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2. ABBREVIATIONS AND SYMBOLS 

a   crystallographic parameter 
AC   alternating current 
c  crystallographic parameter 
C   capacitance 
CE   counter electrode 
CPE   constant phase element  𝐷  the mean or actual crystallite size 𝑑   the distance between lattice planes 
DC   direct current 
DRT   the distribution of relaxation times 
E  electrode potential 
EC   equivalent circuit 
EIS   Electrochemical impedance spectroscopy 
f  frequency 𝑔ఛ the relative contribution of the single process to the total    

polarization resistance 
GDC   Ce0.9Gd0.1O2−δ 
FC   fuel cell 
FWHM   full width at half maximum ℎఛ the total contribution of the single process to the total 

polarization resistance 𝐼଴  amplitude of the current 𝐼(𝑡)    alternating current function on time 𝛫  Scherrer constant 
  the wavelength of the X-ray 
L  inductance 
LSC  La0.6Sr0.4CoO3−δ 

LSC + LSCF La0.6Sr0.4CoO3−δ + La0.6Sr0.4Co0.2Fe0.8O3−δ 
LSC99  (La0.6Sr0.4)0.99CoO3−δ 
LSC101  (La0.6Sr0.4)1.01CoO3−δ 
LSCO   (La1-xSrx)yCoO3 
LSCF  La0.6Sr0.4Co0.2Fe0.8O3−δ 
LSCFO   (La1-xSrx)yCo1-zFezO3 

LSMO   La1−xSrxMnO3−δ 
LSCT  (La0.6Sr0.4)0.99Co1−zTizO3−δ 
LSCT2  (La0.6Sr0.4)0.99Co0.98Ti0.02O3−δ   
LSCT4  (La0.6Sr0.4)0.99Co0.96Ti0.04O3−δ 
LSCT6  (La0.6Sr0.4)0.99Co0.94Ti0.06O3−δ 
LSCT8  (La0.6Sr0.4)0.99Co0.92Ti0.08O3−δ 
LSCT10  (La0.6Sr0.4)0.99Co0.90Ti0.10O3−δ 
MIEC   mixed ionic and electronic conductor 
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𝑛   an integral number 
OCV   open-circuit voltage 
OOR   oxide ion oxidation reaction 
ORR   oxygen reduction reaction 
pO2   oxygen partial pressure 
R   resistance 
RC circuit   ohmic resistor in parallel with capacitor 
RE   reference electrode 
Rp   polarization resistance 
Rs   high-frequency series resistance 
RT  room temperature 
SDC   Sm0.15Ce0.85O1.95 
SEM   scanning electron microscope 
SOC   solid oxide cell 
SOEC   solid oxide electrolysis cell 
SOFC   solid oxide fuel cell 
T  temperature 
TGA   thermogravimetric analysis 
TOF-SIMS   time-of-flight secondary ion mass spectrometry 
TPB   three-phase boundary 
TEC   thermal expansion coefficient 𝑈଴  steady-state potential 𝑈(𝑡)   alternating potential function on time 
WE   working electrode 
XPS  X-ray photoelectron spectroscopy 
XRD  X-ray diffraction  
Ws   Warburg diffusion impedance 
YSZ   Y2O3−ZrO2  𝑍஼   the impedance of the capacitor 𝑍ோ஼   the impedance of the RC circuit 𝑍(𝑡)    impedance as the function of time 𝑍ᇱ  the real part of the impedance 𝑍′′  the imaginary part of the impedance 
α  a crystallographic angle 𝛽  an integral breadth of the diffraction peak 𝜃  Bragg angle, the angle of diffraction 𝜏௞  time constant of individual RC circuit 𝜑  phase-shift 
ω   angular frequency 
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3. INTRODUCTION 

Fuel cells (FC) are unique systems for generating electricity from various fuels 
(H2, CO, CH4, etc.). FC produces electricity and heat from a gaseous fuel by 
electrochemical oxidation of the fuel with an oxidant. These devices achieve 
theoretical efficiency significantly higher than that of other conventional methods 
of power generation [1,2]. FC technologies are promising environmentally 
friendly devices for sustainable energy conversation. Energy demand is in-
creasing rapidly, therefore the need for renewable energy resources is enormous 
[3]. Solid oxide fuel cells (SOFC) and solid oxide electrolysis cells (SOEC) work 
at high temperatures. SOFC is a device for fuel oxidation, and SOEC is for fuel 
production from excess electricity and steam or carbon dioxide. These techno-
logies' advantages come from their high efficiency (electrical up to 60%, overall 
up to 85%). In addition, these systems offer high fuel flexibility [2]. Unfortu-
nately, the wider use of these technologies is hindered by the high production 
costs of materials and the limited long-term stability of the materials during 
operation [2,4,5]. 

Perovskite-type (ABO3) structure, mixed ionic and electronic conducting 
(MIEC) oxides are commonly used as SOFC oxygen electrode materials because 
of their high stability and moderate stability for temperature-caused segregation. 
[6]. Popular perovskite-type oxygen electrode materials are (La1-xSrx)yCoO3 
(LSCO) and (La1-xSrx)yCo1-zFezO3 (LSCFO), both of which are excellent 
electrodes for oxygen reduction reaction (ORR) and oxide ion oxidation reaction 
(OOR) [7]. 

However, there are several throwbacks with LSCO-based oxygen electrodes. 
Under actual operating conditions and for simplicity of the system, it is necessary 
to use the air from the ambient atmosphere. Unfortunately, air from the ambient 
atmosphere contains different impurities, such as CO2, H2O, etc. [8,9]. LSCO-
based materials have insufficient durability when these contaminants are present 
in the gas compartment. LSCO-based oxygen electrode materials have properties 
that will lead to cation rearrangement. In turn, this leads to the segregation of Sr 
to the surface, where it is accessible for contaminants, inducing the formation of 
unwanted phases (SrCO3, Sr(OH)2) [10]. SrCO3 and Sr(OH)2 are electrical 
insulators, therefore reducing electrode material activity for ORR. As a result, 
unwanted isolating phases form on the surfaces, blocking the active centers, 
changing the chemical composition on the perovskite surface compared with the 
composition in the bulk phase [11−13]. 

One way to improve stability of such materials is by modifying the perovskite 
structure with different valence elements at A- or B-sites. For example, intro-
ducing less active cation into the B-site decreases the Sr enrichment on the 
surface [14]. Overall, doping oxygen electrode material in B-site with higher 
valence cations improves the modified material against Sr segregation and 
therefore improve the overall material stability [15–18]. 
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This work aimed to understand the influence of realistic working conditions, 
temperature, oxygen partial pressure, and electrode potential on the chemical 
composition and crystallographic parameters of several different electrode 
material groups, based on (La1-xSrx)yCoO3 and (La1-xSrx)yCo1-zFezO3. In addition, 
the influence of various contaminants (CO2, H2O) on the different oxygen 
electrode materials was studied. The main goal of the research was a systematic 
analysis of the influence of doping of (La0.6Sr0.4)0.99CoO3−δ B-site with the higher 
valence Ti4+ cation. 
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4. LITERATURE OVERVIEW 

4.1 Solid oxide cells 
Solid oxide cells (SOC) are high-temperature devices that convert chemical 
energy into electricity via oxidizing fuels or produce sustainable green fuels by 
electrolysis of various chemical species, like H2O.   

SOC single cell consists of two porous electrodes (so-called oxygen and fuel 
electrode) with dense electrolyte layer in between (Figure 1). All those compo-
nents need to fulfill a set of requirements. First of all, parts have to be mecha-
nically compatible with each other. Oxygen electrodes need high electronic and 
ionic conductivities, optimized porosity, and high catalytic activity for oxygen 
reduction reaction (ORR). Fuel electrodes, however, need to combine catalytic 
activity for fuel oxidation, high ionic and electronic conductivities, as well as 
optimal porosity for fuel transport inside the electrode’s microstructure. Compact 
electrolytes need high ionic conductivity but extremely low electronic conducti-
vity at operating temperature. They also must be stable in both oxidizing and 
reducing atmospheres to avoid short-circuiting of electrodes [2].  

 
 

 

Figure 1. Illustration of the principle of SOCs in both solid oxide fuel cell (SOFC) and 
solid oxide electrolysis cell (SOEC) modes (noted in the figure). The upper green layer 
is a porous oxygen electrode, the middle blue layer presents a thin dense electrolyte, and 
the lower dark red layer is a porous fuel electrode. 
 
 
If SOC operates in the fuel cell (FC) mode, the oxygen reduction occurs at the 
oxygen electrode (Eq. 1). 

    ½O2 + 2e- ↔ O2-    (1) 

The oxide ion O2- formed is conducted through the electrolyte to the fuel 
electrode. In the fuel electrode, the fuel oxidation (H2, CO, etc.) occurs (Eq. 2).  

H2 + O2- ↔ H2O + 2e-    (2) 
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There are different designs for SOCs. Due to all components being ceramic, SOC 
stacks can be configured into different shapes. The most common ones are planar 
and tubular designs. Planar design is more straightforward and cheaper to 
fabricate compared to tubular configuration. Tubular has its advantages. For 
example, gas-tight seals in a hot zone are unnecessary for a tubular design. On 
the other hand, tubular SOFC exhibit low current densities due to the long path 
of electrons to the current collector [1,19].   

SOFCs are a revolutionary technology for environmentally favorable power 
generation, starting with the possibility to use different fuels because of the high 
operating temperatures from 600 °C up to 1000 °C [20]. Remarkable progress in 
materials and fabrication in the last decade has proved that even small systems 
(less than 300 kW) are capable of electrical efficiencies up to 60 % and overall 
efficiencies of 70–85 % [1,21]. 

 
 
4.2 Oxygen electrode materials for solid oxide fuel cells 

The main function of the oxygen electrode is to provide active centers where the 
ORR occurs. The oxygen electrode material must be stable under an oxidizing 
environment and have mixed ionic and electronic conductivity (MIEC). It is 
crucial to have good conductivity to provide electron flow. Principally, the 
maximal oxygen electrode conductivity is essential to minimize the ohmic losses. 
Since the SOFC works at high temperatures (600 to 1000 °C), the oxygen 
electrode must be thermally and chemically compatible with other components 
of the FC within a very wide temperature region, i.e., from room temperature to 
the temperatures at which FC is fabricated. Thermal expansion coefficients 
(TEC) for different components must be close to each other to avoid cracking and 
delamination during fabrication and operation conditions. It is also vital for 
oxygen electrodes to have sufficient porosity to transfer the reacting gas to the 
reaction sites [1,2].  

Because of the elevated working temperatures of SOFCs, the MIECs are 
suitable candidates for SOFC oxygen electrode materials. MIEC materials tend 
to have perovskite structures, which are usually nonstoichiometric oxides. Noble 
metals, stable at high temperatures, are not ideal for practical applications 
because of their high cost. Different doped oxides are possible options, but only 
a limiting number of MIEC have proven to be compatible with other cell 
components and meet the demand of TEC [1,2]. 
 
