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1. Introduction

Hydrogen is widely regarded as a key energy carrier in the decar-
bonization of the global energy system, offering a clean, flexible
vector for decarbonizing power, industry, and transport.

Realizing this potential demands rapid
scale-up of electrochemical technologies,
including fuel cells and electrolyzers.
Among these, solid oxide cells (SOCs)
stand out with their unique ability to oper-
ate reversibly in both fuel cell and electrol-
ysis mode with unrivaled electrical
efficiencies and fuel flexibility. However,
despite their advantages, SOC deployment
has lagged behind the low-temperature
polymer exchange membrane (PEM)
based technologies primarily due to higher
capital expenditures (CAPEX), amongst
others, associated with high system
component costs.

State-of-the-art fuel electrodes for solid
oxide fuel cells (SOFCs) are typically Ni-
based cermets such as Ni/yttria-stabilized
zirconia (YSZ) and Ni/Ce0.9Gd0.1O2�δ

(CGO). These electrodes exhibit excellent
electrochemical activity for hydrogen oxida-
tion, the water-gas shift reaction, and steam
reforming of hydrocarbons, largely due to
the presence of the Ni phase.[1] However,
Ni-based cermets have limitations, includ-

ing low-sulfur tolerance when operated with reformed natural
gas or biogas,[2,3] susceptibility to carbon formation,[4,5] and poor
redox stability due to the dimensional expansion of Ni upon
reoxidation.[6]

The development of alternative fuel electrodes with improved
characteristics could enhance flexibility in SOFC operation, sim-
plifying system designs by eliminating the need for desulfuriza-
tion units, external reformers, and reducing gas purging
systems, potentially lowering overall system costs. However,
identifying suitable candidates is challenging, as ideal materials
must possess high ionic and electronic conductivity, electro-
catalytic activity, and thermal and chemical stability under reduc-
ing conditions.

Perovskite-based materials with desirable mixed ionic and
electronic conductivity (MIEC) properties and superior dimen-
sional stability in dual atmospheres have shown promise as alter-
native fuel electrodes.[7] Iron molybdate double perovskites with
the formula Sr2Fe1-xMoxO6�δ

[8] have attracted particular research
interest. They have a modified perovskite structure where the
FeO6 and MoO6 octahedra on the B site are ordered,a resulting
in high electronic conductivities, reaching up to 300 S cm�1 for
Sr2FeMoO6�δ.

[9] The Mo6þ/Mo5þ and Fe4þ/Fe3þ pairs contrib-
ute to the materials’ unique superlattice structure. However,
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Solid oxide fuel cells (SOFCs) are a key technology for highly efficient, low-emission
power generation from hydrogen and hydrocarbon-based fuels. However, con-
ventional Ni-cermet fuel electrodes show high performance and stability but
exhibit poor tolerance toward impurities, particularly sulfur. Here, the perfor-
mance and durability of Ni-free perovskite-based SrFe0.75Mo0.25O3�δ (SFM)/
Ce0.9Gd0.1O2�δ (CGO) composite fuel electrodes are evaluated under hydrogen-
rich conditions, with and without trace hydrogen sulfide in the fuel. Electrolyte-
supported cells with SFM/CGO show initial performance comparable to that of
benchmark Ni/CGO electrodes at 800 °C. Despite similar ohmic resistance, cells
with SFM/CGO exhibit higher polarization resistance, suggesting slightly redu-
ced electro-catalytic activity. Durability testing reveals significant degradation of
SFM/CGO over time, attributed to SFM phase decomposition in hydrogen-rich
atmospheres and microstructural reorganization based on post-test analysis.
Surprisingly, the addition of ppm-level H2S not only mitigated degradation, but
also improved electrode performance. These results uncover a counterintuitive,
sulfur-mediated stabilization mechanism for SFM-based electrodes, offering a
new development pathway toward sulfur-tolerant, nickel-free SOFCs for robust
and fuel-flexible energy conversion.
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Sr2FeMoO6�δ is not stable in air since the Mo solubility limit in
Sr2Fe2�xMoxO6-y in air has been suggested as x= 0.68.[10]

Therefore, most electrochemical studies have focused on
Sr2Fe1.5Mo0.5O6�δ (SFM) to achieve high stability during redox
cycling and manufacturing. SFM is often referred to as a
double perovskite,[8] but is also frequently described as
SrFe0.75Mo0.25O3�δ due to the random distribution of the iron
and molybdenum atoms on the B site.[8,11,12] It is reported that
the disorder leads to a significantly reduced electronic conductiv-
ity in a reducing atmosphere in comparison to the compounds
with a Fe/Mo ratio close to 1.[9] However, SFM is stable in air and
therefore, can even be used as a high-performing symmetrical
electrode.[13] Its electrical conductivity in reducing atmosphere
is typically in the range 10–40 S·cm�1.[8,9,14–17] Therefore,
SFM represents a highly promising material for the development
of a Ni-free ceramic fuel electrode with sufficiently high elec-
tronic conductivity. In addition, SFM has been reported to enable
electrochemical oxidative coupling of methane in SOCs with a
high selectivity toward ethylene,[18,19] and, hence could be a
promising electrode for using SOCs to produce “green” ethylene
from synthetic methane. Although SFM possesses MIEC and
works well as a single-phase fuel electrode,[13,20] oxygen exchange
rate and hydrogen dissociation kinetics were suggested to be
limited.[21–23] Therefore, SFM is often used in composite electro-
des with CGO to reduce the polarization resistance.[15,24–26]

Although promising results have been obtained from small-scale
(�1 cm2) SOFCs with SFM-based fuel electrodes, a reliable
benchmarking against state-of-the-art cells with larger cell sizes
is still lacking. Moreover, durability data for SFM-based fuel elec-
trodes remain scarce, with most studies limited to short-term
testing and lacking systematic evaluation of stability over
extended operation (>500 h). Some studies have reported perfor-
mance drops when sulfur impurities in the range of 100–
1000 ppm were introduced to SFM-based fuel electrodes.[12,27,28]

However, these studies were limited to short sulfur exposure
times, leaving the long-term stability of SFM electrodes in
sulfur-containing atmospheres unclear. Furthermore, no inves-
tigations have addressed lower sulfur concentrations in the
1–20 ppm range, which are representative of typical sulfur levels
in the European natural gas grid.[29] A recent computational
study suggested that sulfur-SFM interactions may differ at sulfur
concentrations below 100 ppm, indicating that this low-sulfur
regime exhibits distinct behavior.[30]

In this study, 5� 5 cm2-sized electrolyte-supported cells
(ESCs) with SFM/CGO composite electrodes are investigated

in SOFC operation. The primary goal is to assess the perfor-
mance and durability of the electrodes in comparison with
state-of-the-art Ni/CGO electrodes. Furthermore, the perfor-
mance and durability of SFM/CGO fuel electrodes exposed to
hydrogen sulfide is explored.

