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ABSTRACT

Solid oxide electrolysis cells (SOECs) are central to high-efficiency Power-to-X (PtX) pathways, yet quantita-
tive data on their long-term stability under application-relevant co-electrolysis conditions remain rare. This
study provides a systematic evaluation of SOEC degradation under syngas targets representative of methanol
synthesis, Fischer-Tropsch synthesis (H,/CO=2), and methanation (H,/CO=3), using industrial-sized, fuel-
electrode-supported planar cells (81 cm?). The cells were operated at 800 °C and elevated current densities
of 750 mA/cm? for up to 500 h. Performance evolution was monitored by voltage and temperature measure-
ments, incremental electrochemical impedance spectroscopy (EIS), distribution of relaxation times (DRT), and
outlet-gas analysis. Post-mortem SEM/EDX analysis (surface & cross-section) linked electrochemical degrada-
tion with microstructural changes. The key findings of this work are: The cells exhibited an initial improvement
phase, with voltage reductions of up to 3.5%, associated with enhanced oxygen surface exchange at the air elec-
trode, consistent with Pt migration from the contacting mesh, followed by degradation. In all operating scenarios,
the dominant fuel-electrode degradation mechanism is the coarsening of the Ni-YSZ functional layer, which de-
creases porosity and increases diffusion-related losses. In the H,/CO=2 case, the use of only half the air-flow
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rate applied in the H,/CO =3 case increased the local oxygen partial pressure, which led to more pronounced Sr
surface segregation and partial air-electrode degradation. Corresponding voltage degradation rates were 68.7 and
27.3 mV/1000 h, with ASR degradation of 92 and 36 mQcm?/1000 h, the latter increasing at extended operating
times. These results provide a quantitative analysis of SOEC degradation under PtX-relevant syngas conditions
and highlight operating factors influencing stability during industrially relevant co-electrolysis.

1. Introduction

The growing share of wind and solar power in many regions has
intensified the need for technologies that can store excess renewable
electricity and convert it into chemical energy carriers. According to
recent reports by the International Energy Agency (IEA), renewables
supplied more than 32% of global electricity in 2024 and are pro-
jected to exceed 40% by 2030 [1]. Similar trends reported by IRENA
[2,3] and Ember [4] highlight that the rapid expansion of wind and
solar, together accounting for over 95% of new renewable capacity ad-
ditions, continues to drive demand for flexible conversion and storage
pathways. Power-to-X (PtX) concepts offer a particularly promising so-
lution, enabling intermittent electricity to be transformed into fuels and
feedstocks that can be integrated into existing industrial value chains.
High-temperature solid oxide electrolysis cells (SOECs) are especially at-
tractive, achieving electrical efficiencies of 70-85% because part of the
required energy can be provided as heat, surpassing typical efficiencies
of low-temperature electrolysis technologies [5-7]. A key advantage of
SOECs is their ability to convert mixtures of H,O and CO, directly to
syngas via co-electrolysis, avoiding a separate reverse water-gas shift
step and enabling simpler thermal integration with downstream chemi-
cal synthesis. In this context, SOEC-based co-electrolysis has increasingly
been discussed as a versatile platform for integrated energy and chem-
ical conversion, enabling flexible CO, utilization and direct coupling
to downstream synthesis routes. Recent comprehensive reviews further
emphasize the system-level potential of such high-temperature elec-
trochemical reactors for sector coupling and compositionally tunable
syngas production [8]. At the fuel electrode, H,O and CO, are reduced
to H, and CO according to Egs. (1) and (2) [7,9]. In addition to these
electrochemical pathways, the gas mixture is influenced by the reverse
water—gas shift (RWGS) equilibrium (Eq. 3), which interconverts H,,
CO,, CO, and H,O0 in the cell environment. The oxygen ions formed at
the fuel electrode are transported through the electrolyte and released
as molecular oxygen at the oxygen electrode (Eq. 4). Taken together,
these coupled reactions determine both the syngas composition pro-
duced during co-electrolysis and the associated thermal demand of the

process.

H,0+2e"==H, + 0> ARH*" =1179 kJ/mol €))
CO, +2e"==C0+0> AxH = 1213 kI/mol 2
H, + CO,~=H,0+CO AgH" =34kJ/mol 3
0" ==050,+2¢" AgH =931 kJ/mol 4

Co-electrolysis is therefore central to several major PtX routes, including
methanol synthesis (I), Fischer-Tropsch synthesis of synthetic fuels (II),
and synthetic methane production via catalytic methanation (III) (see
Fig. 1). Each process requires a characteristic syngas composition, which
in turn dictates specific SOEC operating conditions. Fischer-Tropsch
synthesis typically demands a H,/CO ratio near or slightly above 2
[10,11], while methanol synthesis commonly targets a similar value
[12,13]. In contrast, methanation requires substantially more hydro-
gen, with stoichiometric H,/CO =23 [14,15]. In this study, we therefore
selected two representative H,/CO ratios corresponding to three PtX
pathways to examine how route-specific gas compositions and operating
conditions influence SOEC performance and long-term stability. These
distinct requirements provide an ideal basis for evaluating the interplay
between gas composition, degradation behavior, and cell architecture
under industrially relevant operation.

While numerous studies have investigated SOEC degradation mech-
anisms [16-18], most have been conducted under simplified laboratory
conditions or model gas compositions that are not directly linked to spe-
cific Power-to-X (PtX) applications. In practical PtX systems, however,
the required H,/CO ratio determines not only the inlet gas composi-
tion but also the steam-to-carbon ratio, reactant utilization, air-flow
management, and thermal balance of the system. These operational
parameters influence oxygen chemical potential, local electrode po-
larization, and mass-transport processes, which are known to affect
degradation mechanisms such as Ni coarsening in the fuel electrode
and Sr surface segregation in the air electrode [19,20]. Therefore, a sys-
tematic evaluation of industrial-sized SOECs under application-driven

X
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Fig. 1. Application paths considered for syngas from co-electrolysis: (I) methanol synthesis, (II) Fischer-Tropsch synthesis, (III) methanation.
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syngas targets is essential to understand how realistic operating con-
straints influence long-term stability. Such knowledge is critical for
bridging the gap between mechanistic degradation studies and reliable
industrial implementation of SOEC-based PtX systems. Despite these
application-driven requirements, the durability of SOECs under realistic
co-electrolysis conditions is still not fully resolved [21-23]. In parallel,
significant efforts have been devoted to the development of advanced
fuel-electrode materials to improve stability during co-electrolysis. For
example, high-entropy alloy-based fuel electrodes have recently been
proposed to enhance CO selectivity and oxidation resistance under elec-
trolysis conditions [24]. Most SOEC single cell durability studies have
been carried out on button cells or other small-scale cells operated under
conditions that are often set specifically to trigger particular degradation
mechanisms. While such experiments have provided important insights
into phenomena such as Ni particle coarsening [25], Ni-migration in
Ni-YSZ [26], and oxygen-electrode degradation [27], they do not nec-
essarily reflect the application conditions encountered during actual
co-electrolysis operation. Therefore, laboratory setups designed to repro-
duce more realistic boundary conditions for industrial-sized single cells
are needed to obtain a representative picture of degradation under prac-
tical operating environments (e.g., realistic temperature distributions
and air-flow management).

To date, only limited experimental work has been published on
industrial-size SOEC single cells operated for extended periods under
gas compositions and conditions representative of specific PtX appli-
cations. These studies focus either on accelerated stress conditions, or
simplified model gas mixtures, which do not fully capture the coupled
effects of syngas composition, air-flow management, and thermal bal-
ance encountered in industrial operation. Wolf et al. [18] investigated
steam and co-electrolysis to compare both modes and distinguish the
degradation. They reported a voltage degradation rate of 16%,/1000 h
(40% H,O0 + 40% CO, + 20% H,) and observed Ni-agglomeration
and depletion on the fuel electrode. Hyeon-Ye et al. [28] infiltrated
the fuel electrode with Pd/Fe-catalysts to improve the conversion of
CO, and achieved a voltage degradation rate of less than 1%,/100 h
(10%,/1000 h). Unachukwu et al. [29] compared the degradation steam
and co-electrolysis (40% H,O + 40% CO, + 20% H,) and observed a
lower degradation rate for co-electrolysis of about 26%,/1000 h. Tao
et al. [17] reported degradation rates at higher current densities at
1500 mA/cm? for 15%,/1000 h and at 2000 mA/cm? for 30%,/1000 h
in co-electrolysis with the degradation mainly due to microstructural
changes in the Ni-YSZ electrode close to the YSZ electrolyte. But none
of the aforementioned researchers investigated the long-term stability
of industrial-sized cells in co-electrolysis in realistic operation envi-
ronments. This lack of available data makes it difficult to assess how
commercial cells behave in practice and what types of degradation dom-
inate under co-electrolysis operation with industrially relevant syngas
targets. This highlights the necessity to fully understand the underlying
processes and mechanisms in application conditions. This study aims to
address this gap. Commercial, industrial-scale fuel-electrode-supported
single cells (Ni-YSZ/YSZ/GDC/LSC) with an active area of 81 cm? were
operated under two co-electrolysis scenarios representative of specific
PtX routes (Fig. 1). The experiments were conducted under realistic ther-
mal boundary conditions, feed-gas compositions, and operating modes
to achieve the required H,/CO ratios at the cell outlet. A central objec-
tive of this work was to quantify degradation rates of industrial-sized
SOEC single cells under operating environments directly tailored to dis-
tinct PtX applications, thereby providing application-relevant durability
data currently limited in the literature. Cell performance was monitored
over time through voltage and temperature measurements, combined
with incremental electrochemical impedance spectroscopy (EIS) and dis-
tribution of relaxation times (DRT) analysis to elucidate the underlying
degradation mechanisms. Post-mortem characterization using scanning
electron microscopy (SEM) in combination with energy-dispersive X-
ray spectroscopy (EDX) was carried out and compared with a reference
cell in its reduced state. This integrated approach enables a direct link

Applied Energy 417 (2026) 128051

between the observed degradation features and the operating conditions
characteristic of each PtX route. The results provide practical insight into
how commercial SOEC single cells perform under realistic co-electrolysis
environments and identify the dominant degradation pathways asso-
ciated with the selected PtX applications. These findings can support
future optimization of operating strategies and system-level integration
for industrial Power-to-X implementation.
The main contributions of this work are summarized below:

« Application-driven long-term evaluation: Systematic degrada-
tion assessment of industrial-sized SOEC single cells operated
under PtX-relevant co-electrolysis conditions targeting
methanol/Fischer-Tropsch and methanation syngas compositions.
Integrated diagnostic approach: Combination of galvanostatic opera-
tion, fast EIS, DRT analysis, and post-mortem SEM/EDX to correlate
electrochemical performance with microstructural evolution.
Electrode-specific degradation analysis: Identification of dominant
fuel- and air-electrode degradation pathways under distinct PtX-
relevant operating conditions, linking electrochemical signatures
to microstructural changes.

