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2. ABBREVIATIONS AND SYMBOLS

partial pressure of H,O in the fuel electrode compartment
partial pressure of H, in the fuel electrode compartment

partial pressure of oxygen in the air electrode compartment

Constant phase element pre-exponent coefficient
maximum area of Ni(111) Bragg peak

area of Ni(111) Bragg peak at a fixed measurement time
maximum area of NiO(200) Bragg peak

area of NiO(200) Bragg peak at a fixed measurement time
alternating current at a certain time

lattice parameter (1 of 6)

lattice parameter of LSCMN (1 of 2 non-constant ones)
lattice parameter of ScCeSZ (only non-constant one)
alternating voltage

sum of corrections in the relationship between Fy and
counter electrode

Ceo.1La9.65510.25Cro sMng sO3-5

lattice parameter of LSCMN (1 of 2 non-constant ones)
Complex Nonlinear Least Squares

constant phase element

distance between lattice planes

potential

standard potential

activation energy

activation energy calculated from polarization resistance
activation energy calculated from series resistance
alternating voltage amplitude

alternating voltage peak to peak amplitude

electrolysis cell

cell potential

electrochemical impedance spectroscopy

Faraday constant

alternating voltage frequency

fuel cell

structure factor

relaxation frequency

full width half maximum

gadolinia doped ceria

grazing incidence X-ray diffraction

high temperature

current density

current as a function of time
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SEM
SOC
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TGA
TOF-SIMS

alternating current amplitude

alternating current peak to peak amplitude
inductively coupled plasma mass spectrometry
integral intensity of a Bragg peak with plane indices hkl
Scherrer constant

inductance

La0.6Sr0_4COO3_5

Lag.75510.25Cro.sMng 5035
Lay.75510.25Cro.sMng 3Nig 2035

Lag 25510.25Ca0.4Ti9.98Ni0.0203-5
La25S1025Ca0.4Ti0.95Nig.0503-6
La5S19.25Ca0.4TigoNip.103-s

Lag25819.25Ca0.4Tig sNig203-s

Lag 258r0.25Ca0.4T1;NiO3_s
Lag2551025Cap4TiO;_s

Lag5S1925Cag4Ti05-5, emphasizing that it has a-site deficiency
La;_SrTiOs_s

multiplicity factor

mixed ion-electron conductor

integer number

open-circuit voltage

power density

true crystallite size

pulsed-laser deposition

oxygen partial pressure

hydrogen partial pressure

ideal gas constant

resistance

equivalent circuit consisting of a resistor in parallel with a
capacitor

equivalent circuit consisting of a resistor in parallel with a CPE
reference electrode

polarization resistance

series resistance

scandia and ceria stabilized zirconia

samaria doped ceria

scanning electron microscopy

solid oxide cell

solid oxide electrolysis cell

solid oxide fuel cell

temperature

time

thermogravimetric analysis

time-of-flight secondary ion mass spectrometer
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triple phase boundary

voltage as a function of time

alternating voltage amplitude value

working electrode

X-ray fluorescence spectrometry

yttria stabilized zirconia

impedance

magnitude of impedance vector

real part of the impedance

imaginary part of the impedance

impedance with emphasis that it is a function of angular
frequency

real part of the impedance with emphasis that it is a function of
angular frequency

imaginary part of the impedance with emphasis that it is a
function of angular frequency

impedance of RC-element

weighted sum of squares

phase shift with emphasis that it is a function of angular
frequency

chi-squared (distribution)

reaction free energy change

fractional exponent in CPE

integral breadth

lattice strain

wavelength of the incident beam

diffraction angle

time constant of RC-element

angular frequency

angle of incidence
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3. INTRODUCTION

Tackling climate change is one of the challenging yet vital problems of modern
society. To reduce the CO, emissions, it is necessary to provide an alternative to
classical coal-fired (or oil shale fired) thermal power stations. Solid oxide cells
(SOC) can be useful in several ways in this field. Firstly, in a solid oxide electro-
lysis cell (SOEC) mode, the cell would be able to efficiently convert surplus
electric energy from intermittent energy sources like wind and solar to fuels.
Secondly, in a solid oxide fuel cell (SOFC) mode, the cell would be able to
convert chemical energy back to electrical energy with high efficiency when
electricity demand is high. Even as a standalone (without emphasizing the need
for renewable sources) technology, the solid oxide cells are getting more com-
petitive in the energy conversion market [1-5].

State of the art SOC fuel electrodes are Ni-cermets — materials that consist
of metallic nickel mixed with ceramic oxide, usually yttria-stabilized zirconia
(YSZ) or gadolinia doped ceria (GDC). Ni is an excellent electronic conductor,
catalytically active towards fuel oxidation and quite affordable [6,7]. However,
it also has several challenges. Ni oxidation to NiO, which might ruin the elect-
rodes’ microstructure and is less conductive, takes place at working conditions
if oxygen partial pressure (poy) rises above a threshold level (depends on tempe-
rature) in the fuel electrode compartment (leakage or too heavy working load)
[8—10]. Metallic Ni is also prone to sulphur poisoning [11,12] and coking [13] if
carbonaceous fuel without enough steam is used. Even if gases are purified
from sulphur, and the correct steam to carbon ratio is used, metallic Ni still has
a tendency to coarsen over time, which leads to performance losses [14,15].

Therefore an effort to find suitable alternatives to metal-ceramic electrodes
has been made. One of the most attractive solutions is the application of ceramic
mixed ion-electron conductor (MIEC) materials. These materials have poten-
tially fewer problems with stability (coarsening, sulphur poisoning and coking).
Some of these materials are stable (no significant changes in oxygen stoichio-
metry) in both reducing and oxidative atmospheres, which means that small
changes in the fuel compartment’s po, do not have devastating effects on the
electrode’s microstructure [16,17].

Perovskite structure is a promising choice for the ceramic electrode material
since it is highly flexible and can tolerate various cations in the crystal lattice;
hence it is possible to tailor the material properties needed for high performance
and stability with appropriate metal cation substitutions [18,19].

However, it is very tricky to predict how specific element substitution chan-
ges the electrode’s catalytic activity and crystallographic properties at working
conditions. Moreover, it is not even straightforward to correlate ex-situ mea-
sured crystallographic data with the electrochemical analysis results. Therefore,
it is challenging to understand why some substitutions result in better-per-
forming electrodes than others without in situ measurements. Still, it is vital to
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know how the changes taking place in the crystal structure affect cell perfor-
mance and stability to design new advanced materials.

This work aims to develop a perovskite-based stable and catalytically active
full ceramic fuel electrode for SOCs. A deeper understanding of the relation of
the fuel electrode’s electrochemical characteristics and crystallographic para-
meters is necessary for designing materials with needed properties. This work
has exploited various ex-situ and in-situ methods to understand why some mate-
rials are less stable and underperforming. Moreover, the electrochemical high
temperature operando XRD method has been developed and applied to under-
stand processes in working SOC. This thesis has mainly focused on a detailed
analysis of two ceramic materials — one is LaCrO;-based and the other SrTiO;-
based.
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4. LITERATURE OVERVIEW

4.1. Solid oxide cells

Solid oxide cells can operate in two modes — fuel cell and electrolysis mode
(Fig. 1). The fuel cell mode is used to convert chemical energy from fuels to
electricity and heat. To do the reverse process — generate fuels from electricity,
solid oxide electrolyzers are used. Theoretically, it is possible to use the same
cell in both modes. However, the systems are usually not well optimized to
operate in both modes [3,4,6,20-22].

SOFC

Figure. 1 Sketch of the principle of solid oxide cells in both fuel cell and electrolysis
modes. The bottom green layer is a porous fuel electrode; the middle yellow is a dense
ion-conducting electrolyte; the dark grey top layer is a porous cathode.

The classification and names of fuel cells (FC) and electrolysis cells (EC) come
from the electrolyte, e.g. in SOFC and SOEC, the electrolyte material is a solid
oxide. Like in other types of FCs/ECs, the electrolyte needs to be ion conduc-
tive, electronically non-conductive and has to separate electrodes and different
gas atmospheres. The use of solid electrolyte in SOC systems eliminates the
problems related to liquid electrolyte management. Since there are no moving
parts in SOC systems (except air blowers), it also has a low maintenance cost.
Compared to its low-temperature alternatives, SOCs are more efficient and do
not need any other fuel electrode catalyst than the electrode itself. SOFCs can
also use various fuels that lower temperature cells cannot, like CO, hydro-
carbons, alcohols and synthetic gas [6,7,20-24].

In SOC-s, there are mostly two main options for oxide conducting electro-
lytes — CeO,-based and ZrO,-based electrolytes. Doped CeO, electrolytes, like
Smyg,Cey 30,5 (SDC) and Gdy,Ce(50,-5(GDC), become slightly electronically
conductive in low po, atmospheres and at a high temperature which leads to a
drop in open circuit voltage (OCV) value if CeO,-based electrolyte is used. The
second problem with mentioned electrolytes is their fragility. So, if GDC/SDC
electrolytes are used at all as a standalone electrolyte, they are operated at lower
temperatures (<600 °C) since the OCV drop is less pronounced there [6,24,25].
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Zirconia-based electrolytes are by far the most common. Yttria-stabilized
zirconia (YSZ) is the mainstream choice for SOC electrolyte due to its good
conductivity at high temperatures and affordability. Scandia and ceria stabilized
zirconia (ScCeSZ) is also quite widely used due to its higher conductivity at
moderate temperature. However, it is relatively more expensive [6,7,24].

The general requirements for a SOC electrode material include excellent
catalytic activity toward the reaction it governs, fuel oxidation in the fuel
electrode and oxygen reduction reaction in the case of the air electrode. The
electrode material also needs to be chemically compatible with the electrolyte
and stable during the fabrication process and operation. The electrode needs to
have sufficiently good mechanical strength and flexibility and a similar thermal
expansion coefficient to the electrolyte. Finally, it also needs to be affordable
[6,7,24,26].

4.2. Ni-cermet fuel electrodes

Fuel electrodes, where NiO is mixed with electrolyte material (GDC, YSZ,
ScCeSZ), are called Ni-cermets. The NiO is reduced to Ni in the fuel atmo-
sphere at high temperatures, providing electrodes with excellent electronic con-
ductivity. Ni also promotes the possibility of internal reforming of hydro-
carbons, making it possible to use them as fuel. The electrodes’ necessary ionic
conductivity comes from the mixed electrolyte material [6,7,24,26].

The reactions in Ni-cermet electrodes (Eq. 1, 2 and 3) can only take place in
the triple-phase boundary (TPB) — the boundary between connected electrolyte
particles, connected Ni-particles and the gas phase. If the particles are not con-
nected, then they cannot provide pathways for electronic conduction (Ni-
particles) and/or oxide ion conduction (electrolyte material particle). Hence, it
cannot work as an active reaction site [6,7].

2H, + 202~ 2 2H,0 + 4e” (1)
2C0 + 202%™ 2 2C0, + 4e™ )
CH, +40?" 2 CO, + 2H,0 + 8e~ (3)

The Ni-particles at high temperatures over a while tend to minimize their
surface energy with coarsening and taking spherical shape, leading to a decrease
in the electrode’s electronic conductivity. However, the Ni electronic conduc-
tivity is still excellent even after coarsening (410 S cm™ at 900 °C) [14], but
coarsening still leads to a decrease in active TPB length, which leads to a loss in
electrochemical performance [27].

Ni-catalyst is also prone to coke formation (when hydrocarbons are used as
a fuel) and intolerance to some inorganic impurities [11,28-30]. One of the
major problems lies with sulphur poisoning since most hydrocarbon fuels
contain it and the complete removal of it is a costly process. Some methods
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increase the Ni resistance to poisons, for example, creating Ni/gold alloys with
magnetron sputtering [31,32]. However, these methods are still costly.

Coking takes place if dry hydrocarbons are feed directly to the fuel
electrode. Steam reforming is used to avoid it. However, since relatively high
concentrations (depending on temperature) of steam are necessary (usually
steam to carbon ratio is set to 2:1), the fuel gets diluted and po, increases, which
leads to a decrease in efficiency and catalytic activity [16,33,34].

One of the most significant challenges for using Ni-ceramics is its stability
at high temperature against oxidation in the air. However, volume changes
taking place during successive cyclic reduction and oxidation (redox cycles)
may be detrimental to the fuel electrode unity. The shrinkage of NiO particles
during reduction is ~40%, and the increase of volume during oxidation of Ni is
~66%. This might be vital in fuel electrode-supported cells, where the redox
cycles might lead to electrolyte cracking. The Ni-oxidation can occur due to
accident (problems with fuel supply, leakage in seals) or under high fuel utiliza-
tion conditions, where the po, can locally increase above critical levels [8,9,
35,36].

4.3. Ceramic fuel electrodes

The search for alternative fuel electrode materials to Ni-cermets is very active in
the SOC field due to the reasons mentioned in the previous paragraph. Full
ceramic anodes are envisaged as far more redox stable materials when com-
pared to metal-cermets — there is no immense expansion relating to metal oxida-
tion. Many oxides are stable in both oxidizing and reducing atmospheres, with
only slight oxygen stoichiometry changes taking place when the atmosphere is
switched from oxidizing to reducing. Thus, for a limited number of materials,
only minor volume changes occur when switching between gas atmospheres
[9,16,26].

Some of these electrodes have shown fewer problems with particle coar-
sening, sulfur poisoning, and carbon deposition in comparison with the fuel
electrodes containing metallic Ni. One of the most significant advantages of
MIEC material is the fact that reaction sites are not only on TPB. The fuel oxi-
dation can occur in the whole gas-solid interface in these materials compared to
Ni-cermets, where the reaction can only happen in the TPB region [16,37].

MIEC materials can have different crystal structures. However, the most
prominent ones seem to be perovskites (ABQOj;). This structure is highly flexible
in the sense of tolerating various cations in the crystal lattice; hence it is pos-
sible to tailor the material properties with appropriate metal cation substitutions
[16].

4.3.1. LaCrOs_s-based materials

LaCrOs_s are used as SOC interconnect materials since they have excellent
chemical stability in both oxidizing and reducing atmospheres [17,38,39]. In
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principle, LaCrO;_sbased materials could also be used as SOC electrodes.
However, without increasing conductivity, the active area where reaction could
take place would be limited. Thus, the polarization resistance (R,) of the
electrode would be too high. Numerous studies have been published about
substituting elements of this material with various dopants to decrease its R,,.
The A-site is usually doped with Sr and B-site with different elements like Mn,
Ni, Fe, Co, Ga, etc. [40—43]. One material that has shown comparable perfor-
mance to Ni-cermets and has shown to be more resistant to coking is
Layg 755r9.25Cro sMng 3Nip203_s(LSCMN)[17,43].

As mentioned in the previous paragraph, one of the indicators for the
chemical stability of the electrode is its chemical suitability with the electrolyte
material (lack of interfacial reaction between electrode and electrolyte). Tao and
Irvine [44] have shown with XRD measurements that no new phases have
formed during sintering zirconia and Lag 7551 25CrgsMng sO;_s (LSCM) together
at 1300 °C in air. However, surprisingly studying a slightly modified version of
LSCM, Cey Lag45S1r25CrosMngsO;3_s (CeLSCM), Lay et al. [45] showed the
formation of SrZrO; in the Ar atmosphere at 1250 °C. From these results, it
could be concluded that the stability of the material and Sr-mobility are heavily
dependent on the exact chemical composition and stoichiometry of the material.

There has been extensive research to evaluate LSCM-based materials stabi-
lity in different po, atmospheres. Zha et al. [46] reported only 1% volume
difference between oxidized and reduced (pure H, atmosphere at 950 °C)
Lag 75510,5Crg.4sMng 550;5_sat room temperature. However, this result does not
mean that there is not more significant volume change at SOC working tempe-
rature, so this result might not mean much. Lay et al. [45] observed an increase
in CeLSCM lattice parameters when the po, of the sample gas atmosphere was
changed from high to low po,. They proposed that this effect is related to the
reduction of the manganese oxidation state, which was accompanied by an
increase of oxide ion vacancies. However, this phenomenon was not observed
in the case of LSCM with thermogravimetric analysis (TGA) when the gas
atmosphere was switched from air to the Ar [47]. Surprisngly, Bossch and
Mcintosh [48] showed 4.4% weight loss in the case of LSCMN when the gas
atmosphere was changed from N, to 5% H,, 95% N, mixture. From these
results, it could be concluded that the oxide ion vacancies start forming only at
very low po, atmosphere.

LSCM is a p-type electron conductor, which means that its electronic con-
ductivity is higher in O, rich atmospheres and is decreased in a fuel atmosphere
eq. 4 [45,49,50].

2Mny, + 05 = 2Mnyy, + V' + 0.50,(g), 4)
where Mnj,,, is Mn*" positioned in the Mn®" lattice site, O3 is neutral oxide ion

positioned in its lattice site, MnY, is Mn’* sitting in its lattice site and V" is
oxide ion vacancy.
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During the reduction of Mn*" to Mn*", the lattice parameter increases due to
two main reasons. Firstly, the oxide ion vacancies are formed to compensate for
the change in lattice charge resulting from manganese reduction. Secondly, the
reduction is accompanied by increased Mn-O-Mn length, leading to a somewhat
lower electronic conductivity of the material [44,51,52].

Unfortunately, only a limited amount of information is available in the
literature about LSCM-based materials stability and degradation behaviour. Lu
and Zhu [53] reported a 40 h stability test in the fuel cell mode, where they
observed LSCM linear degradation, which they believed to be related to particle
coarsening. A significant increase in the LSCM series resistance (R;) in the
electrolysis mode was reported by Xing et al. [54]. In co-electrolysis mode,
Yoon et al. [55] reported a 1.21 times increase in the R, after 40 h of cell opera-
tion at 0.5 A cm ™. However, R; did not change in their experiment.

The lack of stability information on LSCM-based materials in most papers
and a few studies where degradation has been addressed makes it evident that
instability problems are ignored in several cases. Thus, detailed research about
LSCM-based materials is necessary.

4.3.2. SrTiO3z_s-based materials

SrTiO;_gbased materials are promising MIECs to be considered as SOC
electrodes. There are different ways to improve the n-type electronic conduc-
tivity of these materials. One way is to dope the material’s A-site with donor
dopant like La**. La,_Sr,TiOs_s (LST) materials have demonstrated excellent n-
type electron conductivity at SOC fuel electrode working conditions (80 —
360 S/cm at 1000 °C and in reducing atmosphere) [56,57].

Another way to improve its electronic conductivity is to create A-site
vacancies to the perovskite lattice (A;xBOs;_s). High n-type conductivity in
reducing atmospheres can be explained by the formation of free electrons,
described by the following equations [58]:

AO+ V5 +V,/ =05 + 45 Q)
X 14 1 .o
05 = 2e' +50, + V5 (6)

Creating A-site deficiency into lattice leads to the formation of A-site vacancies
(V4"), which according to Le Chatelier’ principle, shifts the equilibria (eq. 5) to
the right. Thus, the amount of oxide ion vacancies is also decreased. The in-
crease in O} and the decrease in the concentration of V;* lead to the shift of
equilibrium of the eq. (6) to the direction of facilitated removal of lattice
oxygen, the formation of oxide ion vacancies and associated generation of free
electrons. Another potential positive aspect accompanying A-site deficiency is
the suppression of Sr segregation to surface and mobility [59,60].
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There is also a possibility to improve electronic conductance by reducing
the unit cell volume. Substituting Sr** ion with smaller Ca*" cation forming
Lag,Srg7xCayTiO3_5 (LSCT4-) for example, leads to a decrease in the unit cell
volume and an increase in electronic conductivity if x < 0.45 [61]. LSCTx-has
high electronic conductivity (27.53 S cm™" at 900 °C in po,=10""" bar atmo-
sphere) and excellent chemical stability, which can be further improved by
mixing of the ionic conductor like YSZ or GDC into the fuel electrode material
[62]. Incorporating the GDC phase in the fuel electrode also improves the
electrocatalytic performance of the SOFC anode [63,64]. Huang et al.[65]
reported a significant decrease of electrodes R, by mixing oxide ion-conductive
electrolyte material with LST. This effect indicates insufficient ionic conducti-
vity of LST.

