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Kurzfassung

Diese Arbeit konzentriert sich auf die Analyse der Leistungsfahigkeit und des Degra-
dationsverhaltens von Ni-Cermet- und Ni-freien Perowskitmaterialien fiir die Bren-
ngaselektrode unter Wasserdampf-, CO5 und Ko-Elektrolysebedingungen. Die Al-
terungstests von kommerziellen Festoxidzellen mit einer Ni-8Y SZ-Brennstoffelektrode
wurden bei einer konstanter Stromdichte von —1 A -cm™2 fiir 1000 h durchge-
fithrt. Die anschliefende Mikrostrukturanalyse zeigte Nickelpartikel-Migration und
Agglomeration an der Grenzfliche zwischen der Aktiv- und Trégerschicht. Diese
wesentlichen mikrostrukturellen Veranderungen fithrten zu einer erhohten Zellspan-
nung im Laufe der Alterungstests unter Wasserdampfelektrolysebedingungen.

Da der Hauptdegradationsprozess von Ni-Cermet-Elektroden als Ni-Verarmung
identifiziert worden war, wurden Ni-freie SroFeMoQOg_s-Elektrodenmaterialien syn-
thetisiert und getestet. Elektronenmikroskopische Messungen zeigten, dass Nanopar-
tikel in Wasserstoffatmosphéare aus der Perowskitmatrix herausgelost werden und
sich eine neue Perowskit-Metall-Heterogrenzflache bildet, die die reaktive Oberflache
vergrofert. Die Leitfdhigkeitsuntersuchung ergab, dass SroFeMoOg_s-basierte Ma-
terialien hohere Leitfahigkeiten in reduzierenden Atmosphéren aufweisen als andere
Perowskitmaterialien, die als Alternative zu Ni-Cermet-Elektroden in Betracht gezo-
gen werden. Die Materialien SroFeMoOg_s (SFM) and SroFeMoOg_s-GDC (SFM-
GDC) wurden elektrochemisch untersucht und erreichten héhere Stromdichten bei
1.5 V als Ni-8YSZ in der Wasserdampf- und Ko-Elektrolyse, jedoch geringere Strom-
dichten als Ni-GDC. Der Langzeittest unter Wasserdampfelektrolysebedingungen
zeigte eine deutlich hohere Degradation fiir SFM im Vergleich zu SFM-GDC, deren
Ursache auf mikrostrukturelle Verdanderungen der SFM-Elektrode zuriickgefiihrt wer-
den konnte.

Der Einfluss der Dotierung wurde durch die Synthese des Doppelperowskits
SroFeMog 65 Mo 3506_s mit M = Ti, Co, Cu, Mn und Ni untersucht. Die B-Site-
Dotierung zeigte eine Zunahme der Leitfihigkeit in oxidierender und reduzierender
Atmosphére bis zu 152 S - em ™! fiir SroFeMog g5Cu1g.3506_5-GDC aufgrund der Her-
auslosung bimetallischer Fe-Cu-Nanopartikel.Die hochste Stromdichte aller unter-
suchten Materialien, verglichen mit Ni-GDC und Ni-8YSZ, wurde festgestellt fiir
SroFeMog 65Nig.3506_s (SFM-Ni). Nach 500 h unter Wasserdampfelektrolysebedin-
gungen zeigte die SFM-Ni Mikrostruktur jedoch eine Partikelagglomeration und
Elektrodenverdichtung. Um den Einfluss des Brenngases zu untersuchen, wurden
SFM-basierte Elektrodenmaterialien zur COy Elektrolyse in einer Atmosphére von
80% CO2 + 20% CO getestet. Die hochste Stromdichte und eine sehr gute Langzeit-
stabilitat iiber 1000 h zeigte erneut das Material SroFeMog g5Nig.3506_s.
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Abstract

This work focuses on the analysis of the performance and degradation behavior of
Ni-cermet and Ni-free perovskite materials for the fuel gas electrode under steam,
CO,, and co-electrolysis conditions. Degradation tests of commercial solid oxide
cells with a Ni-8YSZ fuel electrode were carried under a constant current density of
—1 A -cem™2 for 1000 h. Subsequent microstructural analysis showed nickel particle
migration and agglomeration at the interface between the active and support layer.
These significant microstructural changes led to an increased cell potential during
the degradation tests under steam electrolysis conditions.

As the main degradation process of Ni-cermet electrodes was identified as Ni
depletion, Ni-free SroFeMoOg_s electrode materials were synthesized and tested.
Electron microscopy measurements showed that nanoparticles are dissolved from
the SFM perovskite matrix in a hydrogen atmosphere, forming a new perovskite-
metal heterointerface that increases the reactive surface area. Conductivity stud-
ies showed that SroFeMoOg_s-based materials exhibit higher conductivities in re-
ducing atmospheres than other perovskite materials considered as alternatives to
Ni-cermet electrodes. The materials SroFeMoOg_s (SFM) and SroFeMoOg_s-GDC
(SFM-GDC) were electrochemically investigated and achieved higher current densi-
ties at 1.5 V than Ni-8YSZ in steam and co-electrolysis, but lower current densities
than Ni-GDC. Long-term testing under steam electrolysis conditions showed signif-
icantly higher degradation for SFM compared to SFM-GDC, which was attributed
to microstructural changes in the SFM electrode.

The effect of doping was investigated by synthesizing the double perovskite
SroFeMog 65 Mo 350¢_s with M = Ti, Co, Cu, Mn, and Ni. B-site doping showed
an increased conductivity in oxidizing and reducing atmospheres up to 152 S - cm™?
for SroFeMog ¢5Cug 3506_s5-GDC due to the exsolution of bimetallic Fe-Cu nanopar-
ticles. The highest current density of all materials studied, compared to Ni-GDC
and Ni-8YSZ, was found for SroFeMogg5Nig 35065 (SEM-Ni). After 500 h under
steam electrolysis conditions, however, the SFM-Ni microstructure showed particle
agglomeration and electrode densification. To investigate the effect of the fuel gas,
SEFM-based electrode materials were tested for CO5 electrolysis in an atmosphere of
80% CO4 4 20% CO. The highest current density and very good long-term stability
over 1000 h was shown by the SroFeMog g5Nig.3506_s-
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1. Motivation

The detrimental impact of fossil-fuel-based energy carriers on the global cli-
mate has led to an increased interest in carbon-neutral energy technologies such as
wind, solar, and biomass to renewably generate power. To facilitate the large-scale
integration of renewables, enable efficient global energy logistics and locally sup-
port the balancing of the power grid, temporarily unused electrical power can be
converted through electrochemical reduction of steam (HO), carbon dioxide and
hydrocarbons to hydrogen (H,) and carbon monoxide (CO). These gases can be
used as a sustainable feedstock for the chemical industry (power-to-X, power-to-
fuel, power-to-chemicals, power-to-heat). Green hydrogen produced by renewably
generated power sources is considered essential for a sustainable transition of the
energy system as a coupling element for different sectors due to its versatile appli-
cation possibilities. The highly efficient electrochemical production of Hy and CO

is possible in a traditional oxide ion-conducting electrolysis celll™).

Solid Oxide Electrolysis Cells (SOECs) are typically operated at elevated tem-
peratures above 600 °C, which results in lower ohmic losses compared to alkaline
and proton exchange membrane electrolyzers as well as advantageous kinetics and
thermodynamics. In comparison, the energy efficiency of up to 100% and the use
of inexpensive catalyst materials make SOEC systems more cost-effective as well(®.
In contrast to solid oxide cells in fuel cell mode, the SOEC stack designs still ex-
hibit higher degradation rates, depending on the respective operating conditions
applied, for example, current density. Long-term system durability is a key chal-
lenge to the increased economic competitiveness and more widespread industrial
implementation of SOEC technology in the future. Foremost, the reliable long-term
performance of an SOEC stack system requires all components to be thermally sta-
ble. However, state-of-the-art systems have shown several lifetime issues related to
single-stack components. The main challenge for the long-term and large-scale de-
ployment of SOEC technology is the electrode durability. One of the most critical
factors determining the stability and performance of solid oxide electrolysis cells is
the electrode/electrolyte interface evolution. The typical changes that are consid-
ered detrimental to the cell performance include microstructural changes, interfacial
reactions, micropore formation, and element segregation/diffusion as well as subse-

quent deterioration of the electrode surface functionality!®).

Previous studies on the degradation behavior of the state-of-the-art Ni Yttria-
Stabilized Zirconia (YSZ) cermet (Ni-8YSZ) fuel electrode have shown two pre-

dominant degradation mechanisms during electrolysis that lead to microstructural



2 CHAPTER 1. MOTIVATION

changes: coarsening/agglomeration of the Ni particles, and the migration of Ni from

121 Ni serves as both a catalyst and an electron

the electrode/electrolyte interface
conductor in the electrode, but it also exhibits high mobility with high steam partial
pressure and in the temperature range of 650 - 950 °C. Changes in local Ni concen-
trations or the dislocation of Ni particles within the electrode layer, therefore, have
a strong influence on the electrode performance.

Ni-free perovskite fuel electrodes with mixed ionic and electronic conductive
properties are considered an alternative to Ni-cermet fuel electrodes due to their
high catalytic activity, good conductivity, high chemical and thermal stability, as
well as higher reactive surface area. Among the considered perovskite materials
are Lag 4Srg4TiOs_s (LST)3)) Lag 75910.95Cro.sMng 5035 (LSCM)!14 SryFeNbOg_s
(SFN)1 " as well as SroFeMoOg_s (SFM)1-181 SFM has been considered especially
due to its excellent redox-stability, good catalytic performance, and reported long-
term stability in fuel cell mode for symmetrical cells!®® 2. However, the long-term
stability for SFM as fuel electrode material in humidified electrolysis for Hy and
synthesis gas production has not been investigated yet.

This thesis therefore focuses on the investigation of alternative Ni-free double
perovskites SroFes_;Mo,_,M,Og_s for the application as fuel electrode material in
steam, co- and COy electrolysis. The strontium iron molybdenum fuel electrode
with the formula SroFeMoOg_s as well as the composite electrode SroFeMoOg_s-
Cep.sGdg 2019 were prepared and electrochemically tested in the range of 750 °C to
900 °C. The physicochemical properties of the materials were characterized using in-
situ techniques to determine the thermal expansion behavior, the total conductivity
in oxidizing and reducing atmospheres, as well as the chemical processes during
the steam (HyO), COy and co-electrolysis reactions. Long-term SOEC operation
was investigated at —0.3 A -cm™2 and 900 °C with 50% H,O + 50% H, (steam
electrolysis) fuel gas composition. To increase the performance, the synthesized
materials were doped on the B-site and the double perovskite SroFeMog 65Mg.3506_s
was analyzed in terms of performance and long-term durability up to 500 h in steam
electrolysis. Furthermore, the performance and durability of the synthesized SFM
materials were tested in COy electrolysis conditions (80% COy + 20% CO) and

compare to state-of-the-art Ni cermet electrodes.



2. Solid Oxide Electrolysis Cells

The following chapter describes the working principles of Solid Oxide Electrolysis
Cells (SOECs), including all cell components, their state-of-the-art materials in
current industrial use and the main stability issues leading to degradation and cell
performance loss. Parts of this chapter have been published under the CC BY 3.0
(http://creativecommons.org/licenses /by/3.0/)P) with graphical support given by
S. B. C. Lehmann.

2.1 Working Principles

Solid Oxide Electrolysis (SOE) is operated in ceramic cells with a solid oxide elec-
trolyte and electrodes made of metals or metal oxides (cermets). The solid oxide
electrolyte necessitates elevated operating temperatures between 650 °C to 900 °C,
to achieve high ionic conductivity. Figure 2.1 shows the schematic working principles
during electrolysis operation. The reactive sites of the electrolysis reaction at the
negatively charged fuel electrode are located at the Triple Phase Boundary (TPB),
which is the interface between the electron-conducting electrode, the gas phase, and
the ion-conducting electrolyte. Here, the gaseous reactants pass over the electrode
and are reduced due to the external power supply to give gaseous products. Oxygen
ions are generated, which migrate through the electrolyte to the positively charged

oxygen electrode, where they are oxidized to oxygen (Os).

e-

H,0 / CO, Air

H,/CO Air + O,

Figure 2.1: Working principle of high-temperature electrolysis in a solid oxide cell.

The Solid Oxide Electrolysis Cells (SOECs) can be operated with a wide range
of inlet fuels such as steam (H20) or carbon dioxide (CO;), which will determine
the composition of the gaseous product. During steam electrolysis, HoO is reduced
at the fuel electrode to hydrogen (H;) and oxygen ions (Equation 2.1). The oxygen
ions pass through the ion-conducting electrolyte to the oxygen electrode, where they

are further oxidized to molecular oxygen (Equation 2.2). The total redox reaction

3
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is made of both half-cell reactions given in Equation 2.1.

2HyO+4e — 2Hy+2 0% (2.1)
20 —de +0, (2.2)

Analogous, CO, is reduced to carbon monoxide (CO) and oxygen ions in the
same chemical reaction mechanism in COy electrolysis as given in Equations 2.4 to
2.6.

2COy+4e —2CO+20 (2.4)
20" —4de +0* (2.5)
2 COy; — 2 CO + O, (2.6)

The simultaneous conversion of steam and carbon dioxide is a distinguished
advantage of high-temperature solid oxide electrolysis and is called co-electrolysis.

A gas mixture COy and H5O is reduced to a mixture of CO and H,, called syngas.

[22-24] A unique ad-
vantage of SOECs is that different ratios of Hy:CO can be set in SOE depending

on the reaction conditions during the co-electrolysis process specifically tailored for

This gas mixture is essential for today’s chemical industry

downstream processes like a Fischer-Tropsch process. The operating conditions im-
pact the process equilibrium of the (reverse) water gas shift reaction ((R)WGS)
(Equation 2.8). This results in varied gas mixtures of HoO, CO4, CO, and H; in the
product gas stream.

CO, + Hy +» H,O + CO (2.8)

2.2 Thermodynamics

The high-temperature electrolysis of HoO and CO; requires the supply of energy,
given by the change in enthalpy AH(T), in form of electrical energy and thermal
energy (Equation 2.9). The electrical energy demand for the electrolysis is given
by the Gibbs free energy change AG(T') and the supply-demand of thermal energy
or heat is determined by the product of reaction temperature and entropy change
TAS(T).

AH(T)=AG(T)+T-AS(T) (2.9)

The equilibrium voltage of the electrolysis Eoq(T") cell necessary for the endother-
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mic chemical reaction (AH(T) > 0) at standard pressure (1 bar) is defined by the
change in Gibbs free energy as shown in Equation 2.10, where F' is Faraday’s con-
stant (96485 C-mol™ ') and n gives the number of transferred electrons per reaction.

Eeq (T) = AS;;T)

(2.10)

The thermoneutral voltage Ey, gives the minimum potential that is required for
the electrolysis process in case the thermal energy demand is compensated with elec-
tricity. A cell polarized at Ey, produces the necessary power to satisfy the thermal
energy demand T'AS(T) and the electrolysis system’s external thermo-management
only has to compensate for the heat loss to the surrounding environment. The extent
of heating or cooling of the system depends on the insulation: Cooling is necessary

for Ecen > Eiy, while heating is required in the case of Foy < Ecen < Eiy.

_AH

By, = ——
i nk’

(2.11)

The development of the reaction enthalpy AH and the Gibbs free energy change
AG over temperature is illustrated in Figure 2.2 for the electrolysis of HoO and
COgy from room temperature up to the operating temperature range at standard
pressure (1 bar). The minimum potential necessary for both reactions is given by
AG and decreases in case of HyO and CO; electrolysis. An exception is the phase
change from liquid water to steam at 100 °C. The reaction enthalpy AH, on the
other hand, remains nearly constant in the range of operation temperatures for
SOECs between 650 °C to 900 °C. In consequence, the entropy term (T'AS(T)) in
Equation 2.9 increases and a larger amount of the enthalpy can be supplied with
external heat, as the electrical energy demand decreases. These thermodynamics
make high-temperature electrolysis in solid oxide cells the most efficient technology
with electrical efficiencies reported around 80 - 90%/26.

In co-electrolysis, the Gibbs free energy change for HoO and COsy reduction
around 827 °C becomes significant. Above 827 °C, the Gibbs free energy for the
CO, reduction decreases and is thereby lower than for HyO reduction. This results
in an equilibrium shift of the ((R)WGS) towards the production of CO.

2.3 Solid Oxide Cell Configurations

SOECs are predominantly tested in a planar configuration to ease the manufactura-
bility, e.g. for production methods like screen-printing and tape casting, thereby
increasing their cost-effectiveness in addition to cell stack upscaling. The cells’ sup-

port is the thickest layer, which determines the overall cell properties like the Area
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Figure 2.2: Schematic energy demand for HoO and CO, electrolysis based on
thermodynamics!?!.

Specific Resistance (ASR), the contribution of the electrochemical processes to the
cells’ resistance, the optimum operating temperature range, and the mechanical cell
properties. The two different support types mainly manufactured in the industry are
shown in Figure 2.3 and include Fuel Electrode-Supported Cells (FESCs), as well
as Electrolyte-Supported Cells (ESCs). Regardless of cell design, each cell requires
a thick mechanical support layer, which ensures good handleability during process-
ing and absorbs the thermal stresses that may result from Solid Oxide Cell (SOC)
operation.

Electrolyte-supported cells have a thick electrolyte layer of 90 - 250 pm in be-

9,27-29]

tween electrodes with a thickness of 15 - 20 pml Compared to electrode-

supported cells, ESCs exhibit higher mechanical stability and better redox behavior
(92829 " The jonic resistivity of the thick electrolyte support layer partially stabi-
lized zirconia is the main contributor to the cells’ total resistance, which leads to
lower power densities and necessitates high operating temperatures over 850 °C.
These high operating temperatures require good thermal insulation and expensive

thermostable materials28:30:31

In fuel electrode-supported cells, the mechanical sup-
port is given by a thick porous electrode layer of around 250 - 400 pm, on which
an active fuel electrode layer of ~5 - 20 pm is deposited. The electrolyte layer
can be significantly thinner (2 - 10 pm)?” than for ESCs, which leads to a de-
crease in ohmic resistance and allows lower operating temperatures of 650 °C to

800 °C. The main resistance contribution originates from the electrode transport
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processes. Electrode-supported cells exhibit higher power densities, but also lower

redox-stability important for redox-cycling?%32.

Planar cell stack

Fuel electrode- Electrolyte-
supported cell supported cell

—t

Figure 2.3: Scheme of the planar cell design and two different cell support types
reported in current literature: Fuel electrode-supported cells, and electrolyte-
supported cells. Reproduced scheme from!!, which is licensed under CC BY 3.0
(http://creativecommons.org/licenses/by/3.0/), © 2023 by the authors.

Fuel

Fuel electrode

Electrolyte e
Oxygen electrode ¢——m——

Interconnect 4—,_

2.4 Solid Oxide Cell Materials

2.4.1 Electrolyte

The ion-conducting electrolyte separates the fuel and oxygen electrode and conse-
quently must be stable in both reducing and oxidizing atmospheres. Thickness,
material properties, and operating temperature impact the performance of the cell
as well as the electrolyte itself. High ionic conductivity (>0.1 S - cm™)33 and negli-
gible electronic conductivity at operating temperatures are essential to lower ohmic
resistance and avoid current leakages. High operating temperatures increase the
ionic conductivity of the materials and promote thermally activated electrochemi-
cal processes. For electrolyte-supported cells, the electrolyte material governs the
thermal expansion of the full multi-layer cell, thus preventing delamination of other
layers, such as the electrodes, caused by a thermal expansion mismatch®+39].

The state-of-the-art electrolyte material for electrolyte- and fuel electrode-sup-
ported cells (ESCs, FESCs) is Yttria-Stabilized Zirconia (YSZ), which has good
oxygen ionic conductivity between 700 °C - 900 °C, good mechanical properties and
excellent chemical stability over a wide range of oxygen partial pressures and oper-
ating temperatures®®39. The direct substitution with 8 - 10 mol% yttria stabilizes

the cubic fluorite structure of ZrO, and creates large oxygen vacancy concentrations
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through charge balance. 8 mol% YSZ (8YSZ) exhibits the highest conductivity of
0.14 S - em ™t at 1000 °C and is still the material of choice for fuel electrode-supported
as well as electrolyte-supported cells*”. Other divalent and trivalent dopants e.g.
Sc3T have been used to stabilize ZrQ,, their ion radius greatly impacting the ionic

conductivity.

Fluorite-type doped ceria is a material with higher ionic conductivity than stabi-
lized zirconia at medium operating temperatures from 600 °C to 800 °C and reaches
its maximum conductivity around 15 mol% of dopant e.g. Gd, Sm, or Y. Doped
ceria electrolytes exhibit undesirable electrical conductivity and possible mechani-
cal instability in a reducing environment as a result of Ce** reduction to Ce3*+B3441],
Therefore, Gadolinium-Doped Ceria (GDC) electrolytes are mostly used at lower
operating temperatures (~600 °C) to avoid electronic leakage at elevated tempera-
tures. In this case, an additional very thin YSZ electron blocking layer is applied to

circumvent electron leakagel®*?).

2.4.2 Fuel Electrode

The fuel electrode exhibits excellent catalytic activity for the Hydrogen Evolution
Reaction (HER) and high chemical stability in an reducing atmosphere without
microstructural changes and formation of insulating phases with the electrolyte ma-
terial. The thermomechanical expansion properties should be similar to those of the
electrolyte (10 - 12:107% °C~!) to avoid thermal stresses upon heating or cooling.
High electric and ionic conductivities over 10* S-cecm™ and 107® S - em™!, respec-
tively, are required for good ion transport, and a high conversion rate, which results
in low ohmic cell resistance. The most important property of the fuel electrode,
however, is its long-term chemical stability over a wide range of pO,, including re-
ducing atmospheres in Hy and CO, oxidizing conditions with high partial pressures
of HyO and COs, as well as different carrier gases (No, Ar) and the sintering process

typically conducted in air during cell fabrication.

The state-of-the-art fuel electrode material is Ni cermet, which was previously
developed for Solid Oxide Fuel Cells (SOFCs). This electrode type uses a mixture of
Ni (electron-conductor) and electrolyte material (ion-conductor) e.g. 8YSZ or GDC
to match the electrolyte’s thermal expansion behavior. The reactant molecules are
reduced at the TPB, where gaseous reactants, electronic, and ionic conductor meet.
Subsequently, the oxide ions migrate through the ion-conducting electrolyte to the

oxygen electrode.
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Ni-8YSZ Cermet Electrodes

The most commonly used fuel electrode is made of Ni-8YSZ cermet, although re-
cent research interest considers gadolinium-doped ceria (Ni-GDC) electrodes as well.
During the fabrication process, NiO-8YSZ electrodes are produced and the NiO is re-
duced in-operando to Ni, thereby forming the Ni cermet electrode. The performance
of the cermet electrode depends strongly on the Ni content, electrode microstruc-
ture (e.g. particle size, particle distribution) and the percolation networks. High
amounts of Ni grant the cermet electrode a very good electrical conductivity, but
also impact the electrode’s Thermal Expansion Coefficient (TEC) detrimentally, by
increasing the thermomechanical mismatch with the electrolyte materiall*¥. The
ratio of Ni and 8YSZ particles has a strong impact on the electric conductivity
and the optimal Ni content was found to be between 30 - 40 vol% with an elec-
tric conductivity of >1300 S-cm~' at 680 °C[*4. By increasing the 8YSZ particle
size, percolation can be achieved at a smaller volumetric ratio. The connectivity of
the Ni particles is essential for stable electrode performance and is directly linked
to the electrode’s porosity. 30% to 35% of reduced Ni is necessary and translates
to around 40 vol% NiO. Commercial fuel electrode-supported SOCs show low cell
area specific resistances at open-circuit voltage of less than 140 m{ - cm? (800 °C,

50 % Hy + 50% H,0)2.

Ni cermet fuel electrodes exhibit higher degradation rates in SOECs operation
especially at higher current densities, in comparison to their use in fuel cell mode
despite their excellent initial performance for high-temperature electrolysis!®145-50
The fuel electrode degradation was observed to be the main degradation process in
SOECs and is dependent on the microstructure and operating parameters, such
as, polarization/overpotential, current density, gas humidity, temperature, and the

9-11,46,51]  During cell manu-

local redox potential of the respective gas composition!
facturing, the sintering temperature impacts cell microstructure and performance.
Possible detriment processes depending on the temperature are particle agglomera-
tion and growth as well as cation interdiffusion between electrode and electrolyte!®?.
The main degradation mechanisms that occur during long-term electrolysis are Ni
migration from the electrolyte/fuel gas electrode interface and Ni particles coarsen-
ing (Ni agglomeration).