Accordingly, this work investigates not only performance differences
between two syngas targets, but more fundamentally how application-
specific operating requirements influence degradation pathways in
industrially relevant SOEC configurations.

2. Experimental

This section offers a detailed overview of the experimental configura-
tion, the analytical techniques applied during the study, and a thorough
description of the test rig used.

2.1. Description of planar single cells & SOEC test rig

In this study, industrial-scale fuel electrode-supported cells were ex-
perimentally examined. The total area of each cell was 10x10 cm?,
with an active fuel electrode area measuring 9x9 cm?. The tested
cells, also known as elcoCell® ASC-300C, were commercially sourced
from ©Elcogen AS [30]. The cells under consideration consisted of a
Ni-based cermet (Ni/YSZ) fuel electrode with a thickness of approxi-
mately 294 pm, a Yttria-Stabilized Zirconia (YSZ) electrolyte layer with
a thickness of approximately 6 um, and a lanthanum strontium cobaltite
(LSC) air electrode incorporating a gadolinium-doped ceria (GDC) bar-
rier layer with a total thickness of approximately 15 pm of LSC and GDC
combined. The total thickness of the cell is determined by the sum of
all layers, yielding a final measurement of approximately 315 um. The
solid oxide electrolysis cell (SOEC) was mounted within a custom ce-
ramic housing designed to facilitate temperature monitoring across the
active electrode area. A total of twelve thermocouples (TCs) were strate-
gically positioned in close proximity to both the fuel and air electrodes
of the cell, as depicted in Fig. 2. The placement of six thermocouples
on each side, at the fuel and air electrode, within the active region
was conducted on a plane parallel to the cell surface. This is illus-
trated using dashed outlines and a transparent overlay. The precise
locations of each thermocouple have been documented in a previous
publication [31]. The experiments were conducted under a co-flow gas

Air Inlet
Fuel Inlet T

Air Plate — 122
Cell
Fuel Plate

Fig. 2. Positions of thermocouples over the active cell area in 3D [31].
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Fig. 3. Scheme of the used SOEC test rig. (a) overall experimental setup [31]. (b) Schematic cross-section of the single-cell contacting configuration, illustrating the
platinum mesh on the air electrode side and the nickel mesh on the fuel electrode side within the ceramic housing. The fuel electrode was supplied with the respective
co-electrolysis gas mixtures as specified in Table 1, while the air electrode was fed with compressed air (21% O, in N,), which was reduced to atmospheric pressure

prior to entering the cell.

configuration. Electrical current collection on the air electrode was re-
alized using a platinum mesh (wire diameter 0.12 mm, width 0.5 mm,
260 meshes/cm?) placed directly on the LSC surface. On the fuel elec-
trode side, a nickel mesh (wire diameter 0.16 mm, width 0.5 mm,
230 meshes/cm?) was employed, as shown in Fig. 3(b). The meshes
were mechanically compressed within the ceramic housing with a load
of 400 g/cm? to ensure homogeneous current distribution across the
81 cm? active area. Both meshes were spot-welded to platinum wires,
which served as external current leads to the power supply system within
the high temperature environment. Platinum was selected to provide
stable electrical contact and to minimize additional contact resistance
during controlled laboratory-scale single-cell testing. While Pt meshes
are not representative of industrial stack interconnect systems, their use
enables reproducible electrochemical characterization under oxidizing
operating conditions.

To enable the operation of single cells under co-electrolysis condi-
tions, a dedicated test rig was utilized, as illustrated in Fig. 3(a). The
setup consists primarily of a controlled gas supply system, a custom-
built steam generator, several electrical gas heating units, and a chamber
furnace. The mixing of the inlet gases is managed through the gas sup-
ply system, in which the respective mass flow controllers regulate the
flow rates, while steam is supplied independently via a dedicated steam
generator. The evaporator is supplied with deionized water by a dos-
ing pump, and the steam produced is regulated by a pneumatic needle
valve. Multiple electrical pre-heaters are employed in order to guarantee
a precise gas temperature within the pipes of the fuel feed, thus pre-
venting the condensation of steam. The first electrical pre-heater raises

the temperature of the dry gas mixture to approximately 200 °C before
steam is introduced to the fuel stream. The generated steam is main-
tained at the same temperature by a trace heating system. The second
pre-heater ensures that the humidified gas mixture reaches the SOEC
furnace at a suitable temperature of approximately 500 °C, preventing
excessive cooling of the single cell upon entry. After exiting the furnace,
the fuel outlet gases pass through an air-cooled condenser to capture
condensable species. This prevents condensation along the lines leading
to the gas analysis system, thereby protecting measurement cells and
the exhaust infrastructure from damage. All off-gases are fed into the in-
stitute’s chimney infrastructure. There a post-combustion stage oxidizes
any toxic CO prior to atmospheric release. Furthermore, the experimen-
tal setup included a control unit (not shown), a dedicated power supply,
an impedance measurement system (galvanostat), and a gas analyzer
to measure the inlet and outlet of the SOEC fuel stream. This enabled
comprehensive in-operando characterization of the cell performance.
The SOEC furnace incorporates a custom-designed ceramic housing for
single-cell testing, developed in-house and previously described in our
earlier works from our research group [32-35]. Further information on
the experimental configuration utilized in this study can be found in
[31], where a comparable setup is described in depth.

2.2. Operating parameters

In this work, two different fuel gas compositions for a specific syngas
application within a Power-to-X pathway were tested on two individ-
ual SOECs to assess their impact on long-term cell degradation. The
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Table 1
Gas inlet compositions of co-electrolysis for different syngas applications.
Comp. Cell SOEC Inlet concentration fuel ~ Vj,,*  V,,> P/ES  S/C!  H,/CO® H,/CO®
No temperature H, H,0 co, targeted measured
°C vol%  vol%  vol%  slpm slpm - - - -

MeOH/FT (I, II) 1 800 10 52.2 37.8 1.1 0.55 1/9 1.38 >2 2.07

CH4 (1I) 2 800 10 617 283 1.1 1.1 1/9 218 >3 3.05

2 Total volume flow rate at the fuel side.

b Total volume flow rate at the air side (air - 21% O, in N,).

¢ Product-to-educt ratio at the fuel inlet.

d Steam-to-carbon (= H,0-to-CO,) ratio at the fuel inlet.

¢ H,-to-CO ratio at the fuel outlet.
co-electrolysis gas mixtures were varied in their H,0/CO,-ratio, as sum- Table 2
marized in Table 1. Each cell was operated in galvanostatic mode at a Settings of galvanostatic EIS and corresponding DRT for long-term
constant current density of 750 mA/cm?, corresponding to 50% above experiments.
the manufacturer’s recommended limit for steam electrolysis (Elcogen), EIS:
to accelerate potential degradation effects under high-load conditions. - 0 . - >

. . . t .

The total fuel inlet flow rate was fixed at 1.1 slpm, ensuring a reactant r;g:ency g:;n s inf::val
utilization below 50% (42.78%). This operational limit was chosen to mA/em?  %DC  Hz decade h
minimize degradation caused by fuel starvation and to ensure adequate 750 B S 102 100 =50 5
reactant distribution across the active cell area. Under galvanostatic op-
eration, the electrochemical conversion rate of H,0O and CO, is directly DRT:
determined by the applied current density according to Faraday’s law. Regularization Shape Fomin Fnax
Therefore, for fixed inlet gas composition and total fuel flow rate, the to- 4 factor mFHz kHz
tal electrochemical conversion remains constant over time as long as the 5.87 3.41 450 (MeOH/FT)  f@-Z"=0
current is maintained. In addition, a hydrogen concentration of 10vol% 250 (CH4) (=nol)

was included in all gas mixtures to reduce the risk of Ni reoxidation at
the fuel electrode. The inlet gas compositions were chosen to emulate
realistic syngas production conditions within a Power-to-X pathway. For
the MeOH/FT case, a H,/CO ratio of >2 at the fuel outlet was targeted,
whereas for the CH4-based composition a ratio of >3 was required. Due
to the endothermic nature of the co-electrolysis reactions, all tests were
conducted at an operating temperature of 800 °C. To further study the
effect of air supply in electrolysis on degradation behavior, the air inlet
flow rate was systematically adjusted. For the MeOH/FT mixture, the air
flow was set to half the rate used in the CH4 case to reflect the expected
industrial operating conditions.

