this, a CC
layer composed of LSC, characterized by significant grain diversity, was
observed. The EDX maps confirm the proper distribution of cerium and
gadolinium within the applied barrier layer. Additionally, a thin PrO,
kayer appears as a distinct line. No visible changes were observed within
this layer—no signs of reactions or diffusion with either OGO or LSC
were detected.

4. Conclusions

This paper investigates the potential application of PrO, material as
an effective oxide electrode In low-temperature solid-oxide cells (SOCs).
The material's structure was studied using different techniques, such as
XRD, Raman spectroscopy, XPS, and XAS.

The variability of the PrO, material was demonstrated using several
techniques, including XRD, Raman spectroscopy, XPS, and XAS. These
studies revealed the formation of new phases that impacted the mate
rial's electrocatalytic properties. In-situ Raman and XAS measurements
showed the highest Pr'’ content for the prascodymium cation at
annealing temperatures of 500 and 600 *C. However, a noticeably lower
average oxidation state was observed at an annealing temperature of
400 “C for XAS. The presence of PrO; in this composition, confirmed by
Raman and XRD, indicates the complexity of the analysed system,

Analysis of the effect of annealing temperature revealed that the
lowest polarization resistance was achieved at 500 °C, which was a value
lower than those previously used, resulting in an R,y value of 0.254 2
cm®, Purthermore, electrode degradation was observed at higher tem
peratures due to the dissolution of PrO, into CGO above 600 “C. Inter-
diffusion between the PrO, electrode and the CGO electrolvie was
observed using HT-XRD, resulting in CGO lattice expansion and degra-
dation of electrode performance. This was also due to the electrode
densification and the lack of porosity formation, as observed for
perovskite oxides. Thanks o the use of thin layers, this process was
visible in a relatively short time, enabling faster observation of the
phenomenon, not described in such detalls in previous works on pra-
weodymium oxide. Therefore, 1o optimize material utilization while
maintaining efficlency, it is necessary 1o carcfully sedect the operating
conditions for the material in question,

Meassurements performed at different oxygen partial pressures
revealed that the adsorption of molecular oxygen onto the catalytic
material was the main factor limiting the electrode efficsency. Further-
more, the shape of the obtained spectra, especially in the high-frequency
range, suggests that a complex diffusion process was occurred In the
electrode and was probably influenced by the intrinsic properties of

Fig. 7. Crosssection of the full cell after testing, with layers and materials labelied (A). Cell with a deposited PrO, oxygen electrode before the testing, and EDX maps

showing the elements distribation in the solid oxide cell (B)
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Proy, The materials high phase variatlon indicates that oaygen lon
tramspart does nol ooour exclasively via isolated point defects, as
ohserved im standard maberials,

The influence of water vapor as & potentiol inhibitos of the electro-
clhemical oxygen reduction reaction demonstrated the material's
depenidence on water vapor. Electrical condwetivity decreased n the
presence of water due to binding in the hydration process. However, this
process was fully reversibde; wsing dry air reveried the process, as
confirmed by XPS and water uptake.

B negative effects were observed for the second potential inhibinor
of electrochemical reactions, 0Oy, sl comventrations up 1o 1%, Howerer,
abowe this threshobd, polarization resisence increased significantly.
These changes were found 1o be fully reversible, and the materials
gensitivity to 00y remained well below atmespheric levels, Improved
resistante 0o OOy and HeO-induesd poisaning, the sdvantages of Pri,
over commandy used perovskite cathode materials such as LSC or LSCF
arise from several factor. The non-sloichiomeiric characier of praseo-
itymilum oaide, its high redox Dexibility berween Pr'* and Pr'*, and the
large number of active adsorption sites can Eacilitate the uptake of im-
purities and their subsequent removal. Moreover, compared with
arontium located on the perovekite A-site-widely regarded a5 a major
eontributor to C0y/HD sensitivity-praseodymism exhibits lower ba-
sieity, Ad a result, COg and HaO tend to bind more sirongly and aften
partially irreversibly w Sr, promoting the formation of sable surface
phazes such ax SrC0y and Sri0H);, whereas analogous prasecdymium-
containing species are comparatively less stable. I addition, perov-
sicives swch &5 LSC and LSCE are prone to strontiom surface segregation, s
well-known degradation patbway that further increnses the local reac-
tivity and accelerates carbonatehydroaide formation. This phenosne-
o did nit eeciar in Proy-based oxygen ehectrode. While the sbseryved
recovery of Ry, indicates reversibility under small-signal symmetric-cell
conditions, full-cell under-load evelic gas-switching tests are required 1o
confirm reversibde performance under practical operating conditions,

Stability measuremems performed at 50 °C in symthetic air
demonstrabed excelbent long-term performance over 225 h. The degra-
dation rave was determined &5 18.85% per 100 h from 30 to 100 h and
decreased significantly to 0.15% per 100 h after 100 h. However, =ig-
nificant degradation of the material was ohserved al 600 “C, as evi-
denced by a clear inerease in R

Fuel cell measurements with Pri, as the oxygen electrode showed a
power density increase of mone than four limes compared 1o the refer-
enoe ool and a 39% |nerease companed 1o the commercial Eloogen cell.
Additionally, the prepared cell exhibited exceptivnally low ohmic
resistamce at 500 “C: 0,52 & o, compared to 211 and 1.41 £ cm® in
the reference celis.

