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The present study focuses on highly catalytic double-perovskite Sr2FeMoO6−d (SFM) fuel electrode

materials for Solid Oxide Electrolysis Cells (SOECs). The redox stability was characterized using XRD and

in situ TEM analyses to visualize phase conversion above 800 °C after reduction in Ar-3–4% H2. Phase

formation of mixed Ruddlesden–Popper, (double-) perovskite phases, and Fe nanoparticle exsolution

was observed and related to the in operando enhanced catalytic performance. Electrolyte-supported

single cells with SFM (-Ce0.8Gd0.2O1.9)/GDC/8YSZ/GDC/La0.58Sr0.4Co0.2Fe0.8O3 (LSCF) were prepared

and electrochemically evaluated in the range of 750 °C to 900 °C using DC- and AC-techniques. The

high electrochemical performance of −1.26 A cm−2 and −1.27 A cm−2 under steam and co-electrolysis

conditions respectively, exceeded state-of-the-art Ni-YSZ by ∼38% and was comparable to Ni-GDC fuel

electrodes in electrolyte-supported button cells. A long-term durability test was conducted for 500 h at

−0.3 A cm−2 and 900 °C under steam electrolysis conditions with a fuel gas composition of 50% H2O +

50% H2. The SFM-GDC fuel electrode showed outstanding stability of 0.016 mV h−1 for 500 h

measurement. The SFM electrode exhibited a high degradation of around 0.765 mV h−1 and a striking

structural instability through the evolution of a dense layer at the SFM/GDC interface after 300 h.
1. Introduction

Maritime and aviation industries play a factor in global
anthropogenic emissions that include carbon dioxide (CO2),
methane (CH4), and nitrous oxide (N2O). Hydrogen (H2) has
emerged as an alternative carbon-neutral and non-toxic fuel
that can be produced through the established electrolysis of
water (H2O) from renewably generated power sources such as
solar, wind, and hydropower. However, the current hydrogen
production mainly focuses on gray power sources such as
natural gas reforming.1 High-temperature electrolysis in a Solid
Oxide Electrolysis Cell (SOEC) is a key technology that allows the
production of H2 product gas at elevated operating tempera-
tures between 650 °C to 900 °C without detrimental impuri-
ties.2,3 The stacked cells consist of an oxide ion conducting
electrolyte between two porous electrodes. Gaseous H2O is
reduced in an endothermic reaction at the negatively charged
fuel electrode to hydrogen and oxygen ions (eqn (1)). The
undamental Electrochemistry (IET-1),
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generated O2− ions migrate through the electrolyte to the
positively charged oxygen electrode, where the oxygen evolution
reaction (OER) takes place (eqn (4)). SOECs can also electrolyze
pure CO2 (eqn (2)) as well as a gas mixture of CO2/H2O (so-called
co-electrolysis) to produce synthesis gas, a gaseous product
mixture of H2 and carbon monoxide (CO). Various liquid
hydrocarbon-based synthetic fuels, including methanol, and
methane can be derived from this synthesis gas, thereby valo-
rizing emitted CO2 and closing the carbon cycle.4–7 In high-
temperature co-electrolysis, the ratio of the gaseous products
H2 and CO can be tailored to meet the requirements of down-
stream processes by carefully adjusting the feedstock mixture of
CO2 and H2O. Depending on the operating conditions, the
process equilibrium inuences the (reverse) water gas shi
reaction ((R)WGS) and thereby the product ratio (eqn (3)).8,9

2H2O + 4e− / 2H2 + 2O2− DH800˚C = −247.88 kJ mol−1 (1)

2CO2 + 4e− / 2CO + 2O2− DH800˚C = −280.50 kJ mol−1 (2)

CO2 + H2 # CO + H2O DH800˚C = 36.8 kJ mol−1 (3)

2O2− / 4e− + O2 (4)
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The elevated operating temperatures in the solid oxide
electrolyzers have thermodynamic and kinetic advantages
compared to other low-temperature (LT) electrolysis technolo-
gies, i.e., alkaline electrolysis (AE) and polymer exchange
membrane (PEM) cells, which results in exceedingly high elec-
trical efficiencies of up to 100%. In addition, the required
process energy can be supplied as heat from pre-existing
chemical industry plants.10,11 The commonly employed cata-
lyst materials in SOEC systems for the hydrogen evolution
reaction (HER) are composite materials based on non-expensive
Ni, whichmakes SOEC stacks more cost-effective in comparison
to alkaline and PEM electrolyzers. Currently used electrodes for
the HER reaction are Ni-YSZ and Ni-GDC cermet electrodes,
which are composed of electronic-conducting metallic Ni and
the ionic conducting 8 mol% yttria-stabilized ZrO2 (8YSZ) or
gadolinium-stabilized ceria (GDC).

Despite the high performance of Ni cermet electrodes, high-
temperature electrolysis necessitates thermostable materials for
long-term hydrogen and synthesis gas generation. Ni-8YSZ and
the new alternative Ni-GDC, however, have shown microstruc-
tural changes at the fuel electrode during long-term operation
in humidied gas composition, with adverse effects on the
overall cell stability and performance.12–23 In SOEC operation, Ni
particle agglomeration and Ni particle migration from the active
electrode layer to the electrode supporting layer as well as
subsequent performance loss have been observed. This migra-
tion of Ni from the electrochemically active electrode/electrolyte
interface has been linked to the employed operating tempera-
ture, gas stream humidity, overpotential, and current density.

Ni-free perovskite fuel electrodes with mixed ionic and
electronic conductive properties are considered as an alterna-
tive to Ni-ceramic-metal (cermet) fuel electrodes to mitigate the
Ni degradation phenomena. Prerequisites for the long-term use
of Ni-free ceramic materials are high stability under the applied
operating conditions e.g. steam contents, polarization, and
temperature as well as high electrocatalytic performance and
sufficient electrical and/or ionic conductivities.1 The considered
fuel electrode materials include mixed ionic-electronic con-
ducting (MIEC) perovskites such as La0.75Sr0.25Cr0.5Mn0.5O3−d

(LSCM),24 Sr2FeNbO6−d (SFN),25 La0.4Sr0.4TiO3−d (LST),26

(PrBa)0.95(Fe0.9Mo0.1)2O5+d (PBFM),27 and Sr2Fe2−xMoxO6−d

(SFMx).28–30 Some of these alternative electrode materials still
exhibit reduced ionic and/or electronic conductivity, catalytic
activity, or long-term stability under operating conditions.
Therefore, they cannot yet be used on an industrial scale, and
further studies are needed to improve the properties, investi-
gate, and demonstrate the material stability. SFM-based
perovskites are predominantly considered due to their excel-
lent redox stability, good catalytic performance, and reported
long-term stability in fuel cell mode for symmetrical cell
tests.29,31–33 However, the long-term stability of SFM as a fuel
electrode material has not been investigated beyond 100 h in
humidied electrolysis for H2 and synthesis gas production.
Therefore, in this work, SFM-based fuel electrode materials and
the composite ceramic–ceramic (cercer) SFM-GDC were inves-
tigated in steam- and co-electrolysis conditions for the rst time
34566 | J. Mater. Chem. A, 2025, 13, 34565–34584
regarding performance and long-term stability of up to 500 h in
50% steam. This article is based on the work published in.34
2. Experimental
2.1. Powder preparation