2.3. Experimental procedure & in-operando analysis methods

Prior to initiating the experiments, the cell was assembled into the
test setup, and the furnace temperature was gradually increased at a
ramp of 1K/min to 800 °C. During this heating stage, the fuel side was
purged with nitrogen while air was supplied to the air electrode com-
partment with a flow rate of 0.05 slpm on both sides. Upon reaching
the target temperature, a staged reduction procedure was implemented.
Initially, a gas mixture containing 5 vol% H, and 95 vol% N, was applied
for 2 hours. Subsequently, the hydrogen concentration was increased
step-wise in increments of 10 vol%, with each step maintained until a
stable OCV was observed (OCV variation smaller than + 5 mV/3 h). This
gradual increase continued until full reduction with 100 vol% H, was
achieved. Following this process, the required operating gas composi-
tions were set using the mass flow controllers or the steam generator’s
dosing pump. During cell operation, temperature, voltage, current, and
gas composition data were continuously monitored and recorded at a
frequency of 0.33 Hz. For real-time gas analysis (GA), an ABB [36] in-
strument was utilized to determine the in-operando gas composition.
The GA system was composed of two EL3020 modules and a cooled
gas supply line. To prevent condensate accumulation inside the analysis
setup, the cooling module was maintained at 5 °C, allowing condensa-
tion to be separated before reaching the gas sensor chambers. One of
the EL3020 was configured with Uras26 and Caldos27 sensor modules,
while the other incorporated a Magnos28 module. The Uras26 module,

based on non-dispersive infrared spectroscopy, was used to quantify
carbon-containing gases such as CO and CO,. Hydrogen content (H,)
was measured with the thermal conductivity detector in the Caldos27,
whereas oxygen levels (O,) were determined via the paramagnetic sens-
ing principle of the Magnos28 module. A detailed description of these
measurement techniques can be found in Ref. [37].

To monitor the electrochemical behavior and overall performance of
the cell, Electrochemical Impedance Spectroscopy (EIS) was conducted
using a galvanostat, paired with a power supply from ©ITECH Electronic
CO. LTD. (IT6512C) [38] to supply currents up to 100 A for electrolysis.
The EIS experiments were carried out in galvanostatic mode, applying an
AC amplitude of 4% of the DC operating current. The EIS measurement
methodology followed the fast EIS measurement approach, a concept
introduced in Ref. [39], which addresses the limitations of traditional
EIS by employing broadband excitation in combination with advanced
signal processing methods [40]. The impedance data was then processed
to determine the distribution of relaxation times (DRT), offering deeper
insight into the underlying electrochemical processes, as previously out-
lined in the literature [41]. The experimental parameters for EIS and the
settings for DRT calculations are summarized in Table 2. During the ex-
periments, any change in current was carried out by the power supply
at a constant linear rate of 10 A/min.

2.4. DRT peak interpretation supported by literature

This section presents a comprehensive literature survey to support
the interpretation of observed processes and mechanisms in the DRT
spectra. Table 3 provides an overview of the typical frequency ranges
associated with specific electrochemical processes, facilitating the as-
signment of peaks in the DRT plots. Processes within the frequency range
of 102-10° Hz were excluded from analysis, as they were not observed in
the DRT spectra obtained in this study. All processes are grouped into
three frequency ranges according to observed peaks in this study, follow-
ing a categorization approach commonly adopted in SOC DRT analyses
reported in the literature [31,42-44]:
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Table 3
Overview of DRT peak positions and their associated electrochemical processes
based on literature sources.

Peak Frequency Possible mechanism

range
Py 10°-10' Hz  ~4 a. Gas diffusion at FE* [45]
~7 b. CO, reduction processes [47]
1-10 c. CO,/CO conversion at FE [48]
1-10 d. Gas diffusion at FE [46]
~10 e. Gas diffusion at AE? [50]

Pyur 10°-10° Hz  ~100 a. Mass transfer (oxygen surface exchange and

diffusion) at AE [50]

~200 b. Oxygen surface exchange at AE [47]

200-800 c. Oxygen evolution at the active sites of the
AE [49]

~600, ~1000 d. Charge transfer at AE & FE [45,50]

~900 e. Charge transfer at AE [47]

~1000 f. Charge transfer at FE [52]

Pur 10°-10* Hz  ~2300 a. Ionic transport through YSZ electrolyte and
surface exchange at AE [45]
2000-8000 b. Charge transfer and mass transfer at FE
[49]
3000-5000 c. Hydrogen evolution at FE [51]
~6000 d. Charge transfer at FE [47]
7000-10000 e. Oxide ion and charge transfer at FE [52]

a Fuel electrode.
b Air electrode.

« Pp (10°-10' Hz): most commonly associated with gas diffusion FE
[45,46] and CO, reduction [47,48]

« Pygr (10%-10° Hz): typically linked to oxygen evolution [47,49]
and charge transfer AE [45,47,50]

« Pyp (103-10* Hz): frequently reported to relate to hydrogen evolu-
tion [51] and charge transfer FE [47,49,52]

It should be noted that the assignment of DRT peaks to specific elec-
trochemical processes is based on frequency ranges most commonly
reported in the literature and may involve overlapping contributions
from multiple mechanisms. The interpretation of individual peaks is
therefore inherently non-unique, as several electrochemical and trans-
port phenomena may occur within similar frequency domains. For
Ni-YSZ-supported SOECs, the number of resolved DRT peaks depends
strongly on the selected frequency window and regularization param-
eters and is further influenced by temperature, current density, and
gas composition. Under the present co-electrolysis conditions (800 °C,
750 mA/cm?) and within the analyzed frequency range (1 Hz-10 kHz),
three dominant DRT regions were reproducibly resolved. Comparable
studies conducted under similar temperature ranges and frequency win-
dows likewise report three principal DRT regions (e.g., for cells with
Ni-YSZ fuel electrode, Wolf et al. [18], Unachukwu et al. [29], Orli¢
etal. [53], Graves et al. [54], Konigshofer et al. [55] (on stack level)), in-
dicating that peak merging under high-temperature co-electrolysis con-
ditions is common. Each region may therefore comprise contributions
from more than one elementary step rather than representing a single
isolated mechanism. In the present work, the grouping into Pz, Py,
and Py regions primarily serves to enable consistent visualization and
comparative evaluation of relative peak evolution during different op-
erating phases rather than strict mechanistic separation. Consequently,
the discussed peak assignments represent the most likely dominant con-
tributions inferred from the combined analysis of impedance evolution,
operating conditions, and post-mortem microstructural observations.

2.5. Post-test characterization

In order to supplement the results and discussion, a post-test analy-
sis of the electrolysis cells was conducted following long-term operation
to assess the degradation mechanisms involved. Additionally, a reduced
and commissioned single cell from the same manufacturing batch was
examined to provide a reference for the initial microstructure before
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exposure to extended testing. Microstructural and compositional analy-
ses of selected regions were carried out using a Zeiss Ultra 55 scanning
electron microscope (SEM) equipped with an EDAX Super Octane EDXS
System detector for energy-dispersive X-ray spectroscopy (EDX). In ad-
dition to SEM and EDX analyses, correlative SEM-Raman measurements
were performed using a Zeiss Sigma 300 VP scanning electron micro-
scope coupled with a WITec RISE Raman microscope. Raman spectra
were acquired with a 532 nm laser (10 mW), using a 100x objective
lens (NA=0.75) and an integration time of 10s. Cross-sectional sam-
ples were prepared via Broad Ion Beam (BIB) polishing for detailed
examination. Porosity was determined using ImageJ2 software [56,57],
following common practice in SOC microstructural analysis [58]. The
images were binarized using a consistent global thresholding procedure
applied identically to all samples to distinguish pore space from solid
phases. The pore fraction was calculated as the area percentage of void
regions relative to the total analyzed layer area. The reported values
therefore represent 2D area fractions suitable for comparative evaluation
between samples.

3. Results and discussion

The subsequent sections present the results obtained from the single-
cell long-term investigations. For both syngas application cases the
long-term operating behavior and therefore the suitability for real ap-
plications within Power-to-X paths are shown. Furthermore, a detailed
investigation of electrolysis processes and associated losses is carried
out using electrochemical impedance spectroscopy combined with DRT
calculations, supported by a post-mortem analysis.

3.1. Initial cell performance

Fig. 4 presents the initial performance from both cells operated un-
der co-electrolysis conditions, one with Comp. MeOH/FT and one with
Comp. CH4 at 800 °C. Measurements were carried out using a current
ramp of 10 A/min up to a maximum current density of 750 mA/cm?.
The polarization curve data collected was subsequently smoothed with
a Savitzky-Golay filter to facilitate clearer comparisons at lower cur-
rent densities. The filter was applied with a window length of 51
points (equivalent to 3% of the dataset size) and a polynomial or-
der of 1. The filtering process was implemented in Python using the
Scipy package, based on established methods described in the literature
[59,60]. The open-circuit voltage (OCV) measured for both compositions
was 0.833 V, which agrees well with the calculated Nernst potentials
(En meon/rr = 0.841 V and Ey cy4 = 0.840 V). These values were
obtained using the Cantera package in Python according to Eq. (5) [9,61]

MeOH/FT
12| — cHa
E 1.1
o1
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Fig. 4. Comparison of initial cell performance under both operating conditions:
(a) polarization curves, and (b) ASR of Comp. MeOH/FT- and Comp. CH4.
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with pp, = 0.21 (air). The input compositions for Comp. MeOH/FT and
Comp. CH4 were determined from thermodynamic equilibrium calcula-
tions at 800 °C using HSC Chemistry 10 [62], accounting for changes
due to the RWGS reaction (see Eq. (3)). At 800°C, OCV values below 1V
are expected because the reversible potential AG/(2F) decreases with
temperature and the Nernst term depends on the actual gas ratios (e.g.,
Pu,/Pi,0) in the inlet with higher product content. The RWGS-adjusted
equilibrium composition further affects the CO/CO, contribution in co-
electrolysis. The used partial pressures and Gibbs free energy AG can be
found in Appendix A in Tab. Al. At a current density of 750 mA/cm?,
the measured potential decreases with a higher substitution of CO, by
H,0, reaching 1.167 V for co-electrolysis with Comp. MeOH/FT and,
in co-electrolysis with Comp. CH4 1.142 V. Literature [9,63] suggests
that concentration losses are typically more pronounced during CO,-
electrolysis reactions compared to H,O-electrolysis, which results in
increased over-potentials with higher CO,-contents. A comparable trend
was reported in our previous study [31], which examined the short-term
effects of CO, and H,O on cell performance.

