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2. ABBREVIATIONS AND SYMBOLS 

ΔZˊ  –  the difference between the derivatives of the spectrums 
 obtained at different hydrogen partial pressures 

ΔZˊˊ  –  the difference between the derivatives of the spectrums 
 obtained at different oxygen partial pressures 

ac  –  alternating current 
ADIS – analysis of differences in impedance spectra 
ASR  – area-specific resistance 
C1,2,3  – capacitance of the corresponding semi-circle 
CPE1,2,3  – constant-phase element of the corresponding semi-circle 
CV  –  cyclic voltamperometry 
Ea  – activation energy 
EC  – equivalent circuit 
EIS  – electrochemical impedance spectroscopy 
f  – frequency 
GDC  – Ce1–xGdxO2–δ 
HF  – high-frequency 
(HT-)XRD  –  (High-temperature) X-ray diffraction 
i  – imaginary unit 
I0  – amplitude of the current 
ICP-MS  – inductively coupled plasma mass spectrometry 
I(t)  – ac current function 
j  –  current density  
L  –  high-frequency inductance 
LF  – low-frequency 
LSCF – La1–xSrxCo1–yFeyO3–δ 
LSCM – La1-xSrxCr1-yMnyO3–δ 
LSCMN – (La1-xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ 
LSF –  La1–xSrxFeO3–δ 
LSGM  – La1–xSrxGa1–yMgyO3–δ 
LST – La1–xSrxTiO3–δ 
LSV – La1–xSrxVO3–δ 
MIEC  – mixed ionic electronic conductor 
OCV – open-circuit voltage 
ORR  –  oxygen reduction reaction 
P  –  power density 
pCO2  – the partial pressure of carbon dioxide 
pH2  – the partial pressure of hydrogen 
pO2  – the partial pressure of oxygen 
R1,2,3  –  resistance of the corresponding semi-circle 
Rp  – polarization resistance 
Rs  – high-frequency ohmic resistance 
RSOC  – reversible solid oxide cell 
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RWGS  – reverse water-gas shift 
ScSZ  – Zr0.94Sc0.06O2–δ 
ScCeSZ  – Zr0.79Sc0.20Ce0.01O2–δ 
SDC – Ce1-x SmxO2–δ 
SEM  – scanning electron microscopy 
SFM – SrxFe1-yMoyO6-δ 
SFN – SrxFe2-yNbyO6-δ 
SMgMo  – SrxMg1-yMoyO6-δ 
SOC – solid oxide cell 
SOEC  – solid oxide electrolysis cell 
SOFC  – solid oxide fuel cell 
TOF-SIMS – time-of-flight secondary-ion mass-spectrometry 
TPB  – three-phase boundary 
U0  – steady-state potential 
U(t)  – ac potential function 
WGS  – water-gas shift 
Ws  –  short-circuit Warburg impedance 
YSZ  – Zr1–xYxO2–δ 
Z(t)  – impedance as a function of time 
Z(ω)  – impedance as a function of angular frequency 
Zˊ  –  the real part of the impedance 
Zˊˊ  – the imaginary part of the impedance 
φ  – phase-shift 
ω  – angular frequency 
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3. INTRODUCTION 

Due to possibly increasing energy demand, the implementation of renewable 
energy resources is an urgent need. A most important step toward this goal is to 
develop efficient, environmentally friendly devices for sustainable energy con-
version and storage [1]. One of such technologies is reversible solid oxide cell 
(RSOC), which can work as high-temperature solid oxide fuel cell (SOFC) for 
fuel oxidation and as solid oxide electrolysis cell (SOEC) for fuel production 
from excess electricity and steam or carbon dioxide. The advantage of the men-
tioned systems is high electrical (up to 70%) and overall (up to 90%) efficiency 
as well as fuel flexibility [2]. It is a very promising technology to be used in 
conjunction with intermittent energy sources, e.g., solar and wind energy sys-
tems. However, it has to reach a more mature state to be implemented in the 
energy market, and therefore, research and development are still needed to im-
prove reliability, lifetime and lower the cost of the systems [3]. 

The most commonly used anode materials for SOCs are nickel- and copper-
based cermets combined with yttria-stabilized zirconia (YSZ), scandia stabi-
lized zirconia (ScSZ) or gadolinia doped ceria (GDC) electrolytes [4,5]. How-
ever, most of the named materials are very sensitive to the redox cycles or 
purity (e.g., sulfur, etc.) of the electrode inlet gases and therefore tend to suffer 
increased degradation under standard working conditions [6,7]. Furthermore, 
for the nickel element catalyst, carbon deposition can be a very serious problem 
[8]. 

Therefore, mixed ionic-electronic conductive (MIEC) materials have been in 
focus during the last years as a promising alternative for cermets materials. High 
chemical stability as a potential strength of these materials, ABO3 perovskite-type 
La1-xSrxCr1-yMnyO3-δ (LSCM) [9], La1-xSrxTiO3-δ (LST) [10], La1-xSrxCr1-yFeyO3-δ 
(LSCF) [11], and La1-xSrxVO3-δ (LSV) [12], or double perovskite-type 
Sr2FeNbO6-δ (SFN) [13] and Sr2FeMoO6-δ (SFM) [14] have been studied for 
SOC applications. So far, low catalytic activity and poor conductivity are still 
the most common throwbacks for MIEC electrodes, and therefore additional 
activation of these materials is necessary. 

One possible solution for the activation of such materials is the infiltration of 
catalysts onto the surface of the MIEC electrode materials. Infiltration is exten-
sively used in heterogeneous catalysis and has proved its value as a capable tech-
nique and without it (or using alternative methods, like thermal combustion 
synthesis followed by co-sintering of electrode-electrolyte systems, etc.) the pre-
paration of many potential SOC electrode materials would not be possible [15]. 

Alternatively, active interfaces can also be generated in-situ through a phase 
decomposition process known as redox exsolution [16,17]. Redox exsolution 
allows interesting structural interplay and creation of new and exciting metal-
oxide interfaces as well as the possibility to combine these with other desirable 
electrode functionalities, for example, mixed electronic and ionic conduction, 
etc. Therefore, the redox exsolution seems like an excellent method for the 
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activation of the electrode materials due to the very diverse crystallographic 
properties of perovskite MIEC materials. 

Additionally, the characteristics (conductivity and catalytic activity) of elect-
rodes depend on the microstructural properties – the specific surface area, total 
pore volume, tortuosity, etc. of the final electrode structure, amount of MIEC in 
the electrolyte scaffold, etc. Therefore, the optimization of such parameters is 
crucial to achieving maximal power densities of SOCs [18]. 

The main aim of this work was to understand the influence of the electrode 
microstructure and chemical composition of the MIEC materials and to improve 
the electrochemical behavior of reversible solid oxide single cells. More speci-
fically, the current study focused on the modifications in A- and B-site com-
positions of (La1-xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ material as well as the influence of 
loading of (La1-xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ and SrxFe1-yMoyO6-δ MIEC materials 
on the electrochemical behavior of reversible solid oxide single cells. Further-
more, the analysis of differences in impedance spectra (ADIS) was conducted 
by the variation of test conditions to understand the processes initiating es-
tablished changes of impedance components in studied systems.  
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4. LITERATURE OVERVIEW 

4.1 Design of solid oxide cell single cells 
Solid oxide cell (SOC) is an all-solid-state energy conversion device that en-
ables direct chemical energy conversion to electrical energy in fuel cell and vice 
versa in the electrolysis mode at elevated temperatures. 

Conventional SOC consists of dense oxide ion-conducting electrolyte, 
located between porous electrodes (Fig. 1). Redox reactions of oxygen or 
oxygen-containing species take place on the air electrode, i.e., reduction of 
oxygen on the cathode (fuel cell mode) and oxidation of oxygen ions on the 
anode (electrolysis cell mode), respectively (Eq. 1). 

    O2 + 4e- ↔ 2O2-                     (1) 

Similarly, redox reactions of fuel or intermediates take place on fuel electrode, 
i.e., oxidation of hydrogen or carbon monoxide on the anode (fuel cell) and 
reduction of hydrogen-or carbon-containing intermediates on the cathode 
(electrolysis cell), respectively (Eq. 2 and 3). 

  2H2 + 2O2- ↔ 2H2O + 4e-                  (2) 

2CO + 2O2- ↔ 2CO2 + 4e-             (3) 

Satisfying many criteria for efficient energy conversion devices, SOC is espe-
cially attractive for its high combined electrical and thermal cycle efficiency, 
fuel flexibility, conceptual simplicity (compared to other types of energy con-
version cells), and environmental compatibility [19,20]. The electrical efficien-
cy of solid oxide fuel cell (SOFC) can be up to 70%, but combined electricity 
and heat cogeneration cycle efficiency can be even higher, reaching 90% [20]. 
In principle, SOFC can be operated with zero CO2 emissions when H2 is used as 
a fuel. However, any combustible fuels, e.g., natural gas (mostly methane), 
various other hydrocarbons (butane, hexane, decane), and alcohols (methanol, 
ethanol), can be used [21].  
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Figure 1. Illustration of the working principle of SOCs in SOFC and SOEC modes 
(noted in the Figure). Gray layer presents a porous oxygen electrode, the white layer 
thin dense electrolyte, and a green layer porous fuel electrode. The open-circuit voltage 
(OCV) of the SOC is around 1.1 V at 850 °C in typical operating conditions. 

There are several interesting designs (configurations) for solid oxide cells, 
among which most popular are tubular and planar. Although the great ad-
vantage of the tubular design is the elimination of gas-tight seals in the hot 
zone, it still exhibits low current densities due to the long current path of 
electrons to the current collector. Furthermore, the planar design is conceptually 
simpler and less expensive in terms of fabrication methods compared to tubular 
design [20,22]. However, the traditional planar SOFC single cell has a thick 
electrolyte as a supportive element, which decreases the performance remark-
ably due to high ohmic losses. Fortunately, advances in ceramic processing 
methods have made it possible to prepare very thin electrolyte layers via screen 
printing, tape casting, sintering, etc. and as a result, electrolyte-supported cells 
with decreased ohmic resistance as well as electrode supported cells have be-
come available [22].  

The key component of solid oxide cells is a solid electrolyte, which defines 
several important properties of the electrode materials (chemical compatibility, 
thermal expansion coefficient, etc.). Yttria-stabilized-zirconia (YSZ) has been 
considered one of the most promising solid electrolyte material for SOFC due to 
its high phase stability, reasonable ionic conductivity and low electronic conduc-
tivity in both the oxidizing and reducing environments [2,20]. However, YSZ 
exhibits poor ionic conductivity at lower operating temperatures (< 700 °C). 
Therefore, wide attention has been focused on improving the ionic conductivity 
of the YSZ electrolyte [2]. One approach is the use of scandium oxide (Sc2O3) 
to stabilize ZrO2 and to improve the oxide ion conductivity at lower operating 
temperatures. The cubic fluorite-type phase of scandia-stabilized-zirconia 
(ScSZ) has been reported to be an excellent electrolyte material for IT-SOFC 
within controlled temperature conditions. 

However, ScSZ exhibits a phase transition from the highly conductive cubic 
phase to a low conductive rhombohedral or tetragonal phase at the IT-SOFC 
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operating condition [23]. The use of Al2O3 together with the oxides of rare earth 
elements such as CeO2, Sm2O3, Yb2O3, and Sc2O3 as dopants to mitigate the 
undesirable phase transition has been discussed in several studies [24–26]. In 
addition, some authors have reported that the phase transition of ScSZ can be 
prevented by the co-doping of CeO2 [27,28]. According to the mentioned re-
ports, the 10 mol% Sc2O3 – 1 mol% CeO2 – 89 mol% ZrO2 composition 
(10Sc1CeSZ) enables the retention of the highly conductive cubic phase within 
the SOFC operating temperature [28]. 

 
 

4.2 Fuel electrode materials for solid oxide fuel cells 
One of the biggest advantages of SOCs is the wide variety of possible fuels, in-
cluding H2, natural gas, biogas, alcohol, gasoline, etc. [2]. The requirements for 
SOFC fuel electrode materials are good chemical and mechanical stability 
under SOFC operating conditions, high ionic (O2-/H+) and electronic conduc-
tivity over a wide range of pO2, and good chemical and mechanical compatibi-
lity with electrolyte and interconnect materials, high surface oxygen exchange 
kinetics, and good catalytic properties for the anode reactions [23]. 
 
 

4.2.1  Cermet fuel electrode materials 

The most commonly used and widely studied SOC fuel electrode materials are 
nickel and copper metal-ceramic composites (the so-called metal-cermets) with 
yttria-stabilized zirconia (YSZ), scandia stabilized zirconia (ScSZ) or gadolinia 
doped ceria (GDC) [4,29].  