The Ni particles agglomeration occurs without influence of operating mode and
polarization and is credited to an Ostwald ripening process at high gas humidity!®1*.
The average particle size increases with a decrease in catalytic area, as larger parti-
cles grow at the cost of smaller sized particles to minimize the systems surface free

energy. Higher steam partial pressure on small particles results in a concentration
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gradient and, thus, mass transport from the smaller particles through the gas phase
or surface diffusion. An alternative mechanism describes the Ni particle coarsen-
ing as a result of high particle mobility and subsequent Ni(OH), formation. As Ni
particle diameter increases, the Ni particle percolation networks is reduced. This
leads to a rapid decrease in electrical conductivity and catalytic activity as the TPB
length and of the porosity at the electrode/electrolyte interface are reduced!®>!53,
Ni particles migration from the TPB toward the electrode substrate, leads to Ni
loss in the active layer near the electrolyte, a decreased electrical conductivity and
catalytic activity as well as reduced TPB length and electrode porosity in the ac-
tive layer. The electrode’s porosity, the catalytic TPB length, and the number of
percolating Ni particles are reduced with higher current densities!®*¢l. Different hy-
potheses are currently discussed in literature to explain the Ni particle migration

during electrolysis and the underlying mechanisms® 1251,

Mogensen et al.®!] suggested that the Ni particle migration is electrical poten-
tial driven and leads to temperature dependent surface diffusion of Ni(OH), species
(<800 °C) and gas phase diffusion of Ni hydroxides (> 900 °C). They identified
the main parameters affecting migration as the local overpotential of the Ni parti-
cles, the local pH20, and the activity of the Ni(OH) species. In the case of strong
negative polarization (SOE) at temperatures between 800 - 900 °C, the strong ca-
thodic overpotential leads to a contact loss between 8YSZ and the polarized Ni
particles. This leads to decreased electrical conductivity and catalytic activity as
well as a reduced TPB length and porosity at the electrode/electrolyte interface.
The Ni particles move down the electrochemical and/or pOy potential gradients to-
ward relative negative potential against the H,O gradient (pO,)!'%°!. Consequently,
the TPB region moves further away from the electrolyte, which results in a higher

ohmic cell resistancel®5459]

Additionally, percolation between Ni particles is re-
duced and the electronically insolated Ni particles obtain the pOy potential of the
local gas composition®]. The local pH,O around the particles increases, as more
H50 molecules migrate towards the electrolyte without hydrogen evolution taking
place at polarized Ni particles in the TPB. This leads to a local pH3O minimum
around the Ni particles of the new TPB. Ni(OH), species activity is proportional
to the potential and the lowest potential is at the lowest pH,O at the new TPB.

Therefore, the Ni particle migrate to and precipitate near the new active TPB.

Different authors are in agreement that the locally prevailing polarization is a

9-12] " Sun et

significant contributor to the Ni migration and agglomeration process!
al.l"?l found that the degradation rate increases with increasing cathodic/negative

polarization of the fuel electrode. According to his hypothesis, the polarization
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increases the tendency of Ni particles to separate from 8YSZ and subsequent migrate
to less polarized electrode regions. The underlying mechanism is a demixing process
of the electrode, causing vacancy accumulation and Ni particle dissolution from the
composite electrode. The Ni migration is explained by the authors through gaseous

Ni(OH), species influenced by the steam partial pressurel).
Strontium Iron Molybdenum Oxide — SryFe; .Mo,0Og¢_;

Perovskite-based alternative fuel electrode materials with mixed ionic and electronic
properties (Mixed Ionic and Electronic Conductors (MIECs)) have gathered interest
due to their high catalytic activity, high chemical and thermal stability, as well as
their high electric and ionic conductivity. In contrast to Ni cermet electrodes, they
facilitate the HER throughout their entirely electrochemically active electrode sur-
face (Double Phase Boundary (DPB)) in addition to the TPB. Thus, MIECs allow
for large surface exchange rate constants (Figure 2.4)P°l. To prevent Ni-related degra-
dation mechanism on the fuel electrode side, Ni-free perovskite materials with mixed
ionic and electronic conductive properties are considered. The considered MIEC
fuel electrode materials include Lag, 75ST0.25Cro.sMng 5 O5_s (LSCM)M | SroFeNbOg_s
(SFN)) Lag 48104 TiO3_5 (LST)3) (PrBa)g.o5(Feg.oMog.1)205.45 (PBEM)P as well
as SroFeMoOg_s (SFM). Among the considered MIEC materials the double per-
ovskite SroFey ;Mo,Og_5 (0.5 < x < 1.5), has gathered widespread interest due
to its excellent redox-stability, good catalytic performance, and reported long-term

stability in fuel cell mode for symmetrical cell tests!45:16:19.57-60]

lonic-Electronic Composite Mixed lonic and Electronic Conductor

o e

Figure 2.4: Scheme of steam reduction and hydrogen evolution reaction occurring
at the TPBs in an ionic-electronic composite as well as at the DPBs in mixed ionic
and electronic conductor materials for the fuel electrode.

The Mo-doped SrFeOs_s has shown high sensitivity of the B-site cation order
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on physical properties such as electrical conductivity, oxygen defect formation, and
catalytic activity by the incorporation of high-valence Mo ions, which influence the

[61-63] " With increasing Mo dopant concentra-

oxidation state of iron in the perovskite
tion in the brownmillerite structure SrFeO3_s in oxidizing atmosphere, the activation
energy for oxygen transport decreases%%!. At higher Mo doping (0.5 < x < 1.5), the

66-68] ' Tn this B-cation

structure crystallizes as a double perovskite SroFey Mo, Og_s!
ordered double perovskite, the B-site is occupied with alternating Fe and Mo ions,
which results in each FeOg octahedron being surrounded by six corner-sharing MoOg
octahedra as illustrated in Figure 2.5/%°681. The two different transition metal (TM)
cations, found at the B-site, govern material properties like electrical conductivity,
thereby offering higher flexibility compared to ABOj3 perovskites. The ferromag-
netic SroFeMoQOg_s, in contrast, can only be synthesized under reducing conditions
due to the lack of Mo solubility in oxidizing atmosphere, which leads to the forma-
tion of STM00,4%7 . The high ionic conductivity of 0.13 S - cm~" observed for the
p-type conducting double perovskite SroFe; sMog 5O¢_s originates from weak Fe-O
bonds!?!). Upon removal of the neutral oxygen atom, an extra charge delivered to the
lattice is fully delocalized, thus forms a high concentration of oxygen vacancies!™.
The total conductivity of SraFe; sMog 505 measured at 800 °C was 32 S-cm™*
in Hy and 14.90 S-cm™! in air at 750 °Cl">7™]. In an atmosphere of 50% CO, +
50% CO at 750 °C, SFM shows an electrical conductivity of 19 S - cm~['%/. These
results show that the conductivity of SFM is higher than those of other ceramics

such as La0_75Sr0_2Cr0.5Mn0.503+5 (LSCM) or Lao.gsro_gTio_gMn0_103+5 (LSTO)[S]

2.4.3 Oxygen Electrode

The oxygen electrode requirements are similar to the fuel electrode with an emphasis
on high chemical stability in an oxidizing environment without the formation of
insulating phases with the electrolyte. The catalytic activity, electrode kinetics,
and transport properties of the oxygen electrode are expressed through the oxygen
diffusion coefficient D*, the surface exchange k*, the exchange current density i
and further influenced by microstructural parameters such as electrode porosity
€, tortuosity 7, and oxygen surface concentration Cjy, grain size (distribution) and
electrode thickness (“active penetration depth”). Perovskite materials have replaced
noble metal electrodes in the last decades as they meet these characteristics, are less

expensive and highly compatible with the electrolyte materials!®.
Oxygen-deficient Perovskites ABO;_;

The simple perovskite structure ABOj3 crystallizes in an ideal cubic structure. The

larger A-site cations, typically rare-earth, alkaline-earth, or alkaline ions with a low
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ABO, A,BB'O,
e.g. SrTiO, e.g. SryFe, sMoy 504

Oro-@r @ - o
Figure 2.5: Crystal structure of fuel electrode materials for the simple SrTiO3 per-

ovskite and the double perovskite SroFeMoOg_s. The crystal structures were pro-
duced with VESTA©!™.

charge, are coordinated by twelve oxygen ions at the cubes’ corners. The smaller B-
cations of transition metal sites in the cubic center and are coordinated octahedrally
by the anions. Lanthanum Strontium Manganite (LSM) La;_,Sr,MnOj3_s is known
for its high structural stability, which increases with the A-cation radius. The partial
substitution of the trivalent rare-earth La3" cation with the divalent Sr?>* cation
induces p-type conductivity through the formation of an electric hole at the B-site.
This makes LSM a pure electronic conductor with high electrical conductivity o,
which increases with higher Sr doping up to a conductivity of 200 - 490 S - ecm ™! for
Lag 510 sMnO5_s at 1000 °CL™ 7 The ionic conductivity o; remains low at around
5.93-1077 S - em 78,

Today’s state-of-the-art oxygen electrode materials are the mixed-ionic and elec-
tronic conductors cobalt-based lanthanum strontium (ferrite) oxides Laj_,Sr,CoO3_4
(LSC) and La;_,Sr,Co;_,Fe,O3_s5 (LSCF). They have shown higher catalytic activ-
ity as well as structural and performance stability under long-term SOEC operation
conditions in comparison to LSM. The electronic conductivity of LSC(F) (200 -
1200 S - cm ™) is higher compared to LSM (200 S - cm ™)™}, The ionic conductivity
and the transport properties surpass LSM as well with 8.0-1073 S - cm~! at 800 °C[89,
The ionic conductivity is directly linked to the ratio of Co:Fe and increases for a

higher amount of Co. This leads to an ionic conductivity of 0.22 S - em~! at 800 °C
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~1[79,80]  C'om-

for Lag ¢Srg 4C003_s and an electronic conductivity around 1585 S - cm
pared to LSM, the cobalt-based lanthanum strontium (ferrite) oxides have shown
higher oxygen surface exchange and higher oxygen self-diffusion coefficients.
Degradation processes at the oxygen electrode occurring during the electrolysis
reaction have been related to the difference in oxygen activity and catalytic activity
for the Oxygen Evolution Reaction (OER) in comparison to the Oxygen Reduction
Reaction (ORR) in SOFC model®!l. In the electrolysis reaction, a larger pO, gradient
across the electrode/electrolyte interface promotes oxygen bubble formation at the
interface and subsequent degradation phenomena such as micropore formation and
electrode delamination. Cell performance loss under electrolysis conditions has been
attributed also to interfacial reactions, and element segregation /diffusion. The elec-
trode’s surface functionality deteriorates due to cation segregation, formation of an
insulating layer and obstruction of oxygen and charge transfer reactions. The segre-
gation of volatile Sr species is well known to occur in operation of LSC(F)-based elec-
trodes and has been linked to the decrease of surface stability, structural distortion,
the ion mobility as well as operating conditions (temperature, polarization)®?8,
To prevent the formation of an insulating SrZrOj3 layer with the 8YSZ electrolyte,
cobaltite-based electrodes are used in combination with a ceria-based barrier layer in-
between electrode and zirconia-based electrolyte® %7l However, Sr segregation and
SrZrO3 growth at the 8YSZ/GDC interface has been reported for LSCF electrodes.
The cause could be Sr cation diffusion through grain boundaries or pores of the

GDC layer®84,



3. Electrochemical Methods

3.1 Current-Voltage Characteristics

The performance of high-temperature solid oxide cells (SOCs) is measured by current-
voltage characteristics, also called iV-curves, which relate the voltage of an electro-
chemical system to a given current density load or the reverse. The measurements
can be performed potentiostatically as well as galvanostatically with a potentiostat/
galvanostat system. Solid oxide cells with increased performance exhibit a higher
current density at a given voltage in comparison to lower-performing cells. A prereq-
uisite for the measurement of iV characteristics is the thermal and chemical system
equilibrium. In potentiostatic iV-curve measurements, direct voltage is applied to
the system and swept between two voltage limits. The corresponding current out-
put is recorded as a function of time. The time-dependent development of the scan
rate is pre-set, wherefore, subsequently the voltage can also be plotted against the
observed current, yielding a so-called iV-curve plot. The total cell resistance, also
called Area Specific Resistance (ASR) is a measure for cells’ conversion efficiency
normalized by the cell area A. The parameter can be determined from the iV curve
based on the ratio of potential F and current I, which equals the system resistance
(Equation 3.1).

ASR = A f (3.1)

3.1.1 Electrochemical Potential and Losses

The Nernst potential Enems; Of an solid oxide electrolysis cell, also called theoretical
reversible potential Ey, or Open Circuit Voltage (OCV), is determined from the
Nernst Equation (3.2) and relates to the sum of standard cell potential E° and the
chemical activity of the reactive species for an equilibrium reaction, where 7' is the
temperature, F' is the Faraday constant and 3 is the universal gas constant. For an
ideal gas at 1 bar the activities can be replaced by the partial pressures of the redox

species!8891,

ENernst - EO + — In pHQO (32)

RT [ pHy - pOy?
2F

The standard potential E° is given by the standard Gibbs free energy change at

steady-state conditions of the electrolysis reaction (Equation 3.3).

_AG

o —
2F

(3.3)

15
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The actual cell potential is higher in electrolysis mode than the cells’ theoretical
potential (Nernst) due to irreversible electrochemical losses (overpotentials). These
overpotentials 7; result from slow reaction kinetics (activation overpotential 7, €.g.
charge transfer), internal ionic and electronic resistivity (ohmic overpotential 7opm,)
and mass transport limitations at the electrode surface (concentration overpotential
Neone)- Therefore the actual potential is given by the sum of the reversible potential

and all overpotentials shown in Equation 3.4[8891

Ecell = ENernst + Nact + Tohm + Necone (34)

T

Activation overpotential

To convert reactants to products, an activation barrier (AGE) in form of an increase
in free energy has to be overcome in a chemical reaction. The reaction rate J
depends on the probability of available activated species participating in the reaction
and their conversion to product species. Equation 3.5 gives the reaction rate J; of
the reactant to product formation (forward reaction) in dependence of the reactant
surface concentration cf and the product formation rate f;. Activated species can

be converted to product, but also revert back to reactant!® 9.
()
Ji =g fel (3.5)

The overall reaction rate is given by the difference between forward and reverse
reaction rates. This expression can then be translated to the activation barriers and

gives Equation 3.6.
AG = AGE — AGY (3.6)

The total reaction rate J is related to the current density ¢ by the relation

t = nkF'J, wherefore the current densities for the forward and reverse reaction can

be described as follows/38 91
(AGIE)
iy = nFcg fie " (3.7)
<(AG]13AG)>
io = nFcyp foe " (3.8)

At the thermodynamic equilibrium of i; = 45, the current densities of both re-

actions, forward and reverse, are balanced and the net reaction rate and therefore
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the total net current density is zero. For a reaction taking place in equilibrium,
the characteristic current density is called exchange current density 7. Away from
the equilibrium, the cell potential influences the free energy of the charged species,
which thus affects the activation barrier of the reaction. If the Galvani potential
(activation barrier) of the forward creation is reduced by 7, the barrier of reverse
reaction is increased. This describes that the activation overpotential 7, is a mea-
sure of electrode activity and its magnitude depends on the reaction kinetics at
the electrolyte-electrode interface. The activation overpotential can be observed in
current-voltage characteristics at low currents®1. The Butler-Volmer Equation
given in Equation 3.9 for the net current density ¢ states the exponential relation
between overpotential 7, for both electrodes and current density ¢, in case the
reversible reaction is limited by electron charge transfer. The symmetry of the acti-
vation barrier is given by the transfer coefficient o and is always between 0 and 1,
wherefore Qfuel electrode forward = 1 — Qfucl clectrode reverse s 0.

The activation overpotential is named as such to recognize the additional over-
potential that is needed to overcome the activation barrier of the electrochemical
reaction. Even though the equation is only applicable to single-electron transfer
reactions, it is considered a good approximation for more complex multi-step elec-

trochemical reactions involving multiple transferred electrons!®3-91.

. io{exp (an;;gact) exp <—(1 —;}nFnaCt> } (3.9)

To improve the reaction kinetics, the exchange current density has to be in-

creased. Equation 3.7 showcases the relevant parameters cy, AGlE and T may be
varied , while n, F, f; and R remain constant. Increasing the reactant concen-
tration cj well as the operation of the solid oxide cell stack at elevated pressures,
thus increasing the reactant gas concentration, can improve the reaction kinetics.
A significant way to increase i is the improvement of the electrode’s catalytic ac-
tivity, which thereby lowers the activation barrier AG]P. An increase in operating
temperature will also increase the thermal activity thus the reaction rate and 7.
The magnitude of available reaction sites at the electrode surface will improve the

reaction kinetics!3891,

The Butler-Volmer Equation can be simplified for very small or very large 7..
In case of very small activation overpotential (i « ig), Equation 3.9 can be linearized
using a Taylor series expansion and limited to a linear proportionality between
current density and overpotential for small deviations from the equilibrium. This

way, 7o can be obtained from plotting i versus 7, at low 7, values. However, such
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measurements are impacted by additional losses (ohmic, mass transport )51,
. nFnact
1=1 3.10
s .10)

For large activation overpotentials (i » ig), the forward reaction dominates, the
second equation term become negligible and the Butler-Volmer Equation is short-
ened to the Tafel-Equation (3.11). The exchange current density i and the transfer

a coefficient can be determined by fitting 7..; versus In ¢ (Equation 3.12).

anFnact
i = ige(m) (3.11)
RT . RT .
Nact o Inig + T Ini (3.12)

Ohmic overpotential

In the electrochemical system, the charges are migrating from one electrode, where
they are produced, to the other electrode where they are consumed. This charge

transport is predominantly driven by a potential gradient called conduction!®391.

Tlohm = Z.Rohmic =1 (Relectrodes + Relectrolyte) =1 (Relec + Rionic) (313>

The potential, that is used to drive the conduction process is known as ohmic
overpotential, named after Ohm’s law of conduction. Rg is the ohmic resistance of
the solid oxide cell and takes into account the intrinsic ohmic resistances from the
electrolyte and the electrodes, however, is pre-dominated by the electrolyte (ionic)

resistance.

Concentration overpotential

In solid oxide cells, the electrodes are supplied with a gas stream constant of con-
stant volume flow and composition of reactants along the active electrode layer,
while product species desorb from the electrode to the bulk gas phase. The species
concentration in the electrode active layer impacts the cell’s performance. This
concentration gradient between the electrode bulk and surface of the reactant and
product species is caused by mass transport limitations (diffusion). At the electrode
surface, as the gas velocity approaches zero, a diffusion-dominated layer is observed,
where mass transport limitations are pre-dominant. As the rapid catalytic reaction
continues i.e. charge transfer, product species accumulate and the reactant con-
centration at the TPB sites depletes relative to the bulk concentration. This leads

to an increase in the reversible cell potential (Nernst losses). At a critical current,
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named limiting current density iy, the reactant species is converted immediately
and the reactant concentration depletes at the electrode surface (Equation 3.14).
The bulk concentration c%, the effective diffusivity DT and the electrode (diffusion
layer) thickness £ can be altered to increase the limiting current density by the elec-
trode structure, the diffusion layer thickness, ensuring even reactant distribution

and enhanced diffusivity!®°1.

0
i, = nFDTE (3.14)
£
The voltage 10ss 7eone Tesults from the reactant depletion at the TPB sites, which
affects both the kinetic reaction rate and the Nernst potential, given by Equation
3.15.

RT 1 L
conc — 1 — 1 . X 3.15
g nF( +a> nzL—z ( )

3.2 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a method to characterize frequency-
dependent properties of an electrochemical system, i.e. the complex impedance, by
applying a small sinusoidal excitation signal (perturbation) (alternating (AC) volt-
age or current) to an electrochemical system in equilibrium with an amplitude at
frequency f and measuring the sinusoidal response (current or potential). Equation
3.16 describes the time-dependent excitation signal V' (¢) with sine wave amplitude
Vo and the phase of the waveform wt. t is the time and w = 27 f the angular
frequency, so the magnitude of signal oscillations per time!9? 9%,

V(t) = Vp - sin(wt) (3.16)

V(t)* = Vyel @ (3.17)

In linear or pseudo-linear systems, the current response I(t) (3.18) has the same
measurement frequency f, but shows a varied amplitude Iy in dependence of the

system impedance and is shifted in phase ¢ compared to the input signall®? 9.

I(t) = Iysin(wt + ¢) (3.18)
I(t)" = Iyl @Ho) (3.19)
" Vbej(Wt) ¢ L , ) p

Z"(w) = Teiitd) — | Zo|e’® = |Zo|(cos ¢ + jsin(¢)) = Z +jZ (3.20)

The frequency-dependent complex impedance Z* can be expressed by Equation

3.20 analogous to Ohm’s Law and consists of a frequency-dependent real resistance
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Z' and an imaginary part Z" with the complex unit j = /—1 = e’ including Euler’s
relationship (ej¢ =cos¢p+j Sin((b)). At a chosen radial frequency w, the phase angle
¢ can be determined as the ratio between imaginary and real impedance, as given

in Equation 3.210279],

¢ = arctan (g, ) (3.21)

The impedance data measured over a wide range of frequencies are visualized in
the Nyquist plot (Figure 3.1), in which the negative imaginary impedance —Z" is
plotted on the ordinate versus the real impedance part Z abscissa. Both axes are
scaled equivalent, as they are parts of one complex impedance Z*. Additionally, the
phase angle ¢ gives the angle between the impedance vector |Z*|, magnitude of the
impedance, and the abscissa in this depiction. The characteristic frequency is given
by the arc’s summit and allows the determination of the time constant 7 = i = ﬁ
The frequency-independent ohmic resistance R of the electrochemical system in
the Nyquist plot is given by the high-frequency intercept with abscissa. The total
impedance, also called ASR, is determined by the low-frequency abscissa intercept
and is composed of the all resistive effects caused by electrochemical processes (po-

larization resistance, Rp) in addition to the ohmic resistancel®2%3.

AN

Ro Z'1Q

Figure 3.1: Nyquist plot representation.

3.2.1 Distribution of Relaxation Times Analysis

Electrochemical impedance spectroscopy data are typically analyzed by fitting the
impedance spectra with an equivalent circuit model. However, the data quality can
impact the analysis and the model decision can be complex. The Distribution of

Relaxation Times Analysis (DRT) is an invaluable method to analyze and interpret
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the impedance data as well as support the equivalent circuit model-based analysis.
In the DRT analysis, the characteristic distribution is determined by fitting the
experimental data against an ohmic resistor (R.,) at high frequencies (f — oo) and
an infinite sum of parallel resistors and capacitors in series as given by Equation
3.221%1 with (1), as the distribution of relaxation times function. Through the
DRT method, the electrochemical data are transformed from the frequency f to the
time domain 7. The resulting DRT spectrum exhibits peaks at time constants that

represent physical processes in the spectrum.

v(InT)
7 — R, / 3.22
prT( + 1 +j27rf7 dinT ( )

y(InT) = 7y(7) (3.23)

In the DRT analysis, the DRT function is matched to the experimental data
through the deviation between model prediction and measured data is minimized
to determine the best fit. To achieve this goal, the least square errors of real and
imaginary impedance data are used. However, the optimization of this problem
is generally called ill-posed (Equation 3.23), i.e. a regularization (parameter) is
needed to solve this problem in a physically meaningful way!®°7). The Tikhonov

[98-100] j5 used to smooth the distribution function between neighboring

regularization
time constants. The regularization magnitude impacts the data interpretation, as
too high values lessen oscillations, which can reduce physically significant informa-
tion (overfitting). On the other hand, besides narrower peaks, a low regularization
increases probability of oscillations and satellite peaks (underfitting). The optimal
regularization parameter A is chosen such that the Sum of Square Residuals (SSR)

between the initial and reproduced spectra is minimized!96:101.

3.2.2 Equivalent Circuit Modelling

The reactions in the electrochemical system are based on the transfer of charged
species in reactions like charge transfer at the electrode surface, surface desorption
and adsorption processes, as well as mass transfer processes (solid-state bulk diffu-
sion, surface diffusion). The deconvolution of these processes from impedance data
necessitates an Equivalent Circuit Model (ECM). The constructed circuit model
should represent the physical understanding of the characterized system and account
for electrode and electrolyte resistances, the capacitance and wire current-enduced

inductivity. The most common passive circuit elements, which are used in series
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or parallel to compose an ECM are resistors, inductors and capacitors as shown in
Figure 3.2. The main challenge in the construction of an ECM is that more than

one equivalent model can represent the same data set.

a) Resistor D) Inductor c) Capacitor
—_— —— —}—

Figure 3.2: Schematic depiction of the passive element components for the model of
an electrical circuit: (a) Resistor, (b) Inductor, and (c) Capacitor!®Z.

Resistor

The relation between potential and current for a resistor in the circuit is given by
Ohm’s Law in Equations 3.24 and 3.25. It concludes that the current flow I(¢) is
directly proportional to the potential V' (¢) across the resistor and inversely related
to the resistance Rg. The imaginary part of the impedance of an ohmic resistor is

consequently zero and is thus located on the Z' axis!¥3102].

V(t) = Rol(t) (3.24)
7% = Rq (3.25)

Inductor

The relation of difference in potential and current for an inductor is given in Equa-
tion 3.26 with the inductance L. The impedance response relates directly to the
frequency w, which results in a +90° phase-shifted of current passing through the
inductor. An ideal inductor exhibits zero ohmic resistivity, which results in an par-

allel system response to Z"[93:102],

V(t) = Ld;it) (3.26)
7t = jwL (3.27)

Capacitor and Constant Phase Element

The capacitor accumulates electrical charges ¢, which equals the product of storing
capacitance C' and applied potential V. The current I(t) flowing through the system
is related to the charge. The capacitor’s purely imaginary impedance Z{ is inversely
proportional to angular frequency w and capacitance, accounting for the —90° phase

shift between current and potential.
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1(t) = == (3.28)
L1
2= 6 (3.29)

More complex circuit models are made of passive elements in series or parallel.
For elements connected in series, the impedance can be calculated from the sum
of potential difference for all elements (Equation 3.30). The total impedance for
passive elements in parallel, is given by the additive of the inverse impedance, the

admittance (Equation 3.31).

Zr=>Z (3.30)
A <§k: Z1k> _ (3.31)

The impedance of electrode/electrolyte interfaces exhibit often a frequency dis-
persion that is described by using the Constant Phase Element (CPE) in an equiv-
alent circuit model. This time-constant or frequency dispersion was related to a
distribution of capacitance, whose origins discussed in literature encompass hetero-
geneous electrode surfacel'%3194 electrode porosity!**> 197 inhomogeneities of layer
properties!®® and non-uniform potential /current distribution®-1*). The imped-
ance Z¢pp in Equation 3.32 is related to parameter )y for capacitive dispersion,
angular frequency and the CPE exponent mcpg. Depending on this fitting param-
eter, the CPE is considered to represent varied circuit elements!!9M12113]  In this
work, the impedance data are modeled by a series of RQ elements. An RQ element
is a parallel connection of a resistor and a CPE with the impedance Zgq (Equation
3.33).

