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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 La2O3, Y2O3, Gd2O3, and 

CeO2. Y2O3 and Gd2O3 showed the most promising protective properties and, when 

combined with CuMn1.7Fe0.3O4 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 PrOx 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 PrOx layer provided very low polarization resistance, with the best results after 

annealing at 500 °C. It also showed greater resistance to humidity and CO2 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.  
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Streszczenie 

W obliczu rosnącego zapotrzebowania na energię, ograniczonych zasobów 

paliw kopalnych i zagrożenia globalnym ociepleniem rozwój alternatywnych źródeł 

energii staje się koniecznością. Ogniwa ze stałym tlenkiem (SOC) należą do 

najbardziej obiecujących rozwiązań, gdyż zapewniają stabilne dostawy energii 

niezależnie od warunków pogodowych i mogą stać się ważnym elementem przyszłych 

inteligentnych sieci energetycznych. Badania nad materiałami do średnio- 

i niskotemperaturowych SOC są szczególnie istotne, gdyż obszar ten pozostaje słabo 

zbadany, a obniżenie temperatury pracy otwiera nowe możliwości technologiczne. 

Niniejsza rozprawa doktorska dotyczy obiecujących materiałów, które 

mogłyby zastąpić obecnie stosowane w ogniwach ze stałym tlenkiem. Skupia się na 

dwóch zagadnieniach: metalicznych interkonektach oraz materiałach elektrod 

tlenowych. Pierwsze obejmuje korozję wysokotemperaturową i poprawę blokowania 

dyfuzji chromu, kluczowe dla sprawności układu. Drugie dotyczy elektrod tlenowych 

pracujących ≤ 600 °C, gdzie obniżenie temperatury zwiększa opór polaryzacyjny 

i pogarsza pracę ogniwa. W badaniach korozyjnych analizowano powłoki tlenkowe 

o grubości 100 nm na bazie La2O3, Y2O3, Gd2O3 i CeO2. Najlepsze właściwości 

ochronne wykazały Y2O3 i Gd2O3, które po połączeniu z CuMn1.7Fe0.3O4 w podwójnych 

warstwach ochronnych umożliwiły uzyskanie niskiej rezystancji powierzchniowej po 

4000 godzin utleniania w 700 °C oraz poprawę blokowania dyfuzji chromu. Druga 

część pracy dotyczyła materiałów LSC i PrOx jako elektrod tlenowych. LSC wykazał 

najwyższą aktywność elektrochemiczną po spiekaniu w 400 °C. Elektrody oparte na 

porowatym szkielecie CGO, infiltrowane LSC, osiągnęły bardzo niski opór 

polaryzacyjny i o 8% wyższą gęstość mocy niż odpowiednik komercyjny. Tlenek 

prazeodymu również okazał się skutecznym materiałem elektrody tlenowej. Warstwa 

PrOx o grubości 200 nm zapewniła bardzo niski opór polaryzacyjny, a najlepsze wyniki 

uzyskano po spiekaniu w 500 °C. Materiał ten wykazał większą odporność na wilgoć 

i CO2 niż LSC oraz umożliwił wzrost gęstości mocy o 40% w porównaniu 

z rozwiązaniem komercyjnym. 

Rozprawa stanowi solidną podstawę do dalszych badań nad nowymi 

materiałami do średnio- i niskotemperaturowych ogniw ze stałym tlenkiem. 
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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't rely on fossil fuels 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 



 

16 

 

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 most abundant element in 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, 

hydrogen is rarely found in nature as free molecular hydrogen. When it does occur 

in its free form, it is usually as diatomic hydrogen (H2) - 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 a fuel or energy carrier therefore usually 

requires generating and/or purifying H2 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/dm3 compared to 

34.2 MJ/dm3 for gasoline), as determined by Avogadro’s law - one mole of gas 

occupies 22.4 dm3 under standard conditions, and a mole of hydrogen has 

a mass 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/dm3), 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: 

• Gray hydrogen – from fossil fuels, without carbon capture; 

• Blue hydrogen – from fossil fuels, with CO2 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; 

• 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. Fuel cells  
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 or improving 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 major issue. Polarization-

induced interfacial phenomena and their effects on microstructure and interface 

stability are also receiving increasing attention. A global trend in SOFC 

development is 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]. A typical 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 

a reasonable 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 

(ZrO2) stabilized with 15% yttria (YSZ) as the electrolyte and iron or carbon as the 

fuel electrode and magnetite (Fe3O4) 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 (La1-

xSrxMnO3-δ). These innovations reduced the operating temperature below 1000 °C. 

Ceramic interconnects, specifically LaCrO3, 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 µm (still primarily YSZ) 

lowered operating temperatures to the 800–900 °C range. Improved oxygen 

electrode materials, such as LSC (La1-xSrxCoO3-δ) and LSCF (La1-xSrxCo1-yFeyO3-δ), 

were adopted, while a CGO (Ce1-xGdxO2-δ) barrier layer was introduced to prevent 

the formation of La2Zr2O7 and SrZrO3 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 cm2. 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 µm. 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 steam rich (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 µm. 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-2 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. 