B-site cations have a high impact on the electronic conductivity of SrTiO;-
based materials. The cation’s ability to attain multiple oxidation states allows
electron hopping from B™ " to B™. Therefore, B-site doping is also an effec-
tive way to improve material conductivity. Numerous elements (Mn, Zn, Ni, Cr,
Ge) have been studied as a possible dopant for titanate’s B-site [66—69]. In the
case of LSCTa_, Ni and Fe doping successfully increased the materials electro-
nic conductivity [70].

The stoichiometry in perovskite and A-site deficiency significantly influen-
ce the quantity of elements on the surface. Thus, especially the B-site dopant,
due to its multivalent nature, determine MIEC materials electrocatalytic pro-
perties.

It has been shown that the conductivity of LST based electrodes depends on
thermal treatment. The material that has been thermally treated at high tempe-
ratures at a reducing atmosphere can have an order of magnitude higher conduc-
tance compared to materials treated at lower temperature and/or in air atmo-
sphere [57].

LST-based materials have demonstrated excellent redox stability — less
than 0.1% relative expansion at 1000 °C when the gas atmosphere is switched
from air to low oxygen-containing (po, = 10™'*) atmosphere [56].

As mentioned already, one of the indicators for the chemical stability of the
electrode is its suitability with the electrolyte material. Neagu and Irvine [71]
tested the compatibility of YSZ with LST in the air at 1400 °C and reported that
no reaction takes place between these materials, which indicates titanates good
compatibility with electrolyte. However, Chen et al. [72] observed solid-state
diffusion of Ti from LST into (Sc;03)0.10(Ce02)0.01(Z1rO3)80 (ScCeSZ) electro-
lyte material and Zr and Sc interdiffusion into LST at 1200 °C in air. Based on
cases mentioned above and conclusions made in literature [60] it could be stated
that mobility of Sr, i.e. reactivity of LST-based material with zirconia-based
electrolyte is highly sensitive on the precise cationic stoichiometry of MIEC
material. Moreover, the electrochemical activity also is dependent on the exact
stoichiometry of the material.
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4.3.3. Surface activation by particle ex-solution

Very active surfaces can be synthesized using ex-situ methods like infiltration
of catalyst particles [71,73,74]. However, with redox ex-solution, it is possible
to get an active surface during cell operation [71]. Exsolved particles have a low
tendency to merge even if they are very closely packed together (spaced by less
that one particle diameter) [75]. Exsolved Ni-particles have exceptional resis-
tance to coking when a hydrocarbon is used as a fuel for SOFC [75,76].
Another great aspect of ex-solution is that it is usually mostly reversible [77].
This means that these particles can be re-dissolved in the host lattice by oxida-
tion and then re-exsolved upon reduction. However, this process is not fully
reversible and not applicable to every system [78].

Redox ex-solution seems to be driven by phase decomposition and cont-
rolled by defects, temperature and gas atmosphere [75,79]. During the reduc-
tion, the lattice loses oxygen and gains electrons. At one point, when the defect
concentration reaches a certain threshold level, B-site cation nucleation takes
place. B-cation migration in perovskites is likely to occur between adjacent B-
sites along a curved trajectory in the (110) planes [80]. At one point, the
metallic form becomes favourable for the cation, which leads to its ex-solution.

Enrichment of surface with A-site cations hinders the exsolution of B-site
cations, which is one reason why A-site deficiency is used in these materials
[75,81,82]. The A and oxygen-site deficient perovskite may also be considered
as B-site excess, which also explains the B-site cation ex-solution. Another im-
portant aspect that defines the surface processes is the extent of B-site cation
reduction. It has been found that even with 20% A-site deficiency, exsolution
does not take place if the extent of B-site reduction is under 5% [81].

4.4. Factors influencing the cell voltage

According to the Nernst equation, the SOC at open circuit conditions has a
potential difference (F) between the electrodes. It is related to the SOC reaction
free energy change, AG,

AG = —nFE (7)
where n denotes the number of electrons participating in the reaction and F is
Faraday constant. In this case, the Nernst potential is called the theoretical open-

circuit voltage (OCV) of the SOC. It can be calculated using the following
formula (if hydrogen is used as a fuel):

f f 2 a
_ AG _  AG _  AG® RT PHy0 _ 0 4 RT [ PH, Po,
E= nF  2F  2F 2Fln< f °'5> =E"+ 4ar\ f 2 ®)

szp(ajz szO
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where pg,is the partial pressure of oxygen in the air electrode compartment,

p};Z and p£2 o are respectively, the partial pressures of H, and H,O in the fuel
electrode compartment, R is the ideal gas constant, and T is the absolute tempe-
rature.

The Nernst potential is not a function of current density (i) and is constant

as long as pgz, p}:,z, p[,zo are fixed values. However, suppose the gas flow rates

in both electrode compartments are not high enough. In that case, the concentra-
tion of the reactants will change during the operation, which will lead indirectly
to the change in Nernst potential [6,22,83].

A significant amount of energy is lost to heat (and entropy, depending on
reaction) when converted with SOC. Unless SOEC is used at thermoneutral
potential, where the heat generated in the SOC is used to activate the endo-
thermic electrolysis reaction, in this case, the theoretical conversion efficiency
is 100%. It will be slightly lower in practice due to gas leakage, heat losses, and
electronic losses through the electrolyte [84].

The conversion losses result in the change of cell potential from the OCV to
lower potentials, in the case of SOFC, and higher potentials in SOEC. The cell
potential change due to current density through the cell is often referred to as
polarization. The cell voltage dependence on current density curves is called a
polarization curve (or i-V curve) [6,22,85].
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Figure 2. Typical solid oxide cell polarization curve. The blue line corresponds to
electrolysis mode and the red line to fuel cell mode.
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In Fig. 2, a typical polarization curve for solid oxide cells is given. The curve
has three characteristic regions that have distinguishably different slopes. The
contrast comes from the difference in the origin of the voltage loss. The closest
region to OCV conditions (0 A) is referred to as activation polarization. The
middle linear polarization region is called the ohmic polarization since the
voltage drop follows Ohm’s law. The highest current density region is named
the concentration polarization.

Activation polarization is an unspecific term that is used for different re-
action rate limitations. Usually, it is used when the limitation is in the non-linear
low-current region of the polarization curve. However, it is not exactly dis-
tinguished what is at hand. The limitation’s origin might be related to several
processes taking place at either of the electrodes. Some of these are:

e Processes that are related to reactant molecules — adsorption at the electrode
or bond breaking

Surface diffusion of intermediates to TPB

Transfer of ions through the electrode/electrolyte interface

Electron transfer to molecule

Desorption of reaction products

Concentration polarization, similarly to activation polarization is also a general
term. The term “concentration polarization” is used for all kinds of physical
“resistance” to the gaseous species transport on either of electrodes. During the
transport of the gaseous reactants from the gas phase to the reaction site diffe-
rent processes like diffusion and adsorption/desorption at the electrode surface
can occur [6,86,87].

Cyclic voltammetry is an excellent tool for estimating actual cell or electrode
performance. The power density (P) from these curves can be calculated:

P=Ei 9)

However, to identify the limiting processes in the electrode and to quantify the
impact of these processes on cell performance, additional information from
other methods is necessary. One of these methods could be electrochemical
impedance spectroscopy (EILS).

4.5. Electrochemical impedance spectroscopy

EIS experiment involves excitation of an electrochemical cell with low alter-
nating voltage amplitude at different frequencies and measuring the current
response (Fig. 3). The experiment can also be done vice versa (with current
excitation and voltage response). However, the measurement can only be
conducted at steady-state conditions. In the case of voltage perturbation, the
signal can be expressed as:
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V(t) = Vysin(wt), (10)

where V(t) is alternating voltage (AV) at a specific time, Vj is AV amplitude
value, w is the angular frequency w = 2xf, fis the frequency of the perturba-
tion signal.

The current response to the perturbation is also expressed as a sinusoidal
wave:

1(t) = I(w)sin(wt + ¢p(w)), (11)

where [(t) is the alternating current (AC) response to the alternating voltage at a
specific time, Iy is the frequency-dependent AC amplitude value, @ (w) is the
frequency-dependent phase shift between the voltage and current wave forms.
According to Ohm’s law, the overall impedance is calculated from a ratio
between complex variables of voltage and current:

Z(0) = 73 = |2(0)[e?@) = |Z(@)|(cosp(@) +ising(«),  (12)

where Z(w) is frequency-dependent total impedance and j is the imaginary unit.
The total impedance can be separated into real (Z(w)") and imaginary part

(Z(w)"):

Z(w) =Z(w) +jZ(w)" (13)

OCV (~1.1V)

E(V)

E_*E(t)
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ﬁ

>
hoag* (1) i(Acm?)

Figure 3. Schematic of impedance measurement. A sinusoidal voltage (E(t)) with small
amplitude (peak to peak amplitude in the figure, Ey,,) is applied to steady-state cell
voltage (E ) as excitation, and the current response /(t) with current amplitude (peak to
peak amplitude in the figure, /o,.,) is measured.
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The measurement is usually carried out at a fixed number of defined fre-
quencies. The real- and the imaginary part of impedance at those frequencies
are plotted in a complex plane, called the Nyquist plot (Fig. 4). The first inter-
cept at high frequencies in the SOC Nyquist plot corresponds to the high-fre-
quency series resistance or ohmic resistance of the cell (R;), mainly caused by
the electrolyte resistance. The difference between the low and high-frequency
intercept corresponds to the polarization resistance (R,) of the cell (Fig. 4),
which combines all the reaction resistances in both electrodes, including mass-
transfer, charge-transfer and adsorption limitations [6,85,88,89].

B e Measured

Q
©

R z
Figure 4. Experimental Nyquist plot (black dots) and the fitting result (red line) with a

priori defined equivalent circuit model consisting of R, in series with 3x -RCPE-
elements.

There are two approaches to characterize only a single SOC electrode resis-
tances with EIS. Firstly, it is possible to measure symmetric cell with identical
electrodes at 0 V AV potential with small AV perturbation. The measurement
gives the sum of both electrodes polarization resistance, divided by 2 to get it
for the single electrode. However, this measurement cannot be conducted at
operando conditions, i.e., no current can go through the cell. Characterization at
operating conditions is possible using a 3-electrode system with a reference
electrode (RE) in addition to the working electrode (WE) and counter electrode
(CE). In this case, the small AV signal is superimposed on a DV polarization.
However, according to the literature, the thin film solid electrolyte configuration
is not ideal for accurate impedance studies. Many errors arise with the mis-
placement of electrodes. Generally, to minimize errors, exact alignment of WE
and CE is necessary, and the distance between RE and WE should be at least 2-
3 times the electrolyte thicknesses [90-93].
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4.5.1. Equivalent circuit fitting

Separating the limiting processes using EIS relies on the fact that various
limiting processes have different time constants. To identify the limiting pro-
cesses in the system and evaluate the magnitude of the different physical pro-
cesses and time constants mentioned in chapter 4.4. an equivalent circuit con-
sisting of RLC elements (resistors, inductors, capacitors) should be developed.
The following (Table 1) parameters govern the response of an electrical circuit
consisting of a single RLC element:

Table 1: Properties of different equivalent circuit elements (resistor, inductor and
capacitor). |Z| corresponds to the magnitude of impedance, Z’ to the real part of impe-
dance, Z” to the imaginary part and ¢ to phase shift between the voltage and current
waveforms.

|Z] z z" @

Resistor R R 0 0
Inductor wl 0 jalL 90°
Capacitor 1/wC 0 —j/aC -90°

The fundamental element to describe electrochemical processes resistive-capa-
citive behaviour is the RC element, a parallel circuit of an ohmic resistor, and a
capacitor. The impedance of the RC element (eq. 14) is called Z,. since it
corresponds to an arc in the Nyquist plot and a specific limiting process in the
system.

_ R
1+j(lJTRC’

(14)

Z arc

Where T is the time constant for the specific limitation (7. = RC).

However, since the SOC electrode has complex microstructure and 3d poro-
sity, its microstructure differs from 2d ideal capacitor plate. As a consequence,
the time constants (resistive and capacitive behaviour) for different processes
might vary over different regions on the electrode. So limiting processes instead
of having a concrete relaxation time, usually are characterized by a distribution
of relaxation times around maximum. In order to describe this kind of beha-
viour, constant phase element (CPE) is usually used. The mathematical repre-
sentation for it is given in eq. 15. A Nyquist plot fitted with R in series with 3x -
RCPE- element is given in Fig. 4 [6,89,94-96].

Zcpp = A7 (jw)T%ePE, (15)

where A is the CPE coefficient and a.pg is the fractional exponent. If a-pgis 1,
then CPE is equal to capacitor. However, if acpg is 0.5, then the 45° line is
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produced on the complex plane plot. If CPE is put to in a parallel circuit with a
resistor, then depressed semi-circle is formed [94].

The Nyquist plot is fitted, i.e., unknown values of different equivalent cir-
cuit elements are usually evaluated, using Complex Nonlinear Least Squares
(CNLYS) fit. The quality of modelling is estimated using the chi-square function
(), and the weighted sum of squares (4%) is used to get relative error para-
meters [97].

Unfortunately, very rarely, EIS can be used as a “standalone” method to
identify the limiting processes in the SOC. More information from other
methods (preferably operando methods) is needed to construct or validate the
equivalent circuit used for fitting.

4.6. X-ray diffraction

SOC electrodes and electrolyte are polycrystalline. The electrochemical activity
and stability of these materials are dependent on the crystallographic properties
and chemical composition of different phases in the material. X-ray diffracto-
metry (XRD) can give averaged information about crystallographic bulk pro-
perties. Distinguish the arrangement of atoms, identify them and quantify their
amount in the unit cell. It is also possible to evaluate strain, domain sizes for
different phases and identify and quantify defects in the lattice. However,
deconvolute all this information, high-quality data is necessary [98—100].

The maxima in the diffraction pattern resulting from constructive inter-
ference between X-ray waves (usually monochromatic) that have elastically
scattered from different lattice planes. The condition for constructive inter-
ference at a certain diffraction angle is given in the Bragg equation [101,102]:

nld = 2d sin @, (15)

where n is an integer number, A is X-ray wavelength, d is the distance between
lattice planes and @ is diffraction angle.

The amount of independent lattice plane sets (d-spacings) that one crystal
structure can have is defined by its lattice parameters, which describe the unit
cell’s size and shape. The number of unit cell parameters depends on the
phase’s crystal symmetry varying from 1 (in the highest crystal symmetry
cubic) to 6 (lowest crystal symmetry, triclinic). Therefore, if we know the
lattice’s crystal symmetry and Bragg peak positions (d-spacing), it is possible to
calculate lattice parameters [103,104].

The unit cell contents and their positions are coded in the relative integral
intensities (area) of the diffraction maxima for given crystalline phase. The
integral intensity of a Bragg peak with plane indices hkl (I;) corresponds to:

Ingy = CM|Fyyy?, (16)
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where C corresponds to different corrections with the most significant perhaps
being: Lorentz and polarization corrections, which are dependent on the precise
geometry; Debye-Waller factor, which is due to thermal vibration of the crystal;
absorption correction, which is related to X-ray absorption in the material. M
corresponds to the multiplicity factor, which takes into account that some lattice
planes have other family planes with the same spacing. For example, (100)
plane in cubic symmetry has five other family planes ((010), (001), (100),
(010), (001)) that contribute to the same Bragg peak. Fy is the structure factor,
which in the case of XRD corresponds to the Fourier transform of the electron
density [99,103,105].

Theoretically, perfect diffraction from an ideal crystal should result in inde-
finitely sharp reflection. Unfortunately, neither the experimental setup nor the
sample is ever perfect. This leads to peak profile broadening. Instrumental func-
tion describes the instrumental broadening at a certain diffraction angle. Sample
related contributions take into account imperfections in the crystal (crystal size,
defects and stacking faults).

Scherrer [106] gave a basic empiric definition for the “apparent” domain
size, which can be calculated from a single Bragg peak:

KA
b= B cos@’ (17)

where p is true crystallite size, K is Scherrer constant (shape factor), § is an
integral breadth of diffraction peak (which must be corrected for instrumental
broadening). However, the full width half maximum (FWHM) was used ini-
tially and sometimes still is used instead of S.

However, since it is a single peak analysis, it misses any anisotropy effects.
The other problem lies with a Scherrer constant, which depends on the shape of
the crystal. In practice, crystallites usually are irregular in shape, but on average,
they may often be regarded as having a regular external form. Langford and
Wilson [107] have defined the shape factor for four different crystallite shapes
for all the lattice planes depending on the crystal symmetry (cubic, tetrahedral
and octahedral). Another problem with the Scherrer equation is that it doesn’t
take strain broadening into account. Although the Scherrer equation is very po-
pular for crystallite size determination, it should be used cautiously [107,108].

Another widely used method is based on the assumption that both size and
strain (¢) broadening is Lorentzian, which plot integral breadths of all
diffraction maxima against the diffraction angle. These methods are based on
the Williamson-Hall equation [109]. One of these modified variants is the uni-
form deformation model [110,111]:

B cos @ =@+4esin6. (18)
P
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However, this method only works if the peaks are not overlapping. Moreover, it
does not work if there is an anisotropic line broadening [108].

The Double-Voigt approach is one of the modern methods for XRD line
broadening analysis, where both size and strain are considered Voigt functions,
which is a convolution of both Gaussian and Lorentzian. This method works in
part of the whole pattern fitting where all the different contributions (including
instrumental) to the maxima are fitted. Thus, the overlapping of peaks is less of
an issue. The differentiation of strain and crystallite size comes like in the
Williamson-Hall method from the angular dependence. However, this method’s
drawback is that a good fit of the whole diffraction pattern is necessary to get
any meaningful results [108,112].
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5. EXPERIMENTAL

5.1. Preparation of single cells

Electrolyte supported single cells were all prepared under well-controlled condi-
tions. Either commercial 250 mm thick (Scy03)0.10(Ce02)0.01(Z1O3)o.89 (ScCeSZ)
(Kerafol) membranes or 220 um thick membrane with the same chemical
composition prepared in-house from dense electrolyte films were used.

Electrolyte paste for dense electrolyte layer was made of
(8¢203)0.10(Ce02)0.01(Zr03)089 (ScCeSZ) powder (Scl10CelSZ-TC, Fuel cell
materials) mixed with solvents (ethanol and xylenes, both from Sigma Aldrich)
and dispersant (Menhaden fish oil, Sigma Aldrich) in a weight ratio 30:23:1,
respectively, and ball-milled for 24 h. The binder (polyvinylbutyral B-98,
Sigma-Aldrich) was added to the mixture in a weight ratio 2:27 and homo-
genized for additional 24 h before adding the plasticizers (ployethylene glycol
with an average molecular weight of 400 g/mol, Aldrich; benzyl butyl phthalate,
Merck) in a weight ratio 3:56 and ball-milled another 24 h. The slurry’s de-gasifi-
cation was achieved by the very slow rotation of the paste for a minimum 24 h.
The slurry was cast using AFA 1 Automatic Thick Film Coater (MTI Corpo-
ration) with a speed of 40 mm/s. The tapes used to form porous electrolyte
scaffolds were prepared similarly except that different ethanol-to-xylene ratio
(2.5:10) were used to accommodate the pore former’s addition (graphite with
particle size distribution 2—15 pm, TIMCAL).