At low currents, the mentioned materials show good performance reversibili-
ty between fuel cell and electrolysis modes [30]. However, in the case of higher 
current densities, mentioned cells show remarkable degradation, especially in 
electrolysis mode [31]. The post-measurement analysis of the cells indicate that 
there are several reasons, for example, the presence of impurities (sulfur, cera-
mic nanoparticles from the electrolyte, etc.) that influence the stability of the 
metal catalysts. Zha et al. [32] assigned the voltage drop to both, restricted 
hydrogen adsorption and oxidation when sulfur is adsorbed onto the active Ni 
cermet catalytic centers. Furthermore, sulfur adsorption was shown to be selec-
tive (depending on the S/Ni surface ratios) at the anode surface, i.e., taking 
place initially at the sites of lowest coordination number (most open structure of 
Ni binds sulfur the strongest) [33]. 

Another serious issue is related to processes involving the instability of the 
Ni catalyst particles. The coarsening of the catalyst particles under operation 
conditions or mechanical stress during redox cycles due to large volume 
changes between metallic Ni and NiO has been observed [34,35]. Furthermore, 
the formation and densification of the Ni layer onto the electrolyte, an effect 
that is more important in high current densities in the electrolysis mode, has 
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been proposed [4,36]. Several other degradation mechanisms have been ob-
served and discussed by different authors, including layer peeling and micro-
structural changes of both fuel and oxygen electrodes [37,38].  

 
 

4.2.2 Ceramic perovskite fuel electrode materials 

As alternative for cermets, mixed ionic and electronic conductive (MIEC) mate-
rials have been gaining interest due to potentially reduced polarization and area-
specific resistance (ASR), caused by the expansion of active reaction sites over 
the whole anode surface and so increasing the three-phase boundary (TPB) [39]. 
One big group of MIEC materials is perovskite structured oxides, which also 
offer excellent mechanical stability, chemical and thermodynamical compati-
bility with electrolyte materials, relatively low cost, and therefore, have at-
tracted interest in their application as fuel or oxygen electrodes in SOC [40].  

Traditionally, perovskite oxides possess stoichiometry ABO3, which means 
that these materials comprise at least three different ionic species, each with its 
equilibrium defect concentration due to three different activation energies for 
defect formation. Combined with the constraint of electroneutrality, such mate-
rials enable diverse and potentially useful defect chemistry, particularly when 
considering electronic, hole, and ionic conduction under atmospheres of diffe-
rent oxygen partial pressures. Perovskite oxides can accommodate a large 
content of oxygen vacancies; hence, some perovskites are good oxygen ion con-
ductors. The small B-site in the perovskite structure allows the first-row transi-
tion elements to be introduced in the lattice. These elements exhibit multi-
valency under different conditions, which may be a source of high electronic 
conductivity [41]. 

Materials such as La1-xSrxCr1-yMnyO3-δ (LSCM) [9,42], La1-xSrxTiO3-δ (LST) 
[10], La1-xSrxCr1-yFeyO3-δ (LSCF) [11] and La1-xSrxVO3-δ (LSV) [12] or double-
perovskites, such as A2(BB’)O6 Sr2FeNbO6-δ (SFN) and Sr2MgMoO6-δ 
(SMgMo) [43] have been studied for SOFCs.  

Unfortunately, low catalytic activity and electronic conductivity are still the 
most common throwbacks for MIEC electrodes, and therefore activation of 
MIEC materials is needed in the future [40]. 

 
 

4.2.2.1 La1-xSrxCr1-yMnyO3-δ ceramic fuel electrode material  

Since its first characterization as a potential anode material, La1-xSrxCr1-yMnyO3-δ 
(LSCM) has been studied as an electrode material for SOFC single cells [9,44–
46]. Most of the early studies were conducted by Tao and Irvine, who es-
tablished the redox stability of the LSCM electrode material [9,47]. At 900 °C, 
its electrical conductivity was found to be about 38 S/cm in air and 1.5 S/cm  
in 5% H2 (pO2 ≈ 10-21 atm). Rather good performance was achieved using 
La0.75Sr0.25Cr0.5Mn0.5O3-δ anode based single cells with a polarization resistance 
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of 0.9 and 0.47 Ω cm2 in wet 5%H2/Ar and wet H2 (3% H2O) gas compositions, 
respectively [9]. Further improvement in electrode microstructure decreased 
polarization resistance to about 0.20 Ω cm2 in wet H2 [47]. Some modifications 
of the chemical composition and A-site deficiency of the same material revealed 
the possible formation of spinel impurity phases to compensate for the change 
of cation non-stoichiometry, showing near-zero A-site deficiency in undoped 
material. Neutron diffraction results indicated that La0.75Sr0.25Cr0.5Mn0.5O3-δ 
underwent a rhombohedral to a cubic phase transition from 500 to over 1000 °C, 
spanning over a temperature range of about 600 °C, being much wider than that 
previously reported for some perovskite oxides [44,48]. 

However, in theory, existence of dual-phase La0.75Sr0.25Cr0.5Mn0.5O3-δ was 
not found to be a problem, as the dominant phase in the air was the same as in 
the reducing atmosphere, which would possibly alleviate the influence of a 
redox cycle in operating conditions [44]. 

More recent studies have characterized LSCM also in electrolysis mode [49–
52]. Yue and Irvine [52,53] have studied LSCM-YSZ and LSCM-GDC fuel 
electrode materials for high-temperature CO2 electrolysis. Collected results 
indicated that compared to the LSCM/YSZ cathode, the LSCM/GDC cathode 
displayed higher electrochemical impedance at OCV, while higher performance 
under load probably due to the reduction of GDC, which enhanced the cathode 
activity. Polarization resistances were around 0.8 and 0.9 Ω cm2 at 900 °C and 
50/50 CO2/CO gas composition for LSCM/GDC and LSCM/YSZ, respectively. 
Still, the catalytic activity of the cells was deemed too low for the CO2 electro-
lysis, and the authors recommended some improvement in fabrication methods 
to enable the use of the materials in real working systems [53].  

The performance of the LSCM/GDC electrode was later improved by the 
impregnation of fine GDC particles and Pd co-catalyst into the LSCM/YSZ 
structure [52]. As a result, polarization resistance of about 0.3 Ω cm2 at 900 °C 
and 50/50 CO2/CO gas composition was achieved. Zhang et al. [51] im-
pregnated the LSCM electrode with 2 wt. % of V2O5, decreasing polarization 
resistance from 2.6 to 1.2 Ω cm2 at 800 °C in pure H2. Ruan et al. [50] decorated 
the LSCM electrode with the in-situ grown nickel catalyst (LSCMN), achieving 
polarization resistances of 0.8 and 0.65 Ω cm2 for pure LSCM and LSCMN, 
respectively, at 800 °C and cell potential 2.0 V in pure CO2 gas environment. 
Copper activated LSCM was used to improve H2O, and CO2 co-electrolysis 
characteristics, polarization resistance around 0.3 Ω cm2 was achieved for 
H2O/H2/CO2 gas composition in a ratio of 50/12.5/37.5 at 750 °C [49].  

LSCM has even been studied for use as a cathode material in the fuel cell 
regime. Solid-state reaction and gel-casting methods were employed to study 
the influence of the preparation method on the electrochemical characteristics of 
the single cells. The gel-casting method produced more active electrode mate-
rials toward O2 reduction, for which the most probable reason was a more 
uniform sub-micron scale distribution in LSCM grain particle sizes. Analysis of 
the influence of calcination temperature of LSCM powders showed the best 
electrochemical behavior for materials produced at 1100 °C. Polarization 
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resistance values of 0.33 and 1.45 Ω cm2 were measured for materials prepared 
by gel-casting and solid-state reaction methods, respectively [54]. 

As already mentioned, several studies have focused on the analysis of the 
influence of A- and B-site composition of the material on the electrochemical 
activity [44,46,47,55]. 

So far, most studied catalysts for LSCM activation include Ni, Cu, Pd, Pt, 
V2O5, CeO2 [51,56–58]. Kim et al. [56] showed that in the case of methane 
(fuel), a large number of carbon residues with filamentous and granular struc-
tures were deposited onto the anodes containing Ni- and Pd catalysts. Anodes 
containing Pt exhibited high hydrocarbon tolerance, and negligible amounts of 
carbon were deposited upon exposure to CH4 at 800 °C. For Ni and Pd 
containing electrodes, the addition of CeO2 caused a significant decrease in the 
extent of carbon deposition [56]. However, Ni still seems like the most widely 
used catalyst for SOFC mode, as it is an excellent H2 oxidation catalyst [59]. In 
the case of CO2 electrolysis conditions, either Ce or Cu based catalysts seem to 
be more specific towards the reduction of CO2 [49,52]. 

 
 

4.2.2.2 The SrxFe1-yMoyO6-δ ceramic fuel electrode material 

In addition to common ABO3 structures, a subclass of perovskites exists with a 
general formula of A2B′B″O6. In this case, if the difference in ionic radii of two 
different B site cations is large enough, the crystal lattice of such perovskite 
becomes ordered in a superstructure, forming primitive cells with larger unit-
cell parameters than usual perovskite structures [60]. From the catalytic point of 
view, the specific arrangement of different B-site cations in the electrode mate-
rials can be of great interest, since the properties of perovskites as catalysts are 
generally determined by the nature, oxidation states and relative arrangement of 
B-site cations. For example, such oxide systems can consist of interesting 
combinations of oxygen and/or cation stoichiometries, as well as mixed-valence 
states of the same elements [61]. Although initially studied for their room-
temperature half-metallicity and intergrain tunneling magnetoresistance effects, 
more recent studies have found several compositions suitable for SOFC anode 
materials [43,62,63].  

Liu et al. [64] showed some very promising results using Sr2Fe1.5Mo0.5O6-δ 
(SFM) double-perovskite based half cells. Very high conductivity values of 550 
and 310 S cm-1 were measured in air and hydrogen at 780 °C, respectively. 
Furthermore, symmetrical cells showed polarization resistances of 0.37 and 
0.77 Ω cm2 in wet H2 and CH4 at 900 °C, respectively. Shortly after, the same 
symmetrical cells were studied in the electrolysis mode. Again, promising 
results were achieved, whereas area-specific resistance of 0.56 and polarization 
resistance of 0.26 Ω cm2 was achieved in H2 containing 60 vol.% H2O (absolute 
humidity) at 900 °C, respectively [43].  

The SFM material was further improved by the addition of Sm0.2Ce0.8O1.9 
(SDC) completing La1-xSrxGa1-xMgxO3-δ (LSGM) electrolyte supported cell. 
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Polarization resistance was reduced from 0.84 to 0.45 Ω cm2 in wet H2 at 700 °C 
when 30 wt.% of SDC was added to the electrode [44]. In addition, polarization 
resistance of 0.48 Ω cm2 in the gas mixture containing H2O/CO2/H2/N2 in a ratio 
of 16/16/20/48 was achieved in co-electrolysis mode using SFM-SDC sym-
metrical cells at 850 °C [67]. 

Only recently, doping SFM with different catalysts has become popular. 
Doping has shown to increase the stability of different strontium molybdenum 
perovskites through the stabilization of M-O bonds [68,69]. Furthermore, it has 
been shown for SFM to tune the distribution between of Fe2+/Fe3+ and 
Mo6+/Mo5+ redox pairs [70]. Most studied catalysts for SFM activation include 
Ni [71,72], Nb [70], Sc [73] and Sn [74]. 

 
 

4.3 Electrode preparation and activation methods 

4.3.1 Preparation of electrode using infiltration method 

Infiltration, a technique extensively used in the field of heterogeneous catalysis 
to immobilize high surface area catalytic particles onto ceramic support mate-
rials, such as alumina, silica, and zirconia, has been exploited to enhance and 
modify SOC electrodes [15]. 

Infiltration requires at least one mechanically strong and porous component, 
or backbone, which is processed using the conventional high-temperature cera-
mic route. Such a so-called “scaffold” is often made by an electrolyte (stabilized 
zirconia or doped ceria). The flexibility that infiltration offers in terms of com-
bining various electrode functionalities (i.e. mechanical support, ionic conduc-
tivity, electronic conductivity, oxidation/reduction electrocatalyst) has led to 
many researchers adopting this approach in SOC development [75].  

The infiltration method also gives many advantages, like relatively low 
electrode fabrication temperature due to the pre-sintering of the electrolyte 
material and, therefore, easy control of the microstructure of the deposited 
materials [56]. Still, electrode fabrication by infiltration is relatively new, and 
there are some manufacturing issues that need to be resolved. For example, the 
amount of material that can be added in a single step using salt solutions is 
rather low, resulting in repeated infiltration-decomposition steps, which is very 
time consuming [76]. Furthermore, control over microstructure and its long 
term stability still raises questions about its readiness for industrial use [77]. 
Due to the large surface area of impregnated particles, microstructural coar-
sening is a particular and important problem under typical SOC operation 
conditions [75]. 