  

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: 

• High ionic conductivity 

• Negligible electronic conductivity 

• High chemical stability in both oxidizing and reducing environments 

• Compatibility with electrode materials (no adverse reactions) 

• Thermal expansion coefficient matched to other cell components 

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

• Sufficient mechanical strength 

• Resistance to long-term degradation 

• Easy for fabrication 

• Low cost 
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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 H2 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]: 𝐻2 ⇋ 2𝐻+ + 2𝑒− (1) 

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 it is 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 



 

28 

 

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 (Vö) 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]: 𝑂2 + 2𝑉ö +  4𝑒− ⇌ 2𝑂𝑜𝑥  (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: 

• High electrical conductivity (area-specific resistance (ASR) ≤ 0.1 Ω·cm2) 

• Thermal expansion coefficient (TEC) compatible with electrodes and 

electrolyte in order to minimize thermal stresses 

• Chemical stability and non-reactivity with fuel electrode, oxygen electrode, 

and electrolyte materials 

• Low gas permeability for oxygen and hydrogen to prevent the direct mixing of 

the oxidant and fuel during operation 

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

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

Early SOC designs used primarily ceramic interconnects (e.g. LaCrO3) 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., CrO3, 

CrO2(OH)2) 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.  

 

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 I-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: 

𝑖 = 𝑖𝑜 {exp (𝛽 𝑛𝑒𝐹𝜂𝐴𝑐𝑡𝑅𝑇 ) − exp (−(1 − 𝛽) 𝑛𝑒𝐹𝜂𝐴𝑐𝑡𝑅𝑇 )} (3) 

where i0 is the exchange current density, β is the transfer coefficient, ne is 

electrons transferred per reaction, F is Faraday constant (96 485 C·mol−1),  ηAct is 

activation polarization (V), R is universal gas constant (8.314 J·mol−1·K−1) 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 result in 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 significant influence 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]: 𝑉𝑜ℎ𝑚𝑖𝑐 = {𝛾 exp [𝛽 ( 1𝑇0 − 1𝑇)]} 𝐼𝑓𝑐 = 𝑟𝐼𝑓𝑐 (4) 

where T is the fuel cell temperature; T0 = 973 K, γ =0.2 Ω, and β = −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: 

𝑉𝑐𝑜𝑛 = 𝑅𝑇𝑛𝐹 ln (𝐶𝑏𝐶∞) (5) 

where Cb is the concentration at the triple-phase boundary, where the gas, 

electrolyte, and electrode meet; C∞ is the bulk concentration of reactant; and n is 

the number of moles of electrons participating in the reaction [80]. 

 

Figure 6. Activation, ohmic and mass losses plotted throughout the I–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 −  𝜂𝑎𝑐𝑡 − 𝜂𝑜ℎ𝑚𝑖𝑐 − 𝜂𝑐𝑜𝑛𝑐 (6) 

where: V – real output voltage of cell, Ethermo – thermodynamically 

predicted output voltage, ηact – activation losses, ηohmic – ohmic losses, and 

ηconc – concentration 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 they involve 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 



 

37 

 

number of important parameters can be extracted, including the ohmic 

resistance (Rohm) determined from the high-frequency intercept, the total 

polarization resistance (Rpol) 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].  

 

Figure 7. Example of an impedance spectrum with components listed (Figure created by the author) (A) and Rpol 
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 (pO2) for oxygen electrodes and 
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hydrogen or steam partial pressures (pH2, pH2O) for fuel electrodes. For oxygen 

electrodes, changes in pO2 are a key tool for identifying the mechanism of the 

oxygen reduction reaction (ORR). If Rpol decreases with increasing pO2, 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: 𝑅𝑝 ∝ 𝑝𝑂2−𝑚 (7) 

The value of the exponent provides mechanistic insight. For example, m=1 

may correspond to dissociative adsorption of O2, 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 pH2O, pCO2, and concentrations 

of other gas-phase species. Measurements performed at varying pCO2 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 pH2, pH2O, 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 (P21/c; no. 14) under standard 

conditions. Upon heating, it undergoes a phase transition to a tetragonal 

structure (P42/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 

Y2O3 stabilizes the cubic fluorite phase, maintaining its stability even at room 

temperature [98], [99]. Furthermore, the substitution of Zr4+ ions by Y3+ 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% 

Y2O3 was employed; however, such compositions are no longer relevant. 

Subsequent studies demonstrated that the dopant concentration critically 

influences ionic conductivity: above ~10 mol% Y2O3, 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-1 at 1000 °C and between 10-2 and 10-3 S·cm-1 in the 600–

800 °C range. It is also practically an electrical insulator. Its thermal expansion 

coefficient is approximately 10–11·10-6·K-1, 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 La2Zr2O7 and SrZrO3. 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]. 

 

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 

(CeO2, Ce4+) 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 Gd3+ or Sm3+, 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 10-1 to 10-2 S·cm-1 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 Ce4+ to Ce3+ 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 CGO is in the range of 12–13·10-6·K-1 (25–1000 °C)[112]. This value is higher than 

that of YSZ, but closer to the value of oxygen electrode materials (14–15·10-6·K-1). 