2. Results and Discussion

2.1. Crystallographic Powder Analysis

An X-ray diffraction (XRD) analysis of SFM/CGO powder mix-
ture calcined in air at 1100 °C was carried out to investigate
chemical compatibility and the pattern is displayed in
Figure 1a. Both perovskite SFM and fluorite CGO10 phases were
identified in the SFM/CGO mixture and no indications for sec-
ondary phase formations were observed. In scanning electron
microscopy (SEM) images with Z contrast of the annealed
SFM/CGO powder, SFM and CGO10 are identified in dark
and bright particles, whose sizes range between 0.5–1 μm and
0.1–0.2 μm, respectively (Figure 1b).

For a more detailed understanding of the SFM stability in
reducing atmosphere, TPR measurements of SFM and SFM/
CGO powder samples were carried out in 5% H2/Ar (see
Figure 2). In addition, SFM/CGO powder samples were charac-
terized via XRD after reducing the samples for 2 h in pure hydro-
gen at different temperatures (see Figure 3a,b, full range in
Figure S3 and S4, Supporting Information). Subsequently,
Rietveld refinements were performed for phase quantification
(Table 1). Refined phases and molar ratios are summarized in
Table 1 and 2, respectively. Lattice and statistical parameters
as well as Fe crystallite sizes are given in Table S1,
Supporting Information and refined profiles of SFM/CGO10
powders as/calcined, reduced at 600 and 800 °C are given in
Figure S1, Supporting Information, as examples. In the TPR
measurements, both the SFM and the SFM/CGO samples
showed pronounced peaks at �440 and 480 °C which are sug-
gested to correspond to the partial reduction of Fe and Mo.[31]

This was confirmed by XRD analysis of the powder reduced
at 450 °C that displayed a shift of the SFM to lower angles, which
corresponds to a lattice expansion suggesting a higher oxygen
nonstoichiometry (Figure 3b). The TPR signal remained above
the base line at temperatures >550 °C, which suggests consump-
tion of hydrogen and is presumably due to further reduction of
the SFM. Below 700 °C, SFM and CGO10 were the only identi-
fied phases and the lattice parameter of SFM was nearly

Figure 1. a) XRD pattern of the SFM/CGO powder and b) SEM image of the SFM/CGO powder. All samples were calcined at 1100 °C for 1 h in air.
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unchanged between 450 and 670 °C except for 600 °C. As shown
in Figure S2, Supporting Information, such a non-monotonic
change of lattice parameter was not observed in pure SFM. It
is possible that the CGO phase plays a role in the non-monotonic
change in lattice parameter without an apparent chemical reac-
tion between SFM and CGO; however, the origin of the small
lattice parameter of SFM at 600 °C is unclear. Further detailed
investigations by means of, for instance, X-ray photoelectron
spectroscopy (XPS) will be needed to clarify the origin of the lat-
tice parameter change at 600 °C, which is considered beyond the
scope of the present work.

Reduction of SFM/CGO at 740 °C resulted in a further
increase of the SFM lattice parameter and 5.7 mol% Fe phase
formation (Figure 3c and Table 2). The SFM lattice parameter
change above 700 °C could be explained by the change in Fe/
Mo ratio due to extensive Fe exsolution (Figure 3d), noting that
the lattice parameter increases with Mo content in SFM due to its
larger cation radius.

At temperatures above �800 °C, the TPR profile of the SFM
samples increased with a peak at �1000 °C indicating severe
reduction. The SFM/CGO powder showed a similar behavior
and displayed an additional peak at 800 °C. Pure CGO demon-
strates a broad peak around 750 °C in the TPR profile, attributed
to Ce4þ reduction.[32] SFM/CGO showed no detectable CGO10
lattice parameter change up to 860 °C by XRD, although minor
reduced CeO1.8 formation was indicated in the powder reduced
at 860 °C, whose lattice parameter was 1.9%larger than that of
CGO. These results suggest that Ce4þ reduction was confined
to the particle surface at 860 °C in pure H2, leading to negligible
bulk lattice change. On the other hand, following TPR at 1100 °C
in 5% H2, the CGO lattice parameter was increased by �0.1%
demonstrating partial reduction of Ce4þ of the whole CGO par-
ticles. The difference in reducing behaviors could be explained by
the difference in H2 partial pressure and temperature. At the
peak temperature of 800 °C, the decomposition was even more
severe with a decrease of the SFM phase to 6.3% and an increase
of the Fe phase to 16.4%. Moreover, the Ruddlesden–Popper

(R–P) phases (general formula Anþ1BnO3nþ1, here with n= 2,
3) Sr2(MoFe)O4 and Sr3(MoFe)2O7 were identified, suggesting
the following decomposition reactions

3 SrFe0.75Mo0.25O3�δ þ 2H2 ⇌ Sr3Fe1.25þxMo0.75�xO7�δ

þ Fe1�xMox þ 2H2O (1)

2 SrFe0.75Mo0.25O3�δ þ 2H2 ⇌ Sr2Fe0.5þyMo0.5�yO4�δ

þ Fe1�yMoy þ 2H2O (2)

The lattice parameter of the Fe phase ranged from 2.875 to
2.8726 Å determined by the Rietveld refinement with a body-
centered cubic structure (Space group: Im-3m (229)) and was
remarkably larger than that of pure Fe (2.867 Å), indicating
metallic Fe alloying with Mo which is possible at 800 °C for
up to �4mol% Mo.[33] Thus, Equation (1) and (2) are formulated
in a more general way with the formation of Fe1�xMox alloys. On
the other hand, the limited Mo content in the exsolved Fe sup-
ports the change of Fe/Mo ratio in the SFM phase due to
increased Fe loss from the perovskite phase.

