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ABSTRACT

X-ray microspectroscopy provides a powerful insight into the chemical and structural evolution of complex
materials under operating conditions, providing a spatially resolved analysis of interfaces and redox processes in
solid-state devices. In this work, synchrotron-based micro X-ray fluorescence (micro-XRF) and micro X-ray ab-
sorption near-edge structure (micro-XANES) at the Fe K-edge were combined to investigate SrFeOs-based pe-
rovskites co-doped with Ca, Ba, and Mo (SBCFM, SBC10FM) as well as CaFeOs-based perovskites co-doped with
Sr, Ba, and Mo (CBSFM) as electrode materials for reversible intermediate-temperature solid oxide electro-
chemical cells (IT-SOCs). These techniques allowed detailed mapping of elemental distributions, oxidation states,
and interfacial features after electrochemical polarization. Overpotential measurements revealed that SBC10FM
exhibits the best performance and structural stability at 700-800 °C, while CBSFM, despite its biphasic nature,
shows the lowest activation energy for oxygen ion migration (0.47 eV) and high conductivity at lower tem-
peratures. Micro-XRF maps identified a dense interfacial layer enriched in Ca, Ba, and Fe for SBCFM, whereas
SBC10FM showed no densification and only limited Ca migration. Notably, Sr segregation, typically a major
degradation mechanism in Sr-based electrodes, was completely suppressed in all samples, confirming the sta-
bilizing role of multi-doping. Micro-XANES spectra demonstrated that Fe maintained a stable mixed-valence state
(+3/+4) and coordination geometry throughout the electrode and interface, indicating strong redox resilience.
The enhanced pre-edge intensity suggested distortion of FeOg octahedra and formation of oxygen vacancies, both
linked to improved electrocatalytic activity. Altogether, the combined micro-XRF/micro-XANES approach elu-
cidates local chemical mechanisms governing phase stability and performance, guiding the rational design of
durable, resource-efficient electrodes for next-generation solid oxide electrochemical cells-based technologies.
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C. Tedesco et al.

1. Introduction

The continuous advancement in the field of materials for energy
relies heavily on characterization techniques that can unveil chemical,
structural, and functional complexities at the microscale. In this context,
synchrotron-based X-ray microspectroscopy methods, such as micro X-
Ray Fluorescence (micro-XRF) and micro X-Ray Absorption Near-Edge
Structure (micro-XANES) have emerged as powerful and increasingly
useful tools to investigate heterogeneous solid-state systems also under
in situ conditions [1,2]. These techniques enable spatially resolved
characterization of elemental distributions and chemical states with
submicrometric resolution, providing insights that complement bulk
methods whenever interface and surface effects are of interest. X-ray
microanalyses have long been established as valuable tools in a wide
range of fields such as life and earth science, but also in conservation of
cultural heritage, where they are routinely used to investigate the
elemental composition and chemical state of pigments, ceramics,
metals, and other ancient artifacts in a non-destructive manner [2-4].
The ability to combine high spatial resolution, chemical sensitivity, and
minimal sample preparation has made them particularly attractive for
analysing heterogeneous materials, composites and interfaces [3,4].
More recently, these capabilities have attracted interest in the field of
energy materials, where similar challenges of complexity, heterogene-
ity, and the need for in situ, operando or post-mortem analysis are
encountered [2,5,6]. Although still underexploited compared to con-
ventional materials characterization approaches, a few recent studies
have demonstrated the potential of micro-XRF and micro-XANES in
studying degradation phenomena, interfacial chemistry, and redox
evolution in electrochemical systems such as solid oxide-based electro-
chemical cells. This emerging application highlights the promising po-
tential of X-ray microanalysis to reveal spatially and chemically resolved
insights into the aging mechanisms and functional behaviour of
advanced energy materials [7-10].