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 LaGaO3 (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 (ErxBi2-xO3) and 

DWSB (Dy0.08W0.04Bi0.88O1.56). 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 occur only at the interfaces between 

the metallic and ceramic phases—within 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 a continuous 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 Ce4+ to Ce3+ 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 (La0.75Sr0.25Cr0.5Mn0.5O3-δ), LSCr (La1-xSrxCrO3), and double perovskites such 

as SFM (Sr2Fe1.5Mo0.5O6-δ). 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: 9-13·10-6·K-1). 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 (La1-xSrxMnO3-δ), 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-1 in the 800–1000 °C range [125], [126]. Owing to the lack 

of significant ionic transport (10-7-10-8 S·cm-1 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 11.3–12.4·10-6·K-1 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 (La1-xSrxCoO3-δ) and LSCF (La1-xSrxCo1-yFeyO3-δ) 

emerged as leading alternatives (typically rhombohedral R-3c 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-1 in the 600–800 °C range) with substantial ionic 

conductivity (0.01–0.22 S·cm-1 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 a very high TEC (17-

21·10-6·K-1), 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-1 and ionic conductivity in the range of ~0.01–0.1 S·cm-1 in the 

same temperature range [131], [132]. Its TEC (15–17·10-6·K-1) 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 (SrTi1-xFexO3-δ) (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 LSCF, it still 

reaches between 0.6–100 S·cm-1 in the 600–800 °C range. Its ionic conductivity is 

comparatively high, reported at ~3.5 × 10-2 S·cm-1 at 900 °C [135], [136]. The 

thermal expansion coefficient (TEC), ranging from 11.7 to 16.5·10-6·K-1 at 77-477 

°C, and 16.6-31.1·10-6·K-1 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-deficient in 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 (PrOₓ). 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 

PrO2 (space group - Pm-3m), Pr6O11 (space group - Pm-3m), Pr7O12 (trigonal R3), 

and Pr2O3 (space groups – A -type - P-3m1, and C-type - Ia-3), but several other 

substoichiometric forms (e.g., Pr5O9 - monoclinic P21/c, Pr11O20 - triclinic P-1) are 

also known [137]–[141]. Literature reports identify the cubic β-phase (Pr6O11, or 
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PrO1.833) as the most electrochemically active form, with total conductivity of 6.77 

× 10-2 S·cm-1 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 δ-phase (Pr11O20) near 470 °C, to the ε-phase (Pr5O9) at ~490–520 °C, and to 

the rhombohedral ι-phase (Pr7O12) up to ~700 °C [142], [143]. The ι-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 PrOx in SOCs. Under reducing 

conditions, Pr4+ is readily reduced to Pr3+, which alters the material’s properties. 

Notably, PrOx exhibits very high catalytic activity in the low-temperature range 

(<600 °C). However, its relatively low electrical conductivity—approximately 1 

S·cm-1 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 PrOx is strongly phase dependent: TEC increases from ~11·10-6·K-1 

(25–207 °C) to ~13·10-6·K-1 at 527 °C, exceeding 16·10-6·K-1 above 727 °C (1000 K). 

Above ~600 °C, TEC values surpass 14·10-6·K-1, leading to compatibility issues 

with other cell components [155]. In addition, PrOx 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]. 

 

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 CeO2, 

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 1μm), 

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, La2O3 reacts rapidly with chromium to form LaCrO3 at 1000 °C. Gd2O3 

forms GdCrO3 after 144 h, while Y2O3 requires 288 h to form YCrO3, and even 

then the reaction remains incomplete [157], [158]. Electrolytic deposition 

applied to create coatings of ~100 nm thickness significantly improved 

corrosion resistance, with La2O3 and Y2O3 yielding the lowest weight gain, 

followed by Gd2O3, whereas CeO2 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, MnCo2O4 (MCO) 

and CuMn2O4 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 

(10–100 S·cm-1) is sufficient for interconnect applications. The main limitation 

of MCO is its high cobalt content -an expensive and crucial element in many 
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areas such as batteries, and lower electrical conductivity in low temperature 

range. As a result, research has shifted toward alternatives such as CuMn2O4 

and doped derivatives. These materials can reach higher conductivities—up 

to ~225 S·cm-1 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 × 10⁻6 K⁻1 (50-600 °C), 

comparable to Crofer steel and other SOC components [161].  

Perovskite oxides, such as La1-xSrxCrO3 [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 CuMn2O4 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 CuMn2O4 spinel and 

its derivatives. Given the decreasing effective operating temperature of cell 



 

49 

 

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, CuMn2O4 spinel, and its derivatives.  

 
Table 1. Review of works related to rare earth metals and spinel derivatives CuMn2O4. 

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]. 

Protective layer 
Composition 

Oxidation time 
[hours] Kp [g2 cm−4 s−1] Temperature 

[°C] Reference 

Y 

Y2O3 
300 

2.44 × 10−15 [5-300] 
7.09 × 10−15 [8-300] 800 [174] 

La2O3 1000 - 800 [175] 

Gd2O3 2260 3.22 × 10−14 [260-2260] 800 [176] 

MnCuFe0 

MnCuFe01 

MnCuFe03 

3000 

6.1 × 10−15  
4.92 × 10−15  
4.73 × 10−15 

750 [177] 

Mn1.9CuFe0.1O4 5000 8.05 × 10−15 750 [178] 

Cu1.3Mn1.7O4 100 8.50 × 10−14 750 [179] 

CuMn1.8O4 1000 - 800 [180] 

CuMn1.8O4 120 - 800 [181] 

CuxMn3-xO4 (1.0 ≤ x ≤ 
1.3) 1000 5.16-8.33  × 10−15 800 [182] 
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7.5.2. LSC- or PrOx-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. 

La1-xSrxCoO3-δ 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)2Co4+δ and SrO [184]. Other studies additionally 

identified Co3O4[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 of 0.474 S/m at the 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.Overview of the results obtained so far for LSC as an oxygen electrode. 

