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Ni-exsolution from perovskites has gained significant attention in the area of electrode materials for fuel and
electrolysis cells due to their potential for high catalytic activity, tolerance to degradation, improved redox-
cycling stability, and regeneration of the nanoparticles. We investigated the exsolution behavior and phase
stability of bulk Sry_,(Tio sFeq 7—,Ni,)Oz_; ceramics at various temperatures and atmospheres. To assess its
tolerance to carbon deposition, Sri_,(Tig3Feq7-,Ni,)Os_; was compared with commonly used Ni-YSZ
materials in the presence of tar-containing biogas. Nanoparticle exsolution was observed in the entire
range of 710-900 °C. Above a reduction temperature of 740 °C,
Sr1_x(Tig 3Feq 7-,Ni,)O3_s partially transforms to a Ruddlesden—Popper phase, while reverting back to the

investigated temperature

perovskite phase during reoxidation. This phase transition resulted in material expansion and the
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Accepted 10th March 2024 formation of cracks. Moreover, exposure of reduced Sr;_(Tig sFeg7-,Ni,)O3_; to ambient air or H,O led
to the formation of secondary phases and fragmentation of sintered pellets. Remarkably, when

DOI: 10.1039/d3ta05813a compared to Ni-YSZ, these materials exhibited no degradation in terms of carbon deposition or Ni
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1. Introduction

Exsolution is defined as the phase separation of a solid solution
due to a miscibility gap under specific conditions." In the
context of catalysis, exsolution refers to the reduction of metal
cations to the metallic state, forming nanosized particles on the
surface.” This process is initiated by exposing the material to
reducing conditions, resulting in the release of oxygen from the
host lattice and thus providing the driving force to exsolve
certain cations.® Perovskite materials are very popular in this
field due to the possibility to be doped with various exsolvable
cations, since adjusting their crystal structure is undemanding
while preserving stability.*

For electrochemical applications such as solid oxide cells
(SOCs), the general approach is to exsolve a catalytically active
metal from its host lattice to achieve enhanced catalytic activity
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dusting after exposure to tar-containing biogas.

and high resistance to degradation due to the higher surface-to-
volume ratio and socketing of the nanoparticles in the host
lattice.

State-of-the-art fuel electrode cermets in SOCs, which consist
of an oxygen ion conductor (e.g., yttria-stabilized zirconia or
gadolinia-doped ceria) and Ni, suffer from significant degra-
dation when exposed to fuels containing higher hydrocarbons
and sulfur species.*” The Ni surface can be poisoned, leading to
a loss of catalytic activity, or carbon deposition can result in
metal dusting. Another concern is the migration of Ni, espe-
cially during electrolysis.® Exsolved and socketed nanoparticles
might be more stable against migration and redox cycling
compared to Ni particles distributed in an ion conducting
ceramic (although they may suffer from Ostwald ripening and
agglomeration).®*" Redox cycling of exsolved nanoparticles
might be an option to self-regenerate degraded -catalyst
particles.">*

In the case of SOCs, a mixed ionic and electronic conductor
(MIEC) is doped with a metal that shows activity towards
hydrogen oxidation or water splitting. Using a single material
instead of a cermet increases the reaction zone as the material
forms a double phase boundary with the gas molecules
(compared to the active triple phase boundaries - pores, oxygen-
ion conducting phase, electron conducting phase - in cermets).
However, despite possessing a certain catalytic activity, they
often cannot match the performance of a typical Ni-containing

This journal is © The Royal Society of Chemistry 2024
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cermet. Furthermore, their electronic conductivity may not be
sufficient for practical operation.*

In this context, the properties of the oxide host lattice after
exsolution are insufficiently investigated. Since the exsolved
nanoparticles are not percolated, their function is very different
from that of a percolated Ni network and the electrode perfor-
mance will strongly depend on the properties of the oxide
backbone. The phase stability of the oxide during the exsolution
process and its influence on mechanical stability of the perov-
skite backbone is not well investigated. It is therefore important
to understand how the loss of a significant amount of B-site
cations influences the physical properties of the oxide.

In this study, we selected Sr;_,(Ti, 3Fe, 5, Ni;)O;_; as a SOC
electrode material to investigate its overall phase stability and
exsolution behavior, as well as its tolerance to degradation from
carbon deposition in tar-containing biogas. To enhance cata-
lytic activity, Ni was added to the B-site to induce exsolution. To
potentially address the problem of limiting electronic conduc-
tivity, particularly in the case of Sr(Ti;_,Fe,)O;_s, the Fe to Ti
ratio needs to be high.'*"

Based on these considerations, we utilized the stoichiometry
SrTiysFe, ;03 5 (STF) and the Ni co-doped stoichiometries
SrTip sFeo.63Nip.0705_5 (STFN) and A-site substoichiometric
Sro.05Ti0.3F€0.63Nig.0703_s (SSTFN). These were also investigated
by e.g. Zhu et al™® and Santaya et al.,'® respectively, reporting
promising electrochemical properties.

Our focus was on characterizing the phase formation in STF,
STFN and sSTFN and its influence on mechanical stability
during reduction in the temperature range of 710 °C to 900 °C.
Additionally, we compared the carbon deposition tolerance in
tar-containing biogas to a Ni-yttria stabilized zirconia (Ni-YSZ)
cermet.

2. Materials & methods

2.1 Materials synthesis

Commercially available powders purchased from Sigma-Aldrich
(St. Louis, USA) were used as precursors: SrCO;, TiO,, Fe,O; and
NiO. The purity of the powders was measured by inductively
coupled plasma optical emission spectrometry (ICP-OES). On
average the powders show only minor impurities <~0.05 wt% (see
Table 1, ESIT). Notable is a 2.78 + 0.15 wt% Si contamination in
NiO and a 0.67 £ 0.03 wt% Mn contamination in Fe,O3

STF, STFN and sSTFN were synthesized using the solid-state
reaction route. STF was employed as a reference to compare the
behavior to non Ni-doped material.

The precursors were mixed, and ball milled in ethanol with
3 mm zirconia milling balls in a weight ratio of 1:1: 1 for 24 h.