A further reduction of the SFM and SFM-derived R–P phase
would be responsible for the wide peak at �1000 °C, and the fact
that the Sr2CeO4 phase was identified when annealed above
800 °C suggests the reactions

2=3 Sr3Fe1.25þxMo0.75�xO7�δ þ CeO2 þ 2H2

⇌ Sr2CeO4 þ 2=3 Fe1.25þxMo0.75�x þ 2H2O
(3)

Sr2Fe0.5þyMo0.5�yO4�δ þ CeO2 þ 2H2

⇌ Sr2CeO4 þ Fe0.5þyMo0.5�y þ 2H2O
(4)

SFM powder reduction at different temperatures is given in
Table S2 and S3, Supporting Information. After reduction at
860 °C, the original SFM phase was decreased to 5.6 mol%
and exsolved Fe was increased to over 50mol%, demonstrating
significant decomposition of SFM into Fe and R–P phases.
Interestingly, there are clear differences in lattice parameter evo-
lution of SFM and Fe and crystallite size growth of Fe with reduc-
tion temperature between SFM/CGO10 and SFM powders.
Apparently, Fe exsolution starts as low as 600 °C in pure SFM
powder, which is much lower than 740 °C of SFM/CGO10
and the acrystallite size is about twice as larger as that in
SFM/CGO10 mixture. While CGO10 phase itself has no change
up to 800 °C, it might play a substantial role in the SFM chemical
stability under reducing atmospheres.

With regards to literature reports about the thermo-chemical
stability of SFM in reducing conditions, large discrepancies can
be observed. Different studies have reported a high stability in
hydrogen at temperatures higher than 1000 °C.[11–13,34,35]

However, in other studies, SFM partially decomposed to metallic
Fe in reducing conditions at temperatures as low as 800 °C.[9,36,37]

Gou et al. observed that the main perovskite lattice remained
intact, although small amounts of metallic Fe formed after
24 h in pure H2 at 850 °C. They suggested that the metallic Fe
formed when the Fe–O–Fe was broken. At 900 °C, they observed
the full decomposition of the perovskite and the formation of a
Sr2MoO4 R–P structure. Similarly, Miao et al. observed the pre-
cipitation of minor amounts of Fe of SFM after reduction in H2

Figure 2. TPR of SFM and SFM/CGO powders in 5% H2–Ar (50 sccm) up
to 1100 °C at 5 °Cmin�1.
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for 10 h at 800 °C.[9] Xiao et al. observed a reduction of Fe2þ to Fe0

at temperatures above 800 °C.[37]

Differences in microstructure, such as grain size, as well as
the synthesis route (e.g., solid-state versus sol-gel methods),
can strongly influence phase stability and segregation behavior
of perovskites under reducing conditions.[38] Such factors likely
contribute to the discrepancies observed among reported values
in the literature. Nevertheless, the reasons for the reported dis-
crepancies remain unclear.

2.2. SFM/CGO Electrode Treatment in Hydrogen

A processing temperature of 1100 °C for a pure SFM electrode
was identified to lead to good necking between SFM particles

Table 1. Identified phases and their structures used in the Rietveld
refinement.

Phase Symmetry Space group PDF #

SFM Cubic Pm-3m 04-018-3456

CGO10 Cubic Fm-3m 04-013-9775

CeO1.8 Cubic Fm-3m 04-003-6949

Fe(Mo) Cubic Im-3m 04-018-7457

Sr3(Mo,Fe)2O7 Tetragonal I4/mmm 04-011-8337

Sr2(Mo,Fe)O4 Tetragonal I4/mmm 04-011-9233

Sr2CeO4 Orthorhombic Pbam 04-014-6763

SrCeO3 Orthorhombic Pnma 04-006-1683

Figure 3. a,b) XRD patterns of the as-calcined SFM/CGO powder and the powder reduced in pure hydrogen for 2 h at different temperatures. c) Lattice
parameter as a function of temperature determined by the Rietveld refinement. d) Refined parameters of Fe (closed and open circles, * are lattice
parameter, mol% and crystallite size, respectively.
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and a fine microstructure (Figure S5, Supporting Information).
Dilatometry measurements of SFM showed a CTE of
overall 16.8·10�6 K�1 in the range 100–1190 °C (Figure S6,
Supporting Information), consistent with previous literature
studies.[8,12,16,39,40] Since the CGO in the interlayer of the
substrate has a significantly lower CTE value of αCGO=
12.7·10�6 K�1,[41] the CTE mismatch at the CGO|SFM interface
was likely too large, which led to a delamination of pure SFM
electrodes after annealing due to large residual thermal stresses
(Figure S6, Supporting Information). By contrast, SFM/CGO
composite electrodes showed good adhesion to the CGO inter-
layer after sintering at 1100 °C, most likely due to the reduction
of the electrode layer’s apparent CTE and its alignment to the
CGO interlayer. After annealing, a fuel electrode thickness of
�15 μm was obtained (Figure 4a).

After reducing a half cell consisting of the electrolyte, inter-
layer, and fuel electrode for 2 h at 800 °C in pure hydrogen, this
sample and a nonreduced reference sample were investigated
using NanoSIMS analysis, which allows for chemical imaging
of large volumes with a high spatial resolution down to 50 nm
(see Figure 4).

The as-prepared SFM/CGO electrode in Figure 4c–e shows
two clearly separated phases. The blue color corresponding to
the Ce signal indicates the presence of the CGO phase. The yel-
low color is obtained by mixing the Sr (in green) and Fe (in red)
signals and shows a homogeneous composition of the initial
SFM phase.

By contrast, the SIMS image of the reduced SFM/CGO elec-
trode in Figure 4g,h depicts a number of other colors indicating
the presence of additional phases in the electrode. Whereas the
blue CGO phase is still present in a large amount, the area of the
yellow SFM phase in the cross-section has significantly
decreased, indicating its decomposition in agreement with the
SFM/CGO powder experiments in the previous section. No clear
trend in color differences could be observed between the particle
surfaces and their interior, demonstrating the progression of the
SFM decomposition into the bulk.