 

4.2.1  Perovskite-type electrode materials 

Perovskite-type ABO3 complex metal oxides can be used as catalysts. These 
complex oxides have a large variety of different applications (electrical, opto-, 
piezo-, magnetic materials). The perovskite lattice consists of oxide ions, large 
cations (usually rare-earth) in the A-site, and small transition metal cations in the 
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B-site. A-site cations are surrounded by 12 oxide ions. Therefore the B-site 
cations are surrounded by 6 oxide ions [1,2].  

La1−xSrxMnO3−δ (LSMO) has been extensively used as SOFC oxygen 
electrode material because of its high electronic conductivity, about 200–300 S 
cm-1 at 900 °C [22,23], high electrochemical activity towards ORR at high 
temperatures, and high chemical stability with Y2O3−ZrO2 (YSZ) electrolyte [1]. 
However, this material’s oxygen ion conductivity is very low at < 700 °C [24], 
which prevents the use of LSMO as a SOFC oxygen electrode material at low 
temperatures as the ORR can only occur near the three-phase boundary (TPB) 
region (three phases: electrolyte, electrode, gas phase). Problems can also arise 
during the fabrication of cells. LSMO and YSZ react above 1200 °C and form 
unwanted La2Zr2O7. Other reaction products can form during fabrication at high 
temperatures, including SrZrO3 and different zirconate phases. The formation of 
insulating phases at the LSMO-YSZ interface induce the cell’s degradation and 
create mechanical stress at the LSMO-YSZ interface. For example, La2Zr2O7 and 
SrZrO3 have several times lower electronic conductivity, and their TECs are also 
different from the main SOFC components [1]. Mixed YSZ/LSMO composites 
have been investigated intensively to improve the oxygen electrode material 
activity [25]. 

Doped LaCoO3 is another perovskite-type oxide proven as a potential oxygen 
electrode material. La1−xSrxCoO3−δ shows enhanced electrocatalytic activity for 
ORR. It is also a better electronic and ionic conductor than LSMO at 600 to 800 
°C. La1-xSrxCoO3−δ electronic conductivity at 800 °C can reach 1600 S cm-1 [26]. 
The great advantage of LSCO over LSMO is the ionic conductivity. At 800 °C 
La0.6Sr0.4CoO3−δ ionic conductivity is 0.22 S cm-1 [27] compared to 1.7 × 10-4 S 
cm-1 of La0.65Sr0.35MnO3−δ [27,28]. However, TECs of LSCO-based materials can 
be a drawback. Typically used electrolyte materials, like Zr0.85Y0.15O1.92 or 
Ce0.8Gd0.2O1.9 have the TECs 10.9 × 10-6 cm K-1 [29] and 12.7 × 10-6 cm K-1 [29] 
respectively, which is 2 times lower than La1-xSrxCoO3−δ (20.5 × 10-6 cm K-1) 
[27]. Oxygen electrode materials used in SOFC must have similar TECs to other 
FC components. Mismatch of the TECs of the cell components will bring early 
cell failure due to mechanical stresses. The substitution of Fe3+ ions into the B-
site of LSCO reduces the TEC values, but the catalytic activity for ORR also 
decreases. For example, La0.6Sr0.4Fe0.8Co0.2O3−δ TEC is 17.5 × 10-6 cm K-1 [27] 
and La0.8Sr0.2Fe0.8Co0.2O3−δ TEC is 14.8 × 10-6 cm K-1 [26]. Corresponding 
electronic conductivities are 302 S cm-1 [27] and 87 S cm-1 [27], respectively, and 
ionic conductivities 8 × 10-3 S cm-1 [27] and 2.3 × 10-3 S cm-1 [27]. 

It has been shown that introducing A-site deficiency can also somewhat 
improve the material’s stability, catalytic activity, and conductivity. Creating A-
site deficiency regulates oxygen vacancy formation and electronic structure, 
changing perovskite oxide-based material’s properties. The oxygen vacancy 
formation is related to the electronic structure and the valence state of the 
transition metal [30−32]. For example, LaFeO3 perovskite material’s ORR 
kinetics can be enhanced by easily introducing A-site deficiency into the material. 
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It was shown that La0.95FeO3−δ was more active than the initial unmodified 
material. The increase in activity has been described by the formation of the 
oxygen vacancies and the formation of Fe4+ cations [32]. The positive effect of 
A-site deficiency on perovskite oxide materials stability is expressed in several 
ways. For example, it suppresses A-site component segregation and improves the 
exsolution of B-site cations. For instance, it was recently demonstrated that A-
site deficient Sr0.95Nb0.10Co0.90O3−δ was more durable against CO2 than 
SrNb0.1Co0.90O3−δ [33].  

Doping of the LaCoO3 A-site with strontium can lead to new challenges. It 
has been shown that during fabrication and operating Sr2+ cation tends to segre-
gate to the surface of the oxygen electrode. Sr segregation is considered one of 
the main reasons behind unstable perovskite oxide surfaces. When Sr segregates 
to the surface, it is more available for contaminants, which will induce the 
formation of secondary phases (Sr(OH)2, SrCO3). It has been shown that the 
existence of CO2 and the formation of SrCO3 accelerates the Sr segregation 
process and CO2 oxidation [34]. The amount of Sr precipitated on the surface is 
influenced by oxygen partial pressure and temperature. An increase in 
temperature (up to 800 °C) increases the Sr segregation, while a decrease in 
oxygen partial pressure suppresses the Sr ions segregation [35]. Sr rich SrO and 
SrCO3 are electrical insulators. They will lower the surface electrocatalytic 
activity of ORR and decrease the electrode electrochemical performance 
[36−38]. It has been shown that modification of materials with different valence 
elements at A- or B-site can improve material stability against Sr segregation. For 
example, doping B-site of La0.8Sr0.2CoO3−δ with less-active (i.e., more stable 
oxidation state) cations like Al3+, Ti4+, Nb5+, Zr4+, Hf4+, decreases the oxygen 
vacancy concentration at the electrode surface and therefore reduces the Sr 
surface compounds deposition on the surface [39]. It has also been demonstrated, 
that Fe cation has a positive effect on the stability of perovskite-type oxygen 
electrode material. For example, La0.8Sr0.2Co0.8Fe0.2O3−δ has shown much higher 
thermal stability compared to La0.8Sr0.2CoO3−δ in terms of electrochemical 
properties [40]. Overall, doping B-site of the oxygen electrode material with 
higher valence cations would improve the material stability against Sr segre-
gation and therefore improve overall the material stability [16,18,41,42]. 

 
 

4.2.2  Perovskites electronic and ionic conductivity 

All perovskite materials have similar electron conduction mechanism. ABO3 
structure builds up from the BO6 network, and electronic conduction proceeds via 
holes or electrons on B-O-B links. The electronic conductivity of the oxygen 
electrode is determined by the electronic energies of the B-site cation since the 
energies of the cation 3d-orbital and the oxide ion 2p-orbital have to overlap 
partially. This interaction between cation d-orbital and oxygen ion 2p-orbitals 
causes the exchange of electrons or holes. Therefore, perovskite materials 
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containing transition metals with unfilled d-orbitals will have a great electronic 
conduction [28,43].  

Moreover, following the above double exchange mechanism, achieving high 
electronic conductivity requires a B-site cation with multiple valences [28,44]. 
The electronic conduction can be n-type or p-type, depending on the material 
chemical and electrical characteristics. At high temperatures in an oxidizing 
environment, n-type electronic conductors are usually not stable since oxygen 
deficiency is needed to generate electrons. Inversely, p-type electronic conductors 
are commonly stable in the oxidizing environment or air because oxygen surplus 
is required to create holes [45]. Thus, the most suitable candidates for the B-site 
substitution are Cr, Mn, Fe, Co, and Ni cations. Oxide materials containing these 
cations provide high electrical conductivity.  

Perovskite structure can have oxygen vacancies which are very important for 
the good oxide ion conductivity. The heterovalent substitution of cations with 
lower valence cations in the A- or B-site makes it possible to create vacancies in 
the perovskite structure. If perovskites already contain transition metal cations, 
then the formation of oxygen vacancies depends on the B-site cation's ability to 
change its oxidation state; therefore, the heterovalent substitution of cations does 
not always help form oxygen vacancies [28].  

The oxide ion conductivity in perovskites are induced via a vacancy 
mechanism. Oxygen ions diffuse from occupied positions to vacant positions 
along the edge of a BO6 octahedron. When an oxygen ion moves to the vacant 
position, it moves through the „gate“ formed by two A-site cations and by one B-
site cation. The radius of this „gate“ formed by cations in perovskite should be 
similar to the oxygen ionic radius, which is 1.40 Å [28,46].  
 
 

4.2.3  Mechanism of oxygen reduction on the oxygen electrode 

The ORR takes place on the surface of a complex oxide material as a multistep 
mechanism. Also, this process can happen in several routes depending on the 
oxygen electrode material chemical composition, crystal structure, and on the 
nature of charge carriers in the electrode material [28].  

The overall process starts with the reduction of oxygen molecules at the 
surface of the oxide, followed by the incorporation of O2- ions into the lattice 
vacancies, which can be described with Kröger-Vink notations (Eq. 3)  

 
          1 2ൗ 𝑂ଶ (𝑔) + 𝑉ைሷ → 𝑂ை௫ + 2ℎ∙                                  (3) 

 
The following possible steps of this complex process are: 
adsorption of oxygen molecules on the surface of an oxide material or the 
electrolyte (Eq. 4), 
 

                                1 2ൗ 𝑂ଶ (𝑔) → 1 2ൗ 𝑂ଶ (𝑎𝑑)                      (4) 
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dissociation of the molecules adsorbed (Eq. 5), 
 1 2ൗ 𝑂ଶ (𝑎𝑑) → 𝑂(𝑎𝑑)                                            (5) 

 
After the reduction of oxygen molecules to oxide ions they incorporate with 
vacant sites in the oxygen electrode lattice (Eq. 6) 
 𝑂(𝑎𝑑) + 2𝑒ି + 𝑉ைሷ → 𝑂ை௫                                        (6) 

 
This process takes place in two parts, meaning that 2 electrons do not join 
simultaneously. The first electron affinity of oxygen is -141 kJ mol-1 [47], and 
the second electron affinity of oxygen is 744 kJ mol-1 [48]. Also, the last step can 
occur either on the TPB or on the oxygen electrode material, depending on the 
nature of the electrode material. If the material has excellent electronic and ionic 
conductivity, the last step occurs on the surface of the electrode. If ORR happens 
on the electrode surface, then the oxide ions formed from oxygen are incorporated 
into the electrode material, and then they are carried in the solid phase to the 
electrode/electrolyte interface [28].  