X-ray microspectroscopy effectively combines XRF microanalysis
with micro-XANES spectroscopy. Micro-XRF provides highly accurate
elemental mapping from characteristic secondary X-ray emissions,
making it ideal to identify interdiffusion zones, phase segregation, and
compositional gradients across interfaces [1]. In parallel, micro-XANES
provides chemical information, including oxidation states and coordi-
nation environments, through space-resolved absorption spectra around
element-specific absorption edges. When combined, these two ap-
proaches allow for a detailed picture of material behaviour, especially at
interfaces or in systems undergoing redox, thermochemical, or electro-
chemical transformations [2,5,6]. While these techniques are well
established individually, their combined application to materials elec-
trodes operating under realistic conditions remains largely unexplored.
In particular, the use of synchrotron-based micro-XRF/micro-XANES to
directly correlate local redox chemistry, cation migration, and interfa-
cial stability in real systems represents a novel approach for this class of
materials. Their application under in situ and post-mortem conditions
further expands their value, enabling monitoring of material degrada-
tion, redox cycling, or interfacial reactions under realistic working en-
vironments. These capabilities are particularly relevant for the study of
solid oxide-based electrochemical devices, like Solid Oxide Cells (SOCs),
working in both electrolysis (SOECs) and fuel (SOFCs) mode, which
gained growing attention as efficient and sustainable technologies for
energy conversion and storage, hydrogen-based [5,11,12]. A key
bottleneck in SOCs is represented by the oxygen electrodes. Classical
materials used for this purpose, typically classified as perovskite-type
oxides such as lanthanum strontium manganite (LSM), often exhibit
high overpotentials and chemical reactivity when put in contact with the
electrolyte, which limit the applicability of SOCs at intermediate tem-
peratures (500-700 °C) [13].

To mitigate these issues, advanced SOCs architecture often in-
corporates a buffer layer made of doped ceria or similar materials,
particularly indicated for the intermediate temperature devices [13].
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However, the requirement of high content of critical raw elements in
both the oxygen electrodes to enhance their electrochemical properties,
raising concerns about cost and resource availability [14].

This scenario highlights the importance of exploring alternative
electrode materials that are more compatible with electrolytes and
better suited for long-term and intermediate temperature operation. In
particular, analyzing the electrode-electrolyte interface after prolonged
use is essential to assess its chemical composition and stability. At the
same time, reducing the reliance on critical raw materials remains a
strategic objective for the development of sustainable and scalable SOCs
technologies.

Despite their potential, SOCs technologies, especially those
employing intermediate temperature SOFCs (IT-SOFCs) configurations,
remain susceptible to degradation mechanism, such as cation interdif-
fusion, phase instability, and surface segregation, particularly at
elevated temperatures and prolonged operating times. These processes
involve low concentration of the secondary phases and surface segre-
gation formation, making their detection and understanding particularly
challenging. In this regard, the application of micro-XRF and micro-
XANES provides a unique opportunity to identify these degradation
phenomena with high spatial resolution and chemical sensitivity,
thereby guiding the rational design of durable, high-performance ma-
terials through a better fundamental understanding of chemical solid-
solid processes [7,8,15,16].

Based on previous X-ray micro spectroscopy studies on the relative
stability between cathode and electrolyte materials for SOFCs [11,
17-22], this work presents an integrated approach exploiting micro-XRF
and micro-XANES for chemical and structural characterization of spent
SOCs after electrochemical polarization in operating conditions. X-ray
micro spectroscopy allows to investigate the possible interdiffusion that
may occur at the electrode/electrolyte interface after the operation.
Moreover, micro-XANES was carried out to acquire spectra on specific
points to microscopically study the oxidation state and the chemistry at
the Fe absorption K-edge along the interface as well as in the electrode
bulk. This study highlights how these advanced techniques can
contribute to unveil interfacial dynamics, compositional stability, and
redox behaviour in realistic environments, ultimately contributing to
the development of robust solid-state hydrogen technologies. Among the
wide range of mixed ionic-electronic conductors investigated in the lasts
years as electrode materials for SOCs, perovskite-type oxides based on
SrFeOs have drawn increasing attention due to their high redox flexi-
bility, relatively low cost, and earth-abundant composition [23-30].
Despite some well-documented challenges, including the segregation of
Sr?* at high temperatures, the formation of secondary phases at the
electrode-electrolyte interface, and structural instability under redox
cycling, this class of materials remains a promising alternative to more
conventional perovskites such as LSCF and LSM [31-33]. Unlike cobalt
or rare earth-rich compositions, SrFeOs-based systems that rely on a
lower content of critical raw materials, are more attractive for
large-scale and long-term energy application [23]. In this work, we
propose strategic doping with Ca, Ba, or Mo to improve phase stability,
suppress Sr segregation, and tune the electrochemical performance,
while maintaining the environmental advantage of reduced content of
critical raw materials. Here, we discuss the structural and electro-
chemical behaviour of Ca-, Ba-, and Mo-doped SrFeOs-based perovskites
as potential electrode candidates for SOCs operation in intermediate
temperature regimes, in contact with Cey9Gdg 102, one of the most
studied electrolytes for IT-SOCs devices [24,34]. We then partially
substitute Sr with Ca and Ba with the aim of modulating the crystal
structure, thermal expansion behaviour, and oxygen vacancy concen-
tration, while Mo is introduced on the Fe-site to enhance redox stability
and electronic conductivity [24,35,36]. The resulting multi-doped
composition leads to a medium-entropy perovskite system, where the
configurational entropy is expected to contribute to phase stability and
redox properties improvement, with promising electrochemical perfor-
mance under the redox conditions typical of IT-SOFCs and IT-SOECs
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operation. Furthermore, with the aim of further reducing the amount of
critical raw metals, a CaFeOs, Sr- and Ba-doped system is here proposed
and investigated to reduce the impact of Sr, however, this resulted in the
formation of two distinct crystalline phases [37,38]. Overall, this study
provides a comprehensive evaluation of how compositional tuning
directly affects phase stability, ionic mobility, and interfacial reactivity.
Among the investigated samples, the multi-doped composition with a
higher content of Ca (10 wt%) exhibited the most balanced combination
of structural robustness and electrochemical activity, confirming the
suitability of the proposed doping strategy. The integrated analysis
approach adopted offers valuable insights into the relationship between
structure and function across the different samples, supporting the
development of durable, resource-convenient electrode materials for
next-generation solid oxide energy technologies.