In conclusion, praseodymium oxide appears to be a highly promising
material for oxvpen clectrodes in low-temperatune solid oxide cells
operating below 600 “C. Material charscierized by low Ry valee (0,001
02 ema® a1 600 “C and 0354 £ cm® at 500 “C) and even cutperformss LSC.
However, 1o ensare itg effective use, special atbention must be paid 10
tactors discussed in this work, sweh &5 electrode temperanure and
annealing. The material’s key advantage over LSC and LSCF liex in its
reversible reaction with atmospheric compounds fike HaO or OOy, This
feature opens up the potential for effective uilization of the neaterial in
the futiare.

Beyond the specific performance parameters presented here, our
resailis paint o broader design principles for oxygen electrodes aper-
ating in low-temperature S0Cs. The high tolermnce of Prd, to Hy0 and
ik arises from it defect-flexible oxide chemistry, including an axygen
sublattice that can sccommadate non-soichiometry and the P P
redox coupde, which ennbles largely reversible adjustment of surface and
mear-sirlace states, Consequently, poisoning manifests primarily as
reversible surfsce effects rather than irreversible bulk degradation,
consistent with the ohserved recovery in impedance, conductivity, and
srface-sensilive measurements. These aftribubes make Prl, particu-
larly anrsctive for oxygen electrodes in S0Cs operating i the

i3
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SO0-600 “C range, Moreover, commercial systems rypleally use aimo-
spleric air rather than synthetic gas mistures, amd s operate under
humid, CO-conaining condithons, In this conbext, Pri, may be relevant
mt only for intermedinee-temperamire SOFCs bur also for profon-
conducting fael cells and related ebectrochemical devicss (e.g., electro-
Iymers), where cathode siabiliny ander humid conditons is critbeal. From
a fabrication perspective, the proposed Pri, thin functional layer at the
checirdeelectralyte nterface performs best when combined with a
conductive, porous curreni-callection scallold. Spin coating B conve-
alent for laborasory optimizagion, wherens scalabde  spaay-hosed
methods (eg., spray pyrolysis) offer a viable route to large-area, thick-
ness-conirolled coatings for practical cells and stacks.
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Figure S1. XPS survey example collected for a praseodymium oxide sample annealed at 500 °C (A), with detailed
the Pr 3ds.2 and Pr 3dsz range (B).

The integrated areas of the characteristic electronic-transition peaks—
labelled B (Pr3*), C, and D (Pr*)—were used to calculate the praseodymium cation’s
average oxidation state according to the equation:

A(Pr3")
Praverage = 3 4 p 30y T 4, (Prov) £ A, (Prot)
A (Pr*t) + A, (Pr*h)
CAPT) + A, (Pr+) + A,(Pr)

Where: A(Pr3*) corresponds to the area under the gaussian obtained for a

given fitted peak.

The fractional content of each oxidation state was calculated using formula:
A (Pr*t) + A, (Pr*t)
A(Pr3*t) + A (Pr*t) + A,(Pr*h)

Prit (%) = -100%

Fractional content uncertainties were evaluated via a variance-based method,
using following formula:
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AL (Pri+) + A, (Prit)

APr3* =

APr3®) + A, (Pr) + A, (Pr+t)

—A(Pr3+)

- AA(PT3%)

+

=
+

Where:

APr3) + A, (Pr+) + A,(PriT)

- AA(PT?

otal

AA(Pr3*) and AA12(Pr®*) represent the uncertainties of the determined peak

areas corresponding to Pr3* and Pr#, an
AA(Prtotal

d:

= JAA(Pr*t)2 + AA,(Pr4t)?

The uncertainties of the average oxidation state were determined using the

following formula:

APraverage

= (3 APr3+)2 + (4 - APr**)2 4+ 23+ 4 - Cov(Pr3*+, Pri+)

Where Cov(Pr3*,Pr**) denotes the covariance, applied as a result of the
anticorrelation between the Pr3* and Pr** cations. This results from the fact that
the sum of the constituent oxidation states is always equal to 1.
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Figure S2. Fits of individual type of spectra using the peak fitting function for: reference samples Pr(NOz3)s (A) and
PrsO11 (B) and research samples PrOx as a function of annealing temperature from 400 °C to 1000 °C (C-H).
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Table S5. Calculated values from the peak fitting used to determine the average oxidation state of the

praseodymium cation.