Table 1 Particle size distributions of the synthesized STF, STFN and
STFN powders

Material dyo (nm) dso (nm) doo (nm)
STF 0.60 1.10 3.12
STFN 0.69 1.41 5.02
sSTFN 0.55 1.15 3.33

This journal is © The Royal Society of Chemistry 2024
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The powders were dried at 80 °C for 24 h and subsequently
calcined at 1200 °C for 8 h. Since the resulting powders were not
phase pure, they were ball milled again for 24 h. A second
calcination step at 1300 °C for 8 h was performed, resulting in
a monomodal particle size distribution (see Table 1). Particle
sizes were measured in ethanol with a laser scattering particle
size distribution analyzer (Partica LA-950V2, Retsch Tech-
nology). An ultrasonic treatment was used to break loose
agglomerates.

2.2 Microstructure & exsolution analysis

The microstructure and exsolution behavior of the three mate-
rials was analyzed by scanning electron microscopy (SEM) using
a GeminiSEM 450 (Carl Zeiss AG, Oberkochen, Germany)
equipped with an energy-dispersive X-ray spectrometer (EDS)
ULTIMAX 170 (Oxford Instruments, Abingdon, Great Britain).
Powder samples were investigated in their as prepared (ap),
reduced (red) and reoxidized states. The reduction process was
carried out at 900 °C in 50% Ar/50% H, atmosphere for 8 h.
Reoxidation was performed at 900 °C in ambient air. Addi-
tionally, polished cross-sections of pellets reduced at 900 °C
were investigated. To investigate the carbon degradation
behavior, the microstructure of polished cross-sections of
pellets reduced at 710 °C for 3 h in 100% H, and exposed to tar-
containing biogas were analyzed (see Section 2.5). Furthermore,
cross-sections of these pellets reduced at 710 °C were investi-
gated in terms of their exsolution behavior.

2.3 Thermogravimetric analysis

Thermogravimetric analysis (TGA) of the materials was con-
ducted in a NETZSCH STA 449 F1 Jupiter (Erich Netzsch GmbH
& Co. Holding KG, Selb, Deutschland). Redox cycling experi-
ments were performed at 900 °C. The samples were initially
heated up in air with a heating rate of 5 K min~'. The samples
were kept at 900 °C for 4 h to remove organics and reach an
equilibrium state. The respective mass plateau was defined as
a relative mass of 100%. Afterwards, the samples were reduced
in Ar/3% H, for 12 h. This cycle was repeated three times to
study the redox behavior of the materials.

Additionally, the materials were reduced in Ar/3% H, at
temperatures of 710 °C for 3 h and 900 °C for 30 h. The samples
reduced at 710 °C have been reoxidized and cooled down slowly.
Beforehand, the samples were reduced and reoxidized for 3 h
each to remove organic impurities.

2.4 X-ray diffraction and phase analysis of redox and
exsolution stability

The phase formation of the materials was analyzed. Powders
were reduced at temperatures of 710-900 °C in 50% Ar/50% H,
atmosphere for 8 h. A subset of the samples reduced at 900 °C
was subsequently reoxidized at 900 °C for 8 h in ambient air to
assess their redox stability. X-ray diffraction (XRD) analysis of
the samples was performed using a Bruker D4 endeavor X-ray
diffractometer. The phase composition was analyzed using
a polynomial fit to determine the position of the diffraction
lines, and a subsequent Rietveld refinement method. During
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certain reduction experiments, Ruddlesden-Popper (RP) phases
were formed. Since the exact stoichiometries of the RP-phases
are unknown due to broad reflexes and material instabilities
in ambient air, the stoichiometries were assumed to be
Sr,Tiz040, ST, TiO, (ST-RP) and Sr;Fe,O4 (SF-RP) for the purpose
of Rietveld refinement to estimate the quantities of the original
perovskite, the formed RP-, and nanoparticle phases.

For analysis of the secondary phase formation, upon
exposing the materials to ambient air or H,O, pieces of pellets
that fragmented were used for the XRD analysis. These pellets
were prepared analogously to the pellets prepared for carbon
degradation experiments (see Section 2.5) but reduced at 900 °C
in 50% Ar/50% H, atmosphere.

2.5 Carbon degradation experiments & Raman analysis

For carbon degradation experiments, the materials were
pressed into pellets with 10 wt% starch and a drop of glycerine
as a binder. A uniaxial press was used to apply a pressure of
60 MPa for 120 s, resulting in pellets with a diameter of 25 mm.
The pellets were sintered at 1300 °C for 4 h, yielding samples
with a diameter of ~20 mm. The heating rate was initially set to
2 K min~" up to 500 °C to remove the binder. Subsequently, the
heating rate was increased to 5 K min~".

The porosity of the pellets was investigated using the
Archimedes principle according to DIN 66137-3 and by image
analysis of cross-sections using the software Fiji.

The carbon degradation behavior was investigated in a self-
built tube reactor invented by the Technical University of
Munich. The samples were placed on a Ni-mesh on top of
a heated double tube. The gas flow originates from the bottom
of the outer tube, flows through the sample, and leaves the
reactor through the inner tube. The gas composition is
controlled by mass flow controllers (EL-Flow Prestige, Bronk-
horst Deutschland GmbH). For the H,O fraction a liquid flow
controller (Liqui-Flow, Bronkhorst Deutschland GmbH) was
used, since it is vaporized shortly before mixing with the other
components.

The pellets were reduced in situ at 710 °C (the maximum
temperature reached by the test rig at that time) for 3 h in 100%
H, atmosphere, since pellets pre-reduced at 900 °C fragmented
during transport. 18 g N m > of toluene as a model tar was used
to assess the degradation behavior of the materials. The tar was
dosed to an artificial bio-syngas for 3 h. The artificial biogas
contained 25 vol% H,/10 vol% CO,/10 vol% CO/5 vol% CH.,/
50 vol% H,O. Between changing the gas atmospheres, the
sample chamber was purged with N,.

After carbon degradation experiments, Raman analysis was
conducted on all materials using an inVia Qontor distributed by
Renishaw. Several point measurements were performed with
a 532 nm laser. Data was collected in a wavenumber range of

~70-800 cm ™ * and ~1260-2300 cm ™.