The ORR rate is lower for oxygen electrode materials with reduced oxide-ion 
conductivity, and the material characteristics (corresponding resistance and 
activation polarization characteristics, etc.) depend on the TPB's length. Thus, it 
is crucial to decrease the particle size to reach moderate activity and lower 
resistance values. Still, it is not easy to prepare the high TPB materials working 
at high temperatures because the average size of particles increases with 
increasing temperature and working time applied [2].  
 
 

4.3 Electrochemical impedance spectroscopy  
Electrochemical impedance spectroscopy (EIS) is a powerful and non-destructive 
method for characterization of the electrical properties of different materials and 
their interfaces. This method can be applied for the investigation of the dynamics 
of bound or mobile charge carriers in the bulk or interfacial regions of any solid 
or liquid materials characteristics [49]. 

EIS experiment involves excitation of the system under study with steady-state 
potential and low-amplitude alternating (AC) potential and measuring the current 
response. Voltage perturbation signal can be expressed as:  

 𝑈(𝑡) = 𝑈଴ sin(𝜔𝑡)             (7) 
 

where 𝑈(𝑡) is an alternating potential function on time, 𝑈଴ is steady-state 
potential, 𝜔 = 2𝜋𝑓 , where f is the frequency. The current response to the voltage 
perturbation is then expressed as: 
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𝐼(𝑡) = 𝐼଴ sin(𝜔𝑡 െ 𝜑)    (8) 
 
where 𝐼(𝑡) is the alternating current function on time, 𝐼଴ is the maximum 
amplitude of the current, and 𝜑 is the phase shift between the voltage and current 
waveforms. 

The relationship between applied alternating potential and the resulting 
alternating current is impedance and can be expressed as: 

 𝑍(𝑡) = ௎(௧)ூ(௧)             (9) 
 

where 𝑍(𝑡) is the impedance as the function of time, impedance has both 
magnitude and a phase-shift ϕ, making it a vector quantity. Usually, impedance 
is measured for a large set of frequencies and can be expressed by a complex 
number of the vector sum of real (𝑍ᇱ) and imaginary (𝑍′′) parts: 
 𝑍(𝜔) = 𝑍ᇱ(𝜔) + 𝑖𝑍′′(𝜔)                        (10) 

  
where 𝑖 = √െ1. A Nyquist plot is obtained when plotting the real part against 
the imaginary part (Figure 2).   

 
 

 

Figure 2. Experimental Nyquist plot with corresponding equivalent circuit.  
 
The first intercept at relatively high frequencies in the SOFC Nyquist plot usually 
correlates to the high-frequency series resistance or ohmic resistance, Rs, of the 
system. The resistance of the dense electrolyte mainly causes an Rs value. The 
resistance between high and low-frequency intercepts of the real axis corresponds 
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to the polarization resistance, Rp, of the system under study. Rp combines all 
reaction resistances in both electrodes, including charge transfer,  mass transfer 
steps, and adsorption limitations steps resistances. Depending on the values of 
time constants of different processes occurring in the studied systems, the 
Nyquist plot may have a complicated shape and contain one or multiple semi-
circles and even nearly linear areas [2,50].  

Single SOFC electrodes can be characterized in symmetrical cells with 
identical electrodes (2-electrode setup) at open-circuit voltage (OCV) conditions 
(0 V AC potential with small AC perturbation). Measuring in OCV conditions 
results in both electrodes and gives the sum of both electrode polarization 
resistances. If both electrodes are identical, the one electrode polarisation 
resistance is half of the total value. The downside of this method is that this 
measurement can not be conducted under operando conditions (no current passes 
within the cell). To characterize one electrode under operating conditions, a 3-
electrode setup can be used. 3-electrode setup consists of a working electrode 
(WE), counter electrode (CE), and reference electrode (RE). The small AC 
potential is applied over specific DC potential in this method. This method's 
drawback is that this setup is not ideal for accurate impedance studies. Different 
errors can occur with the misplacement of electrodes. It has been shown that very 
small misplacement (by 0.2 mm) of WE and CE can cause a moderate error in Rp 
value [51]. With a 3-electrode design, it is extremely important to align electrodes 
precisely to minimize errors. Also, the distance between WE and RE should be 
at least two times or more than the electrolyte thickness [51−54]. 

 
 

 4.3.1 Fitting of impedance spectra 

Analyzing the data established by EIS, some conclusions about the processes 
occurring at electrodes are possible. EIS does not give information about the 
background of the physical processes, but comparing acquired data with physical 
models and model systems can help to understand the rate-limiting processes 
[55]. To improve the SOFC properties, it is essential to know the reasons behind 
the activity losses and possible degradation mechanisms. EIS differentiates 
various processes by their time constants. Different physical processes have 
different time constants for describing the dominating limitating processes during 
SOFC/SOEC operation. Usually, changes in the processes taking place in the 
system are evaluated with a pretty primitive approach using a series of semi-
circles, forming equivalent circuit (EC) and linking them with probable specific 
processes. Such an analysis method is based on interfaces' physical processes and 
reaction steps discussed in the literature [49]. 

Thus, usually, a systematic analysis of Nyquist plots helps to describe pro-
cesses taking place on the electrode. The high-frequency part (f > 20 kHz) 
describes the ohmic resistance region, where limiting processes are electrolyte 
bulk phase resistance and electrical contact wire resistance. Next region  
(20 kHz > f > 50 Hz) describes processes like bilayer loading and Faraday 
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processes on mesopores and finite-length interparticle interfaces. Low-frequency 
(f < 50Hz) part usually describes mass and charge transfer processes taking place 
in smaller meso- and micropores [56,57]. 

The impedance data measured in this study were modeled using EC given in 
Figure 3, where L1 is the high-frequency inductance, R1 is very high-frequency 
series resistance, R2 is high and medium frequency charge transfer resistance, and 
R3 is high low-frequency charge transfer resistance. C1 and C2 are capacitances, 
which are replaced with the CPE (constant phase element) in some cases (to 
compensate for the non-homogeneity in the system). Ws is the so-called Warburg 
diffusion element that models mass transfer resistance.   

 

 

Figure 3. The equivalent circuit was used to fit experimental impedance data.  
 
 
The distribution of relaxation times (DRT) analysis method was also used to 
distinguish the processes occurring on the electrode. DRT is a powerful tool that 
converts measured electrochemical impedance spectra from frequency into the 
time domain, taking the Fourier transform of the spectrum into the focus. DRT 
analysis allows more accurate information about how different processes 
contribute to total polarization resistance, Rp. The advantage of the DRT method 
over impedance spectroscopy is the ability to differentiate mathematically 
processes that might be overlapping in impedance spectroscopy [58].  

The DRT analysis is based on the distribution of predefined relaxation times. 
The DRT method approximates the measured impedance data to a model con-
sisting of RC elements (ohmic resistor in parallel with capacitor with impedance 𝑍஼ = (𝑗𝜔𝐶)ିଵ)) with different time constants. Parallel RC circuit resistance is 
given by formula (11):  

 𝑍ோ஼ = ோଵା୨ఠఛೃ಴    (11) 
 

where 𝜏ோ஼  is the characteristic time constant. Usually, a series of RC circuits with 
individual time constants is 𝜏௞ used to describe how every RC circuit is 
contributing to the total polarization resistance (ℎଵ, ℎଶ, h୩). The ℎ୩ value gives 
information about the resistance of the corresponding RC element. The DRT 
impedance spectrum can be described with the formula (12): 
 𝑍஽ோ் = 𝑅௣ ൈ ∑ ௚ೖଵାఠఛೖேഓ௞ୀଵ = ∑ ௛ೖଵାఠఛೖேഓ௞ୀଵ   (12) 
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where 𝑔୩ is the normalized distribution of relaxation times function. Parameter 𝑔த gives information about the relative contribution to the total polarization 
resistance, but ℎఛ gives some information about the total contribution of the 
single process [58−60]. 
 

 
4.4 X-ray diffraction  

SOC electrodes and electrolytes are usually polycrystalline, and the properties of 
these materials are determined by the crystallographic properties and chemical 
composition of different phases expressed in the material under study. X-ray 
diffraction (XRD) makes it possible to analyze and assess the phase purity, 
determine the structure, and give information about crystallographic bulk 
properties.  

Crystalline solids consist of regular arrays of atoms, ions, or molecules. 
Typically the interatomic spacing is in the order of 100 pm. For diffraction to 
occur, the wavelength of the incident light must be of the same order of 
magnitude as the distance of the gratings. The maxima in the diffractogram result 
from constructive interference between monochromatic X-ray waves that have 
elastically scattered from the different lattice planes. Bragg equation (13) relates 
the spacing between the crystal planes to the particular Bragg angle at which the 
reflection from these planes is observed. 

 𝑛 = 2𝑑 𝑠𝑖𝑛𝜃            (13) 

 
where 𝑛 is an integral number,  is the wavelength of the X-ray, 𝑑 is the distance 
between lattice planes, and 𝜃 is the angle of diffraction (Bragg angle) [61]. 

As a result of systematic research, it was shown that the maximum width 
observed in the diffractogram depends on the size of the crystallite. The decrease 
in crystallite size results in an expansion of the diffraction peak. Theoretically, 
diffractive rays should provide non-constructive interference on both sides of the 
Bragg corner, and the diffraction maximum should be sharp. This is only the case 
for large regular crystallites, where the aggregation of diffracted rays over the 
whole sample takes place. The smaller the crystallites, the lower the atomic levels 
from which the condition of destructive interference would be fulfilled if 
diffracted even with a slight deviation from the Bragg angle. This leads to an 
expansion of the diffraction maximum.  

Usually, the Debye-Scherrer formula (14) is used to find the crystallite size: 
 𝐷 = ௷ఒఉ௖௢௦ఏ            (14) 
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where 𝐷 is the mean or actual crystallite size, 𝛫 is a dimensionless shape factor 
(Scherrer constant), λ is the X-ray wavelength, 𝛽 is an integral breadth of diffrac-
tion peak (after subtracting the instrumental line broadening), and 𝜃 is the angle 
of diffraction (Bragg angle) [61].  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



23 

5. EXPERIMENTAL 

5.1 Preparation of single cells 
Studied oxygen electrode powders with different compositions (Table I) were 
synthesized using the thermal treatment method, i.e., combustion of the cor-
responding nitrate and oxalate solutions, where La(NO3)3·6H2O, Sr(NO3)2 (both 
from Aldrich, 99.9%), Co(NO3)2·6H2O (98%, Riedel de Haën), Fe(NO3)3·9H2O 
(Merck, 99 %), (NH4)2TiO(C2O4)2·xH2O (Puratronic, 99.998%) were used as 
precursors and glycine (99%, Sigma-Aldrich) as the reducing agent [62−64]. Vis-
cous electrode pastes were made using polyethene glycol (Sigma-Aldrich) as a 
plasticizer, polyvinyl butyral (Sigma-Aldrich) as a binder, terpineol, and Sols-
perse 3000 (Lubrizol) as solvent components and dispersant, respectively. 
 
Table I. Studied oxygen electrode materials and their abbreviations. 