Composition 
Deposition 
Technique  

Polarisation 
resistance [Ω·cm²] Temperature [°C] Reference 

Crystalline LSC 

CGO infiltrated 
with LSC 

Infiltration  0.044 600 [188] 

LSC 1 μm hand-painted 0.97 600 [189] 

LSC 200 nm 
Metal organic 

deposition 

0.023 600 [190] 

LSC 113-214 
Co-sputterring 

deposition 

0.15 575 [191] 

LSC 200 nm 
pulsed laser 
deposition 

0.1 600 [192] 

LSC 300 nm 
Metal organic 

deposition 

0.13 600 [90] 
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  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. A review 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 PrOx at the same or similar temperatures. 

 

 

LSC 200 nm 
Metal organic 

deposition 

0.007 600 [184] 

LSC 400 nm Spray pyrolysis 0.076 600 [85] 

2D LSC 
nanosheets/LSCF 

Immersion  0.316 600 [193] 

Partially Amorphous / Amorphous LSC 

LSC8020 ~300 
nm 

Pulsed laser 
deposition 

850 415 [194] 

LSC 100 nm 
Pulsed laser 
deposition 

Lower than 0.3 400 [195] 
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 Table 3. Overview of the results obtained so far for praseodymium  as an part or functional oxygen electrode. 

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 H2O and CO2, on electrode 

performance. 

  

Composition Deposition Technique 
Polarisation 

resistance [Ω·cm²] Temperature [°C] Reference 

Pr6O11 Spray pyrolysis 0.245 600 [146] 

PrOx - CGO 

LSC:PrOx – 
CGO 

Immersion/ Infiltration 
0.42 

0.23 
600 [147] 

Pr6O11 - CGO Infiltration 
0.028 

0.14 

600 

500 
[148] 

Pr6O11  with 
LSM as CC 

Pr6O11 with 
LSCF as CC 

Electrostatic  spray 
deposition 

0.02 

0.022 
600 [149] 

LSM-YSZ – PrOx 

LSM-YSZ – 
(Pr,Ce)Ox 

Electro-chemical  
deposition 

0.6 

2 
650 [150] 

LSM - PrOx 

LSC- PrOx 

LSCF- PrOx 

Infiltration 

0.284 ± 0.013 

0.273 ± 0.011 

0.482 ± 0.032 

600 [151] 

LSCF - PrOx Infiltration 0.991 500 [152] 

LSCF – PrOx 

STFC – PrOx 
Infiltration 

0.556 

0.067 
650 [153] 

PrOx onto CGO 

PrOx – CGO 

PrOx LSM-CGO 

PrOx -LSM 

Spray pyrolysis 
/infiltration  

0.125 

0.03 

0.06 

0.1 

650 [154] 
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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 a consequence, 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 CuMn1.7Fe0.3O4 (CMFO). 

The effectiveness of the proposed synergistic approach stems from the 

properties of rare-earth oxides such as La2O3, CeO2, Y2O3, and Gd2O3. 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 (La0.6Sr0.4CoO3-δ) and PrOx. 

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 PrOx 

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 La2O3, CeO2, Y2O3, and Gd2O3 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 cm2. 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. 

 

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 CuMn1.7Fe0.3O4 (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 subsequently ball-milled in a planetary mill using zirconia balls (Ø = 

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 cm3 of an 

isopropanol:acetone mixture (4:1). Crystalline iodine (0.1 g per 100 cm3) 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 μm. 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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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 La0.6Sr0.4CoO3-δ 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. PrOx oxygen electrode deposition 

Oxygen electrode layers based on PrOₓ 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. 

 

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:ethanol ratio 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 cm3) 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-ray diffractometry - 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 λ ≈ 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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• Elastic scattering (Thomson scattering) – the energy of the incident and 

scattered photons remains equal. This process is responsible for 

diffraction. 

• 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: 𝑛𝜆 = 2𝑑 · 𝑠𝑖𝑛𝛩 (8) 

  

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

where n is the order of reflection, λ is the X-ray wavelength, d is the interplanar 

spacing, and θ is the diffraction angle. As part of this research, samples were 

analysed using four different diffractometers and under various configurations: 

• Parallel beam and GIXRD measurements were performed on a Bruker 

D2Phaser diffractometer equipped with a Lynxeye XE-T detector and Cu Kα 

radiation (λ = 0.15406 nm). Measurements performed at Gdańsk University of 

Technology and Warsaw University of Technology.  

• 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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Kα radiation was employed, with λ₁ = 1.54056 Å and λ2 = 1.54439 Å. 

Measurements at elevated temperatures were conducted using an Anton Paar 

HTK 1200 high-temperature chamber. A LaB6 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 Kα radiation was used as the source, 

with the setup including a Cu X-ray tube, β-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 composition is 

known. An XPS spectrum consists of distinct peaks corresponding to specific 

photoelectrons, superimposed on a background 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 Kα 

X-ray source. Spectral deconvolution and peak fitting were conducted with the 

integrated Avantage software package (Thermo Fisher Scientific). 

Measurements performed at Gdańsk University of Technology. 

 

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 

(I₀) and the current intensity after the beam go through the sample (Iₓ). The 

absorption coefficient μ(E) is then calculated as a function of energy according 

to the equation: 

𝜇(𝐸) =  − ln (𝐼𝑥𝐼𝑜)  (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 

atom to its 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: 

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

absorption edge to ~50 eV above it, 

• EXAFS (Extended X-ray Absorption Fine Structure), extending up to 

~1000 eV above the edge. 