2. Experimental section
2.1. Synthesis, characterization and methods

Sro.85Bao.075Ca0.075F€0.80M00.2003-5  (SBCFM),  Sro.gsBag.o5Cap.10-
Feg.goM0g.2003.5 (SBC10FM) and Cag.gsBag.055T0.10F€0.80M00.2003-5
(CBSFM) powders were prepared by solution combustion synthesis
using Sr(NO3)2 (99.97%, Alfa Aesar), Ba(NO3)3 (99.95%, Alfa Aesar), Ca
(NO3)2 - 4H20 (99%, Sigma Aldrich), Fe(NO3)s - 9H20 (99%, Sigma
Aldrich) and (NH4)gMo07024 - 4H20 (99%, Merck). Citric acid (>99.5%,
Sigma Aldrich) was employed as a combustion fuel. The fuel-to-oxidizer
ratio was set to 1 with NH4NO3 (99%, VWR), and the pH was set to 6
with NH3 (25% solution, Sigma Aldrich). The solution was stirred at 150
rpm and 80 °C until combustion. The resulting powders were calcined at
1000 °C for 5h with a heating rate of 10 °C/min, and the resulting names
and formulas are recapped in Table 1 [39,40]. Cep.9Gdp 102 (GDC) was
used as received (Praxair, 99.9%).

The electrode powders were characterized by X-ray diffraction
(XRD) using a Rigaku Miniflex 600 diffractometer in Bragg-Brentano
geometry with Cu K, radiation. Morphological analysis was performed
using a Phenom 146 Rox benchtop scanning electron microscope (SEM).
Phase composition and microstructure are shown in Fig. S1. Rietveld
refinements, TGA, TPR, and N, adsorption on the perovskite powders,
along with a representative durability test, were discussed elsewhere
[21].

Electrochemical behavior of the investigated materials was assessed
by evaluating their conductivity, derived from Arrhenius plots, and the
overpotentials associated with oxygen reduction and evolution re-
actions. To perform these tests, specific cell architectures were assem-
bled. Dense Gdg.1Ce.902.5 (GDC) ceramic supports were prepared and
characterized using a benchmarked in-house procedure, resulting in flat
and dense ceramic disks (98% of theoretical density) with a thickness of
250 pm and a diameter of 2 cm. These GDC disks served as electrolytes
for testing the oxygen-electrode electrocatalysts developed in this study.

For each material, an ink was prepared using a commercial ink
vehicle (MaTeck) and ethanol as solvent. The mixture was sonicated for
2 h and then sprayed onto both sides of the GDC electrolyte, forming
asymmetric electrodes. The active area of the working electrode was
defined by the spray-deposition mask and was 0.126 cm? (circular spot,
4 mm in diameter). All current densities reported in the I-V/over-
potential plots were calculated by normalizing the measured current to
this geometrical area. While the electrochemically active area may differ
from the geometrical one due to electrode porosity and microstructure,

Table 1
List of samples and composition.

SBCFM Sro.85Ba0.075Ca0.075F€0.8M00 203 5
SBC10FM Sro.g5Ba0.0sCa0.1Fe0.sM0o 2035
CBSFM Cag.g5Bag.055r0.1Fe0.sM0o.203.5
GDC Ceo.9Gdo.102
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the geometrical area is used here to ensure reproducible normalization
and comparability across samples. The counter/sensing electrode (2
cm?) was deposited with a significantly larger area than the working
electrode to minimize its contribution to the measured polarization and
ensure that the response is dominated by the working electrode. The
reference electrode, placed on the same side as the working electrode,
consisted of platinum applied using Pt paste (Engelhard) [23,41,42].