SFM powder was prepared using a solid-state synthesis route.
The corresponding precursors were SrCO3 (Aldrich chem, 99%),
MoO3 (Alfa Aesar, 99%), and Fe2O3 (Alfa Aesar, 99%). The
precursors were weighed according to the desired composition
and then ball milled for 4 h at 250 rpm using zirconia balls and
isopropanol (VWR, 99.8%). Aer drying overnight at room
temperature, they were annealed at 1100 °C for 8 h in air,
leading to well-crystallized phases. The obtained powders were
crushed and milled again with zirconia balls and isopropanol
for 8 h to obtain a mean particle size of about 1 mm (as checked
using SEM). For the SFM-Ce0.8Gd0.2O1.9 (GDC) composite elec-
trode, commercial GDC powder (SOFCMAN, 99.5%) was used
and weighed in a 70 : 30 ratio (SFM : GDC), then ground in
acetone, and dried overnight. The powder mixture was ball-
milled at 1200 rpm for 10 min. The La0.58Sr0.4Co0.2Fe0.8O3−d

(LSCF) oxygen electrode powder was prepared with a modied
Pechini method using previously dried La2O3 (Aldrich, 99%).35
2.2. X-ray diffraction analysis (XRD)

The powders were investigated by X-ray diffraction (XRD) with
an EMPYREAN (Malvern Panalytical, Almelo, The Netherlands)
with a PIXcel3D detector and Cu-Ka incident radiation. The
data were recorded at room temperature before and aer
heating to 900 °C for 7 h in Ar-4% H2. The data were analysed
using the Rietveld renement method with TOPAS Academic v.6
soware.36,37
2.3. Dilatometry measurements

Measurements of the relative expansion of dense pellets (dL L−1)
with varied temperatures between 25–1000 °C were carried
out under air using a differential dilatometer (Netzsch® 402C),
to determine the Thermal Expansion Coefficient (TEC) of the
materials to determine the Thermal Expansion Coefficient (TEC)
of the materials between 30–800 °C.
2.4. X-ray photoelectron spectroscopy (XPS)

The samples were heated up to 900 °C with 1 °Cmin−1 in N2 and
then reduced in 100%H2 for 72 h. Using a Phi5000 VersaProbeII
(ULVAC-Phi Inc., USA) instrument, XPS analyses were carried
out with an X-ray beam size of 200 mm at 15 keV and a mono-
chromatic Al Ka irradiation at 50 W. Survey scans were recorded
with a 187.5 eV analyzer pass energy in 0.8 eV steps (100 ms per
step). The high-resolution analyses (10–30 eV wide range) were
carried out with an analyzer pass energy of 23.5 eV in 0.1 eV
steps. Referencing was performed using the SrO signal at
132.9 eV in the Sr 3d spectrum for both samples. The core peaks
were analyzed using a nonlinear Shirley-type background. For
evaluation, the program CasaXPS was used.
This journal is © The Royal Society of Chemistry 2025
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2.5. Scanning electron microscopy (SEM)

The morphology of the as-prepared and reduced SFM powders
was characterized by using a Scanning Electron Microscope
(SEM), (FEI Quanta FEG 650, FEI equipped with an EDS
detector, USA) at 10 kV.
2.6. Transmission electron microscopy (TEM)

High-Resolution Transmission Electron Microscope (TEM)
images were captured using an aberration-corrected Thermo
Fischer Titan TEM at 300 kV. Elemental distribution mapping
was conducted using a Hitachi HF5000, provided by Hitachi
High-Technologies, Japan, and equipped with Energy Disper-
sive Spectroscopy (EDS) from Oxford Instruments.
2.7. In situ Transmission Electron Microscopy (in situ TEM)

The in situ Transmission Electron Microscopy (in situ TEM)
sample was prepared by depositing a suspension of as-prepared
SFM 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-ow and heating holder, and subsequently, the holder
underwent plasma treatment. Following a successful leak test,
the prepared holder was introduced into the TEM chamber. The
Gas Supply System (GSS) from DENS solutions was utilized to
facilitate the ow of gases through the nano-reactor cell of the in
situ holder. In situ hydrogen reduction of as prepared SFM was
conducted in a Thermo Fischer Titan transmission 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. Aer the decontamination process, a gas
mixture consisting of Ar-3% H2 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 ow
rate maintained at 1 ml min−1. The in situmovies were captured
using the Gatan OneView Camera at a recording rate of 3–4
frames per second, with a resolution of 2k × 2k pixels.
2.8. Conductivity measurements

The electrical conductivity of the materials was determined in
the temperature range from 500 °C to 900 °C under air and
hydrogen. The bar samples were sintered at 1350 °C for 6 h to
prepare dense pellets. To measure the conductivity, the samples
were installed in a ProboStat™ (NORECS AS, Oslo, Norway), and
four-probe Direct Current (DC) measurements were conducted
with an Iviumstat™ (Ivium Technologies B.V., Eindhoven,
Netherlands) from 900 °C to 500 °C in steps of 50 °C with the
heating and cooling rate of 1 °C min−1. Aer the measurements
in air, the gas atmosphere was changed to 100% H2. To char-
acterize the conductivity in 100% H2, the same measurement
settings were employed between 900 °C to 650 °C in steps of 50 °
C. The temperature limit of 650 °C was set due to safety reasons.
This journal is © The Royal Society of Chemistry 2025
2.9. Cell preparation

Single cells SFM/GDC/8YSZ/GDC/LSCF and SFM-GDC/GDC/
8YSZ/GDC/LSCF were prepared for electrochemical character-
ization. The slurries were prepared by mixing the SFM powder,
the gadolinium doped ceria i.e., GDC powder, and the mixed
powders of SFM and GDC each with a binder solution
comprised of 3 wt% ethyl cellulose (binder) dissolved in a-
terpineol (dispersant). Aerward, the slurries were mixed in
a planetary vacuum mixer (THINKY Mixer ARV-310, C3 Prozess-
und Analysentechnik GmbH, Germany) and further homoge-
nized by roll milling. To prepare the cells, the layers were screen
printed (EKRA screen printing Technologies), dried, and then
sintered. First, GDC layers (thickness ∼3–5 mm, B ∼18 mm)
were screen printed symmetrically on both sides of the dense
∼250 mm thick 8mol% yttria-stabilized zirconia (8YSZ) supports
with a diameter of∼20mm (Kerafol®, Germany). The GDC layer
was sintered at 1375 °C for 1 h in air. This GDC buffer layer was
deposited to prevent the formation of insulating secondary
phases resulting from the reactivity between the electrodes and
8YSZ. The SFM layer (thickness ∼15–20 mm, B ∼12 mm) was
deposited subsequently using the same method and sintered at
1150 °C for 2 h under air. The optimized sintering temperature
(1150 °C) showed a homogenous porous electrode microstruc-
ture. The same sintering conditions were used to prepare the
SFM-GDC composite electrode. The LSCF oxygen electrode
(thickness ∼30 mm, B ∼12 mm) was screen-printed and sin-
tered at 1080 °C for 3 h.38 In the last step, an Au contact layer
(thickness ∼4–5 mm, B ∼ 12 mm) was deposited on the fuel
electrode and sintered at 900 °C for 1 h in air.
2.10. Electrochemical characterization