 
 

4.3.2 Electrode activation using infiltration method 

In addition to the preparation of SOC composite electrodes, infiltration can also 
be used for the activation of the same materials. Most commonly, precursor 
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solutions of the catalytically active phases are used to wet the surface of the 
support, which is beforehand prepared by infiltration as well. The micro-
structure of the final material is obtained after drying and decomposition of the 
precursor, developing the nanosized metal or metal oxide particles on the 
support material. Sometimes, the following reduction is required to create an 
active metal catalyst particles. Due to the high surface area nature of the nano-
sized catalyst, small loadings of typically 1–10 wt. % are required to have 
increased material activity [78,79]. This method has become very popular to 
activate both the fuel and oxygen electrodes. For example, the catalytic activity 
of LSCF is limited by the surface catalytic properties. Thus, the infiltration of 
doped ceria onto the LSCF cathode may partially serve to increase the surface 
exchange rate of oxygen as well as increase surface area of the electrode, and 
therefore, infiltration improves the ORR kinetics of the LSCF cathode [80]. 
Similarly, Kim et al. [81] used variety of catalysts, including Pd, Rh, Ni, Fe, or 
CeO2, to activate YSZ-LSCM composite electrode material. Results indicated 
that 0.5-1 wt. % of Pd, Rh, and Ni increased the maximum power density of 
activated single cells over 500 mW/cm2. However, the addition of 1 and 5 wt. % 
of Fe and CeO2, respectively, had a smaller positive effect on the maximum 
power density of the cells. Similar enhancements have been shown for other 
MIEC electrodes, including LST [82] and BaCe1-xPdxO3-δ [83].  
 
 

4.3.3 Electrode activation using redox exsolution  

Although the most active interfaces are formed ex-situ by generating desired 
phases through repeated deposition processes (infiltration, etc.), interfaces with 
similar activity can also be generated in situ, at the beginning of the operation, 
through a phase decomposition process known as redox exsolution [16,17]. The 
catalytically active transition metals can be incorporated into the structure in 
oxidizing conditions, and exsolved onto the host structure in the reducing 
environment [17].  

Due to their unique property to accommodate defects of different size, 
charge, and nature, the most well-studied redox exsolution processes discussed 
until now are performed on perovskites [84].  

So far, it has been shown that redox exsolution from perovskites is a phase 
decomposition process occurring due to the reduction step and mainly cont-
rolled by bulk and surface defects [17,85,86]. During the reduction, perovskite 
lattice loses oxygen and gains electrons until the nucleation of the cation, 
initially located in B-site of the perovskite lattice, to metallic phase becomes 
favorable. Nucleation occurs on the surface of the host lattice, where the 
nucleation barrier is lower due to crystal defects [85,86]. 

Cation diffusion to the surface seems to play a most important part to sustain 
exsolution, as during this process, reducible ions from typically at least 100 nm 
deep layer emerge on the surface to form metal particles [85]. 
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Furthermore, A-site and oxygen vacancies seem not only to drive cation and 
oxygen transport to the material surface but also influence the nucleation of B-
site cation to the metallic phase. Vacancies facilitate ion diffusion by mini-
mizing lattice collisions and supply hopping sites [85], which, in turn, creates a 
B-site excess [17]. To retain stable stoichiometry in the crystal lattice, cataly-
tically active species diffuse to the surface and undergo a reduction [17]. Ex-
solved particles maintain some crystallographic coherence with initial lattice, 
thus becoming partly socketed, which depending on the material, can give rise 
to lattice strain [17,85]. 

In conclusion, redox exsolution allows interesting structural interplay and 
creation of new and exciting metal-oxide interfaces as well as the possibility to 
combine these with other desirable electrode functionalities, for example, mixed 
electronic and ionic conduction, etc. Discussed possibilities open up new 
dimensions in the preparation of functional materials for various devices [87].   

 
 

4.4 Influence of electrode microstructure on  
single-cell performance 

The performance of MIEC electrodes can be increased further by carefully 
designing and manipulating of the detailed microstructure of the electrode. 
Typically, this step causes increasing electrocatalytic activity, i.e., the increase 
of the surface area of the effective reaction zone of the electrode. As electro-
catalytic activity is related to the chemical composition of the electrode, the 
effective reaction zone is mostly determined by the three-phase boundary (TPB) 
length [64,88]. However, it has been shown that the pore size, pore volume 
fraction, TPB length, and tortuosity are all influencing the electrochemical 
performance of SOFCs and are considered as the crucial parameters [18]. 

Additionally, the characteristics (conductivity and catalytic activity) of 
electrode depend on the microstructural properties – the specific surface area, 
total pore volume, tortuosity, etc. of the final electrode structure, amount of 
MIEC in the electrolyte scaffold, etc. There are several different ways to opti-
mize the porous structures of electrodes. One of those includes the use of pore 
formers.  

As discussed by different authors, there is some dependence between the 
shape and size of the pore formers and resulting pores as well as a certain 
threshold of pore former volume fraction, which enables the interconnection of 
those pores [89–91]. Alternatively, pre-treated raw oxides with various particle 
size distributions can be used [92–94]. Möller et al. [94] found that micro-
structure had a significant influence on the cell performance in the case of 
La0.6Sr0.4CoO3−δ half-cells prepared from raw cathode powders with different 
particle size distributions. 

Furthermore, Hussain et al. [95] showed that in the case of infiltrated 
electrodes resulting gas diffusion impedance had a clear dependency on the 
structural parameters of the electrodes in fuel cell mode. As indicated by 
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Ebbesen et al. [96], the influence of gas diffusion characteristics, depending on 
the microstructure of the electrode, might be even more important in the case of 
electrolysis mode compared to the fuel cell mode. They demonstrated that some 
change of porosity of support structure resulted in a significant change in the 
charge transfer resistance values, but however, there is the well-expressed 
influence of the low-frequency resistance related to mass transport kinetics at 
high current densities. Consequently, the morphology of porous electrolyte 
scaffold, amount of MIEC deposited in electrolyte scaffolds, as well as applied 
pre-treatment conditions of both components influence the microstructure of 
electrodes, hence the electrochemical activity of the reversible solid oxide cells. 

 
 

4.5 Methods for electrochemical characterization of SOFCs 
The most common techniques for electrochemical characterization of SOFCs 
are cyclic voltammetry and electrochemical impedance spectroscopy [97,98]. 
 
 

4.5.1 Cyclic voltammetry 

The cyclic voltammetry (CV) method has become a very popular technique for 
initial electrochemical studies of new systems and has proven very useful in 
obtaining information about fairly complicated electrode reactions [97]. As the 
name implies, CV is a reversal electrochemical characterization technique, 
where the potential of the system is linearly swept in time, and the current-
potential curve is recorded, as illustrated in Figure 2. In the case of ideal 
conditions (systems without any energy losses), the constant potential and linear 
increase of power of the cell would be expected.  

Figure 2. Typical cell current vs. cell voltage (a) and cell current vs. cell power (b) 
dependencies in ideal (dashed lines) and real SOC operation (continuous lines) 
conditions. 
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Unfortunately, in real systems, several processes dictate the losses of energy. At 
low current densities, activation polarization, which is related to the charge 
transfer step caused by some kinetically limited rate-determining step in elect-
rode reactions, is important. The slow step could be the sorption of reactants-
products, electron transfer, or any other reaction related process. Furthermore, 
the rate of the reaction is influenced by temperature, pressure, and electrode 
material. As SOFCs operate at high temperatures, usually reactions are rapid, 
and as a result, activation polarization is small.  

Caused by ohmic resistance of membrane, electrodes, and current collectors, 
ohmic polarization arises in medium current densities. 

At high current densities, the system’s resistance is controlled by the mass 
transport rate in the gas phase and porous matrix of the electrode, and usually, a 
rapid decrease in cell voltage (power) will appear [20]. 

From current density vs. cell potential dependence, the power density, P, can 
be calculated: 

 𝑃 = 𝐸𝑗,    (4) 
 

where j is the current density, and E is the corresponding cell potential of the 
system studied. As discussed earlier, for real working systems, dependence of 
the power density on the cell potential differs from the predicted ideal relation-
ship [20]. 

 
 

4.5.2 Electrochemical impedance spectroscopy 

Electrochemical impedance spectroscopy (EIS) is a powerful method for the 
characterization of the electrical properties of materials and their interfaces. It 
may be used to investigate the dynamics of bound or mobile charge carriers in 
the bulk or interfacial regions of any solid or liquid material: ionic, semi-
conducting, mixed electronic–ionic, and even insulators (dielectrics) [98]. 

EIS experiment involves excitation of the system under study with steady-
state potential and low-amplitude alternating (ac) potential, following the 
measurement of phase shift and amplitude of the resulting current. Perturbation 
signal can be expressed as: 

 𝑈(𝑡) = 𝑈 sin(𝜔𝑡),             (5) 
 

where U(t) is ac potential function on time, U0 is steady-state potential, 𝜔 =2𝜋f, f is the frequency. The corresponding current is then expressed as: 
 𝐼(𝑡) = 𝐼 sin(𝜔𝑡 − 𝜑)    (6) 
 

where I(t) is ac current function on time, I0 is the maximum amplitude of the 
current, and φ is the phase-shift between the voltage and current waveforms. 
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The impedance, which is the relationship between applied ac potential and the 
resulting alternating current, can be expressed as: 𝑍(𝑡) = ( )( )         (7) 

where Z(t) is the impedance as the function of time. As evident, impedance has 
both magnitude and a phase-shift ϕ, which makes it a vector quantity. Most 
commonly, impedance is measured for a large set of frequencies and can be 
expressed by a complex number of the vector sum of real (Z') and imaginary 
(Z'') parts: 𝑍(𝜔) = 𝑍 (𝜔) + 𝑖𝑍′′(𝜔),                      (8) 

where 𝑖 = √−1. Dependence of the real part plotted against the imaginary part 
is expressed as a Nyquist plot (Figure 3).   
 
 

 
 

Figure 3. Typical equivalent circuit and a corresponding Nyquist plot [97]. 
 
 
For SOFC, first intercept at relatively higher frequencies usually corresponds to 
the so-called high-frequency series- or ohmic resistance, Rs, mainly caused by 
the resistance of the dense ion-conducting electrolyte. The resistance between 
high and low-frequency intercepts of the x-axis corresponds to the so-called 
polarization resistance, Rp, that combines all of the reactions resistances taking 
place at the electrodes, including adsorption, charge-transfer, and mass transfer 
steps of the chemical species. Depending on the values of time constants of 
different processes occurring in the studied systems, the Nyquist plot may 
contain one or multiple semi-circles [21].  
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4.5.3 Fitting of impedance spectra 

To improve the SOFC properties, it is important to understand the reasons for 
activity losses and degradation mechanisms within the system. EIS has great 
capabilities to provide insight into which component and/or process primarily 
changes during SOFC/SOEC operation. It is common for the impedance of 
SOFC/SOEC electrodes to primarily be evaluated by a fairly primitive approach 
using a series of suppressed semi-circles and ascribing those to a specific re-
action or process like in a corresponding equivalent electrical circuit (EC). Such 
an EC analysis method is usually based on the physical processes and reactions 
steps of interfaces discussed elsewhere [97,98]. Figure 4 shows some most 
commonly used ECs in SOFCs (I-III) [99–101]: 

 
Figure 4. Equivalent circuits used for fitting of experimental impedance spectra. 

 
 

However, often, such approximations can be questionable due to the coupling 
(overlapping) of processes, for example, diffusion followed by a reaction 
(Finite-Length-Warburg) or de Levie response of porous electrode describing 
the coupling between ionic conduction in the electrolyte and a reaction [102]. 
So, one has to take some caution when modeling such complicated systems.  
 
 

4.5.4 Analysis of differences in impedance spectra 

An empirical analysis of differences in impedance spectra (ADIS) has been 
proposed by different authors [100,103]. As stated before, the impedance of 
SOFC single cell is influenced by many processes, and very often, a separation 
between those various electrode processes can be quite complicated. In order to 
understand single-cell characteristics, however, one needs a better under-
standing of those processes and how they influence the impedance of the cell 
(or electrode material). ADIS method applies differentiation between two impe-
dance curves, from which, the first curve is recorded before at known condi-
tions and the second curve right after the change in some operating parameters. 
As a result, change in either the real (ΔZ′), or imaginary (ΔZ″) part of 
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impedance influenced by the same parameter can be extracted for a set of 
frequencies [100]. 

Barfod et al. [103] used the ADIS method to convolute processes into anodic 
and cathodic contributions. It is highly likely that anodic processes correspond 
to the frequency range, which is mostly influenced by a change of the partial 
pressure of hydrogen in the fuel electrode compartment at constant gas flow 
conditions. Difference between the derivatives of the spectra (further noted as 
ΔZ) at different hydrogen partial pressures are expressed as: 𝛥𝑍′ = ( ) − ( ) ,          (9) 

where 𝛥𝑍′  denotes the difference in impedance real part, and ( )  

and ( )   correspond to derivatives of the impedance spectra at different 
hydrogen partial pressures, respectively.  𝛥𝑍′  vs. frequency dependencies 
can reveal frequency range, where anodic processes occur [101,103]. 