The assembled cells were calcined at 1100 °C for 2 h, with heating
and cooling ramps of 2 °C/min. After calcination, the cells were ready
for electrochemical testing. Experiments were conducted using a custom
test bench (Greenlight Innovation), adapted for symmetrical cell con-
figurations. The setup included opposing alumina tubes pressed against
the cell with controlled force and equipped with internal current col-
lectors. Thermiculite O-rings ensured gas sealing and electrical
insulation.

Two thermocouples were positioned near each side of the cell to
accurately monitor operating temperatures. Air was fed into both
alumina tubes at a controlled flow rate of 200 em®/min, ensuring
identical atmospheric conditions for the working, counter, and reference
electrodes. Electrochemical measurements were performed in the tem-
perature range of 300-900 °C and included Electrochemical Impedance
Spectroscopy (EIS), measured at OV and in the frequency range 1
mHz-1MHz and amplitude of £10 mV, to derive Arrhenius plots from
series resistance (Rs) data, as well as cyclic I-V scans (+1 V) to deter-
mine overpotentials for the investigated electrocatalysts.

The spent cells after electrochemical testing were embedded in epoxy
resin, crosscut, and polished to expose the cathode/electrolyte interface.
The micro-XRF maps and micro-XANES spectra were collected in fluo-
rescence mode at the SXM-II endstation at the beamline ID21 of the
European Synchrotron Radiation facility (ESRF, France), exploiting the
Fe K-edge (7.12 keV) (see details in S.I.) [43] Data treatment, maps
representation and concentration profiles were obtained using PyMca
5.6.7 [10]. The concentration profiles were derived from the elemental
XRF maps by averaging and normalizing the XRF signal across the entire
map width, in a direction perpendicular to the electrode—electrolyte
interface, and a 2-point smoothing was applied in all plots. The position
of the interface used as the origin of the x-axis in all concentration plots
displayed following is chosen heuristically placing the zero in the middle
of the interface region. The concentrations of cations are normalized to
their average bulk value, to better appreciate their evolution at the
interface. Large variance in the concentration profiles is due to the
porous nature of the perovskite powders.

3. Results and discussion

The SEM images of the electrode powders (Fig. S1), as expected from
the synthesis method employed, revealed that the powders exhibit a
porous and fluffy morphology for all the three samples, showing a
perforated texture. The XRD patterns and the main reference crystalline
phases that match the experimental diffraction peaks (Fig. S1),
demonstrate a satisfactory phase purity of the crystalline structure for
the samples SBCFM and SBC10FM and the coexistence of two phases for
sample CBSFM, brownmillerite AyFe,Os5 (with A predominantly Ca) and
scheelite AMoO4 (with A predominantly Ba).

Fig. 1a—d presents the electrochemical measurements performed on
the specimens investigated in this study. Fig. 1a shows the Arrhenius
plot, derived from the series resistance (Rs) values obtained via Elec-
trochemical Impedance Spectroscopy conducted at O V, as described in
the Experimental section. In the adopted three-electrode configuration,
Rs predominantly reflects the overall ohmic contribution of the cell as-
sembly (electrolyte, contacts, and interfacial contributions under the
given conditions) and is therefore used here as a comparative indicator
across samples, rather than as the intrinsic bulk conductivity of the
electrode material alone. The plot includes the results for all tested
specimens, alongside the reference curve of GDC (Ceg9Gdp102). All
measurements were carried out in air, excluding any electronic leakage
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Fig. 1. Electrochemical characterization of SBCFM, SBC10FM and CBSFM electrodes on GDC. (a) Arrhenius-type plot of In(cT) constructed from the high-frequency
series resistance (Rs) obtained by EIS at 0 V (+10 mV) in air (¢ calculated from Rs and the cell geometry; used here as a comparative indicator of the overall ohmic
contribution of the cell assembly). (b-d) Overpotential (i-V) curves recorded between —1 and + 1 V at 600 °C (b), 700 °C (c) and 800 °C (d). Negative and positive

current/potential quadrants correspond to ORR and OER, respectively.

effects that could arise from the presence of reducing agents. Compared
to bare GDC, the presence of electrocatalyst layers can modify the
apparent ohmic response of the assembly under small-signal excitation,
consistent with facilitated oxygen exchange processes at/near the elec-
trode-electrolyte interface.