When mcpg = 1, the CPE’s capacitance is equivalent to an ideal capacitor’s,
and the RQ element equals an RC element, thus following the shape of a perfect
semicircle in the complex plane (Figure 3.3). Surface heterogeneity and distributed
time constants of charge-transfer reactions have been related to mCPE # 1. In other
cases, deviations mgpg = 0 and mcpg = —1 are related to resistor and inductor

elements14:115],
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—O— Mgpe = 1.0
po8@ 0o,
o o — — Mgpe = 0.8
o O —'—Mgp=06

_Zu '_.' (9]
o
"

Z1Q

Figure 3.3: Nyquist plot representation of an R() element for different values of
McepE.

. 1
Zcpg = OoGiw)ome (3.32)
R
Lne = 3.33
R 11 R Qo - (jw)mere (3.33)



25

4. Experimental

4.1 Material Synthesis and Analysis

This chapter was partly published under the CC BY 4.0 (http://creativecommons.
org/licenses/by/4.0/)16).

Powder Preparation

The SroFe; Mo, Og_s-based electrode materials were prepared using a solid state
synthesis route. The precursor powders SrCO3 (Aldrich chem, 99%), Fe,O3 (Alfa
Aesar, 99%) and MoOs (Alfa Aesar, 99%) were pre-fired overnight at 900 °C to
remove water content due to their hygroscopic character. According to the stoi-
chiometry, the precursors were weighted and ball milled for 4 h at 250 rpm using
isopropanol (VWR, 99.8%) and zirconia balls. After drying overnight at 80 °C, the
powders were annealed at 1100 - 1200 °C for 8 h in air. The obtained powders were
milled again with zirconia balls in isopropanol for 8 h to obtain a mean particle
size of around 1 pm. For the SroFey_,Mo,Og_s-GDC composite electrode, commer-
cial CeggGdg2019 (GDC) powder (SOFCMAN, 99.5%) was used and weighted in
a 70:30 ratio together with reduced SFM, ground in acetone, and dried overnight.
The powder mixture was ball-milled at 1200 rpm for 10 min. The doped compo-
sition SroFeMog 65Nig3506_5 was prepared using a solid state route with the added
precursor NiO (Alfa Aesar, 99%). A modified Pechini method was used to prepare
the Lags3Sr0.4Cog2Fegs0s_s (LSCF) powder™6],

X-Ray Diffraction Analysis (XRD)

The powder samples were first investigated by X-Ray Diffraction (XRD) at room
temperature to check the phase purity of the sample using a PANanalytical X’pert
MPD diffractometer (Almelo, Netherlands) with Cu-Ka incident radiation. Each
diffractogram was fitted by profile matching with the Fullprof software and Rietveld

refinements were carried out.

High-Temperature X-Ray Diffraction Analysis (HT-XRD)

The experiments were conducted with an Empyrean diffractometer (Malvern Pan-
alytical, Almelo, The Netherlands) with Cu-Ka incident radiation. In ambient air,
the powdered sample was heated from 25 °C to 900 °C with 5 °C - min~!. In 100 °C
steps, diffractograms were taken from 10 ° to 100 °. After cooling to room temper-
ature, the atmosphere was changed to Ar-4% H, (1.5 bar, 2 ml-min~!). The sample
was heated at 2 °C - min~! from to 25 °C to 900 °C and kept for 7 h. During the
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qualitative phase analysis, the positions and intensities of the Bragg reflections in the
measured diffractogram are compared with reference patterns in different databases

using a search/match procedure (HighScore Plus v.4.8, Malvern Panalytical).

Scanning Electron Microscopy (SEM)

The microstructure of the as-prepared and reduced SroFeMoQOg_s cells and powders
was characterized by using a Scanning Electron Microscope (Quanta FEG 650, FEI
equipped with an Energy-Dispersive X-Ray Spectroscopy (EDX) detector, USA) at
10 - 20 kV.

Transmission Electron Microscopy (TEM)

High-Resolution Transmission Electron Microscopy (HRTEM) images were captured
using an aberration corrected Thermo Fischer Titan TEM at 300 kV. Elemental
distribution mapping was carried out using a Hitachi HF5000, provided by Hi-
tachi High-Technologies, Japan, and equipped with Energy-Dispersive X-Ray Spec-
troscopy (EDX) from Oxford Instruments.

In-situ Transmission Electron Microscopy (In-situ TEM)

The in-situ transmission electron microscopy (TEM) sample was prepared by de-
positing a suspension of as-prepared SroFeMoQOg_s particles in ethanol onto MEMS-
based heating chips named "Climate" from DENS solutions via drop-casting. The
chip assembly was integrated into the DENS solutions in-situ gas-flow and heating
holder, and subsequently, the holder underwent plasma treatment. Following a suc-
cessful leak test, the prepared holder was introduced into the TEM chamber. The
Gas Supply System (GSS) from DENS solutions was utilized to facilitate the flow of
gases through the nano-reactor cell of the in-situ holder. In-situ hydrogen reduction
of as-prepared SroFeMoOg_s was conducted in a Thermo Fischer Titan transmis-
sion electron microscope with aberration-correction at 300 kV. To eliminate any
carbon impurities, the sample underwent decontamination within the nano-reactor
for approximately 30 min, achieved by introducing Ar gas at a pressure of 0.95 bar
(approximately 1 bar) and at 300 °C. Subsequent to the decontamination process,
a gas mixture consisting of Ar-3% H, was circulated through the nano-reactor cell
of the MEMS chip at a pressure of 0.95 bar (approximately 1 bar) at a temperature
of 800 °C and with a flow rate maintained at 1 ml-min~!. The in-situ movies were
captured using the Gatan OneView Camera at a recording rate of 3 - 4 frames per

second, with a resolution of 2K x 2K pixels.
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Thermo Gravimetric Analysis (TGA)

The thermal gravimetric experiments were carried out in a TGA-5500 thermobalance
(TA Instruments®, New Castle, USA). Approximately 100 mg of the sample was
heated three times from 50 °C up to 1000 °C with 5 °C - min~! in a continuous
air flow of 25 ml-min~!, then, the sample was cooled down to 50 °C. The purge
atmosphere was changed to Ar-4% H,. The samples was heated up with 2 °C - min—!

from 50 °C up to 1000 °C until constant weight was achieved.

Thermal Expansion Analysis

All specimens were prepared from milled powder precursors by uniaxial pressing at
4 MPa into a rectangular shape (4x4x12 mm) and sintering at 1050 - 1350 °C. The
sintered samples were used to measure the longitudinal expansion as a function of
temperature to determine the Thermal Expansion Coefficient (TEC). The dilatom-
etry experiments were carried out with a push-rod dilatometer DIL 402 C from
NETZSCH-Geratebau GmbH (Selb, Germany), and calibrated with a 12 mm long
aluminum oxide reference. Each sample was heated with 120 °C - h™! to 1000 °C.
The temperature was kept constant for 1 h to regulate the specimens’ dimensional
stability. Finally, the sample was cooled with 120 °C - h=! to 25 °C. The linear ther-
mal expansion coefficient was calculated from the change in length as a function of

temperature over a defined temperature range according to:

1 dL

(4.1)
where L is the initial sample length at 30 °C, dL is the change in sample length

and dT' is the change in temperature.

X-Ray Photoelectron Spectroscopy (XPS)

Prior to the experiments the samples were heated up to 900 °C with 1 C-min~! in

Ny. At 900 °C, the atmosphere was set to 100 % H, for 72 h. Afterwards, the
samples were cooled down to 25 °C (1 C-min~!). XPS analyses were carried out by
using a Phi5000 VersaProbell (ULVAC-Phi Inc., USA) instrument. All spectra were
collected using monochromatic Al Ko irradiation at 50 W and an X-ray beam size
of 200 pm at 15 keV. Survey scans were recorded with 0.8 €V steps (100 ms/step)
and 187.5 eV analyzer pass energy. The high-resolution analyses (10 - 30 eV wide
range) were carried out with 0.1 eV step and 23.5 eV analyzer pass energy. Data
from all insulating materials have been charge corrected (referenced) using the main

signal of the carbon 1s spectrum (hydrocarbon, C-C, moiety) assigned to occur at
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285.0 eV. Core peaks were analyzed using a nonlinear Shirley-type background.

Conductivity Measurements

Analogous to thermal expansion experiments, rectangular bar samples with dimen-
sions around 12x4x4 mm were prepared and sintered at 1050 - 1350 °C. The samples
were installed into a ProboStat™ (NORECS AS, Oslo, Norway) placed in an au-
tomated test-rig (EBZ GmbH, Dresden, Germany) as shown in Figure 4.1. The
four-point measurements were conducted by connecting the samples with two Pt
current collectors and the voltage could be assessed between two Pt wires connected
to the samples. The bar sample was fixed using a spring-loaded tripod. The fur-
nace was heated to the initial operating temperature of 900 °C with a heating rate
of 1 °C:min~! in 9 1-h™! air flow. The conductivity measurement was performed
by using an Iviumstat™ (Ivium Technologies B.V., Eindhoven, Netherlands) from
+0.100 V to —0.100 V with a rate of 5.0 mV-s~!. The conductivity’s temperature-

Spring-loaded sample fixation

\ B Furnace

=
Thermocouples

Upper current

collector Sample ___— Outer ceramic tube
Upper voltage Lower voltage
probe probe
Support Gas inlet
ceramic tube ><IC H,
Lower current ><C Hy/N,
collector 1 ><C N,

Exhaust & N,
0,
ProboStat™ Air

Figure 4.1: Schematic depiction of the ProboStat™ setup used for the conductivity
measurements!'7).

dependency in air was measured from 900 °C to 500 °C in steps of 50 °C. The gas
atmosphere was changed to 9 1-h™t 100 % H, from 900 °C to 650 °C in steps of
50 °C. The temperature limit of 650 °C was set for safety reasons. The electrical con-
ductivity o, is defined as the reciprocal of electrical resistivity p and was calculated
from the sample length [, the cross-section area A, as well as the total resistance R

according to Equation 4.2.

1

O —
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4.2 Electrochemical Characterization

Electrolyte-Supported Single Cell Preparation

The electrolyte-supported button cells composed of SEM(-GDC)/GDC/8YSZ/GDC/
LSCF were prepared by screen-printing (EKRA screen printing Technologies) the
different cell layers onto commercially available 8YSZ electrolyte supports from
Kerafol® GmbH (Eschenbach in der Oberpfalz, Germany) with a thickness of 250 ptm
and a diameter of 20 mm. Slurries of the layer materials were produced by mixing
the powders with a solution of a-terpineol and 3% ethyl-cellulose in a 1:1 weight ra-
tio. To homogenize the slurry viscosity and the mean particle site, they were mixed
in a planetary vacuum mixer (THINKY Mixer ARV-310, California, USA) and roll
milled for about 30 min.

The Gadolinium-Doped Ceria (GDC) barrier layers (thickness ~ 5 pm, diameter
d = 18 mm) were printed and then sintered at 1350 °C for 2 h in air. The SFMa-
GDC fuel electrode (thickness ~ 25 pm, d = 12 mm) was sintered at 1150 °C for 2 h
and the LSCF oxygen electrode (thickness ~ 25 - 30 pm, d = 10 mm) at 1080 °C
for 3 h in air. To ensure acceptable cell contact with the Au current collector, a
5 pm thick Au contact layer (Heraeus GmbH, Hanau, Germany) was added on top
of the fuel electrode and sintered at 900 °C for 2 h. The final single button cell

configuration has an effective area of 0.79 cm?.

Fuel Electrode-Supported Single Cells

The investigation of state-of-the-art Ni-8YSZ electrodes was conducted with com-
mercially available fuel electrode-supported single cells by the company Elcogen®
(thickness ~ 315 4+ 35 pm, d = 2 cm). The NiO-8YSZ fuel electrode consisted of a
10 pm thick active layer deposited on 300 £+ 30 pm NiO-8YSZ support. The thin
8YSZ electrolyte (thickness ~ 5 pm) and the GDC barrier layer (thickness ~ 2 pm)
are in-between to the 10 pm thin oxygen electrode layer made of LaggSrg4CoO3_s
(d =1 cm).

Measurement Setup

The measurement setup is schematically depicted in Figure 4.2. The single button
cells were installed in a two-electrode four probe conductivity & impedance spec-
troscopy Probostat setup (Norwegian Electro Ceramics®, NORECS, Oslo, Norway)
[34]. On the oxygen electrode side, the cell was contacted with a Pt current collector.
In dependence of the contact layer and electrode materials, the fuel electrode was

contacted with Pt-Ni mesh in case of NiO electrodes and Au mesh for Au contact
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layers. The total gas flow along fuel and oxygen electrode side was kept at 91-h~! to
even the pressure distribution on the cell. To control the gas flow, Mass Flow Con-
trollers (MFCs) by the company Bronhorst Nord® (Kamen, Germany) were used.
A gold seal gasket was used to separate the gas flows. The setup was placed in
a furnace from the company Carbolite Gero® (Neuhausen, Germany) as described
previously?>? and heated with a rate of 2 °C - min~" to reduce the risk of thermome-
chanical stress on cell materials. Prior to any measurements, the fuel electrode was
reduced at 900 °C as aforementioned®? and kept in reducing conditions thereafter
to prevent e.g. Ni reoxidation. In addition the deviations between the obtained
Open Circuit Voltage (OCV) values and theoretical calculations were determined to
detect minimal gas leakages during testing. The gas flow on the fuel side (CO,, CO,
H,) was led through a water bath before being directed to the fuel gas chamber for
humidification. Based on the temperature dependence of the water vapor pressure,
the steam concentration was adjusted. On the oxygen electrode side, the air gas
supply channel was in direct contact with the current collector to provide a radial
gas flow. Fuel and air gas outlets were led directly into the air ventilation and the

steam was condensed.

Electrochemical Characterization

The Alternating Current (AC)- and Direct Current (DC)-measurements were recor-
ded with a four-electrode Potentiostat/Galvanostat Vertex.5A setup (Ivium Tech-
nologies®, Eindhoven, The Netherlands). The impedance spectra were potentio-
statically measured in the frequency range from 110 kHz down to 0.11 Hz with an
amplitude of 50 mA taking 127 measurement points in 21 frequencies per decades.
For temperature and gas mixture variation measurements, the impedance spectra
were taken at OCV from 900 °C to 750 °C in steps of 25 °C. The investigated gas mix-
tures included steam electrolysis (50% HyO + 50% Hy), CO, electrolysis (80% CO,
+ 20% CO) and co-electrolysis (40% CO, + 40% H,O + 20% H,). The polar-
ization variation measurements entailed the recording of impedance spectra in the
range of 0.7 V (Fuel Cell Mode) to 1.4 V (Electrolysis Mode). The current-voltage
characteristics (iV curves) were measured in potentiostatic mode to investigate the
cell performance at a scan rate of 10 mV -s~! from OCV to 0.6 V to 1.5 V and
back to OCV. The long-term stability tests were performed in steam and CO, elec-

2 and

trolysis conditions at 900 °C with a constant current load of —0.3 A -cm™
—0.5 A - ecm™2 for 500 h and 1000 h. Before and after the degradation test, current-
voltage characteristics and impedance spectra at OCV and with varied polarization
were taken. The degradation rate was determined from the change in cell voltage

over time. The complex impedance diagrams were evaluated using an Equivalent
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Figure 4.2: Schematic depiction of the ProboStat® setup used for the electrochemical

testing of single button cells!7-118].

Circuit Model (ECM) with the help of the RelaxIS® software version 3.0.21.17. The
number of time constants and elements in the ECM, the Distribution of Relaxation
Times Analysis (DRT) spectra were analyzed prepared with a feasible X value as de-
scribed previously!'™). In order to perform the fitting of the complex nonlinear least
squares problem, the implemented Levenberg-Marquardt algorithm was chosen to
derive the local minima from the given starting parameters. Thereafter, the Nelder-
Mead-Simplex algorithm was used to to iteratively improve the derived parameter.
The evaluation of the fit quality was analyzed by comparison of the calculated and
the experimental impedance data. The relative residuals as well as the X? error
were evaluated to indicate a reasonable ECM. From the evaluated impedance mea-
surement data, the Area Specific Resistance (ASR), the ohmic resistance R, and

the polarization resistance Rp were derived.
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5. Results

5.1 State-Of-The-Art Ni-8YSZ as Fuel Electrode

The following results show an analysis of temperature and gas atmosphere in-
fluence on the degradation phenomenon during the long-term electrolysis oper-
ation of solid oxide cells. The experiments were performed with fuel electrode-
supported single cells composed of an LagSrg4CoO3 (LSC) oxygen electrode with
a Gadolinium-Doped Ceria (GDC) interlayer, an 8YSZ electrolyte and a NiO-8YSZ
fuel electrode. The commercial Elcogen single cells were operated for 1000 h in
varied measurement conditions in collaboration with Eric Troster during his bache-
lor thesis!'?”), Intermittent Alternating Current (AC)- and Direct Current (DC)-
measurements were performed to characterize the single cells and to determine
the responsible electrode processes for the degradation during long-term operation.
An increased degradation rate is observed at 800 °C compared to 750 °C under
steam electrolysis conditions. Moreover, a lower degradation rate is noticed un-
der co-electrolysis operation in comparison to steam electrolysis operation. The
post-test analyses using Scanning Electron Microscopy (SEM), Energy-Dispersive
X-Ray Spectroscopy (EDX) and X-Ray Diffraction (XRD) were carried out in order
to determine structural changes and the degradation mechanisms during the elec-
trolysis operation. Parts of the results have been published under the CC BY 4.0
(http://creativecommons.org/licenses /by /4.0/) ).

5.1.1 Durability Characterization

The galvanostatic degradation tests were performed with a gas composition of 50%
H,O + 50% H, for steam electrolysis at 800 °C and 750 °C and with 40% H,O +
40% COy + 20% H, at 800 °C for co-electrolysis under a constant current density
of =1 A - cm™2. The variation of cell voltage and the degradation rate as a function
of operating time for steam and co-electrolysis are illustrated in Figures 5.1a and
5.1b.

The degradation of the operated cells is shown by an increase in the cell voltage
throughout the electrolysis measurements up to 1000 h. In dependence of the varied
measurement conditions (temperature, gas composition), the degradation rates vary
in severity. Overall, all voltage curves follow the trend of initial moderate voltage
increase, followed by a severe increase in cell voltage. Toward the end of the long-
term measurements, a third period is observed, during which the degradation rate
decreases.

Under steam electrolysis conditions at 800 °C, the cell voltage increases only
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Figure 5.1: (a) Cell voltage development under galvanostatic degradation test and
(b) degradation rate as a function of time. Reproduced from? published under the
CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

slightly from start-up to 82 h. This is followed by a severe cell voltage increase up
to 193 h, during which the cell voltage increases by 132 mV. Starting at around 193 h,
the voltage development displays progressive degradation until the measurement end
at 1000 h with an overall increase of 33 -kh™' (370 mV) in the cell voltage after
1000 h (Table 5.1).

The degradation test at 750 °C under steam electrolysis conditions shows higher
initial cell voltage as expected due to higher ohmic and polarization resistances.
At the lower operating temperature, the initial degradation period lasted up to
around 174 h. In comparison to the measurement at 800 °C, the sharp increase in
cell voltage lasted longer, up to 404 h. In the following hours, the test at 750 °C
exhibited a continuous voltage increase. The absolute voltage increase over the
measurement time averages to 22 -kh™! of the initial cell voltage per 1000 h (Table
5.1). The total voltage increase at 800 °C was around 1.4 times higher than that
of cell operated at 750 °C. The results emphasize that operation temperature has
a direct impact on cell degradation. Since the humidity and current density were
kept constant for both tests, therefore the large degradation rate at 800 °C arises
from the temperature effect. The observed degradation rate is higher than the one
reported in the literature by Trini et al. with 8.3 -kh™! under the same measurement
conditions (800 °C, —1 A - cm~2, Hy / HyO (50/50))!*Yl. In another work, Schefold
et al. performed long-term steam electrolysis test up to 23,000 h at 850 °C with
—0.9 A-cm™2 current density using electrolyte supported single cell comprising
scandia/ceria doped zirconia electrolyte (6Sc1CeSZ), GDC barrier layer, a LSCF
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oxygen electrode, and a Ni-GDC fuel electrode. They reported significantly lower
degradation rate of 0.57 -kh™' as welll'?/122l The observed lower degradation rate
can be due to different cell components used in their work.

In comparison to steam electrolysis, under co-electrolysis conditions at 800 °C, a
moderate cell voltage increase of 21 mV could be observed in the first 184 h, followed
by an increase of 80 mV up to 442 h. From this point onward, the voltage increased
continuously. The long-term test resulted in an overall increase of 159 mV, which
correspond to 16 -kh™' from the initial cell voltage after 1000 h (Table 5.1). The
degradation rate maxima in Figure 5.1b illustrate the impact of gas composition and
operating temperature on the degradation development. A maximum degradation
rate of 1490 mV - kh~! for steam electrolysis at 800 °C is observed after 114 h. At
750 °C operating temperature, a lower maximum degradation rate of 1040 mV - kh!
for steam electrolysis is observed after 214 h. For co-electrolysis, the maximum
degradation decreases down to 430 mV - kh~! and is reached after around 295 h. The
development of the maximum degradation rate over time underlines that elevated
temperatures are detrimental to the cells’ stability['?3l. The variation of fuel gas
composition i.e. 40% HyO + 40% COs + 20% Hy for co-electrolysis results in
lower degradation rate than the variation of operating temperature during steam
electrolysis from 800 °C down to 750 °C.

5.1.2 Electrochemical Characterization

The cell performance was analyzed as a function of operation time by AC- and DC-
measurements. The initial performance under steam and co-electrolysis conditions
is compared in Figure 5.2. The initial current density of the three measurements
varied significantly, as expected from the differing measurement conditions. At
800 °C, the iV curves for steam and co-electrolysis reached about the same maximum
current density of —1.77 A-cm™2 and —1.72 A - cm ™2, respectively at 1.4 V. With

2

decreasing the operating temperature to 750 °C, only —1.52 A - cm™~ is reached in

Table 5.1: Overview of the absolute voltage increase after 1000 h degradation test
depending on measurement conditions.

Conditions T/°C AV /mV AE/%-h!
50% HaO + 50% H, 800 370 33
50% HyO + 50% Ha 750 259 22

40% HyO + 40% CO4 + 20% Hy, 800 179 16
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steam electrolysis atmosphere at the same voltage limit. However, the performance
lowered significantly after 1000 h of electrolysis operation, as shown in Figure 5.2.
The maximum current density at 800 °C decreased by —1.03 A -cm~2 for steam

electrolysis and —0.59 A - cm~2

in co-electrolysis conditions. At 750 °C operating
temperature in an atmosphere of 50% HyO + 50% Hs, the current density decreased

by —0.89 A - cm~2, which is less severe compared to the observed loss at 800 °C.

The comparison of the percentage decrease in performance from the initial values
at 800 °C for steam (58 %) and co-electrolysis (34 %) emphasizes the crucial impact
of the feed gas on cell performance over time. Long-term galvanostatic test results
at —0.75 A - cm~2 at 750 °C by Rao et al.l'?4 under co-electrolysis conditions showed
a higher performance loss of around 50 %. The authors used a different gas compo-
sition of 65% HyO + 25% CO, + 10% H, i.e. with a higher steam content, which
may cause the higher performance loss. After the degradation tests at 800 °C, the
iV curves for co-electrolysis and steam electrolysis display a hysteresis. For steam
electrolysis this hysteresis is more pronounced, wherefore the hysteresis’ origin can-
not be linked to the CO in co-electrolysis as suggested by Aicart!'?! or low steam

content!126]
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Figure 5.2: Comparison of current-voltage characteristics measured before and after
the degradation measurement of 1000 h at constant load of —1 A - cm™2 for steam
and co-electrolysis. Reproduced from? published under the CC BY 4.0 (http://
creativecommons.org/licenses/by/4.0/).
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5.1.2.1 Equivalent Circuit Model Evaluation

2 intermittent impedance

During the the long-term measurement at —1 A -cm™
spectra were taken at Open Circuit Voltage (OCV) in steps of 96 h from 0 h to
1000 h. The impedance spectra are depicted in Figure 5.3 as a function of time for
steam electrolysis at 800 °C (Figure 5.3a), steam electrolysis at 750 °C (5.3b), and
co-electrolysis at 800 °C (Figure 5.3c) to illustrate the resistance evolution over time.
Foremost, despite the different measurement conditions, both ohmic resistance (Rqg,)
and polarization resistance (Rp) increase for all three measurements. In the case
of steam electrolysis at 800 °C (Figure 5.3a), Rq remains invariant during the first
288 h of testing. Subsequently, it begins to increase gradually. In contrast, the
polarization resistance Rp starts increasing after 96 h. The differences of Rg and
Rp before and after the durability tests are listed in Table A.1 in the Appendix.
The impedance spectra in Figure 5.3a illustrate that the mid-frequency part of
the impedance spectrum is influenced the most, followed by the high-frequency
part. A similar evolution of R and Rp, as well as comparable impedance trends,
are observed for steam electrolysis at 750 °C (Figure 5.3b). The evolution of EIS
spectra for co-electrolysis (Figure 5.3c) on the other hand shows a significantly
different trend in contrast to steam electrolysis. The increase in Rq under co-
electrolysis conditions is the lowest compared to the steam electrolysis conditions
(Table A.1), irrespective of the elevated operating temperature. However, Rp shows
a gradual increase throughout the measurement up to 1000 h. In total, the increase
of impedance is significantly lower for co-electrolysis compared to steam electrolysis.
All impedance spectra displayed in Figure 5.3¢c show no evident change in the low-
frequency region. This suggests, that the physical process observed in the low-

frequency range is not influenced by cell degradation tests up to 1000 h.