The single-cell measurements were performed using 8YSZ-
supported single cells with the compositions SFM/GDC/8YSZ/
GDC/LSCF and SFM-GDC/GDC/8YSZ/GDC/LSCF. The cells
were measured in a two-electrode, four-probe ProboStat™-
setup (Norwegian Electro Ceramics® NORECS, Oslo, Norway)
placed in an automated test rig (EBZ GmbH, Dresden, Ger-
many). The intermixing of gas streams was prevented with an
Au gasket inserted between the cell's oxygen side and the inner
ceramic gas tube. Gases were set with Mass Flow Controllers
(MFCs, Bronkhorst Nord®, Kamen, Germany) and the fuel gas
was led through a temperature-regulated water gas bubbler for
humidication.39,40 The current collectors were made of Pt mesh
for the oxygen and Au mesh for the fuel side. Before the
experiments, the fuel electrode was reduced step-wise in H2 as
described previously.39 Electrochemical impedance spectra and
current–voltage characteristics were recorded with a Vertex.5A
Potentiostat/Galvanostat system (Ivium Technologies®, Eind-
hoven, Netherlands) in the temperature range from 750 °C to
900 °C. The current–voltage characteristics were recorded
potentiostatically at a scan rate of 10 mV$s−1 from 0.6 V (fuel
cell mode) to 1.5 V (electrolysis mode). Impedance spectra were
recorded with an AC amplitude of 50 mA in the frequency range
from 110 kHz down to 0.11 Hz at Open Circuit Voltage (OCV)
and from 0.7 V to 1.4 V. The long-term stability tests were
carried out at an applied current density of −0.3 A cm−2 at
J. Mater. Chem. A, 2025, 13, 34565–34584 | 34567
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a temperature of 900 °C under the steam electrolysis conditions,
i.e., 50% H2O + 50% H2 gas ow at the fuel electrode, and
airow at the oxygen electrode with a total ow rate of 9 l h−1.
Aer the electrochemical characterization, the microstructural
changes were analyzed.
3. Results and discussion
3.1. Material characterization

The as-prepared powder was characterized in an XRD study in
air and aer reduction in Ar-4% H2 for 7 h at 900 °C (Fig. 1a,
b and Tables S1 and S2). The XRD of the as-prepared SFM
powder shows distinct secondary phase formation of 37 wt%
SrMoO4 (space group: I41/a, ICSD-99089) in addition to two
phases of Sr(Fe0.8Mo0.2)O3 (space group: Pm�3m, ICSD 191551)
with 42 wt% (a = 3.929 Å) and 21 wt% (a = 3.910 Å). This result
is consistent with previous observations on the phase stability
of Sr2FeMoO6−d.41–43 Phase diagram studies on the composition
Fig. 1 Room-temperature powder XRD pattern with Rietveld refinement
H2 for 7 h at 900 °C (Rietveld data can be found in Table S1). (c) Conduct
hydrogen for SFM and the composite sample SFM-GDC. The measurem

34568 | J. Mater. Chem. A, 2025, 13, 34565–34584
Sr2FeMoO6−d showed that the solid solubility of Mo in air is
limited to 17 at% Mo, wherefore the Sr2FeMoO6−d composition
is not obtained in air and the secondary phase SrMoO4 is
observed.43 Aer annealing the oxidized sample under reducing
conditions at 900 °C for 7 h, the room temperature X-ray
diffraction (XRD) data showed that the perovskite phases were
converted into several mixed phases. The reduced sample was
composed of 27 wt% Ruddlesden–Popper phase Sr3FeMoO7

(space group: I4/mmm, ICSD-156787), 36 wt% simple cubic
perovskite Sr(Fe0.8Mo0.2)O3 (space group: Pm�3m, ICSD-191551),
33 wt% double perovskite Sr2(Fe1.33Mo0.66)O5.88 (space group:
Fm�3m, ICSD-168704) with superstructure reexed at 19° and
37.9°, as well as around 4 wt% exsolved iron (Fe0). The perov-
skite phase SrFe1−xMoxO3−d (x = 0.3) has been reported to
exhibit mixed oxygen ionic and electronic conducting
properties.41,44–46 The semiconducting and oxygen-decient
Ruddlesden–Popper phase Sr3FeMoO7−d exhibited mixed
valence states for Fe and Mo ions in X-ray Absorption Near Edge
analysis of the as-prepared SFM in (a) air and (b) after reduction in 100%
ivity measurements in the temperature range of 500–900 °C in air and
ents in hydrogen were conducted down to 650 °C for safety reasons.1

This journal is © The Royal Society of Chemistry 2025
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Structure (XANES), neutron diffraction, and Mössbauer data,
which hints at sufficient electronic conductivity.47,48

The total conductivity was measured with four probe Direct
Current (DC) measurements in air and hydrogen atmospheres
at operating temperatures between 500 °C and 900 °C and is
displayed as total electrical conductivity s vs. 1000/T in Fig. 1c.
SFM and SFM-GDC exhibit semiconducting behavior in air up
to the maximum conductivity at 650 °C with 4.5 S cm−1 and
2.1 S cm−1, respectively. At higher temperatures, the conduc-
tivity behavior is pseudo-metallic and decreases up to 3.5 S
cm−1 for SFM and 1.7 S cm−1 for SFM-GDC at 900 °C. The
electrical conductivity in air is lower than for SFM due to
SrMoO4, which exhibits conductivities several magnitudes
smaller than SFM.49 Aer 24 h in H2, a conductivity of 13.5 S
cm−1 was achieved for SFM at 900 °C, while the composite
material SFM-GDC showed pseudo-metallic behavior as well as
with a higher conductivity of 48.1 S cm−1 at 900°. The observed
mixed perovskite phases of SFM in H2 atmosphere are highly
mixed ionic-electronic conducting, while the pseudo-metallic
behavior of SFM has been previously observed for SrFeO3−d-
based perovskite materials and was related to the loss of oxygen
during the heating procedure and the partial delocalization of
mobile electronic charge carriers.43 At high oxygen partial
pressures (pO2), the electronic holes are the dominant charge
carriers, however, in reducing atmosphere the ferromagnetic
double perovskite SFM exhibits electrical conductivity and
Fig. 2 Selected XPS scans of SFM samples sintered in air and after redu
spectrum (c) before and (d) after reduction.