12
3 AGHZO(T) RT PH, 'P02
N = 2F 2F | pmo
1/2 ®)
AGCOZ (T) RT Pco - p02
= 2F 2F | " peo,

In order to facilitate a comparison of performance across different gas
compositions, the area-specific resistance (ASR) was utilized in accor-
dance with the approach that has been commonly reported in the extant
literature [16,64,65]. The ASR can be expressed as shown in Eq. (6).

Uop - UOCV

iop

ASR = (6)
where U, denotes the potential at the applied operating current i,, and
Uocy represents the open-circuit voltage. Fig. 4(b) shows the ASR values
for Comps. MeOH/FT and CH4. In co-electrolysis, the ASR for syngas
application in methanation (CH4) is 0.418 Qcm?, slightly lower than
that for methanol or FT synthesis (MeOH/FT) at 0.443 Qcm?, consistent
with the corresponding polarization curves.

3.2. Long-term stability of SOEC for MeOH/FT-case

The long-term stability test for the MeOH/FT-case was performed
under 60.75 A (750 mA/cm?) and a temperature of 800 °C, following
the initial performance evaluation of the cell. Fig. 5 presents the cell
voltage, the corresponding ASR calculated using Eq. (6), the H,/CO ratio
at the cell’s outlet measured via GA, and the temperature change relative
to the initial value over a 280-hour period.

As shown in Fig. 5(a), no degradation was detected during the first
52 hours (t;) of operation. Instead, an initial improvement phase was ob-
served, during which the cell voltage decreased from 1.168 Vto 1.142V,
corresponding to a reduction of 26 mV (0.5 mV/h) and an improvement
of 2.2%. A comparable trend was recorded for the ASR, which declined
from 0.447 to 0.413 Qcm?2, a decrease of 34 mQcm? (0.65 mQem?2/h),
representing a relative improvement of 7.6%. Following this phase,
degradation occurred for the remainder of the long-term stability test. To
quantify this, the degradation rates (DR) for voltage and ASR were cal-
culated using Egs. (7) and (8), respectively, with the results extrapolated
to a 1000-hour operating period.

DRy = 22U j00g,.. 1000 o
U, 21
ASR,, — ASR
DRygp = — 2 "L 1009 - 2200 ®)
ASR, P

where U and ASR represent the voltage and area-specific resistance,
respectively, at a given time ¢ during the experiment. During the
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Fig. 5. Recorded monitoring data for the single cell operated with
Comp. MeOH/FT at a current density of 750 mA/cm?: (a) voltage and ASR,
(b) H,/CO-ratio, and (c) shift in temperature at both electrodes relative to the
starting state.

degradation phase, the voltage rose to 1.158 V, representing an in-
crease of 15.7 mV over 228 h (68.7 mV/1000 h) and corresponding
to a DRy of 6.01%/1000 h. The ASR showed a comparable trend,
increasing by 21 mQcm? to 0.434 Qcm? within 228 h, equivalent
to 92 mQcm?/1000 h and a DR,gi of 22.2%/1000 h. As shown
in Fig. 5(b), the H,/CO ratio remained stable at approximately 2.07
throughout the experiment, resulting from the fixed current density
and the corresponding constant outlet gas composition. Although minor
temperature variations occurred during degradation due to changes in
resistive losses, such variations (<0.5 K at 800 °C) have only a negligible
thermodynamic influence on the temperature-dependent RWGS equilib-
rium. The experimentally measured outlet composition confirms that the
H,/CO ratio remained stable within the measured range. The two peaks,
one at the beginning and another at around 120 h, were attributed to
temporary interruptions of the fuel outlet line to the gas analyzer dur-
ing checks on the GA unit. Fig. 5(c) depicts the temperature variation on
both sides of the cell relative to the initial temperature of 800 °C, with
each curve representing the mean temperature change measured by six
thermocouples on the respective electrode. The near overlap of the two
curves indicates comparable temperature behavior at both electrodes. A
comparison with the voltage data reveals a clear correlation: during the
initial improvement phase, the voltage decrease coincided with a drop
in temperature, consistent with reduced resistance and lower heat gen-
eration. In contrast, during the degradation phase, the voltage increase
was accompanied by a temperature rise, indicative of higher resistive
losses.

In order to gain a better understanding of the mechanisms underlying
the initial improvement and subsequent degradation, the evolution of
impedance and corresponding DRT spectra in each phase is examined in
the following section.



D. Reiner, S. Markovié, H. Schrottner et al.

Oh
0.15F — 48h

= 52h

2" [Q-cm?]

0.05

0 0.1 0.2 0.3 0.4 0.5
Z'[Q-cm?]

(a)

F’MHF

10 100 1000
f[Hz]

(b)

Fig. 6. Electrochemical analysis of the initial improvement phase for the sin-
gle cell operated with Comp. MeOH/FT at a current density of 750 mA/cm?.
Impedance spectra and corresponding DRT plots are shown at 8-hour intervals
from O to 48 h, with an additional spectrum at 52 h (t;, end of phase): (a) Nyquist
plots, (b) DRT spectrum.

3.2.1. Initial improvement phase

Fig. 6 presents the electrochemical analysis of the improve-
ment phase under operation with Comp. MeOH/FT at 750 mA/cm2.
Impedance spectra and the corresponding DRT plots are shown at 8-
hour intervals from the start of the long-term stability test up to 48 h,
with curves color-coded from light to dark green according to test-
ing duration. Data from the end of the phase at 52 h (t;) is also
included. Throughout the entire phase, the ohmic resistance (R®) re-
mained constant at 0.122 Q - cm? (1.5 mQ), indicating no changes in
either the electrical contact resistance or the electrolyte resistance. The
latter stability can be attributed to the minimal variation in the mean
cell temperature (less than 0.5 K, as can be seen in Fig. 5¢) and the
thin electrolyte layer of the fuel-electrode-supported cell. The Nyquist
plot further shows that co-electrolysis exhibits two distinct arcs, here-
after referred to as the high-frequency arc (left) and the low-frequency
arc (right). The EIS spectra indicate that high-frequency losses de-
creased over the phase, whereas low-frequency losses remained largely
unchanged. This is most consistent with an improvement in charge-
transfer-related processes, while diffusion-related mechanisms remained
stable. Consequently, the overall polarization resistance (Rp) decreased,
leading to a reduction in total resistance, which explains the observed
voltage trend. A more detailed assessment of changes in R; is provided
by the DRT analysis of the EIS spectra, in which each peak corresponds
to a process in either the fuel or air electrode, and the area under each
peak represents the magnitude of the resistance associated with that
process.

The DRT spectra reveal three to four peaks grouped within two dis-
tinct frequency regions: a high-frequency peak (Py) at approximately
3500 Hz, which is most consistently associated with processes primarily
occurring at the Ni-YSZ fuel electrode, including charge-transfer mech-
anisms and hydrogen evolution that are not fully separated under these
operating conditions; mid-high-frequency peaks (Pyyp) between 500
and 1100 Hz, most consistently associated with oxygen evolution and
surface-exchange-related processes at the air electrode, while overlap-
ping charge-transfer contributions from both electrodes cannot be fully
excluded; and a low-frequency peak (P;p) near 5 Hz, most consistent
with gas diffusion and CO, conversion. These peak regions correspond
well to the two arcs observed in the Nyquist plot: the high-frequency arc
relates to Py and Py, while the low-frequency arc corresponds to Pyg.
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Fig. 7. Electrochemical analysis of the degradation phase for the single cell op-
erated with Comp. MeOH/FT at a current density of 750 mA/cm?. Impedance
spectra and corresponding DRT plots are shown at 24-hour intervals from 52 h
(t;) to 256 h, with an additional spectrum at 280 h (t,, end of phase): (a) Nyquist
plots, (b) DRT spectrum.

During the initial phase, high-frequency losses (Pyr) remained nearly
constant, whereas losses in the mid-high-frequency region decreased.
Specifically, two peaks initially located at 500 and 1100 Hz merged into
a single peak at 700 Hz, indicating reduced resistance in the Pyyp re-
gion. This behavior is most consistent with reduced losses associated
with oxygen evolution and charge transfer at the air electrode. Such an
improvement in air-electrode kinetics is consistent with the microstruc-
tural observations discussed in Section 3.4, where Pt migration from the
contacting mesh toward the LSC surface was identified. The presence of
Pt at the air-electrode surface enhances oxygen surface exchange and re-
duces polarization resistance (Rp) of the high-frequency arc observed in
the Nyquist plot, thereby explaining the improved impedance response.
Losses associated with gas diffusion and CO,-conversion (P ) remained
largely unchanged, aside from a slight frequency shift (~0.6 Hz), sug-
gesting that no major structural changes in the fuel electrode were
dominant within this phase.