For an in-depth process resistance analysis, the impedance spectra were fitted by
an Equivalent Circuit Model (ECM). To find the number of appropriate elements
for the model, the number of time constants were investigated by Distribution of
Relaxation Times Analysis (DRT). The investigation of several impedance spectra
using DRT led to the conclusion that an ECM with four RQ elements, as depicted
in Figure 5.4a, is best suited to fit the measured impedance spectra, considering
the DRT spectra (Figure 5.4b) exhibit four time constants. In addition, the ECM
contains an inductance element to include the inductive effects resulting from the
cable configuration in the experimental setup["*”), which are often observed in the
high-frequency region of the Nyquist plot, and play an important role in high fre-
quency data evaluation. The serial resistor represents the ohmic resistance Rq of

the system resulting from the ionic resistance (charged species), electronic resis-
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Figure 5.3: Comparison of Nyquist plots at OCV for a single cell composed of
Ni-8YSZ/8YSZ/GDC/LSC. The durability tests were conducted under constant
—1 A-cm™2 up to 1000 h with 9 1-h™! inlet fuel consisting of (a) 50% HyO +
50% Hs at 800 °C, (b) 50% HyO + 50% H, at 750 °C, and (c) 40% H,O + 40%
COy + 20% H, at 800 °C. Reproduced from!? published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).
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tance (electron transport) and contact resistances. The fit quality, after using the
Levenberg-Marquardt and the Nelder-Mead-Simplex algorithms to solve the com-
plex nonlinear least square problem, was analyzed by comparison of experimental
and calculated data from the fit. Figure 5.4c shows good agreement between these
two and is also supported by the good qualitative agreement of the relative residu-
als shown in Figure 5.4d as well as the low X2 error of 1077 between the fitted and

experimental data, indicating a reasonable ECMM!27,
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Figure 5.4: (a) Equivalent circuit model (ECM) of the experimental impedance data
used for complex non-linear curve fit. (b) Distribution of relaxation times (DRT) of
experimental and fitted impedance data for the Ni-8YSZ/8YSZ/GDC/LSC cell at
750 °C in 50% Hy0 + 50% Hjy recorded at OCV. (¢) Nyquist plot of the experimental
data and the corresponding fit. (d) The residual of the fitted data to verify the
quality of the CNLS fit.

To further understand the degradation behavior in dependence of measurement
conditions, the Area Specific Resistance (ASR) was calculated from the impedance
measurements and plotted in Figure 5.5 as a function of measurement time. Regard-
less of the difference in the initial ASR values, both cells operated under steam elec-
trolysis conditions showed similar degradation behavior. After an initial degradation
period, a sharp increase in the ASR was observed. The initial area-specific resistance

of 175 mQ - em? at 800 °C increased to 730 mS2 - cm? after the 1000 h durability test.
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This corresponds to an average ASR degradation rate of 555 m§2 - cm?kh~!. Decreas-
ing the measurement temperature to 750 °C led to a lower average degradation rate
of 387 mf) - em?kh~!. In contrast to results obtained in steam electrolysis, the ASR
evolved linearly in co-electrolysis conditions over time, with an average degradation
rate of 134 m( - cm?kh~!. This indicates different degradation mechanisms occur-
ring in the cells dependent on the fuel gas compositions. Therefore, electrochemical
impedance analysis was performed in regular intervals during long-term testing to

determine the dominating degradation process depending on the gas atmosphere.

ASR / Q-cm?
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Figure 5.5: Comparison of the total area-specific resistance over time during
1000 measurement conducted under constant —1 A - ecm™2 with 9 1-h~! inlet fuel
consisting of 50% H,O + 50% Hjy at 800 °C, 50% H,O + 50% Hy at 750 °C, and
40% HyO + 40% CO4 + 20% H, at 800 °C. Reproduced from!? published under the
CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

The ASR evolution was broken down into the time-dependent Rq and Rp de-
velopment for the three different measurement conditions, as shown in Figure 5.6.
In the initial degradation period for steam electrolysis at 800 °C, the Rq remained
constant within the error range (Figure 5.6a). However, the Rp showed a different
behavior; i.e., it increased sharply between 96 h to 192 h, similar to that of ASR (c.f.
Figure 5.5). In the third degradation period, Rp increased continuously up to 1000 h.
At an operating temperature of 750 °C, R showed almost a linear increase through-
out up to 1000 h. The Rp started to increase at around 200 h and exhibited a steep
increase during the second degradation period from 200-384 h (Figure 5.6b). There-
after, a continuous increase in Rp was observed. For co-electrolysis measurements,

the Rq showed a linear increase throughout up to 1000 h (Figure 5.6). However, the
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increase was less steep compared to that with steam electrolysis at 750 °C. The vari-
ation of Rp showed a linear behavior up to 1000 h, but interestingly, a lower increase
in the total Rp was observed for co-electrolysis (61.2 m{2 - cm?kh™') compared to
steam electrolysis at 750 °C (217 m© - cm?*kh™') and 800 °C (303 m2 - cm*kh™!).
This trend suggests that the cell degradation was more influenced by the Rp in
comparison to the R and can be directly linked to the operating temperature and

gas composition.
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Figure 5.6: Comparison of the total area-specific resistance over time during
1000 measurement conducted under constant —1 A - cm™2 with 9 1-h™! inlet fuel
consisting of (a) 50% HyO + 50% Hy at 800 °C, (b) 50% H2O + 50% Hy at 750 °C,
and (c) 40% Hy0 + 40% CO, + 20% Hy at 800 °C. Reproduced from!? published
under the CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

5.1.2.2 Process Resistance Analysis

Following the ASR and EIS evolution analysis over time, the polarization resistances

Rp was investigated in more detail to determine the dominant degradation process.
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The variation of individual resistances for steam electrolysis at 800 °C and 750 °C
(Figure 5.7a and Figure 5.7b) shows the same trend. The Rrqgs shows the largest
increase with time among all the four resistances. Therefore, this process is the
main cause of the increase in total Rp. The processes modeled by Rrq: and Rgrqs
show a lower increase in comparison to the Rrqs. In contrast, Rrqs has no impact
on the Rp increase. For the co-electrolysis measurement, a different behavior is
observed (Figure 5.7¢). The processes Rrqi, Rrq2, and Rrqs are mainly affected,
however, Rrq: shows a relatively higher increase compared to the steam electroly-
sis. The lower increase in the resistance of Rrqi, frqe and Rrqs in co-electrolysis
suggests the electrode processes linked to these resistances are less influenced un-
der co-electrolysis operation conditions. The Rrq4 displays no change over time for

co-electrolysis similar to that of steam electrolysis.

This low-frequency process Rrqs (7.9 - 1.9 Hz) has been investigated previ-
ously through temperature as well as fuel gas variation and is associated with gas
diffusion processes at the fuel electrode due to its negligible activation energy of
9.2 kJ - mol~'"?%l and dependency on the fuel gas content!'?”). Similarly, Leonide et
al.l'?] have also suggested that the gas diffusion processes occur with low thermal
activation in this frequency range. The DRT analysis of electrochemical durabil-
ity tests with a Ni-8YSZ supported single cell by Trini et al.™l at 800 °C and

—1 A - cm~? suggest the same development for a physical process around 10 Hz.

The process resistances Rrqi (18.6 - 5.1 kHz) and Rgrqe (3.0 - 1.1 kHz) for
steam and co-electrolysis in Table A.2, show an impact on cell degradation over
the measurement time and are characterized by distinct thermal activation. Rrq:
displays negligible dependency on the fuel concentration, while the process resistance
Rrqq is distinguished by distinct dependency on the steam and hydrogen partial

[3126] " Tn fuel cell mode, these two coupled high-frequency processes were

pressures
previously reported to be assigned to a charge transfer at the triple-phase boundary
at the fuel side and the oxygen transport in the 8YSZ electrolyte, according to Sonn
et al.l?). Trini et al.l'" supported this assignment of the high-frequency processes
to the TPBs of the Ni/8YSZ fuel electrode, therefore these processes are related to
the microstructure of the fuel electrode. This relation to the fuel electrode suggests
that the resistance increase over time is connected to microstructural changes in this

region. In consequence, these could cause a loss of conductivity in the fuel electrode.

The process given by Rrqs (457 - 85Hz) is mainly contributing to the increase
in the polarization resistance over time and exhibits Arrhenius behavior. The
resistance curves of Rrqs in Figure 5.7a and Figure 5.7b show distinct temperature

influence over time. Under steam electrolysis conditions at 800 °C, the resistance
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Rrqs increases by around 210 m( - cm?, which is higher compared to the cell at
750 °C (153 m€2 - cm?). In co-electrolysis conditions, Rrqg increases by 27 m(2 - cm?.
This suggests that the degradation process related to this resistance is temperature-
dependent as well as fuel gas dependent. The process RQ3 has been observed to be
dependent on oxygen partial pressure as well as steam partial pressurel®'2”. The
process part dependent on oxygen partial pressure related to RQ3 is the electro-
chemical process at the TPBs of the LSC/GDC electrode and an oxygen electrode
transport process'>”). The steam partial pressure influence of RQ3 is related to fuel
electrode transport processes. In earlier studies, the overlap of these two influences

d'27128] - The impact of fuel side transport losses were shown to

has been observe
dominate the processes between 100 Hz to 500 Hz['?". A similar behavior is ob-
served in our case suggests that the affected fuel side plays a dominant role in the

degradation mechanisms over time.

5.1.3 Microstructural Post-Test Analysis

To further understand the degradation behavior, as-prepared and operated single
cells were investigated through in-depth SEM-EDX of the fuel and oxygen electrode
layers. The changes in the electrode microstructure as well as the adhesion between
different layers were investigated after 1000 h and compared with the as-reduced
cell. Figure 5.8a and Figure 5.8b show the cross-section of the cell before and after
the long-term test, where the bulk of LSC oxygen electrode, LSC/GDC interface,
GDC/8YSZ interface, the bulk of 8YSZ electrolyte and Ni-8YSZ fuel electrode are
visible. No severe damage in the bulk of the LSC oxygen electrode, GDC layer,
8YSZ electrolyte, or Ni-8YSZ fuel electrode is observed. However, the delamination
of the LSC oxygen electrode at the LSC/GDC interface is visible for the single-cell
operated under long-term electrolysis conditions (Figure 5.8b, Figure 5.8d). Such
delamination is attributed to the evolution of oxygen gas bubbles, which penetrate
pores of the electrolyte/electrode layer and build up a high oxygen gradient un-

der anodic polarization!!30:131

The oxygen electrode delamination results in an
irreversible increase in ohmic resistance of the cell™?, which was observed in the in-
crease of Rq in Figure 5.6. This delamination can also lead to a large increase in the
resistance (as observed for Rrqs) by hindering the charge and oxide ion transport
at the TPBs of the LSC/GDC.

Mostly, the delamination of the oxygen electrode is reported for LSM-based air-
electrodes?* 134 however, it is also observed for LSCF oxygen electrodes by Kim
and Choi for electrolyte supported cells without a GDC barrier layer after SOEC op-
eration at 800 °C and —0.8 A - cm ™2 for 50 h{*3%. The performance stability of single

cells in electrolysis mode is enhanced with a GDC barrier layer. For instance, a cell
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Figure 5.7: Individual resistance analysis for EIS spectra at OCV from 0 h to 1000 h
with 9 1-h~! inlet fuel consisting of (a) 50% HyO + 50% H, at 800 °C, (b) 50%
HyO + 50% Hy at 750 °C, and (c) 40% HyO + 40% CO, + 20% Hs at 800 °C.
Reproduced from!? published under the CC BY 4.0 (http://creativecommons.org/
licenses/by/4.0/).

with LSCF oxygen electrode and GDC barrier layer showed a stable behavior and no
delamination at 800 °C under electrolysis conditions up to 100 h with a current den-
sity of —0.8 A - cm 21351361 T Jong-term tests up to 2000 h, the delamination of an
LSC electrode was observed under steam electrolysis conditions despite the addition
of a GDC inter-barrier layer™”. For the long-term test with a co-electrolysis gas
mixture (800 °C) as well as steam electrolysis (750 °C), the LSC oxygen electrode

showed no delamination as seen in supplementary information Figure A.1.

The SEM-EDX analysis results of the oxygen electrode for the reduced cell and
the tested cell after 1000 h at 800 °C steam electrolysis showed no strontium dif-
fusion /segregation through the GDC barrier layer from the LSC electrode to the
electrolyte/GDC interface as shown in (Figure 5.9), which is contrary to the LSCF
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Figure 5.8: SEM-images of the single cell cross-sections (a, c¢) before and (b, d) after
1000 h durability test under constant current load of —1 A - cm~2 at 800 °C with 50%
Hy0 + 50% Hs. The SEM images in (c) and (d) are focused on the oxygen electrode.
Reproduced from!? published under the CC BY 4.0 (http://creativecommons.org/
licenses/by/4.0/).

oxygen electrode!'®®. Besides Sr, the ion distribution of Co, La, Ce and Zr were well

distributed and located in the phase equivalent to the reference cell as well.

The fuel electrode/electrolyte interface and the bulk of the fuel electrode before
and after the long-term durability test at 800 °C for steam electrolysis are depicted in
Figure 5.10. The SEM images show an increase in pore size and higher pore fraction
close to the electrolyte/electrode interface, after the long-term electrolysis test. The
distribution of Ni in the active, as well as the support layer, is uneven after 1000 h
under steam electrolysis conditions in comparison to the reference cell. The Ni
migrated from the active layer and Ni particle agglomeration can be observed in the
support layer at the interface to the active layer. Large Ni particle agglomerations
evolved also around 20 pm from the electrolyte result in Ni starvation near the
electrode/electrolyte interface, leaving only Zr and Y behind. The depletion of
Ni from the electrolyte interface and subsequent agglomeration decreases the cell

performance due to a significant loss in the local density of active sites at the TPB.

As seen earlier, the high-frequency processes (RQ1, RQ2), as well as the dual
affected transport process RQ3, contributed to the increase of Rp. It can be con-

firmed that the increase is mainly due to the change in the electrode microstructure
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(a) (b)

[ 1oum | Co

Figure 5.9: Cross-sectional SEM-EDX mapping of the oxygen electrode side for La
(Ka, 4.65 keV), Co (Ka, 6.93 keV), and Sr (L, 13.89 keV) line (a) before and (b)
after 1000 h durability test under constant current load of —1 A -cm™2 at 800 °C
with 50% H,O + 50% H,. Reproduced from® published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

Crom Co

which impacts the charge transfer and transport reactions at the fuel electrode. The
Ni-depletion is well known for the cermet based fuel electrodes*”13%140] Hauch et
al.[*o] suggested that the Ni is deposited away from the electrode/electrolyte inter-
face by electrochemical reduction of gaseous Ni hydroxide species (Equation 5.1 and
Equation 5.2).

Ni** +2 OH™ — Ni(OH),,, (5.1)
Ni(OH)Z(g) +4e” — Nig +2 0% + Hy (g (5.2)

1.041) operated

The 3D reconstruction analysis of single cell by Lay-Grindler et a
under steam electrolysis at —0.8 A - em~2 and 800 °C for 1000 h, showed an increase
in Ni particle size up to 1.704 pm and a decrease in the triple phase boundary (TPB)
length. The comparison of steam and co-electrolysis in this work underlines that
higher steam contributes to higher degradation.

[51]

Mogensen et al.®"! remarked that gaseous Ni migration below 800 °C is unlikely,
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Figure 5.10: Cross-sectional SEM-EDX mapping of the fuel electrode side for the
Ni (Ka, 7.47 keV) line (a, ¢) before and (b, d) after the long-term test for 1000 h at
800 °C with 50% HyO + 50% H,. Reproduced from! published under the CC BY
4.0 (http://creativecommons.org/licenses/by/4.0/).

because of the low reactant partial pressure. According to their hypothesis, the Ni
particles migrate through the formation of gas or surface species of Ni(OH), de-
pending on the operating conditions. The Ni migration is described by Mogensen to
be driven by the electrical potential, resulting in Ni migration along the pOy and/or
electrochemical potential gradients from positive local potential towards relative
negative potential. This results in the TPB moving from the direct electrolyte/elec-

trode interface to the electrode microstructure.

The Ni content in the Ni-8YSZ active layer and support layer as a function
of distance from the electrolyte was calculated from the EDX analysis for the as-
reduced cell and the long-term operated cells. The Ni-content was obtained by
performing three vertical EDX line scans at the cells’ cross-section after the long-
term test from the electrolyte up to a 30 pm distance from the Ni-8YSZ support
layer. Afterward, the elements’ intensity counts were summed up and averaged in
order to get an indication of the Ni content as a function of distance away from
the electrolyte. The Ni/(Y+Zr+Ni) ratio was calculated for all measured cells and
compared to the as-reduced reference cell and their variation as a function of distance
is shown in Figure 5.11. The averaged Ni content of a reduced cell was around 0.58
at the electrolyte/electrode interface, whereas for the long-term operated cell under

steam electrolysis conditions at 800 °C, the Ni content at the electrolyte/electrode
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interface was reduced to 0.4 and 0.36 at 750 °C and 800 °C, respectively. The cell
measured in co-electrolysis conditions showed a slightly higher Ni content of 0.41 at
the same level. The Ni content in a distance of up to 5 to 8 pm from the electrolyte is
lower than the bulk content. These trend lines underline that after SOEC operation
Ni migrates away from the electrolyte/electrode interface to the support layer. The
largest Ni-depletion is observed for the single cell operated under steam electrolysis
at 800 °C and the same cell showed the highest degradation rate.

0.70
0.65 -
~— 0.60 -
>.
+
N 0-55
d
< 0.50 -
—
E 0.45 - Reference
|9 Mean reference
0404 4 ——50% H,O + 50% H, 800 °C
] c,l ——50% H,0 + 50% H, 750 °C
0354 " 40% H,0 + 40% H,0 + 20% H, 800 °C
T T T T T T T
0 5 10 15 20 25 30

Distance from electrolyte / pm

Figure 5.11: The mean atomic ratio Ni/(Zr + Y + Ni) in the active and sup-
port fuel electrode layers as a function of distance from the 8YSZ electrolyte. The
average of results were computed on 30 x 4 pm? sized areas close to the elec-
trode/electrolyte interface. Reproduced from[? published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

Similar observations were also made by Trini et al.l''/ by SEM-EDX horizontal
line scan analysis, in which the Ni content decreased from 0.49 to 0.28 after SOEC
operation due to a pronounced decrease in percolating triple phase boundaries. In
addition, Sun et al. have reported the increased active electrode layer porosity within
10 pm from the electrode-electrolyte interface and densification of the neighboring

n'*2 This Ni migration

support layer as a direct consequence of Ni redistributio
was found to directly depend on the hydrogen-steam flow path. Therefore, it can
be concluded that the Ni depletion and microstructural change in the fuel electrode
are one of the major issues that leads to a large degradation and performance loss

under steam electrolysis conditions at 800 °C.
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5.2 SFM as Fuel Electrode for Steam Electrolysis

The following results show the material characterization of the Ni-free SroFeMoOg_s
and composite SroFeMoOg_s-GDC MIEC electrode materials with regard to redox-
stability, and total conductivity in oxidizing and reducing atmospheres. The in-
fluence of gas atmosphere and temperature is depicted in detail through in-situ
high-temperature XRD and Transmission Electron Microscopy (TEM). The elec-
trochemical performance of the electrode materials is evaluated in steam electrolysis
as well as co-electrolysis conditions and compared to state-of-the-art Ni-8YSZ and
Ni-GDC fuel electrode materials. The long-term stability of electrolyte-supported
single cells with SroFeMoOg_5 and composite SroFeMoOg_s-GDC fuel electrodes was
assessed in steam electrolysis conditions. Post-test SEM-EDX analyses were carried
out on resin-embedded cell cross-sections to determine any deteriorative microstruc-
tural changes and to determine the corresponding degradation mechanisms. Parts
of the results have been measured in collaboration with Niklas Eyckeler and Carla
L. Coll during their bachelor thesis!!'"18l. High-temperature XRD studies were per-
formed by and evaluated with Mirko Ziegner (IMD-2, FZJ). The XPS measurements
have been commissioned from and evaluated with Dr. Heinrich Hartmann (ZEA-3,
FZJ). High-resolution SEM-EDX, HAADF-STEM, and HRTEM imaging was per-
formed by and evaluated together with Pritam K. Chakraborty, and Dr. Shibabrata
Basak (IET-1, FZJ).

5.2.1 In-Situ Phase Analysis

The as-prepared SroFeMoOg_s powder was characterized in an XRD study in air
and after reduction in Ar-4% Hj for 7 h at 900 °C (Figure 5.12a , Figure 5.12b).
The XRD of the as-prepared SFM powder shows distinct secondary phase formation
of 37 wt% SrMoQy (space group: 141 /a, ICSD-99089) in addition to two phases of
Sr(FegsMog.2)3 (space group: Pm3m, ICSD 191551) with 42 wt% (o = 3.929 A) and
21 wt% (o = 3.910 A). This result is consistent with previous observations on the
phase stability of SroFeMoOg_s% 79143 Phase diagram studies on the composition
SroFeMoQOg_s showed that the solid solubility of Mo in air is limited to 17 at.% Mo,
wherefore the SroFeMoOg_s composition is not obtained in air and the secondary
phase StTMoO, is observed™. After annealing the oxidized sample under reducing
conditions at 900 °C for 7 h, the room temperature XRD data showed that the
perovskite phases were converted into several mixed phases. The reduced sample
was composed of 27 wt% Ruddlesden-Popper phase SrsFeMoO7_s (space group:
I4/mmm, ICSD-156787), 36 wt% simple cubic perovskite Sr(FepsMog2)s (space
group: Pm3m, ICSD 191551), 33 wt% double perovskite Sry(Fe;33Moge6)Os.88
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(space group: Fm3m, ICSD-168704) with superstructure reflexed at 19° and 37.9°,
as well as around 4 wt% exsoluted iron (Fe?). The perovskite phase SrFe;_,Mo,O3_s
(x = 0.3) has been reported to exhibit mixed oxygen ionic and electronic conducting

properties!65:69:71,144]

The semiconducting and oxygen-deficient Ruddlesden-Popper
phase SrsFeMoO7_; exhibited mixed valence states for Fe and Mo ions in X-Ray Ab-
sorption Near Edge Structure (XANES), neutron diffraction and Méssbauer data,

which hints at sufficient electronic conductivity!*45:146],
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Figure 5.12: Room-temperature powder XRD pattern with Rietveld refinement anal-
ysis of the as-prepared SFM in (a) air (Ry, = 2.27%, R, = 1.60%) and (b) after
reduction in 100% Hy for 7 h at 900 °C (R, = 2.44%, R, = 1.72%).

X-Ray Photoelectron Spectroscopy (XPS) measurements were carried out on the

surface of bar samples to study the oxidation states of iron and molybdenum in SFM
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at room temperature for oxidized (Figure 5.13a) and reduced samples (Figure 5.13b).
The data analysis of Fe 2p confirms that the majority of the iron in SFM exists as
Fe?" (binding energy = 710.8 eV) in the as-prepared sample. The reported mixed
valence state of Fe3t < Fe?™ (709.8 e¢V) could not be confirmed due to low mea-
surement intensities. In comparison, the XPS scan of iron for the sample reduced
for 72 h at 900 °C in 100% H, shows the distinct mixed oxidation states of Fe?*
(709.8 eV), Fe3* (710.8 eV, and 720.2 €V) as well as metallic iron Fe? (706.8 eV).
These results are consistent with previous studies of other SFM-based perovskite
materials and highlight the formation of metallic iron in the sample surface (Fe
particle exsolution)!'47 49 The Mo 3d XPS spectra show two broad peaks for the
oxidized sample, which could be fitted with two valence states of Mo%" (233.5 eV
and 236.7 eV) and Mo®* (232.5 eV and 235.7 V). As anticipated from Equation 5.3,
the Mo®* valence is coupled with Fe3* and slightly predominant compared to Mo®*
in the oxidized sample. After the reduction of the SFM sample, the Mo®t concen-
tration (233.1 eV and 236.2 eV) increases to 50.0%, while the concentration of Mo®*
(231.5 €V and 234.7 ¢V) decreases from 55.2% to 19.6%. These XPS results support

the in-situ high-temperature XRD and suggest exsolution of Fe nanoparticles.

Fe’* + Mo™" < Fe?t + Mo®* (5.3)

The exsolution process of metal nanoparticles can be regarded as partial decom-
position of perovskite oxides by exceeding the materials’ thermodynamic stability
limits due to, e.g. elevated temperatures, or chemical gradient. During the ex-
solution process, the metal ion migrates from the oxide lattice to the perovskite
surface, where it segregates or aggregates as a highly dispersed metal nanoparticle
anchored on the perovskite matrix. In contrast to other deposition methods like wet
impregnation or vapor deposition, the strong metal-oxide interface of in-situ grown
metal nanoparticles increases their resistance to particle coarsening and agglom-
eration. Additionally, charge barriers for facilitating charge-transfer processes are
reduced. The regulation mechanisms behind the exsolution of nanoparticles taking
places around the perovskite matrix are still discussed controversially. The Gibbs
free energy difference during the reduction of the metal M™* to M? is the main
driving force for particle exsolution. Another is the energetic difference between
the bulk and surface ions, called segregation energy. The exsolution of a B-site ion
results in the formation of partial Schottky point defects in the perovskite lattice.
Simultaneously to the exsoluted B-site metal, the lattice oxygen dissociates, which

150,151]

results in oxygen vacancy formation and O, releasel This process is described
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Figure 5.13: Selected XPS scans of SroFeMoQOg_s samples sintered in air and after
reduction in 100% Ha: Fe spectrum (a) before and (b) after reduction. Mo spectrum
(c) before and (d) after reduction.

by Equation 5.4, where the B-site exsoluted ions and the oxygen are given by M**

and OY", with the metal and oxygen vacancies Vy; and Vg and the exsoluted metal

on the surface denoted by Mgy face-
n_ . n n
MQH_ + Eoy <~ VM + §VO + Msurface + ZOQ(g) (54)

The driving force of B-site cation exsolution as seen for MIECs has been investi-
gated by different groups. Irvine et al.l'"2 154 attributed the B-site cation exsolution
to a combination of chemical and electrochemical reduction mechanisms starting
generally at surface defect sites. In reducing conditions, surface defect (i.e. oxy-
gen vacancies) formation and the reduction of B-site transition metal cations would
become more favorable. Thus, the nucleation barriers are lowered through crystal

defects29:195]  Kwon et al.'%6:1%7) derived their explanation for B-site exsolution
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from density functional simulations and attributed it to thermodynamics.