ScCeSZ wafers were fabricated by laminating together either four green
tapes (porous-dense-dense-dense) if the fuel electrode was impregnated into
porous electrolyte matrix or three green tapes (dense-dense-dense) if the fuel
electrode was added either by screen printing or pulsed laser deposition (PLD) on
the electrolyte. Laminating was done using isostatic compression (isostatic la-
minating system ILS 46, Keko Equipment) and followed by sintering at 1400 °C
for five hours. The dense electrolyte thickness was 220 pum, and the geometric
surface area of the porous electrode, if used, was 0.87 cm”.

In all experiments, the oxygen electrode was the same and was made of
Lag ¢Srg4C005_s (LSC) paste, as described in ref [113]. In order to avoid the
formation of a poorly conductive SrZrO; phase, the Ce9Gdy0,-s (Fuel cell
materials) chemical barrier layer was deposited between the cathode and the
electrolyte using a screen-printing method. The thickness of the electrode was
always 40 um. However, the active geometric surface area was in the first
experiments (when Ni-GDC was used as a fuel electrode) 0.28 cm® due to the
spatial limitations of the initial operando XRD-cell. In all the other experiments
(when a full ceramic fuel electrode was used), 0.87 cm® was the active geo-
metric surface area.

Three different fuel electrode groups were studied in this thesis. Firstly, the Ni-
GDC electrode was studied as a model system to evaluate the developed operando
XRD method’s capabilities. Secondly, Lag75Srg25CrosMng3Nig,0;-5 (LSCMN)
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with also two different microstructures was studied. Finally,
Lag25Sr925Cag4Ti; «NixO3_s (LSCNT-x) at five different Ni concentrations (x =
0, 0.02, 0.05, 0.1, 0.2) were studied.

An 8 pm thick Ni-GDC fuel electrode porous anode with a 0.5 cm” geo-
metric surface area was prepared using the screen-printing method. The screen-
printing paste was from Fuel Cell Materials (60% NiO, 40% Gdy.;Ce90;-s),
which was diluted in isopropanol, so the concentration of the paste would
decrease five times to get a thin enough electrode, so the X-rays could penetrate
through the whole electrode. The calculated penetration depth for 99% of X-
rays at 26 value corresponding to the GDC (220) maximum was 8.5 pm. The
electrode was sintered at 1350 °C.

A nonporous LSCMN electrode was deposited on the ScCeSZ electrolyte
with a pulsed laser deposition (PLD) method. The LSCMN pellet was used as
an ablation target, and a KrF excimer laser (COMPexPro 205, Coherent; wave-
length 248 nm; pulse width 25 ns) was used for deposition. The target was
ablated by using a laser pulse energy density of 3.3 J/cm? in the oxygen back-
ground of 5 x 107> mbar. Substrates were kept at 700 °C. Other typical process
parameters are as follows: laser pulse repetition rate 10 Hz, the total number of
laser pulses applied was 72000, and the distance between the substrate and the
target was 75 mm.

The porous LSCMN fuel electrode was made by impregnating the porous
ScCeSZ scaffold with aqueous solutions of corresponding salts with stoichio-
metric proportions. The raw solution for preparation of the fuel electrode con-
sisted of La(NO3);-6H,O (99.9%, Alfa Aesar), Sr(NOs), (99.9%, Alfa Aesar),
Cr(NO;);-9H,0 (98.5%, Alfa Aesar), Mn(NOs),-xH,0 (99.9%, Alfa Aesar) and
Ni(NOs),-6H,0 (99.999%, Sigma-Aldrich). Inductively coupled plasma mass
spectrometry (ICP-MS) was used to measure the exact stoichiometry of raw
solutions (8800 QQQ ICP-MS, Agilent). The citric acid in a molar 1:1 ratio
(metal cations) was used as a complexing agent for LSCMN solution in order to
assist the formation of the perovskite phase at lower synthesis temperatures. Each
impregnation step was followed by a 0.5 h heat treatment at 450 °C to decompose
the selected and deposited nitrates. This procedure was repeated until the desired
mass loadings of LSCMN (50 mass%) was achieved. The synthesized electrodes
exact stoichiometry was Lag 750.015)ST0250.005)Cr0.500.017 Mo 300.008)Nio200.004)O03-5
The mass percentage of a mixed ionic electron conductor (MIEC) was cal-
culated relative by dividing MIEC material mass with a total weight of porous
scaffold plus the MIEC material mass itself. As a final step, the cell was
calcined at 1000 °C for five hours.

The LSCNT-x fuel electrodes were made using the screen-printing method.
The electrode powders were prepared by using the glycine-nitrate combustion
synthesis method. Nitrate solution was prepared using La(NOs);-6H,0 (99.9%,
Alfa Aesar), Sr(NO3), (99.9%, Alfa Aesar), Ni(NO3),-6H,0 (99.999%, Sigma-
Aldrich), Ca(NOs),"4H,0 (99.9%, Alfa Aesar) and CsH;sN,OsTi 50% solution
in water (Sigma-Aldrich), as precursor materials and glycine (99%, Sigma
Aldrich) as reducing agent was applied. The mole ratio of the sum of metal
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cations to glycine was 1:1.5. This time, the exact concentrations of the precursor
solutions were determined using thermogravimetric analysis (STA 449 F3 Jupi-
ter, Netzsch) for each metal cation raw solution, except Ca”" solution, which
was analyzed using ICP-MS (8800 Triple Quadrupole ICP-MS, Agilent). The
reason for not using ICP-MS for all of the solutions was better reproducibility
of TGA measurements and systematic errors in evaluating Ti(IV) concentration
with ICP-MS. The synthesized powders were calcined at 900 °C for 20 h. The
exact stoichiometry of the synthesized powders (Table 2) was confirmed with
X-ray fluorescence spectrometry (XRF) (Rigaku ZSX Primus II) using glass
bead standards made in-house with borate fusion.

Table 2 Expected and experimentally obtained (based on XRF analysis) cationic
stoichiometries in Lag,5Sr25Cag4T1;_xNiyO;_spowders.

Stoichiometry of interest Abbreviation La Sr Ca Ti Ni
Lag»5S1025Ca4Ti05_s LSCT 025 026 039 099 0
Lay »5Sr0.25Ca0 4Tip 9sNi0 02035 LSCNT-2 025 026 039 097 0.02
Lag25Sr0.25Cag 4Tig.9sNig 0503-5 LSCNT-5 0.25 026 039 094 0.05
Lag25S10.25Cag 4TigoNig 1055 LSCNT-10 025 025 040 091 0.10
Lag25S10.25Cag 4Tig sNig 055 LSCNT-20 0.25 025 040 0.79 0.20

To increase the ionic conductivity of the electrode, GDC (fuel cell materials)
powder was mixed with LSCNT-x (1:1 weight ratio). Additives used to make
screen-printing raw-paste from the powder were o-terpineol (SAFC), which
was used as a solvent, Solsperse 3000 (Lubrizol), which was used as a disper-
sant, polyethene glycol (Sigma Aldrich), which was used as a binder and poly-
vinyl butyral (Sigma Aldrich) as a plasticizer.
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5.2. Electrochemical measurements

Solartron 1260 frequency response analyzer and 1287 potentiostat were used in
combination with Probostat™ (NorECS ceramics) measurement cell for all of
the electrochemical measurements. For operando XRD measurements, Gamry
interface 1000A was used in combination with a cell developed in-house expli-
citly for operando experiments. The single cells were always studied at gas
overflow conditions, where both anode and the cathode chamber gas flows were
controlled by Bronkhorst EL-FLOW SELECT F-201CV mass flow controllers.

The two-electrode cell configuration was used only for electrochemical
measurements of porous impregnated LSCMN electrodes. A three-clectrode
setup was used to control the studied electrode’s potential with all the other
measured electrodes. The Pt/porous Pt in O, (Pt/Pt/O,) was used as the RE. The
reference electrode was placed onto the same side and approximately 1 mm
from the CE for the experiments with Ni-GDC and LSCMN electrodes. The RE
electrode in the case of the LSCNT-x electrode was placed onto the same side
and approximately 1 mm from the WE to avoid gas conversion impedance.

In all the electrochemical experiments, synthetic air was used as an oxidant.
Humidified hydrogen was used as a fuel in all the SOFC mode experiments;
however, with different concentrations, mixed with inert gas (either Ar, N, or
He). “Humidified” in this thesis context means that the used fuel mixture was
lead through a gas bubbler containing MilliQ" water at 24 °C (3% H,O uptake).

Impedance spectra for the LSCMN electrode were measured with the AV
amplitude of 5 mV. The frequency region from 0.2 Hz to 1,000,000 Hz was
recorded under specific cell potentials (OCV, —0.8 V in fuel cell mode and
—1.5 V in steam electrolysis mode). Current collectors were made from Au (lot
no. 1120912, SPI supplies), which is catalytically relatively inactive the stripe
shape current collectors were made using a stencil printing method. The stabi-
lity tests were conducted in two different gas compositions (humidified H, in
fuel cell mode, and 30% H,O, 70% H, in electrolysis mode). The electro-
chemical measurement procedure is given in Fig. 5. The single-cell’s electro-
chemical stability was tested at —1.5 V in electrolysis mode and at —-0.8 V in
fuel cell mode at 850 °C. After every 24-48 h, the temperature dependence of
polarization resistance (R,) and series resistance (R;) was measured in order to
calculate the activation energies for their limiting processes. After the initial
electrochemical characterization, the impact of a redox cycle on the fuel
electrode characteristics was studied. For the redox cycle, the gas atmosphere in
the fuel electrode compartment was changed slowly from the fuel mixture to the
synthetic air atmosphere, where it was kept for 10 h. After reoxidation, the fuel
electrode was gradually reduced again, and its effect on cell performance and
stability was studied.
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Impedance spectra for LSCNT-x electrodes were recorded under specific
electrode potentials (OCV and —0.9 V) with the AV amplitude of 10 mV and
the frequency region from 0.01 Hz to 600,000 Hz. Cyclic voltammograms were
recorded using a scan rate of 5 mV s™. Two different hydrogen concentrations
were studied — humidified H,; humidified 50% H,, 50% Ar.

5.3. Physical characterization of the materials

Bruker-AXS D8 X-ray diffractometer with a Cu Ka radiation source (40 kV,
40 mA, a Goebel mirror, 2.5° Soller slits, and LynxEye 1D detector) was used
for all the XRD measurements, including in situ and operando measurements,
excluding Grazing Incidence XRD (GI-XRD) measurements. The lattice para-
meters were calculated using Topas software (version 4 and 6), and the XRD
full profile has been fitted using Fundamental Parameters peak type [114], using
known Au or corundum lattice parameters as a reference. The full profile fit was
considered sufficiently good if the residual (weighted pattern) values were
lower than 5%.

The PLD LSCMN electrodes GI-XRD measurement was performed on
diffractometer SmartLabTM (Rigaku) using a Cu rotating anode working at
45 kV and 18 mA, 0D scintillation detector, and parallel beam optical geometry
with 0.115° Soller slit analyzer. The diffraction pattern was measured between
diffraction angles of 19 and 70° with a step size of 0.02..

The microstructure of the electrodes was characterized with a scanning
electron microscope either high-resolution SEM Zeiss Merlin or Zeiss EVO
MA 15.

Time-of-flight secondary ion mass spectrometer (TOF-SIMS) (PHI TRIFT
V nanoTOF instrument) was used to visualize the microstructural and chemical
changes in LSCNT-x electrode taking place during sintering and cell operation.

Photoelectron spectra of LSCNT-x samples were measured by the hemi-
spherical analyzer (Scienta SES100) at pass energy 200 eV and using Al-Ka
radiation, with an overall resolution of approximately 0.8 eV. Curve fitting ana-
lysis of all photoelectron spectra was done using the SPANCF package
[115,116].

5.3.1. operando and in situ XRD measurements

The Anton Paar HTK 1200N high-temperature (HT) XRD chamber was modi-
fied to a dual-chamber setup to allow different gas atmospheres for both electro-
des and internal electrical contacts inside the chamber. The anode and cathode
gas compartments were both inside HT-cell and separated from the room
atmosphere and each other. The HT-chamber’s gas-tightness was achieved with
rubber o-rings in the low-temperature part of the high-temperature chamber.
The cathode and anode compartment was separated from each other with a glass
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seal from Scotch. The po; in the anode compartment was controlled by moni-
toring OCV (the po, in the cathode compartment was known). The schematic
drawing of the measurement cell is given in Fig. 6.

Operando XRD Ni-GDC measurements were conducted in 2 different gas
atmosphere (1% H,, 99% Ar and 5% H,, 95% Ar). Impedance spectra were
recorded at fixed electrode potentials and with AV amplitude of 10 mV, with a
frequency range from 0.2 to 100,000 Hz.

Heating
elements

Fuel Electrode
H ScCeSZ
2

F ——
LSC
Air
|
\

Figure 6. Schematic drawing of used operando XRD cell, where the high-temperature
chamber has two gas-tight compartments for the fuel mixture (noted as H, in the figure)
and synthetic air (noted as air in the figure), respectively.

GDC

With 5 mV AV amplitude and frequency of 0.2 Hz to 10,000 Hz, impedance
spectra were recorded in operando XRD LSCMN electrode at specific cell
potentials (-0.8 V and OCV). In the hydrogen gas compartment, two different
humidified gas compositions were used as fuel (5% H,, 95% He and 10% H,,
90% He). The experiments were conducted in the temperature range from 700
to 850 °C. After the initial operando characterization of electrochemical- and
crystallographic properties, the impact of a redox cycle on the single-cell
characteristics has been studied. For the redox cycle, the anode compartment
gas atmosphere was changed to 100% He at first, then to 2% O, in He and then
to 100% O,. After full oxidation of hydrogen electrode, the electrode was
reduced again — at first, 100% He was introduced and then 5% H; in He. After
the electrochemical and crystallographic monitoring of the redox cycle at
operando conditions, the single-cell was characterized again at the same condi-
tions as prior to the redox cycle.
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In situ XRD characterization of LSCNT-x powder was carried out in 3
different gas compositions (humidified 10% H, in N,; humidified 5% H, in N,;
air). The measurements were conducted at four different temperatures (700 °C,
750 °C, 800 °C, 850 °C). Corundum was used as a reference for in situ XRD
characterization at high temperature.
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6. RESULTS AND DISCUSSION

The discussion section of this thesis is divided into three different parts, based
on the chemical composition of the material studied. The first part focused on
the operando XRD study of the Ni-GDC model system to assess the developed
method’s capabilities for future MIEC material characterization. The second
focus was to characterize the electrodes’ different components’ crystal lattice
during cell operation. The second and third part of this thesis focused on
studying two electrodes from promising perovskite families to be used as a SOC
fuel electrode — doped LaCrO; and SrTiO;. However, during our early experi-
ments [117], it became evident that LSCM with our used cell configuration had
serious degradation problems during the initial electrode stabilization period. So
the second part of this thesis focused on understanding the reasons underlying
the Ni-doped LSCM materials instability using Lag75S125CrosMng3Nip,0;_s as
a model system. The third part involved a detailed study of titanate-based
(Lag25S1925Cag4Ti05_5) MIEC material with Ni-doping and assessing its in-
fluence on the electrochemical performance, crystallographic parameters and
stability.

6.1. Ni-GDC model system operando XRD
measurements data

Before Ni-cermets can be used as SOC electrodes at high temperatures, the NiO
needs to be reduced to Ni. Thus, the operando experiment was started with Ni-
GDC characterization during the reduction process, initiated by reducing gas
atmosphere (Ar with 1% H, addition) to the electrode’s chamber. In Fig. 7,
simultaneous change of electrode’s electrochemical performance and NiO re-
action to Ni overtime was visualized by plotting electrode’s polarization resis-
tance R, relative areas of Ni (111) reflections (26 = 44.0 deg.) and NiO (200)
reflections (260 = 42.8 deg.) vs time. Relative areas, which were obtained by
dividing the area of Bragg peak (either NiO(200) or Ni(111)) at a certain time
with the maximal area of the same reflection. Maximal areas for NiO (200) and
Ni (111) were obtained from XRD patterns before and after the reduction step,
respectively. As could be seen from Fig. 7, the electrode’s R, initially increased.
However, suddenly after 28 minutes, before Ni(111) was even visible in the
diffractograms, it had decreased quickly to a certain constant level. The initial
increase of R, could likely be explained by the formation of Ni on the NiO grain
surface. It has been reported that small amounts of Ni (approx. 1%) in NiO
leads to a significant (approx. 40%) decrease of oxide ion conductivity of NiO
[118].
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Figure 7. Change of R, and relative Bragg peaks areas of NiO(200) and Ni(111) planes
during the reduction of porous Ni-GDC electrode at 650 °C in Ar with 1% H,. A(Ni),
and A(NiO), are areas corresponding to Ni(111) and NiO(200) Bragg peak correspon-
dingly at a specific time during reduction, A(Ni)y.x and A(NiO),.x are the maximum
areas of Ni(111) and NiO(200) peak correspondingly.

The first signal from metallic Ni in the XRD pattern could be seen 3 minutes
after R,’s drastic decrease. By this time, the area of NiO (200) reflection was
decreased by approximately 20%, which was caused by the reduction of NiO to
Ni. At the time of the drastic decrease of the R,,, approximately 20% of NiO was
reduced, which is sufficient for the formation of the conductive Ni network into
the electrode. The invisibility of Ni-reflection up to this point was most likely
caused by too small crystallite sizes of the Ni particles and their low concentra-
tion. From Fig. 7, it could also be seen that the R, value remained at a constant
level after 60 mins of reduction. However, it took about 160 minutes to reduce
the NiO entirely, which means that the R, value at OCV conditions was within a
very wide range, almost independent of the NiO/Ni ratio in Ni-cermet anode
(same R, values have been measured between 58. and 125. minute). The effect
was likely caused by a slow reduction of Ni/NiO in the grain interior after
60 mins, which only slightly affects the TPB length.

The fastest Ni generation region in Fig. 7 started around 35 minutes after
the start of the reaction. Simultaneously, there was a significant decrease in R,
before it stabilizes at ~60 minutes. There are two possible reasons for this kind
of behaviour. Firstly, since the reduction of NiO to Ni is exothermic, it might
locally increase the temperature leading to a lower fuel electrode R, value.
Secondly, the surface area and the number of active sites of just synthesized Ni
might be very high, leading to a decrease of R,. However, as mentioned in
section 4.2, Ni-particles tend to coarsen to reduce their surface energy, leading
to a decrease in the number of active sites and the increase of R,. At one point
(60 minutes), when the reaction rate slows down, the R, stabilizes to some level,
corresponding to a more stable surface area.
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The dependence of lattice parameters of Ni-GDC phases was monitored as a
function of temperature, gas composition and electrode polarization. The in-
fluence of the gas atmosphere and electrode polarization on the position (26
value) of Ni(111) and GDC(220) peaks is visualized in Fig. 8.

a i — 1%H,0CV b _ — 1%H, 00V
23 1% H, 0.9V 88 1%H,-0.9V

= 5% H, OCV oo 5% H, 0CV
— 5%H,-0.9V / — 5%H,-0.9V

intensity
intensity

43.8 43.9 44 a4.1 442 443  46.8 46.9 a7 47.1 47.2 47.3
20(degree) 20(degree)

Figure 8. Ni(111) (a) and GDC (220) (b) reflections at 650 °C studied in different gas
atmospheres (1% H, and 5% H; in Ar) and electrode potentials measured vs reference
electrode (specified in the drawing).