3.2.2. Degradation phase

Fig. 7 illustrates the electrochemical characterization of the degra-
dation phase of Comp. MeOH/FT operated at 750 mA/cm?. Impedance
spectra and the corresponding DRT plots were selected at 24-hour in-
tervals between 52 (t;) and 256 h, with an additional dataset presented
at 280 h (t,), yielding a total degradation period of 228 h. To high-
light the temporal evolution of losses, the curves are color-coded from
orange (beginning) to dark brown (end of the phase). Similar to the
initial improvement phase, two distinct features, a high-frequency arc
and a low-frequency arc, are observed in the EIS spectra during degra-
dation (Fig. 7(a). The high-frequency resistance progressively increases,
whereas the low-frequency losses remain largely unchanged, suggest-
ing a deterioration of charge-transfer processes while diffusion-related
mechanisms are unaffected. Consequently, the total polarization resis-
tance rises over time. The ohmic resistance (R®) remains constant at
approximately 0.122 Q - cm? (1.5 mQ), indicating that ohmic losses
were unaffected by degradation. This increase in resistance explains the
gradual rise in cell voltage in Fig. 5.

The DRT spectra in Fig. 7(b) show that the changes in Rp during
degradation were driven by different mechanisms than those observed
in the initial improvement phase, which led to a lower resistance. The
high-frequency peak (Pyg) near 3500 Hz increased slightly and shifted
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to around 3700 Hz, whereas it remained unchanged during the improve-
ment phase. This behavior is most consistent with increased charge-
and mass-transfer losses at the Ni-YSZ fuel electrode, indicating that
fuel-electrode-related contributions likely play a dominant role in the
observed resistance increase. The mid-high-frequency peak (Pyyg) at
~600 Hz followed a similar trend, showing increased resistance and a
small shift to ~640 Hz, which is most consistent with reduced oxygen
evolution activity or increased charge-transfer losses at the air electrode.
In contrast, the low-frequency peak (P; ) remained essentially stable and
just slightly increased near 5 Hz, with peak values between 0.3 Q - cm?
(3.7 mQ) and 0.324 Q- cm? (4.0 mQ), showing no clear trend over time.
To substantiate these findings, SEM and EDX analyses were performed
on the tested cell, as presented in Section 3.4.

3.3. Long-term stability of SOEC for CH4-case

The long-term stability assessment for the CH4-case was carried
out at 60.75 A (750 mA/cm?) and 800 °C, following the cell’s initial
performance test. Fig. 8 displays the cell voltage, the corresponding
ASR calculated from Eq. (6), the H,/CO ratio at the outlet deter-
mined by gas analysis, and the temperature deviation from the initial
value over a duration of 500 hours. As shown in Fig. 8(a), the sec-
ond cell operated with Comp. CH4 also exhibited an initial improve-
ment phase. In contrast to Comp. MeOH/FT (Fig. 5a), this period was
shorter, lasting only 30 h (t;). During this phase, the cell voltage de-
creased from 1.140 to 1.100 V, corresponding to a reduction of 40 mV
(1.3 mV/h) and an improvement of 3.5%. The ASR showed a similar
trend, declining from 0.409 to 0.356 Qcm?, equivalent to 53 mQcm?
(1.77 mQcm? /h) and a relative improvement of 12.9%. After this initial
boost in performance, degradation set in. Using Egs. (7) and (8), the
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Fig. 8. Recorded monitoring data for the single cell operated with Comp. CH4
at a current density of 750 mA/cm?: (a) voltage and ASR with vertical dashed
lines indicating 258 h (aligned degradation-phase duration with MeOH/FT) and
280 h (aligned total test duration), (b) H,/CO-ratio, and (c) shift in temperature
at both electrodes relative to the starting state.
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degradation rates were determined: over 470 h up to t, the voltage
increased to 1.113 V, corresponding to 12.3 mV (27.3 mV/1000 h)
and a DRy of 2.48%/1000 h. Over the same period, the ASR rose by
17 mQcm? to 0.373 Qcm?, corresponding to 36 mQem?/1000 h and a
DR ¢ 0f 10.2%/1000 h. To evaluate the potential influence of differing
total test durations and possible cumulative time effects on the compar-
ison of degradation rates, the CH4 case was additionally analyzed over
truncated time windows aligned with the MeOH/FT experiment. When
limited to 30-280 h (t;-t,**), corresponding to the same total operat-
ing time as the MeOH/FT test, the voltage degradation rate amounts to
16.4 mV/1000 h (1.49%/1000 h), with a corresponding ASR degrada-
tion rate of 21.9 mQcm?2,/1000 h (6.15%,/1000 h). Furthermore, when
evaluated over 30-258 h (t; -t,*), which matches the degradation-phase
duration of the MeOH/FT case (Atgegmeon/rr = 228 h), the voltage
and ASR degradation rates are 18.4 mV/1000 h (1.67%/1000 h) and
24.6 mQcm?2/1000 h (6.88%,/1000 h), respectively. Both truncated eval-
uations yield lower degradation rates than those obtained over the full
30-500 h interval (27.3 mV/1000 h and 36 mQcm?/1000 h), indicating
a progressive increase in the apparent degradation rate with operating
time under CH4 conditions. This observation suggests that cumulative
degradation effects become more pronounced beyond approximately
280-300 h. Nevertheless, the qualitative comparison between operating
conditions remains unchanged, as the MeOH/FT case exhibits substan-
tially higher degradation within its investigated interval (52-280 h),
confirming that the observed differences are not solely attributable to
the differing total test durations.

As shown in Fig. 8(b), the H,/CO ratio remained essentially constant
at 3.05 throughout the long-term test. As discussed in Section 3.2, this
stability results from the galvanostatic operation mode, which enforces
a fixed outlet gas composition due to constant current. Despite small
temperature fluctuations observed (<0.5 K at 800 °C), no recognizable
shift in the outlet H,/CO ratio was detected over time, indicating that
the imposed galvanostatic conditions ensured stable syngas production
throughout the experiment. Fig. 8(c) depicts the mean temperature evo-
lution of both electrodes. Similar to the first cell, the curves overlap,
indicating comparable thermal behavior of the electrodes. A clear corre-
lation between voltage and temperature is evident: when resistive losses
decreased, the temperature dropped, and vice versa. Compared with the
cell operated under Comp. MeOH/FT conditions (Fig. 5(c), the observed
temperature change is slightly higher for Comp. CH4. This difference
may be attributed to the less endothermic character of Comp. CH4,
which contains a higher H,0/CO, ratio and consequently a reduced CO,
content (see Egs. (1)-(3)). To further clarify the mechanisms underlying
both phases, the evolution of impedance and the corresponding DRT
spectra are examined in the following section.

3.3.1. Initial improvement phase

Fig. 9 presents the electrochemical characterization of the im-
provement phase for the second cell operated with Comp. CH4 at
750 mA/cm?. Nyquist plots and the corresponding DRT spectra are
shown from the beginning of the long-term test up to 28 h, plotted at
4-hour intervals. In addition, data from the final measurement of the
improvement phase at 30 h (t;) is included. The ohmic resistance (R®
remained essentially constant at 0.122 Q - cm? (1.5 mQ) throughout the
phase (Fig. 9a), indicating stable electrolyte and contact resistances. Two
distinct arcs are observed in the impedance spectra: a high-frequency
arc associated with charge-transfer processes and a low-frequency arc
attributed to mass-transport (diffusion) limitations. The temporal evo-
lution of the spectra reveals a pronounced decrease in high-frequency
losses compared with the first cell operated under Comp. MeOH/FT
conditions, whereas the low-frequency contribution remains largely un-
changed. This interpretation is further supported by the DRT analysis
shown in Fig. 9(b), which provides deeper insights into charge-transfer-
related processes during the improvement phase. As in the DRT spectra
obtained for Comp. MeOH/FT, the spectra of the second cell operated
with Comp. CH4 (Fig. 9b) initially display four distinct peaks that can
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Fig. 9. Electrochemical analysis of the initial improvement phase for the single
cell operated with Comp. CH4 at a current density of 750 mA/cm?. Impedance
spectra and corresponding DRT plots are shown at 4-hour intervals from 0 to
28 h, with an additional spectrum at 30 h (t;, end of phase): (a) Nyquist plots,
(b) DRT spectrum.

be grouped into two frequency regions. A high-frequency peak (Pyy)
appears around 4 kHz, most consistently associated with fuel-electrode-
dominated processes, including charge-transfer and hydrogen evolution
at the Ni-YSZ interface. One to two peaks are observed in the mid-
high frequency range (Pyyp: 340-1200 Hz), which may be attributed to
reactions associated with oxygen evolution at the air electrode or charge-
transfer. Finally, a low-frequency peak (P;y) emerges at approximately
6.5 Hz, most consistent with gas-phase diffusion and CO, conversion
phenomena. The evolution of the DRT spectra during the improve-
ment phase revealed that high-frequency losses (Pyp) decreased, while
mid-high-frequency peaks (Pyyr) underwent more pronounced changes.
The two initial peaks at 340 and 1200 Hz merged into a single peak
shifted to ~370 Hz. The reduction in Py losses is most consistent with
reduced losses associated with oxygen evolution and charge-transfer
processes at the air electrode. This behavior is consistent with the Pt
redistribution toward the LSC surface identified in Section 3.4, where
Pt incorporation enhances oxygen electrode activity and reduces polar-
ization resistance. These changes in Py and Py correspond to the
reduction of the high-frequency arc observed in the impedance spectra.
In contrast, the low-frequency peak P; ;) at 6.5 Hz remained largely sta-
ble. Only a slight decrease in resistance was observed between the first
and second spectra, followed by a minor downward shift of ~1 Hz in the
subsequent measurements, suggesting limited changes in gas-diffusion
and CO,-conversion related losses.