The authors proposed that the exsolution energies for the B-site doped double-
perovskites PrBaMnT,05,45 are lower compared to the undoped material (T = Fe,
Co and/or Ni). Xi et al.l'®! associated the electrocatalytic activity to the contin-
ued exsolution of bi-metal alloy nanoparticles and the oxygen vacancies and defects
formation lead to lattice expansion and increased macrostrain in the perovskite
structure. A large enough lattice strain, would lead to energetically favorable dislo-
cations in the lattice, impacting the defect formation, local bonding structure, and
oxygen surface stoichiometry. In addition, ionic migration barriers are influences by
oxygen vacancies and macrostrain, which can accelerate ionic conductivity and an

increase the oxygen exchange rate.

To support the obtained data, high-resolution SEM and TEM images were ob-
tained (Figure 5.14, Figure 5.15). Figure 5.14a and Figure 5.14b illustrate the
secondary electron SEM images of the SFM samples before and after reduction
respectively. The as-prepared SFM powder particles exhibit a smooth and homoge-
neous surface. In contrast, the featured surface of the reduced sample is rough and
uneven likely attributed to sub-micron nanoparticle on the surface. To elucidate the
nature and composition of the growth on the reduced sample surface, EDX mapping
was conducted. Figure 5.14c¢ depicts a typical high-angle annular dark-field High-
Angle Annular Dark-Field Imaging (HAADF)-STEM image of the reduced SFM,
accompanied by its corresponding elemental mapping in Figure 5.14d-g. The Z-
contrast difference highlighted by green dotted boxes in Figure 5.14c, is attributed
to thickness effects, possibly indicating the presence of internal nanopores within

[159.160] * Figure 5.14e shows the presence of Fe-rich exsolution measur-

the particles
ing 10-70 nm. The elemental distribution of all other elements is relatively even

throughout the particle.

The TEM image in Figure 5.15a serves to affirm the presence of Fe-rich nano-
exsolutions on the SFM particle surface post-reduction. The High-Resolution Trans-
mission Electron Microscopy (HRTEM) image additionally reveals the strong an-
choring effect between the exsoluted Fe nanoparticle and the perovskite substrate
(Figure 5.15¢). The exsoluted nanoparticles from the perovskite matrix form var-
ious new perovskite-metal hetero-interfaces, thereby extending the Triple Phase
Boundary (TPB). Exsoluted nanoparticles also exhibit higher conductivities than
the bulk phase, therefore they are highly catalytically active and lead to enhanced
electrochemical material performance. As a result of metal nanoparticles exsolution,
oxygen vacancies are formed and aggregate near the perovskite interfacel'6162 The

anchoring effect contributes significantly to the surface stability of the electrode ma-
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Figure 5.14: SEM image of (a) as-prepared and, (b) reduced SroFeMoOg_s powders.
(c) High magnification HAADF-STEM image of the reduced SroFeMoOg_s particle
illustrating the contrast features in green boxes and (e-g) elemental mapping of the
corresponding particle.

terial during operation as they effectively prevent the sintering and agglomeration of
metal nanoparticles at higher temperatures. Furthermore, this anchoring enhances
the catalytic activity of the nanoparticles and imparts resistance to hydrocarbon
coking, augmenting the overall performance of the system[?®163164  The lattice
spacing information was evaluated from the HRTEM images. The TEM image in
Figure 5.15a illustrates the lattice spacing of the reduced SFM matrix having a =
0.248 nm lattice gap, corresponding to the plane (3 1 0) of Sra(Fey 33Moq.66)Os5.88
(space group: Fm3m, ICSD-168704). In Figure 5.15¢, the 0.358 nm lattice spacing
of Fe nanoparticle exsolution matches the (1 0 0) plane of FCC-gamma-Fe (space
group: Fm3m, ICSD-43096). The substrate possesses a lattice spacing of 0.276 nm,
which corresponds to the (1 1 0) plane of Sr(FegsMog2)Os (space group: Pm3m,
ICSD-191551).
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Figure 5.15: (a) HRTEM image of reduced SFM, (b) TEM image of reduced SFM
with exsolution illustrating the anchoring effect of the Fe nano-exsolution with the
SFM matrix, and (c) HRTEM image of Fe nano-exsolution of the inset marked with
red box depicted in (b).

Further information regarding the lattice parameters of the as-prepared sample,
the reduced sample and the Fe-rich exsolution has been provided in supplementary
Figure A.2 and Figure A.3. The lattice spacing information from the HRTEM images
provide information regarding the phases present in the as-prepared and reduced
states of the SFM particles respectively and support the data obtained from the
in-situ high-temperature XRD. Figure A.3a illustrates the HRTEM image of as-
prepared SFM particles and exhibits lattice spacing of 0.276 nm which corresponds
to the (1 1 0) plane of SrFe(ysMog2)O3 (space group: Pm3m, ICSD-191551). In
Figure A.3b, the lattice spacing of 0.321 nm observed for the reduced SFM particles,
corresponds to the planes (1 0 3) of SrgFeMoO; (space group: I4/mmm, ICSD-
156787). The results obtained from the TEM lattice parameter calculations support
the data obtained from the XRD characterization of both as-prepared and reduced
SFM particles. In the supplementary Figure A.4a-i, snapshots of different time
stamps taken from an in-situ reduction video are provided. These figures depicting
the Fe nano-exsolution growth offer insights into the underlying mechanism of their

growth.

5.2.2 Material Characterization

The compatibility of the thermal expansion coefficients is a prerequisite for fur-
ther use of SOC materials, otherwise, a reduction in system lifetime and cell fail-
ure may occur. The relative expansion dL/L with varied temperatures was de-
termined in air for SroFeMoOg_s and SroFeMoOg_s-GDC. The chemical compat-
ibility of SFM and GDC was established through combined sintering of powder
at 1150 °C for 6 h (Figure A.5). The Thermal Expansion Coefficients (TECs)

calculated from the slope of dilatometry measurements are displayed in Figure
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5.16. The TEC for the SFM-based electrodes are 13.8-107% °C~! for SFM and
12.9:107% °C~! for SFM-GDC. These values are in range with other perovskite ma-
terials suggested as alternative fuel electrode material like Lay oSrgsMng4Feq O35
(LSMF), which exhibits an thermal expansion coefficient of 13.6-1076 °C~116%
The oxygen electrode material LaggSrg4CogoFeqsOs_5 (LSCF) exhibits a notice-
able higher expansion coefficient with 17.5-107% °C~'[™  while the TEC for the
state-of-the-art fuel electrode material Ni-8YSZ (40% Ni-60% 8YSZ) is much lower
with 12.5-1076 °C~'[™] The thermal expansion coefficients for SFM and SFM-GDC
are similar to Ni-8YSZ and other electrolyte materials, which indicates their good

thermo-mechanical compatibility(®166:167],
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Figure 5.16: Thermal expansion coefficients of SFM-based fuel electrode materials
derived from dilatometry experiments in air compared to state-of-the-art and alter-
native perovskite electrode materials.

The Thermo Gravimetric Analysis (TGA) of SroFeMoOg_s and the SraFeMoOg_4-
Cep.sGdp201.9 compositel® material was determined from room temperature up to
1000 °C in air and under reducing conditions (Ar-4% Hs atmosphere, heating rate
1 ml-min~!). The samples were slowly heated in air two times up to 1000 °C to
remove any moisture traces from the powders before the atmosphere was changed
to Ar-4% H,. The recorded data are shown in Figure 5.17a for SEM and in Figure
5.17b for SFM-GDC. In the air atmosphere, the weight loss of SFM and SFM-GDC
increases with temperature, as oxygen ions are released. As the sample was cooled
down from 1000 °C to 100 °C, the complete reversibility of the weight loss was
observed. During heat-up under reducing conditions in Ar-4% H,y, SFM and SFM-
GDC show a weight loss plateau starting around 400 °C. Moreover, SFM shows
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higher weight loss under reducing atmosphere compared to SFM-GDC. At higher
temperatures, non-reversible weight loss increases sharply due to oxygen vacancies
formation, the release of lattice oxygen, as well as desorption of any adsorbing oxygen
species such as adsorbed H50,q4. or O,q.. Additionally, above 400 °C, the reduction
of Fe3* and Mo®* is reported, which could also induce a phase transition under a
reducing atmospherel!”16%169  Since the oxygen vacancy concentration is directly
linked to the conductivity of MIEC materials, the total conductivity of SFM and

SFM-GDC was characterized under oxidizing and reducing atmospheres.
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Figure 5.17: Thermal gravimetrical analysis in air and Ar-4% Hs (50 °C < 1000 °C)
for (a) SroFeMoOg_s and (b) SroFeMoOg_s-GDC.

The total conductivity was measured with DC measurements in air and hydrogen
atmospheres at operating temperatures between 500 °C and 900 °C and is displayed
as total electrical conductivity o vs. 1000/T in Figure 5.18. The conductivity’s ac-
tivation energies Fs were determined according to the linearized Arrhenius relation
given in Equation 5.5, where R gives the resistance, o is the conductivity, T" the
temperature and R the ideal gas constant.

In R=o0+ §}E{; (5.5)

In air, SroFeMoOg_s and SroFeMoOg_s-GDC exhibit semiconducting behavior
up to the maximum conductivity at 650 °C with 4.5 S-em™! and 2.1 S-cm™!
respectively. At higher temperatures, the conductivity behavior is pseudo-metallic
and decreases up to 3.5 S - cm ™! for SroFeMoQOg_s and 1.7 S - em ™! for SroFeMoQOg_s-
GDC at 900 °C. The electrical conductivity in air is lower than for SFM due to the
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phase impurities observed!.

Under reducing atmosphere, the electrical conductivity of SroFeMoOg_s and
SroFeMoQOg_s-GDC increased compared to the measurements in air, although it still
exhibited pseudo-metallic behavior between 900 °C to 650 °C. After 24 h in H,, a con-
ductivity of 13.5 S - cm ™! was achieved for SroFeMoQOg_s at 900 °C, which increased
up to 17.1 S-em~! at 650 °C. The composite material SroFeMoOg_s-GDC showed
pseudo-metallic behavior as well as higher conductivities from 48.1 S - cm ™! at 900 °C
to 64.7 S-ecm~! at 650 °C. The higher conductivity increase for SroFeMoOg_s after
a change in atmosphere is related to the large SrMoQO, secondary phase in air atmo-
sphere, which is not present in reducing conditions. The pseudo-metallic behavior of
SroFeMoQOg_s has been previously observed for SrFeO3_s-based perovskite materials
and was related to the loss of oxygen during the heating procedure and the partial

delocalization of mobile electronic charge carrierst*™.

The double perovskite SroFeMoOg_s is a ferromagnetic material, which exhibits
electrical conductivity and oxygen ionic conductivity in reducing atmosphere. Al-
though the oxygen vacancy diffusion rate increases with temperature, the electrical
conductivity mechanism is related to the hopping of small polarons associated with
the mixed-valent redox relation as expressed in Equation 5.6 using the Kroger-Vink
notation™?. In an oxidizing atmosphere at high oxygen partial pressures (pO;), the
electronic holes are the dominant charge carriers with a valence balance between

iron and molybdenum.
1 o0 X °

As described with the use of the Kroger-Vink notation in Equation 5.3 and
Equations 5.7 - 5.8, oxygen vacancies are formed to maintain the electroneutrality
as a result of the partial reduction of Mo®" to Mo®* and Fe3* to Fe?" in atmospheres

of low oxygen partial pressures(®170-172,

0 1
2Fep, + O <> 2FeR, + Vo + 5O2 (5.7)

o0 1
2Mori, + O5 <+ 2Moy, + Vo + 5O2 (5.8)

Although the ionic conductivity of ferrite-molybdates increases in the reducing
atmosphere and has been observed to be higher than in air, it remains negligible
compared to the predominant electrical conductivity!™. GDC exhibits good ionic
conductivity (~0.1 S - em ™! at 800 °C) in air and develops mixed ionic and electronic

conductivity due to the reduction of Ce** to Ce?* in reducing conditions®>173-175],
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This mechanism additionally increases the total conductivity of SFM-GDC un-
der reducing conditions. SFM as well as SFM-GDC exhibit higher conductivities
in reducing atmosphere (ogpy = 13.5 S-cm™! at 900 °C, 15.3 S-cm™! at 800 °C;
ospM_gpe = 48.1 S-em™! at 900 °C, 53.3 S-cm™! at 800 °C) than other per-
ovskite materials such as Lag755r0.25Cro50Mng 50035 (1.5 S-cm™t at 900 °C in
5% Hy-Ar)!178) and SroMgMoOg_s (4 S - em™! in 5% Hy-Ar, 9.3 S - ecm ™! at 800 °C in
H,)!"™ have also been considered promising alternative fuel electrode materials/*. In
comparison to SroFeMoQOg_s, conductivities for the double perovskite SraNbMoOg_s
were also observed to be lower at 850 °C with 0.05 S - cm ™! in air and 2.215S - cm ™!

in reducing conditions of 5% Hy + 95% Ar[178!,
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Figure 5.18: Conductivity measurements in the temperature range from 500 °C
to 900 °C in air and hydrogen for SroFeMoOg_s and the composite sample
SroFeMoOg_s-GDC.

5.2.3 Electrochemical Characterization

5.2.3.1 Electrochemical Performance Analysis

The fuel electrode materials SFM and SFM-GDC were characterized in steam elec-
trolysis and co-electrolysis conditions between 750 °C and 900 °C. The experimental
OCV was compared for all operating conditions to the theoretical values derived
by the Nernst equation to rule out gas leaks. The experimental deviation from

the theoretical potential in steam electrolysis conditions at 900 °C amounted to
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1.8 mV, which is a deviation of less than 1%. Figure 5.19a and Figure 5.19b dis-
play the respective current-voltage characteristics and Figure 5.19¢ as well as Figure
5.19d the impedance measurements at OCV and 900 °C for SFM and SFM-GDC
respectively. The performance of SFM at 1.5 V as observed in the current-voltage
characteristics is only slightly higher compared to SFM-GDC. The single cell with
the SFM fuel electrode achieved —1.26 A -cm™2 and —1.27 A -cm™2 for steam
and co-electrolysis conditions, respectively. The SFM-GDC fuel electrode achieved

2 and

slightly lower current densities in steam and co-electrolysis with —1.24 A - cm™
—1.27 A - em ™2 respectively. With decreasing temperature, the performance differ-
ence between SFM and SFM-GDC increases, and at 750 °C, —0.48 A - cm ™2 with
SFM and —0.37 A - cm™2 with SFM-GDC were achieved in steam electrolysis (Figure
5.19a, b, Figure A.6). The state-of-the-art Ni-8YSZ fuel electrode measured in the
same conditions exhibited lower performance for steam and co-electrolysis in com-
parison to the SFM and SFM-GDC fuel electrodes at 900 °C (—0.91 A - cm =207,
and —1.06 A -cm™21™)). However, electrolyte-supported Ni-GDC fuel-electrode
containing single cells exhibit higher current densities at 900 °C and 1.5 V with
—1.31 A-cm~2, and —1.37 A-cm~2 in steam, and co-electrolysis conditions!8.
The results obtained in this work for SFM (—0.67 A -cm~2, 850 °C and 1.3 V)
and SFM-GDC (—0.62 A - cm™2, 850 °C and 1.3 V) are in the range of the values
obtained for the single cell with SFM-SDC electrode (SFM SDC/LCO/LSGM /SDC-
LSCF), which showed a current density of —0.64 A - cm~2 at 850 °C and 1.3 V with
42% Hy0 + 58% H, fuel gas mixturel'. In the Figure 5.19¢ and Figure 5.19d, the
impedance spectra measured in steam and co-electrolysis at 900 °C are shown. For
SEFM, the ASR is lower compared to SFM-GDC irrespective of the measurement con-
ditions. The ASR of the SEFM-GDC composite electrode increases by 1423 mf2 - cm?
for steam and 3164 m(2 - cm? in co-electrolysis atmosphere when decreasing the tem-
perature from 900 °C to 750 °C. The SFM electrode exhibits a smaller increase in
ASR with 747 m€) - cm? and 1352 m( - cm? for steam and co-electrolysis respectively.
The ASR is composed of the ohmic resistance Ry and polarization resistance Rp.
The ohmic resistance Rg, is determined by the interception of the Nyquist plot with
the real impedance axis (abscissa) at higher frequencies. The activation energy for
Rgq is determined based on the slope of the Arrhenius equation and equals between
50 - 56 & 5 kJ -mol~!. This closely aligns with values reported in the literature
for the ionic conductivity in YSZ electrolyte films and suggests that the primary
contribution to R is the 250 pm thick 8YSZ electrolytel$1-183],
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Table 5.2: Electrochemical performance of SroFeMoOg_s-based fuel electrodes in
comparison to state-of-the-art Ni-cermet electrodes at 900 °C.

Fuel Electrode Test conditions Rpocv / Q-cm? i15v / A-cm™?
Ni-8YSZ H,O electrolysis  0.1717) —0.910179
co-electrolysis 0.200179) —1.06017)
Ni-GDC H,0 electrolysis ~ 0.06017 —1.310180
co-electrolysis 0.091180) —1.371180]
GDC H,O electrolysis  0.16[8! —0.92181]
co-electrolysis 0.28181 —0.820181]
SroFeMoOg_s H5O electrolysis  0.07 —1.26
co-electrolysis 0.17 —1.27
SroFeMoOg_s-GDC  H,O electrolysis  0.13 —1.24
co-electrolysis 0.27 —1.27

GDC: Ceo,gedo,gol_g, SFM: SI"QFGMOOG_(;, 8YSZ: 8m01% YSZ

5.2.3.2 Equivalent Circuit Model Evaluation

The Nyquist plots for the single button cells with SFM and SFM-GDC compos-
ite fuel electrodes broadly show two contributions, i.e. low-frequency and high
frequency contributions (Figure 5.20). To deconvolute the underlying frequency-
dependent physical processes at the electrodes, impedance spectra were taken with
varied temperature, fuel composition and oxygen partial pressure and subsequently
evaluated by Distribution of Relaxation Times (DRT) analysis. The number of time
constants observed in the DRT spectra, were used to establish an equivalent circuit
model (ECM) with an appropriate number of passive elements to fit the impedance
spectra. The exemplary DRT spectra (Figure 5.20b) show four underlying time
constants P1, P2, P3, and P4 in the analyzed frequency range from the total cell
impedance given in the experimental Nyquist plots. Therefore, the final ECM con-
sists of four R//Q elements connected in series including an inductor (I) and a serial
resistor (Rg). The inductance I and series resistance (Rgq) account for the wires’
inductivity and the ohmic losses contributed by the electrolyte and electrodes (Fig-
ure 5.20a). The quality analysis of the Complex Nonlinear-Least-Square (CNLS) fit
with this ECM is given in Figure 5.20b-d) by comparing the DRT and Nyquist plots

of experimental and fitted data and shows qualitatively good agreement. Further-
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Figure 5.19: (a) I-V curves and (b) impedance spectra at OCV measured for
SroFeMoOg_s at 900 °C as well as 800 °C in steam electrolysis, and co-electrolysis
conditions. (¢) I-V curves and (d) impedance spectra at OCV measured for the com-
posite SroFeMoOg_s-CegsGdg20O1.9 in steam electrolysis, and co-electrolysis condi-
tions at 900 °C as well as 800 °C.

more, the relative residuals as well as the low X? (chi-square) error of 107® between

the fitted and experimental data indicate a reasonable ECM.

5.2.3.3 Temperature Variation

The single cells with SFM and SFM-GDC fuel electrodes were evaluated in steam
electrolysis (50% HO + 50% Hs) and co-electrolysis (40% HoO + 40% HO +
20% Hs) atmosphere between 750 °C and 900 C in steps of 25 °C to characterize the
thermally activated processes. The DRT analysis spectra with the regularization
parameter A = 10~% are given in Figure 5.21 and the corresponding Nyquist plots
are listed in the supplement (Figure A.7). With decreasing temperature, the low-
and high-frequency contributions increase, indicating thermally activated processes.
All these impedance diagrams were fitted by four R//Q elements including I and
Rq. The DRT spectra in Figure 5.21 depict four time constants for SFM in the
investigated frequency range from 0.1 Hz to 100 kHz with an additional shoulder
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Figure 5.20: (a) Equivalent circuit model (ECM) used for the fitting of the experi-
mental impedance data. (b) Distribution of relaxation times (DRT) of experimental
and fitted impedance data for SroFeMoOg_s at 750 °C in 50% H,O + 50% H recor-
ded at OCV. (c¢) Nyquist plot of the experimental data and corresponding fit. (d)
The corresponding residual of the fitted data to verify the quality of the CNLS fit.

peak at around 10 Hz. The peaks P1, P2, P3, and P4 correspond to the circuit
elements used in the ECM with RQ1, RQ2, RQ3, and RQ4, respectively. All peaks
exhibit thermal activation and a shift in frequency with the variation of operating
temperature. In addition, the DRT spectra for SFM-GDC emphasize that the low-

frequency process P4 is much more dominating than for SFM.

The individual resistances obtained for four different processes are shown in Fig-
ure 5.22 and are corroborated by frequency-dependent DRT spectra as a function of
temperature for SFM and SFM-GDC under steam- and co-electrolysis conditions.
As can be seen from the DRT spectra and the resistance analysis, the predomi-
nant physical process, which corresponds to the rate-limiting step is P4 (Rrqa, 2 -
0.1 Hz) for both steam- and co-electrolysis conditions. The activation energy of
this low-frequency process is between 118 £ 12 kJ - mol™! to 149 4+ 5 kJ - mol~!.
Physical processes suggested in this frequency range include gas conversion as well
as diffusion processes at the fuel electrode side. These processes, however, exhibit

very low thermal activation and therefore cannot be attributed to P4[:133:184185]
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Figure 5.21: DRT spectra as a function of temperature measured at OCV between
750 °C and 900 °C for (a, ¢) SFM and (b, d) SEFM-GDC in steam electrolysis, and

co-electrolysis.

Very few studies based on perovskite fuel electrodes show individual process anal-
ysis including activation energies, suggest adsorption and/or dissociation processes
at the SFM-based fuel electrode in this frequency rangel58147:158186,187  Ag shown
by Figure A.8, the process that is mainly influenced by polarization is also P48,
This is an indication of a charge transfer process that has been observed for MIEC
electrodes around 1 - 2 Hz'®) with an activation energy of approximately 107 -
126 kJ - mol (81 The other processes P1 (2000 - 1000 Hz), P2 (500 - 100 Hz), and
P3 (100 - 10 Hz) also exhibit a temperature dependency and a frequency shift with
increasing operation temperature.

The observed high-frequency contribution P1 is modeled by Rgrq: and shows
similar activation energies of 153 kJ - mol~! in steam and co-electrolysis for SEM and
SFM-GDC fuel electrodes. The described frequency range (Table 5.3) and the high

activation energy have been previously attributed to an electrode charge-transfer
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[181,190-192) * The middle to high-frequency

process at the LSCF oxygen electrode
process modeled by Rrqe (500 - 100 Hz) shows activation energies between 120 -
130 kJ - mol~! for both steam and co-electrolysis. The thermally influenced process
in this frequency range has been attributed to the surface exchange kinetics and
oxygen diffusion in the bulk and at the surface of the LSCF electrode!',

The mid to low-frequency process given by Rgrqs (P3, 100 - 10 Hz) shows an
Ex highly influenced by the choice of fuel electrode material. For single cells
with an SFM-GDC electrode, this process exhibits an activation energy of around
206 &= 5 kJ - mol ! to 222 £ 8 kJ - mol~!. For SFM, however, the activation energy
is around (72 #+ 16 kJ - mol™!) for steam and (96 + 20 kJ - mol™!) for co-electrolysis.
The significant deviation in activation energies indicates that the variation of fuel
electrode material has an influence on the process resistance Rrqs in this frequency
range. Previous studies suggested an overlap of fuel electrode and oxygen electrode

sl The different activation energies seen for

mechanisms e.g., transport processe
SFM and SFM-GDC with regards to the process P3 suggest a different dominant
process at the SFM fuel electrode with a lower activation energy. A middle frequency
process (100 Hz) has been related previously to oxide ion transport from bulk to sur-
face as well as across the electrolyte/electrode interface with 100 kJ - mol ~1185:189,193]
The decreased activation energy for the mid-frequency process could also suggest an

influence of transport processes in the fuel and oxygen electrode!'?.
5.2.3.4 Gas Variation at the Fuel and Oxygen Electrode

The in-depth process analysis was further corroborated by the characterization of the
fuel gas influence on the impedance data. Asshown in Figure 5.23, the concentration
of steam and hydrogen in the operating atmosphere was varied and the impedance
spectra were recorded at OCV and 900 °C. The results emphasize that an increase
in Hy has no impact on the ohmic resistance, as expected, and neither on the high-
frequency arc. The main influence is observed in the mid-to low-frequency region
with a decreased polarization resistance Rp with increasing pH,O from 93 m(2 - cm?
at 30% HyO + 70% Hs to 80 m€) - em? with 50% H,O + 50% H,. The DRT analysis
of the impedance data in Figure 5.23 exhibits that the main impact of the fuel gas
variation is attributed to P3 and P4 in the mid-to low-frequency regions. The peaks
P1, and P2 are not dependent on a variation in fuel gas compositions.