 

65 

 

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 Kraków. 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 µm, 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. A 532 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 100× objective with an NA of 0.9 and a 600-grating 

spectrometer (spectral resolution of approximately 3 cm−1). Areas of constant 
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width (5 µm) were scanned, and their height (from 8 to 13 µm) depended on 

the scale/coating thickness. Measurement performed at AGH University of 

Science and Technology. 

 

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-1 (corresponding to 2–16 μm). 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. 

 

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 

Scanning electron microscopy (SEM) is a high-resolution imaging technique 

that enables detailed observation of sample surfaces and topography, with 

magnifications 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 Gdańsk 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. 

 

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 Gdańsk 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 + 𝑂2 → 𝑀𝑒𝑂𝑥 (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: 

(∆𝑚𝐴 )2 = 𝑘𝑝 · 𝑡 + 𝐶 (11) 

Where: Δm is the weight gain (g), A is the sample area (cm2), kp is the 

parabolic rate constant (g2·cm−4·s−1), t is the oxidation time (s), and C is the 

integration constant (g2·cm−4) 

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 (Eₐ) 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 (− 𝐸𝑎𝑘𝑇) (12) 

Where: ASR – Area specific resistance, A is a pre-exponential factor 

(Ω·cm−2·K−1), Ea is the activation energy (kJ·mol−1), k is Boltzmann’s constant 

(J·K−1) 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: 

𝐴𝑆𝑅 =  𝑅 · 𝐴2  (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 (Ivium Technologies). The measurements was 

performed at Gdańsk University of Technology. 

 

Figure 22. ASR measurement diagram for Crofer 22 APU steel samples after corrosion tests (A) and a 

measuring station for ASR measurements at the Gdańsk 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—that is, 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., V34) while measuring the 



 

74 

 

current through the opposite pair (e.g., I12). The resistance was then calculated 

according to Ohm’s law: 

𝑅12,34 = 𝑉34𝐼12  (14) 

To obtain the material’s conductivity, measurements were performed in 

four different contact configurations. From these, the characteristic 

resistances (R1 and R2) were determined and subsequently used in the Van der 

Pauw equation to calculate the sample conductivity: 

𝑓 (𝑅1𝑅2) = 1 − (𝑅1 − 𝑅2𝑅1 + 𝑅2)2 · ln 22 − (𝑅1 − 𝑅2𝑅1 + 𝑅2)4 · ((ln 2)24 − (ln 2)312 )  (15) 

𝜎 =  2 ln 2𝜋𝑑(𝑅1 + 𝑅2) · 𝑓 (𝑅1𝑅2)   (16)
 

 where: f is the correlation function, σ is the electrical conductivity (S·cm-1), 

and d is the thickness of the measured sample (cm). One important assumption 

is that the values of R1 and R2 should be as close to each other as possible. Ideally, 

they should be identical. The measurements was performed at Gdańsk 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 Gdańsk University of Technology 

(C) (Figure created by the author). 
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9.2.3.3. Electrochemical impedance 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) =  𝐸0 · cos(𝜔𝑡)   (17) 𝐼(𝑡) =  𝐼0 · cos(𝜔𝑡 + 𝜑) (18) 𝑍 =  𝐸(𝑡)𝐼(𝑡) =  𝑍0 · cos(𝜔𝑡)   cos(𝜔𝑡 + 𝜑) (19) 

where: E(t) – excitation signal (V); E0 – signal amplitude (V); ω – angular 

frequency (Hz); I(t) – current response (A); I0 – response amplitude (A); φ – 

phase shift; Z – impedance (Ω); Z0 – impedance modulus (Ω). 

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 (Rgb). 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: 

𝑅𝑝𝑜𝑙 = 𝑅𝑝 · 𝐴2  (20) 

𝑅𝑜ℎ𝑚 = 𝑅𝑠 · 𝐴 (21) 

where: Rpol –calculated polarization resistance; Rp – measured 

polarization resistance; Rohm – 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 (pO2 = 20%) using 

synthetic air. Additional experiments examined the effect of electrode 

thickness and annealing temperature, as well as the influence of varying pO2, 

pCO2, and pH2O. The measurements was performed at Gdańsk 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 Gdańsk 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 γ(ln τ). The impedance corresponding to this distribution is expressed 

as: 

𝑍𝐷𝑅𝑇 = 𝑅∞ + ∫ 𝛾(ln 𝜏)1 + 𝑖2𝜋𝑓𝜏 𝑑(ln 𝜏)∞
−∞  (22) 

where: 𝑅∞ is the high-frequency intercept, 𝑓 is the frequency, and τ is 

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 pO2 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 I is the current density (A·cm-2). 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 Gdańsk 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 Gdańsk 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 – CuMn1.7Fe0.3O4. 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 

at temperatures  ≤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 PrOx, 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 CuMn1.7Fe0.3O4 (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. CuMn1.7Fe0.3O4 – RE2O3 

(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 (La0.6Sr0.4CoO3-δ) and PrOx. 

3.  Lemieszek B, Ilickas M, Jamroz J, et al. Enhanced electrochemical 

performance of partially amorphous La0.6Sr0.4CoO3-δ 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 Ö, Lemieszek B, Murutoğlu M, Karczewski J, Jasiński 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: Bartłomiej Lemieszek, Justyna Ignaczak, Bartosz Kamecki, Jakub 

Karczewski, Mogens Bjerg Mogensen, Sebastian Molin, Piotr Jasiński 

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 – CeO2, Gd2O3, La2O3, 

and Y2O3—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 

La2O3), 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 

La2O3- and Y2O3-coated samples, followed by Gd2O3, while CeO2 was the least 

effective, although still better than the uncoated reference. In terms of 

electrical performance, Gd2O3, La2O3, and Y2O3 showed the most promising 

results, whereas CeO2 performed the worst, even below the reference sample. 