Oxygen electrode material Abbreviation 
La0.6Sr0.4CoO3−δ LSC 

(La0.6Sr0.4)0.99CoO3−δ LSC99 
(La0.6Sr0.4)1.01CoO3−δ LSC101 

(La0.6Sr0.4)0.99Co0.98Ti0.02O3−δ   LSCT2 
(La0.6Sr0.4)0.99Co0.96Ti0.04O3−δ  LSCT4 
(La0.6Sr0.4)0.99Co0.94Ti0.06O3−δ  LSCT6 
(La0.6Sr0.4)0.99Co0.92Ti0.08O3−δ  LSCT8 
(La0.6Sr0.4)0.99Co0.90Ti0.10O3−δ  LSCT10 

La0.6Sr0.4Co0.2Fe0.8O3−δ LSCF 
La0.6Sr0.4CoO3−δ + La0.6Sr0.4Co0.2Fe0.8O3−δ LSC + LSCF 

 
 

Symmetrical cells used in the studies were prepared using gadolinia-doped ceria 
(Ce0.9Gd0.1O2-δ) (GDC) electrolyte pellet as the support with a thickness del of 
nearly 750 μm [62−64]. For (La0.6Sr0.4)0.99Co1-xTixO3−δ test series, symmetrical 
cells were prepared onto samaria-doped ceria (SDC) electrolytes. Raw paste  
of the electrolyte pellets were prepared using commercially available 
Sm0.15Ce0.85O1.95 powder (SDC-15, NexTech Materials), ethanol (Merck, 
99.5%), xylenes (mixture, Honeywell, ⩾ 98.5%), menhaden fish oil (Sigma-
Aldrich) as a dispersant, Butvar-B98 (Sigma-Aldrich) as the binder, benzyl butyl 
phthalate (Merck, 96%) and polyethene glycol (Sigma-Aldrich) as the plasti-
cizers. Electrolyte membrane tapes were cast using AFA I Automatic Thick Film 
Coater (MTI Corporation) with a speed of 40 mm s−1. Four tapes were iso-
statically laminated with sufficient thickness (isostatic laminating system ILS 46, 
Keko Equipment), followed by sintering at 1400 °C for 5 h. The thickness of the 
dense sintered electrolyte was about 240 μm. 
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The micro-mesoporous electrodes with a geometrical flat-cross section 
surface area of 1.77 cm2 (both working and counter electrode) were screen printed 
onto the GDC electrolyte (article I–III). The porous electrodes with a geometrical 
flat-cross section surface area of 0.38 cm2 were screen printed onto the SDC 
electrolyte (article IV). The symmetrical electrodes deposited onto GDC and 
SDC were sintered at 1100 °C for 5 hours [62−64]. Electrical contacts were taken 
using porous platinum contact layers formed from Pt paste (MaTeck) after 
heating at T = 950 °C, connecting Pt contacts through the platinum fires to the 
Solatron measurement system. 

 
 

5.2 Physical characterization methods 
XRD analysis of the synthesized powders and prepared electrode materials was 
carried out using Bruker D8 Advanced Diffractometer with Cu Kα1 radiation 
(λ=1.540596 Å) source (40 kV, 40 mA), Vario1 focusing primary mono-
chromator, two 2.5° Soller slits, and a LynxEye 1D detector.  

X-ray thermo-diffractometry study has been performed in an Anton Paar HTK  
1200 N temperature vessel. The sample was placed in an alumina sample holder 
and heated in different oxygen concentrations from room temperature (RT) up to 
800 °C. For XRD studies 60-minute continuous scan from 21 to 75° 2 θ with 
0.015° 2 θ step, and with a total count time of 166 seconds per step, was applied. 
A single peak scan experiment was performed from 57.5 to 59.5° with 0.015°  
2 θ step and 40 seconds total count time per cycle. 

Completed porous oxygen electrodes 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. 

The microstructural and chemical changes for studied oxygen electrode mate-
rials during different operando working conditions were visualized using time-
of-flight secondary ion mass spectrometry (TOF-SIMS) (PHI TRIFT V nanoTOF 
instrument). 

Thermogravimetric analysis (TGA) was performed using the Netzsch STA 
449 F3 Jupiter thermal analyzer for all synthesized powders within the tem-
perature range from 30 °C to 1100 °C with a heating and cooling rate of 5 °C 
min−1 and a gas flow rate of 80 ml min−1. The analysis was conducted in synthetic 
air (pO2 = 0.2 atm, pN2 = 0.8 atm) and in an N2 (purity 99.999 %) environment. 

X-ray photoelectron spectroscopy (XPS) measurement for different oxygen 
electrode materials working in different conditions was measured by the 
hemispherical analyzer (Scienta SES100) at a pass energy of 200 eV and using 
Al-Kα radiation with an overall resolution of approximately 0.8 eV. 
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5.3 Electrochemical characterization 
During electrochemical measurements the working electrode potential was 
controlled using Solartron 1470E potentiostat and Solartron 1455 A frequency 
response analyzer, and Solatron 1287A potentiostat/galvanostat completed with 
the electrochemical interface. In addition with XRD measurements, the im-
pedance spectra were measured using Solartron 1260 frequency response 
analyzer. The impedance spectra were measured in a three-electrode setup (from 
1 MHz to 0.01 Hz) with the ac amplitude 15 mV. Electrochemical data were 
analyzed using Zview and Corrview software (Scribner Associates Inc.). The 
single cells were electrochemically characterized at gas overflow conditions, 
where the gas flows were controlled by EL-FLOW SELECT F210CV mass-flow 
controllers (Bronkhorst). The symmetric cells were investigated at different 
temperatures from 500 − 800 °C and with different gas compositions: at different 
oxygen contents (3%, 10%, 20%, 50%), in synthetic air (21% O2 and 79% N2), 
in synthetic air with addition of 10% CO2 (21% O2 and 69% N2, 10% CO2), and 
in synthetic air (21% O2 and 79% N2) with 1.7 % and 3% H2O addition, 
respectively. 
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6. RESULTS AND DISCUSSION 

6.1 Physical characterization of oxygen electrode materials 

6.1.1 X-ray diffraction data for synthesized materials 

The characteristic XRD patterns for LSC, LSCF, and LSC + LSCF mixed 
electrodes measured at T = 600 °C  are given in Figure 4, where the different 
materials and crystallographic orientations have been noted. The XRD maxima 
for LSC and LSCF materials are pretty narrow and well expressed, referring to 
the excellent crystallinity of LSC and LSCF (Figure 4). Somewhat broader peaks 
can be seen for LSC+ LSCF (50:50 wt%) oxygen electrode. As the oxygen 
electrodes are only about 20 μm thick, the weak GDC electrolyte reflections can 
be seen in some diffractograms for samples. Small Au clusters, giving XRD 
maxima in Figure 4, were deposited for calibration purposes. No unwanted 
phases like carbonates (synthesis products in raw powder) or CoFe2O4 (which can 
be formed under electrical polarization conditions) have not been found based on 
XRD data. However, perovskite phase with comparable crystallographic para-
meters have been detected [65,66]. The parameters calculated are given in Table 
II. The rhombohedral phase R3c, is characterized by lattice constant a and a 
crystallographic angle α, given in Table II. 

The XRD data of (La0.6Sr0.4)0.99Co1−zTizO3−δ (LSCT) oxygen electrode 
material powders measured at room temperature (RT) are shown in Figure 5. The 
diffraction maxima for the LSCT oxygen electrode materials characterized in this 
work refer to a perovskite structure with a space group of R3c and an SG number 
of 167 [67]. Reflections from other unwanted phases cannot be found in the XRD 
patterns. As demonstrated in Figure 5, doping B-site of LSC99 with bigger cation 
commences the shift of maximum to lower 2θ values, indicating that the lattice 
parameters and unit cell volume increase with increasing Ti content in the B-site 
compared to non-substituted material (Table II). This is caused by the larger ionic 
radius of Ti4+ (0.61 Å) compared to Co4+ (0.53 Å) ions. Also, cation with higher 
valence (Ti4+) probably affects the oxidation state of the B-site cation (reduction 
of Co4+ to Co3+ (0.61 Å)), which leads to the expansion of La0.6Sr0.4CoO3−δ lattice 
[68]. It can also be seen that a more intensive change in the lattice takes place for 
materials with 8% and 10% of Ti cations in the B-site. It has been shown that 
increasing the B-site cation radius makes the lattice more hexagonal [69]. 
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Figure 4. XRD patterns for studied LSC, LSCF, and LSC + LSCF (50:50 wt%) oxygen 
electrodes at working temperature T = 600 °C, oxygen partial pressure pO2 = 0.2 atm, and 
at oxygen electrode potential E = 0 V. The phase of the perovskite is indicated by a square, 
phase of GDC is indicated by circle and phase of Au is indicated by a triangle, noted in 
the figure. 
 
 
Table II. Lattice parameters for studied oxygen electrode powders and oxygen 
electrodes. Electrodes (with R3c) were characterized at 600 °C and with oxygen partial 
pressure pO2 = 0.2 atm. 

Material a (Å) c (Å) α (°) 
LSC99 powder, RT 5.4324 13.2366 - 
LSCT2 powder, RT  5.4348 13.2349 - 
LSCT4 powder, RT 5.4362 13.2389 - 
LSCT6 powder, RT 5.4385 13.2434 - 
LSCT8 powder, RT 5.4399 13.2546 - 
LSCT10 powder, RT 5.4399 13.2569 - 

LSC electrode, T = 600 °C 5.4726 - 59.9641 
LSCF electrode, T = 600 °C 5.5119 - 60.1502 

LSC + LSCF electrode (for LSC), T = 600 °C 5.4907 - 59.9102 
LSC + LSCF electrode (for LSCF), T = 600 °C 5.4969 - 60.0777 
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Figure 5. XRD patterns for studied oxygen electrode powders (a). The meaning of 
acronyms used in the figure are described in Table I. Shift of (110) (b) and (214) (c) 
reflection as a function of Ti concentration in the B-site of LSCT. 
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6.1.2 Influence of temperature, oxygen partial pressure, and 
oxygen electrode negative potential on the lattice parameters 

Data in Figure 6 shows the influence of the oxygen partial pressure, temperature, 
and oxygen electrode negative potential on the crystallographic unit cell para-
meters measured for LSC oxygen electrode material. LSCF has a bigger unit cell 
volume than LSC (Figure 7), which is in agreement with the literature data [70], 
showing that iron ions substituted into B-site expands the crystal lattice. 
Increasing oxygen partial pressure by 0.1 atm increases the unit cell volume by 
about 0.004 Å3. The results are consistent with the notion that the lattice volume 
or vacancy concentration increases with the decrease of the oxygen partial 
pressure in the electrode compartment. D-metals can change the oxidation state; 
therefore, the charge neutrality was achieved, and the cations having interactive 
influence caused the expansion of the lattice of oxygen electrodes under study. 