The oxygen partial pressure on the oxygen electrode side was additionally var-
ied at 900 °C in steam electrolysis conditions of 50% H,O + 50% H, between 21%
O, and 3% O, balanced with N,. The impedance spectra measured at OCV are
displayed in Figure 5.24a and were further analyzed to discern the influence of the

oxygen partial pressure pO, on the process (resistances) P1, P2, P3, and P4. The
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Figure 5.22: Temperature-dependent process resistance analysis measured at OCV
from 900 °C to 750 °C in (a) steam electrolysis, and (b) co-electrolysis for
SroFeMoOg_s as well as for the composite SroFeMoOg_s-CegsGdg 2019 in (c) steam
and (d) co-electrolysis.

corresponding DRT spectra in Figure 5.24b are plotted as a function of pOy and
show negligible changes in the process peaks with varied pOs from 21% to 3%. For
an in-depth characterization of the processes attributed to the oxygen electrode,
symmetrical LSCF cells were characterized by impedance spectroscopy at an op-
erating temperature of 900 °C with an Oy content of 21% and 3%. Subsequently,
the results were compared to the single cell measurements with an LSCF oxygen
electrode in the same operating conditions®. The DRT data revealed that P1
and P2 of both investigated cell types overlap and are thus mainly attributed to
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Figure 5.23: (a) The Nyquist plots and (b) the corresponding DRT spectra for the
fuel gas variation of Hy and H,O at 900 °C.

processes at the oxygen electrode. The contribution of the physical processes in the
mid-frequency range between 100 - 10 Hz is dependent on pO, and decreases with
increasing O, content. A similar observation has been made for the low-frequency
process at approximately 1 Hz. For the measurements at 21% O, the contribution
of the LSCF electrode to P3 is notable, while P4 is minimally impacted.
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Figure 5.24: (a) The Nyquist plots and (b) the corresponding DRT spectra for the
gas variation of Oy and Ny at the oxygen electrode at 900 °C.

To conclude, the processes P1 and P2 are thermally activated processes at-
tributed to the LSCF oxygen electrode charge transfer (P1, 2000 - 900 Hz) and
surface exchange processes (P2, 400 - 100 Hz). The mid to low-frequency process
P3 (100 - 10 Hz) is related to the fuel and oxygen electrode with assigned to the
adsorption and diffusion processes and transport processes of the fuel and oxygen
electrode overlapping in this frequency region. The process P4 (2 - 0.1 Hz) has been

identified as the rate-limiting step in steam- and co-electrolysis. The observed acti-
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Table 5.3: Suggested process contribution to the polarization resistance and their
equivalent frequency ranges for novel fuel electrode materials SroFeMoOg_s and
SI‘QFGMOOG_(;—CGO.SGdO.QOLg.

Process F/Hz Dependencies Assignment

P1 (Rrg1) 2000 - 900 Temperature Charge transfer at the
LSCF oxygen electrode
P2 (Rrq2) 400 - 100  Temperature Surface exchange kinetics
and O?~ diffusion in the bulk
and at the surface of LSCF
P3 (Rrqs) 100 - 10 Temperature, Adsorption, Desorption,
medium pH,O  transport processes in
the fuel and oxygen electrode
P4 (Rrqs) 2-0.1 Temperature, Charge transfer at the
high pH>O SFM(-GDC) fuel electrode

vation energies and the impact of polarization on this process lead to the assignment

of P4 to the fuel electrode charge transfer process.

5.2.4 Long-Term Stability

5.2.4.1 Electrochemical Analysis

The single cells composed of SFM(-GDC)/GDC/8YSZ/GDC/LSCF were electro-
chemically tested under a constant load of —0.3 A - cm™2 at 900 °C in steam electrol-
ysis conditions for up to 500 h to investigate and quantify the degradation behavior.
The resulting degradation curves are displayed in Figure 5.25. As can be seen, the
cell with an SFM fuel electrode is stable for up to 50 h, after which the voltage
increases continuously and exhibits a degradation rate of around 765 mV - kh™!. In
comparison, the cell with a composite SEFM-GDC fuel electrode exhibits a linear de-
gradation trend with a minimal increase of 15.6 mV - kh~!. Ni-GDC fuel electrode
containing ESCs have shown a degradation rate of 499 mV - kh™! in 50% H,O + 50%
H, at 900 °C at —0.5 A - ecm 20189 GDC is a mixed ionic and electronic conductor
and has been used as a fuel electrode material in ESCs as well. In 50% H,O +
50% Ha at 900 °C, the cell composed of GDC/8YSZ/GDC/LSCF has exhibited a
degradation of 112 mV - kh='181 Fuel Electrode-Supported Cells (FESCs), on the
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other hand, have been extensively studied in the literature regarding their degrada-
tion behavior. Degradation rates of 30 mV - kh~![194 to 370 mV - kh~*" have been
observed for Ni cermet-supported single cells and 24 mV - kh='B8, 40 mV - kh~15%
to 190 mV - kh 18 for FESC stacks. Previous studies have characterized SFM fuel
electrode materials in humidified atmospheres of steam and co-electrolysis. However,
the authors reported degradation measurements only up to 100 h measurement time.
The symmetrical SFM/GDC/YbScSZ/GDC/SFM cells with SroFe; sMog 506_5 ex-
hibited good stability at —0.5 A - ecm™2 for 24 h in 75% HO + 25% CO,, and an

ASR increase of only 0.03 m§ - cm?119.

The data in Figure 5.25 show a voltage in-
crease of 0.006 V during the first 24 h, which emphasizes that a degradation tests up
to 24 h is not sufficient to assess the degradation behavior of SFM-based fuel elec-
trodes. Degradation tests of SFM composite fuel electrodes in humidified conditions
have been conducted for less than 500 h as welll!"-7316419] - For instance, symmetri-
cal SFM-SDC/LSGM/SFM-SDC (SraoFe; sMog 506-_5-Smg 2Cer01.9) cells tested at
—0.12 A - cm ™2 and 800 °C for 100 h exhibited degradation of 0.0001 V- h~!. Similar
results were obtained in HyO/CO4 co-electrolysis atmosphere at 850 °C and 1.1 V
for 100 h!*04. Further characterization was conducted on Ni-doped SFM electrode
containing single cells, i.e. SraFe; 3NigsMog504_5-SDC/LCO/LSGM/SDC-LSCF in
42% Hy0 + 58% H, for 60 h under current load of —0.3 A - cm™2. From their results,
the authors concluded that in SOECs, Ni-doped SFM perovskites are stable at high

temperatures and high humidity'".
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Figure 5.25: Long-term stability test of single cells with SFM and composite SFM-
GDC fuel electrodes in 50% HyO + 50% H, fuel gas composition under constant
current load of —0.3 A - cm™2 at 900 °C for up to 500 h.
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For further detailed degradation analysis, impedance spectra were recorded be-
fore and after the degradation test. The spectra in addition to the DRT analysis
are displayed in Figure 5.26 and were measured at OCV and 900 °C with a fuel gas
composition of 50% H5O + 50% Hy. The individual process resistances of the fitted
spectra are given in Table 5.4. The total resistance (ASR) for the cell based on an
SFM fuel electrode after around 300 h increases from 468 m{2 - cm? to 959 m(2 - cm?.
In comparison, over 500 h of measurement, the ASR increases only 64 mS2 - cm? from
532 mf2 - cm? to 596 mf2 - cm? for the SEM-GDC fuel electrode. It can be discerned
from the fitted results and the impedance spectra, the contribution of the ohmic
resistance R to the ASR increase over the measurement time is minimal in com-
parison to the polarization resistance Rp. For the SFM cell, the increase in ohmic
resistance accounted for around 8.8% of the ASR change, which is in the range of
9.4% found for the SFM-GDC cell. On the other hand, a large increase in the Rp,
i.e. 448 m<) - cm?, is observed for the severely degraded SFM cell. This is mainly
due to an increase in the process resistances Rrq2, [trqs, and Rrqs. The resistance
values for the SFM-GDC fuel electrode (Table 5.4) correspond to the lower voltage
increase and smaller changes in the Nyquist plot (Figure 5.26). In addition to the
small ohmic resistance increase of 6 m§) - cm?, the polarization resistance increases
by 58 m{2-cm? due to an increase in Rrqs. The DRT analysis is in support of
these results and shows a shift of Rrq; to higher frequencies without an increase in
P1. The resistances P2, P3, and P4 for SFM cell as well as P4 for SFM-GDC cell,
however, display an increase. Thus, the performance loss after the degradation test
can be mainly attributed to the mid- to low-frequency process P3 and P4 linked
with the SFM fuel electrode as well as to a lesser part to the oxygen electrodes
associated with the high- to mid-frequency processes. The degradation observed for
SEFM-GDC is attributed to the process P4 as well, while P1, P2, and P3 remain

relatively constant.
5.2.4.2 Microstructural Post-Test Analysis

After the long-term stability measurements under constant current load, the tested
cells as well as as-prepared single cells were investigated through SEM-EDX. The
samples were embedded in epoxy resin, polished and Au sputtered before analysis.
The SEM-EDX analyses of as-prepared and degraded cell cross-sections for SFM
and SFM-GDC electrodes are shown in Figure 5.27. For all cells, the electrolyte is
crack-free, and no delamination of the electrodes is observed. The composite SFM-
GDC electrode exhibits an even distribution of GDC particles in the SFM electrode
microstructure before and after the 500 h long-term stability test in 50% HoO —+
50% Hj at 900 °C and under constant current of —0.3 A -cm™2. Very slight Sr
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Figure 5.26: Comparison of Nyquist plots and DRT plots for (a, ¢) SEM and (b, d)
SFM-GDC fuel electrodes in the single cell composition SEFM(-GDC)/GDC/8YSZ/
GDC/LSCF before and after the long-term degradation measurement under con-
stant —0.3 A - ecm ™2 current load in 50% H,O + 50% Hs atmosphere at 900 °C.

segregation of the SFM-GDC composite structure through the GDC barrier layer
to the GDC/8YSZ interface is observed. This can be connected to an insufficiently
dense GDC layer. A striking structural instability of the SFM fuel electrode is
observed through the evolution of a dense layer at the SFM/GDC interface. The
EDX analysis reveals that the formed phase consists pre-dominantly of Sr and Fe.
To the author’s knowledge, this phase formation at the GDC barrier layer/SFM
fuel electrode interface after long-term operation in steam electrolysis has not been
reported in the literature up to now. Sr segregation has been mainly reported for
Sr-containing oxygen electrodes after degradation testing and has been linked to the
materials stoichiometry, the ion mobility as well as operating conditions (temper-
ature, polarization). Strontium-doped lanthanum manganite (LSM) exhibits high

cation mobility and inter-diffusion under a high anodic current (—1.5 A -cm™2 at
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Table 5.4: Resistance evolution of SFM-based fuel electrodes as a function of oper-
ation time in HyO electrolysis.

Time RQ RRQ1 RRQ2 RRQ 3 RRQ4 RP ASR

h Q-cm? Q-cm? Q-cm? Q-cm? Q-cm? Q-cm? Q-.cm?

SI‘Q FGMOOG,(;

0 0.382 0.006 0.019 0.009 0.052 0.086 0.468
300 0.425 0.055 0.207 0.125 0.147 0.534 0.959

SFM: SroFeMoOg_s-GDC

0 0.395 0.003 0.010 0.018 0.106 0.137 0.532
500 0.401 0.005 0.011 0.017 0.162 0.193 0.596

750 °C)[138 Similar observations have been made for Sr-perovskite materials like
SrTiOs (STO)M8 SrTi;_ FexOs (STF)M7, and SryFe; sMog 5065 (SFM)I8. The
origin of the segregation mechanism in Sr-containing fuel electrode perovskite ma-
terials will have to be further investigated in the future. A starting point could be
the structural instability of the perovskite material under operating conditions as
described above. This could in turn lead to higher cation mobility in addition to a
change in stoichiometry and oxygen vacancies. The SEM-EDX of SFM-GDC also
shown in Figure 5.27 displays no interphase formation at electrode/GDC interface
after 500 h in steam electrolysis conditions. The composite SFM-GDC fuel elec-
trode exhibits, therefore, superior chemical stability in humidified conditions as also

shown in the cell voltage vs time curve (Figure 5.25).

Further SEM-EDX analyses for the LSCF oxygen electrode are displayed in Fig-
ure 5.28 for the as-prepared and operated cells. Although a GDC barrier layer was
deposited on the 8YSZ electrolyte, the volatile SrO diffused through the pores or
along the grain boundaries of the GDC layer to the GDC/8YSZ interface and formed
electronically insulating SrZrO3z phase. The amount of formed SrZrOg indicates the
degree of Sr segregation at GDC/YSZ interface and it can be seen from Figure 5.28
that the extent of Sr segregation increases after the long-term test. This mechanism
of Sr-segregation in LSCF electrode has been widely discussed[36:8%:138,140,142,199-204]
The formation of the insulating SrZrOj phase already occurs during the sintering
process of the LSCF electrode and deteriorates during the electrolysis operation of

the cell®®295] The Sr-loss from the electrode leads to reduced ionic and electronic
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Figure 5.27: Cross-sectional SEM-EDX mapping of the fuel electrode side for Sr
(Lo, 13.89 keV), Fe (Ko, 6.40 keV), Mo (La, 17.14 keV), Ce (La, 33.90 keV) lines
for (a) SFM and (b) for SFM-GDC before and after the long-term test up to 500 h
in 50% H,0 + 50% Hs at —0.3 A - cm~2 and 900 °C.

conductivity, hindered O~ ion flux, loss of active TPB length of the electrode and
consequently cell performance loss!'*® as indicated by increased polarization resis-

tance (Rp)®>2%! as well as ohmic resistance'*.

Oopm_

10 pm RO 10y L

Co Ka

Figure 5.28: Cross-sectional SEM-EDX mapping of the oxygen electrode side for Fe
(Ka, 6.40 keV), Ce (La, 33.90 keV), Co (Ka, 6.93 keV), Sr (La, 13.89 keV) lines (a)
before and after the long-term test for (b) SFM and (¢) SFM-GDC up to 500 h in
50% HyO + 50% Hs at —0.3 A - cm™2 and 900 °C .
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5.3 Characterization of Metal-Doped SFM

As a result of aliovalently doped perovskites SroFeMog 65Mg.3506_s with the dopant
metals M = Ni, Co, Cu, Ti, and Mn, defect configurations are observed as charge
compensation.These defects can enhance the catalytic activity of the ceramic mate-
rials and facilitate oxygen ion diffusion (ionic conductivity). The following results
show the material characterization of doped MIEC electrode materials based on
SroFeMog 65 Mg 3506_s with regard to redox-stability, total conductivity in oxidizing
and reducing atmospheres as well as electrochemical performance. The oxidation
states of the dopant ions’ are investigated through XPS measurements, indicating
the impact of oxidizing and reducing atmospheres. The electrochemical performance
of the electrode materials is evaluated in steam electrolysis as well as co-electrolysis
conditions and compared to state-of-the-art Ni-8YSZ and Ni-GDC. The long-term
stability of SroFeMog 5Nig.3506_s Was assessed in steam electrolysis conditions. Mi-
crostructural changes after the durability testing were characterized using post-test
SEM-EDX analyses of resin-embedded cell cross-sections. Parts of the following
results have been measured in collaboration with Finn Droge during his bachelor
thesis?”l. The XPS measurements have been commissioned from and evaluated
with Dr. Heinrich Hartmann (ZEA-3, FZJ). High-resolution SEM imaging was per-
formed by and evaluated together with Pritam K. Chakraborty, and Dr. Shibabrata
Basak (IET-1, FZJ). Parts of the results have been published under the CC BY 4.0
(http://creativecommons.org/licenses /by /4.0/)[6).

5.3.1 Dopant Influence on Material Properties

The XRD pattern of the as-prepared SroFeMog g5Mg 3506_s (M = Ni, Cu, Co, Mn,
and Ti) powders are depicted in Figure 5.29. The patterns show that the varied ion
doping affected the phase stability after sintering in air. The SroFeMog ¢5Nig.350¢_s
(SEMNi) and SroFeMog 65C00.3506_s (SFMCo) powders entail secondary SrMoO, af-
ter sintering at 1100 °C for 8 h. With an increased sintering temperature of 1250 °C,
the diffraction patterns of both materials show phase pure SFM-based powders. In
contrast, the measured diffraction pattern of SroFeMog g5Cug 35065 (SFMCu) shows
phase pure powder after sintering in air at 1100 °C. Pure phases were not achieved
for SroFeMog g5 Ti0.3506_s (SEMTi) and SraFeMog g5Mng 3506_5 (SFMMn) after sin-
tering in air, however, the XRD data shows phase purity after subsequent sintering
in 100% H, for 8 h at 900 °C. The reduction of the other materials SFMCo, SEMNIi,
and SFMCu leads to the formation of additional phases as previously observed for
SFM (c.f. Figure 5.13). The formation of different perovskite phases and oxidation

state change of the dopant ions in conjunction with iron exsolution have an impact
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on the catalytic activity of the material. Therefore, XPS measurements were car-
ried out on the surface of bar samples to study the oxidation states of the different

materials in dependence of the atmosphere.
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Figure 5.29: Room-temperature XRD of the as-prepared doped SFM-based powders
after different sintering temperatures in air and after reduction in 100% H, for
8 h at 900 °C. Partially reproduced from!® published under the CC BY 4.0 (http:

//creativecommons.org/licenses /by /4.0/).

The results in Figure 5.30 and Figure 5.31 depict the selected XPS scans of
SroFeMog 65 Mo 3506_s samples with M = Ni, Co, Cu, Ti, and Mn sintered in air
and after reduction in 100% Hs. A change in the oxidation state of the dopant
ion is evident for SFMNi, SFMCo, and SFMCu with atmospheric change from air
(Figure 5.30a) to 100% Hy (Figure 5.30b), Cu'* (932.7 éV) is reduced to Cu® (932.6
eV), Co*T (787.2 €V, 782.9 ¢V, 780.6 eV) is partially reduced to Co® (778.3 eV) and
Ni** (867.2 eV, 864.9 ¢V, 861.7 eV, 856.3 eV, 854.8 eV) to Ni® (852.7 eV)[208l Ag
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previously discussed, the exsoluted nanoparticles exhibit higher conductivities, and
improved catalytic activity compared to the bulk phase, which leads to enhanced

[161,162] 'Tp the case of B-site doped double per-

electrochemical material performance.
ovskite structures like SEFMz, the formation of catalytically active bimetallic alloy
nanoparticles, e.g. Fe-Co and Fe-Ni, have been observed under reducing conditions
and at elevated temperatures!'>1%8209  Treatment time plays a role specifically for
the Ni?* exsolution processes including ion migration to the perovskite surface, re-
duction to Ni% and assembly into nanoparticles. CoFe alloy nanoparticles exsolution

has also been reported in Hy atmosphere above 700 °CH11,
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Figure 5.30: Selected XPS scans of SroFeMog g5Mq.3506_s5 samples with M = Ni, Co,
and Cu to determine the changes in oxidation state after sintering in (a) air and
(b) after reduction in 100% H,. Reproduced from!® published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).
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For the doped perovskite samples SFMMn and SFMTi depicted in Figure 5.31, no
change in oxidation state is observed after reducing in 100 % H,. The binding energy
of Ti** is given by 464.1 eV and 458.4 eV as well as 641.1 eV for Mn?*[%]. These
results indicate that no bimetallic alloy particles are exsoluted from the perovskite
matrix during the reduction process in 100% Hs. Previous studies have observed
that the reduction of Ni** to Ni® is easier than that of Ti** to Ti3+[210:211],

The explanation is the thermodynamic redox-stability between metal and oxide

212213] Tt shows

state of the dopant metals as given in the Ellingham diagram
the negative Gibbs free energy change (AG) for exothermic oxidation reactions
as a function of temperature with the corresponding oxygen partial pressure at
equilibrium. Oxides with higher Gibbs free change energy are more easily reduced
to metals, i.e. Fe and Ni. With decreased Gibbs free change energy, the metals
become progressively more reactive towards oxidation and harder to reduce, i.e. Ti

and Mn.

(a) (b)
Ti2p 100% H, Mn 2p 100% H,
—Ti* 100% Mn** 100%
3 3
© ©
2 2
(%] (2]
c c
] [
- -
= =
T T T T T
470 465 460 455 655 650 645 640 635
Binding Energy / eV Binding Energy / eV

Figure 5.31:  X-Ray Photoelectron Spectroscopy scan evaluations of (a)
SroFeMog 65 Ti9.3506_5 and (b) SroFeMog g5 Mng 3506_s after reduction in 100% Hs.

To support the obtained data, high-resolution SEM images were obtained (Fig-
ure 5.32a-i). Figure 5.32a and Figure 5.32b illustrate the secondary electron SEM
images of the SroFeMog ¢5Nig 3506_s (SFMNi) samples before and after reduction in
100% H, respectively. The as-prepared SFMNi powder particles exhibit a smooth
and homogeneous surface. In contrast, the featured surface of the reduced sample is
rough due to spherical sub-micron nanoparticles observed on the surface. To eluci-
date the nature and composition of the growth on the reduced sample surface, EDX
mapping was conducted. Figure 5.32¢ depicts a SEM image of the reduced SFM, ac-
companied by its corresponding elemental mapping in Figure 5.32d-i. The elemental

mapping of Figure 5.32d-f shows the presence of Fe-rich, Ni-rich and Mo-rich ex-
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solution measuring 10 - 50 nm. The elemental distribution of all other elements is

relatively even throughout the particle.

Figure 5.32: SEM image of (a) as-prepared and, (b) reduced SroFeMog ¢5Nig 35065
cell surface. (¢) High magnification SEM-EDX image of the reduced
SroFeMog 65Nig 35 0¢_s particles illustrating the contrast features in green boxes and

(d-h) elemental mapping of the corresponding particles in (i). Reproduced from!6!
published under the CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

In the previous chapter, the influence of oxidizing and reducing atmosphere on
the perovskite structure and the cell performance has been analyzed (cf. Figure 5.12
and Figure 5.27). The influence of doping the SFM perovskite structure on the total
conductivity is shown in Figure 5.33. Under reducing conditions, the characterized
materials SroFeMoOg_s, SroFeMoOg_s-GDC, SroFeMog 5Cug 35065 (SFMCu), and
SEMCu-GDC exhibit pseudo-metallic behavior with a maximum total conductivity
at 650 °C. The B-site doping with Cu shows an increase of the total conductivity at
650 °C from 17 S - ecm™* for SFM to 21 S-cm™! for SFMCu. The addition of GDC
in reducing conditions contributes to an increased total conductivity of 152 S - cm ™!
at 650 °C due do its MIEC properties for SroFeMog 65Cug.3506_s-GDC.

It has been proposed that electrons move through percolation paths made of

Fe-O-Fe bonds (o- or m-bond). In reducing conditions, the loss of oxygen leads to

an increase in these bonds and electron delocalization!™. In contrast, the Mo-O-Fe
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and Mo-O-Mo bonds are less favored for electron or electron hole transport, as the
Mo-O metal oxygen bond is much stronger compared to the Fe-O bonds. Mid-to-late
transition metals form much weaker bonds, which break more easily upon removal

y[69.71,214215] ' The exchange of

of oxygen from the lattice structure to form a vacanc
strongly bonded Mo-O on the B-site with Cu-O and the subsequent increase of total
conductivity may be related to this phenomena as well. Cu is reduced to Cu® and
forms exsoluted, highly catalytically active nanoparticles. In addition, Cu'* weakly
bonds to oxygen and thereby increases the possibility of vacancy formation!19,
Similar results have been observed for an increase in Fe contents, which led to an

increased electronic conductivity through progressive charge delocalization'4.
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Figure 5.33: Conductivity measurements in the temperature range from 650 °C
to 900 °C in 100% Hjy for SEFM-based perovskite materials. The measurements in
hydrogen were conducted down to 650 °C for safety reasons(¥.

The influence of doping the SroFeMoOg_s perovskite matrix on the thermal
expansion behavior is detailed in Table 5.5 calculated from dilatometry measure-
ments in air. The corresponding relative expansion dL/L as a function of tem-
perature is displayed in the appendix (Figure A.9). To avoid thermomechani-
cal stress and ensures long-term cell stability, the electrodes” TEC should be in
range of other cell components. The typical value for common electrolyte ma-
terials such as yttrium-stabilized zirconia (YSZ), gadolinium-doped ceria (GDC),
strontium-, and magnesium-doped lanthanum gallium oxide (LSGM) is around 10

- 13:1076 °C~'B>27. The measured TEC for a NiO-GDC (50:50 wt%) composite
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electrode in air was 13.5-107% °C~! in a temperature range of 25 - 1000 °C['8,
Increasing the Ni content from 15 vol% to 30 vol% resulted also in a TEC from
10.4-1079 °C~' t0 13.2:1076 °C~* at 900 °C*3. Similar results can be discerned from
Table 5.5. In the temperature range from 30 - 1000 °C, the TEC for SroFeMoQOg_s is
14.1-107% °C~! and increases to 16.3-107¢ °C~! for SroFeMoyg ¢5Nig 3506_s. The other
doped SFM-perovskites are in range of these values and comparable to other alter-
native perovskite-based fuel electrode materials. Lag 4Srg¢Ti;_,Mn,O3_s (LST) has
been categorized as a redox-stable perovskite with great potential as an electrode
material in SOECs!'®. The material exhibits TEC values of 11 - 13-107% °C~! be-
tween 30 °C and 1000 °C[2'9220] The thermal expansion coefficients obtained for
pure SroNbOg_s (SFN) and Mo-doped SFN in the temperature range of 30 - 1000 °C
were 11.3-107% °C~1 and 12.5:107% °C~! in air respectively. The Mo doping into the
SEN double perovskite lattice led to an increase in thermal expansion in air as well

as in a reducing atmospherel®221,

Table 5.5: Comparison of different Thermal Expansion Coefficients (TECs) for
doped SFM-perovskite materials.

TEC from Dilatometry / 10-% ¥C™!