For cathodic processes, a similar difference in derivatives can be expressed: 𝛥𝑍′ = ( ) − ( )          (10) 

where 𝛥𝑍′  denotes the difference in impedance real part, and ( )  

and ( )   correspond to derivatives of the impedance spectra at different 
hydrogen partial pressures, respectively. 

Very often, the ADIS method requires some pre-knowledge of the processes 
taking place in the studied systems. Therefore, one should have prior knowledge 
from the literature on the possible frequency ranges of the reactions as well as 
their dependence on established changeable parameters, which can then 
simplify and accelerate the analysis of the studied system. 
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5. EXPERIMENTAL 

5.1 Preparation of single cells 
Electrolyte supported single cells used in this work were all prepared under 
well-controlled conditions, using tape casting, lamination, and infiltration 
methods. The tapes used to prepare porous and dense electrolyte layers were 
prepared from the slurry based on the organic solvents or solvent mixtures.  

For the dense electrolyte layer, tapes were prepared using commercial 
(Sc2O3)0.10(ZrO2)0.90 (ScSZr) (fuelcellmaterials, SBET=9.0 m2g-1) and 
(Sc2O3)0.10(CeO2)0.01(ZrO2)0.89 (ScCeSZr) (fuelcellmaterials, SBET=10.6 m2g-1) 
electrolyte powders. Tape-casting slurry was prepared by mixing either ScSZr 
or ScCeSZr electrolyte powders, a mixture of solvents (ethanol and xylene in a 
weight ratio of 17:10) and dispersant (Menhaden fish oil, Sigma) in a weight 
ratio 30:23:1, respectively, and ball-milled for 24 h. After that, the binder 
(polyvinyl butyral B-98, Sigma-Aldrich) was added to the mixture in a weight 
ratio 2:27 and homogenized for additional 24 h before adding the plasticizers 
(polyethylene glycol 400 MW, Aldrich; benzyl butyl phthalate, Merck) in a 
weight ratio 3:56 and ball-milled for another 24 h. The degasification of the 
paste was achieved by the very slow rotation of a ball-milling vessel at least for 
24 h. The green tapes were cast onto Teflon tape using a tape-casting system 
from MTI Corporation (AFA I Automatic Thick Film Coater).  

The tapes used for the formation of porous electrolyte scaffolds were 
prepared similarly to dense layers using pre-calcinated electrolyte powder, as 
well as pore former and solvent mixtures with ethanol-to-xylene ratio 2.5:10, 
were added to the slurry. The main aim was the preparation of the porous 
structures with different porosities and pore size distributions. For this purpose, 
two different approaches were combined to prepare electrodes with various pore 
sizes – (i) pre-sintering of electrolyte powder to influence the particle size 
distribution of electrolyte powder and (ii) adding a controlled amount of 
carbonaceous pore formers with different particle size distributions to influence 
the size and shape of formed pores. Spherical activated carbon particles (Strem 
06-0100), fractions of lamellar graphite 1 (AE-028, TIMCAL), and lamellar 
graphite 2 (Fluka 78391) with particle sizes up to 20 μm were used as the pore 
formers to obtain different types of porous scaffolds.  

Dense ScSZ and ScCeSZ electrolyte layers were sandwiched and co-sintered 
between two porous ScCeSZ layers at 1400 °C for five hours. (La1-xSrx)yCr0.5-

zMn0.5-wNiz+wO3-δ (LSCMN), and Sr2Fe1.5Mo0.5O6–δ (SFM) fuel and 
La0.8Sr0.2FeO3–δ (LSF) oxygen electrodes were fabricated by impregnating the 
porous electrolyte scaffolds with aqueous solutions of corresponding salts with 
stoichiometric proportions. The raw solution for preparation of LSCM and SFM 
fuel electrodes consisted of La(NO3)3·6H2O (99.9%, Alfa Aesar), Sr(NO3)2 
(99.9%, Alfa Aesar), Cr(NO3)3·9H2O (98.5%, Alfa Aesar), Mn(NO3)2·xH2O 
(99.9%, Alfa Aesar), Fe(NO3)3·9H2O (99.9%, Alfa Aesar), 
(NH4)6Mo7O24·4H2O (99.0%, Sigma-Aldrich), and Ni(NO3)2·6H2O (99.999%, 
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Sigma-Aldrich) and LSF oxygen electrode raw solution consisted of 
La(NO3)3·6H2O (99.9%, Alfa Aesar), Sr(NO3)2 (99.9%, Alfa Aesar) and 
Fe(NO3)3·9H2O (99.9%, Alfa Aesar). Citric acid was used as a complexing 
agent for all aqueous solutions to assist the formation of the perovskite phase at 
lower synthesis temperatures in a molar 1:1 ratio (relative to metal cations). 
Table I shows the exact stoichiometries of raw solutions that were determined 
by inductively coupled plasma mass spectrometry (ICP-MS) and 8800 QQQ 
ICP-MS (Agilent) spectrometer. Each impregnation step was followed by a  
0.5 h heat treatment step at 450 °C to decompose the selected and deposited 
nitrates. This procedure was repeated until the desired mass loadings of  10–50 
and 35 wt. % for fuel and oxygen electrodes, respectively [21, 47] were 
achieved. As a final step, SFM, LSCM, and LSF were heat-treated at 900, 1100, 
and 900 °C, respectively, for five hours to finish the decomposition of salts and 
sinter the MIEC material. It should be noted that in all cases under study, the 
electrode with higher sintering temperature was prepared before the electrode 
with lower sintering temperature. Thereafter, ∼3 wt% CeO2 and ∼1 wt% Pd 
catalysts were deposited onto the ceramic anode by infiltration of 1 M Ce(NO3)3 
(99.9%, Alfa Aesar) and 0.45 M tetraammine palladium (II) nitrate (99.9%, 
Alfa Aesar) and heat-treated at 450 °C as a final step (publication I). Figure 5 
shows a scheme for SOFC preparation by tape casting, lamination, and infiltra-
tion methods [105,106]. 

 

 

Figure 5. Scheme of SOFC preparation technique using tape casting, lamination, and 
infiltration methods.  

 
5.2 Physical characterization methods 

5.2.1 Inductively coupled plasma mass spectrometry 

Correct stoichiometry of aqueous solution used for the preparation of electrodes 
was studied before the infiltration into a porous electrolyte scaffold using 
Agilent 8800 QQQ ICP mass spectrometer. Experimental stoichiometry was 
calculated based on the measured concentrations of La4+, Sr2+, Cr3+, Mn3+, Ni2+, 
Fe2+, and later corrected by adding missing proportions of ions to obtain a 
solution close to theoretical stoichiometry, as shown in Table I. The relative 
standard deviation was between 0.2-2.0% throughout the measurements. 
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Table I. Theoretical and ICP-MS measured final cation concentrations of nitrate 
solutions used to prepare (La1-xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ electrode materials (noted in 
the table) used in the publications I–III. 

Material La 
[mol%] 

Sr 
[mol%] 

Cr 
[mol%] 

Mn 
[mol%] 

Ni 
[mol%] 

La0.80Sr0.20Cr0.50Mn0.50O3-δ 0.796 0.197 0.496 0.507 - 
(La0.8Sr0.2)0.80Cr0.49Mn0.49Ni0.02O3-δ 0.636 0.157 0.486 0.496 0.021 
(La0.8Sr0.2)0.90Cr0.49Mn0.49Ni0.02O3-δ 0.718 0.177 0.486 0.496 0.021 
(La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ 0.762 0.189 0.488 0.494 0.020 
La0.75Sr0.25Cr0.50Mn0.30Ni0.20O3-δ 0.744 0.251 0.503 0.308 0.202 
La0.75Sr0.25Cr0.30Mn0.50Ni0.20O3-δ 0.742 0.25 0.309 0.507 0.201 

 

 
5.2.2 Gas chromatography 

Outlet gas composition of fuel electrode was studied using Perkin Elmer Clarus 
680 equipped with the Molsieve Elite column (length 30 m, diameter 0.35 mm). 
H2, CH4, and CO concentrations were established with determination levels of 
1.6, 0.24, and 0.2 ml min-1, respectively. 
 
 

5.2.3 X-ray diffraction 

X-ray diffraction (XRD) analysis of the prepared materials was carried out using 
Bruker D8 Advanced Diffractometer with Cu Kα1 radiation (λ=1.540596 Å), 
Vario1 focusing primary monochromator, two 2.5° Soller slits and a LynxEye 
line detector. 

 

5.2.4 Scanning electron microscopy 

Completed porous electrolyte scaffolds and single cells were characterized 
using Zeiss EVO® MA 15 scanning electron microscope (SEM). For more 
detailed information, Helios™ NanoLab 600 (FEI) high-resolution SEM was 
used. 



29 

 

Figure 6. Cross-section of LSF|ScSZ|Pd-CeO2-LSCM (a) and LSF|ScCeSZ|SFM (b) 
single cells used in publications I (a) and II (b), respectively [107,108]. 

 
5.2.5 Time-of-flight secondary ion mass spectrometry 

Cross-sections of single cells were analyzed using time-of-flight secondary ion 
mass spectrometry (TOF-SIMS) and PHI TRIFT V nanoTOF spectrometer. A 
positive primary Ga+ ion beam and an accelerating voltage of 30 keV was 
applied. The 200×200 μm raster was used for data collection, concentration pro-
files of La4+, Sr2+, Cr3+, Mn2+ cations were characterized in ScCeSZr electrolyte 
material [107].  
 
 

5.3 Electrochemical characterization 

5.3.1 Impedance spectroscopy 

Two-electrode cell configuration was used for electrochemical measurements of 
the single cells prepared. Stencil printed striped Au and Ag current collectors 
and wires of corresponding material were used to avoid extra electrochemical 
activity and minimize surface area. All electrochemical measurements were 
carried out using a Solartron 1260 frequency response analyzer in conjunction 
with a Solartron 1287A potentiostat/galvanostat electrochemical interface. Pola-
rization curves were measured from 0.7 V to 1.5 V. Impedance spectra, with 
AC voltage amplitude of 10 mV and within the frequency range from 106 to  
10-1 Hz, were recorded under certain fixed cell potentials within potential range 
from 0.7 V to 1.5 V. The working temperature of the single cells was varied 
from 650 °C to 850 °C [100–102]. 
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Figure 7. Experimental setup for the electrochemical characterization of systems used 
in this work. 
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6. RESULTS AND DISCUSSION 

6.1 Influence of the variation of test conditions on the 
impedance components of SOCs 

6.1.1 Influence of hydrogen partial pressure in fuel gas on the 
single-cell impedance in fuel cell mode 

Figures 8 demonstrates Nyquist plots (Fig. 8), and Figure 9 differences of the 
real part of impedance spectra, ΔZ′, caused by the decrease of hydrogen con-
centration in the fuel compartment (Fig. 9 a and b) at OCV (Fig. 8a, 9a) and at 
fixed 0.8 V cell potential (Fig. 9b). Furthermore, Arrhenius plots have been 
shown in Figure 9c for La0.8Sr0.2Cr0.5Mn0.5O3-δ (LSCM)|ScCeSZ|La0.8Sr0.2FeO3-δ 
(LSF) unit cell from 700 to 850 °C at OCV [110]. 

 

 

Figure 8. Nyquist plots for LSCM|CeScSZ|LSF unit cell at different hydrogen partial 
pressures (given in the Figure) at OCV and constant pH2O of 0.03 atm. 

At both cell potentials, the decrease of H2 concentration led to a significant 
increase of ΔZ′ at frequencies below 5 Hz. Maximal impedance change appears 
at 0.5 Hz.  According to literature data, the limiting process at 0.5 Hz range at 
OCV is caused by limitations of gas-solid adsorption-desorption steps (limited 
by the number of active adsorption sites) [99,111]. The gas conversion im-
pedance [112] should also be considered; however, it is unlikely as the activa-
tion energy of the low-frequency process, Ea, low, was significantly positive 
[111].  The dependence of Ea, low on fuel gas concentration ,pH2, was very slight  
(103.3 kJ·mol-1; 104.6 kJ·mol-1 and 103.5 kJ·mol-1 at pH2=0.97; 0.8; 0.6 atm, 
respectively). Ea, low started slightly to increase only at rather low pH2 values of 
0.4 and 0.2 (105.7 kJ·mol-1 and 109.4 kJ·mol-1, respectively) (Figure 9c). 
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Figure 9. Differences of real part of impedance spectra, ΔZ′, at OCV (a) and at 0.8 V 
(b) unit cell potentials at 850 °C for LSCM|CeScSZ|LSF unit cell for hydrogen partial 
pressure change from pH2 = 0.97 to one shown in the Figure. pH2O was kept constant at 
0.03 atm. Arrhenius plots (Fig. 9c) at different hydrogen partial pressures (given in the 
Figure) from 700 to 850 °C at OCV. 