Results in Figure 6 indicate that increasing oxygen electrode negative 
potential increases the cell volume, generating more vacancies. It can be seen that 
oxygen electrode negative potential has more influence on the lattice parameters 
at lower oxygen partial pressure. Almost linear increase of unit cell volume can 
be obtained at fixed oxygen partial pressure with the rise of oxygen electrode 
negative potential, which can be described with the Co4+ reduction to Co3+. The 
volume change of LSC and LSCF unit cells are in the same order. Every −0.1 V 
applied potential increases the unit cell volume by nearly 0.08 Å3, if pO2 = 0.03 
atm. It can also be concluded that the polarized oxygen electrode crystallographic 
structure is more sensitive to the oxygen partial pressure changes. It can be 
described as the decrease of the effective oxidation state of cobalt ions. Therefore, 
the oxygen separation from the structure is achieved more easily. At lower T ≤ 
500 °C, there is no clear dependence of the cell volume on the oxygen electrode 
potential applied as in this region of temperature, the phase transition from R-3cH 
unit cell to R-3cR takes place for studied electrodes [71]. 

At fixed temperature and 0 V, the influence of oxygen partial pressure on the 
cell volume is weak. Only a tiny decrease of volume with pO2 has been observed, 
indicating that the concentration of vacancies almost does not depend on the O2 
partial pressure in the gas phase. Still, at E = −0.7 V (vs. Pt/Pt/O2), the influence 
of oxygen partial pressure is remarkable. 
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Figure 6. The cell volume vs. oxygen electrode potential plots for LSC at fixed O2 partial 
pressure and at fixed working temperatures, noted in the figure. 
 

 

 

Figure 7. The cell volume vs. oxygen partial pressure plots for LSC and LSCF oxygen 
electrodes (noted in the figure) at a working temperature of 600 °C and at oxygen 
electrode potential E = 0 V (vs Pt/porous Pt/O2). 
 
 
6.1.3 Kinetic response of lattice parameters to oxygen electrode 

potential change 

The influence of oxygen electrode negative potential on the position of one of the 
characteristic maximum is given in Figures 8 and 9. In general, it can be 
concluded that the maximum position shift is reversible. The initial diffracto-
grams at 0 V were measured four times, and potential −0.9 V was applied. The 
measured maximum was higher, narrower than the initial maximum, and shifted 
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to lower 2𝜃 values. As described earlier, the volume of crystallographic unit cells 
has expanded, and vacancy concentration has increased with applying a negative 
potential to the oxygen electrode. The increase in maximum height is due to ions 
achieving higher regularity in the crystal structure [72]. After 20 cycles at  
−0.9 V, the potential was changed back to 0 V, and the maximum shifted back to 
the initial 2𝜃 values. The LSC unit cell volume increases nearly by 0.08 Å3 for 
every 0.1 V increase of the cathodic polarization if pO2 = 0.03 atm. 

At temperatures higher than 600 °C, the peak halfwidth value is unchanged 
since the potential step and the equilibrium state reaches faster than 40 sec, which 
is the time that takes to scan one smallest XRD segment (Figure 8). At lower 
oxygen partial pressures and temperatures, the peak position and halfwidth are 
more responsive for negative oxygen electrode potential than those observed at 
high temperature and oxygen partial pressure. The XRD maximum is higher and 
narrower in a negative electrode polarization condition than in the non-polarized 
state, which indicates that better crystallographic symmetry has been achieved 
under negative electrode potential. 

 
 

 

Figure 8. The segment from the XRD pattern ((214) with Kα2 reflection) for LSC oxygen 
electrode at electrode potentials 0 and −0.9 V vs Pt/Pt/O2, respectively, and at  
T = 600 °C and pO2 = 0.2 atm. Segments were measured for every 40-second interval. 
 
  
It can be concluded from Figure 9 that the effect of electrode potential on the 
XRD data is not immediate. At a lower temperature (500 °C), at least one inter-
mediate maximum is present on the diffractogram segment, indicating the 
existence of the intermediate structure formation (no stabilized situation). 
Maximum shift to stabilized state takes longer than 40 seconds because one XRD 
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measurement cycle takes approximately 40 seconds. The maximum „X“ 
describes the intermediate maximum changing electrode potential from 0 V to 
−0.9 V and maximum „Y“ represents the intermediate maximum when electrode 
potential is changed from −0.9 V to 0 V. The kinetic behavior of the crystal lattice 
relaxation for the potential step from 0 V to −0.9 V and from  −0.9 V to 0 V is 
different. This is probably due to the different kinetics of oxygen incorporation 
from the gas phase and the rate of release of oxygen from the lattice.  

 
 

 

Figure 9. The Segment from the XRD pattern ((214) with Kα2 reflection) for LSC oxygen 
electrode at electrode potentials 0 and −0.9 V vs Pt/Pt/O2, respectively, and at  
T = 500 °C and pO2 = 0.2 atm. Segments were measured for every 40-second interval.  
 
 

 

Figure 10. The LSC chronoamperometric plots at different negative electrode 
polarization (noted in the figure) at T = 600 °C and pO2 = 0.2 atm. 
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Impedance spectra measured in our work are unsuitable for analyzing kinetic 
impact with relaxation time longer than 40 sec. We used chronoamperometric 
curves in response to the potential step to track the stabilization time followed by 
the potential change (Figure 10). The stabilization times and the peak relaxation 
times in HT-XRD are similar. Stabilization times calculated from chrono-
amperometry curves are systematically longer, but the more time-consuming 
final reorganization process could explain this at the interfacial layer. This does 
not influence the HT-XRD data much but has some influence on the electro-
chemical parameters. 
 
 

6.1.4 Thermogravimetric analysis of CO2 treated oxygen 
electrode powders 

The TGA results for the CO2-treated LSC99 powder measured in a pure N2 
environment and synthetic air are given in Figure 11a. The weight decrease can 
be seen for both samples within the temperature range 30 °C to 1100 °C. The 
sample measured in an N2 environment resulted in a more extensive mass change. 
This mass change is due to the oxygen vacancy formation and oxygen desorption 
from the oxygen electrode surface [73]. In synthetic air, mass change is not so 
significant. The oxygen chemical potentials in the bulk and gas phases are 
different, and therefore, the oxygen desorption is trivial from the oxygen-rich 
environment. As shown in Fig 11a, the mass of the sample at the beginning and 
the end of the thermal cycle is the same. Thus, we can conclude that no de-
composition of carbonates took place during the thermal cycle. The mass loss at 
elevated temperatures is caused by the oxygen evolution released from the lattice. 
At higher oxygen concentrations, the vacancy concentration change is nearly 
reversible. In the case of low oxygen concentrations in the gas phase (LSC99 in 
N2), the initial plateau is not achieved, and the oxygen partial pressure determines 
the vacancy concentration. 
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Figure 11. The TGA curves for the LSC99 were measured in pure N2 and a synthetic air 
environment (a), and TGA curves for the LSC99 and LSCT4 and LSCT10 were measured 
in a synthetic air environment (b). 
 
 
Doping the LSC99 oxygen electrode material with Ti cation improves the 
stability of the lattice (Figure 11b). For LSC99, the oxygen vacancy formation is 
more extensive than for LSCT, showing that modifying B-site with Ti cations 
controls the Co cation oxidation state and improves the stability of the material. 

 



35 

6.1.5 X-ray photoelectron spectroscopy analysis of the effect of 
CO2 and H2O on the oxygen electrode materials 

The material's electronic structure defines the catalytic properties of the MIEC 
surface towards ORR. Therefore, XPS measurements were conducted to under-
stand the elemental arrangement of the LSCT oxygen electrode surface and the 
chemical composition of the active surface layer (Figure 12).  

Figures 12a and 12b demonstrate O 1s spectra for different oxygen electrode 
materials operated in various environments normalized to peak with lower 
binding energy. These spectra have two maxima, where a peak at lower binding 
energy (528.3 eV) is correlated to oxide ions in the lattice, and a peak at higher 
binding energy (530.8−531.2 eV) is characterizing the surface components like 
secondary phases and adsorbed oxygen. It can be seen that lattice and surface 
peak ratios depend on the oxygen electrode material as well as the gas environ-
ment. Increasing the amount of Ti4+ cations in the B-site of oxygen electrode 
material, the peak with lower relative intensity indicates that less surface com-
ponents are formed during operation in contaminated gas compositions at Ti 
substituted oxygen electrode.  

Figures 12c–12f show La 4d and Sr 3d spectra for different oxygen electrode 
materials working in different gas conditions. These spectra were normalized to 
La 4d peaks intensities, respectively. The origin of La 4d peaks (101.2 and 103.9 
eV) is related to the spin-orbit splitting and crystal field splitting effects. The 
shape of the Sr 3d signal (131−137 eV) varies depending on the exact 
composition of the electrode materials and the gas composition. In addition, the 
full width at half maximum (FWHM) of this structure is much broader than the 
spin-orbit splitting of the Sr 3d5/2 and Sr 3d3/2 components, which is approxi-
mately 1.8 eV. At least two overlapping Sr 3d contributions can be expected with 
different chemical surroundings [38].  

The simplest model applicable contains two different components. The high 
binding energy region 134–137 eV corresponds to the surface energy component, 
which characterizes the photoelectron signal from the upper surface region of the 
sample. The low binding energy region 131–134 eV provides the photoelectron 
signal from the bulk of the sample. The bulk or the lattice component is regarded 
as the perovskite structure in the near-surface region. Surface impurities 
(secondary phases) are generally considered to be surface components [38]. For 
electrodes operating in synthetic air, the ratio of peak intensities was pretty 
similar. Still, for electrodes that worked in contaminated gas atmospheres, it can 
be seen that the peak intensities began to vary more. It can be concluded that in 
materials operated under CO2 contaminated gas composition, the change in the 
shape of Sr 3d photoelectron signal indicates that increasing Ti amount in LSC99 
B-site decreases the amount of secondary phases (SrCO3, Sr(OH)2) on the oxygen 
electrode material surface. For materials that worked under H2O contaminated 
gas composition, the change in the surface and bulk signal ratios indicates that 
increasing the amount of Ti in LSC99 B-site does not positively affect the 
formation of secondary phases on the oxygen electrode material surface. Based 
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on XPS data, it can be concluded that doping of LSC99 oxygen electrode B-site 
with Ti cations improves the material surface stability under a gas atmosphere 
contaminated with CO2. Still, no positive effect was observed under H2O 
containing gas [16,39,41]. 