At the lowest investigated temperature (400 °C), the CBSFM spec-
imen, despite its low phase purity, showed the most favorable ohmic
trend in the Arrhenius representation. However, this advantage dimin-
ished rapidly as the temperature increased. At intermediate and high
temperatures, SBC10FM emerged as the best-performing material, while
SBCFM showed marked deterioration, eventually becoming less per-
forming than bare GDC.

The slopes of the Arrhenius curves provide insight into the apparent
activation energy for oxygen ion migration, calculated using the Boltz-
mann equation. The activation energies were 0.71 eV for GDC, 0.54 eV
for SBCFM, 0.65 eV for SBC10FM, and 0.47 eV for CBSFM. The low
apparent activation energy of CBSFM is consistent with its composite
(biphasic) nature, which may promote ion transport pathways at low
temperature; however, this does not necessarily translate into superior
electrode kinetics under polarization. In contrast, the rapid conductivity
degradation in SBCFM may be attributed to phase de-mixing at elevated
temperatures.

Fig. 1b-d shows the overpotential curves measured between —1 and
+ 1 V at 600 °C, 700 °C, and 800 °C, respectively. In this regime, per-
formance is governed not only by ohmic contributions but also (and
often predominantly) by polarization losses, including charge-transfer
kinetics, effective mixed-conducting percolation, and the density/con-
tinuity of electrochemically active sites. At 600 °C and 700 °C
(Fig. 1b—c), CBSFM, despite its favorable activation energy, performed
worse than the other specimens, likely due to its biphasic nature. At
800 °C (Fig. 1a), SBCFM exhibited the poorest performance, consistent

with its conductivity degradation and possible phase instability, while
SBC10FM was the most efficient material, showing the highest activa-
tion energy and the most stable structural behavior.

Another important feature in Fig. 1b-d is the symmetry of the cur-
rent-voltage curves. The negative quadrant corresponds to the oxygen
reduction reaction (ORR), while the positive quadrant reflects the oxy-
gen evolution reaction (OER). This dual behavior suggests potential
applications of these materials as cathodes in SOFCs and anodes in
SOECs. However, none of the specimens exhibited perfectly symmetrical
behavior. All samples showed a more pronounced response in the OER
region, particularly at lower temperatures.

The shape of the curves also provides insight into the dominant
mechanisms. At low voltages and currents, the curves are primarily
influenced by activation processes related to the formation of ionic ox-
ygen species (ORR) and molecular oxygen (OER). At higher voltages and
current densities, the response becomes increasingly ohmic-dominated;
under the present test conditions, strong diffusion limitations are un-
likely to dominate, although minor mass-transport effects cannot be
fully excluded. The change in slope indicates a shift in the controlling
mechanism.

Between 600 °C and 700 °C, SBCFM and SBC10FM exhibited similar
activation constraints, but their performance differed due to their con-
ductivity, as confirmed by the Arrhenius plot. In contrast, CBSFM
showed limited electrocatalytic activity in this temperature range,
affecting both ORR and OER.

At 800 °C, SBC10FM displayed minimal activation constraints, with
performance increasingly influenced by ohmic and diffusion limitations,
particularly above 1.7 A cm™2 in both quadrants. Conversely, SBCFM
and CBSFM showed curves dominated by activation constraints up to
0.3 V. SBCFM also exhibited irregular behavior, likely due to degrada-
tion effects, while CBSFM showed a more regular curve shape, indicating



C. Tedesco et al.
a transition to ohmic-dominated performance.
3.1. X-ray microspectroscopy

In all samples, the porous microstructure of the cathode layers, in
contact with the dense electrolyte, is evident from XRF maps. This in
turn is reflected in the concentration profiles, which appear uneven or
flatter, respectively, in the cathode and electrolyte sides (Figs. 2-5).
Moreover, it is very interesting to notice that Sr segregation was not
detected in any sample after the electrochemical stress test, contrary to
previous reports [31], proving that the strategic doping of SrFeO3 with
Ca, Ba and Mo may represent a promising approach to stabilize the
electrode phase in contact with the electrolyte.

3.2. SBCFM/GDC

The XRF concentration maps of sample SBCFM/GDC and the corre-
sponding profiles are reported in Fig. 2a, showing the distribution of the
different cations at the interface.