The characteristic frequency of the limiting process is only slightly influenced 
by the gas composition with a tendency to increase simultaneously with the 
increase of hydrogen concentration in the fuel compartment at OCV (no gas 
concentration gradient across the electrode). A comparison of data in Figure 9 a 
and b parts shows that compared to data at OCV, bigger shift of ΔZ′ maximum 
(caused by the change of pH2) was observed if the pH2 was changed at 0.8 V. It 
should be noted that at OCV, the ΔZ′ maximum frequency shifts from 0.4 Hz to 
0.8 Hz, but at 0.8 V the characteristic frequency shifts from 0.4 to 1.1 Hz if pH2 
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increases from 0.2 to 0.8 atm. The shift of characteristic frequency and ΔZ′ 
maximum to lower values as pH2 decreases at 0.8 V is probably the result of 
simultaneous change in resistive and capacitive behavior of the MIEC com-
posite electrode. Usually, an increase of pO2 (if pH2 decreases) (at 0.8 V) leads 
to decrease of ion vacancies in electrode material crystal lattice and, therefore to 
the simultaneous increase in Z′ as the conductivity of the material decreases, 
and to decrease of capacitive behavior as a smaller amount of charged particles 
can adsorb on the surface [99]. 

Slight positive ΔZ′ values were observed at the high-frequency range (f ≥ 
10kHz). This result is most likely related to the decrease of oxygen vacancy 
concentration in LSCM lattice as pO2 increases [113]. 

 
 
6.1.2 Influence of temperature on the single-cell impedance  

in the fuel cell mode 

Differences of real part of impedance spectra, ΔZ′,  for La0.8Sr0.2Cr0.5Mn0.5O3-δ| 
ScCeSZ|LSF in the temperature range of 700 to 850 °C revealed two distinct 
regions that were influenced by the change of temperature (Fig. 10). 
 

 

Figure 10. Differences of LSCM|ScCeSZ|LSF unit cell impedance component, ΔZ′, at 
OCV (a), and 0.8 V (b) unit cell potentials caused by the change of temperature (shown 
in the figure) compared to the impedance at 850 °C in gas environment with pH2 = 0.97 
and pH2O = 0.03 atm.  
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High-frequency region of impedance change from 10 Hz to 100 kHz has been 
observed, which, according to literature data, can be attributed to changes in the 
oxygen vacancy concentration and ionic conductivity in LSCM as pO2 changes 
[113].  

The low-frequency region, where ΔZ′ increases drastically as temperature 
decreases, starts from around 2 Hz. According to literature data, this range is 
attributed to the rate limitations of gas-solid adsorption-desorption steps, which 
is confirmed by the large temperature dependence of the process [99,111]. 

The shift of frequency, where ΔZ′ is maximal, is probably related to the 
simultaneous change of resistive and capacitive behavior of materials. Also, the 
frequency range of maximal ΔZ′ if the temperature is varied is very similar to 
the frequency range of ΔZ′ maxima if pH2 is varied, indicating that the limi-
tations observed are probably caused by the characteristics of LSCM fuel 
electrode material.  

 
6.1.3 Influence of cell potential on the single-cell impedance in 

the fuel cell mode 

Similarly to the influence of temperature, the change of cell potential from OCV 
to 0.8 V at different temperatures revealed two regions of increased ΔZ′. As the 
decrease of potential increases the pO2 in the fuel electrode compartment, the 
impedance is influenced similarly to the decrease of pH2. 

The high-frequency processes attributed to changes in the oxygen vacancy 
concentration and ionic conductivity in LSCM as pO2 changes are influencing 
the impedance around 10 kHz [113]. 

The low-frequency processes are influencing ΔZ′ under 2 Hz and probably 
can be attributed to limitations of gas-solid adsorption-desorption steps [99, 
111]. 

 
 

 

Figure 11. Differences of LSCM|ScCeSZ|LSF unit cell impedance component, ΔZ′, 
caused by the change of unit cell potential from OCV to 0.8 V at different temperatures 
(shown in the figure) in the gas environment with pH2 = 0.97 and pH2O = 0.03 atm.  
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6.1.4 Influence of water partial pressure in fuel gas on the 
single-cell impedance in the electrolysis mode 

ΔZ′ graphs illustrating the change of real part of impedance caused by the 
change of water concentration in hydrogen water gas mixture at OCV and 1.5 V 
for some studied materials are shown in Figure 12. For the real part of impe-
dance, the changes depend greatly on the chemical composition of the material 
as well as on the partial pressure of water in the fuel electrode compartment 
[110].  

The ΔZ′, frequency-dependence for La0.75Sr0.25Cr0.3Mn0.5Ni0.2O3-δ (Fig. 12a) 
at the high-frequency range is significantly different compared to the data of 
other studied electrodes, most likely due to a higher concentration of redox 
activated d-elements, which change the oxidation state in the SOFC/SOEC 
regime (Mn, Ni) in the fuel environment [59]. According to previous results in 
the literature, the LSCMN system with Cr0.3Mn0.5Ni0.2 B-site composition had a 
characteristic electrochemical behavior, showing an increase of activation 
energy, Ea, as pO2 increases, while Cr0.5Mn0.3Ni0.2 and Cr0.5Mn0.44Ni0.06 demon-
strated a decrease in Ea, thus, increase of electronic conductivity with an in-
crease of pO2 [59]. The increase of Ea is probably the reason why there were no 
changes in the high-frequency region for La0.75Sr0.25Cr0.3Mn0.5Ni0.2O3-δ based 
systems. 

The reason for the increase in impedance at 25.1 kHz range (if pH2O was 
decreased) for (La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ as well as 8 kHz range for 
La0.8Sr0.2Cr0.5Mn0.5O3-δ was caused by the decrease of water concentration on 
the electrode surface, thus hindering the charge transfer processes, which are 
sensitive for adsorbed H2O concentration, for oxide ion vacancy concentration 
and electrode potential [13]. Therefore, the characteristic ΔZ′ frequency values 
shifted from 25.1 to 15.8 kHz and from 8 to 2.5 kHz, i.e., to lower frequencies 
as 1.5 V cell potential was applied. 

La0.8Sr0.2Cr0.5Mn0.5O3-δ and La0.75Sr0.25Cr0.3Mn0.5Ni0.2O3-δ showed an increase 
in ΔZ′ at moderate (10-100 Hz) frequencies if pH2O was decreased from 0.30 to 
0.03 atm. According to the literature data, an increase in ΔZ′ at aforementioned 
frequency range can be attributed to hindered dissociative adsorption of reactive 
species in the electrolysis mode, especially at lower partial pressures of water 
[13]. 

The increase in the active component of impedance, ΔZ′, at lower frequen-
cies than 1 Hz indicates the appearance of the gas conversion impedance at 
operating conditions (at 1.5 V) of electrolysis if low H2O concentrations are 
used [112]. 
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Figure 12. Differences of electrochemical cell impedance real part, ΔZ′, of 
LSCM|ScCeSZ|LSF (a), (La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ|ScCeSZ|LSF (b) and 
La0.8Sr0.2Cr0.5Mn0.5O3-δ|ScCeSZ|LSF (c) cells (shown in the figure) at OCV and 1.5 V 
cell potentials at 850 °C, caused by shift of H2O concentration in hydrogen electrode 
gas stream (shown in figure) compared to impedance in gas environment with pH2 = 
0.70 and pH2O = 0.30 atm. 
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6.1.5 Influence of temperature on the single-cell impedance in 
the electrolysis mode 

 

Figure 13. Differences of LSCM|ScCeSZ|LSF unit cell impedance real part component, 
ΔZ′, at OCV (a), and at 1.5 V (b) unit cell potentials caused by the change of tempe-
rature (shown in the figure) compared to the impedance at 850 °C in gas environment at 
pH2 = 0.70 and pH2O = 0.30 atm. 

The dependence of Z′ on the temperature within the studied frequency range of 
La0.8Sr0.2Cr0.5Mn0.5O3-δ|ScCeSZ|LSF single-cell is very similar in fuel cell and 
electrolysis modes as confirmed by the differences of the real part of impe-
dance, ΔZ′,  spectra in the temperature range from 700 to 850 °C (Fig. 13). 

The high-frequency region with positive ΔZ′, expanding from 100 Hz to  
100 kHz, can be attributed to changes of oxygen vacancy concentration and 
ionic conductivity in LSCM if pO2 changes [113].  

ΔZ′ increases drastically with the decrease of temperature starting from 2 Hz 
to lower frequencies. According to literature data, this range is attributed to the 
kinetic limitations of gas-solid adsorption-desorption steps [99,111]. 
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6.1.  Influence of cell potential on the single-cell impedance in 
the electrolysis mode 

 

Figure 14. Differences of LSCM|ScCeSZ|LSF unit cell impedance component, ΔZ′, 
caused by the change of unit cell potential from OCV to 1.5 V at different temperatures 
(shown in the figure) in the gas environment at pH2 = 0.70 and pH2O = 0.30 atm.  

The most noticeable difference between the ΔZ′ change caused by unit cell 
potential variation in fuel cell and electrolysis mode is seen in the high-fre-
quency range. This difference is probably related to the already high pO2 (com-
pared to the fuel cell mode) in the studied system and very minimal changes in 
MIEC electrode material properties (Fig. 14). Therefore, the high-frequency 
range, which is attributed to the changes in the oxygen vacancy concentration 
and ionic conductivity in LSCM as pO2 changes, is less influenced by the 
changes of cell potential on the studied single-cell [113]. 

At low-frequency region (2 Hz and lower), an increase of ΔZ′ appears if 
electrolyzer is under the load, which is very likely caused by limitations on gas-
solid adsorption-desorption processes [99,111]. 

 
 

6.2 Optimization of porous electrolyte scaffolds 
Two different approaches were combined to prepare electrodes with various 
porosities – (i) pre-sintering of electrolyte raw powder to change the particle 
size distribution and (ii) adding of a controlled amount of carbonaceous pore 
formers with different particle size distributions into the raw electrolyte paste 
[107]. 

The pre-sintering temperature of ScCeSZ raw powder was varied in the range 
from 1000 to 1300 °C (Fig. 15). The powder sintered at 1300 °C was chosen 
because of its relatively large particle size. Furthermore, spherical activated 
carbon particles (Strem 06-0100), fractions of lamellar graphite 1 (AE-028, 
TIMCAL), and lamellar graphite 2 (Fluka 78391) with particle sizes from 0 to 
20 μm were used as the pore formers. Four distinctly different porous scaffolds 

6
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were selected and characterized by many different types of obtained porous 
scaffolds (Fig. 16) 

 

Figure 15. The particle size distribution of ScCeSZ complex oxide raw powders, pre-
sintered at fixed temperatures ranging from 1000 to 1300 °C. 

 

 

Figure 16. Hg porosimetry data for the pore size distribution of sintered porous scaf-
folds. Open porosities noted in the figure. 

Porous scaffold A was prepared using unsintered ScCeSZ powder. Lamellar 
graphite 2 and activated carbon (Strem 06-0100) were used as pore formers, both 
of which 15% by mass were added to the screen-printing paste. As a result, a 
porous scaffold with 59% open porosity was prepared with 3–8 μm pores in dia-
meter, having a maximum of pore size distribution at around 5.5 μm (Fig. 16). 
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Porous scaffold B was prepared from sintered (1300 °C) and unsintered 
ScCeSZ powder mixed in a 9:1 mass ratio. Lamellar graphite 2 and activated 
carbon were used as the pore formers. 15% by mass of both pore formers were 
added to the slurry, and a porous scaffold with 68% open porosity was obtained. 
Pore diameter varied from 3 to 8 μm, having a maximum around 6 μm. 

Porous scaffold C was prepared from unsintered ScCeSZ powder and 
lamellar graphite 1, of which 35% by mass was added. Scaffold with 69% open 
porosity was prepared and the pore diameter varied from 1.2 to 5 μm, having a 
maximum around 2.6 μm. 

Porous scaffold D was prepared from both sintered and unsintered ScCeSZ 
powder in a ratio of 9:1 by mass, and graphite 1 (35% by mass) was added. An 
electrolyte scaffold with 81% open porosity was obtained. Pore diameter varied 
from 4 to 19 μm, having a maximum of pore size distribution around 10 μm.  

Selected porous scaffolds had different open-pore volumes as well as pore 
size distributions (Fig. 16 and 17).  It is evident that total porosity, as well as the 
pore size distribution, is influenced by the properties of the pore former (compari-
son of A and C or B and D) and by the amount of pre-sintered electrolyte powder 
added into the screen-printing paste (comparison of A and B or C and D).  
 