2.6 Conductivity measurements

The ohmic resistances of the materials have been estimated
using electrochemical impedance spectroscopy (EIS). The high-
frequency intercept was evaluated to estimate the total ohmic

9134 | J Mater. Chem. A, 2024, 12, 9132-9146

View Article Online

Paper

resistance of the sample. Compacted samples were used,
similar to the ones used for degradation experiments (see
Section 2.5). Impedance measurements were conducted in Ar/
3% H, at temperatures between 600 and 900 °C. Frequencies
between 10°-10~* Hz were applied with a Novocontrol Alpha-A
frequency analyzer in a tube furnace. A Pt layer was applied
on top and bottom of the pellets to improve contacting between
the samples and the Pt-mesh electrodes of the potentiostat.

3. Results

3.1 Powder characterization

After one calcination step, the powders contained some
secondary phases identical to the precursor materials. After
a second ball milling and calcination step, STF and STFN
powders were phase pure and showed no additional reflexes
according to XRD. For sSTFN minor reflexes are present indi-
cating NiO (see Fig. 1). Broad reflexes around ~12.5-20° are due
to adhesive tape used for sample preparation.

The stoichiometry and purity of the synthesized powders
were investigated by ICP-OES. The nominal stoichiometries
according to ICP-OES are given in Table 2. The synthesized
powders showed some minor impurities (Si, Co, Mn and main
group II elements), most likely due to impurities in the
precursor materials.

The synthesized and ball milled STF powder (as prepared)
consists of square shaped, sharp-edged particles. Furthermore,
some relatively small primary particles <50-100 nm are present
(see Fig. 2).

The as prepared STFN and sSTFN powders exhibit a more
rounded shape compared to STF. Particle size distribution is
comparable to STF (see Table 1). Similar to STF, some small
primary particles are visible. Additionally, if Ni is present in the
perovskite some lichen-like, melted-looking phases form on the
facet of the particles and at the grain boundaries (see Fig. 2(d);
additional SEM micrographs are shown in Fig. 1, ESIT). Theses
lichen-like structures show similar material contrast to the bulk
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Fig. 1 Diffractograms of the as prepared STF, STFN and sSTFN
powders. Yellow diamonds denote NiO reflexes.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Stoichiometries of the synthesized powders according to ICP-OES measurements

Sr (mol%) Ti (mol%)

Fe (mol%)

Ni (mol%)

Target Impurities
Material ~ value Actual value  Target value  Actual value  Target value  Actual value  Target value  Actual value  (mol%)
STF 50.0 50.5 £ 1.5 15.0 149 £ 0.3 35.0 34.0 £0.9 — — ~0.6
STFN 50.0 504 £ 1.3 15.0 151+ 04 31.5 30.7 £ 0.9 3.5 3.3+0.2 ~0.5
SSTFN 48.7 49.1 £ 1.4 15.4 154 £ 0.4 32.3 316 £1.1 3.6 34+01 ~0.5

in backscattered electron (BSE) micrographs (see Fig. 1(b),
ESIt).

Some minor grains are observed which do not seem to
belong to the perovskite phase. We assume these grains belong
to leftovers of unreacted NiO precursors since these particles do
not exsolve nanoparticles upon reduction and due to the indi-
cation of NiO reflexes for as prepared sSTFN.

3.2 Microstructure and exsolution analysis

SEM analysis was performed on powder samples reduced and
reoxidized at 900 °C. The SEM micrographs are shown in Fig. 2.
Initially, it was intended to use pellets pre-reduced at 900 °C for
carbon degradation experiments. The pre-reduced pellets frac-
tured overnight and during transport after being exposed to
ambient air (further discussed in Section 3.5). Cross-sections of
pieces of these fractured pellets were investigated (see Fig. 3).
Therefore, pellets were reduced in situ at 710 °C (maximum

temperature of the test rig), where they remained stable. After
carbon degradation experiments, cross-sections of these pellets
were examined (for an example of STFN, see Fig. 4). Due to
material instabilities, low accelerating voltages had to be
chosen, which resulted in low signal-to-noise ratios. In addi-
tion, lower accelerating voltages improve lateral resolution.
Therefore, the accelerating voltage was adapted according to the
samples’ properties and desired resolution. In case the accel-
erating voltage was insufficient to resolve the respective spectral
line, the signals were omitted from the analysis.

STF powder forms Fe nanoparticles with a diameter of ~50-
130 nm upon reduction at 900 °C. They seem to be randomly
distributed on the facets of the grains. The number of particles
tends to decrease after reoxidation. A fraction of the particles
remains stable but some agglomerate. In contrast to XRD
analysis, nanoparticles are still present after reoxidation (the
fraction might just be too low to be resolved with XRD). During

Fig.2 SEM micrographs for STF, STFN and sSTFN in (a, d, g) as prepared, (b, e, h) reduced at 900 °C in 50% Ar/50% H, and (c, f, i) reoxidized state.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Cross-sections of (a) STF reduced at 900 °C in 50% Ar/50% H,,
(b) STFN reduced at 900 °C in 50% Ar/50% H, and (c) STFN reduced at
900 °Cin 50% Ar/50% H, and reoxidized at 900 °C in air, analyzed with
EDS.

reduction and reoxidation, parts of the grains start to form
small cracks in investigated powder.

SEM and EDS analyses of cross-sections (of a fractured
pellet) reduced at 900 °C show severe crack formation in the
structure (see Fig. 3). It is visible that exsolution is not just
limited to the surface, but also bulk exsolution takes place.
Furthermore, some larger Fe particles are present. There seem
to be spots where the number of nanoparticles increase (as in
STFN) but this needs more detailed investigation.

A pellet reduced at 710 °C shows no cracks (see Fig. 2, ESI{).
It is not clear whether Fe nanoparticles exsolve at 710 °C since

9136 | J Mater. Chem. A, 2024, 12, 9132-9146
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the as prepared material contains small primary particles.
Exsolution takes place sporadically at best.

STFN powder forms NiFe nanoparticles with a diameter of
~30-130 nm upon reduction at 900 °C. They uniformly cover
the whole area of the grains. Exceptions are the unreacted NiO
precursor particles which do not exsolve nanoparticles (see
Fig. 2(e)). Additionally, the average size of the nanoparticles in
STFN appears to be smaller when compared to STF. After
reduction, the material forms cracks similar to STF at 900 °C.
The lichen-like phases on the surface vanish.