This journal is © The Royal Society of Chemistry 2025
oxide-ion conductivity. Although the oxygen vacancy diffusion
rate increases with temperature, the electrical conductivity
mechanism is related to the hopping of small polarons associ-
ated with the mixed-valent redox relation shown in eqn (5).50

Despite an increased ionic conductivity of ferrite-molybdates in
reducing atmosphere, it remains negligible compared to the
predominant electrical conductivity.50

Fe3+ + Mo5+ % Fe2+ + Mo6+ (5)

Gadolinium doped ceria (GDC) exhibits good ionic conduc-
tivity (∼0.1 S cm−1 at 800 °C) in air and develops mixed ionic
and electronic conductivity due to the reduction of Ce4+ to Ce3+

in reducing conditions.51–54 This mechanism additionally
increases the total conductivity of SFM-GDC under reducing
conditions.

SFM as well as SFM-GDC exhibit higher conductivities in
reducing atmosphere (sSFM = 13.5 S cm−1 at 900 °C, sSFM =

15.3 S cm−1 at 800 °C; sSFM−GDC = 48.1 S cm−1 at 900 °C,
sSFM−GDC = 53.3 S cm−1 at 800 °C) than other perovskite
materials such as La0.75Sr0.25Cr0.5Mn0.5O3 (1.5 S cm−1 at 900 °C
in 5% H2–Ar)55 and Sr2MgMoO6−d (4 S cm−1 in 5% H2–Ar, 9.3 S
cm−1 at 800 °C in H2),56 which have also been considered
promising alternative fuel electrodematerials. In comparison to
SFM, conductivities for the double perovskite Sr2FeNbO6−d were
also observed to be lower at 850 °C with 0.05 S cm−1 in air and
2.215 S cm−1 in reducing conditions of 5% H2 + 95% Ar.57
ction in 100% H2. Fe spectrum (a) before and (b) after reduction. Mo
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XPS measurements were carried out on the surface of bar
samples to study the oxidation states of iron and molybdenum
in SFM at room temperature for oxidized (Fig. 2a and c) and
reduced samples (Fig. 2b and d). The complete XPS analysis
results are listed in Tables S3 and S4. The analysis of Fe 2p
conrms that the majority of the iron in SFM exists as Fe3+

(binding energy = 710.4 eV, 723.9 eV) in the as-prepared
sample. The reported mixed valence state of Fe3+ 4 Fe2+

(709.8 eV) could not be conrmed due to low measurement
intensities. In comparison, the XPS scan of iron for the reduced
sample shows the distinct mixed oxidation states of Fe2+

(709.5 eV, 723.0 eV), Fe3+ (∼710.8 eV, 724.3 eV), as well as
metallic iron Fe0 (706.7 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).58–60 The Mo 3d XPS spectra show two
broad peaks for the oxidized sample, which could be tted with
two valence states of Mo6+ (231.9 eV and 235.0 eV) and Mo5+

(232.9 eV and 236.0 eV). As anticipated from eqn (5), the Mo5+

valence is coupled with Fe3+ and is slightly predominant
compared to Mo6+ in the oxidized sample. Aer the reduction of
the SFM sample, the Mo6+ (231.6 eV and 234.7 eV) and Mo5+

(233.3 eV and 236.4 eV) are still present in the sample. However,
caused by the reduction with H2, two additional species can be
observed in the Mo 3d of the reduced sample, which correspond
to Mo4+ (229.9 eV and 233.1 eV) and Mo0 (228.2 eV and 231.7
eV).61
Fig. 3 SEM image of (a) as-prepared and, (b) reduced SFM powders. (c)
illustrating the contrast features in green boxes and (d–g) elemental ma

34570 | J. Mater. Chem. A, 2025, 13, 34565–34584
Iron-based double perovskite structures have been observed
to exsolved highly catalytic active and conductive iron nano-
particles at the material surface when exposed to strongly
reducing conditions.62 During the formation of these additional
catalytic sites, the perovskite structure that tightly anchors
these particles transforms into so-called Ruddlesden–Popper
phases (RP).30,59,63 The metallic iron in the reduced XPS
measurements hinted that Fe nanoparticles are exsolved during
the reduction of SFM.

To support the obtained data, high-resolution Scanning
Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) images were obtained (Fig. 3 and 4). Fig. 3a
and b illustrate the secondary electron SEM images of the SFM
samples before and aer reduction, respectively. The as-
prepared SFM powder particles show a smooth and homoge-
nous surface. In contrast, the featured surface of the reduced
sample is rough and uneven likely attributed to the sub-micron
nanoparticle surface. To elucidate the nature and composition
of the growth on the reduced sample surface, EDS mapping was
conducted. Fig. 3c depicts a typical High-Angle Annular Dark-
Field (HAADF)-STEM image of the reduced SFM, accompanied
by its corresponding elemental mapping in Fig. 3d–g. The Z-
contrast difference highlighted by green dotted boxes in
Fig. 3c, is attributed to thickness effects, possibly indicating the
presence of internal nanopores within the particles.64,65 Fig. 3e
shows the presence of Fe-rich exsolution measuring 10–70 nm.
High magnification HAADF-STEM image of the reduced SFM particle
pping of the corresponding particle.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) HRTEM image of reduced SFM, TEM image of (b) reduced SFM with exsolution illustrating the anchoring effect of the Fe nano-
exsolution with the SFM matrix, (c) HRTEM image of Fe nano-exsolution of the inset marked with red box depicted in (b).
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The elemental distribution of all other elements is relatively
even throughout the particle.

The TEM image in Fig. 4b serves to affirm the presence of Fe-
rich nano-exsolutions on the SFM particle surface post-
reduction. The HRTEM image additionally reveals the strong
anchoring effect between the exsolved Fe nanoparticle and the
perovskite substrate. This anchoring effect contributes signi-
cantly to the surface stability of the electrode material during
operation as they effectively prevent the sintering and agglom-
eration 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.66–68

The lattice spacing information was evaluated from the HRTEM
images. The TEM image in Fig. 4a illustrates the lattice spacing
of the reduced SFM matrix having a 0.248 nm lattice gap, cor-
responding to the plane (3 1 0) of Sr2 (Fe1.33 Mo0.66)O5.88 (space
group: Fm�3m, ICSD-168704). In Fig. 4c, the 0.358 nm lattice
spacing of Fe nanoparticle exsolution matches the (1 0 0) plane
of FCC-gamma-Fe (space group: Fm�3m, ICSD-43096). The
substrate has a lattice spacing of 0.276 nm, which corresponds
to the (1 1 0) plane of Sr(Fe0.8Mo0.2)O3 (space group: Pm�3m,
ICSD-191551). Further information on the lattice parameters of
the as-prepared sample, the reduced sample and the Fe-rich
exsolution has been provided in supplementary Fig. S5 and
S6. The lattice spacing from the HRTEM images provides
information regarding the phases present in the as-prepared
and reduced states of the SFM particles, respectively. Fig. S4a
illustrates the HRTEM image of as-prepared SFM particles and
exhibits lattice spacings of 0.276 nm, which corresponds to the
(1 1 0) plane of Sr(Fe0.8Mo0.2)O3 (space group: Pm�3m, ICSD-
191551). In Fig. S4b, the lattice spacings of reduced SFM
particles exhibit a lattice spacing of 0.321 nm, corresponding to
the planes (1 0 3) of Sr3FeMoO7 (space group: I4/mmm, ICSD-
156787).