Intensities of Ni(111), as well as GDC(220) reflections, were very slightly
higher in the 5% H, gas atmosphere compared to the atmosphere with only 1%
of H, (Fig. 8). This phenomenon was caused by higher X-ray transparency of
gas mixture with higher H, concentration.

A very slight (but systematic) shift of Ni(111) reflection to higher 28
values was observed when H, concentration increased in the electrode chamber
(Fig. 8a). This very slight decrease (0.0003 + 0.0002 A) of the Ni lattice para-
meter occurs simultaneously with the shift of GDC reflections toward lower 26
values. Most likely, the increase of GDC unit cell (lattice expansion lead to
lower 26 values) volume (Fig. 8b) developes some stress on the Ni grains. The
expansion of the GDC unit cell could be explained by a partial reduction of Ce**
to Ce *" (Eq. 19). This process was accompanied by an increase of n-type
electronic conductivity and release of molecular oxygen from the GDC lattice
(Eq. 19) [119,120].

2Cef, + 0F = Vi +2Ce'ce +50,, (19)

where Cef, and 0} are Ce and O on their lattice site, with a neutral charge.
V; is oxide ion vacancy with a double positive charge. Ce'c, is a Ce-lattice site
with Ce®" ion and single negative charge.

The electrode polarization was accompanied by the oxide ion flux through
the membrane (from the counter electrode to the working electrode), which
caused a shift in the position of GDC maximum to higher 2 8 values (decrease of
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the unit cell). This phenomenon could be explained by the increase of po, in the
porous electrode. At OCV conditions, there was no oxide ion flux through the
electrolyte, while at working conditions, there was. Thus, at operating condi-
tions (at —0.9 V), Ce’" will be partially oxidized back to Ce*", and the amount of
oxide ion vacancies in GDC will decrease. This lead to a change (decrease) in
the GDC lattice parameter.

The most significant polarization-induced GDC lattice parameter change
was observed in the gas mixture with 5% of H, and 95 % of Ar (the highest H,
concentration measured in this experiment). This was not surprising since
higher fuel concentration leads to higher current densities, i.e., higher oxide ion
flux through the membrane. The change of lattice parameter was not the same
through the whole electrode. Most likely, in the electrode region that was close
to the electrolyte, the greatest reoxidation takes place since there was also the
highest current density, thus, also the highest po, and the lowest pyp,.

5.51
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55 | ®1%H-09V
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Figure 9. Dependence of GDC lattice parameter on temperature and electrode potentials
measured vs reference electrode noted in the figure.

In Fig. 9, the lattice parameter of GDC is presented as a function of tempera-
ture, gas composition, and electrode potential. In addition to the effects dis-
cussed above, it could be seen that the lattice parameter increases with tempera-
ture, which is in good agreement with previous results. Thus, also, the effect of
electrode potential change was higher at elevated temperatures.

Generally, high-temperature operando SOC XRD is an excellent tool for
evaluating lattice parameter changes at SOC working conditions and in different
gas atmospheres. However, to fit lattice parameters absolute values, a stable
internal (mixed into electrode) reference with precisely known lattice para-
meters at measuring temperatures should be used. It is also quite straightforward
to evaluate changes in the quantities of different phases, although it is not a very
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precise method. Unfortunately, the whole diffraction profile fit with Rietveld
refinement was not good enough to precisely estimate changes in the atomic
occupancy and atomic positions in the unit cell. Moreover, the fit was not good
enough to even evaluate stress values with the double Voigt method. However,
all of this might be possible with brighter and higher resolution light sources
(synchrotron).

6.2. Stability of Lag.75Sro.25Cro.sMng3Nip 203 s electrodes

The second focus of this thesis was on understanding the reasons for
Lay 75S1025Cro sMng 3Nip,03_s (LSCMN) electrode instability during electrodes’
initial stabilization period.

In Fig. 10a, the diffraction pattern of a pure phase of LSCMN with the
phases corresponding to the ScCeSZ electrolyte scaffold and Au- contacts were
presented. Before the electrochemical experiment, the fuel electrode structure
was visualized using the SEM technique in Fig. 10b, where spherical LSCMN
particles have been distinguished on top of the ScCeSZ electrolyte scaffold. No
inhomogeneities in the microstructure of the electrode could be determined
from SEM images in the whole electrode under study.
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Figure 10. The diffractogram (a) of the impregnated LSCMN fuel electrode measured
in air at room temperature. Reflections are labelled in the figure by the corresponding
phase (ScCeSZ, LSCMN or Au) and the lattice plane indices. SEM image (b) of the
cross-section of the LSCMN fuel electrode before electrochemical tests.

The degradation of material in electrolysis- and fuel cell mode has been eva-
luated in separate experiments to exclude the effect of electrode history on the
degradation studies. Degradation of the LSCMN electrode was observed (an in-
crease of R, and R,). The time-series data given in Fig. 11 is not continuous be-
cause the stability tests were stopped after every 24-48 h to measure the

40



electrochemical impedance at different temperatures (Fig. 5). From the data
collected using impedance spectroscopy, the activation energies were calcu-
lated, and, eventually, the change of the activation energy during the whole
degradation test was seen. Relatively rapid and severe degradation of the
LSCMN electrode was observed in both fuel cell and electrolysis mode.
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Figure 11. Dependence of R, and R, on time for infiltrated LSCMN electrode at 850 °C
(a) in fuel cell mode (—0.8 V, 97% H,/ 3% H,O gas atmosphere) and (b) in electrolysis
mode (—1.5 'V, 70% H,/ 30% H,O gas atmosphere).

During the first 100 h of operation of the cell in the fuel cell mode (Fig. 11a), R
of the cell increased 13.5% and R, about 255%. The initial value of R, de-
gradation speed was approximately 0.006 Q cm® h™', but the degradation rate
reached a plateau by the end of the experiment. R,’s degradation speed was
more stable with a tendency to decrease in time — the initial value of R, degra-
dation rate was 0.1 Qcm® h'', and the final value at the end of the 130 h
experiment was 0.035 Q cm® h™".

Similarly to the data collected in fuel cell mode, severe degradation can be
seen in the electrolysis mode (Fig. 11b). The initial rate of R,’ degradation
was approximately 0.03 Q cm” h™', which reached a plateau at the end of the
experiment. R,’s degradation rate was relatively stable, ranging from
0.026 Q cm® h™' in the beginning to 0.0261 Q cm® h™" at the end of the experi-
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ment. During the first 100 h of the study, R increased by about 53% and R,
about 185%, respectively.

The activation energies (E,) were calculated from Ry and R, values (Ejgs
and E, gp, correspondingly). The activation energy changed only slightly during
the electrochemical stability test conditions for both fuel cell and electrolysis
modes (Table 3), indicating that changes occurred during the experiment in the
conduction- and charge transfer mechanism in the material’s bulk and on the
surface, respectively. The changes were most likely caused by the segregation
of some LSCMN components onto the surface. The segregation was made
possible by a simultaneous change of B-site cations oxidation states, leading to
changes in both the bulk and surface properties of LSCMN.

Table 3. Activation energies with standard deviations calculated from R, and R, in both
fuel cell and electrolysis modes. The activation energies were calculated from Arrhenius
plots within a temperature range from 650 to 800 °C.

Duration E,rs Std. E,rp . L.
(h) V)  deviation  (ev)  Otd-deviation

0 0.44 0.01 1.18 0.03

Fuel cell 48 0.44 0.02 0.97 0.04
mode

08 V) 96 0.44 0.02 0.97 0.04

150 0.46 0.02 1.00 0.04

0 0.52 0.02 1.07 0.02

Electrolysis 48 047 0.01 1.03 0.02
mode

15V) 89 0.45 0.01 0.96 0.03

130 0.44 0.02 0.93 0.03

There were multiple possible reasons for the increase of R; during cell opera-
tion. One possible mechanism, which might cause the decrease of the electronic
conductance (and, thus, increase in R;) during the cell operation was the reduc-
tion of LSCMN. The reduction of the LSCMN electrode was expressed by a
change of Mn*" to Mn’* and the simultaneous formation of oxide ion vacancies.
Additionally, the decrease of the LSCMN matrix’s electronic conductance was
accompanied by a diminishing in the electrochemically active surface area. This
kind of mechanism has also been demonstrated in the case of other electrode
materials [121]. However, as it would be shown in operando-XRD measure-
ments (see section 6.2.3), the lattice parameter (and, thus, also reduction of
LSCMN B-site cations) changed rather quickly. This could be concluded from
an observation that after switching the gas environment from oxidizing (air) to
reducing (5% H,), the lattice parameters remain constant after only a few hours.
Thus, the change of the oxidation state of manganese and the formation of the
oxide ion vacancies were both relatively quick processes. Hence, the slow
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evolution of series resistance and its activation energy values was not caused
only by the quick changes of conductance of MIEC, resulting from the oxide
ion vacancy formation and the change of Mn’s oxidation state.

The second mechanism, which could be considered as a reason for the
change in R and E,gs is connected with a change of the porous electrolyte’s
ionic conductivity, which changes slowly in time because of the reduction of
Ce*" to Ce’" in ScCeSZ electrolyte. Omar et al. [122] reported a 17.5% decrease
in ionic conductivity during the first 250 h after introducing humidified hydro-
gen into the anode compartment at 600 °C. In our experiment, the decrease in
conductivity according to this mechanism should reach the plateau much faster
for several reasons. The samples used in our experiments were thinner, and the
experiment was performed at a higher temperature (850 °C vs 600 °C), which
both should lead to faster kinetics. In both modes (fuel cell and electrolysis), the
limiting process which defines the Ry could not be the ionic conductivity of
ScCeSZ since the activation energy of ScCeSZ ionic conductivity is about
~1 eV [123]. Variety of E, values have been reported for LSCM ranging from
0.26 to 0.6 eV by different authors [45,124] depending on oxygen partial pres-
sure. The value of £, gs in our experiment varied from 0.44 to 0.52 eV, which is
characteristic of the LSCMN electrode at different oxygen partial pressures.
Most likely, the main changes in R and E,gs are caused by the compositional
changes of MIEC bulk material close to the MIEC|electrolyte and MIEC|gas
interface.

Initial £, g values of the electrode in fuel cell mode (0.45 eV) were slightly
lower compared to initial activation energies of the similar electrode tested in
electrolysis mode (0.52 eV). It was most likely caused by somewhat higher
oxygen partial pressure in the porous electrode in the fuel cell mode, caused by
H,0 generated on the electrode. This leads to an inference that the mass trans-
port of reaction products (H,O in fuel cell mode and H, in electrolysis mode)
has been one of the main limiting stage of the total reaction. This statement was
also confirmed by the fact that the E,g in the electrolysis regime decreased
along with the H, concentration in the porous electrode due to the electro-
chemical activity degradation. Additionally, E,gs in fuel cell regime started to
increase if H,O concentration in porous matrix decreases (because of loss of
electrochemical performance).

The initial decrease of the E, g, in the fuel cell mode might be due to the
continuous increase of active sites related to Ni particles’ increased number on
the surface due to Ni exsolution. After 150 h of operation in the fuel cell mode,
the changes in surface eventually lead to less active surface sites and, cor-
respondingly, an increase of E,. Despite the initial decrease of E,g,, the R,
values still increased during the whole stability test due to several reasons.
Firstly, the area of active reaction sites diminished due to the formation of new
nonactive phases on the surface. Secondly, the conductance of the MIEC
LSCMN celectrode (as can be concluded from the increase of R;) decreased,
which lead to the change of the electrochemical potential inhomogeneity across
the LSCMN electrode.
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Figure 12. SEM images of the LSCMN fuel electrode, which were taken after the
electrochemical stability test in the fuel cell mode (a and b) and in the electrolysis mode
(c and d). Red circles were used to highlight the spherical particles that have formed
during the electrolysis mode.

The LSCMN electrode microstructure changed during stability tests in both
modes (Fig. 12). Based on the info in Fig. 12, the small (~50 nm) spherical
particles appeared between the grains of the LSCMN electrode material after
the operation in the fuel cell as well as in the electrolysis mode. In relative
terms, the quantity of these new particles was higher on the surface of the
electrode operated in the electrolysis mode. Similar particles were also observed
from the PLD deposited nonporous electrode (after an operation in fuel cell
mode), as described in the next chapter.

Additionally, the grain size of the LSCMN particles, which initially was
200-250 nm, increased during the operation in the fuel cell mode. This effect
was most likely caused by partial coarsening of MIEC particles at fuel cell
mode at 850 °C. The coarsening could lead to a decrease in the number of
active sites and increased R,,. In addition, in some places in the porous electrode,
partial delamination of LSCMN material from the ScCeSZ scaffold cannot be
ruled out based on the SEM micrographs (Fig. 12c). This most probably
happens during the initial intense degradation phase, where the R; values in-
creased rapidly at the beginning of the electrochemical experiment.
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6.2.1. Electrochemical stability tests of nonporous PLD electrode

The performance of the nonporous LSCMN electrode deposited using the PLD
method degraded even faster than the infiltrated electrode — during the first 40 h
of cell operation (Fig. 13), the value of R, increased from 0.2 € cm’ to 0.7 Q cm’.
After this initial rapid loss of performance, the R, continued to increase with an
approximate rate of 0.014 Q cm” h™'. Even though the system stabilizes at the
end of the experiment, the total increase of R, of nonporous LSCMN electrode
was even more severe than in the case of infiltrated porous electrodes. At the
same time, R, of the PLD electrode was more stable — increased only about 12%
with 80 h of cell operation. At about 20 h of the electrochemical testing, the
measurements of impedance at different temperatures and gas compositions
were performed. Measurements at higher oxygen partial pressures lead to a
decrease of R, which was most likely related to the regeneration of ceramic
LSCMN electrode with an increase of po, [64].
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Figure 13. The dependence of R, and R, of the PLD deposited LSCMN electrode on
time of duration of the electrochemical stability test measured at 850 °C at open-circuit
voltage, OCV (97% H,/ 3% H,O gas atmosphere) using the 3-electrode configuration.

The spherical particles previously seen on the porous LSCMN electrodes (Fig.
12) also had formed on the surface of PLD electrode with cell operation (Fig. 14).

- | W )

Figure 14. SEM images of PLD deposited LSCMN fuel electrode after electrochemical
tests at fuel cell mode.
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To determine the phase formed on the PLD electrode, Grazing incidence X-ray
diffraction (GI-XRD) analysis has been performed. New reflections appeared at
31.3 °, 33.5° (very low intensity) and 39.4°, which probably corresponded to the
new phase located at the surface of the electrode, seen in Fig. 14, since the rela-
tive intensities of these reflections do not change remarkably when smaller
incidence angles (@) were used. The Bragg peak at 31.3° corresponds to the
Ruddlesden Popper phase of LSCMN (PDF 04-013-5750). The phase causing
the reflection at 39.4° remains unidentified. The Bragg peaks at 22.8°, 32.5°,
40.1°, 46.55°, 52.47°, 58.0°, and 68° were also observed in the deeper layers of
the electrode and was assigned to LSCMN. These reflections are labelled by
Miller indices in the Fig. 15.
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Figure 15. GI-XRD diffractogram of the nonporous PLD deposited LSCMN electrode
measured at room temperature in air at ¢ = 0.25° (red line) and 0.6°(black line). The
reflections of LSCMN with perovskite structure were labelled by Miller indices in the
figure. The arrows indicate phases that are mostly on the surface of the electrode, and
reflections labelled as “RP” correspond to most likely a Ruddlesden-Popper phase.

6.2.2. Influence of the redox cycle on the performance of
the Lao.75sro.25cro.5Mno_3Nio_203_§ electrode

After measuring the initial degradation of porous LSCMN electrodes, the redox
cycle was performed to clarify the reversibility of the degradation process (the
layout of the experiment is seen in Fig. 5). During the reoxidation process of the
LSCMN electrode, its electrochemical performance partially recovered (Fig. 16)
— the R, and R, values decreased. The partial regeneration of the full-ceramic
electrode with the redox cycle has also been shown in previous studies [64].
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Figure 16. The dependence of R and R, values on time after the redox cycle. The cells
operated at 850 °C (a) in fuel cell mode (—0.8 V, 97% H,/ 3% H,0 gas atmosphere) and
(b) in electrolysis mode (—1.5 V, 70% H,/ 30% H,O gas atmosphere). The dashed lines
represent R, and R, values before the redox cycle.

As follows from Fig. 16, the influence of the redox cycle on the catalytic acti-
vity was slightly different for electrodes operated at different gas- and electro-
chemical conditions. For the electrode operated in the fuel cell mode, we did not
observe the change of R, because of the redox cycle. However, partial regenera-
tion of R, (conductivity) was observed in the electrode operated in the electro-
lysis mode.

Based on the fact that the R; of the electrode operating in the fuel cell mode
did not decrease during the redox cycle, it could be confirmed that in the case of
the ScCeSZ|LSCMN electrolyte|electrode system, the Rs was not defined by any
process related to the ionic conductivity of ScCeSZ. Since the changes in the
ionic conductivity of ScCeSZ (more specifically, the equilibria between Ce**
and Ce®") caused by the redox environment should have appeared similarly and
reversibly in the case of both electrodes (fuel cell and electrolysis mode). Most
likely, a slight recovery of R for the electrode operated in the electrolysis mode
was related to the change of properties of LSCMN.

More significant changes with the redox cycle could be observed in the R,
value. The decrease of R, with conducted redox cycle in the case of electrode
operated in the fuel cell mode was 48% and in the case of electrolysis electrode
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41%. When the R, values from the beginning of the experiment and after the
redox cycle are compared, the R, has increased by 512% in the fuel cell mode
and 486% in the electrolysis mode. So, the recovery was relatively modest —
most of the degradation was non-reversible.

After the partial regeneration of electrodes during the redox cycle, the
electrochemical performance of the electrode started to degrade again and even
faster than before the redox cycle.

The partial recovery of the initial R, during reoxidation has been explained
by oxidative incorporation of exsolved components into the LSCMN phase
[125]. However, the decomposed phase did not recover fully with the change of
the poy, and thermal treatment at much higher temperatures is necessary for that.

6.2.3. Operando EC-HT-XRD in fuel cell mode

Operando EC-HT-XRD characterization was performed for simultaneous study
of the crystallographic and electrochemical changes in the LSCMN electrode
during the degradation processes at fuel cell operating conditions. Lattice para-
meters of LSCMN and ScCeSZ in porous SOC electrode under different
electrochemical conditions and different gas atmospheres (OCV and —0.8 V
were the electrochemical conditions; synthetic air, humidified 5% H, in He and
humidified 10% H, in He were the gas atmospheres ) were observed.