Material
30 — 800 °C 30 — 1000 °C

Ni-8YSZ (40% Ni-60% 8YSZ) 12.5[166] 12.6[166]
SroFeMoOg_s 13.8 14.1

SraFeq sMog 5O6_s 13.3 15.1

SraFeMog ¢5Nig 3506_s 15.3 16.3

SroFeMog 65C00.3506—s 14.0 14.6

SroFeMog 65 Cug.3506_s 14.2 14.5

SraFeMog 65 Tig 3506_s 13.0 13.4

SraFeMog g5 Mng 350¢_s 13.7 14.1

5.3.2 Electrochemical Characterization

5.3.2.1 Electrochemical Performance Analysis

The electrochemical performance of SroFeMog5Nig3506_5 as fuel electrode was
characterized with current-voltage characteristics and electrochemical impedance

spectroscopy for steam and co-electrolysis depicted in Figure 5.34 and listed in Ta-
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ble 5.6. Current densities of —1.62 A -cm™2 and —1.74 A - cm ™2 were obtained in
steam and co-electrolysis respectively at 1.5 V and 900 °C. In comparison to the
SroFeMoOg_s fuel electrode, these values are higher by 28% and 39% respectively.
The SFMNi fuel electrode also exhibits an improved performance in comparison to
Ni-8YSZ and Ni-GDC by 79% and 24% in steam (Figure 5.34b) and 65% and 28%
in co-electrolysis at 1.5 V(Figure 5.34a). These results indicate that the addition
of electrochemically active Ni especially improves the catalytic reduction of HyO
in electrolysis operation. Similar observations were made for the doped fuel elec-
trode material SroFe; 3NigoMog;06_s mixed with Smg2CeysO01.9 (SDC) compared
to SroFeq sMog 506_s-SDC in humidified conditions. The polarization resistance was
reduced from 0.44 m©) - cm? to 0.21 m) - cm? with the addition of Nil'7.
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Figure 5.34: I-V curves measured at 900 °C for SroFeMog g5Nip3506_s in (a) steam
electrolysis, and (b) co-electrolysis conditions. (c) The impedance spectra were
measured in steam electrolysis and co-electrolysis atmospheres at 900 °C and OCV.
Reproduced from!® published under the CC BY 4.0 (http://creativecommons.org/
licenses/by/4.0/).
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Table 5.6: Electrochemical performance of the SroFeMoggsNig3506_5 fuel elec-
trode in comparison to state-of-the-art Ni-cermet electrodes with varied atmo-
spheres at 900 °C. Reproduced from!® published under the CC BY 4.0 (http:
//creativecommons.org/licenses /by /4.0/).

Fuel Electrode Test conditions Rpocy / Q-cm? 4;5v / A-cm™?

Ni-8YSZ H,0 electrolysis ~ 0.170180 —0.910189
co-electrolysis 0.20!180] —1.06!180)

Ni-GDC H,0 electrolysis  0.0618% —1.310189
co-electrolysis 0.091180] —1.370189

GDC H,0 electrolysis  0.16181 —0.920181
co-electrolysis 0.28[181 —0.820181]

SroFeMog 65Nig3506_s HoO electrolysis  0.10 —1.62
co-electrolysis 0.14 —1.74

GDC: Ceolngg.gol.g, 8YSZ: Smol% YSZ

5.3.2.2 Equivalent Circuit Model Evaluation

Impedance spectra were taken under different measurement conditions such as vari-
ation of temperature and gas composition. To evaluate the experimental data, the
number of time constants was analyzed by the DRT method resulting in an ECM
with an inductor, a serial resistor followed by four RQ elements connected in series
as used for SroFeMoOg_s and SroFeMoOg_s-GDC (Figure 5.35a). In Figure 5.35b,
the DRT spectra for SroFeMog 65Nig 3506_s measured at 750 °C in 50% H,O + 50%
H, at OCV is depicted as an example. In comparison to Figure 5.20b (c.f. chapter
5.2.3.2), the low-frequency process P4 is much more pronounced. The signal inten-
sity of P4 is much higher compared to P1, P2, and P3, which might lead to higher
fitting uncertainties of the impedance data. The experimental impedance data and
the fit shown in Figure 5.20c agree qualitatively well. The relative residuals are given
in Figure 5.20d and the low X? error of 10~7 between the fitted and experimental

data indicate a reasonable ECM.
5.3.2.3 Temperature Variation

The performance of single cells with an SFMNi fuel electrode was characterized in
steam electrolysis (50% H2O + 50% Hs) and co-electrolysis (40% HoO + 40% COq
+ 20% Hj) conditions between 750 °C and 900 °C in steps of 25 °C to determine
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Figure 5.35: (a) Equivalent circuit model (ECM) of the experimental impedance
data used for complex non-linear curve fit. (b) Distribution of relaxation times
(DRT) of the experimental and fitted impedance data for SroFeMog g5Nig 3506_s at
750 °C in 50% Hy0 + 50% Hj recorded at OCV. (¢) Nyquist plots of the exemplary
experimental data and the corresponding fit. (d) The residual of fitted data to verify
the quality of the CNLS fit. Reproduced from!® published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

the thermally activated processes. Within the Figures 5.36¢-d, in the given Nyquist
plots, two distinct arcs can be discerned with one at lower and the other one at higher
frequencies. Throughout all temperature ranges, the dominance of the low-frequency
arc over its high-frequency counterpart is evident. Both arcs exhibit an increase in
magnitude as the operational temperature decreases, indicating thermally activated
processes. The ASR increases consequently from 0.37 € -cm? to 1.25 Q- cm? in
steam electrolysis and from 0.54 € -cm? 1.52 Q- cm? in co-electrolysis conditions
when decreasing the operation temperature from 900 °C to 750 °C. In addition,
the temperature variation has a discernible impact on the ohmic resistance R and
polarization resistance Rp. The activation energy for R is determined based on
the slope of the Arrhenius equation and equals between 56 + 2 kJ-mol~!. This
closely aligns with values reported in literature for the ionic conductivity in YSZ
electrolyte films and suggests that the primary contribution to Rg, is the thick 8YSZ

electrolytell80-181,183]
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Figure 5.36: DRT spectra from 900 °C to 750 °C in (a) steam electrolysis, and (b) co-
electrolysis for SroFeMog g5Nig3506_5. The corresponding Nyquist plots measured
at OCV from 900 °C to 750 °C in (c) steam electrolysis, and (c) co-electrolysis for
SroFeMog 65Nig 350¢_s. Reproduced from!® published under the CC BY 4.0 (http:

//creativecommons.org/licenses/by/4.0/).

The impact of the thermally activated processes independent of the experimental
gas composition, can also be observed in the DRT spectra in Figure 5.36a and
Figure 5.36b. For steam and co-electrolysis, the DRT spectra exhibit four distinct
time constants P1, P2, P3, and P4 that increase in magnitude with decreasing
operating temperature. The process associated with P4 (1.1 - 0.33 Hz) dominates
the DRT spectra over the whole temperature range under steam as well as co-

electrolysis conditions in comparison to P1, P2, and P3. This makes P4 the major
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contributing process to the cell resistance irrespective of operating conditions, called
the rate-limiting process. Similar observations were made for SroFeMoOg_s and
SroFeMoOg_s-GDC previously (c.f. chapter 5.2.3.3, Figure 5.22). The peaks P1
(2655 - 1115 Hz), P2 (200 - 100 Hz), and P3 (25 - 12 Hz) increase less pronounced
with temperature and shift to slightly higher frequencies in the case of P1 and P2 as
well as to slightly lower frequencies for P3. This trend was also observed for SEFM and
the composite fuel electrode SFM-GDC. In the subsequent discussion of individual
process resistances, the circuit elements Rrqi, Rrq2, Rrqs, and Rgrqs correspond
to the peaks P1, P2, P3, and P4. The detailed Arrhenius analysis is shown in
Figure 5.37. In comparison to SFM and SFM-GDC (c.f. Figure A.7), the fuel
electrode made of SroFeMog ¢5Nig 3506_s exhibits an ASR of 371 m(2 - cm? at 900 °C
under steam electrolysis conditions, which is slightly lower than the ASR for SFM
(469 mQ - cm?) and much lower than for SFM-GDC (532 mS2 - cm?). The activation
energy of the rate-limiting process P4 was observed to be 112 & 16 kJ - mol~! and
120 £ 11 kJ - mol~?! for steam and co-electrolysis respectively, which is in range of
the activation energy of 118 4 12 kJ - mol™! observed for SroFeMoOg_;. Within
this frequency range, the suggested processes include the conversion of gases and
diffusion phenomena taking place at the fuel electrode side. However, these processes
exhibit only minimal thermal activation, so it is not appropriate to attribute them
to the P4.[158133,184-187] = The process P4 shows a distinct impact by polarization
variation. This suggests a Butler-Volmer type behavior and indicates that P4 is
related to the charge transfer process at the fuel electrode side, observed in MIECs
within the frequency range of 1 - 2 Hz, accompanied by an activation energy of
approximately 107-126 kJ - mol =81 Tn the mid to low-frequency range, Rrqs (P3,
25 - 12 Hz) unveils a distinctive activation energy closely tied to the selection of the
gas stream at the fuel and oxygen electrode side. Additionally, it is impacted by
the fuel electrode material. For SroFeMog g5Nig3506_s, the determined activation
energy of 80 - 89 £ 11 kJ - mol™! is close to the value for SroFeMoOg_s; of around
72 - 96 & 20 kJ - mol~! for steam and co-electrolysis.

5.3.2.4 Gas Variation at the Fuel and Oxygen Electrode

The in-depth process analysis was further corroborated by variation of gas com-
position at the fuel and oxygen electrode side to identify the distinct impedance
contributions from the two electrodes. The recorded impedance data as well as the
corresponding DRT spectra are shown in Figure 5.38. In steam electrolysis, the
steam content was kept constant, while the Hy content was systematically reduced
from 50% to 10% Hs, balanced with N,. The corresponding Nyquist plot and DRT
spectra for the fuel gas variation at 900 °C are illustrated in Figure 5.38a. With
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Figure 5.37: Temperature-dependent process resistance analysis measured at OCV
from 900 °C to 750 °C in (a) steam electrolysis, and (b) co-electrolysis for
SroFeMog 65Nig 3506_s. Reproduced from!® published under the CC BY 4.0 (http:
//creativecommons.org/licenses/by/4.0/).

reducing Hy content at the fuel electrode, the polarization resistance increases from
88 m€ - cm? with 50% HoO + 50% Hj to 230 m€2 - cm? measured in an atmosphere
of 50% H,0 +10% Hy + 40% N,. In co-electrolysis, the CO, was varied from 40% to
10%, which led to an RP increase of 13 m€) - cm? from 146 m$2 - cm? to 159 m() - cm?.
The results in both electrolysis modes emphasize that the gas variation is mainly
influencing the low-frequency arc in the Nyquist plots, while the high-frequency arc
and the ohmic resistance are not impacted. The DRT analysis in Figure 5.38b shows
that P4 is severely increasing with decreasing Ho gas at the fuel electrode. The pro-
cesses P1, P2, and P3 are less impacted by the variation of the gas atmosphere.
P3 slightly decreases and shifts to higher frequencies. P2 increases slightly while
P1 decreases slightly with decreasing Hy content in addition to a shift to higher
frequencies.

To explore the role of the oxygen electrode in the impedance spectra, the oxy-
gen partial pressure was systematically varied from 0.03 to 1 atm balanced with
N,. In Figure 5.39, the Nyquist plots and the corresponding DRT plots illustrate
the dependency on the oxygen partial pressure at 900 °C with a constant fuel gas
composition of 50% H,O + 50% H,. The Nyquist plots and the corresponding DRT
spectra in Figure 5.39a and Figure 5.39b illustrate negligible changes for P1, P2,
and P3, while P4 increases slightly with decreasing pO,. Data from previous stud-
ies of symmetrical LSCF cells measured in varied Ny-O, mixtures identified P1 as

the charge transfer process in the oxygen electrode and attributed P2 and P3 to


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

(a) (b)
50% H,0 + 50-x% H, 40% H,0 + 40-x% CO, + 20 H,
0.20 0.10
900 °C ® x= 0N, 900 °C e x= 0N,
~ 045 ® x=10N, N e x=10N,
g ® x=20N, £ N ® x=20N,
(3]

7 ® x=30N : x=30N.
G 2 G o 2
= o010 X =40 N, = 008 !

N N
Y 0.05 i
0.00 0.00
0.0 02 04 0.0 01 02
Z'-R,/ Q-cm? Z'-R,/ Qcm?
50% H,0 + 50-x% H, 40% H,0 + 40-x% CO, + 20% H,
0.35 0.20
900 °C x= ON, 900 °C -
x= 0%N
A=10% ey = =104 P4 2
0.301 P4 x=10N, r=10 x=10% N,
—— x=20N, 0154 X=20% N,
0.25- x=30N, ‘ ——x=30%N,
0 X =40 N, 0
G 0.20 c
= = 0.10
- -~
¥ 015 £
= =
0.101 \ 0.05.
{ P4b
1 Pab
0.05 \ Pda P3 P2 P1 J Paa  p3 P2 P
0.00 L2 A\ N 0.00 4 J AN A~
001 041 1 10 100 1000 10000 001 041 1 10 100 1000 10000

Frequency / Hz Frequency / Hz

Figure 5.38: (a) Nyquist plot and (c) the corresponding DRT plots for the fuel gas
variation of HyO-Hy at 900 °C. (b) Nyquist plot and (d) DRT plots for the fuel gas
variation of HyO-COo-Hy at 900 °C. Reproduced from!® published under the CC
BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

n[180,181]  The

low-frequency peak P4 has been observed for symmetrical LSCF cells as well, and

oxygen surface exchange kinetics as well as the oxygen bulk diffusio

related to the gas diffusion processes specially at low pOs. Despite the Ni-doping
of SFM, the trends observed for SroFeMog 65Nig3506_s5 corroborate with those seen
previously for SroFeMoOg_s and SroFeMoOg_s-GDC (c.f. Table 5.3).

5.3.3 Long-Term Stability

5.3.3.1 Electrochemical Analysis

The alternative SEFMNi fuel electrode was tested at 900 °C for 500 h under constant
current density of —0.5 A - cm~2. The measured cell voltage curve is shown in Figure
5.40 and depicts a stable linear trend for the first 100 h in the fuel gas atmosphere
of 50% HyO + 50% Ha.
to 193 mV (326 mV - kh™!). The voltage increase for the SroFeMoOg_s-based fuel
electrode is much higher in comparison with 452 mV (c.f. Figure 5.25). Ni-GDC fuel
electrodes, on the other hand, have shown a degradation rate of 499 mV - kh™! in
50% HaO + 50% H, at 900 °C at —0.5 A - cm 21189, The state-of-the-art Ni-YSZ fuel

Thereafter, the cell voltage increases continuously up
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Figure 5.39: (a) Nyquist plot and (b) the corresponding DRT plots for the variation
of 05-N, content on the oxygen electrode side at 900 °C. Reproduced from!® pub-
lished under the CC BY 4.0 (http://creativecommons.org/licenses/by/4.0/).

electrode exhibits a much higher degradation rate than Ni-GDC with 760 mV - kh~!
within the first 100 h!'™. The composite SroFeMoOg_s-GDC based single cells
exhibit a lower degradation of 15.6 mV - kh~!. Although the SFMNi fuel electrode
has shown good catalytic capacities, it is less stable than SroFeMoOg_s-GDC in

humidified conditions. Impedance spectra and current-voltage characteristics were
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Figure 5.40: Long-term stability test of single cells with a cell composition of
SI‘QFGMOO.65N10_35OG_5 /GDC/8YSZ/GDC/LSCF in 50% HQO + 50% HQ fuel gas
composition under constant current load of —0.5 A - em=2 at 900 °C for up to 500 h.
Reproduced from®l published under the CC BY 4.0 (http://creativecommons.org/
licenses/by/4.0/).

recorded before and after the degradation test to analyze the degradation impact

on the individual process resistances. The results are given in Figure 5.41a-d. The
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maximum current density decreases from —1.41 A -cm™2 to —0.58 A - cm ™2, i.e. by
59%, after the durability test at 900 °C for 500 h in 50% H,O + 50% H, as shown
by the current-voltage characteristics in Figure 5.41a. The increase in ASR during
steam electrolysis in dependence on the fuel electrode is depicted in Figure 5.41b
for SFM, SFM-GDC, and SFMNi. The comparison underlines that despite the high
performance of SFMNi, the ASR increase of 572 m( - cm? is the highest observed
for all three tested electrodes and is comparable to SFM (491 m2 - cm?). The slight
difference of less than 100 m(2 - cm? can be related to the different current load that
was applied during the durability test. The results for the composite SFM-GDC
electrode highlight that the addition of GDC increases the fuel electrode stability,

2 over 500 h of measurement time.

which leads to an ASR increase of 63 mf)-cm
The Nyquist plots in Figure 5.41c¢ show the measured impedance spectra before and
after the degradation test. As can be seen, the ohmic and polarization resistances
both increase over the course of the measurement. The fitted impedance results are
listed in Table 5.7 and illustrate the contribution of Ro and Rp to the ASR increase
over time. Rg accounts for around 12% of the ASR increase, which is in range with
9.4% found for SFM-GDC and 8.8% for SFM. This means Rp contributes mainly
with a share of 88% to the ASR increase. As seen from Table 5.7 and the DRT
analysis in Figure 5.41d, the individual resistances increase over time. The process
resistance Rrqs contributes mainly to the Rp increase with 219 m{2 - cm?, followed
by Rrq1 (180 mf2 - cm?). The process resistances Rrq2, and Rrqs show only a small
increase of 68 m(2 - cm? and 39 m() - cm? respectively. The DRT analysis depicts as

well, a frequency shift of Rrq1, Rrqe and Rgrqs to higher frequencies.

Table 5.7: Resistance evolution of SFMNi fuel electrode as a function of operation
time in steam electrolysis during 500 h durability testing at 900 °C under constant
load of —0.5 A -em~2. Reproduced from!® published under the CC BY 4.0 (http:
//creativecommons.org/licenses/by/4.0/).

Time RQ RRQl RRQ2 RRQ 3 RRQ4 RP ASR

h Q-cm? Q-cm? Q-cm? Q-cm? Q:cm? Q-cm? Q:cm?

SroFeMog 65Nig 35065

0 0.375 0.005 0.006 0.005 0.054 0.070 0.445
500 0.442 0.185 0.074 0.224 0.093 0.576 1.017
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Figure 5.41: (a) Current-voltage characteristics, (b) ASR, (c) the Nyquist plots
and (d) the corresponding DRT plots for a single cell with SroFeMog 5Nig3506_5 as
fuel electrode before and after the long-term degradation measurement at constant
—0.5 A - em~? current load in 50% HyO + 50% H, atmosphere at 900 °C. Reproduced
from!® published under the CC BY 4.0 (http://creativecommons.org/licenses /by /4.

0/).

5.3.3.2 Microstructural Post-Test Analysis

As shown previously in Figure 5.15 (c.f. chapter 5.2.1), the exsoluted Fe particles
are partially embedded in the parent oxide surface and have been shown to be

more resilient to particle agglomeration compared to the deposited analogs, thus


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

92 CHAPTER 5. RESULTS
improving the electrode stability at high temperatures. The microstructure of as-
prepared and tested SFMNi fuel electrodes were characterized with SEM-EDX to
determine structural changes. The samples were encased in epoxy resin, polished,
and sputtered with gold before undergoing analysis. Figure 5.42 illustrates the cross-
section of the as-prepared and tested SFMNi fuel electrode. For both cells, the
electrolyte remains unchanged, and no electrode delamination is observed. Notably,
the electrode microstructure shows increased pore formation and particle growth
after the long-term test in humidified atmosphere. This result corresponds to the

high degradation rate and striking increase in ASR for the single cells with SEFMNi
fuel electrode shown in the Figures 5.40 and 5.41.

Pre-Test

Post-Test

Figure 5.42: Cross-sectional SEM-EDX mapping of the fuel electrode side for Sr
(Lo, 13.89 keV), Fe (Ka, 6.40 keV), Mo (La, 17.14 keV), Ni (Ka, 7.47 keV) lines
(a) before and (b) after the long-term test up to 500 h in 50% H,O + 50% H,
at —0.5 A -cm~2 and 900 °C. Reproduced from!® published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).

The cross-sectional SEM-EDX analysis the LSCF oxygen electrode for the as-
prepared and operated cells is displayed in Figure 5.43. Similar to the previous
results, a slight Sr segregation through the pores of the GDC barrier layer and
subsequent formation of an insulating SrZrOj3 layer is observed, which may have led

to the increase in ohmic resistance throughout the degradation test.

Pre-Test

Post-Test

Figure 5.43: Cross-sectional SEM-EDX mapping of the oxygen electrode side for Ce
(Lo, 33.90 keV), Fe (Ka, 6.40 keV), Co (Ka, 6.93 keV), Sr (La, 13.89 keV) lines
(a) before and (b) after the long-term test up to 500 h in 50% HO + 50% H,
at —0.5 A - cm~2 and 900 °C. Reproduced from!® published under the CC BY 4.0
(http://creativecommons.org/licenses/by/4.0/).
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5.4 SFM-based Fuel Electrodes for CO, Electrol-
ysis

High-temperature CO; electrolysis can valorizes industrial CO5 emissions by elec-
trochemical reduction to carbon monoxide (CO). CO is an important building
block in the chemical industry to derive essential chemical intermediates, which
include synthetic natural gas, methane produced through methanation, liquid hy-
drocarbons, e.g. synthetic fuels, and chemical lubricants through Fischer-Tropsch
synthesis. Additionally, the production of aldehydes via the “oxo process” hydro-
formylation necessitates CO to give way to bulk chemicals such as esters, alcohols,
and amines®). The state-of-the-art fuel electrode material Ni-YSZ as well as the
alternative Ni-GDC have both been shown to be impacted by continuous exposure
to CO5 containing gas mixtures. The analysis of Ni-YSZ fuel electrodes in CO,/CO
gas atmosphere was investigated under constant current load of —1 A - cm ™2 as well
as at OCV up to 1000 h. The 3D electrode microstructural reconstruction showed
that the cell operated at zero current exhibited Ni coarsening and no Ni migration
as observed for steam electrolysis. In comparison, the cell operated at —1 A - cm 2
showed an increase in Ni particle size, i.e. Ni coarsening and significant Ni parti-
cle loss in the active electrode layer in addition to an increased Ni fraction in the
support layer. The severity of Ni migration was comparable to previous result for
Ni-YSZ operated in steam electrolysis conditions!???. The investigation of Ni-GDC
as fuel electrode in CO, electrolysis conditions of 80% CO, + 20% CO at 900 °C
showed microstructural changes of the fuel electrode after the degradation test. An
increase in Ni particle size, Ni depletion and pore formation at the electrolyte/-
electrode interface were observed, which impact the number of catalytically active
TPB sites!'®2. Therefore, in this chapter, the SFM-based MIEC electrode materials
were characterized in COy electrolysis condition with regard to their performance
and long-term microstructural stability. A comparison is drawn to the state-of-the-
art Ni-8YSZ and Ni-GDC cermet electrodes. Parts of the following results have
been measured in collaboration with Niklas Eyckeler, Carla L. Coll, and Finn Droge

during their bachelor thesis!!!7:118:207)

5.4.1 Electrochemical Performance

The electrochemical performance of SFM-based fuel electrode materials was char-
acterized with current-voltage characteristics and electrochemical impedance spec-
troscopy for CO, electrolysis with 80% COy + 20% CO fuel gas mixture in the
temperature range of 750 °C to 900 °C.
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The results are displayed in Figure 5.44 and listed in Table 5.8. The maximum
current density of —1.28 A-cm™2 at 1.5 V, as shown in Figure 5.44a, illustrates
that SroFeMog g5Nig3506_s is the highest performing fuel electrode in COy elec-
trolysis conditions at 900 °C. In comparison, the Ni cermet electrodes achieved a
lower current density with —0.63 A - cm™2 for Ni-8YSZ and —1.16 A - ecm~2 for Ni-
GDCI2 The Ni-GDC cermet electrode is shown to have a higher performance
as GDC exhibits MIEC properties under reducing conditions due to the partial re-
duction of Ce** to Ce3*. The use of an GDC fuel electrodes without Ni exhibited
decreased current density (—0.79 A - cm~2)[223],

The single cells with Ni-free SFM fuel electrodes show higher performance than
Ni-8Y'SZ at 900 °C (Table 5.8). Single cells with the SroFe; sMog 5065 fuel electrode
achieved —1.17 A - cm~2 current density compared to —1.03 A - cm~2 observed for
the SroFeMoOg_s fuel electrode. The composite SroFe; 5Mog506_s-GDC fuel elec-
trode exhibits enhanced performance with —1.23 A - em =2, while SroFeMoOg_;-GDC
reached —1.11 A - cm™2. Similar results are shown in Figure 5.44b in the compar-
ison of the polarization resistance at OCV. SroFeMoOg_s, SroFeMoOg_s-GDC and
SroFe sMog 506_s exhibit an Rp of 36 m - cm?, 33 m - cm?, and 34 m) - cm?
respectively. These values are higher than the polarization resistance of Ni-GDC
with 23 m - cm?, but significantly lower than 44 m() - cm? observed for Ni-8YSZ.
SroFeq s Mog 506_s-GDC and SroFeMog 5Nig 350¢_s reach polarization resistances of
24 m€) - cm? and 22 m() - cm?, which are in range of the Ni-GDC fuel electrode
resistance (23 m( - cm?). The SFM-based fuel electrodes exhibit higher perfor-
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Figure 5.44: Current density observed at 1.5 V and polarization resistance measured
at open circuit voltage for different SFM-based fuel electrode materials in CO,
electrolysis conditions of 80% COy + 20% CO at 900 °C.

mance compared to other mixed-ionic and electronic conducting perovskites consid-
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ered as alternative fuel electrode material. Current densities of —0.67 A - cm™2 for
SraFe; sMog506_s up to —0.74 A - ecm =2 for SryFeMoyg 65Nig.3506_5 Were achieved in
dry COs electrolysis conditions at 800 °C. The perovskite electrode Lag oSt ¢ sTiO3, 4
shows in comparison a current density of —0.105 A - cm~2 at 800 °C and 1.5 V. By
doping at the B-site and creating A-site cation deficiency, the electrochemical con-
version of CO4 to CO for (Lag2Sro.s)g 95 Ti0.0Mng 10345 electrode was enhanced to
—0.22 A-cm? and to —0.45 A - cm~2 for (LaO.QSYO.g)0.95T10.85Mn0_1N10.0503+5[224}.