 

 
 
Figure 17. Four porous ScCeSZ scaffolds with different open porosities (A–D) from 
publication II [107]. 
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The porosity of the scaffold was increased approximately 10 vol% by sub-
stituting 90 wt% of non-sintered electrolyte powder with pre-sintered oxide 
powder. The partial pre-sintering of ScCeSZ electrolyte powder led to the 
increase of the mean pore diameter when lamellar graphite 1 was used. How-
ever, this effect was weakly expressed in the case of the mixture of graphite 2 
and activated carbon. 

Irrespective of the pre-sintering of the electrolyte powder, the use of 35 wt% 
of lamellar graphite 1 instead of the mixture of 15 wt% graphite 2 and 15 wt% 
activated carbon led to an increase of porosity nearly 10 vol% [107]. 

 
 

6.3 Influence of electrode microstructure on the 
electrochemical performance of RSOC   

6.3.1 Influence of electrolyte scaffold microstructure and 
loading of MIEC material on the electrochemical performance of 

RSOC  

Electrochemical test results of cells using four different electrolyte scaffolds 
and different SFM loadings, given in Figure 18, indicate that there is a signifi-
cant dependence of current density on the structural properties of the electrolyte 
scaffold used [107].  

In the case of 10% of SFM loading (Fig. 13a), the highest current densities 
of 0.14 and 0.13 A cm–2 at 0.9 V (fuel cell mode) and –0.14 and –0.15 A cm–2 at 
1.3 V (electrolysis mode) were measured for scaffolds A and C based cells, 
respectively at 800 °C. For scaffolds B and D based cells, the current densities 
were significantly lower, 0.03 and 0.05 A cm–2 at 0.9 V (fuel cell mode) and 
0.06 A cm–2 at 1.3 V (electrolysis mode), respectively. The linear shape of i-E 
curves indicate characteristic ohmic limitations in the case of 10 wt% SFM 
loading (Figure 18a). 

The current densities increased significantly, and characteristic diffusion-
limited i-E curve with a weakly expressed current plateau appeared due to small 
water partial pressure from 1.3 V and higher cell voltages (electrolysis mode) 
after increasing SFM loading up to 20, and 30 wt% (Figures 18 b and c) [107]. 
Thus, the increase of SFM loading improved the conductive MIEC network in a 
porous electrode, which led to a decrease of ohmic limitations. On the other 
hand, the increase of SFM loading also decreased the porosity necessary for the 
transport of gaseous reactants and products of the electrochemical reaction. 
Further increase of SFM loading from 20 to 30 wt% had a minor influence on 
the electrochemical characteristics of the single-cell in case of scaffold D, but 
for scaffold C based cells, an increase of SFM loading led to a significant 
increase of current density in fuel cell mode. As shown in paper [76] about 
other composite electrode materials, infiltration already enables to achieve 
reasonable conductivities at quite low loadings. Depending on the electrolyte 
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scaffold microstructure, the current density can be further enhanced by the 
increase of MIEC network in the porous scaffold. 

 
 

 

Figure 18. i-E curves for SFM|ScCeSZ|LSF single cells prepared using four porous 
electrolyte scaffolds in the fuel electrode side with SFM loadings of 10 (a), 20 (b), and 
30 (c) wt.% (initial porosity of scaffolds noted in the figure). Measurements were 
carried out at 800 °C in fuel electrode gas inlet at pH2 = 0.97 and pH2O = 0.03 atm, 
using a potential sweep rate of 10 mV s–1. 
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6.3.1.1 Influence of loading of SFM MIEC and porous electrolyte 
scaffold on the components of impedance 

Data in figures 19 and 20 give a general overview of the influence of the 
electrolyte scaffold properties on series resistance, Rs, and polarization resis-
tance, Rp, values as a function of SFM MIEC loading, cell potential, and tem-
perature.  

Series resistance, Rs, consists of the active resistance component of a dense 
electrolyte layer, of the resistances of the porous electrolyte scaffolds of both 
electrodes, and resistance of the MIEC matrix of both electrodes and therefore 
depends on temperature, on the microstructure of the electrolyte scaffold as well 
as on the amount of SFM deposited into the electrolyte matrix (Fig. 19).  

A comparison of data in a, b, and c parts of Figure 19 confirms that the 
dependence of series resistance on the cell potential is minor owing to the fairly 
high conductivity of SFM [65]. However, larger changes are caused by electro-
lyte scaffold structure and by the amount of SFM deposited into those porous 
scaffolds. Series resistance values are higher for systems with 20 wt% of SFM 
loading compared with systems of 30 wt% SFM loading in the electrolyte 
matrix. Rs values of single-cells with lower loadings were not included as they 
were substantially higher.   

As previously discussed, both Rs and Rp are influenced by many different 
parameters at the same time. The increase of the loading of MIEC material 
should increase the conductive MIEC network inside of the porous scaffold and, 
therefore, should decrease the series resistance of the systems studied. However, 
the Rs will decrease only as far as the infiltration will improve the electrical 
contact between active surface and current collector and between the electrolyte 
and MIEC material. A comparison of different electrolyte scaffolds with 30% of 
SFM loadings at different potentials reveals that the lowest Rs values are 
characteristic of scaffold D based electrode. Slightly higher (approx. 0.05 Ω 
cm2) series resistance values were observed for electrolyte scaffold C based 
cells. 
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Figure 19. Dependence of ohmic resistance, Rs, of SFM|ScCeSZ|LSF single-cells on 
temperature, the porosity of the electrolyte scaffold, and on the loading of MIEC 
material. Loadings used were 20 (empty patterns) and 30 wt.% (filled patterns) (noted 
in figure). Measurements were carried out at 800 °C in fuel electrode gas inlet at pH2 = 
0.97 and pH2O = 0.03 atm at OCV (a), 0.9 V (b), and 1.3 V (c). 
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Dependence of Rp on the microstructure of the electrolyte scaffold and amount 
of SFM in the porous scaffold is much more complicated compared to the 
dependencies of Rs.  

In the fuel cell regime, the lowest Rp values were detected for scaffold C 
based cells with 20 and 30 wt% of SFM loadings (Fig. 20a). Scaffold C with  
20 wt% SFM loading demonstrated significantly lower Rp values compared to 
30 wt% of SFM loading at lower temperatures due to the improved transport 
porosity of the 20 wt% of SFM system. This is also the reason why scaffolds 
with smaller open pore volume acquire higher Rp values at higher SFM loading. 

At electrolysis mode (Figure 20c), the dependence of Rp becomes even more 
dependent on scaffold microstructure (transport porosity) and SFM loading 
because the speed of mass transport is more affected on the microstructure in 
the case of H2O and CO2 molecules (slower diffusion compared to H2) [96,114]. 
Furthermore, the local temperature gradient across the electrode due to the 
endothermic nature of electrolysis could further decrease the speed of diffusion 
of the molecules [115]. In the current study, the lowest Rp values (electrolysis 
mode) at low water partial pressures (0.03 atm) were more than 100% higher 
compared to Rp values measured at fuel cell mode.  

In the case of C and D scaffolds with SFM loading of 30 wt%, the Rp 
increases for C and D scaffolds with the increase of temperature starting from 
800 °C and 750 °C, respectively. This phenomenon might be caused by the 
formation of undesirable phases because of too high oxygen partial pressures in 
the surface layer of these electrodes. This speculation is also supported by the 
fact that there is also a slight relative increase of Rs value at higher temperatures 
in the electrolysis mode in the case of scaffold C, which has the highest increase 
of Rp at elevated temperatures. This relative increase of Rs with temperature 
could be only caused by the changes in properties of SFM structure. For a 
deeper understanding, these electrodes should be studied using high-tempe-
rature X-ray diffraction (HT-XRD) and simultaneous electrochemical impe-
dance spectroscopy (EIS) methods at operating conditions. However, based on 
results available from preliminary electrochemical characterization, the lowest 
Rp values were obtained if scaffolds C and D were used with 20 and 30 wt% of 
SFM [107]. 
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Figure 20. Dependence of polarization resistance of SFM|ScCeSZ|LSF single cells, Rp, 
on temperature, on the porosity of electrolyte scaffold, and on the loading of MIEC into 
scaffolds. Loadings used were 20 (empty patterns) and 30 wt.% (filled patterns) (noted 
in the figure), respectively. Measurements were carried out at 800 °C in fuel electrode 
gas inlet at pH2 = 0.97 and pH2O = 0.03 atm and at OCV (a), 0.9 V (b), and 1.3 V (c), 
respectively. 
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Figure 21 shows impedance data for single cells prepared using scaffolds C and 
D (noted in the figure), which showed the best results in the initial characte-
rization of scaffolds. 

Noticeably, the Rp depends only very slightly on the type of scaffold and 
SFM loading. However, more remarkable changes can be seen in series resis-
tance values. Lowest series resistances were measured for the electrodes made 
using scaffold D and 30 wt% of SFM loading, and Rp increased slightly if 
scaffold C was used instead. An additional increase in series resistance occurred 
if SFM loading was decreased from 30 to 20 wt% due to the insufficient MIEC 
material network for ionic transport. 

 

 

Figure 21. Nyquist plots of SFM|ScCeSZ|LSF single cells prepared using porous 
electrolyte scaffolds C and D in the fuel electrode side with various SFM loadings 
(noted in the figure). Measurements were carried out at 0.9 V (a), 1.3 V (b) and at  
800 °C in fuel electrode gas inlet at pH2 = 0.97 and pH2O = 0.03 atm. 
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Furthermore, significant differences between C and D scaffold-based cells are 
visible in the electrolysis mode at 800 °C. Cells based on scaffold D have lower 
series resistances compared to single cells based on scaffold C, which might be 
caused by less fragmented nature of MIEC material in bigger pores (scaffold D) 
compared with scaffold with smaller mean pore diameter. In the case of both 
scaffolds, the increase of SFM loading decreases the series resistance as well as 
the charge transfer resistance. 

The high-frequency impedance spectrum arc, associated with dissociative 
adsorption of the reactive species or mass transport of oxide ions in MIEC, is 
wider in the case of scaffold D, indicating the existence of lower concentration 
of active centers for the adsorption [13]. As scaffold C has smaller open pore 
volume, the smaller mean size of the pores, and thus, larger specific surface 
area, it is highly likely that this is the reason for the higher specific surface area 
of the electrode after the infiltration with the MIEC material.  

Low-frequency impedance spectrum arc, which could be associated with 
mass transport limitations in pores at electrolysis mode (Fig. 21b), depends 
significantly on the electrolyte scaffold type used. At both SFM loadings, the 
scaffold D has a smaller low-frequency arc compared to scaffold C based cells, 
which has smaller porosity. In a comparison of electrodes with different SFM 
loadings, it is evident that higher SFM loading leads to smaller series and 
charge-transfer resistance values (more active centers connected with a suffi-
cient amount of conductive matrix) [107]. 

 
 
6.3.2 Co-effect of MIEC conductivity and electrolyte scaffold 

porosity on the electrochemical performance of RSOC 

Data in figure 22 shows the influence of the loading of SFM (550 S/cm at  
780 °C in the air) and LSCMN (38 S/cm at 900 °C in the air) in electrolyte 
scaffold D (~81% porosity) on unit cell complex impedance. Based on the 
initial characterization data for electrodes with SFM and the low conductivity of 
the LSCMN, scaffold D was chosen for the preparation of LSCMN composite 
electrodes, because it enabled very high loading of the MIEC material. 

For SFM, the increase of loading from 30 to 50 wt% of MIEC material did 
not improve the performance of the single cells. In the case of LSCMN, the 
optimal loading of MIEC material was higher compared to SFM due to the 
lower conductivity of the LSCMN material. Therefore, at least 50 wt% of 
MIEC material was necessary to achieve reasonable Rs and Rp values. As a 
result, an increase of MIEC from 30 to 50 wt% loading led to a considerable 
decrease in cell total resistance. 
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Figure 22. Nyquist plots of SFM|ScCeSZ|LSF (a) and LSCMN|ScCeSZ|LSF (b) single 
cells prepared using porous electrolyte scaffold D impregnated with 20 to 50 wt% 
MIEC material in the fuel electrode side (noted in the figure). Measurements were 
carried out at OCV and at 850 °C in fuel electrode gas inlet at pH2 = 0.97 and pH2O = 
0.03 atm. 

To conclude, it is evident that the optimal loading of MIEC depends on the type 
of material and is always accompanied by the decrease of transport porosity as 
the loading of MIEC increases. Therefore, an optimal ratio of two parameters 
yields the best performance of the electrode. 
 