Peak A Peak B Peak C
. Positi . . . . . . .
PrOx height on sigma height Position sigma height Position sigma
400 1.212+ 5959. 2.933+ | 9.625+0. 5967.031 2.527+ 4.853+ 5970.721 3.021+
0.030 986 0.072 617 +0.20 0.011 0.713 +0.22 0.239
500 1.011+ 5959. 2.810+ | 5.798+0. 5966.647 2.473% 7.173+ 5970.167 3.018%
0.028 830 0.074 755 +0.36 0.014 0.849 +0.12 0.185
600 1.043+ 5960. 3.212+ | 4.937+0. 5966.455 2.468+ 7.430+ 5970.163 3.132+
0.026 055 0.086 523 +0.28 0.014 0.624 +0.12 0.142
200 1.231+ 5960. 3.485+ | 4.814+0. 5966.100 2.513% 4,818+ 5970.780 2.771%
0.034 088 0.100 281 +0.35 0.024 0.467 +0.12 0.074
300 1.261+ 5960. 3.022+ | 5.381+0. 5966.403 2.238% 4,295+ 5970.996 2.449+
0.036 499 0.084 212 +0.23 0.018 0.437 +0.11 0.058
900 1.094+ 5960. 3.474+ | 6.319+0. 5966.557 2.430+% 5.583+ 5970.948 2.715%
0.027 200 0.113 179 +0.15 0.014 0.370 +0.08 0.057
1000 1.173+  5960. 3.014+ | 6.516+0. 5966.524 2.391% 4,109+ 5971.260 2.404+
0.033 118 0.081 250 +0.23 0.081 0.427 +0.12 0.056
Refer
ence
Pr(NO 1.611+ 5960. 3.098+ 12.687+ 5967.870 2.553% )
3)3 0.092 010 0.200 0.356 +0.04 0.020
PreO 1.578+ 5959. 3.351+ | 4.865+0. 5965.826 2.211+ 4.644+ 5970.603 2.837+
1 0043 986  0.097 489 +0.19 0.020 | 0.489 +0.16 0.104
Peak D Arctan.
PrOx height Position sigma height Posit. sigm | Av. Oxidation
a state
2.496+0.1 5979.445+0 3.017+0.1 | 0.945+0.0 5966.014+0 1.00
+
400 23 28 19 10 26 0 3.433+0.144
3.825+0.1 5979.385+0 3.185+0.0 | 0.926+0.0 5966.042+0 1.00
+
>00 14 .22 95 10 .25 0 3.655:0.171
3.887+0.1 5979.460+0 3.212+0.0 | 0.930+0.0 5966.139+0 1.00
+
600 20 22 86 11 .20 0 3.69620.127
3.806+0.1 5979.377+0 3.598+0.1 | 0.931+0.0 5966.028+0 1.00
+
700 45 43 74 17 .24 0 3.642£0.094
4.010£0.1 5979.187+0 3.496%0.1 | 0.929+0.0 5966.455+0 1.00
+
800 48 .35 43 16 .28 0 3.607£0.081
4.34840.1 5979.335x0 3.475%#0.1 | 0.930+0.0 5966.631+0 1.00
+
900 15 27 13 12 21 0 3.6110.057
4.394+0.1 5979.132+0 3.785+0.1 | 0.92610.0 5966.811+0 1.00
+
1000 36 13 9 16 12 0 3.566+0.080
Referen
ce
0.844+0.0 5965.588+0 1.00
Pr(NOs)s - - - 06 0 0 3.000
3.251+0.1 5979.259+0 3.446+0.2 | 0.955+0.0 5966.749+0 1.00
+
PreO11 76 52 04 19 29 0 3.619+0.028

Each line shape has an independent centroid, height, and width. Peak shapes are unit normalized,

meaning the height is uniquely the area under the peak. Sigma is the width of the gaussian and the

position is the centre of the specific peak.
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Figure S4. Comparison of the electrical conductivity values obtained for PrOx layer at the temperature of 400 °C.
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Figure S6. SEM images of the surface of PrOx oxygen electrodes deposited on CGO and annealed at
temperatures ranging from 400 to 900 °C (A-F).
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11. Conclusions

This dissertation explores the potential of various materials and design
strategies that could support the next generation of solid oxide cells. Efficient
hydrogen-based energy production may become a serious alternative within the
evolving energy mix, particularly during the ongoing energy transition. In this
context, effective solutions must enable lower SOC operating temperatures,
which would simultaneously reduce stack costs. Such advances would improve
economic feasibility and establish SOCs as a stable complement to intermittent
renewable energy sources, such as wind and photovoltaic systems, thereby
strengthening modern power networks.