Post-corrosion crystallographic analysis revealed the formation of GdMnO3 

and LaCrO3 for Gd2O3- and La2O3-coated samples, respectively, while no 

secondary phases were detected for CeO2 and Y2O3 beyond their primary 

oxides. 

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

for Y2O3- and La2O3-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, a temperature 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. I 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, I performed significant part of 

SEM-EDS and ASR measurements. I was also responsible for analysing the 

obtained results, preparing figures, and writing the manuscript. As the 

corresponding author, I was responsible for article submission and for 

preparing responses to reviewer comments. 
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10.2. CuMn1.7Fe0.3O4 – RE2O3 (RE = Y, Gd) bilayers as protective interconnect 
coatings for solid oxide cells 

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

Błaszczak, Maciej Bik, Marcin Zając, Maciej Sitarz, Piotr Jasiński, 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, Gd2O3 and Y2O3, combined with CuMn1.7Fe0.3O4 (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 MnCo2O4 spinel in order to achieve higher electrical 

conductivity. The bilayer design 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–Gd2O3, and CMFO–Y2O3. 

After 4,000 hours of oxidation at 700 °C, the lowest weight gain was observed 

for CMFO–Y2O3, followed by CMFO and CMFO–Gd2O3. ASR measurements 

also indicated the best performance for the CMFO–Y2O3 bilayer, while CMFO–

Gd2O3 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 a thick chromia layer, which causes stronger chromium 

migration, as observed in samples without these layers. Confocal Raman 

imaging supported this result by showing markedly higher MnO2 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 mΩ·cm2 - well below the commonly accepted 

limit of 100 mΩ·cm2. 

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, I was also responsible for interpreting results, preparing figures, and 

writing the manuscript. As the corresponding author, I handled article 

submission and prepared revisions in response to reviewer comments. 
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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). 

 

Figure S3. Weight gain plots for each sample separately present the repeatability of tested samples and show the 
anticorrosion behaviour of CuMn1.7Fe0.3O4 spinel and the influence of additional ceramic layers. 

 

 

 

Figure S1. Oxidation profile obtained for CuMn1.7Fe0.3O4 powder after prior reduction (A), and the reduction 
profile of MnCo2O4 (B). 
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Figure S5. XRD plots made for Crofer 22 APU steel with CMFO, CMFO-Gd2O3, and CMFO-Y2O3 protective layers after 
corrosion time of  4000 h. 

Figure S4. Arrhenius plots for samples oxidised for 1000 hours (A), 2000 hours (B) and calculated activation energies divided into 
two ranges: 700 °C–550 °C (C) and 500 °C–300 °C (D). 
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Figure S6. SEM images of cross-sections of protective layers after 4000 hours for a larger area.  

 

 

 

 

 

Figure S7. EDS analysis of prepared sample cross-sections after 4000 hours of oxidation at 700°C. 

Figure S8. EDS linescans for CMFO (A), CMFO – Gd2O3(B) and CMFO – Y2O3(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 
La0.6Sr0.4CoO3-δ oxygen electrode materials for low-temperature solid 
oxide cells operating at 400 °C 

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

Tamulevičienė, Jakub Karczewski, Patryk Błaszczak, Alexey Maximenko, Brigita 

Abakevičienė, Marcin Małys, Sigitas Tamulevičius, Piotr Jasiński, 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 (La0.6Sr0.4CoO3-δ) 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 



 

120 

 

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. I also analysed XRD, Raman, HT-

XRD, XAFS, and FTIR data, interpreted the results, prepared figures, and wrote 

the manuscript. As the corresponding author, I was responsible for article 

submission and for preparing responses to reviewer comments. 
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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. 

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 S4. Calibration curve of the dependence of the change in layer thickness on the 
number of spin coating application cycles. 

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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N - coordination number; R - interatomic distance; sigma^2- disorder parameter. All 
the fitting analysis were performed in the R space, ΔR = 1.0−2.1 and ΔK = 2.1−11.  

 

 

 

 

La0.6Sr0.4CoO3-δ Shell N sigma^2 R R-factor 

400 °C Co-O 3.8 (0.5) 0.0018 (0.0022) 1.91 (0.001) 0.013 

500 °C Co-O 4.0 (0.4) 0.0014 (0.0014) 1.90 (0.006) 0.009 

600 °C Co-O 4.8 (0.5) 0.0034 (0.0017) 1.92 (0.006) 0.012 

700 °C Co-O 5.0 (0.4) 0.0027 (0.0011) 1.92 (0.006) 0.005 

800 °C Co-O 5.0 (0.4) 0.0026 (0.0010) 1.92 (0.005) 0.004 

900 °C Co-O 4.6 (0.6) 0.0027 (0.0018) 1.91 (0.01) 0.017 

1000 °C Co-O 4.7(0.5) 0.0016 (0.0014) 1.92 (0.007) 0.009 

Table S4. Fourier transform fit values for best fit. 

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). 