The material cracks further during reoxidation. The nano-
particles partially agglomerate, resulting in the formation of
larger particles with a diameter of up to approximately 850 nm
(see Fig. 2(f)). In the vicinity of the agglomerated particles, the
surface shows a depletion of nanoparticles.

Cross-sections of a fractured STFN pellet reduced at 900 °C
show bulk exsolution (see Fig. 3(b)). For better visibility of the
nanoparticles backscattered electron micrographs with a higher
magnification are shown in the ESI,} Fig. 3. The structure shows
prominent cracking after reduction and reoxidation. The reason
why the cross-sections of the pellets reduced at 900 °C are not
flat and look aged will be discussed in Section 3.5.

Powder and pellets reduced or reduced and reoxidized at
900 °C exhibit larger particles (~500-1500 nm). These particles
primarily consist of an Ni/Fe alloy, while some of the larger
particles solely consist of Ni (see Fig. 3(c)).

EDS mapping of the cross-section of a pellet reduced at 710 °C
reveals that Ni nanoparticles nucleate at the grain boundaries
(see Fig. 4). It is not clear if Ni also segregates at grain boundaries
of the as prepared material or if this accumulation is solely due to
exsolution. Compared to pellets or powder reduced at 900 °C no
or just some minor cracks between the grains form after reduc-
tion and reoxidation.

sSTFN powder and pellets behave similarly after reduction
and reoxidation compared to STFN (see Fig. 2(g-i)).

EDS analysis of a cross-section of the pellet reduced at 900 °C
reveals bulk exsolution (see Fig. 4, ESIt). Similarly, the pellet
reduced at 710 °C shows preferable nucleation of Ni at the grain
boundaries (see Fig. 5(a), ESIt).

All materials exhibit a notable increase in crack formation
and Fe exsolution when reduced at 900 °C which is not
observable after reduction at 710 °C.

3.3 Thermogravimetric analysis

The thermal decomposition behavior of the materials was
investigated by thermogravimetric analysis in air and Ar/3% H,.
The results of the cycling experiments are shown in Fig. 5(a). As
can be seen in Fig. 5(a), some loss of mass typically occurs
during the first heating ramp, which is likely due to the evap-
oration of contaminations like humidity or carbonate species,
and the loss of oxygen during heating. In order to unambigu-
ously correlate mass loss to oxygen loss in the isothermal
measurements, samples were exposed to cycling experiments,
where the materials were reduced for 12 h in Ar/3% H, followed
by reoxidation for 4 h in air, repeated three times consecutively.
The reversible mass loss in Ar/3% H, and mass gain in air is

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 EDS analysis of a cross-section of STFN reduced at 710 °C in 100% H,, analyzed with EDS (black spot belongs to a pore).

clearly due to reduction and oxidation, therefore the reversible
mass loss in the TGA experiments can be clearly assigned to
oxygen loss.

At a reduction temperature of 900 °C, none of the materials
reach an equilibrium oxygen non-stoichiometry ¢ after 12 h. At
the beginning of the reduction, an abrupt initial mass loss in
the first ~5-10 min is observable, followed by a constant but
more moderate mass loss. The initial mass loss is ~1.2% for
STF, ~1.6% for STFN and ~1.7% for sSTFN. After 12 h reduc-
tion, STFN exhibits a higher mass loss compared to STF (~0.3%)
while sSTFN loses about 0.6% more mass than STF. After
reoxidation, the materials tend to reach their initial mass again.

Since an equilibrium was not reached after 12 h at 900 °C in
the cycling experiments, the materials were further reduced for
30 h at 900 °C in Ar/3% H, (see Fig. 5(b)). Again, an abrupt
initial mass loss occurred, but even after 30 h, no equilibrium
was reached at 900 °C. Initially, STFN exhibited a faster mass
loss compared to STF, but both materials ended up with a mass
loss of approximately 8% after 30 h of reduction. sSTFN expe-
rienced a mass loss of around 8.5% after 30 h of reduction. The
initial mass loss (pre-reduction) is assumed to be due to the
reduction and oxygen release of the materials without metal

This journal is © The Royal Society of Chemistry 2024

Ni L series

exsolution. The subsequent constant mass loss, which is likely
kinetically limited compared to the materials’ pre-reduction, is
attributed to further oxygen release accompanied by metal
exsolution. The exsolution process is initiated after a critical
amount of oxygen is released from the lattice, resulting in the
reduction of the cations.® The results indicate that the materials
constantly release oxygen and potentially exsolve nanoparticles
while not reaching an equilibrium at 900 °C after 30 h of
reduction.

When the materials are reduced at 710 °C for 3 h (see
Fig. 5(c)), the initial abrupt mass loss was still observed and is
comparable to the reduction at 900 °C. The subsequent mass
loss is significantly lower compared to reduction of the mate-
rials at 900 °C (approximately 2.5% for STFN and sSTFN and
2.1% for STF). The samples tend to almost reach an equilibrium
at 710 °C but due to the short reduction time the mass loss did
not fully equilibrate. The initial oxygen release provides the
driving force (critical oxygen deficiency) for the exsolution of
metallic cations.”® However, the equilibrium of the oxygen
release accompanied by exsolution is likely temperature-
dependent.

J. Mater. Chem. A, 2024, 12, 9132-9146 | 9137
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Fig.5 TGA analysis of STF, STFN and sSTFN. Blue regions represent air
atmosphere, while white regions represent Ar/3% H, atmosphere. (a)
Cycling experiments conducted at 900 °C, during which the materials
underwent a reduction phase for 12 h followed by a subsequent
reoxidation period for 4 h. This cyclic process was repeated three
times. (b) Reduction of the materials at 900 °C for 30 h. (c) Reduction
of the materials at 710 °C for 3 h, followed by 1 h of reoxidation and
subsequent cooling down to room temperature (25 °C).

In the upcoming Section 3.4 we will also provide data that
reveal a phase transition if the materials are reduced above
a critical temperature. We occasionally observe drifts in the
mass signal during the experiments, such as mass gain after
reduction and during exsolution. Currently, we attribute these
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drifts to measurement artifacts like buoyancy or an unsteady
gas atmosphere.