In addition, light blue regions can be identified throughout the
entire electrode due to an overlap of the Ce (blue) and the Sr
(green) signals, consistent with the observed formation of
2mol% Sr2CeO4 in the SFM/CGO powder reduced at 800 °C
(see Figure 4 and Table 1). Furthermore, red regions are visible

in the reduced electrode, suggesting the formation of elemental
iron. Purple regions are also abundant throughout the electrode
indicating the overlap of Fe and Ce. However, since no Fe–Ce
species were identified in the XRD analysis of the reduced
SFM/CGO powder, it is likely that the purple region rather indi-
cate small Fe particles that diffused into the porous CGO struc-
ture. These Fe particles are also present in the CGO interlayer,
indicating their high mobility after formation. Furthermore,
green areas can be detected in the NanoSIMS images, indicating
Sr-enrichment which could potentially be associated with the for-
mation of the R–P phases observed in Figure 4.

2.3. Electrochemical Performance

Initial SOFC performance at 800 °C was assessed by means of
current-voltage characteristics (i-V curve) and electrochemical
impedance spectroscopy. A comparison between ESC with a
state-of-the-art Ni/CGO fuel electrode and with SFM/CGO elec-
trode was carried out by investigating multiple cells of both cell
types and the mean performance values are given in Table 3.
SEM images of the ESCs with Ni/CGO fuel electrode are shown
elsewhere,[42,43] and show initial particle sizes of 0.5–1 μm for Ni,
and 0.1–0.2 μm for CGO. The electrochemical behavior of a rep-
resentative cell of each type is depicted in Figure 5.

The average current density of eight different SFM/CGO-
based ESC of nominally equal composition at 0.6 V was
0.62 A cm�2, which was slightly lower than the 0.68 A cm�2

obtained for the Ni/CGO-based cells (n= 2). Corresponding
power densities at 0.6 V were 0.37 and 0.4W cm�2, respectively.
Both ohmic and polarization resistance were slightly higher for
the cells with SFM/CGO fuel electrode. Nevertheless, the differ-
ence in ohmic resistance was within one standard deviation. Two
of the eight investigated SFM/CGO-based cells showed a signifi-
cantly decreased performance, which was mainly caused by an
increased ohmic resistance and likely related to poor contacting
of the cells (see Figure S7, Supporting Information). Upon the
exclusion of these cells, the average performance of the remain-
ing six cells was 0.65 A cm�2 and thus, closer to those of the state-
of-the-art cells. In this case, the same average ohmic resistance
values were obtained. In our recent investigation of Ni-doped lan-
thanum strontium chromite fuel electrodes with an estimated
electronic conductivity of �1 S cm�1, we observed an increased

Table 2. Molar percentages of the SFM/CGO powder samples reduced at different temperatures in pure hydrogen for 2 h and powder sample after TPR
measurement, determined by Rietveld refinement (50:50 vol. ratio of SFM/CGO equals to 40:60 in mol%).

Molar % As-calcined 450 °C 550 °C 600 °C 670 °C 740 °C 800 °C 860 °C TPR [5% H2, max 1100 °C]

SFM 45.0 43.0 42.3 42.2 41.4 31.6 6.29

CGO10 55.0 57.0 57.7 57.8 58.6 62.8 62.3 45.8 53.5

CeO1.8 0.5

Fe(Mo) 5.7 16.4 27.9 19.2

Sr3(Mo,Fe)2O7 8.9 1.6 2.1

Sr2(Mo,Fe)O4 4.4 1.4 24.3

Sr2CeO4 1.7 22.8

SrCeO3 0.9
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ohmic resistance compared to cells with Ni/CGO fuel electrodes
and suggested that the performance of SOFC with alternative
fuel electrodes could be improved by employing perovskites with
higher electronic conductivity.[43] By contrast, in the present
study, current collection and electronic conductivity seem to
be high enough that they do not limit the performance for the
SFM/CGO fuel electrodes since the ohmic resistances of
SFM/CGO and Ni/CGO-based ESC are approximately the same.

Hence, the electrochemically active thickness can be assumed to
be lower than the electrode thickness and the influence of the Pt
layer on the electrochemical performance is negligible.
Furthermore, initial particle size of the brushed Pt particles
was in the range of 5 μm (Figure 3a) significantly lower than
the electrode particles. As a result, the triple phase boundary
length contribution between ionic conductor (SFMþ CGO)|Pt|
gas phase was assumed to be low. Nevertheless, the polarization

Table 3. Sample size, and average values and standard deviation of current density and power density at 0.6 V, ohmic resistance and polarization
resistance for the different cell types.

Sample
size n [–]

Current density i
@ 0.6 V [A cm�2]

Power density
@ 0.6 V [W cm�2]

Ohmic resistance
Rohm @ OCV [Ω cm2]

Polarization resistance
Rpol @ OCV [Ω cm2]

Ni/CGO 2 0.68� 0.01 0.4� 0.01 0.64� 0.00 0.14� 0.00

SFM/CGO-all 8 0.62� 0.06 0.37� 0.04 0.67� 0.06 0.19� 0.03

SFM/CGO-high performance 6 0.65� 0.01 0.39� 0.01 0.64� 0.02 0.18� 0.01

Figure 4. a) SEM image of the polished sample of the as-produced SFM/CGO fuel electrode, b) RGB composition overlay of the analyzed secondary ion
intensities of 56Fe16O�, 88Sr16O�, and 140Ce16O�. c–h) SIMS elemental mapping depicting their distribution at the region of interest comprising the SFM/
CGO fuel electrode (c–e) as-prepared and (f–h) reduced in pure hydrogen at 800 °C for 2 h. c,f: 30 μm raster size; d,e,g,h: 10 μm raster size.
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resistance of the cells with SFM/CGO was still increased com-
pared to state-of-the-art cells (0.18Ω cm2 vs. 0.14Ω cm2). The
state-of-the-art ESC employed an La0.6Sr0.4Co0.2Fe0.8O3�δ