Figure S6. Determined vibration spectra |Χ(R)| (Å-3) in k-space (A) and k2 Χ(k)(Å-2) in q-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 S7. Bode plot showing the differences towards different annealing temperatures. The data shown was 
measured at 400°C.  

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 Ce0.8Gd0.2O2−δ backbone infiltration 

Authors: Ömer Faruk Aksoy, Bartłomiej Lemieszek, Murat Murutoğlu, Jakub 

Karczewski, Piotr Jasiński, Sebastian Molin 

Applied Physics A, vol. 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, PrOx, and 

a composite of the two (PrOx: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 PrOx:LSC composite, and 

finally CGO–PrOx. 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-2 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, PrOx, and composite infiltrates. In 

addition the PrOx–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, I 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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10.5. Unveiling the Potential of Praseodymium Oxide as Efficient Oxygen 
Electrode for Low-Temperature Solid Oxide Cell Applications. 

Authors: Bartłomiej Lemieszek, Lulu Alluhaibi, Alexey Maximenko, Łukasz 

Gaweł, Aleksandra Mielewczyk-Gryń, Michał Struzik, Marcin Małys, 

Muhammad Imran Asghar, Grzegorz Cempura, Piotr Jasiński, 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 PrOx 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% pO2, below 

which polarization resistance increased significantly. The material also 

showed reversible interactions with H2O and CO2, 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 PrOx 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 PrOx 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 PrOx thin films with detailed structural and 

electronic characterization, enabling correlation of electrochemical 

performance with the oxidation state and phase composition of PrOx. An 

additional, novel aspect is the evaluation of the electrode's stability in the 

presence of H2O and CO2, 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 PrOx 

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 PrOx electrodes can recover full efficiency after exposure to H2O and CO2, 

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. I also carried out XAFS 

measurements (XANES and EXAFS), symmetric-cell studies at varying 

annealing temperatures and gas compositions (pO2, pH2O, pCO2), and long-

term stability tests. In addition, I prepared cells and performed corresponding 

electrochemical measurements. I 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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Figure S1. XPS survey example collected for a praseodymium oxide sample annealed at 500 °C (A), with detailed 

the Pr 3d5/2 and Pr 3d3/2 range (B). 

The integrated areas of the characteristic electronic-transition peaks—
labelled B (Pr3+), C, and D (Pr4+)—were used to calculate the praseodymium cation’s 
average oxidation state according to the equation:  Pr𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = 3 ∙ 𝐴(𝑃𝑟3+)𝐴(𝑃𝑟3+) + 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+) 4∙ 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+)𝐴(𝑃𝑟3+) + 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+) 

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: Pr4+ (%) = 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+)𝐴(𝑃𝑟3+) + 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+) ∙ 100% 

 

Fractional content uncertainties were evaluated via a variance-based method, 
using following formula: 
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∆𝑃𝑟3+ =
√    
       
 ( 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+)𝐴(𝑃𝑟3+) + 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+) ∙ ∆𝐴(𝑃𝑟3+))2 ++( −𝐴(𝑃𝑟3+)𝐴(𝑃𝑟3+) + 𝐴1(𝑃𝑟4+) + 𝐴2(𝑃𝑟4+) ∙ ∆𝐴(𝑃𝑟𝑡𝑜𝑡𝑎𝑙4+ ))2  

 

Where:  
∆A(Pr3+) and ∆A1,2(Pr4+) represent the uncertainties of the determined peak 

areas corresponding to Pr3+ and Pr4+, and: ∆𝐴(𝑃𝑟𝑡𝑜𝑡𝑎𝑙4+ ) =  √∆𝐴1(𝑃𝑟4+)2 + ∆𝐴2(𝑃𝑟4+)2  
The uncertainties of the average oxidation state were determined using the 

following formula: ∆𝑃𝑟𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = √(3 ∙ ∆𝑃𝑟3+)2 + (4 ∙ ∆𝑃𝑟4+)2 + 2 ∙ 3 ∙ 4 ∙ 𝐶𝑜𝑣(𝑃𝑟3+, 𝑃𝑟4+) 
Where Cov(Pr3+,Pr4+) denotes the covariance, applied as a result of the 

anticorrelation between the Pr3+ and Pr4+ cations. This results from the fact that 
the sum of the constituent oxidation states is always equal to 1. 

 

Figure S2. Fits of individual type of spectra using the peak fitting function for: reference samples Pr(NO3)3 (A) and 
Pr6O11 (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. 

 

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. 

 Peak A Peak B Peak C 

PrOx height 
Positi

on 
sigma height Position sigma height Position sigma 

400 
1.212±

0.030 

5959.

986 

2.933±

0.072 

9.625±0.

617 

5967.031

±0.20 

2.527±

0.011 

4.853±

0.713 

5970.721

±0.22 

3.021±

0.239 

500 
1.011±

0.028 

5959.

830 

2.810±

0.074 

5.798±0.

755 

5966.647

±0.36 

2.473±

0.014 

7.173±

0.849 

5970.167

±0.12 

3.018±

0.185 

600 
1.043±

0.026 

5960.

055 

3.212±

0.086 

4.937±0.

523 

5966.455

±0.28 

2.468±

0.014 

7.430±

0.624 

5970.163

±0.12 

3.132±

0.142 

700 
1.231±

0.034 

5960.

088 

3.485±

0.100 

4.814±0.

281 

5966.100

±0.35 

2.513±

0.024 

4.818±

0.467 

5970.780

±0.12 

2.771±

0.074 

800 
1.261±

0.036 

5960.