The equilibrium oxygen non-stoichiometry ¢ of the materials
was determined based on the observed mass plateaus. To
calculate 4, the thermodynamic model of Wagner® was
employed, which was adapted by Nenning et al.** Therefore,
some assumptions were made to calculate ¢. The differential

)
dlog(pO,)
in their oxidation states of Sr**, Ti*" and Fe**. The minimized
value corresponds to the measured mass plateaus or an equi-
librium oxygen stoichiometry under the given measurement
conditions. In our case, this leads to a ¢ of 0.350, 0.455 and
0.505 for STF, STFN and sSTFN, respectively. That the cations Sr
and Fe in fact prefer the above-mentioned oxidation states was
confirmed by Mdssbauer spectroscopy.”*** Although we were
not able to obtain p(O,) values during our measurements, it can

i)
be assumed that ———— is sulfficiently p(O,)-independent at

6log(p02)

710 °C.>*?¢ According to these assumptions, we calculated the
oxygen stoichiometries for the samples close to equilibrium in
air at 710 °C and after cooling down in air to 25 °C (see Table 3).

To calculate the d-values for the Ni-doped compositions
STFN and sSTFN, we assume that Ni is fully exsolved at the
equilibrium state under low p(O,) (which is not the case
according to XRD analysis presented in Section 3.4 and indi-
cated by EDS analysis in Fig. 4).

In its fully oxidized state, Fe is conventionally presumed to
be present as Fe*". However, due to suboptimal cooling condi-
tions, the average oxidation state of Fe might diverge from Fe*".

is minimized when the respective cations are present

3.4 Redox and exsolution stability

The phase stability during reduction was investigated using
XRD analysis. The diffractograms are shown in Fig. 6. The
calculated relative phase distributions, according to Rietveld
refinement, are shown in Fig. 7 (the exact values are shown in
Table 2; ESIT). Upon reduction, all materials exhibited broad-
ening and a shift towards lower 20 angles of the perovskite
reflexes, indicating increased lattice disorder and chemical
expansion, respectively, due to the release of oxygen from the
lattice. At a temperature of 780 °C, the emergence of metallic Ni/
Fe reflexes was observed for STF and STFN, indicating the
process of exsolution. In the case of sSTFN, metallic Ni/Fe
reflexes were observable starting at 710 °C. Since Ni and Fe
reflexes share similar 26 angles and the corresponding peaks in
this analysis are broadened, presumably due to the exsolution
of either Ni, Fe or their alloys in different compositions, the

Table 3 Calculated oxygen non-stoichiometries 3 — ¢ for reduced
and reoxidized (710 °C and 25 °C in air) for STF, STFN and sSTFN

Reduced Oxidized Oxidized
Material 3 — 6 (710 °C) 3 —3 (710 °C) 3 -3 (25°0)
STF 2.650 2.872 2.965
STFN 2.545 2.821 2.918
SSTFN 2.495 2.768 2.852

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Diffractograms for (a) STF, (b) STFN and (c) sSTFN in their as
prepared, reduced (at 710—900 °C in Ar/50% H,) and reoxidized (at
900 °C for 3 hin air) state. Red squares denote the perovskite phase,
blue triangles Ruddlesden—Popper phases, black circles metallic Fe/Ni
phases, green pentagons denote a strontium ferrite perovskite phase,
and yellow diamonds iron or nickel oxide phases.

fraction of metallic reflexes was summed up for the purpose of
the analysis.””*® The amount of exsolved nanoparticles is higher
for sSTFN. In SEM micrographs of pellets used for carbon

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 Relative phase distribution for (a) STF, (b) STFN and (c) sSTFN
reduced at temperatures of 720-900 °C in 50% Ar/50% H, for 8 h and
reoxidized at 900 °C in air for 8 h.

degradation experiments, the exsolution of nanoparticles is
visible starting at 710 °C for STFN and sSTFN (see Fig. 4). For
STF exsolution appears at best sporadically at 710 °C. Due to the
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Fig. 8 Diffractograms for sSTFN recently reduced (at 900 °C in 50%
Ar/50% H,), reduced and stored in ambient air for 4 weeks or
immersed into H,O. Brown stars denote potential secondary phase
reflexes (e.g., strontium hydroxides or iron(oxide)-hydroxides).

detection limit of XRD being approximately 1-2 vol%, the
method is not suited to resolve the nanoparticle fraction at
reduction temperatures below 780 °C. For sSTFN the exsolution
process is even detectable at 710 °C with XRD, indicating that
exsolution is thermodynamically favored compared to the stoi-
chiometric material. The nanoparticle reflexes shift with rising
temperature, presumably due to the higher iron content in the
Ni/Fe nanoparticle alloys. These reflexes become more prom-
inent with rising temperature. Furthermore, with rising
temperature the perovskite reflexes broaden, and at 780 °C,
reflexes related to a Ruddlesden-Popper (RP) phase appear for
STFN and sSTFN. In the case of STF, a sudden transition to the
RP phase at a higher temperature of 860 °C occurs, coupled with
a rapid increase in Fe nanoparticle exsolution. The slower
exsolution response observed in STF, compared to STFN and
SSTFN, suggests that the RP phase transition occurs after
a certain amount of oxygen release and cation exsolution has
taken place. For all materials the RP-reflex is split up again at
860 °C, indicating the formation of two RP phases. Interest-
ingly, at 900 °C the amounts of RP-phases and nanoparticles
decrease. As the measurements were not conducted in situ but
rather with similar but separate samples of the same material
sintered at different temperatures sequentially, it is possible
that the observed effect could be related to the samples them-
selves. Since samples of the three different stoichiometries were
sintered together at the respective temperatures in the same
furnace, it is conceivable that issues related to furnace
temperature gradients or the Ar/H, gas atmosphere heteroge-
neities may have arisen. This issue will require further investi-
gation. In general, a temperature dependency of the exsolution
behavior and the phase transition is evident.