One of the most significant discoveries from the operando XRD experiment
was the substantial increase in the lattice parameter of ScCeSZ electrolyte,
asccesz, during the experiment (Fig. 17). After a relatively quick initial increase
of asccesz (approximately first 250 min of operation), a slow, approximately
linear continuous increase appeared. The reduction of Ce*" to Ce’™ in the
ScCeSZ electrolyte could partially explain the lattice’s initial expansion. The
oxidation state of Ce takes place due to the shift of the gas environment from
oxidizing air atmosphere at the start of the experiment to reducing atmosphere
of 5% H,. During this process, po, in the fuel electrode chamber decreased from
0.2to 1.5-107"" atm.
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Figure 17. Dependence of ScCeSZ lattice parameter, as.cesz, on time at different gas
atmospheres and electrochemical conditions (shown in the figure). At the start of the
test, the gas environment was changed from air to 5% H, and then after some time to
10% H,; electrochemical conditions were also changed from OCV to —0.8 V during cell
operation. Red arrows show the regions of thermal instability caused by the change of
the gas environment.

The real po, in the porous electrode (at the surface of ScCeSZ as well as
LSCMN) depended on both the gas environment in the electrode compartment
and the polarization of the electrode, i.e., on oxide ion flux from cathode to
anode. Thus, using the in-house developed dual-chamber operando XRD cell,
we can measure the po, at the fuel electrode’s surface by monitoring the OCV
of the cell.

Based on the monitoring of the OCV value, which reflects po, in the fuel
electrode room, we concluded that the gas environment change from oxidizing
to reducing was very fast. Namely, the OCV was stable already 25 min after the
change from air to 5% H, at the start of the experiment. Moreover, it took only
8 min for OCV to stabilize after the change from 5% H, to 10 % H,. Thus, the
continuous increase of the as.c.sz was not due to the slow change of gas atmo-
sphere in the pores but rather by diffusion processes of oxide ions and defects in
porous and dense layers of electrolyte accompanying the Ce*" reduction. The
diffusion of oxide ions take a relatively long time due to the considerable
change in po, and because the dense electrolyte also needs to adapt to this
condition.
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In the operando study of Ni-GDC (chapter 6.1) increase in the asccesz
during the first 1000 min of cell operation at 650 °C was also observed when the
gas phase composition was changed from air to 1% H,. We attributed the
increase to the change of the oxidation state of Ce in ScCeSZ from Ce*" to Ce™".
The reduction of Ce in the ScCeSZ lattice was relatively slow in the Ni-GDC
study (1000 min) in comparison to the current study (250 min). This was likely
due to the lower temperature applied, 650 °C vs 850 °C. Anyhow, after this
initial increase, the as.c.sz remained constant in the Ni-GDC study. However, in
our study with the LSCMN as a fuel electrode, the ascc.sz kept increasing during
the whole experiment. We can explain the quick initial increase of the lattice
parameter during 250 min with the change of Ce’s oxidation state in ScCeSZ,
but the origin of the further increase must lie elsewhere.

The relatively small changes in the experimental conditions have a rapid
effect on the as.cesz, which could be seen in the changes of as.c.sz; happening at
626 min, 1212 min, and 1910 min (Fig. 17). The reason for this being the
changes’ influence on the pg, in the porous electrode, like when OCV is
changed to —0.8 V potential and gas atmosphere from 5% to 10% H,. As the
electrode activity decreases due to its degradation, the magnitude of lattice
parameter change related to changes in experimental conditions also decreases
in time. Instability of the system could be observed when changing the gas
environment (the change of gas phase from air to 5% H, at the start of the
experiment and the subsequent change from 5% H, to 10% H,), which is caused
by the change of the heat capacitance and thermal conductivity of gas mixture.
Even small changes in the thermal balance around the operando setup lead to a
shift of the electrode’s surface level. Since the surface level was calibrated for
the XRD measurement, the shift of the surface level causes shifts in the XRD
pattern and, thus, also in the lattice parameter. Therefore, some inconsistencies
were seen in the as.cesz values directly after changing the gas composition.

The LSCMN lattice parameters increased significantly after changing the
gas atmosphere from air to 5% H, in He at 850 °C. However, it remained at a
constant level after approximately 200 minutes (Fig. 18). During the initial gas
changing process, the speed of the lattice parameter changes, arscvn and cLsemns
was suppressed by the processes taking place in ScCeSZ (release of oxygen if
Ce*" was reduced to Ce’™ in the electrolyte). Release of oxygen from ScCeSZ
decreases the reduction speed of LSCMN or, in other words, also defines the
speed of the LSCMN reduction process. The increase of lattice parameters of
LSCMN had been caused by the formation of oxide ion vacancies and by the
reduction of B-site cations. When the gas atmosphere was changed from 5% H,
in He to 10% H, in He, the aiscun increased from 5.5521 A to 5.5540 and
crsemn from 13.645 A to 13.659 A. These lattice parameter changes indicate
that a slight decrease in oxygen partial pressure leads to an additional reduction
of B-site cations in LSCMN.
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Figure 18. Dependence of LSCMN lattice parameters (a and c) on dwelling time after a
change of gas environment from air to reducing (5% H, in He and 10% H, in He)
atmosphere at 850 °C and at OCV conditions and under polarization (—0.8 V).

The lattice parameters changed slightly when the cell has been polarized from
OCV to —0.8V in a 5% H, atmosphere. The change could be seen from the
second measurement point. However, these changes caused by operation condi-
tions (temperature and electrode polarization) were not statistically significant.

To changes of LSCMN lattice parameters would be more significant if the
electrode activity would be higher and if higher H, concentrations were used.
More water is produced at higher current densities, i.e. higher oxygen partial
pressures will be generated, leading to more significant changes in lattice para-
meters.

In Fig. 19, two diffractograms were presented that were measured in the
same atmosphere (95% He and 5% H,) and with the same measurement setup.
However, one was measured in the early stages of the experiment and the
second at the final stage of the experiment. According to the calculations made
from these diffractograms, the wt% of the LSCMN phase had decreased by
27+4,5% during the experiment. Thus, the electrode degradation is one of the
main reasons whe we can see a significant increase in R, and R, (Fig. 11). The
high uncertainty is due to the different integral intensity changes of different
LSCMN reflexes — most likely, the atomic occupancy of LSCMN changes
during electrode degradation.
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Figure 19. Diffractogram measured at the beginning of the operando experiment (black
line) and the final stage of the experiment (red line) measured in the same setup and
same gas atmosphere (5% H, and 10% H, in He). The table in the graph shows the
intensities of different ScCeSZ maxima and gold (111) reflex for comparison.

The changes in the Bragg peaks of the ScCeSZ lattice also indicate the change
in its atomic occupancy. More specifically, the intensity of the (111) ScCeSZ
maximum has decreased, while (220) and (311) have increased (the table in Fig.
19). This theory was validated by the fact that intensities of gold maxima did
not change, as can be seen from the table in Fig. 19. Therefore, the ever-conti-
nuing increase in the ScCeSZ lattice parameter, as.cesz, discussed previously
(Fig. 17), can be explained by the continuous changes in the atomic occupancy
of the ScCeSZ lattice. Since the wt% of the LSCMN phase considerably de-
creased during the course of the experiment, while the as.cesz continuously
increased, it was reasonable to conclude that some LSCMN degradation product
starts to dope the ScCeSZ lattice. Unfortunately, the whole pattern fit was not
good enough to conclude neither qualitatively nor quantitatively which elements
concentration had changed in the lattice.
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6.3. Lao,255r0,25Cao_4Ti1_xNix03_5 SOC fuel electrode

6.3.1. Physical characterization

Diffraction patterns in Fig. 20 correspond to different LSCNT-x compositions,
where, generally, the LSCNT perovskite-type phase dominates only. Very low-
intensity Bragg peaks attributed to NiO secondary phase can be distinguished in
LSCNT-10 and LSCNT-20 diffraction patterns, respectively.
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Figure 20. Diffraction patterns of Lag,sSrg25Cag4Ti;_«NiyOs;_spowders in the air at
room temperature. Reflections were labelled by Miller indices in figure.

In situ XRD measurements at elevated temperatures were performed (Fig. 21) to
understand how Ni concentration in LSCNT-x B-site influences the lattice para-
meters in different gas atmospheres (oxidizing and reducing atmosphere). A
general trend is that doping of LSCT with Ni increases the unit cell volume
(Fig. 21a). This phenomenon is related to the difference in the increase of oxide
ion vacancies and ionic radii of B-site cation — Ni*" (0.690 A) radii is greater
than Ti*" (0.605 A). It appears from Fig. 21a that in the concentration range
from O to 10% Ni in the LSCNT-x B-site, the lattice expands almost linearly.
The lattice expansion slows down when Ni-content is increased even further,
which leads to an inference that there is a limit of Ni solubility in the LSCNT
lattice’s B-site. Even though LSCNT-10 follows similar linear dependence
between Ni concentration and unit cell volumes (Fig. 21a) like LSCT, LSCNT-
2, and LSCNT-5 materials, a detectable amount of NiO has appeared in the
diffraction pattern (Fig. 20). The qualitatively different pattern for LSCNT-10
and LSCNT-20 compared to LSCNT-2 and LSCNT-5 in Fig. 21b also indicates
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limitations to adopt the Ni in perovskite lattice, which lead to qualitative
changes of bulk material properties. However, Fig. 21 shows increased lattice
volume for LSCNT-20 compared to LSCNT-10, indicating no precise saturation
concentration for Ni. There is an equilibrium between dissolved Ni in the
LSCNT-x lattice and Ni in NiO.
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Figure 21. Dependence of unit cell volume of Lag,sSry,5Cag4Ti;xNixO;_s on Ni
content (a) and corresponding changes of unit cell volumes (b) caused by changes in gas
conditions compared to the initial situation in synthetic air. XRD characterization was
performed at in-situ conditions at 800 °C in synthetic air (initial situation and after re-
oxidation) and in humidified 5% H, 95% N, and humidified 10% H, 90% N,.

The change of the gas atmosphere from air to humidified 5% or 10% H, (in N,),
caused an increase of the LSCNT-x lattice volume (Fig. 21). At higher H, con-
centrations, the lattice expands even further. This phenomenon can be explained
by equation 19 and 20. The reducing atmosphere with low oxygen partial pres-
sure lead to the release of lattice oxygen to the gas phase and creates electron
carriers. Release of oxygen from perovskite lattice causes the creation of oxide
ion vacancies and reduction of Ti*" to Ti’", which has a higher ionic radius
compared to Ti*".

1
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e +Tif; =Tip (20)

The Ti*'/Ti** redox couple makes n-type semiconduction possible in these
materials [126]. Comparing the changes in unit cell volume in the air atmo-
sphere before the experiment and after the first redox cycle (Fig. 21b) indicated
that irreversible processes occur during the reduction and/or re-oxidation of the
electrode under study. The most notable irreversible changes occur in undoped
LSCT, while in all other doping levels, irreversible volumetric changes stay
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almost at the same level. It is very likely, that irreversible crystallographic
changes in studied materials are caused by partial irreversible reduction of Ti**
to Ti’", described by Canales-Vazquez et al. [127]. The Ni-doped materials’ im-
proved reversibility compared to Ni-free LSCT might be caused by Ni’s
influence on the LSCNT-x lattice parameter or its exsolution from the lattice or
better reversibility of Ni*"/Ni*". Exsolution of Ni from lattice leads to a slight
decrease in the lattice parameter. In parallel with lattice expansion (caused by
reduction of Ti*" to Ti’"), it could be seen as a suppressed nonreversible
expansion [128].

Figure 22. SEM images of porous Lag,sSrg,sCagsTiOss (LSCT) (a and b),
Lag25S1025Ca4TipgsNig0sO3-s(LSCNT-5) (¢ and d) and Lag2sSro2sCap4TigsNip20;-5
(LSCNT-20) (e and f) electrodes after sintering in air (a, ¢, €) and after 100 h treatment
in humidified H, (97% H, 3% H,0) atmosphere at 900 °C (b, d, ).
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In Fig. 22, SEM images of as-sintered in the air and reduced (100 h in 97% H,
3% H,0 atmosphere at 900 °C) LSCT, LSCNT-5 and LSCNT-20 electrodes are
presented. Based on info in Fig. 12, small particles can be seen on the reduced
Ni-doped electrodes’ surface (Fig. 22a, 22d, 22f). These tiny particles on
LSCNT-5 have diameters of approximately 10-20 nm and significantly more
particles on LSCNT-20 (Fig 22f) with 10-45 nm size. These particles were not
visible in electrodes that had not been reduced. The increase of Ni-content in the
electrode increased the quantity and size of particles expressed on the electrode
surface. Comparison of Lag,sSry,5Cag4TipsNig20;-s electrodes’ XPS spectral
intensities of Ni 3p and Ti 3s maxima collected before and after reduction (Fig.
23) leads to a conclusion that reduction caused an increase of Ni concentration
on the electrode surface. According to XPS analysis, the Ni in the surface of
reduced Lag5Srg25Cap4Ti1xNiyOs_s lattice is dominantly in the metallic form
(Fig. 23a), as has been described in several papers studying exsolution [67,75,
128,129]. A slight signal from oxidized Ni (Fig. 23a) could be attributed to a
slightly oxidized surface layer of precipitated Ni-particles or for the Ni in the
perovskite lattice.
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Figure 23. Comparison of Ni 3p and Ti 3s fitted XPS spectra measured from the
surface of as-sintered (non-reduced) (a) and reduced (100 h in 97% H, 3% H,O
atmosphere at 900 °C) Lay,5Sry,5Cag4Ti9gNig20;-5 sample (b). Dots correspond to
experimental data and curve to fitted spectra and the black line under the curve to
baseline. Under the maxima, the bell-shapes correspond to different contributions —
green to oxidious Ni, dark grey to metallic Ni and light grey to Ti.
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Several small spherical particles were detectable on the surface of as-sintered
(non-reduced) LSCT (Fig. 22a). Most likely, these particles consisted of CaO or
some other more complex Ca-rich oxide phase. This claim was supported by
XPS analysis of as-sintered LSCT and reduced LSCT, where higher Ca con-
centration on LSCT surface of as-sintered electrode compared to the reduced
LSCT surface (Fig. 24a) had been observed. In Ni-doped materials, no such
dependence between the gas environment and Ca concentration at the electrode
surface was detected (Fig. 24b). Behaviour, as mentioned above, indicates that
Ca-mobility in LSCT can be suppressed with Ni-doping.
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Figure. 24 Ca 2p celectron spectra of Laj,sSry,5Cay4Ti03 s(a) and
Lag,5Sr25Cag 4T1.95Nig0s03_s(b), measured at the surface of reduced electrode (100 h
in 97% H, 3% H,0 atmosphere at 900 °C) indicated as “H,” and pristine (as-sintered)
electrode indicated as “Air” in figure.

As could be seen in Fig. 23, the LSCNT-x grain size in porous electrodes is
influenced by Ni concentration. An increase of Ni concentration in LSCNT-x
causes an increase of grain size if electrodes are sintered at the same tempera-
ture, which means that sinterability has been improved with an increase of Ni
concentration. This observation implies that the surface area and pore size
distribution are also slightly affected by the Ni concentration in the electrode
material. A similar effect has also been studied by Yagub et al. [70].

As can be seen from data in Fig. 25, the La/Sr ratio expressed on the surface
is dependent on the Ni-concentration in the lattice. One possible explanation
could be that Ni-doping in LSCNT-x electrode (Ni*"/Ni’" ion substitutes
Ti**/Ti*" ion) lead to an increase of the oxide ion vacancies, which resulted in a
change of material properties so that A-site cations were bound more firmly to
the lattice. La*"-ion with a higher charge than Sr** was even more firmly bound
to the lattice than Sr*"-ion [60,130]. Moreover, Sr** with high ionic radii com-
pared to La® ion has a tendency to segregate onto the surface since larger A-site
perovskite dopants cause more elastic energy in the lattice [60,130]. This means
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that the increase of Ni-content in the bulk LSCNT-x electrode leads not only to
a higher Ni concentration but also to a decrease of the La/Sr ratio appears on the
surface.
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Figure 25 Sr 3d and La 4d photoelectron spectra for reduced (100 h in 97% H,, 3%
H,0 atmosphere at 900 °C) Lag,5Sry25Cag4T1;_xNiyO3_s5(x = 0, 0.02, 0.05, 0.1 or 0.2)
electrodes with different Ni doping levels.

Stabilizing effect of Ni-doping on the A-site cations was also confirmed by
SIMS measurements (Fig. 26). For undoped LSCT material sintered at 1250 °C,
Sr’s accumulation and the formation of SrZrO; phase between GDC barrier
layer and ScCeSZ electrolyte [131] have been observed (Fig. 26b). LSCT
doping with Ni suppresses the Sr mobility and accumulation of Sr to the
interlayer between GDC and electrolyte (Fig. 26¢,d). Sr-mobility during the
processing of electrodes made from pure LSCT was suppressed by decreasing
the sintering temperature from 1250 °C to 1100 °C (Fig. 26f). However,
sintering at 1100 °C doesn’t give sufficient contact between the LSCT electrode
and the chemical barrier layer.

Thus, Ni-free LSCT electrodes electrochemical measurements will not be
reported in the next section because of the reasons mentioned above. LSCT
powder with a smaller particle size is essential for lowering the sintering
temperature.
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Figure 26. FIB-TOF-SIMS analysis results of fuel electrode side cross-sections from
selected cells. In the left column total cation images (a, c, e) and in the right side Sr'-
images (b, d, f) are presented for Laj,5Srg,5Cag4TiO;_s(LSCT) sintered at 1250 °C (a
and b); Lag,5S1925Cag4Tig95Nig¢sO5_s sintered at 1250 °C (¢ and d) and for LSCT
sintered at 1100 °C (e and f).
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6.3.2. Electrochemical analysis

The electrochemical impedance analysis has been carried out to measure its
activity and identify the nature of the factors limiting LSCNT-x electrodes’ per-
formance. The series resistance (R;) and polarization resistance (R,) values were
determined from Nyquist plots. An equivalent circuit of Ry(R,CPE,)(R;CPE3)
(Fig. 27) was used for fitting at the LSCNT-2 and LSCNT-5 Nyquist plots.
LSCNT-10 and LSCNT-20 electrodes theoretical impedance spectra were cal-
culated using an equivalent circuit consisting of Ry(RCPE)(R,CPE,)(R;CPE3)
(Fig. 27) equivalent circuit was used. The R, value could also be calculated
from R;, R, and Rz as a sum of these.
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1m0 N2 f,..=~35Hz
I 5
f=~20 kHz
R,
7

Figure 27. The equivalent circuit used for fitting of the calculated impedance spectra
and to the experimentally measured Nyquist plot (black dots) with the fitting result (red
line) are presented in the Fig. Characteristic relaxation frequencies determined from the
Nyquist plot arc maxima for high- (f] max), mid- (£ max), and low- (f3 max) frequency
processes are shown in the drawing. R denotes resistance, and CPE means a constant
phase element.
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Figure 28. Temperature dependence ofR; (a), R, (b),R3(c) and R (d) for

Lag25S10,5Cag 4Ti1_«NiyO3_s(x = 0.02, 0.05, 0.1 or 0.2) electrode at 850 °C in 97% H,,
3% H,0 gas atmosphere measured at —0.9 V vs ref.