 

 

 

Figure 12. The XPS spectra of 4 samples with different Ti concentrations in the LSC99 B-
site, noted in the figure. O 1s spectra (a) for different electrode materials tested in 10% CO2 
in synthetic air and O 1s spectra (b) for different electrode materials tested in 3% H2O in 
synthetic air. Spectra of the La 4d, Sr 3d photolines of LSC99 (c), LSCT4 (d), LSCT6 (e), 
and LSCT10 (f) that have been working in different gas conditions (synthetic air, 10% CO2 
in synthetic air, and 3% H2O in synthetic air, as shown in the figure). 
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6.1.6 Time-of-flight secondary ion mass spectrometry analysis of 
the effect of CO2 and H2O on the oxygen electrode materials 

TOF-SIMS method was used to analyze the LSC99, LSCT4, LSCT6, and 
LSCT10 oxygen electrode surface composition and compounds formed on the 
surface. Based on collected data (Table III), Ti substitution strongly influences 
the chemical compositions of the electrode surface treated in different gas 
environments. When comparing oxygen electrodes operated under different 
environments, synthetic air and CO2, the Sr concentration on the surface depends 
on the gas environment applied [74]. It was found that Sr concentration was 
higher for materials operating under a CO2 environment than in a synthetic air 
environment. Adding Ti cations in the LSC99 B-site influences Sr concentration 
at the surface of the oxygen electrode. Increasing Ti cations content in the B-site 
decreases Sr concentration at the surface of the electrode. In the case of electrode 
treatment in the H2O atmosphere, a small decrease in Sr concentration could be 
seen if Ti concentration was changed from 0% to 4%. An increase in Ti 
concentration from 4% to 6% and 10% led to the large increase of Sr con-
centration on the electrode surface. TOF-SIMS results propose that LSCT10 has 
the best stability in the CO2 environment, but LSCT4 was more stable under H2O 
contaminated gas environment.  
 
Table III. Element concentrations relative to the sum of the components from the TOF-
SIMS measurement of different materials working in different air conditions are noted in 
the table. 

Material and gas phase 
composition 

La  
(%sum) 

Sr 
 (%sum) 

Co  
(%sum) 

Ti  
(%sum) 

LSC99 syn. air 11.09 25.84 63.01 0.05 
LSC99 CO2 7.38 55.59 37.02 0.01 
LSC99 H2O 11.05 35.38 53.56 0.01 

LSCT4 syn. air 14.68 27.46 56.33 1.53 
LSCT4 CO2 5.85 53.60 39.54 1.01 
LSCT4 H2O 15.16 29.80 53.72 1.32 

LSCT6 syn. air 10.66 21.40 45.85 1.75 
LSCT6 CO2 10.42 48.31 39.75 1.52 
LSCT6 H2O 7.34 42.76 47.86 2.05 

LSCT10 syn. air 13.86 24.65 44.75 3.77 
LSCT10 CO2 12.15 36.04 48.60 3.20 
LSCT10 H2O 5.57 55.59 36.83 2.02 

 
 
Materials tested under H2O conditions do not act similarly to those tested under 
CO2 conditions. Presented data visualize the influence of gas components on the 
Sr segregation magnitude in materials tested. From TOF-SIMS and XPS data, we 
can expect a complex relationship between the bulk and surface concentrations 
of elements. 
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6.2 Electrochemical characterization  
of oxygen electrode materials 

6.2.1 The effect of temperature, oxygen partial pressure, and 
electrode potential on the oxygen electrode performance 

Nyquist plots for studied LSCF and LSC + LSCF materials are given in Figure 
13. In Figure 13a, there are normalized Nyquist plots for a better comparison of 
studied oxygen electrode materials. The value of high-frequency series resistance 
(when 𝑍′′ = 0) describes the electrolyte resistance. Lower Rp value obtained for 
LSC+LSCF indicate that LSC+LSCF is a more active oxygen reduction electrode 
material. The influence of the temperature to the LSCF oxygen electrode is shown 
in Figure 13b. Temperature have a significant impact on the ORR kinetics. Figure 
14 demonstrates that the LSC and LSCF oxygen electrode powder mixture 
(LSC+LSCF) has better electrocatalytic activity, and the LSCF has the highest Rp 
values (Figure 13a). However, the characteristic time constant for ORR depends 
strongly on the oxygen electrode material chemical composition. Higher absolute 
phase angle values (𝜑) have been measured for LSCF compared with the mixture 
of LSC and LSCF (Figure 14). It can be concluded that LSC+LSCF is a more 
active oxygen electrode than LSCF. 
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Figure 13. Nyquist plots at T = 600 °C and oxygen electrode potential E = 0 V (vs 
Pt/porous Pt/O2) for LSCF and LSC + LSCF (50:50 wt%), noted in the figure (a) and for 
LSCF at different working temperatures, noted in the figure (b). 
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Figure 14. Bode phase angle vs. frequency plots for LSC, LSCF and LSC + LSCF (50:50 
wt%) oxygen electrodes (noted in figure) measured in synthetic air at oxygen electrode 
potential E = 0 V (vs. Pt/porous Pt/O2) and at working temperature T = 600 °C. 
 
 
It can be seen from Figure 15 that negative oxygen electrode potential com-
mences a decrease in Rp values. According to the Butler-Volmer equation, the 
negative electrode potential improves the ORR rate. Also, the increase of 
negative potential leads to the rise in the concentration of the defects or vacancies 
(Figure 6), which also positively affects the speed of total ORR.  
 
 

 

Figure 15. Dependence of polarization resistance (calculated from Nyquist plots) on the 
LSC oxygen electrode potential at various working temperatures and oxygen partial 
pressures are noted in the figure. 
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Figures 15 and 16 show that at 600 °C and lower potential, the total Rp depends 
on the oxygen partial pressure. More insufficient oxygen partial pressure causes 
bigger Rp. Even at lower pO2 values, the defect, i.e., the active site concentration 
at the surface, is higher compared to that in a high pO2 environment. As it was  
concluded based on XRD data (Figure 6), the activity of total electrode process 
is higher at higher pO2 and therefore most likely determined by the oxygen activity 
in the gas phase and not by defect concentration in the oxygen electrode. The data 
in Figures 15 and 16 also supports this conclusion which shows that the higher 
experimental Rp values are measured in conditions where the mass transport 
limitations are typically dominating at lower temperatures and lower gas con-
centrations. 
 
 

 

Figure 16. Nyquist plots for LSC were measured at various fixed oxygen partial pressures 
at multiple working temperatures noted in the figure and fixed electrode potential E = 
−0.2 V (vs Pt/Pt/O2). 
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Figure 17. Nyquist plots for the LSCT2, LSCT4, LSCT6, LSCT8, and LSCT10 measured 
in synthetic air after 200 hours stabilization at oxygen electrode potential E = −0.1 V (vs. 
Pt/porous Pt/O2) and at working temperature T = 600 °C. 
 
 
Doping LSC99 B-site with Ti cations somewhat decreases the oxygen electrode 
activity towards ORR (Figure 17). With doping Ti into the B-site of LSC99, the 
amount of Co cation in the oxide decreases, and therefore, vacancy concentration 
also decreases. The ORR rate on the perovskite oxygen electrode depends on B-
site cations ability to change the oxidation state and the amount of the oxygen 
vacancies. More oxygen vacancies result in higher activity towards surface 
reaction. It should be noted that the activities (i.e., polarization resistances) of the 
oxygen electrode materials presented in this work are not directly comparable 
because the goal of this work was not to optimize the microstructure of the 
materials but to show the influence of different contaminants (CO2, H2O) in air 
on the oxygen electrode materials stability and characteristics. 
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Figure 18. Corresponding EC components contribute to the polarization resistance, Rp, 
for studied oxygen electrode materials, as noted in the figure. Oxygen electrodes were 
measured at oxygen electrode potential E = −0.1 V (vs. Pt/porous Pt/O2) and working 
temperature T = 600 °C. 
 
 
Figure 18 represents impedance data for different oxygen electrode materials. 
Experimental Nyquist plots have been fitted with EC given in Figure 3. 
Corresponding EC component resistance values have been divided by Rp to 
determine their contribution to Rp. It can be found that minor A-site deficiency 
(LSC99) improves material activity compared to LSC because R2 and R3 
contributions to the Rp are more negligible than found for LSC. The opposite 
effect can be seen in the case of LSC101 (A-site excess), where R2 and R3 
contribute more to Rp. In the case of LSCF, R2 and R3 contribution to Rp is more 
significant, indicating that this material is less active towards ORR. It can be seen 
that doping of LSC99 B-site with Ti4+ cation changes the contribution of high and 
medium frequency R2 and R3 values indicating that the rates of high and medium 
frequency charge transfer and mass transfer processes are affected. Materials with 
8% and 10% Ti4+ cations in the LSC99 B-site show a different behavior, which 
can be explained by a possible change in the material structure described before. 
It can also be seen that if high or medium frequency processes rates, expressed 
as resistances R2 or R3 contribution increase, then the mass transfer component 
Ws-R values decrease. 
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6.2.2 The influence of H2O and CO2 concentrations on  
the oxygen electrode performance 

The Rp, calculated from the Nyquist plots [62–64] (Figures 19–21) indicate lower 
electrochemical activity of the LSC101 oxygen electrode compared to LSC99. 
LSC101 oxygen electrode material was also more affected by humidified 
synthetic gas composition than other studied oxygen electrode materials. The data 
in Figures 19–22 shows that the LSC99 and LSC oxygen electrodes are more 
active against the ORR than the LSC101 and LSCF electrodes. 
 
 

 

Figure 19. Nyquist plots for the LSC101 were measured at oxygen electrode potential  
E = −0.1 V (vs. Pt/porous Pt/O2) and at working temperature T = 650 °C under various 
gas feeding conditions 1) at the beginning of the test applying only the dry air, 2) after 10 
days of testing in dry air, and 3) after 10 days testing in the humidified synthetic air. 
 
 
Data in Figure 19 shows that humidified synthetic air has a colossal effect on the 
rate of LSC 101 oxygen electrode degradation. The oxygen electrode Rp increased 
nearly 2 times as calculated from the total polarization resistance values. LSC101 
Rp increased only by 10% after testing it under synthetic air condition for 10 days. 
However, testing oxygen electrode under humidified synthetic air conditions for 
10 days, degradation of approximately 270% was seen. Interestingly, the very 
high-frequency Rs does not depend on the conditions, but the Rp resistance 
increases remarkably. It is probably caused by the formation of Sr(OH)2 at the 
oxygen electrode surface, thus replacing O2− vacancies with OH− ions. As the 
Sr(OH)2 formation occurs on/in the very thin upper layer of the porous oxygen 
electrode surface, the XRD method was unable to detect possible changes in the 
LSC oxygen electrode surface structure as there was no big changes within all 
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oxygen electrode layer. Surprisingly, after the dry synthetic air was fed into the 
oxygen electrode compartment, the Rp values increased continuously, as 
demonstrated in Figures 20 and 21. It must be pointed out that for all 
La0.6Sr0.4CoO3−δ oxygen electrodes tested, including the LSC101 electrode, the 
Rp did not decrease after switching back to the dry gas feeding conditions, 
differently from LSCF (Figure 22), where the remarkable decrease of Rp was 
measured after switching gas phase back to the dry synthetic air. 

The Nyquist plot low-frequency region has been connected with so-called gas 
phase mass transfer resistance. It can be seen from Figure 20 that this low-
frequency region is mainly affected. Both LSC and LSC101 oxygen electrodes 
have similar dependence. The Rp increases continuously after switching the air 
phase from the humidified synthetic air back to the dry air. 