A layer about 1 pm thick, enriched in Ca, Ba and Fe is evident at the
interface. In this layer, the total fluorescence intensity is higher
compared to the cathode, which indicates a net reduction in porosity.
The extent of such accumulation is also visible in Fig. 2b, with the
corresponding concentration profiles showing a relative maximum at
the interface. We attribute the formation of this layer to the cell oper-
ation, as the highly porous electrode subjected to electrochemical po-
larization results in a densification in contact with the electrolyte. We
also acknowledge that electronic transport in Fe-based perovskites can
involve small-polaron hopping (Fe3+/Fe4+), and that polarization may

Journal of Power Sources 670 (2026) 239536

locally modify oxygen chemical potential, potentially affecting polaron
population and current distribution near the interface. However, the Fe
K-edge micro-XANES collected across the interface does not show
detectable changes in Fe edge features, indicating a stable mixed-
valence state after operation. Therefore, within the sensitivity of our
post-mortem analysis, the interfacial densification is more consistent
with a confined, operation-induced microstructural/chemical redistri-
bution (Ca/Ba/Fe enrichment) than with a pronounced polaron-driven
redox shift at the interface. Moreover, it is worth noting that only
some of the cations in the electrode are enriched in this densified zone
(namely Ca, Ba and Fe) while the others (Sr and Mo) are not. This evi-
dence suggests that the diffusion of the different cations of the electrode
is driven by chemical or electrochemical effects rather than purely
entropic mixing. The formation of this densification layer at the inter-
face perfectly explains the electrochemical performances of SBCFM at
800 °C (Fig. 1d) that show a clear degradation effect of the electrode
material. Since our microspectroscopy is post-mortem, we cannot
extract growth kinetics from thickness-time data to rigorously distin-
guish active from passive regimes. However, the interfacial feature re-
mains confined to ~1 pm and no extended interdiffusion into GDC is
observed, suggesting a limited/self-limiting (passive-like) evolution
rather than an actively growing reaction product. This interpretation is
further supported by the Fe K-edge micro-XANES results discussed
below, which show no appreciable changes in Fe coordination/oxida-
tion state across the interface after polarization.

To further investigate any possible changes in the chemical state of
iron at the interface after the electrochemical cycles, space-resolved Fe
K-edge micro-XANES spectra were collected. The segregation of a
divalent cation (e.g. Sr) in iron perovskite based electrodes with an A-
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m
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Fig. 2. a) Concentration maps of SBCFM/GDC from micro-XRF analysis. b) Concentration profiles of cations at the interface between electrode and electrolyte.
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Fig. 3. a) XRF concentration map of Sr (green), Fe (red), and Ce (blue). The line shows the location of spots used to collect the Fe micro-XANES. b) Fe K-edge micro-
XANES spectra collected at the different points. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of
this article.)
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Fig. 4. a) Concentration maps of SBC10FM/GDC from micro-XRF analysis. b) Concentration profiles of cations at the interface between electrode and electrolyte. c)
XRF concentration map of Sr (green), Fe (red), and Ce (blue). The line shows the location of spots used to collect the Fe micro-XANES. d) Fe K-edge micro-XANES
spectra collected at the different points. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

site containing both divalent and trivalent cations, effectively reduced The overall shape of the Fe absorption edge remains almost un-
the average oxidation state of iron, in turn affecting the spectral features changed when moving across the interface towards the electrolyte. This
[44,45]. In Fig. 3b, the XANES spectra are reported over a perpendicular suggests that the chemical environment, coordination geometry, and
line probing different distances from the interface across the electrode, oxidation state of Fe (between +3 and + 4) is retained everywhere. As a
outlined onto the map in Fig. 3a. further confirmation of the retention of Fe chemistry evaluated from the
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collected at the different points. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

micro-XANES we calculated the ratio between the intensity of the pre-
edge peak and the main edge peak, plotted in Figure SO a.

Based on this observation, some specific points were chosen to
collect micro-XANES along the interface and in the electrode bulk phase,
as further confirmation of no evident changes in the spectra. In Fig. 54,
the XRF map and the average micro-XANES spectra are reported
alongside the selected points in the electrode and interface regions and
the interface points (white and red dashed dots, respectively).

This provides stronger evidence, averaged along the electrode and
interface regions, that the chemical environment of Fe does not change
because of electrochemical polarization, during the cell operation and
despite the densification and relative increase in concentration of Ca, Ba
and Fe at the interface, possibly forming an AFeO3 phase (A = Ca,Ba).
This observation, together with no evidence of Sr segregation and sta-
bility of Fe redox state, highlight the remarkable stability of the SBCFM
phase in contact with ceria during operation.