(LSCF)/CGO functional oxygen electrode, whereas the SFM/
CGO-based cell had a pure LSCF electrode. Since performance
contributions of LSCF-based oxygen electrodes to overall perfor-
mance was shown to be small in state-of-the-art ESC at temper-
atures above 800 °C,[44] their impact on cell performance was
assumed to be negligible. Thus, the difference in impedance
response at 10 and 0.1 Hz (Figure S7c, Supporting
Information) is likely related to the fuel electrode.[15]

2.4. Degradation Behavior with and Without Sulfur Addition

As a next step, the performance and durability of SFM/CGO-
based cells with and without the addition of H2S in the fuel
gas were investigated at 800 °C and 0.375 A cm�2 for a prelimi-
nary assessment of the electrode’s electrochemical characteris-
tics in a system without desulfurization unit. The evolution of
the cell voltages over time periods of 600–700 h during two test
campaigns in the 4-cell test rig is depicted in Figure 6. Three of
the six tested cells were exposed to 1, 5, and 20 ppm H2S, respec-
tively, whereas the other three cells were operated without the
addition of sulfur. For the sulfur-exposed cells with 1, 5, and
20 ppm H2S, the cell voltage increased within 30mins after sul-
fur addition by 3, 4, and 8mV, respectively (Figure 6c). This acti-
vation behavior was associated with a decrease of the polarization
resistance in the time period between t= 21 and 90 h, which is
illustrated for the impedance spectra of the cell exposed to
20 ppm H2S in Figure 7a,b. The addition of sulfur led to a
decrease of the low-frequency arc at frequencies from 0.1 to
10Hz, suggesting the presence of one or more fuel electrode sur-
face processes in this frequency region in accordance with litera-
ture studies of SFM/CGO electrodes.[15] The low frequency of the
process indicates the occurrence of a chemical capacitance

similar to other MIECs.[45] In such cases, a double layer occurs
at the MIEC surface due to adsorbed ions and accumulated elec-
tronic charges in the space-charge layer.[46] A change in operating
conditions (e.g., potential, temperature, gas phase composition)
in suchMIEC electrodes is frequently associated with a change in
oxygen nonstoichiometry.

In our previous studies, we carried out analogous sulfur poi-
soning tests for Ni/YSZ, Ni/CGO, and L65SCrN fuel electrodes
and extensively discussed the issue of sulfur poisoning of
Ni-containing electrodes.[2,3,43] After addition of 20 ppm H2S,
Ni/YSZ-based cells showed pronounced voltage drops of more
than 150mV at 850 °C and 0.5 A cm�2. While the voltage drops
were only 35mV and 10mV for L65SCrN (860 °C) and Ni/CGO
electrodes (850 °C), respectively, voltage drops were observed in
all cases. In all our previous investigations, sulfur poisoning
solely caused an increase of the polarization resistance since it
led to blockage of the electro-catalytically active Ni surfaces.
Accordingly, the decrease of polarization resistance in the pres-
ent study suggests a kinetic-enhancing effect of sulfur on the
SFM-based electrodes.

After the initial poisoning, the durability behavior of all cells
was investigated. In Figure 6a, the cell without sulfur showed a
voltage decrease of 32mV in the time between t= 22 h and 595 h
(Δt= 573 h), whereas the cell exposed to 20 ppm hydrogen sul-
fide only decreased by 12mV. In Figure 6b, the cell voltage of the
cell exposed to 5 ppm decreased by 32mV in the time between
t= 2 and 652 h (Δt= 650 h), that of the 1 ppm cell by 35mV, and
those of the cells operated in the absence of sulfur by 63mV (cell
#5) and 45mV (cell #3), respectively. Hence, a clear decrease in
the degradation rate can be observed when the SFM/CGO elec-
trodes were exposed to hydrogen sulfide.

For more detailed analysis, degradation was monitored by
electrochemical impedance spectroscopy (EIS) and representative
results of the first test campaign are shown in Figure 7a–d. Results
of the second campaign are depicted in Figure S8, Supporting

Figure 5. a) i–V curves of the tested cells at 800 °C and in 97% H2, 3% H2O fuel gas. b,c) Nyquist and imaginary impedance plots of the cells at OCV
during the initial characterization.
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Information. Based on these data, the changes of the ohmic and
the polarization resistance after 500 h of durability testing were
derived and are summarized in Figure 7e. The results show a sta-
tistically significant decreased in degradation of both the ohmic
and the polarization resistance for the cell operated with
5 ppm H2S of more than one standard deviation compared to
the average values of the sulfur-free cells. The change of both
resistances was even less for the cell exposed to 20 ppm H2S.
The polarization resistance of all cells in the present study
showed a similar increase in the frequency region of
�100 Hz which was not affected by the exposure to sulfur.
Thus, the process is most likely related to an SFM/CGO elec-
trode bulk process, such as the oxygen ion migration across the
SFM|CGO interface. In addition, all sulfur-free cells displayed a
considerable increase in polarization resistance over time in the
frequency range between 0.1 and 5Hz. However, this degradation
process was substantially mitigated for the cells operated with 5
and 20 ppm H2S, suggesting a preventative effect of sulfur on
the loss of electro-catalytic activity.

All sulfur-exposed cells showed a decrease in performance
upon removal of hydrogen sulfide from the feed gas
(Figure 6a,b), which reflected in a strong increase of the polari-
zation resistance in the frequency range from 0.1 to 10Hz in the
first 5 h, as demonstrated for the cell exposed to 20 ppm H2S in

Figure 7a,b. This resistance increase was larger than the initial
sulfur-induced resistance decrease, indicating the onset of fur-
ther degradation after sulfur removal, which is confirmed by a
further increase in degradation rate as shown in Figure 6a,b.
For the cell exposed to 20 ppm H2S, the impedance spectra
showed a significant increase of both ohmic and polarization
resistance in the time period between 600 and 644 h, which
was higher than their degradation in the previous 600 h.
Because of the higher degradation rate after sulfur removal,
the total degradation of the cells exposed to sulfur was higher
than that of the sulfur-free cells when the degradation after sulfur
removal was included.