The results obtained from the TEM lattice parameter calcu-
lations support the data obtained from the XRD characteriza-
tion of both as-prepared and reduced SFM particles. In the
supplementary Fig. S7a–i, snapshots of different time stamps
taken from the in situ reduction videos are provided and
This journal is © The Royal Society of Chemistry 2025
discussed in detail in the SI (Video S1). These gures depicting
the Fe nano-exsolution growth offer insights into the underlying
mechanism of their growth. Further, experiments have docu-
mented the initiation of nano-exsolution growth at multiple
surface regions (Videos S2 and S3).

The compatibility of the cells' Thermal Expansion Coeffi-
cients (TECs) is a prerequisite for further use of SOC materials.
The TECs were calculated from the slope of dilatometry
measurements in air for SFM and SFM-GDC and are 13.8× 10−6

°C−1 and 12.9 × 10−6 °C−1 respectively. These values are in the
range of other state-of-the-art SOCmaterials like 8YSZ and GDC,
which indicates their good thermo-mechanical
compatibility.69–72
3.2. Electrochemical performance

The fuel electrode materials SFM and SFM-GDC were charac-
terized in steam electrolysis and co-electrolysis conditions
between 750 °C and 900 °C. The experimental Open Circuit
Voltage (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 1.8 mV,
which is a deviation of less than 1%. Fig. 5a and b display the
respective current–voltage characteristics recorded at 800 °C
and 900 °C as well as the impedance measurements at OCV and
900 °C. 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 ach-
ieved −1.26 A cm−2 and -1.27 A cm−2 for steam and co-
electrolysis conditions, respectively. The SFM-GDC fuel elec-
trode achieved slightly lower current densities in steam and co-
electrolysis with −1.24 A cm−2 and -1.27 A cm−2, respectively
(Table 1 and Fig. 5a and b). With decreasing temperature, the
performance difference 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. The state-of-the-
art Ni-8YSZ fuel electrode measured in the same conditions
exhibited lower performance for H2O, and co-electrolysis in
comparison to the SFM and SFM–GDC fuel electrodes at 900 °C
(−0.91 A cm−2,73 and −1.06 A cm−2 (ref. 73)). However,
J. Mater. Chem. A, 2025, 13, 34565–34584 | 34571
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Fig. 5 I–V curves at 800 °C and 900 °C for SFM in (a) steam electrolysis and co-electrolysis compared to (b) the composite SFM-GDC in steam
electrolysis and co-electrolysis conditions. The corresponding impedance spectra at 900 °C recorded in steam electrolysis and co-electrolysis
are given for (c) SFM and (d) the SFM-GDC composite.

Table 1 Comparison of electrochemical performance for SFM-based fuel electrodes compared to state-of-the-art solid oxide cell materialsa

Fuel electrode Test conditions @ 900 °C RP @ OCV/U cm2 i @1.5 V/A cm−2 Ref.

Ni-8YSZ 50% H2O + 50% H2 0.17 −0.91 73
40% H2O + 40% CO2 + 20% H2 0.20 −1.06 73

Ni-GDC 50% H2O + 50% H2 0.06 −1.31 73
40% H2O + 40% CO2 + 20% H2 0.09 −1.37 73

SFM 50% H2O + 50% H2 0.07 −1.26 This work
40% H2O + 40% CO2 + 20% H2 0.17 −1.27 This work

SFM-GDC 50% H2O + 50% H2 0.13 −1.24 This work
40% H2O + 40% CO2 + 20% H2 0.27 −1.27 This work

a All cells were prepared in the conguration FE/GDC/8YSZ/GDC/LSCF with the same precursor materials, pastes and supported on a 250 mm thick
8YSZ electrolyte. GDC: Ce0.8Gd0.2O1.9, 8YSZ: 8 mol% YSZ, LSCF: La0.58Sr0.4Co0.2Fe0.8O3−d.
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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.74 The results obtained in this work for SFM (−0.67
A cm−2) and SFM-GDC (−0.62 A cm−2) at 850 °C and 1.3 V are in
the range of values previously obtained for the single cell with
SFM-SDC electrode (SFM-SDC (–Sm0.2Ce0.8O1.9)/LCO/LSGM/
SDC-LSCF). The data showed a current density of −0.64 A
34572 | J. Mater. Chem. A, 2025, 13, 34565–34584
cm−2 at 850 °C and 1.3 V with 42% H2O + 58% H2 fuel gas
mixture.30

In Fig. 5c and d, the impedance spectra measured in steam
and co-electrolysis at 900 °C are shown. Under OCV conditions,
both SFM and SFM–GDC cells exhibit higher polarization
resistance in co-electrolysis mode compared to steam electrol-
ysis mode. In addition, the Area-Specic Resistance (ASR) of the
SFM-GDC composite electrode increases by 1423 mU cm2 for
This journal is © The Royal Society of Chemistry 2025
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steam- and 3164 mU cm2 in co-electrolysis atmosphere when
decreasing the temperature from 900 °C to 750 °C. The SFM
electrode shows a smaller increase in ASR with 744 mU cm2 and
1352 mU cm2 for steam and co-electrolysis, respectively. The
ASR is composed of the ohmic RU and polarization resistance
RP. The ohmic resistance RU is obtained by the interception of
the Nyquist plot with the real impedance axis (abscissa) at
higher frequencies. The activation energy for RU is determined
based on the slope of the Arrhenius equation and ranges
between 50–56 ± 5 kJ mol−1. This closely concurs with values
reported in the literature for the ionic conductivity in YSZ
electrolyte lms and suggests that the primary contribution to
RU is the 250 mm thick 8YSZ electrolyte.74–76

3.2.1. Electrochemical impedance characterization
3.2.1.1 Equivalent circuit model evaluation. The Nyquist

plots for the single button cells with SFM and SFM-GDC
composite fuel electrodes broadly show two contributions i.e.
low-frequency and high-frequency contributions (Fig. 6a–d). To
deconvolute the underlying frequency-dependent physical
processes at the electrodes, impedance spectra were taken with
varied temperature, fuel composition and oxygen partial pres-
sure and subsequently evaluated by Distribution of Relaxation
Times (DRT) analysis (Fig. 6e–h). The number of time constants
observed in the DRT spectra were used to establish an Equiva-
lent Circuit Model (ECM) with an appropriate number of
passive elements to t the impedance spectra.