In LSCNT-10 and LSCNT-20 impedance spectra, a high-frequency semicircle
(-R,CPE,-) appeared. The relaxation frequency, f max, of this limiting process
was in the range of 4-23 kHz (Table 3), depending on temperature and material
characteristics. The real part of the impedance varied from 0.035 to 0.287 Q cm’
at different temperatures (Fig. 28). The previous chapter demonstrated that in
LSCNT-10 and LSCNT-20, separate Ni or NiO phase (Fig. 20) exists in the
bulk of the material. This limiting process is likely connected with the increased
resistance in the grain boundary region because of excess Ni as the high-fre-
quency semicircle appears only in the materials that clearly show Ni excess
(Fig. 28a). The Ni-rich phase most likely does not appear only on the outer
surface but also in the grain boundary interface of the LSCNT-x material, where
it might act as an internal barrier for ionic transport. This process’s relaxation
frequency range is similar to the relaxation frequencies of limiting the grain
boundary process in nanocrystalline zirconia presented in the literature [132].
Also, activation energies of the high-frequency process, E,z;, in LSCNT-x
MIEC material (1.22—1.28 eV) are very similar for activation energies of ionic
transport through contaminated grain boundary interface presented in the litera-
ture (1.20-1.26 eV) [132,133]. In conclusion, based on the information above,
in the case of high Ni concentrations (10% and higher) in LSCNT-x, the Ni
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starts to segregate to the grain boundary region, which suppresses the oxide ion
transport through the grain boundary.
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Figure 29. Temperature dependence of R, (a) and In(R,) (b) for
Lag5S125Cag 4T1;_«NiyO3_s(x = 0.02, 0.05, 0.1 or 0.2) electrode at 850 °C in 97% H,/
3% H,0 gas atmosphere measured at —0.9 V vs ref.

The mid-frequency semicircle (-R,CPE,-) appeared in all the studied materials.
This process's characteristic relaxation frequency varies from 25 to 160 Hz
depending on material composition and temperature. A general trend is that
characteristic frequency increases with temperature. Resistance values vary
from 0.0069 © cm’ at 850 °C (for LSCNT-20) to 0.668 € cm” at 700 °C for
LSCNT-10 (Fig. 28). This process’s activation energies varied from 1.05 eV for
LSCNT-5 to 2.2 eV for LSCNT-20 within 800 to 850 °C temperature range
(Fig. 29). These significant differences mentioned above conclude that the
nature of this mid-frequency limiting process depends significantly on the
electrode composition and temperature. The dependence of R, on py; is also
different in the case of different materials. In the case of LSCNT-5 R, decreases
if hydrogen partial pressure py, increases, but in the LSCNT-10, the R, in-
creases with increased pp, (Fig. 30). As shown in the previous chapter, these
characteristics indicate that these materials are very different and have a diffe-
rent response to the changes in po,. Within this frequency range, the charge
transfer limited step has been proposed in the literature [134,135]. However,
there is only a minimal dependence of R, on the electrode polarization and very
high thermal activation of the limiting process, so charge transfer limitation is
rather unlikely in the materials studied in this case. Identification of limiting
step needs additional systematic analysis.

The low-frequency semicircle (-R;CPEs-) appears in the case of all studied
materials. The characteristic relaxation frequency varies from 0.4 to 1 Hz
depending on temperature and material composition. Almost ideal capacitive
behaviour appeared for all of the materials studied, judging from the exponent
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values in CPE (0.94-1). The activation energies of the low-frequency process
are highly dependent on the chemical stoichiometry of the material. Lowest
E.r; value was calculated for LSCNT-5, which was 0.83 eV. Similar £, z;
values for the LST-GDC system can be found from the literature [63]. The real
part of the low-frequency semicircle (R;) decreased if the electrode polarization
decreased. R; was found to be also strongly dependent on py, (Fig. 28 and Fig.
30). In literature, this water concentration-, temperature- and potential-depen-
dent limitation process at low frequencies, approximately in the range from 0.1
to 1 Hz, has been attributed to the adsorption of hydrogen or reorganization of
intermediates at electrode [63,135,136].
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Figure 30. Temperature dependence of R, (a), R, (b) and R; (¢) on for

Lag,5Sr925Cag 4T1;x<NiyO3_s(x = 0.02, 0.05, 0.1 or 0.2) electrode at 850 °C in humidified
50% H,, 50% Ar gas atmosphere measured at —0.9 V vs ref.
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The R, values measured for LSCNT-x electrodes at different temperatures are
given in Fig. 28d. The LSCNT-5 has lower R, values compared to values
measured for all the other investigated electrodes. However, because absolute
values of Ry were measured using the 3-electrode setup, these values depend on
the exact position of the reference electrode and are not very well comparable.
Thus, further comparative analysis based on R’ absolute values is given based
on data collected using the 2-electrode measurement system given in the next
section.

Table 4. Activation energies and characteristic frequencies for the limiting processes for
Lag25S19,25Cag 4Ti;_«NiyO3_s (x = 0, 0.02, 0.05, 0.1 or 0.2) electrodes at different Ni
doping levels. Activation energies are calculated for limiting processes governing Ry, R,
and R; at working conditions (—0.9 V) and in the humidified H, The activation energies
were calculated in the range from 700 to 850 °C from Arrhenius plots.

Earm fimax Ear2 f2max Ears f3max

(eV) (kHz) (eV) (Hz) (eV) (Hz)
LSCNT-2 - - 1.18-1.7 | 25-150 131 0.5-1
LSCNT-5 - - 1.05 37-60 0.83 0.4-0.5
LSCNT-10 1.22 4-6 1.11 25-60 | 1.13-2.5 0.4-0.8
LSCNT-20 1.28 6-23 1.18-2.2 | 32-160 1.01 0.37-0.95

LSCNT-5 has the lowest R, and R, values at all measured condition (Fig. 29 and
Fig. 30). For example, at 850 °C and OCV conditions, the R, was 0.25 and R,
0.084 Q cm’, and at working conditions (0.9 V) the R, was 0.26 and R, 0.065
Q cm®. At 700 °C, the R, value for LSCNT-5 at operating conditions (=0.9 V)
was 0.275 Q cm’.

LSCNT-5 was also the most stable of the measured electrode compositions.
During the first 120 h of cell operation, the R, of the electrode increased by
approximately 2.2%, and R, decreased by about 17.4%. Savaniu and Irvine [57]
reported a similar decrease in R, with LagoSry,TiOs5. In their case, the total
resistance of the cell increased by about 20% during 12 h period after reduction
at 600 °C. In our study, during 120-160 h, the degradation rate decreased to
0.2%/10 h for R,. R, values were stable and reached almost a plateau (0.22%
decrease during 40 h).
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6.3.3. Electrochemical characterization of
Lag.25Sr0.25Ca0.4Tig.osNio 05035 fuel electrode in
2-electrode button cell

To demonstrate the electrochemical performance of LSCNT-5 based electrode
in operating SOFC conditions, electrochemical tests of SOFC button cell has
been performed using 2-electrode configuration. In Fig. 31a, the Nyquist
plots measured at OCV and operating conditions (0.9 V) at two different
temperatures (800 °C and 850 °C) as well as current- and power densities (b) of
LSCNT-5(GDC)|GDC|ScCeSZ|GDCILSC system are presented. From Nyquist
plots, it can be observed that R; values increase slightly if the potential is
changed from OCV to operating conditions. This behaviour can be explained by
the change of the impedance of fuel and air electrodes, resulting from a change
in po, in the porous electrodes. In the case of the fuel electrode, the increase of
oxygen partial pressure during the cell polarization leads to a decrease of
electronic conductivity of LSCNT-x according to equation 6 (given in literature
overview paragraph) and a decrease in GDC conductivity [10], which both are
responsible for the increase of R, observed. It should be mentioned that the total
conductance of the LSC cathode used in this single-cell increases very slightly
with the increase of current density applied (explained by the decrease of po, in
the porous electrode). However, the conductance changes in the anode (decrease
of conductance) are much more severe and define the total change in the system
studied.

The change of R, caused by cell potential also could be observed in Fig.
31a. The fuel electrode related mechanisms behind it are discussed in the pre-
vious chapter dealing with the 3-electrode characterization of LSCNT-x. In
general, it should be noted that cathode impedance dominates in the Nyquist
plots of the studied button cell at used experimental conditions.

It can be said that R, (0.63 Q cm”at 800 °C and OCV) values of the studied
system are decent, and R;, values (0.69 Q cm’ at 800 °C and OCV) are excellent
in comparison with the data presented in the literature for similar systems. For
example, Lu et al. [62] demonstrated the R, value of 1.86 Q cm? at 800 °C and
OCYV for undoped LSCT (YSZ electrolyte and LaggSrg,FeOs/LaggSry,Co0;
cathode). They also demonstrated about 100 mW cm > power density for pure
LSCT at —0.7 V cell potential otherwise at the same conditions. Our system
containing LSCNT-5 material demonstrated 200 mW cm > (Fig. 31b) power
density at similar conditions. The best power density (not peak power density)
obtained in this study at 850 °C was 325 mQ cm™. It could be concluded that
optimal Ni-doping into the B-site of LSCNT leads to a significant increase in
electrode activity.
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Figure 31. Nyquist plots (a) and cell potential vs current density and power density vs
current density curves (b) measured in 97% H,, 3%H,0 atmosphere at different
temperatures (700 °C,750 °C, 800 °C and 850 °C) noted in the figure. Nyquist plots are
measured at two different cell potentials (OCV and —-0.9 V), and IE curves were
recorded with a potential sweep rate of 5 mV s'.
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7. SUMMARY

The main aim of this work was to develop an electrochemically active and
stable solid oxide cell (SOC) fuel electrode. To rationally design the material, a
more in-depth understanding between the crystallographic properties (lattice
parameters, crystallite size, phase composition) of the SOC fuel electrode and
its electrochemical performance and stability at operating conditions is neces-
sary. A high-temperature operando XRD cell was developed and exploited to
determine the crystallographic properties during cell operation conditions. Ob-
serving changes in these characteristics during the cell operation can help
understand why some electrodes are underperforming.

The first part of the thesis focuses on testing the in-house developed
operando XRD cell with Ni-GDC model fuel electrode. The test showed the
capabilities of this method to obtain bulk crystallographic properties simul-
taneously with EIS data. Changes in GDC lattice parameter in different atmo-
spheres (air, 1% H, in Ar and 5% H, in Ar) and during the electrode operation
(-0.9 V vs Pt/Pt/O,) were observed. The lattice expansion during electrode
polarization is very significant and can be even equal to lattice expansion
caused by a 50 °C increase in temperature. Another important aspect, which
could be observed with the XRD coupled with EIS, was the changes in impe-
dance at different times during NiO reduction reaction to Ni. Electrochemical
properties remained constant after 60 mins of the reduction, although it took
160 minutes to reduce NiO entirely. Most likely, there are no significant chan-
ges in impedance after the exterior of NiO particles has been reduced to Ni.
Therefore, as it was demonstrated, the reduction of NiO takes longer than could
be presumed from impedance solely.

In the second part, extensive initial degradation of MIEC
Lay 75S10.25Cro sMng 3Nip,03_s (LSCMN) electrode from LaCrO;_sfamily were
studied. The degradation was found to be partially reversible by conducting a
redox cycle. The electrodes used in this were prepared by infiltrating LSCMN
into a porous ScCeSZ electrolyte matrix. The formation of a new phase(s)
during cell operation was observed on the surface of the fuel electrode. The
particles were more prominent on electrodes operated in the electrolysis mode.
The origin of the new phase was studied using the GIXRD technique at a
LSCMN electrode deposited with pulsed laser depostion and likely was the
Ruddlesden Popper ceramic phase of LSCMN. A high-temperature X-ray
diffraction study (HT-XRD) was conducted at fuel cell operando conditions to
understand the reason for the electrode degradation. The results show a signi-
ficant reduction of the amount of LSCMN phase (~27 wt% less) with cell ope-
ration was observed simultaneously with an increase of the lattice parameter of
the Scp2Ceg01Z10790,-5 (ScCeSZ) electrolyte. It is reasonable to conclude that
some of the products of the LSCMN decomposition start to dope the ScCeSZ
lattice, causing an increase in its lattice parameter. So, in the second part, it was
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demonstrated that the Lag75Srg25CrosMng3Nig,0s5_s electrode was not compa-
tible with a Scy,Ceq.01Zr10.700,_s electrolyte.

In the third of theses electrode from the SrTiO;_s perovskite family was
studied. Influence of the Ni-doping level in Lag,sSrg25Cag4T1;«NiyOs_5 (x = 0.02,
0.05, 0.1 or 0.2) on the chemical composition of the surface, electrochemical cha-
racteristics, microstructural properties, microstructural response for redox cycle
and on the short-term degradation was studied. 2-electrode measurements were
conducted with the most active and stable material, Lag»5Sr)25Cag4Tig95Nig05sO3_5
(LSCNT-5) in order to evaluate the performance in real working conditions. The
button cell consisted of LSCNT-5/GDC fuel electrode, two GDC barrier layers
(between electrodes and electrolyte), ScCeSZ electrolyte and LSC air electrode. R,
value of 0.38 © cm” at 850 °C was observed, and power density of 325 mW cm ™ at
850 °C (at —0.7 V cell potential) was measured.

The electrochemical performance of all the synthesized LSCNT-x electro-
des was measured using a 3-electrode setup. The catalytically most active mate-
rial was LSCNT-5, which had a polarization resistance value of 0.084 Q cm” at
850 °C and OCV conditions. The polarization resistance was stable for 120 h,
and no degradation was observed.

From the XRD analysis, it can be concluded that the unit cell volume of
Lag25Srg25Cag4Ti; xNixO3_s (LSCNT-X) increases continuously with the Ni
content in B-site. Starting from x=0.1 to higher concentrations of Ni in the
LSCNT-x B-site NiO phase appears in diffractograms, i.e., LSCNT-x perovs-
kite lattice is able to adopt less than 10% of Ni fully.

From the in situ XRD analysis of the powders, it can be said that during the
first reduction cycle, irreversible changes take place in all studied LSCNT-x
materials. The changes of unit cell volume as a response for changing the oxidi-
zing atmosphere to reducing atmosphere are qualitatively different for non-doped
Lag»5S1925Cap4Ti05_s (LSCT), for 2% and 5% doped LSCNT-x and for com-
positions with Ni excess (10 and 20% of Ni). Moreover, the reversibility of the
volumetric changes is dependent on the studied material — undoped LSCT
undergoes more severe irreversible lattice deformation. These qualitative diffe-
rences are also observable in electrochemical characteristics.

XPS and SEM analysis indicate some Ca segregation to the surface in the
case of pure LSCT (without Ni-doping)in an oxidizing atmosphere. However,
inreducing atmosphere, the material is stable and Ca stays in LSCT lattice. The
analysis shows that CaO and other mobile A-site cation (Sr*") segregation can
be suppressed in this material with Ni doping. The Ni content in B-site deter-
mines the surface chemistry and the proportion of La and Sr expressed on the
surface. The TOF-SIMS data analysis confirms that the substitution of Ti with
Ni in B-site leads to a more stable lattice and decreases the Sr mobility. How-
ever, in pure LSCT, there is the formation of a Sr-rich layer between electrolyte
and a chemical barrier layer (accumulation of Sr and most likely formation of
SrZrO;) during the electrode sintering process. No formation of SrZrOs; in Ni-
doped materials has been observed.
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9. SUMMARY IN ESTONIAN

Keraamilise kiituseelektroodi arendamine
tahkeoksiidelemendile

T606 eesmérk oli arendada elektrokeemiliselt aktiivne ning stabiilne kiituseelekt-
rood tahkeoksiidselemendile. Selleks, et jilgida materjali iilesehituses toimu-
vaid muutusi kiituseelemendi to6tamisega samaaegselt, koostati uudne korg-
temperatuurne operando rontgendifraksiooni (XRD) moodterakk. See mdoterakk
voimaldas saada infot korraga nii kiituseelemendi elektroodi elektrokeemiliste
kui ka kristallograafiliste omaduste (voreparameeter, kristalliidi suurus, faasi-
line koostis) kohta. Nii oli vdimalik analiiiisida, kuidas mdjutavad muutused
elektroodi struktuuris kiituseelemendi elektrokeemilist toimimist ning mdista
paremini elektroodides toimuvaid protsesse.

Uudse operando XRD modtesiisteemiga uuriti Ni-GDC mudelelektroodis
toimuvaid protsesse. Mudelelektroodil lasti toddata erinevates gaasikeskkonda-
des ja erineva elektrokeemilise polarisatsiooniga ning hinnati sellele vastavaid
kristallifaaside voreparameetrite muutuseid. Leiti, et sdltuvalt voolutihedusest
muutus Ce9Gdy10,-5 (GDC) voreparameeter méarkimisvéarselt. Uhikraku suu-
ruse muutused elektroodi polarisatsiooni muutmisel avatud ahela potentsiaalist
(OCV) kuni —0,9 V -ni on vorreldavad vore paisumisega, mis kaasneb 50 °C
temperatuuri tdusuga. Vore jirsk paisumine tekitab aga pingeid elektroodi-
elektroliiiidi piirpinnal, mis voib kiituseelemendi 16hkuda. Seega oleks moistlik
polarisatsiooni muuta jark-jargult. Teine oluline protsess, mida néhti, oli NiO
redutseerumine nikliks. See muutis korraga nii elektroodi impedantsi kui ka
kristallifaasi parameetreid. Parast 60. minutit NiO redutseerumist jdid elektro-
keemilised omadused muutumatuks, aga nikkeloksiidi téielikuks redutseeri-
miseks kulus 160 minutit. Sellest jareldub, et suure tdendosusega jaidb elektroo-
di impedants peaaegu konstantseks juba parast NiO osakeste pinna redutsee-
rumist nikliks, kuigi osakeste tdieliku redutseerumiseni kulub veel pikk aeg.

Veel uuriti, mis pShjustab Lag 75Srg25Cry sMng3Nip,0;-s (LSCMN) kiituse-
elektroodi intensiivset degradeerumist esialgses stabiliseerumise faasis. Kiituse-
elektrood valmistamiseks infiltreeriti aktiivaine (LSCMN) poorsesse
Sco2Ce0,01Z10,7902-5 (ScCeSZ) elektroliiiidi maatriksisse. Todtingimuste moju
materjali pinnastruktuurile uuriti GI-XRD ning SEM meetoditega. Selgus, et
elektroodi t66 kdigus tekkis selle pinnale uus kristallifaas, mis suure tdenédosu-
sega kuulus LSCMN-i Ruddlesdeni-Popperi faasile. Lisaks uuriti elektroodi
degradeerumise pohjuseid operando XRD meetodiga. Avastati, et katse kdigus
vihenes LSCMN-i faasi hulk ~27 massi%, kusjuures ScCeSZ voreparameeter
kasvas elektroodi tootingimustel jark-jargult. Suure tdendosusega poOhjustab
ScCeSZ voreparameetri kasvu selle {ihikraku elementkoostise muutumine, mis
juhtub arvatavasti seetottu, et moni LSCMN-i lagunemise produktidest dopeerib
ScCeSZ vore.
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Doktorit66 kdigus uuriti veel SrTiOs_s perovskiidi tiilipi segajuhtmaterjale
La(),25sr(),25cao,4Ti1_XNiXO3_5 (LSCNT-X), kus x on 0,02, 0,05, 0,1 vO1 0,2 Hin-
nati Ni hulga modju elektroodi pinnakeemiale, elektrokeemilistele omadustele,
mikrostruktuurile, redokstsiiklile ning lithiajalisele stabiilsusele. Kdige aktiiv-
semat materjali, LagsSty25Cag4Tip9sNigs03-s (LSCNT-5), moddeti 2-elekt-
roodse siisteemiga, et hinnata elektroodi aktiivsust tahkeoksiidses elektro-
keemilises rakus. See elektrokeemiline rakk koosnes LSCNT-5/GDC Kkiituse-
elektroodist, kahest GDC barjdérkihist (elektroodide ja elektroliiiidi vahel),
ScCeSZ elektroliitidist ning Lag 6Sry4Co0;_s 6huelektroodist. Polarisatsioonilise
takistuse (R,) vairtuseks moddeti 850 °C juures 0,38 Q cm’ ning vdimsus-
tiheduseks 325 mW cm ™ (0,7 V rakupotentsiaal).