2.5. Post-Test Analysis

Polished SEM images of both samples in Figure 8a,b showed
significant microstructural changes compared to the initial struc-
ture (Figure 4a), notably the formation of blurred regions where
the initial pores were clogged. The SEM/energy dispersive X-ray
spectroscopy (EDX) mappings (Figure 8c,d) show a homoge-
neous distribution of Ce within both electrodes, whereas the ele-
ments Sr, Fe, andMo are heterogeneously distributed. A reduced
EDX intensity for Fe and Mo was observed within 5 μm of the Pt

Figure 6. Durability tests of SFM/CGO-based cells at 800 °C, 97% H2, 3% H2O, and 0.375 A cm�2 with a) 0 (SFM/CGO #2) and 20 ppm H2S(SFM/CGO
#1) over 644 h, b) 0 (SFM/CGO #3 and SFM/CGO #5), 5 ppm H2S(SFM/CGO #4) and 1 ppm H2S(SFM/CGO #6) over 670 h. c) Short-term sulfur
poisoning tests for the cells with 1, 5 and 20 ppmH2S. The cell voltages in Figure b) show two kinks at 300 and 500 h which were related to the depletion of
water in the bubbler. After refilling, the voltages recovered.
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current collector in both electrodes (see additional mapping
images in Figure S9 and S10, Supporting Information). Both
Fe and Mo were detected in the Pt current collector in
Figure 8c, whereas the Pt layer in Figure 8d was already removed
during cell disassembly, preventing detailed analysis. The exis-
tence of PtFe and PtMo alloys with up to 20mol% Fe and
Mo, respectively, at 800 °C has been reported.[47,48] However, a
ternary alloy combining all three metals is not yet well-
documented.

Strontium segregations were detected in the outermost parts
of both fuel electrodes with no overlap of either Fe or Mo, and
similar segregations were observed in the CGO interlayers. This
behavior indicates the demixing of the SFM phase and high ele-
mental mobility within the electrode. Since the SFM decompo-
sition reactions, as given in Equation (1) and (2), are less
favorable at low hydrogen partial pressures, decomposition is
expected to be less pronounced close to the electrode/electrolyte

interface where pH2 is lowest. By contrast, SFM decomposition
should be accelerated close to the current collector where pH2 is
highest.

The formed metallic FeMo particles have a high diffusional
mobility, which could drive the preferential diffusion of Fe
and Mo away from the current collector toward regions where
they stabilize in different forms, such as R–P phases.

One plausible mechanism for the Sr redistribution in the elec-
trode could be the formation of volatile Sr(OH)2A similar mech-
anism has been proposed for LSCF oxygen electrodes in wet
air.[49] In LSCF, SrO first segregates and then reacts with steam
to form Sr(OH)2 according to

SrO þ H2O ⇌ SrðOHÞ2 (5)

SrO surface segregation has also been reported for SFM,[50]

and may be further enhanced by the formation of the R–P phases

Figure 7. a) Nyquist and b) imaginary impedance plots of the SFM/CGO #1 cell over time with exposure to 20 ppm H2S. c) Nyquist and d) imaginary
impedance plots of the SFM/CGO #1 cell over time without exposure to H2S. e) Change of ohmic and polarization resistance during 500 h durability
testing for the cells exposed to 20 and 5 ppm H2S. Average and standard deviation values were calculated for the cells not exposed to sulfur.
Malfunctioning of the testing hardware in the case of the 1 ppm H2S prevented the recording of EIS data.
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(Equation 1 and 2) due to excess Sr in these compounds. Kinetics
of Equation (1) and (2) are likely faster close to the current col-
lector due to higher pH2, and hence, the formation of volatile
Sr(OH)2 should be favorable if SrO segregation is the rate-
limiting step. According to the pH2O gradient in the electrode,
Sr(OH)2 could subsequently be transported out of the electrode
into the fuel gas outlet.

Alternatively, Sr could migrate as Sr2þ ion within the oxide lat-
tice due to the electric field across the SOFC. The negative charge
at the opposing electrode may drive Sr ions away from the current
collector toward the electrolyte, where they may stabilize again.

The change in fuel electrode composition led to a further per-
formance loss over time. Since the initial SFM phase was likely
responsible for the electronic conductivity of the composite elec-
trode, its depletion in the outer part of the electrodes likely forced
a shift in the conduction pathway to the CGO phase, which has
lower electronic conductivity. This decrease in effective electrode
conductivity likely contributed to an increase in ohmic resistance
as it occurred beyond the electrochemically active thickness of
the porous electrode, as observed in Figure 7a,c.[43] Additional
effective conductivity loss within the electrochemically active part
of the electrode would entail an increase in polarization resis-
tance, which was also observed during operation. Thus, a com-
bination of both mechanisms is plausible.

Finally, the fracture SEM images of both electrodes in
Figure 8e,f reveal differing degrees of degradation. While the
smaller CGO particles still retained a morphology similar to their
initial state (see Figure 1a), the SFM particle underwent substan-
tial morphological changes. Pore formation was prominent in
the SFM phase of the sulfur-free sample, whereas no such pores
could be observed in the sulfur-exposed electrode.

2.6. Mechanistic Discussion

A detailed determination of the hydrogen oxidation mechanism
is challenging due to the complex electrochemical behavior,
likely influenced by multiple phases, with at least SFM and
CGO showing MIEC properties. The electronic conductivity
value of CGO under reducing conditions and 800 °C of 0.1–
1 S cm�1 is comparatively low.[51,52] Since the reported values
for SFM are generally between 10 and 45 S cm�1,[8,14] SFM is
expected to be predominantly responsible for the electronic con-
ductivity in an intact SFM/CGO electrode. However, after the
reduction process at 800 °C, the SFM content in the powder mix-
ture was lower than the combined amount of the newly formed
R–P phases, Sr2CeO4, and Fe. Since the cells did not show an
increased ohmic resistance compared to Ni/CGO-based refer-
ence cells, it is speculated that the two R–P phases still possess

Figure 8. a,b) Polished SEM, c,d) EDX images, and e,f ) fracture SEM images of (a,c,e) SFM/CGO #2 and (b,d,f ) SFM/CGO #1. The polished SEM/EDX
images of the SFM/CGO #2 samples still show the Pt current collector layer, whereas the Pt layer of SFM/CGO #1 was removed after testing.
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favorable transport properties, particularly a high electronic con-
ductivity potentially comparable to SFM.