The exemplary DRT spectra show that four underlying time
constants P1, P2, P3, and P4 in the analyzed frequency range
make up the total cell impedance given in the experimental
Nyquist plots. Therefore, the nal ECM consists of four R//Q
elements connected in series including an inductor (I) and
a serial resistor (RU). The inductance I and series resistance (RU)
account for the wires' inductivity and the ohmic losses
contributed by the electrolyte and electrodes (Fig. 7a). The
quality analysis of the Complex Non-Linear-Least-Square
(CNLS) t with this ECM is given in the Fig. 7b–d by
comparing the DRT and Nyquist plots of experimental and
tted data and shows qualitatively good agreement. Further-
more, the relative residuals as well as the low (chi-square) error
of 10−8 between the tted and experimental data indicate an
acceptable ECM.

3.2.1.2 Temperature variation. The performance of single
cells with SFM/GDC/8YSZ/GDC/LSCF and SFM-GDC/8YSZ/GDC/
LSCF was evaluated in steam electrolysis (50% H2O + 50% H2)
and co-electrolysis (40% H2O + 40% CO2 + 20% H2) atmosphere
between 750 °C and 900 °C in steps of 25 °C to characterize the
thermally activated processes. The polarization resistances are
given in Table S8. The corresponding Nyquist plots in Fig. 6a–
d show an increase in the low- and high-frequency impedance
contributions with decreasing temperature, indicating ther-
mally activated processes. All these impedance diagrams were
tted by four R//Q elements including I and RU. The resistances
obtained for the four different processes are shown in Fig. 7 and
corroborated by DRT spectra as a function of temperature for
SFM and SFM-GDC under steam- and co-electrolysis conditions
(Fig. 6).
This journal is © The Royal Society of Chemistry 2025
As can be seen from the DRT spectra and the resistance
analysis, the predominant physical process, which corresponds
to the rate-limiting step is P4 (RRQ4, 2–0.1 Hz) for both steam-
and co-electrolysis conditions (Fig. 7). The activation energy of
this low-frequency process is between 118 ± 12 kJ mol−1 to 131
± 16 kJ mol−1 for cells with the SFM fuel electrode in steam and
co-electrolysis. The cells with an SFM-GDC fuel electrode
exhibited activation energies from 134 ± 2 kJ mol−1 to 149 ±

5 kJ mol−1. 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
P4.40,77,78 Very few studies based on perovskite fuel electrodes
show individual process analysis including activation energies,
suggest adsorption and/or dissociation processes at the SFM-
based fuel electrode in this frequency range.58,66,79–82 As shown
by Fig. S9, the process that is mainly inuenced by polarization
is also P4.83 This is an indication of a charge transfer process
that has been observed for MIEC electrodes around 1–2 Hz84

with an activation energy of around 107–126 kJ mol−1.75

However, the investigated data of P4 showed no clear Butler–
Volmer behavior, which suggests that another process might
overlap in this frequency range. The other processes P1 (2000–
1000 Hz), P2 (500–100 Hz), and P3 (100–10 Hz) also exhibit
a temperature dependency and a frequency shi with
increasing operation temperature.

The observed high-frequency contribution P1 is modelled by
RRQ1 and shows similar activation energies of 153 kJ mol−1 in
steam and co-electrolysis for SFM and SFM-GDC fuel electrodes.
The described frequency range (Table 2) and the high activation
energy have been previously attributed to an electrode charge-
transfer process at the LSCF oxygen electrode.75,85–87 The
middle to high-frequency process modelled by RRQ2 (500–100
Hz) shows activation energies between 120 – 130 kJ mol−1 for
steam and co-electrolysis. The thermally inuenced 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.85

The mid to low-frequency process given by RRQ3 (P3, 100–10
Hz) shows an EA highly inuenced by the choice of fuel elec-
trode material. For single cells with an SFM-GDC electrode, this
process exhibits an activation energy of around 206± 5 kJ mol−1

to 222 ± 8 kJ mol−1. For SFM, however, the activation energy is
around (72 ± 16 kJ mol−1) for steam and (96 ± 20 kJ mol−1) for
co-electrolysis. The signicant deviation in activation energies
indicates that the variation of fuel electrode material inuences
the process resistance RRQ3 in this frequency range. Previous
studies suggested an overlap of fuel electrode and oxygen elec-
trode mechanisms e.g., transport processes.85 Adsorption and
diffusion processes of oxygen on the LSCF electrode surface
observed in the mid-to low-frequency have shown an activation
energy of 192 ± 12 kJ mol−1. This is in range with the measured
results for the composite SFM-GDC cell. The lower activation for
cells with the SFM fuel electrode shows that another process is
predominant in contrast to the SFM-GDC fuel electrode. A
middle frequency process (∼100 Hz) has been related previously
to oxide ion transport from bulk to surface as well as across the
J. Mater. Chem. A, 2025, 13, 34565–34584 | 34573
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Fig. 6 Impedance spectra with a variation of temperaturemeasured at OCV between 750 °C and 900 °C SFM in (a) steam electrolysis and (b) co-
electrolysis conditions as well as SFM-GDC (c and d). In comparison, the corresponding spectra as a function of temperature for (e and f) SFM and
(g and h) SFM-GDC.

34574 | J. Mater. Chem. A, 2025, 13, 34565–34584 This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Equivalent circuit model (ECM) used for the complex non-linear-least-square (CNLS) fit of the experimental impedance data. (b)
Distribution of relaxation times (DRT) of experimental and fitted impedance data for SFM at 750 °C in 50% H2O + 50% H2 recorded 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.
Temperature-dependent process resistance analysis measured at OCV from 900 °C to 750 °C in (e) steam electrolysis, and (f) co-electrolysis for
SFM well as for the composite SFM-GDC in (g) steam and (h) co-electrolysis.
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electrolyte/electrode interface with 100 kJ mol−1.82,84,88 A
decreased activation energy for the mid-frequency process
could also suggest an inuence of transport processes in the
fuel and oxygen electrode.85
This journal is © The Royal Society of Chemistry 2025
3.2.1.3 Gas variation at the fuel and oxygen electrode. The in-
depth process analysis was further extended by the character-
ization of the fuel gas inuence on the impedance data. As
shown in Fig. S10a and b, the concentration of steam and
hydrogen in the operating atmosphere was varied, and the
J. Mater. Chem. A, 2025, 13, 34565–34584 | 34575
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Table 2 Suggested process contribution to the polarization resistance and their equivalent frequency ranges for electrolyte-supported single
cells consisting of SFM(-GDC)/GDC/8YSZ/GDC/LSCF

Time constant/process
Frequency
range/Hz Dependencies Assignment

P1 (RRQ1) 2000–900 Temperature Charge transfer at LSCF oxygen electrode
P2 (RRQ2) 400–100 Temperature Surface exchange kinetics and O2− diffusion in the bulk

and at the surface of LSCF
P3 (RRQ3) 100–10 Temperature, medium pH2O (FE) Adsorption, desorption, transport processes in the fuel

and oxygen electrode
P4 (RRQ4) 2–0.1 Temperature, high pH2O (FE) Charge transfer at the SFM(-GDC) fuel electrode
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impedance spectra were recorded at OCV and 900 °C. The
results emphasize that an increase in H2 has no impact on the
ohmic resistance, as expected, and neither on the high-
frequency arc. The main inuence is observed in the mid-to
low-frequency region with a decreased polarization resistance
with increasing pH2O from 73 mU cm2 at 30% H2O + 70% H2 to
82 mU cm2 with 50% H2O + 50% H2. The DRT analysis of the
impedance data in Fig. S10b 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 depen-
dent on a variation in fuel gas compositions.