3.3.2. Degradation phase

Fig. 10 shows the EIS of the degradation phase of Comp. CH4 oper-
ated at 750 mA/cm? for a total of 470 h. For clarity, impedance spectra
and the corresponding DRT plots are displayed at 48-hour intervals from
30 (t;) to 486 h, with an additional measurement outside the interval
pattern at 500 h (t,). The curves are color-coded from light orange at the
beginning of the phase to dark brown at its end to illustrate the temporal
evolution of losses. As observed for Comp. MeOH/FT, two characteristic
arcs, a high-frequency and a low-frequency arc, are visible in the Nyquist
plot of Comp. CH4 (Fig. 10a). During the degradation phase, the high-
frequency contribution increased after 500 h, while the low-frequency
seemed to remain nearly unchanged. This points to a progressive deteri-
oration of charge-transfer losses, whereas diffusion-related mechanisms
seem largely unaffected. As a result, the overall polarization resistance
rose with time. In addition, the ohmic resistance (R*) showed a slight

10

Applied Energy 417 (2026) 128051

30h
= 486h
= 500h

0.15

-Z" [Q-cm?]

0.05

0 0.1 0.2 0.3

7 [Q-cm?]
(@)

0.4 0.5

Prue

10 100
f[Hz]

(b)

Fig. 10. Electrochemical analysis of the degradation phase for the single cell op-
erated with Comp. CH4 at a current density of 750 mA/cm?. Impedance spectra
and corresponding DRT plots are shown at 48-hour intervals from 30 h (t;) to
486 h, with an additional spectrum at 500 h (t,, end of phase): (a) Nyquist plots,
(b) DRT spectrum.

increase from 0.122 Q - cm? (1.5 mQ) to 0.130 Q - cm? (1.6 mQ), sug-
gesting a minor contribution of ohmic degradation [66]. The slight
increase in R® is most plausibly associated with a moderate increase
in contact resistance at the fuel electrode. While interfacial degrada-
tion between YSZ and Ni-YSZ has been reported to contribute to ohmic
growth under certain conditions (e.g., Tao et al. [17]), no clear signs of
interfacial deterioration were observed in the post-mortem SEM analy-
sis (see Section 3.4). Instead, Ni agglomeration and surface roughening
were identified in the contact layer, which likely reduced the effective
electrical contact area and thereby contributed to the gradual increase
in ohmic resistance.

The corresponding DRT spectra (Fig. 10b) demonstrate that the
mechanisms governing resistance changes during degradation differ
from those in the initial improvement phase. The high-frequency peak
(Pyp), located near 4 kHz, initially decreased in magnitude until the
measurement at 318 h, before increasing again toward 500 h. In addi-
tion, the peak shifted slightly to ~4.4 kHz. This behavior suggests an
initial improvement followed by a deterioration, most likely related to
changes in dominant fuel-electrode-associated contributions, including
charge-transfer and mass-transport processes. The mid-high-frequency
peak (Pyyp) around 370 Hz remained stable in magnitude but shifted
slightly to ~380 Hz, suggesting that oxygen evolution activity was likely
not the dominant contributor to the observed resistance change. In con-
trast, the low-frequency peak (P; ) near 6.5 Hz increased modestly, most
consistent with increased losses associated with diffusion and/or CO,-
conversion processes. Overall, the degradation phase is characterized
by a gradual rise in R%, a slight increase in diffusion- and CO,-related
losses, stable resistance contributions from oxygen evolution and charge
transfer in the mid-high frequencies, and a high-frequency peak (Py)
that decreased until 316 h before increasing again. These combined ef-
fects account for the voltage trend observed in Fig. 8(a), where an initial
rise is followed by a decrease up to ~316 h, and then a subsequent
increase driven by the evolution of Pyg. To further support these find-
ings, post-test SEM and EDX analyses were carried out, as presented in
Section 3.4.

3.4. Post mortem analysis

As part of the post-mortem analysis, SEM investigations were
conducted along the cell centerline in the flow direction, focusing on
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Fig. 11. SEM surface images of the air electrode of all cells (WD-Working Distance, EHT-Electron High Tension): (a) initial state IN, (b) initial state MID, (c) initial
state OUT, (d) MeOH/FT IN, (e) MeOH/FT MID, (f) MeOH/FT OUT, (g) CH4 IN, (h) CH4 MID, and (i) CH4 OUT.

the inlet (IN), middle (MID), and outlet (OUT) regions of both tested
cells, as well as on an additional reduced cell (Ref) used as a reference
for the initial state. Both the substrate surface and cross sections were
examined to assess microstructural changes induced during long-term
operation. In addition, EDX analyses were performed to detect potential
changes in material composition. These combined analyses provided de-
tailed insights into the cell’s initial architecture and its evolution under
specific operating environments (Comp. MeOH/FT and Comp. CH4).

Air electrode surface

SEM images of the air electrode are shown in Fig. 11. The refer-
ence cell, presented in Fig. 11(a)-(c), displays the surface morphology
of the air electrode in its state prior to long-term testing, revealing the
grain structure of La,_, Sr,CoO;_s (LSC). After reduction and subse-
quent cell commissioning under steam electrolysis conditions at 800 °C,
multiple grain sizes and distinct phases were observed across all posi-
tions. Smaller LSC grains (3 in Fig. 11a) likely represent the original
microstructure, while larger Sr-rich grains with reduced Co content (1)
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are indicative of phase segregation. Platinum was detected within these
larger grains, suggesting diffusion from the Pt contact mesh. The Pt
current collector was the only Pt-containing component, supporting
this assignment. It should be noted that in practical stack configura-
tions, metallic interconnect systems are typically used instead of Pt
meshes. Therefore, the observed Pt migration represents a contacting-
specific effect associated with the experimental configuration rather
than an inherent limitation of the cell design under industrial opera-
tion. Transitional regions (2) between the small and large grains exhibit
intermediate Sr and Co concentrations. This microstructure was defined
as the reference state, since all cells underwent identical reduction and
commissioning procedures. The corresponding porosities determined at
the IN, MID, and OUT positions ranged from 15.5 to 17.5%, as sum-
marized in Table 4. The corresponding EDX point data can be found in
Appendix A.

For Comp. MeOH/FT, pronounced structural changes were observed
on the air-electrode surface after 280 h of operation (Fig. 11(d)—(f)).
At the inlet (IN) in Fig. 11(d), large Sr- (1) and Pt-rich grains formed



D. Reiner, S. Markovié, H. Schrottner et al.

Table 4

Calculated porosities (in %) derived from
SEM surface images of the air electrode ac-
quired at a magnification five times lower
than that used in Fig. 11.

Pos IN MID ouT
Ref 16.5 17.5 15.5
MeOH/FT 11.1 9.9 8.7

CH4 9.5 14.3 12.9

within the original structure (2), whereas smaller grains were found
in the MID and OUT regions. This morphological evolution resulted in
a notably higher porosity at the inlet, as summarized in Table 4. The
overall porosity, however, decreased substantially compared with the
initial state, reaching 11.1% at the inlet and almost half of the origi-
nal values at the MID (9.9%) and OUT (8.7%) positions. It should be
noted that the SEM image at the inlet was taken approximately 10 mm
toward the cell center (in comparison to the other cells), due to par-
tial delamination of the electrode at the inlet area. When these results
are compared with those obtained for Comp. CH4, which was oper-
ated for nearly twice the duration of Comp. MeOH/FT, the pronounced
porosity reduction may be attributed to the considerably lower air flow
rate (0.55 slpm) during operation, resulting in less convective cooling
and a higher partial pressure of O,. Such reduced porosity is likely to
hinder oxygen transport through the electrode, limiting the surface ex-
change and charge-transfer processes. This effect is consistent with the
slightly increased losses and the enhanced DRT peak (Py;) observed in
Fig. 7(b). It has to be noted that the simultaneous differences in oper-
ating time and fuel composition, however, mean that the independent
contribution of air flow cannot be strictly isolated, although the observed
microstructural and electrochemical trends remain consistent with such
an influence. In the case of Comp. CH4, after 500 h of operation, a com-
parable microstructural pattern was observed (Fig. 11(g)-(i)). At the
inlet (IN) in Fig. 11(g), two distinct grain phases were identified: a Sr-
rich phase (1) and a Sr/Pt-rich phase (2) embedded within the original
matrix (3). In contrast, only Sr/Pt-rich grains were present in the MID
and OUT regions, resulting in a slightly lower porosity at the inlet com-
pared with Comp. MeOH/FT. The grains in Comp. CH4 appeared more
developed, consistent with the longer operating duration. The measured
porosities at the MID (14.3%) and OUT (12.9%) positions showed mini-
mal deviation from the reference cell, whereas the inlet exhibited a more
pronounced reduction (9.5%). These comparatively smaller variations
indicate that oxygen transport limitations were less pronounced than in
Comp. MeOH/FT, consistent with the absence of pronounced changes in
the air-electrode-related losses (Pyyyr) observed in Fig. 10(b). It should
be emphasized that the formation of Sr-rich and Sr/Pt-rich surface re-
gions was observed under both compositions and represents a surface
evolution pathway during electrolysis operation. The primary difference
between Comp. MeOH/FT and Comp. CH4 lies in the extent of porosity
reduction and its electrochemical impact, which are influenced by oper-
ating parameters such as air-flow rate, the resulting local oxygen partial
pressure, and the test duration, rather than in fundamentally different
degradation mechanisms.