499 

3.022±

0.084 

5.381±0.

212 

5966.403

±0.23 

2.238±

0.018 

4.295±

0.437 

5970.996

±0.11 

2.449±

0.058 

900 
1.094±

0.027 

5960.

200 

3.474±

0.113 

6.319±0.

179 

5966.557

±0.15 

2.430±

0.014 

5.583±

0.370 

5970.948

±0.08 

2.715±

0.057 

1000 
1.173±

0.033 

5960.

118 

3.014±

0.081 

6.516±0.

250 

5966.524

±0.23 

2.391±

0.081 

4.109±

0.427 

5971.260

±0.12 

2.404±

0.056 

Refer

ence 
         

Pr(NO

3)3 

1.611±

0.092 

5960.

010 

3.098±

0.200 

12.687±

0.356 

5967.870

±0.04 

2.553±

0.020 
- - - 

Pr6O11 
1.578±

0.043 

5959.

986 

3.351±

0.097 

4.865±0.

489 

5965.826

±0.19 

2.211±

0.020 

4.644±

0.489 

5970.603

±0.16 

2.837±

0.104 

 Peak D Arctan. 

PrOx height Position sigma height Posit. 
sigm

a 

Av. Oxidation 

state 

400 
2.496±0.1

23 

5979.445±0

.28 

3.017±0.1

19 

0.945±0.0

10 

5966.014±0

.26 

1.00

0 
3.433±0.144 

500 
3.825±0.1

14 

5979.385±0

.22 

3.185±0.0

95 

0.926±0.0

10 

5966.042±0

.25 

1.00

0 
3.655±0.171 

600 
3.887±0.1

20 

5979.460±0

.22 

3.212±0.0

86 

0.930±0.0

11 

5966.139±0

.20 

1.00

0 
3.696±0.127 

700 
3.806±0.1

45 

5979.377±0

.43 

3.598±0.1

74 

0.931±0.0

17 

5966.028±0

.24 

1.00

0 
3.642±0.094 

800 
4.010±0.1

48 

5979.187±0

.35 

3.496±0.1

43 

0.929±0.0

16 

5966.455±0

.28 

1.00

0 
3.607±0.081 

900 
4.348±0.1

15 

5979.335±0

.27 

3.475±0.1

13 

0.930±0.0

12 

5966.631±0

.21 

1.00

0 
3.611±0.057 

1000 
4.394±0.1

36 

5979.132±0

.43 

3.785±0.1

94 

0.926±0.0

16 

5966.811±0

.12 

1.00

0 
3.566±0.080 

Referen

ce 

       

Pr(NO3)3 - - - 

0.844±0.0

06 

5965.588±0

.42 

1.00

0 
3.000 

Pr6O11 
3.251±0.1

76 

5979.259±0

.52 

3.446±0.2

04 

0.955±0.0

19 

5966.749±0

.29 

1.00

0 
3.619±0.028 
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Figure S3. R-space oscillations Fourier transform (FT) (k²χ(k)) EXAFS spectra for the reference materials and PrOx 
(A); . determined the vibration spectra |Χ(R)| (Å-4) in k-space with a fit allowing the identification of specific bonds 

(B) and k3 Χ(k)(Å-3 for PrOx annealed at 500 °C (C) and best fit obtained using only data for the Pr6O11 phase (D). 

 

 

Figure S4. Comparison of the electrical conductivity  values obtained for PrOx layer at the temperature of 400 °C. 



 

182 

 

 

Figure S5. The Arrhenius plot of the ohmic resistance (A) and polarization resistance (B) obtained from symmetric 
measurements of half-cells with varying electrode thicknesses. Additionally, the Nyquist plots recorded at 500 °C (C), 

along with a comparative analysis of Rpol values as a function of electrode thickness (D). 

 

 

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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Figure S7. Diffraction patterns obtained from high-temperature XRD measurement of PrOx layer deposited on 
CGO (A) with a focus on the 25° to 35° region (B). 

 

Figure S8. Results of impedance analysis illustrating the influence of different pH2O levels on Rohm (A) and Rpol (B) 
values measured at 500 °C. 

 

Figure S9. Results of impedance analysis illustrating the influence of different pCO2 levels on Rohm (A) and Rpol (B) 
values measured at 500 °C.  
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Figure S10. Nyquist plots of impedance spectra recorded after 0. 50. and 100 hours with subtracted ohmic 
resistance at 600 °C (A), with changes in ohmic resistance (B) and polarization resistance (C) recorded during 

experiment. 

 

Figure S11. Real-time potential change during an 87-hour measurement in fuel cell mode at a load of 100 mA·cm-

2 at 500 °C 
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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 CuMn1.7Fe0.3O4, 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 CuMn1.7Fe0.3O4. 

• Significant reduction of ASR values after 2000 and 4000 hours of exposure to an 

oxidizing environment at 700 °C. 

• 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 - 

La0.6Sr0.4CoO3-δ 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 

than its 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. 

• 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. 

• 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. 

• 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 PrOx phases. 

• Comprehensive electrochemical characterization of electrode materials using 

EIS under varying pO2 conditions, identifying the limiting factors affecting oxygen 

reduction kinetics. 

• Verification of the influence of H2O and CO2 on electrode performance, 

demonstrating that PrOx exhibits greater tolerance to these species than state-of-

the-art materials such as LSC. 

• 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 an important step toward a deeper understanding of electrochemical reactions 

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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