3.3. SBC10FM/GDC

The micro-XRF maps, the concentration profile of SBC10FM/GDC
sample and the micro-XANES spectra are reported in Fig. 4. No evident
reaction features are detected at the interface, but in this case, however,
no densification layer is visible at the interface, conversely to SBCFM/
GDC (Fig. 4a). However, the concentration profiles (Fig. 4b) show that
Ca does in fact accumulate at the interface close to the electrolyte. The
interface diffusion zone here appears larger compared to SBCFM/GDC,
due to higher cation mobility in the electrode phase, possibly driven by
electrochemical polarization.

Such a striking difference in microstructural and chemical features at
the interface (i.e. the absence of densification and the absence of Ba and
Fe accumulation in SBC10FM) is determined by just a slight change in
composition (on the order of 2.5% on A-site cations, cfr. Table 1). This
suggests some kind of indirect stabilization of Fe in the crystal structure
due to the higher amount of Ca and lower amount of Ba. At the same
time, by increasing the concentration of Ca, it is possible to observe a
higher migration rate of the Ca itself towards the electrode bulk, sug-
gesting a significant lability of the cation in this phase.

The Fe K-edge micro-XANES spectra collected over a line of selected
points (Fig. 4c), are reported in Fig. 4d. They are mainly unvaried and
confirm that also for SBC10FM/GDC, iron retains its coordination and its
pristine oxidation state (between +3 and + 4). The ratio between the
pre-edge and the main peak is plotted in Fig. 9S b Based on these ob-
servations and considering also the overpotential characterizations
(Fig. 1b-d), it is interesting to notice how the increase of the amount of
Ca doping onto the A-site of the perovskite enhances the general phase
stabilization. The iron chemistry is not affected, and the electrochemical
performances of the SBC10FM/GDC are improved, suggesting a stabi-
lization mechanism.

3.4. CBSFM/GDC

CBSFM composition, with Ca®* as the main cation in the A-site, was
chosen to investigate whether a reduction in the content of critical raw
materials (Sr specifically) still leads to a single-phase perovskite, and to
assess the impact of this modification on structural stability and elec-
trochemical performance of the electrode. Although the resulting
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sample is not single-phase, we proceeded with its characterization to
evaluate how the presence of a secondary phase influences the overall
properties.

The XRF maps, reported in Fig. 5a, show no evidence of reaction
features, and no evident cation inhomogeneity at the micrometric scale,
denoting a somewhat surprising and very interesting stability of the two-
phase composite electrode. The concentration profiles in Fig. 5b confirm
that there is no cation segregation at the interface. Compared to the
other samples which have lower Ca content, the absence of Ca migration
or accumulation of any kind is extremely interesting. These observations
suggest that a higher Ca content in SrFeOgs-type perovskites does not
affect the interaction stability between electrode and electrolyte.

The Fe K-edge micro-XANES spectra reported in Fig. 5d for this
sample, across the interface (Fig. 5¢) show no spectral changes, proving
aremarkable stability of iron chemistry in the CasFe,Os phase, retaining
the same coordination and oxidation state, unvaried by the increased
amount of Ca. Besides, the ratio between the pre-edge and the main peak
is also plotted for this sample in Fig. S9c. We note that this pre-edge/
main-edge metric is used here as a qualitative/semi-quantitative
descriptor of local coordination asymmetry and defect-related distor-
tion, rather than as a direct quantitative measure of oxygen non-
stoichiometry (8). Moreover, for oxygen electrodes operating under
ORR/OER polarization, the oxygen content (and thus ) can dynami-
cally adjust with temperature, oxygen chemical potential and the
applied electrochemical driving force; therefore, an ex situ “a priori”
vacancy concentration would not necessarily represent the operando
defect population relevant to performance. Despite its remarkable
interfacial stability and favorable activation energy (Fig. 1a), CBSFM/
GDC electrode performed electrochemically worse than the other sam-
ples at higher temperature, immediately visible from Fig. 1b-d, which is
plausibly relatedto its biphasic nature and the resulting functional lim-
itations (e.g., effective MIEC network/percolation and active-site
density).

To better address the discussion about the coordination and the na-
ture of the Fe chemistry in the studied samples, the XANES spectra of
SBCFM, SBC10FM and CBSFM are reported in Fig. 6, together with the
reference SrFeO3 (SFO) and LaFeOs (LFO).