As discussed in Sections 3.2.1 and 3.3.1, both cells exhibited an ini-
tial improvement phase, characterized by a decrease in the DRT peak
associated with charge transfer and the oxygen evolution reaction at the
air electrode. This improvement is consistent with Pt diffusion toward
the air electrode, where Pt enhances the oxygen surface exchange ki-
netics, as also reported in previous studies [67-69]. Simner et al. [70]
observed a similar phenomenon in a fuel cell (SOFC) configuration,
where Pt migration from a current collector improved the activity of
an LSF electrode.

In parallel to this initial improvement, Sr surface segregation is ex-
pected under electrolysis conditions. The primary driving factors for Sr
segregation in LSC-type materials are elevated temperature, high oxygen
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chemical potential, and anodic polarization. Under anodic polarization
in electrolysis (in this study at 750 mA/cm?, 1.1-1.14 V), oxygen va-
cancy depletion is enhanced [71], which promotes Sr diffusion toward
the surface. At the operating temperature of approximately 800 °C, the
thermodynamic tendency for SrO surface segregation is further inten-
sified. Elevated temperature has repeatedly been shown to accelerate
Sr segregation in Sr-containing perovskites. For example, Oh et al. [72]
reported increased SrO segregation in LSCF between 600 and 900 °C,
while Chen et al. [73] and Mutoro et al. [74] demonstrated enhanced
Sr-rich phase formation with increasing annealing temperature. Taken
together, these findings suggest that the observed Sr enrichment on
the air-electrode surface in the present study is consistent with ther-
mally and electrochemically driven segregation mechanisms. In addition
to temperature and polarization effects, elevated oxygen partial pres-
sure has been reported to intensify Sr segregation in perovskite oxides
[75,76], as increased oxygen chemical potential may enhance the ther-
modynamic tendency for surface Sr enrichment through modified defect
equilibria. In the case of Comp. MeOH/FT, the lower air flow rate
(0.55 slpm), and thus reduced convective removal of oxygen, is expected
to result in higher local oxygen partial pressure under load compared
with Comp. CH4 (1.1 slpm). This condition may have contributed to
the formation of larger Sr-rich grains and more pronounced surface
segregation at the air electrode. The increased SrO formation at the
inlet may further explain the partial delamination observed in this re-
gion and the presence of coarser grains after roughly half the operating
time. Overall, the observations are consistent with a combined influ-
ence of elevated temperature, anodic polarization, and locally increased
oxygen partial pressure, which together may accelerate air-electrode
degradation through enhanced Sr segregation and surface instability.

Fuel electrode surface

SEM images of the fuel electrode are shown in Fig. 12. The refer-
ence cell, presented in Fig. 12(a)-(c), depicts the surface morphology
of the fuel electrode in its initial state prior to long-term operation, re-
vealing a Ni contact layer (1) over the grain structure of the Ni-YSZ
cermet (3, nickel-yttria-stabilized zirconia). Deposits located at grain
boundaries (2), containing Al, Na, Mg, Mn, and Si, are also visible.
The corresponding EDX point data can be found in Appendix A. These
are most likely residues from the manufacturing process, as similar fea-
tures were observed on an as-received Elcogen AS cell (see Fig. A.2 in
Appendix A). Owing to the presence of the dense contact layer, the
porosity obtained from the surface image is considerably lower than that
of the air electrode. For the reference cell, the calculated porosity ranges
between 5.5 and 5.7%, as summarized in Table 5. It should be noted that
these values depend strongly on the selected area in a specific region (IN,
MID, or OUT) due to local variations in the contact layer and therefore
serve only as an order-of-magnitude estimate.

For the cell operated with Comp. MeOH/FT, no significant structural
changes were observed after 280 h of operation (Fig. 12(d)-(f)). The con-
tact layer (1) above the Ni-YSZ structure (2) appears largely unaffected,
and fewer deposits are visible along the grain boundaries, suggesting
that these residues may have been removed during operation. The mea-
sured porosity decreased slightly, ranging from 3.4 to 5%. In the case of
Comp. CH4, after 500 h of operation, the grain surfaces of the Ni contact
layer (1) appear roughened (Fig. 12(g)—(h)). The combination of in-
creased porosity (5.8-8.8%) and roughened Ni surfaces is consistent with
Ni coarsening/agglomeration in the contact layer, which would reduce
the effective contact area. Deposits (2) were again visible at the inlet, al-
though fewer were detected overall compared to Comp. MeOH/FT. The
reduction in the effective Ni contact area due to agglomeration and the
formation of voids could explain the increase in ohmic resistance (R%,
high-frequency intercept) observed in Fig. 10(a), due to a drop in active
surface area. Both cells tested under long-term operation exhibit a simi-
lar trend: porosity decreases from the inlet toward the outlet, which may
be related to non-uniform local electrochemical activity (likely higher
near the inlet). No additional carbon-rich phases were observed in SEM
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Fig. 12. SEM surface images of the fuel electrode of all cells (WD-Working Distance, EHT-Electron High Tension):
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(a) initial state IN, (b) initial state MID, (c) initial

state OUT, (d) MeOH/FT IN, (e) MeOH/FT MID, (f) MeOH/FT OUT, (g) CH4 IN, (h) CH4 MID, and (i) CH4 OUT.

Table 5

Calculated porosities (in %) derived from
SEM surface images of the fuel electrode ac-
quired at a magnification five times lower
than that used in Fig. 12.

Pos IN MID ouT
Ref 5.5 5.5 5.7
MeOH/FT 5.0 3.7 3.4
CH4 8.8 7.3 5.8

or EDX in the inspected regions, suggesting that significant carbon de-
position is unlikely under the tested conditions on the fuel electrode
surfaces. To further verify this observation, Raman spectroscopy was
performed on both the Ni-YSZ electrode and the Ni contact layer. Point
Raman measurements were acquired at 20 positions on each region, and
the resulting spectra were evaluated by calculating the mean spectrum
and the corresponding standard deviation. No Raman bands character-
istic of graphitic or amorphous carbon were detected between 1100 and
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1600 cm! [77], confirming the SEM and EDX findings. Raman peaks
observed at shifts below 750 cm™ are most likely associated with lat-
tice vibrations of the YSZ structure [78-80]. The corresponding Raman
spectra are provided in Figure A.5 in Appendix A. This observation aligns
with the calculated border of carbon deposition using HSC Chemistry 10
(© Metso [62]) for the in- and outlet composition under atmospheric
pressure, which indicates carbon formation onset at 406/608 °C for
Comp. MeOH/FT and 384/583 °C for Comp. CH4 as a guideline for
carbon formation. These observations, together with thermodynamic
calculations, indicate that under the investigated conditions carbon for-
mation is unlikely to occur to an extent that would measurably affect
the structural integrity of the Ni-YSZ fuel electrodes during long-term
co-electrolysis.

Cross-sections

Cross-sectional SEM images of the cells are presented in Fig. 13. The
cross-section of the reference cell (Fig. 13(a) and (d)) illustrates the com-
plete cell architecture. Since the cell is fuel-electrode-supported, the
fuel electrode forms the majority of the total thickness, providing the
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Fig. 13. SEM cross-section images of all cells at MID-position (WD-Working Distance, EHT-Electron High Tension): (a) initial state, (b) MeOH/FT, (c) CH4, (d) initial

state-fuel electrode, (€) MeOH/FT-fuel electrode, and (f) CH4-fuel electrode.

Table 6
Calculated porosities (in %) derived from SEM
cross-section images used in Fig. 13.

LSC LSC Ni/YSZ Ni/YSZ
outer inner fl dl
Ref 20.0 20.1 18.6 23.2
MeOH/FT  19.9 20.9 17.0 25.7
CH4 13.4 16.5 11.3 22.2

required mechanical stability. It comprises two distinct Ni-YSZ layers
with different porosities: (i) a diffusion layer (Ni-YSZ dl) with a porosity
of 23.2% (see Table 6), which facilitates gas transport through the elec-
trode, and (ii) a functional layer (Ni-YSZ fl) with a porosity of 18.6%,
characterized by a higher density of triple-phase boundaries (TPBs),
where gas, the ionic conductor (YSZ), and the electronic conductor (Ni)
intersect, thereby enhancing electrochemical activity. At the bottom of
Fig. 13(d), the previously observed Ni contact layer on top of the Ni-
YSZ dl can be seen in cross-section. The electrolyte layer (YSZ) is located
between the two electrodes, with a gadolinia-doped ceria (GDC) barrier
layer added between the air electrode (LSC inner) and the electrolyte.
This barrier layer prevents reactions between YSZ and La or Sr from the
air electrode, which could otherwise lead to the formation of insulating
secondary phases such as La,Zr,0; and SrZrO5 [19]. Although it is dif-
ficult to distinguish two separate layers within the LSC in the reference
cell, this distinction becomes more evident in cells after long-term op-
eration. Therefore, the air electrode consists of an inner LSC layer with
generally larger grains and an outer LSC layer with generally smaller
grains; however, even larger grains are present in both layers. These
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larger grains reduce the porosity in the cross-sectional analysis in both
layers, resulting in comparable porosities of 20.1% and 20.0% for the in-
ner and outer LSC layers, respectively. The measured layer thicknesses
are in good agreement with the manufacturer’s specifications, yielding
a total cell thickness of approximately 315 pm, comprising the air elec-
trode including the GDC layer (~26 um), the electrolyte ( ~6 um), and
the reduced fuel electrode (~283 um).