The samples reduced at 900 °C were subsequently reoxidized.
After reoxidation STFN and sSTFN transition back to the perov-
skite phase, although parts of the exsolved nanoparticles remain
on the surface and form oxides. According to XRD the exsolved
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Fig. 9 SEM micrographs of (a and b) reduced (710 °C) and (c) reoxi-
dized STFN and (d) 8YSZ after carbon degradation experiments. (a and
d) Show SE and (b and c) show backscattered electron (BSE)
micrographs.

This journal is © The Royal Society of Chemistry 2024
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Fig.10 Raman spectra for (a and b) STF, (cand d) STFN, (e and f) sSSTFN and (g and h) Ni-8YSZ in reduced state (red) and after carbon degradation
experiments (tar).

fractions decrease after reoxidation. For STF, small amounts of phase, while no metal oxide fraction is detectable. This indicates
a strontium ferrite perovskite phase (SrFe;,0,0, SF-P) form, but a partial reintroduction of the exsoluted metals back into the
most of the material transitions back to the original perovskite perovskite lattice. It should be noted that, due to the broad nature
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of the reflexes, the assignment of the phases for the purpose of
Rietveld refinement is not distinct. Therefore, the calculated rela-
tive phase distributions indicate a broader trend.

3.5 Mechanical and moisture stability

Upon reduction at 900 °C, all materials form cracks in the grains.
Furthermore, pellets that were reduced at 900 °C fractured and
completely disintegrated during prolonged exposure to ambient
air (4 weeks) or immersion in H,O (24 h). Pellets reduced at 710 °C
maintained mechanical stability. Diffractograms for sSTFN
samples recently reduced, after four weeks of storage in ambient
air, and after 24 h exposure to H,O are shown in Fig. 8. Samples
stored in ambient air or immersed in H,O show broadened
reflexes. Additionally, some new minor reflexes appear. The dif-
fractograms indicate the formation of strontium hydroxides and
iron(oxide)hydroxides. However, due to the broadened reflexes, the
precise determination of the emerging side phases by XRD alone is
not feasible. After embedding, grinding (using water as a coolant),
and polishing, the prepared cross-sections exhibit signs of aging,
displaying an irregular and non-flat surface, revealed in the
subsequent SEM analyses (see Fig. 3, additionally secondary elec-
tron (SE) micrographs with topographic information are shown in
Fig. 6, ESIT). This further indicates that the materials are not stable
in atmospheric conditions or moisture/contact with H,O. These
phenomena are not observed for pellets reduced at 710 °C, sug-
gesting that the mechanical instabilities are triggered by
pronounced metal exsolution, the accompanied phase transitions
and potential secondary phase formation within the materials.

3.6 Carbon degradation behavior & Raman analysis

Due to the mechanical instabilities of pellets reduced at 900 °C
and heating limitations of the test rig, pellets for carbon
degradation experiments were reduced in situ at 710 °C.

The fabricated pellets possess a porosity of approximately
25-28 vol%, which is comparable to the reference Ni-YSZ
substrate material.

For the reference Ni-YSZ substrate material, severe degra-
dation in terms of carbon deposition and Ni dusting was
observed. The whole sample decomposed and turned black.
Fig. 9(d) shows a SEM micrograph of the carbon-degraded
sample. The Ni grains show carbon deposition in the form of
fibers which disintegrate the microstructure. Raman measure-
ments confirmed carbon in the structure due to the presence of
the amorphous and graphitic carbon D’ and G’ band signals at
~1350 and ~1580 cm ™" (see Fig. 10(h)).2**

In contrast to Ni-YSZ, STF as well as STFN and sSTFN show no
signs of carbon-related degradation or Ni dusting either in the bulk
or the nanoparticles. SEM micrographs show the clean material
surfaces without any presence of carbon deposition (see Fig. 9(a)
and (b)). Raman spectra taken at different spots of the samples
confirm the absence of carbon D’ and G’ band signals. It should be
noted that potentially formed carbon species on the materials
might have decomposed during cooling.

Moreover, we provide Raman data for the reduced materials
stoichiometries, up to a wavenumber of 2300 cm ™ (see Fig. 10).
The detection of vibrational modes for the materials provides
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evidence that they deviate from the ideal cubic perovskite
structure.** Metallic Ni exhibits no allowed Raman mode. Peak
broadening may be attributed to the presence of cationic
defects and oxygen vacancies. Defects might not be distributed
homogeneously throughout the sampling area. The signals in
the range of 200-400 cm™* and 550-800 cm " are related to Ti-
O bonds. Signals around 200, 300, 600 and 700 cm " are related
to Fe-O bonds, but they partly overlap with the Ti-O
signals.>»**>* All materials exhibit a broad signal around
1440 cm ™" which could be related to two magnon scattering
(observed in SrFeO;_; at ~1350-1400 cm ').>* The obtained
spectra exhibit a low signal-to-noise ratio, likely attributed to
a certain roughness of the surfaces of the investigated pellets.
Furthermore, some signals shift slightly, likely induced by
locally varying chemical configurations due to different
sampling spots.

Following carbon degradation experiments, transformations
of the materials’ surfaces were observed that were in contact
with Ni. In the tube reactor, Ni meshes are commonly used for
sample placement, given the presence of Ni in common elec-
trode materials or substrates for SOCs. The surface of all
materials that are in direct contact with the Ni-mesh forms
a melted-looking layer after degradation experiments. This layer
still consists mainly of bulk perovskite (see Fig. 7, ESIt). After
reoxidation, this layer shrinks and forms islands (see Fig. 9(c)).

3.7 Conductivity

STF shows the highest overall conductivity, followed by STFN
and sSTFN (see Fig. 11). The higher iron content of STF seems to
have a higher impact on the total conductivity compared to
further doping with Ni and exsolved Ni/Fe nanoparticles. The
obtained values are in the same order of magnitude compared
to literature,">*>*¢ although the samples have a certain porosity
(~25%).
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Fig. 11 Arrhenius plot of the specific conductivity for STF, STFN and
sSTFN, measured at temperatures of 600-900 °C in Ar/3% H,.
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4. Discussion

As we have examined the materials as potential candidates for
SOC electrodes (or other suitable electrochemical devices) to be
used in practical applications, the discussion will primarily
focus on the results in this context. When considering a mate-
rial for a SOC electrode, certain requirements need to be met,
with cost aspects being neglected for the time being. These
requirements include: (i) sufficient electrical and ionic
conductivity, (ii) sufficient catalytic activity, (iii) degradation
and carbon deposition tolerance and (iv) electrochemical,
chemical and mechanical stability during fabrication and
operation conditions.