Achieving this goal requires a significant reduction in energy production
costs. A central strategy is to lower the operating temperature of the cells, allowing
the use of less expensive metallic alloys. This is particularly important because
interconnects and current leads account for a large share of system costs. Several
approaches are being developed to address this challenge, including the
introduction of new low-cost coating materials with high electrochemical
performance, as well as modification of existing materials to improve their
properties. Such modifications may involve doping, grain size control, or
optimized electrode architectures. Progress in these areas depends on a thorough
understanding of the materials and their behaviour, enabling the extraction of
maximum information from structural, chemical, and electrochemical studies.

Within this thesis, research was carried out to assess the feasibility of
using cobalt-free materials as protective layers for metallic interconnects in
systems operating at 700 °C. In addition, selected materials were investigated for
efficient oxygen reduction reactions in low-temperature SOCs operating at or
below 600 °C.

The results are presented in Chapter 10. The first two articles support
Hypothesis 1 and demonstrate that cobalt-free materials, specifically rare-earth
oxides and the spinel CuMn,;Feo304, provide a novel solution for protective
coatings on interconnects. The inclusion of rare-earth oxides enhances the
chromium diffusion-blocking capability of CMFO, providing an effective
alternative to the state-of-the-art MCO. Moreover, the complementary
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advantages of these materials—higher electrical conductivity in the case of CMFO
and effective corrosion inhibition by rare-earth oxides—compensate for their
individual limitations. The main achievements of these studies are:

¢ Development of effective protective layers based on rare-earth oxides and
cobalt-free spinel CuMn; ;Feq30..

¢ Significant reduction of ASR values after 2000 and 4000 hours of exposure to an
oxidizing environment at 700 °C.

e Enhancement of the overall chromium diffusion-blocking ability of CMFO
through the addition of thin (100 nm) rare-earth oxide layers by reducing the
corrosion rate.

The following three articles support Hypothesis 2. Two materials -
Lao.sSre.4«C0035 and praseodymium oxide - were investigated as promising oxygen
electrode candidates for low-temperature solid oxide cells (<600 °C). It was
shown that partially amorphous LSC exhibits better electrochemical performance
thanits crystalline counterpart, which is linked to a reduction in the average cobalt
oxidation state. In addition, Article 4 reported the development of high-
performance oxygen electrodes using infiltration of a porous CGO backbone,
enabling efficient operation at 600 °C while reducing electrode fabrication costs
through better use of electrochemically active material. Finally, the last article
provided detailed insight into PrOx as an oxygen electrode material. The study
revealed its multiphase nature and emphasized the complexity of its structural
characterization. XAFS analysis enabled precise determination of the oxidation
state and local structure of praseodymium, which had not been sufficiently
addressed in earlier literature. The main achievements of these studies can be
summarized as follows:
¢ Development of two new precursor formulations for electrode deposition.

e Deposition of electrodes using low-cost techniques while achieving
electrochemical performance comparable to more advanced methods reported
in the literature, enabling scalability and cost reduction.

e Determination of optimal annealing temperatures for oxygen electrode

materials, differing from those commonly used.
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¢ Detailed insights into the structural and electrochemical behaviour of partially
amorphous LSC, including the first observation of a 0.5-unit decrease in the
average cobalt oxidation state compared with the crystalline phase.

e Determination of the average oxidation state of praseodymium at different
annealing temperatures, revealing significant deviations from assumptions
reported in the literature due to the coexistence of multiple PrO, phases.

e Comprehensive electrochemical characterization of electrode materials using
EIS under varying pO, conditions, identifying the limiting factors affecting oxygen
reduction kinetics.

e \erification of the influence of H,O and CO., on electrode performance,
demonstrating that PrO, exhibits greater tolerance to these species than state-of-
the-art materials such as LSC.

e Experimental validation of the proposed oxygen electrode configurations in full
fuel cells, achieving higher power densities than commercial reference cells.

The proposed and tested approaches provide alternatives to conventional
solutions, enabling the replacement of costly materials and the reduction of
associated expenses. This creates a pathway toward systems capable of efficient
operation at lower temperatures. This thesis provides a foundation for further
research on promising materials for low-temperature SOC applications. Future
work will focus on the development of operando XAFS techniques for
comprehensive structural characterization under operating conditions. This will
be animportant step toward a deeper understanding of electrochemicalreactions
and their underlying mechanisms.

Collectively, the articles included in this dissertation represent an important
step toward the development of efficient SOC systems operating at lower
temperatures. These advances not only contribute to meaningful cost reduction
but also accelerate the path toward large-scale commercialization of these

technologies.
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