The oxygen partial pressure on the oxygen electrode side was
additionally varied at 900 °C in steam electrolysis conditions of
50% H2O + 50% H2 between 21% O2 and 3% O2 balanced with
N2. The impedance spectra measured at OCV are displayed in
Fig. S10c and were further analyzed to discern the inuence of
the oxygen partial pressure pO2 on the process (resistances) P1,
P2, P3, and P4. The corresponding DRT spectra in Fig. S10d are
plotted as a function of pO2 and show small changes in the
process peaks with varied pO2 from 21% to 3%. P1, P2, P3, and
P4 show a minimal shi to higher frequency. In addition, the
shoulder peak P4a is only observable at a low pO2 of 3%. To get
further insight regarding the process of the oxygen electrode,
the impedance results of single cells were compared with those
of a symmetrical LSCF cell.75 The results showed that for
symmetrical LSCF/GDC/8YSZ/GDC/LSCF cells, the peaks P1, P2
and partially P3 can be assigned to processes at the oxygen
electrode side. Below 21% O2, the process P4 has shown a small
contribution of the oxygen gas diffusion resistance. The inu-
ence of pO2 on P3 and P4 is difficult to discern in single cells
due to the great inuence of the fuel electrode on these
processes, leading to an overlap.

To conclude, the processes 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)
exhibits the highest change in activation energy with a change
in fuel electrode materials. For single cells with an SFM-GDC
electrode, activation energies varied around 210 kJ mol−1,
while the same process showed activation energies of 72–96 kJ
mol−1 depending on the measurement conditions. In addition,
a light impact of the oxygen content below 21%was observed for
this process. P3 was therefore assigned to the adsorption and
diffusion processes and transport processes of the fuel and
oxygen electrode overlapping in this frequency region. The
34576 | J. Mater. Chem. A, 2025, 13, 34565–34584
process P4 (2–0.1 Hz) has been identied as the rate-limiting
step in steam- and co-electrolysis. The observed activation
energies and the impact of polarization on this process led to
the assignment of P4 to the fuel electrode charge transfer
process.
3.3. Long-term stability tests in steam electrolysis

3.3.1. Electrochemical analysis. The Electrolyte-Supported
Single Cells (ESCs) composed of SFM(-GDC)/GDC/8YSZ/GDC/
LSCF were electrochemically tested under a constant load of
−0.3 A cm−2 at 900 °C in steam electrolysis conditions for up to
500 h to investigate and quantify the degradation behavior. The
resulting degradation curves are displayed in Fig. 8a. As can be
seen, the cell with an SFM fuel electrode is stable for up to 50 h,
aer which the voltage increases strongly with a degradation
rate of around 0.457 mV h−1 to 0.765 mV h−1. In comparison,
the cell with a composite SFM-GDC fuel electrode exhibits
a linear degradation trend with a minimal increase of 0.016 mV
h−1. Ni-GDC electrode-containing ESCs have shown a degrada-
tion rate of 0.499 mV h−1 in 50% H2O + 50% H2, at 900 °C at
−0.5 A cm−2.74 GDC is a mixed ionic and electronic conductor
and has been used as a fuel electrode material in ESCs as well.
In 50% H2O + 50% H2 at 900 °C and −0.5 A cm−2, the cell
composed of GDC/8YSZ/GDC/LSCF has exhibited a degradation
of 0.112 mV h−1. Fuel Electrode-Supported Cells (FESCs), on the
other hand, have been extensively studied in the literature
regarding their degradation behavior. Degradation rates of
0.030 mV h−1 (ref. 89) to 0.370 mV h−1 (ref. 39) have been
observed for Ni cermet-supported single cells and 0.024 mV
h−1,92 0.040 mV h−1 (ref. 13) to 0.190 mV h−1 (ref. 90) for FESC
stacks.

Previous studies have characterized SFM fuel electrode
materials in humidied 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 Sr2Fe1.5-
Mo0.5O6−d showed good stability at −0.5 A cm2 for 24 h in 75%
H2O + 25% CO2, and an ASR increase of only 0.03 U cm2.29 The
data in Fig. 8a show a voltage increase of 0.006 V during the rst
24 h, which emphasizes that a longer degradation test of 500 h
is necessary to assess the degradation of SFM-based fuel elec-
trodes. Degradation tests of SFM composite fuel electrodes in
humidied conditions have been conducted for less than 500 h
as well.30,68,91,92 For instance, symmetrical SFM-SDC/LSGM/SFM-
SDC (Sr2Fe1.5Mo0.5O6−d-Sm0.2Ce0.8O1.9) cell tested at −0.12 A
This journal is © The Royal Society of Chemistry 2025
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Fig. 8 (a) Long-term stability test of single cells with SFM/GDC/8YSZ/GDC/LSCF and the composite SFM-GDC/GDC/8YSZ/GDC/LSCF in 50%
H2O + 50% H2 fuel gas composition under constant −0.3 A cm−2 current load at 900 °C for up to 500 h. Comparison of (b and c) the Nyquist
plots and (d and e) the corresponding DRT spectra recorded before and after the durability test.
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cm2 and 800 °C for 100 h exhibited degradation of 0.130 mV
h−1. Similar results were obtained in H2O/CO2 co-electrolysis
atmosphere at 850 °C, 1.1 V for 100 h.68 Further characteriza-
tion was conducted on Ni-doped SFM electrode containing
single cells, i.e. Sr2Fe1.3Ni0.2Mo0.5O6-SDC/LCO/LSGM/SDC-LSCF
in 42% H2O + 58% H2 for 60 h under a current load of −0.3 A
cm2, and the authors concluded that this electrode is stable at
high temperatures and high humidity.30