We will discuss the suitability of STFN and sSTFN as SOC
electrode materials in the following. In this study, we mainly
focused on carbon deposition tolerance and stability-related
aspects.

Data for electrochemical evaluation have been reported
elsewhere.*®"

Synthesis of a relative phase pure STF, STFN and sSTFN is
rather uncomplicated if the precursors are milled down to
similar particle sizes and if a calcination temperature of at least
1200 °C is employed. Impurities and secondary phases are
below the detection limit of XRD. Some secondary phases and
left-over precursors (primarily NiO) are present, potentially due
to the solubility limit of Ni. For SrTiO;_;, the suggested solu-
bility limit is about 5 atom%.*>” Minor impurities of NiO are
unlikely to significantly impact the electrochemical perfor-
mance. It has been demonstrated that lower calcination
temperatures (<1100 °C) can lead to the formation of Ni
perovskite secondary phases and RP phases in Ni-doped
SITiO;_5 %

Interestingly, the SEM analysis indicates that Ni(O) has an
influence on the sintering/calcination behavior and potentially
induces the formation of a transient liquid phase with the
perovskite. This assumption is based on the presence of the
lichen-like structures on the grains of Ni-doped STF after calci-
nation, resembling melted material that solidified upon cooling.
Additionally, similar melted-like structures were observed on
pellets that were in contact with a Ni-mesh during carbon
degradation experiments. The presence of Ni(O) is known to serve
as a sintering aid and enhance cation diffusion in perovskite
materials, as observed in compounds like Ba(Zr,Ce,Y)O; 5™
This behavior has also been documented in fluorite-type mate-
rials such as yttria-stabilized zirconia** or gadolinia-doped
ceria.**™°

After an initial pre-reduction of the materials, exsolution takes
place in reducing conditions starting at 710 °C (for Fe-exsolution
in STF probably later around 740-780 °C). At 710 °C the oxygen
release and exsolution of metals reach an equilibrium. Reduction
at 900 °C leads to an increase in exsolved nanoparticles while no
equilibrium is reached within 30 h of reduction, indicating
continuous oxygen release and possibly exsolution beyond this
point. The exsolution process is triggered by the oxygen loss of the
host material. Therefore, after a certain pre-reduction, exsolution
begins. It is expected that a higher degree of oxygen non-
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stoichiometry and faster oxygen release kinetics will enhance
the amount of exsolved nanoparticles.*

The exsolution of Ni (and probably Fe) in STFN is thermo-
dynamically favored in comparison to Fe exsolution in STF.
Furthermore, the exsolved Fe nanoparticles in STF are fewer by
number and larger on average compared to Ni/Fe nanoparticles
exsolved in STFN and sSTFN. The doping with Ni reduces the
onset temperature for Fe reduction.*” The Sr-substoichiometry
further enhances the amount of released oxygen and favors
metal exsolution. Due to the high nanoparticle coverage
observed on both STFN and sSTFN (particularly after reduction
at 900 °C), it is reasonable to assume a certain level of catalytic
activity.

All materials undergo a phase transition from the perovskite
to a RP phase when the reduction temperature exceeds about
820-860 °C for STF and 740-780 °C for STFN and sSTFN. This
phase transition is accompanied or induced by an increase in
exsolved nanoparticles. The calculated relative phase distribu-
tions indicate that sSTFN is slightly more stable compared to
STFN since the formed amounts of RP-phases is lower, while the
nanoparticle fraction is even larger. Notably, the investigated
pellets reduced at 710 °C, which exhibit preferential Ni exsolu-
tion for STFN and sSTFN, do not undergo a phase transition.
This suggests that the RP-phase transition may be triggered by
the exsolution of a critical amount of Fe. Furthermore, the
transition of STF to the RP phase is accompanied by a sharp
increase in the content of Fe nanoparticles.

The conductivities of the synthesized materials are in the
same order of magnitude compared to literature (see Section
3.7). Although the conductivity is improved by a high Fe content
in the perovskite, it still might be insufficient since the common
Lag ¢Sro.4C0g2Fey3s03_5 SOC air electrode material exhibits
approximately two orders of magnitude higher conductivity."”
Therefore, further doping may be required where Co might be
a suitable candidate.*®

Regarding the carbon degradation tolerance in tar-
containing biogas, the materials show promising properties.
In fact, none of the materials exhibit any degradation under the
same experimental conditions, in contrast to a common Ni-YSZ
cermet. The improved degradation tolerance is probably related
to socketing of the nanoparticle and a strong host-particle
interaction.® These factors hinder the tip-growth mechanism of
carbon, wherein carbon dissolves into the Ni-lattice and grows
at the Ni-oxide interface, thereby suppressing carbon
deposition.*

Regarding all the above discussed properties STFN and
SSTFN might be suitable SOC electrode materials.

One of the major challenges associated with STFN and
sSTFN as metal exsolution electrodes, both in practical SOC
applications and potentially in other fields of use, is their
chemical and mechanical stability. At a certain degree of oxygen
non-stoichiometry and accompanied metal exsolution the
perovskite transitions to RP-phases. These phase transitions are
temperature-dependent and initiated at temperatures around
740-780 °C for STFN and sSTFN (and 860 °C for STF). Impor-
tantly, these temperatures fall within the range of typical
application temperatures for SOC materials. The Sr-
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substoichiometric sSTFN seems to be slightly more stable
compared to STFN, indicating that the initial A-site deficiency
stabilizes the host during exsolution of B-site cations. The phase
transition might not be a hindrance in terms of conductivity.>

The essential problem is the mechanical stability of com-
pacted or sintered structures. The processed pellets were not
mechanically stable in a sense that they fragmented after
reduction at 900 °C, despite having a porosity of approximately
25%. Samples reduced and reoxidized at 900 °C show severe
cracking. Furthermore, Fe exsolution tends to increase
(compared to pellets reduced at 710 °C). The transition back to
the perovskite phase during reoxidation, along with the
accompanying volume change, is likely to further worsen the
materials' stability over multiple redox cycles. Furthermore,
agglomeration of nanoparticles was observed after reoxidation,
which is likely to intensify during subsequent redox cycling.