 

6.4 Influence of the chemical composition of MIEC 
materials on the electrochemical performance of cells in 

the fuel cell mode 
Fig. 23 shows Nyquist plots for all of the studied materials at OCV (a) and at 
0.9 V (b) (fuel cell mode) at 800 °C. Studied materials include LSCM with 
various A- and B-site modifications, as well as SFM, for its novelty and 
potentially better conductivity in SOC working conditions. As previously men-
tioned, perovskites enable a very diverse set of properties through the crystal 
lattice with many different cations. Therefore, the properties of the specific 
compositions are expected to be a combination of many simultaneous para-
meters. 
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Unmodified La0.8Sr0.2Cr0.5Mn0.5O3-δ showed the highest polarization resis-
tance, Rp, values, especially at low frequencies, which, according to other 
authors, is related to the kinetic limitations of the gas-solid adsorption-
desorption [99,111]. It is evident that modifications generally increased the 
catalytic properties of LSCM depending on the doping and A-site deficiency of 
the materials. Unlike other compositions, 20 mol% A-site deficient 
(La0.8Sr0.2)0.80Cr0.49Mn0.49Ni0.02O3-δ had very similar (at OCV) or even higher (at 
0.9 V) Rp value than that of pure La0.8Sr0.2Cr0.5Mn0.5O3-δ. In general, Rs and Rp 
were both largely affected by the changes of A- and B-site composition (Fig. 
23). The increase in A-site deficiency led to charge compensation phenomena 
through the simultaneous oxidation of B-site elements as well as the creation of 
oxide ion vacancies through the release of oxygen from the crystal lattice [116]. 
The increase in the concentration of oxide ion vacancies led to an increase in 
unit cell volume and a decrease in electronic conductivity. Although an increase 
of charge of B-site cations (the compensation effect) can also lead to a decrease 
of M-O-M length and the improved polaron hopping (higher conductivity), it 
did not seem to be a dominating effect for materials studied in current work 
[117]. Decreased electronic conductivity was most likely the reason for the 
increase of the total polarization resistance for cells with 5 to 20 mol% A-site 
deficiency because the number of active sites at MIEC also depends on the 
electronic conductivity of MIEC material. As a result, the high-frequency arc, 
which originates from the mass transport of oxide ions in MIEC, was greatly 
influenced by the chemical composition of materials studied [113].  

However, some authors have used A-site deficiency to increase the catalytic 
activity either through the improved exsolution of B-site catalysts (Ni, Cu, etc.) 
or to suppress Sr segregation onto the surface of MIEC material [118]. So, it is 
also possible that a decrease in Rp is related to the more effective segregation of 
B-site cations with lower segregation energies onto the surface of LSCM (Ni, 
MnO), which can lead to the decrease of low-frequency impedance [109]. 
According to the results of other authors, low-frequency semi-circle is mainly 
related to the kinetics of gas-solid adsorption-desorption steps, thus results in 
this work confirm the improved catalytic properties for most of the studied 
materials [99,111]. 
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Figure 23. Nyquist plots at OCV (a) and at 0.9 V (b) unit cell potentials at 800 °C for 
studied unit cells (given in Figure) showing unit cell series and polarization resistances 
of different LSCMN A- and B-site composition as well as Pd and CeO2 infiltrated 
LSCM in gas environment at pH2 = 0.97 and pH2O = 0.03 atm. 

 
 
Interesting results were obtained for B-site modifications of LSCM as well. Rp 
increased about three times when concentrations of chromium and manganese 
were exchanged (Cr0.5Mn0.3Ni0.2 vs. Cr0.3Mn0.5Ni0.2). Most likely, this effect can 
be explained by the changes in defect equilibrium controlling electronic 
transport. This is mostly influenced by the changes in the valence state of Mn as 
Cr is shown to keep its valence under working conditions (Fig. 23) [116,119]. 
On the other hand, changes of Rp cannot only be explained by the changes in 
the conductivity of the material (caused by the change of Mn valence in the 
LSCM lattice) as LSCM with 2 mol% of Ni in B-site consisted of 49 mol% of 
Cr in B-site and this material still had lower polarization resistance. Jardiel et al. 
[59] showed that an increase of Ni concentration in B-site from 6 to 20 mol% 
decreased conductivity in oxygen and 5% H2/95% Ar atmospheres for LSCM-
based materials. However, conductivity was still better than in the case of 
unmodified LSCM material, showing the importance of the optimal amount of 
Ni in oxide structure. Best area-specific resistances were achieved for 
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La0.8Sr0.2Cr0.5Mn0.5O3-δ-Pd-CeO2 showing good catalytic properties of Pd and 
CeO2 catalysts. 

Under polarization, most materials show some decrease of Rp by the change 
of activation energy according to the Butler-Volmer equation. Some additional 
decrease of Rp at 0.9 V might come from the increase in pO2 at the anode in fuel 
cell operating conditions. The increase of pO2 leads to an increase of electronic 
conductivity and also to the increase in the number of active sites in the 
electrode, and thus, to the decrease of Rs and Rp, respectively [9]. 

To conclude, our results show the complex nature of the MIEC electrodes in 
the fuel cell mode, where the role of ionic- and electronic conductive properties 
(dependence on pO2), as well as surface catalytic behavior, play an important 
role. 

      
 

6.5  Influence of the chemical composition of MIEC 
materials on the electrochemical performance of cells in 

the electrolysis mode 

 
Figure 24. Nyquist plots at OCV (a) and at 1.5 V (b) unit cell potentials at 800 °C for 
studied unit cells showing changes of unit cell series and polarization resistances 
induced by the change of LSCMN A- and B-site composition in a gas environment at 
pH2 = 0.80 and at pH2O = 0.20 atm. 
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Similarly to fuel cell mode, the A- and B-site modifications, as well as infiltra-
tion of catalyst nanoparticles into the electrode, influenced the series and 
polarization resistances of cells in the electrolysis mode. Furthermore, trends 
were similar to fuel cell mode (Fig. 24). 

Studied materials showed clear trends that Rs increased when A-site defi-
ciency increased. There are many simultaneous processes that influence such 
behavior, for example, the changes in oxide vacancy concentration or intensi-
fied segregation of B-site cations and, therefore, the possible formation of non-
functional phases due to the changes in B-site cation charge [118]. The results 
of the current work are in good accordance with the literature data, where it has 
been shown that the conductivity of La0.75Sr0.25Cr0.5Mn0.3Ni0.2O3-δ is lower com-
pared to La0.75Sr0.25Cr0.3Mn0.5Ni0.2O3-δ [59]. 

Variations in Rp values were also large. One of the reasons was the increase 
in the concentration of oxide ion vacancies, which led to an increased unit cell 
volume and decreased electronic conductivity. Decreased electronic conductivi-
ty is most likely also the reason for the increased polarization resistance because 
the electrochemically active surface area of MIEC depends on the electronic 
conductivity of MIEC material. It is also possible that the exsolution of metal 
catalysts is influenced by higher pO2 (compared to fuel cell mode), resulting in 
characteristic changes of polarization resistances.  

There was no systematic change in the impedance high-frequency semi-
circle, which is generally assigned to charge transfer reaction or electrical 
double layer charging at the grain boundaries [112,120]. In general, electrodes 
with Pd and CeO2 infiltrated into the LSCM showed the lowest complex resis-
tance due to the highly catalytically active surface area, compared to the bare 
LSCM (Fig. 24).  

Higher adsorption-desorption resistance of electrodes with higher A-site defi-
ciency can indicate instability and formation of non-functional phases  
in the materials studied [44]. For B-site modifications, a very high Rp for 
La0.75Sr0.25Cr0.5Mn0.3Ni0.2O3-δ is probably caused by high Rs values of the mate-
rial studied. Poor conductivity of La0.75Sr0.25Cr0.5Mn0.3Ni0.2O3-δ compared to 
other compositions was reproducible through several experiments and 
according to literature data, is partly generated by the higher concentration of 
Cr, which prefers to keep the six-fold coordination and therefore, is not prone to 
change its valence, oppositely from Mn [116]. At the same time, the comparison 
of (La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ with La0.75Sr0.25Cr0.5Mn0.3Ni0.2O3-δ, which 
have similar Cr concentrations, have very different Rp values. Therefore, many 
different processes influence the electrochemical behavior of these materials 
simultaneously.  

In general, all studied compositions of LSCMN materials behaved diffe-
rently under electrolysis conditions. Changes in complex impedance caused by 
gas composition and cell potentials appeared at different frequency ranges. 
Relative changes at the high and mid-frequency region were larger for 
La0.8Sr0.2Cr0.5Mn0.5O3-δ than for (La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ and 
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La0.75Sr0.25Cr0.3Mn0.5Ni0.2O3-δ, indicating better catalytic and conductive proper-
ties of material containing Ni catalysts. Still, an additional detailed systematic 
analysis with spectroscopic information about the valences of B-site com-
ponents would be necessary to understand the conductivity behavior of studied 
materials. 

 
 

6.6 Electrochemical performance of CeO2 and Pd infiltrated 
La0.8Sr0.2Cr0.5Mn0.5O3-δ electrode in co-electrolysis mode 

From all of the studied materials, Pd and CeO2 activated LSCM showed the best 
performance in fuel cell and electrolysis modes. This material was studied in the 
co-electrolysis mode of H2O and CO2. High-temperature co-electrolysis is a 
complex set of electrochemical reactions and thermodynamic equilibrium. 
Furthermore, the coupling of those reactions makes the determination of rate-
limiting steps and the extent of each reaction quite complicated [121]. 

Data in figure 25a show the i-E curves during the co-electrolysis and fuel 
cell operation modes at several working temperatures. Relatively high current 
density values were recorded in both working regimes. Current density values 
increased with the working temperature for the fuel gas inlet at pH2O=0.03, 
pH2=0.485, and pCO2=0.485 atm, respectively. However, current density values 
were somewhat lower compared with similar single-cell compositions prepared 
using the infiltration method by Yoon et al. [105]. Possible reasons for diffe-
rences include the application of different electrolytes, variation in the thickness 
of the electrolyte, the microstructure of the porous electrolyte scaffold, and 
applied inlet gas feeding conditions. 

In general, no hysteresis in i-E curves was observed, but some non-linearity 
of the i-E curves appeared at lower temperatures, indicating the low rate of the 
limiting faradic processes in SOEC and SOFC modes. The corresponding open 
circuit voltage values were 1.03 V, 1.01 V, 1.00 V, and 0.98 V at 650°C, 700°C, 
750°C and 800°C, respectively, being in an agreement with the calculated ones. 

Figure 25 b and c show the Nyquist plots for the single-cell analyzed in a 
fuel cell (E~OCV-0.3 V) and co-electrolysis (E~OCV+0.3 V) modes at various 
temperatures. Series resistance values, Rs, were slightly (~7 %) higher in co-
electrolysis mode, being 0.9, 0.63, 0.44 and 0.34 Ω cm2 at 650 °C, 700 °C,  
750 °C and 800 °C, respectively. Changes in oxygen stoichiometry in LSCM 
cathode resulting in lower electron conductivity could explain the slightly 
higher Rs values in co-electrolysis mode.  

The polarization resistance, Rp, was similar for both operation modes at all 
temperatures, having values of 0.75, 0.40, 0.17 and 0.14 Ω cm2 at 650°C, 
700°C, 750°C, and 800°C, respectively. However, the shape of the Nyquist 
curve varied somewhat, indicating a change in limiting processes at different 
temperatures.  
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Figure 25. i-E curves measured at potential scan rate 20 mV s-1 (a) and Nyquist plots 
measured at fuel cell (b) and co-electrolysis (c) modes at different temperatures (noted 
in the Figure) in fuel electrode gas inlet at pH2O = 0.03, and at pH2 = pCO2 = 0.485 atm, 
respectively. 
 
 
Figure 26 shows a comparison of the single-cell electrochemical performance in 
steam (a) and co-electrolysis (b) operation modes at different temperatures 
using various fuel electrode gas compositions. Characteristic diffusion-limita-
tion plateau appears at low water partial pressures during steam electrolysis at 
higher cell voltages. There are still big disputes between different working 
groups up until the writing of the current thesis concerning the CO2 electrolysis 
during co-electrolysis. Kim-Lohsoontorn [122] and Stoots et al. [123] showed 
that SOC performance does not depend on the addition of CO2, and part of the 
species was reduced due to thermodynamic equilibrium of reverse water-gas 
shift (RWGS) reaction. Inversely, co-electrolysis performance observed Graves 
et al. [124] was something between individual electrolysis of CO2 and steam, 
and therefore authors concluded that part of the CO2 was reduced through 
electrochemical reaction as well.  
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Figure 26. i-E curves for steam (a) and co-electrolysis (b) modes at 750 °C for LSCM-
Pd-CeO2|ScSZ|LSF at different fuel electrode gas inlets (noted in the Figure). 