Koikide siinteesitud LSCNT-x elektroodide elektrokeemilist aktiivsust
hinnati ka 3-elektroodses siisteemis. Kdige aktiivsema materjali (LSCNT-5) R,
védrtus oli 850 °C juures ning avatud ahela potentsiaalil 0,084 Q cm®. Leiti, et
R, oli stabiilne kogu esialgse stabiilsuskatse viltel, mis kestis 120 h.

XRD analiiiisist jareldub, et nikli kontsentratsiooni kasv LSCNT-x vores
suurendab faasi iihikraku ruumala. Samas, alates x =0,1 ei lahustu nikkel enam
taielikult LSCNT-x vores ja osa Ni moodustab NiO faasi.

In situ XRD analiilisiga uuriti elektroodimaterjali stabiilsust redokstsiiklite
suhtes. Esimese redutseerimise tagajirjel suurenes koikides LSCNT-x pulbrites
pOordumatult ithikraku ruumala. Need muutused olid erinevad olenevalt mater-
jali koostisest. Tekkis kolm gruppi: puhas Lag5Srg,5Cag4Ti0;-s (LSCT), 2%
ning 5% niklisisaldusega (B-saidis) LSCNT-x ning nikli liiaga materjali (10 ja
20% niklit B-saidis LSCNT-x). Samad kolm gruppi moodustusid ka elektro-
keemiliste tulemuste pdhjal. /n situ XRD meetodiga selgus veel, et osade mater-
jalide vore ruumala muutus redutseerimise tagajarjel rohkem poorduvalt, osadel
rohkem podrdumatult. Naiteks dopeerimata LSCT materjalis deformeerub vore
intensiivselt ja suures osas pdordumatult.

XPS ja SEM analiiiisist johtub, et Ca*" ioonid liiguvad puhtas LSCT-s (6hu
keskkonnas ning elektroodi todtemperatuuril) pinnale. Samas redutseerivas
keskkonnas Ca®"-ioonid pinnale ei liigu, vaid jéévad LSCT voresse. Analiiiisist
jareldus veel, et dopeerimine nikliga vdhendas mérgatavalt A-saidi katioonide
mobiilsust LSCNT-x elektroodis. Nikli kontsentratsioon LSCNT-x B-saidis
mdjutas otseselt La**/Sr*" kontsentratsioonide suhet elektroodi pinnal. TOF-
SIMS analiiiis kinnitas samuti, et nikli lisand LSCNT-x vores parandas selle
stabiilsust ning vidhendas strontsiumi mobiilsust. TOF-SIMS kujutistel oli ndha
puhta LSCT elektroodi ning ScCeSZ elektroliiiidi vahele kogunenud Sr-rikas
kiht. Samas kui kdikide nikliga dopeeritud materjalide korral leidus Sr ainult
elektroodikihis.

75



10. ACKNOWLEDGEMENTS

Firstly, I would like to thank my supervisors, professor Enn Lust and associate
professor Gunnar Nurk, for guidance through all these years. Gunnar, I am
incredibly thankful for always squishing maximum effort out of me and for
those intellectual conversations about every fuel cell related aspect. Enn, thank
you for being a role model for doing Your work with passion and spending an
endless amount of hours in Chemicum.

I would like to thank all the people who have helped me conduct the experi-
ments. Special thanks to Mr Jaan Aruvéli, who helped me conduct most of the
XRD experiments and for always being helpful and cheerful. Dr Pédrn Paiste
for doing his best with ICP-MS and MP-AES measurements, although some-
times I was not happy with the results. I am grateful to prof. Kalle Kirsimie and
the whole Geology department for always making us feel welcome there. Dr
Kuno Kooser for assisting us with XPS measurements and interpretation. Mr
Rait Kanarbik for getting things done. Dr Jaak Nerut for being an exemplar
scientist and for all the contribution to my education in general. Dr Heili Kasuk
for always being helpful and cheerful. Miss Eliise Tammekivi for assisting us
with Karl Fischer Titration and happily providing chemicals for XRF standards.
Dr Martin Maide and Mrs Riinu Harmas for proofreading my texts and making
them readable.

I would not be here without the support of my friends, family and collea-
gues. | am very grateful to all of you.

This work was supported by Estonian Research Council grant PRG551 and
PUT1581 and by Estonian target research project UT-20-13 and by EU through
the European Regional Development Fund (TK141 “Advanced materials and
high-technology devices for energy recuperation systems” and TK 134 “Emer-
ging orders in quantum and nanomaterials”), Estonian Science Foundation
(grants no. 9352 and 8860), European Regional Development Fund: Estonian
Materials Technology project (3.2.1101.12-0014), Estonian Energy Technology
project (3.2.0501.10-0015), Nanomaterials — research and applications
(NAMUR) project (3.2.0304.12-0397).

76



11. PUBLICATIONS



CURRICULUM VITAE

Name: Ove Korjus
Date of birth: July 15, 1991
Citizenship: Estonian

Contact: Institute of Chemistry, University of Tartu
Ravila 14a, 50411, Tartu, Estonia
E-mail ove.korjus@ut.ee
Education:
2016—... University of Tartu, Institute of Chemistry, PhD student

20132016 University of Tartu, Institute of Chemistry, M.Sc (Chemistry)
2010-2013 University of Tartu, Institute of Chemistry, B.Sc (Chemistry)

Professional employment:
2012—-... University of Tartu, Institute of Chemistry, Chemist

20142016 Skeleton Technologies OU, Synthesis operator

Scientific publications:
1. O. Korjus, J. Aruvili, I. Kivi, M. Kodu, E. Lust, G. Nurk, Simultaneous

Operando Characterization of Crystallographic and Electrochemical Pro-
perties of Ni-Ce9Gdg 10,5 Solid Oxide Fuel Cell Anode. J. Electrochem
Soc., 165 (13) (2018) F1043—F1050.

2. O. Korjus, J. Aruvili, P. Paiste, K. Kooser, S. Granroth, H. Méndar, M.

Kodu, R. Hérmas, M. Ainsar, E. Lust, G. Nurk, Study of Electrochemical
and  Crystallographic ~ Changes During Initial Stabilisation of
Lag 75Sr025CrysMng 3Nig»,0s-s Reversible Solid Oxide Cell Electrode. Fuel
Cells, 20 (6) (2020), 741-752.

3. O. Korjus, P. Moller, K. Kooser, T. Kddmbre, O. Volobujeva, J. Nerut, S.

Kotkas, E. Lust, G. Nurk, Influence of Ni Concentration on Electrochemical
and Crystallographic Properties of Lag,sSry25Cag4Ti—NixO;3-s Solid Oxide
Fuel Cell Anode, J. Power Sources, (2021).

4. O. Korjus, I. Kivi, J. Aruvili, K. Kirsimie, G. Nurk, In Operando Electro-

chemical High-Temperature X-Ray Diffraction Study of Ni-CeoGdy 0,-s5
Redox Properties, ECS Trans. 78 (1) (2017) 1139-1148.

5.0. Korjus, G. Nurk, J. Aruvili, 1. Kivi, M. Maide, E. Lust, Electro-

chemical- and  Crystallographic = Operando  Characterization  of
Lag 75S1925Cro sMng 3Nig,O3_s Anode Infiltrated into Sc,Ceg01Zro790-s
Electrolyte Scaffold. ECS Trans. 91 (1) (2019) 1683—1692.

139



ELULOOKIRJELDUS

Nimi: Ove Korjus

Siinniaeg: 15. juuli 1991

Kodakondsus: Eesti

Kontakt: Tartu Ulikool keemia instituut, Ravila 14a, 50411, Tartu, Eesti
E-post ove.korjus@ut.ce

Haridus:

2016—... Tartu Ulikool, keemia eriala doktoridpe

20132016 Tartu Ulikool, Keemia instituut, magistridpe (keemia)
20102013 Tartu Ulikool, Keemia instituut, bakalaureusedpe (keemia)
Tookogemus:

2012—-... Tartu Ulikool, Keemia instituut, keemik

2014-2016 Skeleton Technologies OU, Siinteesioperaator

Teaduspublikatsioonid:

1. O. Korjus, J. Aruvili, I. Kivi, M. Kodu, E. Lust, G. Nurk, Simultaneous
Characterization of Crystallographic and Electrochemical

Operando

Properties of Ni-Ceg9Gdg 10,-s Solid Oxide Fuel Cell Anode. J. Electrochem
Soc., 165 (13) (2018) F1043—F1050.

2. 0. Korjus, J. Aruvili, P. Paiste, K. Kooser, S. Granroth, H. Mindar, M.

Kodu, R. Hérmas, M. Ainsar, E. Lust, G. Nurk, Study of Electrochemical
and  Crystallographic  Changes During Initial  Stabilisation  of
Lag 75S10.,5Crg sMng 3Niy,0O5-s5 Reversible Solid Oxide Cell Electrode. Fuel
Cells, 20 (6) (2020), 741-752.

3. O. Korjus, P. Méller, K. Kooser, T. Kddambre, O. Volobujeva, J. Nerut, S.

Kotkas, E. Lust, G. Nurk, Influence of Ni Concentration on Electrochemical
and Crystallographic Properties of Lag,s5Sry25Cag4T1NixO;3-s Solid Oxide
Fuel Cell Anode, J. Power Sources, (2021).

4. 0. Korjus, I. Kivi, J. Aruvili, K. Kirsimide, G. Nurk, In Operando

Electrochemical High-Temperature X-Ray Diffraction Study of Ni-
Ceo9Gdy10;,-s Redox Properties, ECS Trans. 78 (1) (2017) 1139—-1148.

5. 0. Korjus, G. Nurk, J. Aruvili, 1. Kivi, M. Maide, E. Lust, Electrochemical-

and Crystallographic Operando Characterization of
Lao_75SI’0_25CI'0'5M1’10_3Ni0.203_,5 Anode Infiltrated into SCo,zceo_()lZI'ongz_,;
Electrolyte Scaffold. ECS Trans. 91 (1) (2019) 1683—1692.

140



10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

DISSERTATIONES CHIMICAE
UNIVERSITATIS TARTUENSIS

Toomas Tamm. Quantum-chemical simulation of solvent effects. Tartu,
1993, 110 p.

Peeter Burk. Theoretical study of gas-phase acid-base equilibria. Tartu,
1994, 96 p.

Victor Lobanov. Quantitative structure-property relationships in large
descriptor spaces. Tartu, 1995, 135 p.

Vahur Miemets. The 'O and 'H nuclear magnetic resonance study of
H,O in individual solvents and its charged clusters in aqueous solutions of
electrolytes. Tartu, 1997, 140 p.

Andrus Metsala. Microcanonical rate constant in nonequilibrium distribu-
tion of vibrational energy and in restricted intramolecular vibrational
energy redistribution on the basis of slater’s theory of unimolecular re-
actions. Tartu, 1997, 150 p.

Uko Maran. Quantum-mechanical study of potential energy surfaces in
different environments. Tartu, 1997, 137 p.

Alar Janes. Adsorption of organic compounds on antimony, bismuth and
cadmium electrodes. Tartu, 1998, 219 p.

Kaido Tammeveski. Oxygen eclectroreduction on thin platinum films and
the electrochemical detection of superoxide anion. Tartu, 1998, 139 p.

Ivo Leito. Studies of Brensted acid-base equilibria in water and non-
aqueous media. Tartu, 1998, 101 p.

Jaan Leis. Conformational dynamics and equilibria in amides. Tartu, 1998,
131 p.

Toonika Rinken. The modelling of amperometric biosensors based on oxi-
doreductases. Tartu, 2000, 108 p.

Dmitri Panov. Partially solvated Grignard reagents. Tartu, 2000, 64 p.
Kaja Orupoéld. Treatment and analysis of phenolic wastewater with micro-
organisms. Tartu, 2000, 123 p.

Jiiri Ivask. Ion Chromatographic determination of major anions and
cations in polar ice core. Tartu, 2000, 85 p.

Lauri Vares. Stereoselective Synthesis of Tetrahydrofuran and Tetra-
hydropyran Derivatives by Use of Asymmetric Horner-Wadsworth-
Emmons and Ring Closure Reactions. Tartu, 2000, 184 p.

Martin Lepiku. Kinetic aspects of dopamine D, receptor interactions with
specific ligands. Tartu, 2000, 81 p.

Katrin Sak. Some aspects of ligand specificity of P2Y receptors. Tartu,
2000, 106 p.

Vello Pillin. The role of solvation in the formation of iotsitch complexes.
Tartu, 2001, 95 p.

Katrin Kollist. Interactions between polycyclic aromatic compounds and
humic substances. Tartu, 2001, 93 p.

141



20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Ivar Koppel. Quantum chemical study of acidity of strong and superstrong
Bronsted acids. Tartu, 2001, 104 p.

Viljar Pihl. The study of the substituent and solvent effects on the acidity
of OH and CH acids. Tartu, 2001, 132 p.

Natalia Palm. Specification of the minimum, sufficient and significant set
of descriptors for general description of solvent effects. Tartu, 2001, 134 p.
Sulev Sild. QSPR/QSAR approaches for complex molecular systems.
Tartu, 2001, 134 p.

Ruslan Petrukhin. Industrial applications of the quantitative structure-
property relationships. Tartu, 2001, 162 p.

Boris V. Rogovoy. Synthesis of (benzotriazolyl)carboximidamides and their
application in relations with N- and S-nucleophyles. Tartu, 2002, 84 p.

Koit Herodes. Solvent effects on UV-vis absorption spectra of some
solvatochromic substances in binary solvent mixtures: the preferential
solvation model. Tartu, 2002, 102 p.

Anti Perkson. Synthesis and characterisation of nanostructured carbon.
Tartu, 2002, 152 p.

Ivari Kaljurand. Self-consistent acidity scales of neutral and cationic
Brensted acids in acetonitrile and tetrahydrofuran. Tartu, 2003, 108 p.
Karmen Lust. Adsorption of anions on bismuth single crystal electrodes.
Tartu, 2003, 128 p.

Mare Piirsalu. Substituent, temperature and solvent effects on the alkaline
hydrolysis of substituted phenyl and alkyl esters of benzoic acid. Tartu,
2003, 156 p.

Meeri Sassian. Reactions of partially solvated Grignard reagents. Tartu,
2003, 78 p.

Tarmo Tamm. Quantum chemical modelling of polypyrrole. Tartu, 2003.
100 p.

Erik Teinemaa. The environmental fate of the particulate matter and
organic pollutants from an oil shale power plant. Tartu, 2003. 102 p.

Jaana Tammiku-Taul. Quantum chemical study of the properties of
Grignard reagents. Tartu, 2003. 120 p.

Andre Lomaka. Biomedical applications of predictive computational
chemistry. Tartu, 2003. 132 p.

Kostyantyn Kirichenko. Benzotriazole — Mediated Carbon—Carbon Bond
Formation. Tartu, 2003. 132 p.

Gunnar Nurk. Adsorption kinetics of some organic compounds on bis-
muth single crystal electrodes. Tartu, 2003, 170 p.

Mati Arulepp. Electrochemical characteristics of porous carbon materials
and electrical double layer capacitors. Tartu, 2003, 196 p.

Dan Cornel Fara. QSPR modeling of complexation and distribution of
organic compounds. Tartu, 2004, 126 p.

Riina Mahlapuu. Signalling of galanin and amyloid precursor protein
through adenylate cyclase. Tartu, 2004, 124 p.

142



41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Mihkel Kerikmée. Some luminescent materials for dosimetric applications
and physical research. Tartu, 2004, 143 p.

Jaanus Kruusma. Determination of some important trace metal ions in
human blood. Tartu, 2004, 115 p.

Urmas Johanson. Investigations of the electrochemical properties of poly-
pyrrole modified electrodes. Tartu, 2004, 91 p.

Kaido Sillar. Computational study of the acid sites in zeolite ZSM-5.
Tartu, 2004, 80 p.

Aldo Oras. Kinetic aspects of dATPaS interaction with P2Y; receptor.
Tartu, 2004, 75 p.

Erik Molder. Measurement of the oxygen mass transfer through the air-
water interface. Tartu, 2005, 73 p.

Thomas Thomberg. The kinetics of electroreduction of peroxodisulfate
anion on cadmium (0001) single crystal electrode. Tartu, 2005, 95 p.

Olavi Loog. Aspects of condensations of carbonyl compounds and their
imine analogues. Tartu, 2005, 83 p.

Siim Salmar. Effect of ultrasound on ester hydrolysis in aqueous ethanol.
Tartu, 2006, 73 p.

Ain Uustare. Modulation of signal transduction of heptahelical receptors
by other receptors and G proteins. Tartu, 2006, 121 p.

Sergei Yurchenko. Determination of some carcinogenic contaminants in
food. Tartu, 2006, 143 p.

Kaido Témm. QSPR modeling of some properties of organic compounds.
Tartu, 2006, 67 p.

Olga TSubrik. New methods in the synthesis of multisubstituted hydra-
zines. Tartu. 2006, 183 p.

Lilli Soovili. Spectrophotometric measurements and their uncertainty in
chemical analysis and dissociation constant measurements. Tartu, 2006,
125 p.

Eve Koort. Uncertainty estimation of potentiometrically measured ph and
pK. values. Tartu, 2006, 139 p.

Sergei Kopanchuk. Regulation of ligand binding to melanocortin receptor
subtypes. Tartu, 2006, 119 p.

Silvar Kallip. Surface structure of some bismuth and antimony single
crystal electrodes. Tartu, 2006, 107 p.

Kristjan Saal. Surface silanization and its application in biomolecule
coupling. Tartu, 2006, 77 p.

Tanel Titte. High viscosity Sn(OBu), oligomeric concentrates and their
applications in technology. Tartu, 2006, 91 p.

Dimitar Atanasov Dobchev. Robust QSAR methods for the prediction of
properties from molecular structure. Tartu, 2006, 118 p.

Hannes Hagu. Impact of ultrasound on hydrophobic interactions in
solutions. Tartu, 2007, 81 p.

Rutha Jiger. FElectroreduction of peroxodisulfate anion on bismuth
electrodes. Tartu, 2007, 142 p.

143



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Kaido Viht. Immobilizable bisubstrate-analogue inhibitors of basophilic
protein kinases: development and application in biosensors. Tartu, 2007,
88 p.

Eva-Ingrid R66m. Acid-base equilibria in nonpolar media. Tartu, 2007,
156 p.

Sven Tamp. DFT study of the cesium cation containing complexes relevant
to the cesium cation binding by the humic acids. Tartu, 2007, 102 p.

Jaak Nerut. Electroreduction of hexacyanoferrate(Ill) anion on Cadmium
(0001) single crystal electrode. Tartu, 2007, 180 p.

Lauri Jalukse. Measurement uncertainty estimation in amperometric
dissolved oxygen concentration measurement. Tartu, 2007, 112 p.

Aime Lust. Charge state of dopants and ordered clusters formation in
CaF,:Mn and CaF,:Eu luminophors. Tartu, 2007, 100 p.

Iiris Kahn. Quantitative Structure-Activity Relationships of environ-
mentally relevant properties. Tartu, 2007, 98 p.