Unexpectedly, in the reference cell (Ref, Fig. 13a), both the inner
and outer LSC layers exhibited a mixture of small grains and larger ag-
glomerated ones. Sr-rich and Pt-containing grains, previously identified
in surface analyses, were also detected at the top of the LSC electrode.
These likely form a thin surface layer that may act as a contact layer with
reduced electrical resistance due to the presence of Pt. After long-term
operation with Comp. MeOH/FT (Fig. 13b) or Comp. CH4 (Fig. 13c), the
thickness of this surface layer increased slightly, indicating progressive
Sr surface segregation and Pt diffusion from the contact mesh toward the
electrode. In both operated cells, the agglomerated LSC grains within the
inner LSC layer diminished or disappeared, resulting in a more homoge-
neous microstructure. The corresponding porosity was 20.9% for the cell
operated for 280 h with Comp. MeOH/FT and 16.5% for the cell oper-
ated for 500 h with Comp. CH4. The slower change in porosity observed
for Comp. MeOH/FT may be linked to differences in operating condi-
tions, including the lower air flow rate, which could result in higher
local O, partial pressures during electrolysis and thereby influence pore
coarsening. However, because the two cells were operated for different
durations and under different fuel compositions, the independent contri-
bution of air-side conditions cannot be strictly isolated from the present
results, although the observed microstructural trends remain consistent
with such an influence. Similar trends were found in the outer LSC layer:



D. Reiner, S. Markovié, H. Schrottner et al.

the porosity remained nearly unchanged for Comp. MeOH/FT (19.9%)
but decreased notably for Comp. CH4 (13.4%). However, as the two cells
were operated for different durations, these results might also suggest
a time-dependent evolution of porosity under constant temperature and
current density. Verifying such a correlation would require a systematic
study with multiple cells tested for varying durations, which lies be-
yond the scope of the present work. In general, the temporal evolution
of porosity in solid oxide cells has received limited attention. Most stud-
ies focus on delamination or secondary phase formation within the air
electrode and report porosity values only for fresh and post-test sam-
ples, rather than monitoring its progression. For instance, Pretschuh
et al. [58] quantified porosity after long-term operation but did not
examine its evolution over time. Interestingly, no macroscopic delamina-
tion was observed in the inspected cross-sections in any of the cells at the
LSC/GDC interface, commonly a critical failure mode in SOCs [81-83].
This suggests that the investigated operating conditions did not worsen
LSC/GDC interfacial degradation during the tested long-term operation.

On the fuel electrode, the porosity of the diffusion layer (Ni-YSZ dl)
increased to 25.7% in the cell operated with Comp. MeOH/FT (Fig. 13e).
This increased porosity likely enhanced gas transport and removal to-
ward the triple-phase boundary within the functional layer (Ni-YSZ fl)
of the electrode (Fig. 13b). However, the porosity of the functional
layer decreased to 17.0%, which would hinder gas flow and increase
mass-transport resistance. The reduced number of pores along the Ni-
YSZ fl/YSZ (electrode-electrolyte) interface may also account for the
slight increase in diffusion-related losses (P;y) observed over time in
Fig. 7b). A comparable trend was observed in the cell operated with
Comp. CH4 (Fig. 13c), where the porosity of the Ni-YSZ fl decreased
further to 11.3%, corresponding to a similar gradual rise in diffusion
losses (Pyy) over time in Fig. 10b). In this case, the porosity of the dif-
fusion layer (Fig. 13f) also declined to 22.2%, likely as a consequence
of the longer testing duration under Comp. CH4 operation. As already
observed in the surface SEM analyses, no evidence of carbon deposi-
tion was found on any of the fuel electrodes. This finding is confirmed
by the cross-sectional images of both the Ni-YSZ fl and Ni-YSZ dl lay-
ers. Supplementary areal EDX data for all fuel electrode layers and all
tested cells are provided in Appendix A. To further verify the absence of
carbon formation, Raman spectroscopy was performed on both the Ni-
YSZ fl and Ni-YSZ dl regions. Point Raman measurements were acquired
at 20 positions on Ni particles in each layer, and the resulting spectra
were evaluated by calculating the mean spectrum and the correspond-
ing standard deviation. No Raman bands characteristic of graphitic or
amorphous carbon were detected between 1100 and 1600 cm™ [77].
In some measurement positions, weak Raman peaks below 750 cm!
were observed, which may be attributed to contributions from the YSZ
structure when the measurement spot partially overlapped with the ce-
ramic phase [78-80]. Due to their low intensity, these peaks do not
affect the evaluation regarding the absence of carbon-related Raman
bands. The corresponding Raman spectra are provided in Figure A.6 in
Appendix A. Although the cell is fuel-electrode-supported, meaning that
the Ni surface area is comparatively large, which typically increases the
possibility for carbon deposition under CO- and hydrocarbon-containing
atmospheres [20], no signs of carbon formation were detected after
long-term operation. This suggests that both gas compositions did not
accelerate carbon formation, even for Comp. MeOH/FT, which featured
a relatively low steam-to-carbon ratio (S/C) of 1.38.

In the present study, no qualitative difference in the fuel-electrode
degradation was observed between operation targeting H,/CO=2
(MeOH/FT) and H,/CO =3 (CH4). In both cases, Ni-YSZ coarsening in
the functional layer was the dominant degradation feature, accompanied
by a gradual reduction in porosity. No composition-specific degradation
pathway could be identified. The more pronounced porosity reduc-
tion observed in the CH4 case may therefore be attributed primarily
to the longer operation time rather than to the moderate difference in
H,0/CO, ratio. From a thermodynamic and kinetic perspective, how-
ever, an increase in the H,0/CO, ratio during co-electrolysis can elevate

15

Applied Energy 417 (2026) 128051

the local oxygen chemical potential through the H,O/H, equilibrium,
shifting conditions closer to the Ni/NiO stability boundary and poten-
tially enhancing Ni surface diffusion and agglomeration [16,52,84].
Steam has also been reported to accelerate Ni coarsening even under
globally reducing conditions [26,85]. Nevertheless, Ni agglomeration is
governed by the combined influence of temperature, current density,
and full gas-phase equilibria (H,0/H, and CO,/CO), with temperature
primarily controlling diffusion kinetics [25]. Under the present oper-
ating conditions (800 °C, identical current density), temperature and
exposure time appear to have dominated the microstructural evolution
more strongly than the targeted syngas composition.

4. Conclusion

In this study, long-term co-electrolysis experiments were conducted
using two fuel-electrode-supported, industrial-sized commercial pla-
nar cells operated under syngas-representative gas compositions cor-
responding to methanol/Fischer-Tropsch synthesis (MeOH/FT) and
methanation (CH4). A comprehensive diagnostic framework, com-
bining voltage monitoring, polarization curves, fast EIS, DRT analy-
sis, and electrode-temperature monitoring, together with post-mortem
SEM/EDX and quantitative porosity evaluation (surface and cross-
section, benchmarked against a reference cell), enabled direct correla-
tion between electrochemical performance and microstructural evolu-
tion.

The key findings can be summarized as follows:

« PtX-relevant long-term performance: This study provides rare long-
term performance and degradation-rate data for industrial-sized
SOEC single cells under two PtX-relevant syngas conditions.
Voltage degradation rates were 68.7 mV/1000 h for MeOH/FT (cal-
culated over 228 h) and 27.3 mV/1000 h for CH4 (calculated over
470 h). Truncated evaluation of the CH4 case over matched shorter
windows (up to 228-250 h) yielded lower early-time degradation
rates, indicating a moderate increase in degradation rate at longer
operating times. These results fill a critical gap in the literature re-
garding the durability of industrial-sized (large-area) cells under
realistic co-electrolysis conditions.

Coupled electrochemical/microstructural evolution: Two operating
phases were identified in a long-term test: an initial improvement
phase followed by degradation. The early enhancement was linked
to Pt migration from the air-side contact mesh into the LSC, consis-
tent with DRT peaks indicating reduced oxygen surface-exchange
and charge-transfer losses, resulting in an early voltage decrease of
up to 3.5%.

Fuel-electrode stability and dominant degradation mechanism: The Ni-
YSZ fuel electrodes showed a high degree of robustness against
carbon under both, Comp. MeOH/FT and Comp. CH4, conditions.
No carbon deposition and/or associated morphological changes
were detected, and only the cell operated with Comp. CH4 showed
Ni coarsening in the contact layer. The dominant long-term degra-
dation mechanism on the fuel side was Ni-YSZ coarsening in the
functional layer, accompanied by a gradual porosity decrease,
while electrode-electrolyte interfaces remained intact. These find-
ings suggest that operational strategies such as moderately reduced
operating temperature may help slow coarsening-driven degrada-
tion.

Air-electrode sensitivity to air-flow conditions: The air electrode exhib-
ited pronounced sensitivity to local conditions, particularly under
reduced air-flow in the MeOH/FT case. Pronounced Pt migration,
Sr surface segregation, and formation of Pt/Sr secondary phases
were accompanied by reduced surface porosity and partial sur-
face degradation, while the LSC/GDC interface remained stable.
Adequate air-flow management is therefore essential to minimize
accelerated air-side degradation.
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Taken together, these findings demonstrate that although both
fuel compositions enable stable, carbon-free operation at 800 °C and
750 mA/cm?, long-term degradation is governed by Ni-YSZ coarsen-
ing on the fuel side and Pt/Sr-related surface degradation on the air
side, with air-flow rate playing a potentially important role. This work
provides one of the first systematic assessments of degradation path-
ways in industrial-sized SOECs under syngas-relevant PtX conditions.
Future research will examine alternative current-collector materials
(e.g., gold to suppress initial improvement or stainless steel to emulate
stack-operation), explore reduced-temperature operation as a strategy to
mitigate coarsening-driven degradation, and perform systematic para-
metric studies in which the H,0/CO, feed ratio and air flow rate are
varied in a controlled manner to distinguish their respective contribu-
tions to degradation during co-electrolysis. Furthermore, the operating
duration will be increased toward and beyond 1000 h to enable com-
prehensive lifetime assessment and long-term stability validation under
PtX-relevant co-electrolysis conditions.
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