This hypothesis aligns with findings from other literature
studies reporting the formation of the R–P structure
Sr3FeMoO7�δ after in situ reduction of Sr2FeMoO6�δ perovskite
structures with partial substitution of Mo by Co or Ni.[53,54] For
example, in Sr2Fe(Mo2/3Co1/3)O6-δ, the formation of CoFe nano-
particle-decorated Sr3FeMoO7 was observed, exhibiting an elec-
trical conductivity of 51 S cm�1 at 800 °C.[53] In the present study,
the substantial presence of metallic Fe in the fuel electrode after
reduction may facilitate hydrogen oxidation since Fe is a good
hydrogen dissociation catalyst. However, its extensive interdiffu-
sion within the electrode indicates that Fe particles do not remain
anchored in the host perovskite as frequently observed during
the “exsolution” process and their formation is generally
undesired.

SFM decomposition may not necessarily be harmful initially
since the fuel electrodes showed high performance and favorable
sulfur activation characteristics. However, after the initial SFM
decomposition, the gradual reorganization of the SFM-derived
phases was most likely the cause for the observed degradation
since it entailed a loss of phase percolation and reduction in
the electrochemically active surface area.

The precise mechanism behind the sulfur-enhanced perfor-
mance and durability of the SFM/CGO electrodes remains
unclear. Interestingly, a 10% performance drop was observed
after sulfur poisoning of an SFM electrode with 100 ppm H2S
at 800 °C in another study.[28] Furthermore, decomposition of
SFM was reported after exposure to 800 ppm H2S.

[12] These dif-
ferences may be due to the differences in hydrogen sulfide con-
centration. Walker et al. investigated the interactions between
SFM and H2S by density functional theory (DFT) and ab initio
thermodynamic analysis, finding that oxygen replacement by sul-
fur on the SFM surface was energetically more favorable than
H2S dissociative adsorption.[30] They predicted that neither pro-
cess would occur below 100 ppm H2S, and emphasized that sur-
face termination strongly influences sulfur incorporation.
Although the present study operated well below 100 ppm H2S,
the observed impact on the ohmic resistance suggests a change
in the bulk properties of SFM, potentially involving oxygen sub-
stitution by sulfur. This incorporation of sulfur in SFM and the
R–P phases may enhance transport properties and surface ion
exchange rate, possibly by controlling oxygen vacancy formation
or improving oxygen ion mobility. Such substitution could help
to maintain an optimal oxygen vacancy concentration, preventing
vacancy over-formation that can decrease ionic conductivity due
to vacancy clustering.[55] Furthermore, sulfur-induced lattice
strain might increase ionic conductivity.[56] Excessive oxygen
vacancy formation can also lead to significant lattice distortions
and destabilize the crystal structure of a perovskite, eventually
resulting in the observed structural decomposition. After switch-
ing off the hydrogen sulfide supply, the removal of sulfur from
the perovskite/R–P lattice would lead to an immediate loss of its
stabilizing effects and possibly enhanced oxygen vacancy forma-
tion, clustering, and exacerbated decomposition. It is acknowl-
edged that the proposed effect of sulfur is hypothetical, as no
direct mechanistic evidence is provided in this work. Detailed
mechanistic studies would ideally require operando investiga-
tions of SFM/CGO fuel electrodes exposed to sulfur, which

involve significant experimental effort. Ex situ investigations
are also limited, as sulfur is removed during cooling in a forming
gas atmosphere for safety, and compositional changes during
cooling prevent reliable mechanistic insight.[57]

3. Conclusions

Nickel-free, perovskite-based SFM/CGO fuel electrodes were
successfully integrated into 5� 5 cm2 electrolyte-supported
SOFCs, enabling direct benchmarking against state-of-the-art
Ni/CGO electrodes using an identical cell architecture. With
H2/H2O fuel gas at 800 °C, the SFM/CGO cells showed slightly
lower performance. No difference in ohmic resistance between
the two cell types was observed, suggesting that electronic con-
ductivity and current collection in the perovskite fuel electrode
were not limiting factors. However, higher polarization resistan-
ces indicated reduced electro-catalytic activity.

Remarkably, the addition of trace H2S to the fuel enhanced
both performance and electrochemical stability of the SFM/
CGO electrodes, in stark contrast to the typical degradation
behavior of Ni/cermet fuel electrodes. This effect manifested
as a reduction in polarization resistance and slower performance
decrease over time, suggesting a unique sulfur-induced stabili-
zation mechanism. Nevertheless, the underlying mechanism
remains to be fully elucidated and could be further investigated
using operando electrochemical and spectroscopic techniques.
Despite this improvement, long-term durability tests revealed
that SFM remains structurally unstable in hydrogen-rich atmos-
pheres at 800 °C. Post-test analysis confirmed phase decomposi-
tion and microstructural reorganization. Interestingly, the newly
formed secondary phases exhibited unexpectedly high electro-
chemical activity, opening new opportunities for exploring alter-
native phase-stabilized compositions.

In summary, while SFM/CGO composites show promise as
Ni-free fuel electrodes with unusual sulfur-enhanced perfor-
mance, their limited structural stability under standard SOFC
conditions currently hinders commercial viability. Overall, this
study introduces sulfur as a potential tool for stabilizing complex
oxides under harsh conditions. Future research should focus on
doping strategies or lower operating temperatures to enhance
long-term stability and unlock the full potential of this class of
materials for next-generation sulfur-tolerant SOFCs.