Table 5.8: Electrochemical performance of SroFeMoOg_s—based fuel electrodes in
comparison to state-of-the-art Ni-cermet electrodes under CO, electrolysis condi-

tions of 80% COy + 20% CO at 900 °C.

Fuel Electrode Rpocv / Q2-cm? 15y / A-cm™2
Ni-8YSZ 0.440182 —0.630182
Ni-GDC 0.230182 —1.1601%2

GDC 0.51223] —0.791223]
SroFeMoQOg_s 0.36 —1.03
SroFeMoOg_s-GDC 0.33 —1.11

SroFe; sMog 5O6_s 0.34 —-1.17

SroFe; sMog506_s-GDC  0.24 —1.23

SroFeMog g5Nig3506_5  0.22 —1.28

GDC: Ceo.ngo_Qol_g, 8YSZ: 8mol% YSZ

5.4.1.1 Equivalent Circuit Model Evaluation

Impedance spectra were taken under different measurement conditions such as vari-
ation of temperature and gas composition. To evaluate the experimental data, the
number of time constants was analyzed by the DRT method resulting in an ECM
with an inductor, a serial resistor followed by four RQ elements connected in series as
used for SroFeMoOg_s and SroFeMoOg_s-GDC (Figure 5.35a). In Figure 5.35b, the
DRT spectra for SroFeMog g5Nig.3506_s measured at 750 °C in 80% CO, + 20% CO
at OCV is depicted as an example. In comparison to Figure 5.20b (c.f. chapter
5.2.3.2), the low-frequency process P4 is much more pronounced. The signal inten-
sity of P4 is much higher compared to P1, P2, and P3, which might lead to higher
fitting uncertainties of the impedance data. The experimental impedance data and

the fit shown in Figure 5.20c agree qualitatively well. The relative residuals are given
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in Figure 5.20d and the low X? error of 1077 between the fitted and experimental

data indicate a reasonable ECM.
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Figure 5.45: (a) Equivalent circuit model (ECM) of the experimental impedance
data used for complex non-linear curve fit. (b) Distribution of relaxation times
(DRT) of the experimental and fitted impedance data for SroFeMog 5Nig3506_5 at
750 °C in 80% CO2 + 20% CO recorded at OCV. (c¢) Nyquist plots of the experi-
mental data and the corresponding fit. (d) The residual of fitted data to verify the
quality of the CNLS fit.

5.4.1.2 Temperature Variation

The impact of operating temperature was investigated between 750 °C up to 900 °C
in dry COs electrolysis condition of 80% CO5 4 20% CO through impedance analysis
at OCV. SroFeMog 5Nig3506_5 and SroFeMoOg_s-GDC were selected as examples.
The Nyquist plots and corresponding DRT spectra as a function of temperature
are displayed in Figure 5.46. Two distinct arcs are identified in the impedance
spectra similar to the previously observation in steam and co-electrolysis with a
low- and high-frequency arc (c.f. chapters 5.2.3.3 and 5.3.2.3). Throughout the
varied temperature range, both arcs increase, although the low-frequency arc shows
a much more pronounced increase in magnitude. The RP increases from 0.22 €2 - cm?
to 1.91 © - cm? for SFMNi in CO; electrolysis and from 0.33 Q - em? to 2.71 Q - cm?
for SFM-GDC when decreasing the operation temperature from 900 °C to at 750 °C.
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Further analysis of the impedance data as shown in the DRT spectra show five to
six peaks in the different spectra. In the low-frequency range below 1 Hz, however,
artifacts can occur in case the last impedance data point is not completely on the
x-axis and is made-up, therefore, partially of imaginary impedancel®®. This causes
an additional peak P4b at around 0.03 Hz in the DRT of SroFeMog g5Nig.3506_s
in Figure 5.46, although the spectra was only recorded up to 0.11 Hz. To define
the process peaks, the variation of the A parameter between 1072 and 107° is an
additional criterion. The variation results show that both peaks have no linear trend
with temperature, which hints that peak P4b below 0.1 Hz as well as P4a around
2.5 Hz are artifacts. The impedance spectra were therefore modeled with same
equivalent circuit used for humidified conditions consisting of four time constants in
series to a resistor and an inductor as shown in Figure 5.35. The peaks P1, P2, P3

and P4 in the DRT correspond to the circuit elements Rrq1, frq2, Rrqs and Rrqa,

respectively.
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Figure 5.46: (a) Nyquist plots and (b) the corresponding DRT spectra measured
for SFM-GDC at OCV in 80% CO, + 20% CO as a function of temperature be-
tween 750 °C and 900 °C. (c¢) Nyquist plots and (d) the corresponding DRT spectra
measured for SEMNi at OCV in 80% COy + 20% CO as a function of temperature
between 750 °C and 900 °C.



98 CHAPTER 5. RESULTS

The resistance analysis as a function of temperature is depicted for the SFM-
GDC fuel electrode in Figure 5.47a and for SFMNi in in Figure 5.47b. As for all
SFM-based fuel electrodes, the process P4 exhibits the highest resistance values
among the investigated temperatures and is therefore assigned as rate-limiting step
in agreement with the DRT analysis. This thermally activated process is observed in
the frequency range of 1 - 0.1 Hz with an activation energy of 144 4 5 kJ - mol~* for
the single cell containing the SEFM-GDC fuel electrode (Figure 5.47a). This value is
in range of the activation energy observed for SFM-GDC in steam and co-electrolyis
of around 134 - 149 4 5 kJ -mol~!. Several studies report diffusion processes in
this frequency range, however, the obtained activation energy in this work is much
higher!1:58:133.184187 " The impact of temperature variation and the previous assign-
ment of P4 to the fuel electrode side give the conclusion that the physical process
in this work might be related to the charge transfer reaction at the fuel electrode.
Previous studies of the GDC fuel electrode have shown an activation energy of
166 4= 7 kJ - mol~! observed for a thermally activated processes in the same frequency
range, which was associated with the charge transfer during the reduction of CO4
on ceria (doped) materials!'®??%1, The process P3 was observed around 100 - 10 Hz
and exhibits an activation energy of 173 &= 5 kJ - mol~! in the analyzed temperature
range for CO electrolysis (Figure 5.47a). In comparison, the activation energies
shown for steam and co-electrolysis with 206 4 5 kJ - mol~! to 222 £ 8 kJ - mol ™!
are slightly higher for this process as seen in Figure 5.22. Process P3 has been
related to adsorption, desorption and transport processes on the LSCF electrode
surface, which have shown an activation energy of 192 #+ 12 kJ - mol~'[185226] - A de-
viation from this activation energy could be explained due to an overlap of different
processes at the fuel and oxygen electrode sides in this frequency range, which has
been observed in previous studies!'®l. The other processes P1 (15000 - 1000 Hz)
and P2 (300 - 100 Hz) show temperature dependency and a shift to lower frequency
with decreasing operation temperature in case of the process P2. The observed high-
frequency contribution P1 is modeled by Rrq: and shows similar activation energies
of 157 + 10 kJ - mol~! in CO, electrolysis compared to steam and co-electrolysis for
the SFM-GDC fuel electrode. The described frequency range and the high activation
energy have been previously attributed to an electrode charge-transfer process at the

181190192 Ty comparison, the middle to high-frequency pro-

LSCF oxygen electrodel
cess modeled by Rrqg for P2 shows an activation energy of 116 + 4 kJ - mol™!, which
is in range of the values obtained for steam and co-electrolyis (120 - 130 kJ - mol™!)
as well. Previously, this process was attributed to surface exchange kinetics at

the LSCF surface'!. The activation energies for the processes P1, P2, and P4 for
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SFMNi modeled by the resistances Rrqi, Rrq2, and Rrqq in Figure 5.47 are in range
with the values observed for SFM-GDC. However, as shown in the previous chap-
ters 5.2.3.3 and 5.3.2.3, the activation energies for the process P3 given by Rgqs for
SFM-based electrodes without GDC are lower than observed for SEFM-GDC (Figure
5.47b). It has been suggested that an additional mechanism with lower activation
energy like transport processes, adsorption and desorption or the oxide ion transport

across the electrolyte/electrode interface influence the mid-frequency process P3.
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Figure 5.47: Temperature variation between 750 °C and 900 °C measured at OCV
for (a) Sr2FeM006_5—GDC and (b) SI‘QF@MOO.65N10.35OG_5 in 80% COQ + 20% CO.

5.4.1.3 Gas Variation

With the intention of further investigations and validation of fuel electrode processes,
impedance measurements were conducted under various CO5:CO compositions from
90% CO4 down to 50% CO,. These measurements were subsequently analyzed us-
ing DRT analysis and ECM fitting. Figure 5.48a illustrates the Nyquist plots with
the variation of CO,y content at 900 °C under OCV conditions. An increase in CO4
concentration resulted in a higher polarization resistance Rp value, while the ohmic
resistances Rq remained relatively unaffected. Notably, the low-frequency arc exhib-
ited a significant increase in magnitude, with negligible changes in the intermediate
and high-frequency regions. In Figure 5.48b, the DRT spectra corresponding to
variations in the CO,:CO ratio are depicted. Peaks P1, P2 and P3 in the high
to intermediate frequency range displayed no significant dependence on changes in
fuel gas composition. In contrast, Peak P4 demonstrated a notable dependence on
COg variation, with an increase in magnitude corresponding to higher CO5 content.
In previous studies of state-of-the-art Ni-8YSZ and Ni-GDC cermet fuel electrodes,
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similar behavior was observed. the trend was linked to a favored adsorption process
and attributed to more favorable thermodynamics of the CO oxidation reaction.
The electrochemical activity towards CO oxidation is higher than for the CO, re-
duction reaction at OCV conditions, thus the reaction barrier for the CO oxidation
is lower, which results subsequently in an higher activation energy associated with

CO, desorption from the active catalyst sites['82227:228],
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Figure 5.48: (a) Nyquist plots and (b) the corresponding DRT spectra for the gas
variation of CO9 and CO measured at OCV and 900 °C.

5.4.2 Long-Term Stability

5.4.2.1 Electrochemical Analysis

Long term stability tests were performed with single cells under constant current
load of —0.3 A - ecm~2 for the SFM-GDC and —0.5 A - cm ™2 for the SEMNi fuel elec-
trode material up to 1000 h in 80% CO5 + 20% CO at 900 °C . The variation of cell
potential with time for SFM-GDC and SFMNi is shown in Figure 5.49. The single
cell with the SFM-GDC fuel electrode exhibited a stable cell potential of 1.01 V at
—0.3 A -cm™2 for around 300 h. Thereafter, the cell potential increased slightly,
which led to an overall degradation rate of 7 mV - kh™!. As seen in Figure 5.49, the
single cell containing the SFMNi fuel electrode showed decreasing potential in the
first 200 h by 17 mV from 1090 mV to 1073 mV and then a stable degradation rate
in the following 800 h. In comparison, the Ni-GDC cermet and the MIEC GDC
fuel electrodes tested in the same gas mixture of 80% CO, + 20% CO under con-
stant current load of —0.5 A - cm™2 exhibited no activation period, however, they
showed an increase in R, Rp and the measured cell potential. A total degrada-
tion rate of 31 mV - kh~' was observed for Ni-GDC after 1200 hl'7182 while the
GDC fuel electrode exhibited a degradation rate of 62 mV - kh=*??3l. The evolu-

tion of the ohmic resistance Rg and the polarization resistance Rp was investigated
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for SFMNi by performing impedance measurements at OCV before and after the
1000 h cell test (Figure A.10b). Rgq decreased from 376 m{2 - cm? to 323 mS2 - cm?
by 53 m2 - cm? and Rp decreased marginally by 5 m - cm? from 274 m€) - cm? to
269 m(2 - cm?. The current-voltage characteristics underline a performance increase
of 13 mA - cm™2 with operation time, which led to a higher maximum current den-
sity of —1.36 A -cm~2 after 1000 h. The DRT analysis in Figure A.10c shows a
decrease in the peaks P1 and P2, which both shift to lower frequencies as well.
The peak P3 remains unchanged while the peak P4 exhibits an increase. The cell
potential decrease in the beginning of the durability tests have been observed for
other SroFeMoQOg_s-based fuel electrodes as well as other MIEC fuel electrode mate-
rials under dry COs electrolysis conditions. The authors observed a decreasing cell
potential and ohmic resistance corresponding with an increased maximum current

density during the durability test, which points to an activation process of the fuel

electrode during the electrolysis reaction!?2%:230,
151900°C  ——Sr,FeMoO, -GDC, -0.3 Acm?
——Sr,FeMog ¢Nig 35045, -0.5 A-cm™
144
>
—
o 1.3
o
o
=
S 121
>
~ kh!
114 0 mV-kh
1.0 ~7 mV-kh"
0.9

0 100 200 300 400 500 600 700 800 900 1000
Time/ h

Figure 5.49: Long-term stability test of single cells win an atmosphere of 80% CO4 +
20% CO at 900 °C with SroFeMog ¢5Nig.3506_5 and SroFeMoOg_s-GDC fuel electrode
materials under constant current load of —0.3 A - ecm™2 and —0.5 A - cm ™2 for up to
1000 h.

5.4.2.2 Microstructural Post-Test Analysis

To elucidate any microstructural changes compared to cells tested in steam elec-
trolysis (Figure 5.27), the microstructure of as-prepared and tested cells containing
SFM-GDC fuel electrodes were characterized with SEM-EDX. The samples were en-
cased in epoxy resin, polished, and sputtered with gold before undergoing analysis.
In Figure 5.50, the cross-sectional SEM-EDX mapping of the SroFeMoOg_s-GDC
microstructure is shown after 500 h of long-term testing. Compared to the durabil-
ity tests in humidified conditions of steam electrolysis with 50% H,O and 50% Ha,
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the operated cell looks similar to the as-prepared cell in Figure 5.50a. However, the
SFM-GDC electrode showed slight Sr segregation at the GDC/8YSZ interface after
the 500 h in steam electrolysis conditions (Figure 5.27b). In contrast, after 500 h
COy, electrolysis, no segregation is observed. This indicates a much higher stability
in addition to the good performance of SroFeMoQOg_s-based fuel electrode materials

for CO4 to CO conversion.

Figure 5.50: Cross-sectional SEM-EDX mapping of the SEM-GDC fuel electrode side
for Sr (La, 13.89 keV), Fe (Ka, 6.40 keV), Mo (La, 17.14 keV), Ce (Lev, 33.90 keV)
lines (a) before and (b) after 500 h durability testing in 80% COy + 20% CO at
900 °C under constant current load of —0.3 A - cm™2.

The cross-sectional SEM-EDX analysis the LSCF oxygen electrode for the as-
prepared and operated cells is displayed in Figure 5.51. Similar to the previous
results in steam electrolysis, a slight Sr segregation through the pores of the GDC

barrier layer and subsequent formation of an insulating SrZrOg layer is observed.

Figure 5.51: Cross-sectional SEM-EDX mapping of the SEM-GDC fuel electrode side
for Sr (La, 13.89 keV), Fe (Ka, 6.40 keV), Mo (La, 17.14 keV), Ce (La, 33.90 keV)
lines (a) before and (b) after 500 h durability testing in 80% COy + 20% CO at

900 °C under constant current load of —0.3 A - cm 2.



6. Conclusion and Outlook

The focus of this thesis was the performance and degradation mechanism analysis
of Ni cermet and Ni-free perovskite electrode materials in steam, dry CO, and
co-electrolysis conditions. Commercial button cells with an Ni-YSZ fuel electrode
were galvanostatically tested in steam and co-electrolysis conditions at 800 °C and

750 °C under constant current load of —1 A - cm™2.

Electrochemical impedance
spectra were taken at OCV after every four days to analyze the impedance and cell
performance as a function of time. The investigation of the ASR elucidated that an
increased ASR over time mainly originates in the progressively higher Rp increase.
Additionally, the results showed that the operating temperature and gas humidity
are directly impacting the cell degradation over time. The as-prepared and operated
single cells were investigated through in-depth SEM-EDX imaging, which showed
Ni particle migration from the active fuel electrode layer to the support layer as
well as subsequent Ni particle agglomeration. These major microstructural changes
led to higher pore size and fraction close to the electrolyte/electrode interface and

a subsequent decrease of the active TPB sites.

As the major degradation process for Ni cermet electrodes was identified to be
the Ni depletion in the active layer, Ni-free SroFes_ Mo, Og_s-based fuel electrode
materials were synthesized. The SroFeMoOg_s powder was reduced in 100% H, at
900 °C and XRD and TEM analyses were performed to analyze structural changes
in reducing operation conditions. The phase analysis obtained from the TEM lattice
parameter calculations as well as the X-Ray Diffraction pattern verify that reduced
SroFeMoQOg_s powder is composed of Sry(Fe;33Mog66)O5.88 (space group: Fm3m,
ICSD-168704), Sr(FeggMog2)O3 (space group: Pm3m, ICSD-191551), SrzFeMoO;
(space group: I4/mmm, ICSD-156787) as well as FCC-gamma-Fe (space group:
Fm3m, ICSD-43096) for exsoluted Fe nanoparticles. These particles enhances the
catalytic reactivity through increased catalytic active sites. A strong anchoring
was observed between the exsoluted Fe nanoparticles and the perovskite substrate,
which could improved the material stability in operation. The investigation of the
total conductivity revealed that SroFeMoOg_s as well as SroFeMoOg_s-GDC exhibit
higher conductivities in reducing atmosphere than other perovskite-based materials.
Both materials were electrochemically tested and exhibited better performance than

Ni-YSZ in steam and co-electrolysis, however, lower performance than Ni-GDC.

The impedance spectra recorded at OCV as a function of temperature were
analyzed with an ECM composed of an inductor, a serial resistance and four RQ

elements, which were attributed to the four processes P1, P2, P3, and P4. The pro-



104 CHAPTER 6. CONCLUSION AND OUTLOOK

cesses P1 and P2 are thermally activated processes attributed to the LSCF oxygen
electrode charge transfer (P1, 2000 - 900 Hz) and surface exchange processes (P2,
400 - 100 Hz). The mid to low-frequency process P3 (100 - 10 Hz) is related to the
fuel and oxygen electrode with assigned to the adsorption and diffusion processes
and transport processes of the fuel and oxygen electrode overlapping in this fre-
quency region. The process P4 (2 - 0.1 Hz) has been identified as the rate-limiting
step in steam- and co-electrolysis. The observed activation energies and the impact
of polarization on this process lead to the assignment of P4 to the fuel electrode
charge transfer process. A long-term degradation test was carried out in the gas
mixtures 50% H,O and 50% Hy at —0.3 A - cm~2 and 900 °C for 500 h. The post-
test microstructural analysis showed destabilization of the SFM fuel electrode in
comparison to the stable SFM-GDC phase.

The influence of doping was investigated through synthesis of the double per-
ovskite SroFeMog 5Mg650¢6_s with M = Ti, Co, Cu, Mn, and Ni. B-site doping
showed an increased conductivity in oxidizing and reducing atmospheres up to,
e.g. 152 S-em™! at 650 °C for SroFeMog 65Cug.¢506_s-GDC, which is explained by
the exsolution of e.g. bimetallic Fe-Cu alloy nanoparticles as seen in XPS mea-
surements. The exsoluted particles were also observed in the SEM and TEM for
SroFeMog 5Nig.6506_5. Current densities of —1.62 A -cm~2 and —1.74 A - cm ™2 were
obtained for SroFeMog 65Nig ¢506_s in steam and co-electrolysis conditions, which are
higher than observed for Ni-GDC (up to 21%) and Ni-YSZ (up to 44%). However,
the durability test at —0.5 A - cm™2 revealed an high degradation rate after 200 h
with significant performance loss after 500 h of around 59%. The origin of degra-
dation was shown to be an unstable SFM microstructure in humidified conditions,

which led to particle agglomeration and electrode densification.

To investigate the impact of fuel gas, the SFM-based fuel electrode materials were
tested in COjy electrolysis conditions with an atmosphere of 80% CO, + 20% CO

2 and —0.5 A-cm™2 for up

at 900 °C between current densities of —0.3 A -cm™
to 1000 h. The obtained current densities in CO; electrolysis at 1.5 V underlined
that SrosFeMoQOg_s and SroFeMoOg_s-GDC perform better than Ni-YSZ by around
63 - 76%. The performance of SroFe; sMogs50¢_s and SraFe; sMog 506_5-GDC was
comparable to Ni-GDC and up to 95% higher than for Ni-YSZ. The highest current
density with —1.28 A -cm™2 was exhibited by SrsFeMog g5Nig¢506_s5 at 900 °C,
which is around 10% higher than current densities of Ni-GDC and 103% higher

than observed for Ni-YSZ.
Long-term stability tests were performed for up to 1000 h in 80% CO, + 20% CO

atmosphere at 900 °C to investigate the performance stability of the cells in non-
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humidified conditions. The variation of cell potential with time for SroFeMoOg_s-
GDC remained stable up to 300 h, after which the potential increased slightly and
a total degradation rate of 7 mV - kh™! was observed.

The long-term stability of the high performing SroFeMog ¢5Nig.650¢6_s fuel elec-
trode material was investigated at —0.5 A - cm™2 and exhibited decreasing cell po-
tential in the first 200 h. Thereafter, the degradation rate remained stable until
1000 h measurement time. The observed decreasing cell potential corresponds to
a minimal increased current density during the durability test, which points to an
activation process of the fuel electrode during the electrolysis reaction. The origin
of this activation could be due to the microstructural changes at the fuel electrode
or the SFM/GDC interface. The microstructural analysis showed that after COx
electrolysis, no Sr segregation was observed in contrast to the durability test in
steam electrolysis. Future investigations should focus specifically on the long-term
performance of the B-site doped SroFeMog g5Mg 6506_5 with M = Cu, Co, Ti, and
Mn fuel electrode materials in COs electrolysis to analyze the best performing and
highest durable material. An additional research interest could be to introduce A-
site deficiency in the SroFes_ Mo,Og_s materials. It has been observed that this

could significantly advance in-situ nanoparticle formation at the perovskite surface.
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Figure A.1: SEM-EDX mapping of single cells towards oxygen electrode side for Sr
(Lav, 1.81 keV) after the durability test (a, ¢) at 750 °C and 50% H,O + 50% Hy and
(b, d) at 800 °C with 40% H2O + 40% COy + 20% Hy at for 1000 h. Reproduced
from? published under the CC BY 4.0 (http://creativecommons.org/licenses /by /4.

0/).

Table A.1: Total increase of ohmic and polarization resistance after 1000 h under
constant load of —1 A - em~2. Reproduced from?? published under the CC BY 4.0

(http://creativecommons.org/licenses/by/4.0/).

Conditions /% T/°C ARqg/mQ-cm? AE/%-h™!
50% HaO + 50% Ha 800 370 33
50% HyO + 50% Hy 750 259 22

40% HyO + 40% CO2 + 20% Hy 800 179 16
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Table A.2: Relaxation processes frequency obtained by impedance spectroscopy
after 1000 h with 9 1- h~! inlet fuel consisting of 50% HyO + 50% H,, and 40% H,O
+ 40% CO5 + 20% H, at 800 °C. Reproduced from!? published under the CC BY
4.0 (http://creativecommons.org/licenses/by/4.0/).

Process H-O Electrolysis / Hz co-Electrolysis / Hz

RQ1 18600 5105
RQ2 2950 1100
RQ3 457 85
RQ4 7.9 1.9

Figure A.2: (a) TEM image of reduced SFM with exsolution, (b) HRTEM lattice
parameter calculations of Fe nano-exsolution and the reduced SFM substrate at
higher magnification.

Figure A.3: HRTEM images of (a) as-prepared SFM particle with inset for lattice
parameter calculations and, (b) reduced SFM particle with inset lattice parameter
calculations.
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t=170s

Figure A.4: (a-i) Stages of exsolution growth of an as-prepared SFM particle under
reducing conditions as seen through in-situ TEM.

SrsFe, sMog g0y ; (SFM15) and SFM-GDC, 1150 *C, 6h

. *GDC & SriFey cMog 0.
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Figure A.5: X-Ray Diffraction pattern of SFM and SFM-GDC after sintering in air
for 6 h at 1150 °C.
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Figure A.6: I-V curves at different temperatures for SroFeMoOg_s in (a) steam
electrolysis, and (b) co-electrolysis. In comparison, -V curves of SroFeMoOg_s-
CepgGdg 2019 for (c) steam electrolysis, and (d) co-electrolysis are shown.
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Figure A.7: Impedance spectra with a variation of temperature measured at OCV
between 750 °C and 900 °C for SroFeMoOg_s in (a) steam electrolysis, and (b) co-
electrolysis. The spectra for SroFeMoOg_s-Ceg sGdg 2019 are shown in (¢) for steam
electrolysis, and (d) co-electrolysis.
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Figure A.8: Polarization variation at 900 °C in 50% H,O + 50% H, measured with
single cells containing (a) SFM and (b) SFM-GDC fuel electrodes.
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Figure A.10: Single cells tested in an atmosphere of 80% CO, + 20% CO at
900 °C with a SroFeMogg5Nig3506_s fuel electrode under constant current load
of —0.5 A -cm™2 for 1000 h. Depicted are (a) current-voltage characteristics, (b)
Nyquist plots, and (c) the corresponding DRT spectra before and after the durabil-
ity test.
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