Mari Reinik. Nitrates, nitrites, N-nitrosamines and polycyclic aromatic
hydrocarbons in food: analytical methods, occurrence and dietary intake.
Tartu, 2007, 172 p.

Heili Kasuk. Thermodynamic parameters and adsorption kinetics of orga-
nic compounds forming the compact adsorption layer at Bi single crystal
electrodes. Tartu, 2007, 212 p.

Erki Enkvist. Synthesis of adenosine-peptide conjugates for biological
applications. Tartu, 2007, 114 p.

Svetoslav Hristov Slavov. Biomedical applications of the QSAR approach.
Tartu, 2007, 146 p.

Eneli Hirk. Electroreduction of complex cations on electrochemically
polished Bi(#kl) single crystal electrodes. Tartu, 2008, 158 p.

Priit Méller. Electrochemical characteristics of some cathodes for medium
temperature solid oxide fuel cells, synthesized by solid state reaction
technique. Tartu, 2008, 90 p.

Signe Viggor. Impact of biochemical parameters of genetically different
pseudomonads at the degradation of phenolic compounds. Tartu, 2008, 122 p.
Ave Sarapuu. Electrochemical reduction of oxygen on quinone-modified
carbon electrodes and on thin films of platinum and gold. Tartu, 2008,
134 p.

Agnes Kiitt. Studies of acid-base equilibria in non-aqueous media. Tartu,
2008, 198 p.

Rouvim Kadis. Evaluation of measurement uncertainty in analytical che-
mistry: related concepts and some points of misinterpretation. Tartu, 2008,
118 p.

Valter Reedo. Elaboration of IVB group metal oxide structures and their
possible applications. Tartu, 2008, 98 p.

Aleksei Kuznetsov. Allosteric effects in reactions catalyzed by the cAMP-
dependent protein kinase catalytic subunit. Tartu, 2009, 133 p.

144



82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

Aleksei Bredihhin. Use of mono- and polyanions in the synthesis of
multisubstituted hydrazine derivatives. Tartu, 2009, 105 p.

Anu Ploom. Quantitative structure-reactivity analysis in organosilicon
chemistry. Tartu, 2009, 99 p.

Argo Vonk. Determination of adenosine A;a- and dopamine D, receptor-
specific modulation of adenylate cyclase activity in rat striatum. Tartu,
2009, 129 p.

Indrek Kivi. Synthesis and electrochemical characterization of porous
cathode materials for intermediate temperature solid oxide fuel cells.
Tartu, 2009, 177 p.

Jaanus Eskusson. Synthesis and characterisation of diamond-like carbon
thin films prepared by pulsed laser deposition method. Tartu, 2009, 117 p.
Marko Létt. Carbide derived microporous carbon and electrical double
layer capacitors. Tartu, 2009, 107 p.

Vladimir Stepanov. Slow conformational changes in dopamine transpor-
ter interaction with its ligands. Tartu, 2009, 103 p.

Aleksander Trummal. Computational Study of Structural and Solvent
Effects on Acidities of Some Breonsted Acids. Tartu, 2009, 103 p.

Eerold Vellemie. Applications of mischmetal in organic synthesis. Tartu,
2009, 93 p.

Sven Parkel. Ligand binding to 5-HT;, receptors and its regulation by
Mg”" and Mn*". Tartu, 2010, 99 p.

Signe Vahur. Expanding the possibilities of ATR-FT-IR spectroscopy in
determination of inorganic pigments. Tartu, 2010, 184 p.

Tavo Romann. Preparation and surface modification of bismuth thin
film, porous, and microelectrodes. Tartu, 2010, 155 p.

Nadezda Aleksejeva. Electrocatalytic reduction of oxygen on carbon
nanotube-based nanocomposite materials. Tartu, 2010, 147 p.

Marko Kullapere. Electrochemical properties of glassy carbon, nickel
and gold electrodes modified with aryl groups. Tartu, 2010, 233 p.

Liis Siinor. Adsorption kinetics of ions at Bi single crystal planes from
aqueous electrolyte solutions and room-temperature ionic liquids. Tartu,
2010, 101 p.

Angela Vaasa. Development of fluorescence-based kinetic and binding
assays for characterization of protein kinases and their inhibitors. Tartu
2010, 101 p.

Indrek Tulp. Multivariate analysis of chemical and biological properties.
Tartu 2010, 105 p.

Aare Selberg. Evaluation of environmental quality in Northern Estonia
by the analysis of leachate. Tartu 2010, 117 p.

Darja Lavogina. Development of protein kinase inhibitors based on
adenosine analogue-oligoarginine conjugates. Tartu 2010, 248 p.

Laura Herm. Biochemistry of dopamine D, receptors and its association
with motivated behaviour. Tartu 2010, 156 p.

145



102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Terje Raudsepp. Influence of dopant anions on the electrochemical pro-
perties of polypyrrole films. Tartu 2010, 112 p.

Margus Marandi. Electroformation of Polypyrrole Films: In-situ AFM
and STM Study. Tartu 2011, 116 p.

Kairi Kivirand. Diamine oxidase-based biosensors: construction and
working principles. Tartu, 2011, 140 p.

Anneli Kruve. Matrix effects in liquid-chromatography electrospray
mass-spectrometry. Tartu, 2011, 156 p.

Gary Urb. Assessment of environmental impact of oil shale fly ash from
PF and CFB combustion. Tartu, 2011, 108 p.

Nikita Oskolkov. A novel strategy for peptide-mediated cellular delivery
and induction of endosomal escape. Tartu, 2011, 106 p.

Dana Martin. The QSPR/QSAR approach for the prediction of properties of
fullerene derivatives. Tartu, 2011, 98 p.

Séde Viirlaid. Novel glutathione analogues and their antioxidant activity.
Tartu, 2011, 106 p.

Ulis Séukand. Simultaneous adsorption of Cd*", Ni**, and Pb>" on peat.
Tartu, 2011, 124 p.

Lauri Lipping. The acidity of strong and superstrong Brensted acids, an
outreach for the “limits of growth”: a quantum chemical study. Tartu,
2011, 124 p.

Heisi Kurig. Electrical double-layer capacitors based on ionic liquids as
electrolytes. Tartu, 2011, 146 p.

Marje Kasari. Bisubstrate luminescent probes, optical sensors and
affinity adsorbents for measurement of active protein kinases in biological
samples. Tartu, 2012, 126 p.

Kalev Takkis. Virtual screening of chemical databases for bioactive
molecules. Tartu, 2012, 122 p.

Ksenija Kisseljova. Synthesis of aza-B’-amino acid containing peptides
and kinetic study of their phosphorylation by protein kinase A. Tartu,
2012, 104 p.

Riin Rebane. Advanced method development strategy for derivatization
LC/ESI/MS. Tartu, 2012, 184 p.

Vladislav IvanistSev. Double layer structure and adsorption kinetics of
ions at metal electrodes in room temperature ionic liquids. Tartu, 2012,
128 p.

Irja Helm. High accuracy gravimetric Winkler method for determination
of dissolved oxygen. Tartu, 2012, 139 p.

Karin Kipper. Fluoroalcohols as Components of LC-ESI-MS Eluents:
Usage and Applications. Tartu, 2012, 164 p.

Arno Ratas. Energy storage and transfer in dosimetric luminescent
materials. Tartu, 2012, 163 p.

Reet Reinart-Okugbeni. Assay systems for characterisation of subtype-
selective binding and functional activity of ligands on dopamine receptors.
Tartu, 2012, 159 p.

146



122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

Lauri Sikk. Computational study of the Sonogashira cross-coupling
reaction. Tartu, 2012, 81 p.

Karita Raudkivi. Neurochemical studies on inter-individual differences
in affect-related behaviour of the laboratory rat. Tartu, 2012, 161 p.
Indrek Saar. Design of GalR2 subtype specific ligands: their role in
depression-like behavior and feeding regulation. Tartu, 2013, 126 p.

Ann Laheiér. Electrochemical characterization of alkali metal salt based
non-aqueous electrolytes for supercapacitors. Tartu, 2013, 127 p.

Kerli Tonurist. Influence of electrospun separator materials properties on
electrochemical performance of electrical double-layer capacitors. Tartu,
2013, 147 p.

Kaija Pohako-Esko. Novel organic and inorganic ionogels: preparation
and characterization. Tartu, 2013, 124 p.

Ivar Kruusenberg. Electroreduction of oxygen on carbon nanomaterial-
based catalysts. Tartu, 2013, 191 p.

Sander Piiskop. Kinetic effects of ultrasound in aqueous acetonitrile
solutions. Tartu, 2013, 95 p.

Ilona Faustova. Regulatory role of L-type pyruvate kinase N-terminal
domain. Tartu, 2013, 109 p.

Kadi Tamm. Synthesis and characterization of the micro-mesoporous
anode materials and testing of the medium temperature solid oxide fuel
cell single cells. Tartu, 2013, 138 p.

Iva Bozhidarova Stoyanova-Slavova. Validation of QSAR/QSPR for
regulatory purposes. Tartu, 2013, 109 p.

Vitali Grozovski. Adsorption of organic molecules at single crystal
electrodes studied by in situ STM method. Tartu, 2014, 146 p.

Santa Veiksina. Development of assay systems for characterisation of
ligand binding properties to melanocortin 4 receptors. Tartu, 2014, 151 p.
Jiiri Liiv. PVDF (polyvinylidene difluoride) as material for active
element of twisting-ball displays. Tartu, 2014, 111 p.

Kersti Vaarmets. FElectrochemical and physical characterization of
pristine and activated molybdenum carbide-derived carbon electrodes for
the oxygen electroreduction reaction. Tartu, 2014, 131 p.

Lauri Téntson. Regulation of G-protein subtypes by receptors, guanine
nucleotides and Mn?". Tartu, 2014, 105 p.

Aiko Adamson. Properties of amine-boranes and phosphorus analogues
in the gas phase. Tartu, 2014, 78 p.

Elo Kibena. Electrochemical grafting of glassy carbon, gold, highly
oriented pyrolytic graphite and chemical vapour deposition-grown graphene
electrodes by diazonium reduction method. Tartu, 2014, 184 p.

Teemu Niykki. Novel Tools for Water Quality Monitoring — From Field
to Laboratory. Tartu, 2014, 202 p.

Karl Kaupmees. Acidity and basicity in non-aqueous media: importance
of solvent properties and purity. Tartu, 2014, 128 p.

147



142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

Oleg Lebedev. Hydrazine polyanions: different strategies in the synthesis
of heterocycles. Tartu, 2015, 118 p.

Geven Piir. Environmental risk assessment of chemicals using QSAR
methods. Tartu, 2015, 123 p.

Olga Mazina. Development and application of the biosensor assay for
measurements of cyclic adenosine monophosphate in studies of G protein-
coupled receptor signalinga. Tartu, 2015, 116 p.

Sandip Ashokrao Kadam. Anion receptors: synthesis and accurate
binding measurements. Tartu, 2015, 116 p.

Indrek Tallo. Synthesis and characterization of new micro-mesoporous
carbide derived carbon materials for high energy and power density
electrical double layer capacitors. Tartu, 2015, 148 p.

Heiki Erikson. Electrochemical reduction of oxygen on nanostructured
palladium and gold catalysts. Tartu, 2015, 204 p.

Erik Anderson. /n situ Scanning Tunnelling Microscopy studies of the
interfacial structure between Bi(111) electrode and a room temperature
ionic liquid. Tartu, 2015, 118 p.

Girinath G. Pillai. Computational Modelling of Diverse Chemical, Bio-
chemical and Biomedical Properties. Tartu, 2015, 140 p.

Piret Pikma. Interfacial structure and adsorption of organic compounds at
Cd(0001) and Sb(111) electrodes from ionic liquid and aqueous
electrolytes: an in situ STM study. Tartu, 2015, 126 p.

Ganesh babu Manoharan. Combining chemical and genetic approaches
for photoluminescence assays of protein kinases. Tartu, 2016, 126 p.
Carolin Siimenson. Electrochemical characterization of halide ion
adsorption from liquid mixtures at Bi(111) and pyrolytic graphite
electrode surface. Tartu, 2016, 110 p.

Asko Laaniste. Comparison and optimisation of novel mass spectrometry
ionisation sources. Tartu, 2016, 156 p.

Hanno Evard. Estimating limit of detection for mass spectrometric
analysis methods. Tartu, 2016, 224 p.

Kadri Ligi. Characterization and application of protein kinase-responsive
organic probes with triplet-singlet energy transfer. Tartu, 2016, 122 p.
Margarita Kagan. Biosensing penicillins’ residues in milk flows. Tartu,
2016, 130 p.

Marie Kriisa. Development of protein kinase-responsive photolumine-
scent probes and cellular regulators of protein phosphorylation. Tartu,
2016, 106 p.

Mihkel Vestli. Ultrasonic spray pyrolysis deposited electrolyte layers for
intermediate temperature solid oxide fuel cells. Tartu, 2016, 156 p.

Silver Sepp. Influence of porosity of the carbide-derived carbon on the
properties of the composite electrocatalysts and characteristics of polymer
electrolyte fuel cells. Tartu, 2016, 137 p.

Kristjan Haav. Quantitative relative equilibrium constant measurements
in supramolecular chemistry. Tartu, 2017, 158 p.

148



161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

Anu Teearu. Development of MALDI-FT-ICR-MS methodology for the
analysis of resinous materials. Tartu, 2017, 205 p.

Taavi Ivan. Bifunctional inhibitors and photoluminescent probes for
studies on protein complexes. Tartu, 2017, 140 p.

Maarja-Liisa Oldekop. Characterization of amino acid derivatization
reagents for LC-MS analysis. Tartu, 2017, 147 p.

Kristel Jukk. Electrochemical reduction of oxygen on platinum- and
palladium-based nanocatalysts. Tartu, 2017, 250 p.

Siim Kukk. Kinetic aspects of interaction between dopamine transporter
and N-substituted nortropane derivatives. Tartu, 2017, 107 p.

Birgit Viira. Design and modelling in early drug development in
targeting HIV-1 reverse transcriptase and Malaria. Tartu, 2017, 172 p.
Rait Kivi. Allostery in cAMP dependent protein kinase catalytic subunit.
Tartu, 2017, 115 p.

Agnes Heering. Experimental realization and applications of the unified
acidity scale. Tartu, 2017, 123 p.

Delia Juronen. Biosensing system for the rapid multiplex detection of
mastitis-causing pathogens in milk. Tartu, 2018, 85 p.

Hedi Rahnel. ARC-inhibitors: from reliable biochemical assays to regu-
lators of physiology of cells. Tartu, 2018, 176 p.

Anton Ruzanov. Computational investigation of the electrical double
layer at metal-aqueous solution and metal-ionic liquid interfaces. Tartu,
2018, 129 p.

Katrin Kestav. Crystal Structure-Guided Development of Bisubstrate-
Analogue Inhibitors of Mitotic Protein Kinase Haspin. Tartu, 2018, 166 p.
Mihkel Ilisson. Synthesis of novel heterocyclic hydrazine derivatives and
their conjugates. Tartu, 2018, 101 p.

Anni Allikalt. Development of assay systems for studying ligand binding
to dopamine receptors. Tartu, 2018, 160 p.

Ove OIlL Electrical double layer structure and energy storage characteris-
tics of ionic liquid based capacitors. Tartu, 2018, 187 p.

Rasmus Palm. Carbon materials for energy storage applications. Tartu,
2018, 114 p.

Jorgen Metsik. Preparation and stability of poly(3,4-ethylenedioxythio-
phene) thin films for transparent electrode applications. Tartu, 2018,
111 p.

Sofja TSepelevits. Experimental studies and modeling of solute-solvent
interactions. Tartu, 2018, 109 p.

Mirt Lokov. Basicity of some nitrogen, phosphorus and carbon bases in
acetonitrile. Tartu, 2018, 104 p.

Anton Mastitski. Preparation of a-aza-amino acid precursors and related
compounds by novel methods of reductive one-pot alkylation and direct
alkylation. Tartu, 2018, 155 p.

Jiirgen Vahter. Development of bisubstrate inhibitors for protein kinase
CK2. Tartu, 2019, 186 p.

149



182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

Piia Liigand. Expanding and improving methodology and applications of
ionization efficiency measurements. Tartu, 2019, 189 p.

Sigrid Selberg. Synthesis and properties of lipophilic phosphazene-based
indicator molecules. Tartu, 2019, 74 p.

Jaanus Liigand. Standard substance free quantification for LC/ESI/MS
analysis based on the predicted ionization efficiencies. Tartu, 2019, 254 p.
Marek Mooste. Surface and electrochemical characterisation of aryl film
and nanocomposite material modified carbon and metal-based electrodes.
Tartu, 2019, 304 p.

Mare Oja. Experimental investigation and modelling of pH profiles for
effective membrane permeability of drug substances. Tartu, 2019, 306 p.
Sajid Hussain. Electrochemical reduction of oxygen on supported Pt
catalysts. Tartu, 2019, 220 p.

Ronald Vili. Glucose-derived hard carbon electrode materials for sodium-
ion batteries. Tartu, 2019, 180 p.

Ester Tee. Analysis and development of selective synthesis methods of
hierarchical micro- and mesoporous carbons. Tartu, 2019, 210 p.

Martin Maide. Influence of the microstructure and chemical composition
of the fuel electrode on the electrochemical performance of reversible
solid oxide fuel cell. Tartu, 2020, 144 p.

Edith Viirlaid. Biosensing Pesticides in Water Samples. Tartu, 2020, 102 p.
Maike Kairik. Nanoporous carbon: the controlled nanostructure, and
structure-property relationships. Tartu, 2020, 162 p.

Artur Gornischeff. Study of ionization efficiencies for derivatized com-
pounds in LC/ESI/MS and their application for targeted analysis. Tartu,
2020, 124 p.

Reet Link. Ligand binding, allosteric modulation and constitutive activity
of melanocortin-4 receptors. Tartu, 2020, 108 p.

Pilleriin Peets. Development of instrumental methods for the analysis of
textile fibres and dyes. Tartu, 2020, 150 p.

Larisa Ivanova. Design of active compounds against neurodegenerative
diseases. Tartu, 2020, 152 p.

Meelis Hiarmas. Impact of activated carbon microstructure and porosity
on electrochemical performance of electrical double-layer capacitors.
Tartu, 2020, 122 p.

Ruta Hecht. Novel Eluent Additives for LC-MS Based Bioanalytical
Methods. Tartu, 2020, 202 p.

Max Hecht. Advances in the Development of a Point-of-Care Mass
Spectrometer Test. Tartu, 2020, 168 p.

Ida Rahu. Bromine formation in inorganic bromide/nitrate mixtures and
its application for oxidative aromatic bromination. Tartu, 2020, 116 p.
Sander Ratso. Electrocatalysis of oxygen reduction on non-precious
metal catalysts. Tartu, 2020, 371 p.

Astrid Darnell. Computational design of anion receptors and evaluation
of host-guest binding. Tartu, 2021, 150 p.



	Artikkel_3.pdf
	Influence of Ni concentration on electrochemical and crystallographic properties of La0.25Sr0.25Ca0.4Ti1−xNixO3−δ solid oxi ...
	1 Introduction
	2 Experimental
	2.1 Synthesis of studied materials
	2.2 Electrochemical measurements
	2.3 Physical characterization of the material

	3 Results and discussion
	3.1 Physical characterization
	3.2 Electrochemical analysis
	3.2.1 Electrochemical characterization of LSCNT-5 anode in 2-electrode button cell


	4 Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References