 
 

 

Figure 20. Nyquist plots for the LSC measured at oxygen electrode potential E = −0.1 V 
(vs. Pt/porous Pt/O2) and at working temperature T = 700 °C under various gas feed 
conditions: 1) at the beginning of the test in dry air, 2) after testing in humidified air for 
100 h, and 3) in dry synthetic air, after 100 h polarization in moistured air, and after that 
testing for 300 h in dry synthetic air. 
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Figure 21. Nyquist plots for the LSC99 were measured at oxygen electrode potential  
E = −0.1 V (vs. Pt/porous Pt/O2) and at working temperature T = 650 °C under various 
gas feeding conditions: 1) at the beginning of the test in dry air, 2) after testing in 
humidified air during 100 h, and 3) in dry air, after testing in humidified synthetic air for 
250 h, and 4) in dry air, after testing in humidified synthetic air for 320 h. 
 
 
LSCF oxygen electrodes behave differently from LSC and LSC101 oxygen 
electrodes (Figure 22). An increase of Rp has been established after feeding the 
electrode compartment with humidified synthetic air for 80h. Switching back to 
dry synthetic air, the Rp decreases, but the process is not totally complete, i.e., 
degradation is not fully reversible. It can also be concluded that the high-
frequency part of the Nyquist plot is unaffected, meaning that the rate of the 
faradic charge transfer and the total charge transfer process does not change. It 
all leads to understanding that the limiting process for ORR in our studied oxygen 
electrodes is the mass transfer processes in meso-microporous structure. 

The formation kinetics of OH- depends strongly on the B-site cation's capabi-
lity to change its oxidation state. Because cobalt changes its oxidation state more 
quickly than iron cations, the amount of the oxide ions decreased faster for LSC 
oxygen electrodes. OH- anions appear only in the upper layers of the oxygen 
electrode, and the bulk lattice is more firm because Co4+ has been partially 
reduced to Co3+, so O2- diffusion is disabled.  
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Figure 22. Nyquist plots for the LSCF measured at oxygen electrode potential E = −0.1 V 
(vs. Pt/porous Pt/O2) and at working temperature T = 700 °C under various gas feed 
conditions 1) at the beginning of the test in dry air, 2) after 80 h in humidified air, and 3) 
in dry air for 100h after testing in humidified air. 
 
 
The Nyquist plots in Figure 23 show that after testing the Ti4+ cations substituted 
electrode for 50 h in humidified synthetic air, the Rp values for the electrode have 
increased only slightly. After replacing the gas environment with synthetic air, 
the Rp values remain the same for LSCT2, LSCT4, LSCT6, and LSCT8 under 
humidified synthetic air conditions. Only for LSCT10, the electrochemical 
degradation continues after moving the gas compartment back to the dry synthetic 
air. It was shown previously how humidified gas influences the activity of LSC 
oxygen electrode material and that the doping of B-site with Ti4+ improves the 
electrode material durability against humidity. For materials with Ti4+ content 
2%, 4%, 6%, and 8%, the increase of Rp was minimal, i.e., if the concentration is 
lower than 10%. Minor degradation is probably caused by the formation of the 
Sr(OH)2 layer at the oxygen electrode surface. 
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Figure 23. Nyquist plots for the studied materials (compositions presented in figure), at 
working temperature T = 600 °C and at oxygen electrode potential E = −0.1 V (vs. 
Pt/porous Pt/O2). The numbers on curves refer to various gas feeding conditions: 1) at the 
beginning of the test in synthetic air, 2) after testing in the air with 3% H2O addition 
during 50 h, 3) after 50 h polarization in synthetic air. 
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In Figure 24 the impedance data for LSC99 oxygen electrode material measured 
in different gas conditions is given. It can be seen that when CO2 is added to the 
gas compartment, then Rp values increase. When switching back to CO2-free 
synthetic air, Rp values are still increasing. This indicates that degradation 
continues. For materials with Ti4+ cation in the B-site, it can be concluded that 
Ti4+ cation addition improves the material stability against CO2 (Figure 25). 
Materials with 2% and 4% Ti4+ in the B-site show reversible degradation. Firstly 
Rp values increase when CO2 is introduced into the gas mixture, and when 
switching back to synthetic air, Rp values decrease almost back to the initial value. 
Also, the increase of the Rp is not as significant compared to unmodified material 
when CO2 is introduced into the gas compartment.  
 
 

 

Figure 24. Nyquist plots for the LSC99, at working temperature T = 600 °C and at oxygen 
electrode potential E = −0.1 V (vs. Pt/porous Pt/O2), measured under various gas feeding 
conditions: 1) at the beginning of test in synthetic air, 2) after testing in the air with 10% 
CO2 addition during 100 h and 3) after 50 h polarization in synthetic air. 

 
For materials with 6% and 8% Ti in the B-site, the degradation is also partially 
reversible. After testing under CO2 contaminated conditions and switching back 
to synthetic air, Rp values decrease, but Rp values do not obtain the initial value. 
For material with 10% Ti in the B-site, the degradation is not reversible, but after 
switching back to the synthetic air, Rp remains the same for 50 hours. 

Materials that showed reversible degradation the degradation process could 
be described with CO2 molecules blocking adsorption onto the active sites, 
whereas the low-frequency part of the Nyquist plot is mainly affected. CO2 
molecules occupy active sites on the surface, which is expressed with the increase 
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of the low-frequency part of the Rp. The low-frequency part of the Nyquist plot 
describes mainly the slow gas-phase transport limitations. For materials under 
study, if CO2 adorbs/absorbs into the perovskite, then both monodentate and/or 
unidentate and bidentate carbonates are formed. Monodentate carbonates form 
when C atoms of CO2 bond with basic O2- ion in the perovskite structure. If C in 
CO2 atoms are bonding with basic O2- ion in perovskite and O atoms of CO2 
connect with the oxygen vacancy in perovskite, then the surface bidentate 
carbonate species are formed [75]. 

The Nyquist plot high-frequency part is characteristic of the mixed kinetic 
processes in electrode macropores and faradic charge transfer limited processes 
at open surface areas [76]. Conducted electrochemical measurements show 
(Figure 26) that the effect of CO2 on the high-frequency part of impedance 
depends on the Ti4+ cation concentration in the electrode material. Figure 26 
shows that the contribution of limiting processes are changing for different 
chemical compositions. For materials with 2 % and 10 % Ti4+ cations in the B-
site, the high-frequency semi-circle can be seen, but for materials with 4 %,  
6 %, and 8 % Ti4+ cations in the B-site, limiting processes are changing, and the 
semi-circle in the frequency region from 600 Hz to 18000 Hz cannot be observed. 
It can also be seen that limiting process resistance in the 1000 Hz and 100 Hz 
range decreases with CO2 addition for material with 10 % Ti4+ cations in the B-
site. It shows that mentioned processes are accelerated. For other materials, CO2 
does not significantly affect the high-frequency process rate. For other materials, 
this kind of effect is not so clear. For materials with 2% and 4% Ti4+ cations 
substitution in B-site, it can also be seen that switching back to synthetic air after 
CO2 treatment (addition in synthetic air), the high-frequency part remains the 
same, and no future degradation of oxygen electrode material takes place. 
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Figure 25. Nyquist plots for the studied materials (compositions presented in the figure) 
at working temperature T = 600 °C and at oxygen electrode potential E = −0.1 V (vs. 
Pt/porous Pt/O2). The numbers on the curves refer to various gas feeding conditions: 1) 
at the beginning of the test in synthetic air, 2) after testing in the air with 10% CO2 
addition during 100 h, and 3) after 50 h polarization in synthetic air. 
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Figure 26. High-frequency semi-circle areas of Nyquist plots for the studied materials 
(compositions presented in the figure), at working temperature T = 600 °C and at oxygen 
electrode potential E = −0.1 V (vs. Pt/porous Pt/O2). The numbers on the curves refer to 
various gas feeding conditions: 1) at the beginning of the test in synthetic air, 2) after 
testing in the air with 10% CO2 addition during 100 h, and 3) after 50 h polarization in 
synthetic air. 
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Figure 27. Distribution of relaxation times for studied LSCT oxygen electrode materials, 
measured in synthetic air at working temperature T = 600 °C and at oxygen electrode 
potential E = −0.1 V (vs. Pt/porous Pt/O2). 

 
Figure 27 represents DRT data for studied LSCT oxygen electrode materials 
analyzed with EC-IDEA software [59,60]. It can be seen that 3 different processes 
take place in the high-frequency range (ƒ > 100 Hz) and at least two processes at 
lower frequencies. It also coincides with information gained from Nyquist plots 
(Figure 24) that on high and medium frequency ranges, there are multiple various 
processes, and the electrode composition influences them. 

Micro-mesoporous oxygen electrode structure can be seen in Figure 28. Only 
SEM images for LSCT4 in the region where SEM resolution can be used to 
visualize 3D structure are presented because all the materials tested had similar 
porous non-homogeneous microstructures. The picture shows that after being 
tested in different environments, they all look identical, indicating that CO2 or 
H2O addition to synthetic air does not significantly affect the microstructure of 
the oxygen electrode materials.  

Very surface-sensitive FIB-TOF-SIMS data indicates that there are different 
surface thin-film oxide layers at electrode surface after long testing under 
electrochemical polarization in CO2 and H2O containing air gas phase. 
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Figure 28. The SEM images of cross-sections of studied oxygen electrodes were tested 
for 100h in different conditions: a) synthetic air, b) 10% CO2 in synthetic air, and c) 3% 
H2O in synthetic air. 
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7. SUMMARY 

(La0.6Sr0.4)yCoO3−δ, La0.6Sr0.4Co0.2Fe0.8O3−δ and (La0.6Sr0.4)0.99Co1-xTixO3−δ 
perovskite-based oxygen electrode materials were prepared and characterized as 
a potential solid oxide cell oxygen electrodes. Oxygen reduction process kinetics 
from various gas phase compositions (clean and dry artificial air, wet air, CO2 
contaminated artificial air) have been tested at perovskite-type electrodes.  

In situ  HT-XRD measurement showed that negative oxygen electrode 
potential, temperature, and oxygen partial pressure have a reversible influence on 
the crystallographic cell volume of studied La0.6Sr0.4CoO3−δ,  
La0.6Sr0.4Co0.2Fe0.8O3−δ and La0.6Sr0.4CoO3−δ + La0.6Sr0.4Co0.2Fe0.8O3−δ electrode 
materials. The change in crystallographic unit cell volume is caused by the 
formation of oxygen vacancies and the change in the oxidation state of the B-site 
cation introduced. 