The Fe K-edge XANES spectra exhibit an intermediate line shape
between Fe>* and Fe*' reference compounds, indicating a mixed or
intermediate Fe oxidation state. Owing to the strong Fe-O covalency and
electronic delocalization typical of Fe-based perovskites, as also widely
reported in the literature [45]. In both SFO and LFO, Fe sits in a
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Fig. 6. Fe K-edge average micro-XANES spectra collected at the selected points
of SBCFM (blue), SBC10FM (green), CBSFM (orange) and SFO (black) and LFO
(red) as standards. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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symmetrical octahedral coordination where, as widely discussed in the
literature, the 1s — 3d transition is forbidden in the dipole approxima-
tion, which results in the flat pre-edge region of the spectra (7.12-7.13
keV) [46,47]. Doping ferrite perovskites as in our samples clearly in-
duces an increase in the pre-edge peaks, indicating a removal of the
perfect octahedral symmetry due to formation of vacancies and/or
distortion of the FeOg octahedra. Such features, reflecting enhanced
3d-4p hybridization and relaxed dipole selection rules, are widely
recognized in the literature as characteristic of doped Fe-based perov-
skites [48,49]. This observation further supports the electrochemical
result since, for the best performing SBCI0OFM/GDC sample a higher
catalytic active defect density is suggested by the enhanced catalytic
performance. The CBSFM pre-edge is sharper compared to the other two
samples due to the presence of FeO, tetrahedra in the brownmillerite
structure, the introduction of vacancies or distortion for this sample does
not compensate the electrochemical disruptive effect of the dual-phase
nature, at higher temperature [46,47]. These observations confirm
that the doping in all these cases brings about an important modification
of the ideal octahedral coordination, and for the monophase sample, is
directly related with the increased amount of oxygen vacancies, stra-
tegic defects for SOCs material [50].

4. Conclusions

Micro-XRF and micro-XANES, synchrotron light-based combined
integrated approach, is exploited here for the chemical and structural
characterization of SOCs after polarization under operating conditions.
SrFeOs-based perovskites co-doped with Ca, Ba, and Mo were investi-
gated, selected for their high redox flexibility, low cost, and lower
content of critical raw materials compared to conventional electrode
materials. A key result is the absence of Sr segregation after electro-
chemical stress, that represents a classical degradation feature in the
most common Sr-based electrodes exploited for SOCs materials. This
finding confirms that the doping of SrFeO3; with Ca, Ba, and Mo effec-
tively stabilizes the electrode phase at the interface with the Gd-doped
ceria electrolyte.

From an electrochemical perspective, the materials demonstrated a
wide potential applicability both as cathodes for SOFCs and as anodes
for SOECs. Among the tested compositions, SBC10FM emerged as the
most efficient and high-performing material at intermediate-to-high
temperatures, also exhibiting the greatest structural stability. The
CBSFM sample, despite its biphasic nature, displayed a remarkable
conductivity at lower temperature and the lowest activation energy for
oxygen-ion migration (0.47 eV). This suggests that the coexistence of
two homogeneously mixed phases may enhance ionic mobility.

Micro-spectroscopic investigations revealed distinct interfacial be-
haviors depending on the perovskite composition: for the SBCFM/GDC
sample, a dense interfacial layer (~1 pm thick) enriched in Ca, Ba, and
Fe was observed. This is attributed to chemical or electrochemical ef-
fects rather than simple entropic mixing, suggesting that cell operation
promotes densification at the electrolyte interface.

On the other hand, in SBC10FM/GDC, a slight variation in Ca and Ba
concentration does not give rise to a densification layer or accumulation
of Ba or Fe. In fact, only Ca enrichment and migration toward the GDC
were detected. Despite the microstructural changes, micro-XANES
spectra revealed remarkable stability in the Fe chemistry across all
samples. The Fe oxidation state (ranging between +3 and + 4) and its
coordination environment were preserved both in the electrode bulk and
at the interface, confirming the robustness of the multi-doped perovskite
phases under electrochemical operation. XANES analysis also confirmed
that doping induces distortion of the FeOg octahedra, evidenced by
increased pre-edge peak intensity, which correlates with enhanced
defect-related asymmetry and oxygen defectivity that can be beneficial
for SOC performance, although this latter feature may change with
temperature, oxygen chemical potential and electrochemical polariza-
tion (ORR/OER). The CBSFM composition specifically exhibited FeO4
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tetrahedra, characteristic of the brownmillerite structure, leading to a
sharper pre-edge feature.

In conclusion, we demonstrate that SrFeOs-based multi-doped pe-
rovskites, particularly SBC10FM, achieve an excellent balance between
structural/interfacial stability (as shown by the suppression of Sr
segregation and the chemical stability of Fe) and promising electro-
chemical performance. The combined use of micro-XRF and micro-
XANES proves to be essential for unveiling incipient and punctual
degradation mechanisms and guiding the rational design of durable,
high-performance materials for solid oxide-based hydrogen
technologies.
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