4. Experimental Section

Powder Characterization: SFM powder supplied by Marion Technologies
(Verniolle, France) was calcined at 1300 °C to obtain high crystallinity. The
calcined powder was ground with a planetary ball-mill to breakdown the
particles. Ce0.9Gd0.1O2�δ (CGO10) powder was supplied by Treibacher
(Althofen, Austria). SFM/CGO powder mixtures were obtained by disper-
sion of mixtures in a 50 vol%/50 vol% ratio in ethanol, roll-milling with
ZrO2 balls and drying at 60 °C. Subsequently, they were sintered at
1100 °C for 1 h to simulate the fuel electrode thermal treatment.
Temperature programed reduction (TPR) profiles were recorded using
a BELCATII (Microtrac MRB, Japan) on the SFM/CGO mixture. The pow-
der was heated to 150 °C in Ar at 50 ccm and then cooled down below
50 °C prior to the TPR measurement for surface water desorption. The
TPR signal was recorded up to 1100 °C with a TCD detector at a tempera-
ture increment of 5°Kmin�1 and 5%H2–Ar gas flow of 50 ccm. Reduced
samples were obtained by annealing the powders at the desired
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temperatures (450, 600, 670, 740, 800, and 860 °C) in the flow of pure
hydrogen for 2 h. The sample powders were analyzed by XRD) using a
D8 ADVANCE (BRUKER AXS GmbH, Germany) device with a Cu Kα radi-
ation source operating at 40 kV and 40mA in Bragg-Brentano geometry to
identify the phases and determine their structural parameters. XRD diffrac-
tograms were recorded at an increment step of 0.02° using a high-
resolution position sensitive detector (LYNXEYE XE-T) operated in 1D
high resolution mode with a motorized divergence slit (fixed sample illu-
mination mode: length 12mm), and 2.5° and 4° axial soller slits were used
for incident and receiving X-ray, respectively. Crystalline phases were iden-
tified with ICDD database and Rietveld refinement was carried out on the
XRD data using TOPAS software. Compositional ratio, lattice parameters,
crystallite sizes/strain of the phases were refined. A Chebyshev polynomial
model (7th order) was used for back-ground function and sample displace-
ment correction was used in the refinement. A surface roughness correc-
tion was applied according to Pitschke et al.[58]

Dilatometry measurements were performed to determine the coeffi-
cient of thermal expansion (CTE) value of SFM on DIL 402 C
(Netzsch, Germany) in the temperature range of 25–1200 °C at a heating
rate of 3 °Cmin�1 in ambient air to investigate the thermal expansion
behavior. A dense ceramic rod of SFM was prepared by high temperature
sintering for the dilatometry.

Cell Manufacturing: The calcined SFM powder was ball-milled to obtain
an appropriate grain size for the electrode. SFM/CGO fuel electrode inks
were prepared by dispersing the powders with 50 vol%/50 vol% ratios in a
94 wt% α-Terpineol and 6 wt% ethyl cellulose solution with a powder to
solution ratio of 2:1 and mixing in a 3-roll mill. Subsequently, ESCs were
manufactured by using a commercial 5� 5 cm2-sized substrate of 90 μm
thick 3 mol% Y2O3-doped ZrO2 (3YSZ) electrolytes coated on both sides
with 5 μm thick CGO layers from Kerafol GmbH (Eschenbach, Germany).
4� 4 cm2-sized SFM/CGO composites fuel electrodes were applied via
screen-printing. The resulting half cells were fired at 1100 °C for 1 h in
air with a heating rate of 3 Kmin�1. Afterward, the oxygen electrode
was screen-printed on the other side of the electrolyte with a commercial
ink of LSCF supplied by Heraeus GmbH (Hanau, Germany), resulting in
an oxygen electrode thickness of �25 μm. Pt paste was brushed on the
sintered fuel electrode surface for current collection. Then, the cell was
fired at 1050 °C for 1 h in air with a heating rate of 3 Kmin�1. In addition,
state-of-the-art cells supplied by Sunfire GmbH (Dresden, Germany), hav-
ing a similar architecture, were investigated to allow for a comparative
assessment of the fuel electrode performances. Therefore, a similar cell
architecture was used that also consisted of a CGO (5 μm)|3YSZ
(90 μm)|CGO (5 μm) sandwich structure and employed a Ni/CGO fuel
electrode and an LSCF/CGO oxygen electrode.

Electrochemical Characterization: The setup for cell testing enables the
characterization of up to four cells simultaneously under variation of cur-
rent density and has been illustrated and described in detail elsewhere.[2]

The high reproducibility of measurements between the different positions
has been demonstrated in previous studies.[59–61] The cells were heated
(3 Kmin�1) to 800 °C for reduction in pure hydrogen for 2 h prior to
the operation. Proper sealing of all cells was ensured by confirming the
open circuit voltage (OCV) to be higher than 1.2 V in pure hydrogen
and air. Pt and Au meshes were used for contacting on the fuel electrode
and the oxygen electrode side, respectively. All cells were operated at
860 °C with 97% H2 and 3% H2O at a constant total fuel flow rate of
1 SLPM for every cell. H2S was taken from a pressurized H2S/H2 bottle
that contained 200 ppm H2S. Air was supplied to the oxygen electrode
at a constant flow rate of 1 SLPM. EIS was performed by means of an elec-
trochemical workstation (Zahner PP-240 with Thales software) in a fre-
quency range from 20mHz to 100 kHz with 10 points per decade. The
amplitude of the current stimulus was chosen to be 500mA, which
was shown to lie within the linear regime by i–V curves.

Microstructural Characterization: SEM images were acquired using a
Zeiss Ultra Plus SEM in combination with a Bruker XFlash 5010 EDX detec-
tor for elemental analysis. The elemental distribution across the cross-
sectional surfaces of the reference and post-tested samples was investi-
gated using high-resolution secondary ion mass spectrometry imaging
analysis apparatus (SIMS, NanoSIMS 50L, Ametek CAMECA). The

samples were infiltrated with a high-vacuum-compatible resin, then further
embedded into the NanoSIMS-specific sample holder using an alloy of Bi-
Sn, and the exposed surfaces were subsequently polished using diamond
slurry. Lastly, the samples were coated with evaporated osmium (Os) to
improve conductivity. For the SIMS measurements, a Csþ primary ion
beam accelerated at 8 kV was scanned across the sample surfaces (raster
areas: 30 μm� 30 μm, 10 μm� 10 μm). Secondary ion mass species of
16O�, 56Fe16O�, 88Sr16O�, 94Zr16O�, 98Mo16O�, 140Ce16O�, and
158Gd16O� were detected simultaneously via a multicollection system.
Images of 256� 256 pixels were acquired with a dwell time setting of
20ms/pixel, and image processing was performed using WinImage ver.
4.6 software (Ametek, Cameca)
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