For further detailed degradation analysis, impedance spectra
were recorded before and aer the degradation test. The spectra
in addition to the DRT analysis are displayed in Fig. 8b–e and
were measured at OCV and 900 °C with a fuel gas composition
of 50% H2O + 50% H2. The individual process resistances of the
tted spectra are given in Table 3. The total resistance (ASR) for
the cell based on an SFM fuel electrode aer around 300 h
increases from 468mU cm2 to 959mU cm2. In comparison, over
500 h of measurement, the ASR increases only 64 mU cm2 from
532 mU cm2 to 596 mU cm2 for the SFM-GDC fuel electrode. It
can be discerned from the tted results and the impedance
spectra, the contribution of the ohmic resistance RU to the ASR
increase over the measurement time is minimal in comparison
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 mU

cm2 is observed for the severely degraded SFM cell. This is
mainly due to an increase in the process resistances RRQ2, RRQ3,
and RRQ4. The resistance values for the SFM-GDC fuel electrode
(Table 3) correspond to the lower voltage increase and smaller
changes in the Nyquist plot (Fig. 8c). In addition to the small
ohmic resistance increase of 6 mU cm2, the polarization resis-
tance increases by 58 mU cm2 due to an increase in RRQ4. The
DRT analysis is in support of these results and shows a shi of
RRQ1 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 perfor-
mance loss aer 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 SFM-GDC is attributed to the
Table 3 Individual process resistances before and after the degrada-
tion tests taken from ECM fitting before and after the degradation test
in 50%H2O+ 50%H2 at 900 °C and constant−0.3 A cm−2 current load
for up to 500 h

Time/h

Resistances/mU cm2

RU RRQ1 RRQ2 RRQ3 RRQ4 RP ASR

SFM
0 382 6 19 9 52 86 468
300 425 55 207 125 147 534 959

SFM-GDC
0 395 3 10 18 106 137 532
500 401 5 11 17 162 195 596

34578 | J. Mater. Chem. A, 2025, 13, 34565–34584
process P4 as well, while P1, P2, and P3 remain relatively
constant.

3.3.2. Post-test SEM analysis. Aer the long-term stability
measurements under constant load, the tested cells as well as
as-prepared single cells were investigated through SEM-EDX
analysis. The samples were embedded in epoxy resin, pol-
ished and Au sputtered before analysis. The SEM-EDX analyses
of as-prepared and post-test cell cross-sections for SFM and
SFM-GDC electrodes are shown in Fig. 9a and b. 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 microstruc-
ture before and aer the 500 h long-term stability test in 50%
H2O + 50% H2 at 900 °C and constant −0.3 A cm−2. Very slight
Sr 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. In
addition, a striking structural instability of the SFM fuel elec-
trode is observed through the evolution of a dense layer at the
SFM/GDC interface. The EDX analysis in Fig. 9a 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 aer 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 aer degradation testing and has been
linked to the material's stoichiometry, ion mobility as well as
operating conditions (temperature, polarization). Strontium-
doped Lanthanum Manganite (LSM) exhibits high cation
mobility and inter-diffusion under a high anodic current (−1.5
A cm−2 at 750 °C).93 Similar observations have been made for Sr-
perovskite materials like SrTiO3 (STO),94 SrTi1−xFexO3 (STF),95

and Sr2Fe1.5Mo0.5O6−d (SFM15).96 The origin of the segregation
mechanism in Sr-containing fuel electrode perovskite materials
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 Fig. 9 displays no phase formation at the
electrode/GDC interface aer 500 h in steam electrolysis
conditions. The composite SFM-GDC fuel electrode exhibits,
therefore, superior chemical stability in humidied conditions
as also shown in the cell voltage vs. time curve (Fig. 8).

Further SEM-EDX analyses for the LSCF oxygen electrode are
displayed in Fig. S11 for the as-prepared and operated cells.
Although a GDC barrier layer was deposited on the 8YSZ elec-
trolyte, the volatile SrO diffused through the pores or along the
grain boundaries of the GDC layer to the GDC/8YSZ interface and
formed an electronically insulating SrZrO3 phase. The amount of
formed SrZrO3 indicates the degree of Sr segregation at the GDC/
YSZ interface and it can be seen from Fig. S11 that the extent of Sr
segregation increases aer the long-term test. Thismechanism of
Sr-segregation in LSCF electrodes has been widely
discussed.16,17,97–107 The formation of the insulating SrZrO3 phase
already occurs during the sintering process of the LSCF electrode
This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Cross-sectional SEM-EDXmapping of the 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 of as-prepare and tested (a) SFM and (b) SFM-GDC single cells operating in steam electrolysis at −0.3 A cm−2 up to 500 h.
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and deteriorates during the electrolysis operation of the cell.13,108

The Sr-loss from the electrode leads to reduced ionic and elec-
tronic conductivity, hindered O− ion ux, loss of active Triple or
Double Phase Boundary (TPB or DPB) length of the electrode, and
consequently cell performance loss106 as indicated by increased
polarization resistance (Rp)104,109 as well as ohmic resistance.97
4. Conclusion

In this study, the electrocatalytic active SFM and composite
SFM-GDC fuel electrode materials were characterized for
SOECs. The phase conversion at high temperatures in reducing
conditions was visualized using XRD and in situ TEM analyses.
The reduced sample showed phase formation of mixed Rud-
dlesden–Popper, simple cubic perovskite Sr(Fe0.8Mo0.2)O3,
double perovskite Sr2(Fe1.33Mo0.66)O5.88, and Fe nanoparticle
exsolution aer reduction. The performance and long-term
stability of electrolyte-supported single cells with SFM and
composite SFM-GDC fuel electrodes were characterized in
humidied conditions. For the SFM cell, current densities of
−1.26 A cm−2 were achieved for steam electrolysis and −1.27 A
cm−2 in co-electrolysis conditions at 1.5 V and 900 °C. With
SFM-GDC cell, current densities of −1.24 A cm−2 and -1.27 A
cm−2 at 1.5 V and 900 °C were achieved for steam and elec-
trolysis respectively. Irrespective of measurement conditions,
the cells with SFM-based fuel electrodes outperformed the state-
of-the-art Ni-8YSZ fuel electrode produced with the same cell
design. However, the Ni-GDC fuel-electrode containing single
cells exhibited slightly higher current densities under both
electrolysis conditions. Durability tests at a constant load of
This journal is © The Royal Society of Chemistry 2025
−0.3 A cm−2 were performed at 900 °C in steam electrolysis
conditions for up to 500 h. The cell voltage showed an expo-
nential increase for SFM aer 100 h, while the SFM-GDC-
containing cell exhibited a linear degradation trend. The
impedance spectra taken before and aer the durability tests
underlined that the cell with an SFM electrode shows a higher
degradation corresponding to a severe increase in ohmic and
polarization resistance. For SFM-GDC cells, on the other hand,
the resistance increase is negligible.

The post-test analysis revealed Sr-segregation at the GDC/
YSZ interface towards the oxygen electrode side for both SFM
and SFM-GDC cells. However, a striking structural instability of
the SFM fuel electrode and subsequent formation of a dense
layer at the SFM/GDC interface was observed. The EDX analysis
revealed that the formed phase consists pre-dominantly of Sr
and Fe. However, interestingly, such interphase formation was
not observed for SFM-GDC cells. Therefore, the phase instability
of SFM is the most signicant reason for the severe degradation
of SFM cells.
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