The long-term exposure to ambient air or short-term contact
with H,O exacerbates fragmentation of the materials. Consid-
ering the operational temperature of a SOC reaching up to 900 °C
and the presence of water vapor during SOC applications, either
in fuel cell or in electrolysis mode, STEN and sSTFN might lack
phase and mechanical stability under operating conditions. At
first, the present p(O,) and temperature lead to the desired
exsolution but potentially also to further oxygen release and
RP-phase transition. Subsequently, when exposed to a certain
water vapor partial pressure (p(H,O)), secondary phase forma-
tions can take place. In a real electrode structure, this would lead
to deterioration of the microstructure, potentially worsening the
contact at interfaces between the electrode and electrolyte.
Furthermore, the loss of contact between individual grains can
significantly impact the ionic and electronic percolation paths. In
the worst-case scenario, the entire electrode may be destroyed.

Nevertheless, porous and thin layers on a mechanically
stable substrate might be more tolerant against internal
stresses as Zhu et al.'® were able to measure electrochemical
properties in model cells up to 850 °C. Notably, their Ni-
exsolution electrode layers were pre-reduced in situ at 850 °C.
Furthermore, under real operating conditions the fuel gas is
balanced by steam which might stabilize the materials by
equilibrating the oxygen release and thus the nanoparticle
exsolution and RP phase transformation. Therefore, further
experiments need to be conducted under more realistic oper-
ating conditions.

There might be some reasons for the observed mechanical
instability and cracking of the materials reduced at 900 °C: (i)
the RP phase transition during reduction (and reoxidation)
resulting in a volume change of the unit cell which induces
strain in the material, (ii) the loss of oxygen during reduction
and the possible oxygen uptake in ambient air or water leads to
chemical strain, (iii) during exposure to ambient air and
moisture (or H,0) segregated Sr(O) (a common phenomenon in
perovskites and shown for STFN' and SOC air electrode like
(La,Sr)(Co,Fe)O3;_;°") and exsolved Fe/Ni nanoparticles form
secondary phases, e.g. strontiumhydroxides® and iron(oxide)-
hydroxides® (corrosion). Since nanoparticles have a high
surface area and the forming secondary phases might have large
volumes, the pellets fragment. For example, Fe(OH), possesses
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a volume 3.5 times higher than Fe, and Fe;0,4 has a volume 5.9
times higher than Fe.** The reactions are favored in H,O
compared to ambient air.

It remains unclear which of these factors is the predominant
cause of the mechanical instability observed. The observed bulk
exsolution, especially of Fe, could be a severe problem regarding
mechanical stability, especially if the mentioned secondary
phases form.

Pellets of all materials, reduced in situ at 710 °C, seem to be
mechanically stable, meaning they did not fragment. They do
not reveal pronounced Fe bulk exsolution compared to pellets
reduced at 900 °C. This indicates that (bulk) exsolution, phase
transitions, and the accompanied effects like secondary phase
formation and volume changes are the triggers for crack
formation.

This investigation highlights the existence of a temperature
and p(O,) range within which STFN and sSTFN can be poten-
tially utilized for SOC operations. It is reasonable to expect that
other exsolution materials may also possess such operating
windows where the perovskite remains stable while exsolution
takes place. Consequently, greater emphasis should be placed
on evaluating the (mechanical) stability of potential SOC
materials in the context of exsolution. Although the initial
properties of STFN and sSTFN appear promising for SOC
applications, their practical applicability is potentially
compromised by the necessity to operate within a specific
temperature range and by the presence of low and high H,O
partial pressures. To use STFN and sSTFN in an SOC, either the
operation temperature must be lowered or precise control of the
exsolution process and phase stability may be required,
(potentially by restricting exsolution to the material's surface or
a refinement of the microstructure) while maintaining its
desirable properties.

5. Conclusion

SrTiy 3Fey ;035 and its Ni-doped analogues SrTij 3Feg 63Nig 07035
and Sry.95Tip 3Fe.63Nip.0703_5 were successfully synthesized as
potential SOC exsolution fuel electrode materials. Most of the
materials were phase pure, according to XRD, but some minor
particles of the precursors were still present, presumably NiO. The
total conductivity is comparable to literature values. The exsolu-
tion of Ni/Fe nanoparticles was observed at temperatures of 710-
900 °C. Samples reduced at 710 °C show preferential Ni nucle-
ation at grain boundaries. Bulk exsolution occurred, particularly
at a reduction temperature of 900 °C and pronounced in the case
of Fe.

TGA analyses under reducing atmosphere reveal an abrupt
mass loss in the beginning, attributed to the pre-reduction of
the materials, which triggers the exsolution process. The
materials tend to reach an equilibrium oxygen non-
stoichiometry at 710 °C, while for reduction at 900 °C, no
equilibrium was reached, even after 30 h indicating continuous
oxygen release, possibly associated with exsolution.

Above a certain threshold temperature (740-780 °C for STFN
and sSTFN and 840-860 °C for STF) the perovskites underwent
phase transitions to Ruddlesden-Popper phases. These phase
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transitions were accompanied by mechanical instabilities.
Cracking of the materials was observed after reduction at 900 °C.
Compacted and sintered pellets fragmented after contact with
ambient air and H,O. The formation of strontium hydroxides and
iron(oxide)hydroxides is presumed. During reoxidation, the
materials transition back to the perovskite phase through oxygen
uptake, which could lead to further mechanical degradation
during redox cycling. Moreover, the nanoparticles show signs of
agglomeration during reoxidation.

Compared to a commonly used Ni-YSZ cermet, the materials
show no signs of carbon degradation in tar-containing fuels, as
confirmed by microstructural and Raman analysis.

Despite promising initial properties and favorable carbon
degradation behavior, the observed mechanical instabilities
pose significant challenges for practical application. The
general operating conditions of SOCs, including temperature,
oxygen partial pressure, and water vapor, are likely to induce
mechanical degradation in these materials. Future work should
focus on the design of such materials for specific operation
conditions, and the stability of porous electrode layers during
operation.
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