 
Current results indicate that some of the CO2 has to be reduced electrochemical-
ly at low water partial pressure (0.03 atm) because characteristic diffusion 
limitation plateau (very likely caused by the difficulties of H2O diffusion to 
active centers) disappears during co-electrolysis, possibly due to the electro-
chemical reduction of CO2 (Fig. 26b).  
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Figure 27. Nyquist plots at fixed cell potential of 1.3 V at different temperatures (noted 
in the Figure) (a), at 750 °C at fixed cell potential of 1.3 V and different fuel electrode 
gas inlets (noted in the Figure) (b) and dependence of total (Rp), high-frequency semi-
circle (HF) and low-frequency semi-circle (LF) resistance values on H2O partial 
pressure in the cathode gas (c). 
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The resistance of high-frequency semi-circle did not depend on the fuel elect-
rode gas composition, having a value of 0.23 Ω cm2 (Fig. 27b); therefore, the 
charge transfer reaction rate, electrical double layer charging at grain boundary 
interfaces, or three-phase boundary did not depend on the fuel electrode gas 
composition. 

As a result, at 1.3 V, most of the change in polarization resistance arose from 
the low-frequency semi-circle, which was sensitive to water partial pressure. 
The initial resistance of 0.60 Ω cm2 decreased to 0.30 Ω cm2 when the steam 
partial pressure increased from 0.03 to 0.15 atm, indicating improved diffusion 
and dissociative adsorption of reactive species [13].  

From Figure 28, it is evident that the production of hydrogen was dominant 
at lower temperatures, as expected because of the lower activation energy of the 
steam reduction reaction. Furthermore, the final outlet gas composition was also 
influenced by the water-gas shift (WGS) reaction:  𝐶𝑂 + 𝐻 𝑂 = 𝐶𝑂 + 𝐻  (ΔH800°C = -36.82 kJ/mol)     (11) 

At lower temperatures, WGS reaction shifts towards the formation of CO2 and 
H2; thus, hindering the formation of CO in the electrochemical reaction, but 
some is still present due to the chemical equilibrium. At higher temperatures 
(≥816 °C), WGS shifts to the formation of CO and H2O. Therefore, partial 
pressure of CO increases due to both faster kinetics of electrochemical CO2 
reduction at higher temperatures and due to the chemical equilibrium of WGS. 
The production of CO also increases with the cell potential; however, current 
work does not aim to differentiate between the CO created through electro-
chemical or chemical reduction of CO2. Therefore, at certain cell potential, 
some of the generated CO originates from the electrochemical and some from 
the chemical reaction [121]. Surely, this is an interesting topic for the future and 
should be studied in more detail. 

To summarize, depending on the desired produced synthesis gas H2/CO 
ratio, one needs to choose the suitable fuel electrode inlet gas concentrations 
and temperature. As shown for the Ni-YSZ electrode, the syngas quality can be 
easily adjusted to the desired H2/CO ratio through the choice of correct thermo-
dynamic operating conditions of the cell as well as of the fuel electrode com-
partment gas composition [125].  
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Figure 28. Synthesis gas production vs. cell temperature data at 1.5 V and at pH2O = 
0.15 atm, pCO2 = pAr = 0.425 atm (a), CO production vs. cell potentials at different 
temperatures for hydrogen electrode gas inlet pH2O = 0.03 atm, pCO2 = pAr =  
0.485 atm (b).  
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7. SUMMARY 

(La1-xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ, CeO2 and Pd infiltrated  La0.8Sr0.2Cr0.5Mn0.5O3-δ, 
and SrxFe1-yMoyO6-δ mixed ionic electronic conductive fuel electrode materials 
were prepared and studied as potential reversible solid oxide fuel cell electrode 
materials. 

In the first part of the thesis, the influence of test condition variation on the 
complex electrochemical impedance response of the system was visualized 
using the analysis of differences in impedance spectra (ADIS). The results of 
current work revealed that the most notable changes were induced around 0.5 
Hz frequency range, and attributed to gas-solid adsorption-desorption processes 
rather than induced by gas conversion impedance. The substitution of Mn with 
Ni in the B-site of LSCM significantly increased the electronic conductivity of 
the MIEC material and improved the electrode properties at a mid- and low-
frequency region associated with adsorption and dissociation processes of H2. 
Variation of pO2 in the oxygen electrode compartment led to a small variation 
in a total impedance of the studied single cells, but processes in cathode were 
not dominantly limiting in (La1-xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ|CeScSZ|LSF-based 
systems analyzed in this work. 

In the second part of the thesis, the influence of the electrolyte scaffold 
structure on the electrochemical performance was studied. It was demonstrated 
that the pre-calcination and milling process of ScCeSZ electrolyte powder in-
creased the average pore sizes as well as the overall porosity of the electrolyte 
scaffolds by about 10 vol. %. However, due to the use of pre-calcined electro-
lyte powder with the increased particle sizes, at lower MIEC loadings, the 
specific surface area of electrolyte scaffolds and catalytic activity decreased. As 
a result, at low MIEC loadings, scaffolds prepared from non-pre-sintered 
ScCeSZ powder showed better electrochemical performance. However, at 
higher MIEC loadings, best results were obtained for porous scaffolds based 
cells with higher pore sizes and the open-pore volume due to the optimal ratio 
between increased amount of conductive MIEC network and sufficient transport 
porosity for reactants. 

In the third part of current work, the influence of the chemical composition 
of the MIEC electrode on the electrochemical performance of reversible solid 
oxide fuel cells at different operating regimes was studied. Modifications of the 
MIEC chemical composition revealed a remarkable influence on the electro-
chemical behavior of the solid oxide single cells. Most notably, polarization 
resistance of La0.75Sr0.25Cr0.3Mn0.5Ni0.2O3-δ material was about three times 
smaller than that for a very similar La0.75Sr0.25Cr0.5Mn0.3Ni0.2O3-δ material. Such 
difference was explained by an effect of defect equilibrium controlling the 
electronic transport, which was influenced by the change in the valence state of 
Mn as Cr has been shown to keep a stable valence under the working condi-
tions. At the same time, (La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ, a material with 
moderate A-site deficiency and similar concentration of Cr in the B-site as 



61 

La0.75Sr0.25Cr0.5Mn0.3Ni0.2O3-δ, showed over two times smaller polarization resis-
tance. Thus, change in Mn valence, nor the concentration of Ni in the B-site 
could not explain the changes in the electrochemical behavior of materials. 
Generally, the results of this work demonstrated the complex nature of the 
MIEC electrodes upon the modification in chemical composition, where the 
ionic- and electronic conductive properties (dependence on pO2), as well as 
surface catalytic behavior, played an important role.       

From all of the studied materials, Pd and CeO2 activated LSCM showed the 
best performance in the fuel cell as well as in electrolysis modes and was also 
studied in the co-electrolysis mode of H2O and CO2. Results indicated that 
compared to H2O electrolysis, some of the CO2 had to be electrochemically 
reduced at low water partial pressure (0.03 atm) as characteristic diffusion limi-
tation kinetic behavior disappeared during co-electrolysis mode. The production 
of hydrogen was dominant at lower temperatures, as expected from the lower 
activation energy of the steam reduction reaction. However, the generation of 
CO was increased at higher temperatures due to the thermal activation of 
electrochemical surface processes and increased activity of reverse water gas 
shift reaction. Pd and CeO2 activated LSCM also showed high current densities 
of 1.08 and -1.37 A/cm2 at 0.5 and 1.6 V in the fuel cell and electrolysis modes, 
respectively. 
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9. SUMMARY IN ESTONIAN 

Segajuhtelektroodide mikrostruktuuri ja keemilise koostise 
mõju pööratava funktsionaalsusega tahkeoksiidsete 

kütuseelementide elektrokeemilisele käitumisele 

Antud doktoritöö raames valmistati ja karakteriseeriti pööratava funktsionaal-
susega tahkeoksiidseid kütuseelemente, kasutades (La1-xSrx)yCr0.5-zMn0.5-

wNiz+wO3-δ, CeO2 ning Pd nanoosakestega infiltreeritud  La0.8Sr0.2Cr0.5Mn0.5O3-δ 
ja SrxFe1-yMoyO6-δ segajuhtmaterjalidel põhinevaid keraamilisi elektroodimater-
jale. 

Töö esimeses osas analüüsiti uuritavate ühikrakkude komplekstakistuse 
muutumist nii süsteemi temperatuuri, gaasisegude koostise kui ka potentsiaali 
varieerimise tagajärjel. Tekkivaid muutusi visualiseeriti impedantsspektri 
erinevusanalüüsi meetodit (ADIS) kasutades. Vesiniku osarõhu, pH2, variee-
rimisel leidsid suurimad muutused aset 0.5 Hz ümbruses, kus on summaarset  
elektrokeemilist reaktsiooni limiteerivaks tahkis-gaas piirpinnal toimuvad 
sorptsiooniprotsessid. Ei peetud tõenäoliseks, et limiteerivaks protsessiks on 
gaasikontsentratsiooni muutusest tingitud impedants. (La1-xSrx)yCr0.5-zMn0.5-

wNiz+wO3-δ kompleksoksiidi B-saidi Ni sisalduse suurenedamine Mn arvelt 
parandas materjali elektronjuhtivust, ning tõstis seeläbi elektroodi vesiniku 
adsorptsiooni ja dissotsiatsiooniga seotud katalüütilist aktiivsust. Hapniku 
osarõhu, pO2, varieerimine hapnikuelektroodil põhjustas väikseid muutusi (La1-

xSrx)yCr0.5-zMn0.5-wNiz+wO3-δ|ScCeSZ|La0.8Sr0.2FeO3-δ ühikraku komplekstakistu-
ses, aga polnud  summaarset protsessi limiteerivaks. 

Töö teises osas näidati, et ScCeSZ elektrolüüdi toorpulbri eelpaagutamine 
suurendas valmistatud elektrolüüdimaatriksi avatud poorsust umbes 10 mahu-
protsenti, põhjustades  elektrokeemilise aktiivsuse langemist madalamatel sega-
juhi infiltreerimiskogustel. Seetõttu olid madalamate segajuhi infiltreerimis-
koguste korral elektrokeemiliselt aktiivsemad töötlemata elektrolüüdi toor-
pulbrist valmistatud poorsetel struktuuridel põhinevad elektroodid. Infiltree-
rimiskoguste suurenemisel olid elektrokeemiliselt aktiivsemad suurema alg-
poorsusega elektrolüüdimaatriksil põhinevad elektroodid. 

Töö kolmandas osas uuriti segajuhtelektroodide keemilise koostise muut-
mise mõju pööratava funktsionaalsusega tahkeoksiidkütuseelemendi ühik-
rakkude elektrokeemilisele käitumisele. Leiti, et segajuhtmaterjalide keemilise 
koostise modifitseerimise tulemusena vähenes La0.75Sr0.25Cr0.50Mn0.30Ni0.20O3-δ-i 
kasutava ühikraku polarisatsiooniline takistus kolm korda, kui see asendati 
La0.75Sr0.25Cr0.30Mn0.50Ni0.20O3-δ segajuhtmaterjaliga. Sellist elektrokeemilise 
käitumise muutust seletati oksiidioonvakantside hulgaga kristallvõres, mis 
sõltus ennekõike Mn kontsentratsioonist perovskiitse materjali B-saidis ja selle 
võimest oksüdatsiooniastet muuta. Võrreldes La0.75Sr0.25Cr0.50Mn0.30Ni0.20O3-δ 
anoodimaterjaliga näitas sarnase Cr sisaldusega, aga madalama Ni sisaldusega 
ja mõõduka A-saidi defitsiidiga (La0.8Sr0.2)0.95Cr0.49Mn0.49Ni0.02O3-δ anoodi-
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materjal üle kahe korra madalamat polarisatsioonilist takistust. Saadud tulemu-
sed kinnitavad, et segajuhtelektroodide elektrokeemiline aktiivsus on väga 
kompleksne omadus ja sõltub nii ioonjuhtivuse, elektronjuhtivuse kui ka pinna 
katalüütiliste omaduste hapniku osarõhu sõltuvusest. 

Uuritud materjalidest näitas parimat elektrokeemilist aktiivsust nii kütuse-
elemendi kui ka elektrolüüsirežiimis Pd ja CeO2 nanoosakestega aktiveeritud 
La0.80Sr0.20Cr0.50Mn0.50O3-δ keraamiline anoodimaterjal, mida karakteriseeriti 
H2O ja CO2 kaaselektrolüüsi režiimis. Leidis kinnitust, et lisaks vesigaasi reakt-
siooni termodünaamilisele tasakaalule, leiab CO süntees aset ka elektrokeemi-
lise reaktsiooni tagajärjel. Samuti leiti, et madalamal temperatuuril oli H2O 
redutseerumise väiksema aktivatsioonienergia tõttu soodustatud H2 tekkimine. 
Kõrgematel temperatuuridel suurenes aga CO osakaal nii kiirema CO2 redut-
seerumise kui ka vesigaasi reaktsiooni termodünaamilise tasakaalu nihkumise 
tõttu CO tekke suunas. Uuritud elektrokeemiline rakk näitas väga head elektro-
keemilist aktiivsust nii kütuseelemendi režiimis 0.5 V (1.08 A/cm2)  juures kui 
ka elektrolüüsi režiimis 1.6 V juures (-1.37 A/cm2). 
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