From thermogravimetric analysis and electrochemical impedance data, it can 
be concluded that doping of the B-site of (La0.6Sr0.4)0.99CoO3−δ with Ti4+ ion 
increases material stability during the thermal cycle. Mass change during the 
thermal cycle is smaller for B-site modified materials, indicating that the oxygen 
vacancy formation is less extensive. Time-of-flight secondary ion mass 
spectrometry and X-ray diffraction analysis results showed that material 
modification with Ti4+ ions reduced Sr segregation onto the electrode surface. 
Therefore, enhanced stability against H2O and CO2 has been achieved. 

From electrochemical impedance data it was found that the decrease of the 
oxygen electrode negative potential causes some increase in the total polarization 
resistance. Also, at lower oxygen partial pressure, the negative oxygen electrode 
potential has a more significant effect on the polarization resistance values, which 
could be explained by the lower oxygen chemical potential in the gas phase.  

The influence of the CO2 and H2O on the oxygen electrode material activity 
was also observed with electrochemical impedance spectroscopy. It can be 
concluded that La0.6Sr0.4CoO3−δ, (La0.6Sr0.4)0.99CoO3−δ and (La0.6Sr0.4)1.01CoO3−δ 
oxygen electrode material degradation accelerated if H2O additions were intro-
duced into the electrode compartment. It was established that the polarization 
resistance started to increase. The degradation observed for these materials was 
not reversible. After the H2O contaminated gas was changed back to the dry 
synthetic air, polarization resistance continued to increase. However, it was 
noticed that a slight deficiency in the A-site for (La0.6Sr0.4)0.99CoO3−δ improves 
the stability of the perovskite structure.  

The Fe cations substituted La0.6Sr0.4Co0.2Fe0.8O3−δ oxygen electrode material 
showed somewhat different behavior than the above materials. Switching back to 
dry synthetic air after contaminated gas was directed into the gas compartment 
caused a decrease in polarization resistance, indicating that reversible de-
gradation of La0.6Sr0.4Co0.2Fe0.8O3−δ took place.   

Humidity has a different effect on Ti4+ cations substituted (La0.6Sr0.4)0.99Co1-

xTixO3−δ materials. Humidity affects also (La0.6Sr0.4)0.99Co0.98Ti0.02O3−δ, 
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(La0.6Sr0.4)0.99Co0.96Ti0.04O3−δ, (La0.6Sr0.4)0.99Co0.94Ti0.06O3−δ oxygen electrode 
material degradation. H2O addition increases the degradation rate, but after 
switching back to dry synthetic air, degradation stops for at least 50 hours.  

Materials with more higher Ti4+ cations concentration in the B-site, like 
(La0.6Sr0.4)0.99Co0.92Ti0.08O3−δ, (La0.6Sr0.4)0.99Co0.90Ti0.10O3−δ behaved similarly to 
La0.6Sr0.4CoO3−δ, (La0.6Sr0.4)0.99CoO3−δ and (La0.6Sr0.4)1.01CoO3−δ oxygen electrode 
material.  

CO2 addition in synthetic air also negatively affects the (La0.6Sr0.4)0.99CoO3−δ 
oxygen electrode material stability, increasing degradation rate. Also, the 
degradation is not reversible, meaning that degradation continues after switching 
gas-phase composition back to clean synthetic air. It should be stressed that 
improved stability was observed for all materials modified with Ti4+ cations. 
(La0.6Sr0.4)0.99Co0.98Ti0.02O3−δ, (La0.6Sr0.4)0.99Co0.96Ti0.04O3−δ, showed improved 
stability and fully reversible degradation. CO2 addition increases the degradation 
rate, but polarization resistance value decreases back to its initial value after 
switching gas-phase composition back to clean synthetic air. Partially reversible 
degradation was observed for (La0.6Sr0.4)0.99Co0.94Ti0.06O3−δ and 
(La0.6Sr0.4)0.99Co0.92Ti0.08O3−δ. For (La0.6Sr0.4)0.99Co0.90Ti0.10O3−δ addition of CO2 
into the gas phase increases the degradation rate, but degradation stops after 
switching back to dry synthetic air. 

Thus, the Ti4+ substituted perovskites are promising materials for application 
in solid oxide devices under study at the University of Tartu Institute of 
chemistry. 
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9. SUMMARY IN ESTONIAN 

Kõrgtemperatuurse tahkeoksiidelemendi 
hapnikelektroodimaterjalide uurimine realistlikes 

töötingimustes 

Antud doktoritöös valmistati ja uuriti (La0.6Sr0.4)yCoO3−δ, La0.6Sr0.4Co0.2Fe0.8O3−δ 
ja (La0.6Sr0.4)0.99Co1-xTixO3−δ perovskiitse kristallstruktuuriga materjale, mis on 
potentsiaalsed kõrgtemperatuurse tahkseoksiid kütuseelemendi hapnikelektroodi 
materjalid. Uuriti erinevate gaasi faasi koostiste (kuiv ja puhas sünteetiline õhk, 
niisutatud sünteetiline õhk, CO2 lisandiga sünteetiline õhk) mõju nimetatud 
hapnikelektroodide stabiilsusele. 

In situ kõrgtemperatuurse röntgendifraktsiooni mõõtmised näitasid, et hapnik-
elektroodi negatiivsel potentsiaalil, temperatuuril ja hapniku osarõhul on pöörduv 
mõju uuritud La0.6Sr0.4CoO3−δ,  La0.6Sr0.4Co0.2Fe0.8O3−δ ja La0.6Sr0.4CoO3−δ + 
La0.6Sr0.4Co0.2Fe0.8O3−δ hapnikelektroodi materjalide kristallograafilistele ühik-
raku parameetritele. Ühikraku ruumala muutus on põhjustatud B-asendi katiooni 
oksüdatsiooniastme muutusest ja hapniku vakantside moodustumisest. 

Termogravimeetrilise ja elektrokeemilise analüüsi tulemustest on näha, et 
(La0.6Sr0.4)0.99CoO3−δ B-asendi dopeeriminte Ti4+ katiooniga tõstab materjali sta-
biilsust. Selgus, et massi muutus termilise tsükili jooksul oli väiksem materjali-
del, mille B-asendit oli Ti4+ katiooniga modifitseeritud. See on põhjustatud 
hapniku vakantside moodustumise madalamast intensiivsusest. Lennuaja sekundaar-
ioonide massispektromeetria ja röntgenfotoelektronspektroskoopia tulemustest 
järeldub, et B-asendit Ti4+ katiooniga dopeerimine vähendab materjalides Sr 
segregeerumist elektroodi pinnale, millest tulenevalt suureneb stabiilsus H2O ja 
CO2 suhtes. 

Elektrokeemilise impedantsspektroskoopia tulemustest järeldati, et hapnik-
elektroodi negatiivse potentsiaali vähendamine põhjustas kogu polarisatsiooni-
lise takistuse mõningast suurenemist. Lisaks oli negatiivsel hapnikelektroodi 
potentsiaalil tugevam mõju polarisatsioonilise takistuse väärtusele just madala-
mal hapniku osarõhul, mida saab seletada madalama hapniku keemilise potent-
siaaliga gaasifaasis. 

Samuti uuriti elektrokeemilise impedantsspektroskoopiaga H2O ja CO2 mõju 
hapnikelektroodi materjali aktiivsusele. Tulemustest saab järeldada, et 
La0.6Sr0.4CoO3−δ, (La0.6Sr0.4)0.99CoO3−δ ja (La0.6Sr0.4)1.01CoO3−δ degradeerumine 
kiirenes H2O lisamisel gaasisegusse, eelkõige polarisatsiooniliste takistuste 
väärtuste suurenemise tõttu. Nende materjalide puhul täheldatud degradatsioon 
ei olnud pöörduv. Kui gaasisegu muudeti tagasi puhta sünteetilise õhu peale, siis 
polarisatsiooniliste takistuste väärtused jätkasid kasvamist. Siiski täheldati, et 
väike defitsiit A-asendis (La0.6Sr0.4)0.99CoO3−δ parandab perovskiitse materjali 
stabiilsust.  

Fe katioonidega modifitseeritud La0.6Sr0.4Co0.2Fe0.8O3−δ näitas teistsugust 
käitumist H2O juuresolekul, kui eelpool toodud hapnikelektrood materjalid. 
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Kasutades gaasisegus uuesti sünteetilist õhku, siis polarisatsiooniline takistuse 
väärtus vähenes, mis viitab La0.6Sr0.4Co0.2Fe0.8O3−δ pöörduvale degradatsioonile. 

Niiskusel on teistsugune mõju Ti4+ katioonidega dopeeritud 
(La0.6Sr0.4)0.99Co1−xTixO3−δ materjalidele. Niiskuse lisand gaasisegus küll 
kiirendas (La0.6Sr0.4)0.99Co0.98Ti0.02O3−δ, (La0.6Sr0.4)0.99Co0.96Ti0.04O3−δ ja  
(La0.6Sr0.4)0.99Co0.94Ti0.06O3−δ materjalide degradatsiooni, kuid selle eemaldamisel 
degredeerumine peatus.  

Materjalidel, millel on suurem kontsentratsioon Ti4+ B-asendis, nagu 
(La0.6Sr0.4)0.99Co0.92Ti0.08O3−δ ja (La0.6Sr0.4)0.99Co0.90Ti0.10O3−δ käitusid sarnaselt 
niiskuse juuresolekul nagu La0.6Sr0.4CoO3−δ, (La0.6Sr0.4)0.99CoO3−δ ja 
(La0.6Sr0.4)1.01CoO3−δ. 

CO2 lisand sünteetilises õhus mõjutas (La0.6Sr0.4)0.99CoO3−δ materjali stabiil-
sust samuti negatiivselt, tõstes degradeerumise kiirust. Lisaks oli protsess 
mittepöörduv, mis tähendab, et lisandi eemaldamisel degradeerumine jätkus. 
Tuleks rõhutada, et kõikide Ti4+ katioonidega modifitseeritud materjalide  
korral täheldati paranenud stabiilsust. (La0.6Sr0.4)0.99Co0.98Ti0.02O3−δ ja 
(La0.6Sr0.4)0.99Co0.96Ti0.04O3−δ materjalidel kiirendas CO2 lisand degradeerumist 
kuid polarisatsioonilise takistuse väärtus vähenes lisandi eemaldamisel tagasi 
algse väärtuseni, kinnitades paranenud stabiilsust ja täielikult pöörduvat  
degradatsiooni. Osaliselt pöörduvat degradatsiooni täheldati 
(La0.6Sr0.4)0.99Co0.94Ti0.06O3−δ ja (La0.6Sr0.4)0.99Co0.92Ti0.08O3−δ korral. 
(La0.6Sr0.4)0.99Co0.90Ti0.10O3−δ korral CO2 kiirendas degradeerumist, mis aga 
lõppes lisandi eemaldamisel gaasisegust. 

Kokkuvõtteks saab järeldada, et Ti4+ katioonidega modifitseeritud perovskiit-
sed hapnikelektroodi materjalid võimaldavad tõsta antud tehnoloogia töökindlust 
ja seejuures vähendada kulutusi gaaside puhastamise seadmetele. 
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