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Abstract

The application of SOFCs in aviation demands lightweight cell and stack designs. Meeting
these constraints requires cells that sustain operation at high current densities, exceeding
those typical for today’s state-of-the-art SOFCs. Although long-term SOFC operation has
been studied thoroughly, durability at elevated current densities of several Amps per square
cm has not been comprehensively investigated. In this contribution, a high-performance
ASC was tested for 2,300 h in fuel cell mode at 3 Acm? and 750 °C. Individual loss
contributions were quantified via impedance spectroscopy over time using DRT analysis
and an established equivalent circuit model. The electrochemical results are correlated with
FIB-SEM analyses and 3D microstructure reconstructions of tested samples and non-
polarized OCV-probe electrodes. The quantification by equivalent circuit modeling reveals
that the main performance decrease is attributed to the increased activation polarization of
the fuel electrode. Microstructural analysis of the reconstructed cell shows a significantly
increased volume fraction of nickel near the electrolyte compared to the OCV-probe
electrode, indicating nickel migration towards the electrolyte during high current density
operation in SOFC mode. To better understand the underlying degradation mechanisms, a
complementary SOEC long-term test was conducted at the same current density. Thereby,
nickel migrated away from the electrolyte, resulting in a significant loss of Ni percolation in
this region, which has not been observed in SOFC mode.
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Introduction

SOFCs have attracted increasing research interest as a potential technology for integrated
power and propulsion systems (IPPS) in next-generation aircraft, driven by their high
efficiency, fuel flexibility, and the broader push toward aviation decarbonization [1-4].
However, the power densities required for IPPS applications necessitate operation at current
densities substantially exceeding those typically investigated in long-term stability studies,
a regime for which the degradation behavior of the fuel electrode remains largely
unexplored [5]. Whether and to what extent Ni-YSZ cermet fuel electrodes can sustain
acceptable performance under such conditions therefore represents an open and practically
relevant research question.

The electrochemical performance of Ni-YSZ cermets depends critically on the density of
active triple phase boundaries (TPBs) and on the long-term integrity of their
microstructure [6, 7]. Both are susceptible to progressive degradation during high-
temperature operation, with Ni coarsening and migration representing the dominant
microstructural degradation mechanisms [5, 7, 8].

Progressive Ni grain growth reduces the density of active TPBs and thereby increases
activation polarization. In addition, the loss of Ni-Ni contact points can compromise
electronic percolation through the cermet and increase the ohmic resistance [9, 10].
Ni migration leads to a directional redistribution of the metallic phase within the electrode,
which reduces the active TPB density and consequently increases activation
polarization [5, 7].

Different driving forces contribute to Ni coarsening and migration. Curvature-driven surface
diffusion causes Ostwald ripening of Ni particles, leading to growth of the mean Ni grain size
and reduction of total and active TPB density [11, 12]. This coarsening proceeds
independently of current density and is governed purely by curvature-driven kinetics [7].
Ni migration, in contrast, is a polarization-driven mechanism. Two mechanistic frameworks
have been proposed to explain its driving force and direction. The electrochemical potential
gradient (EPG) hypothesis attributes migration to transport of Ni(OH)x species along
electrochemical potential gradients on YSZ surfaces, driven by electrode overpotential and
the resulting local steam partial pressure gradient [7]. A revision of this framework proposes
Ni* surface ions, formed at electrochemically isolated Ni particles, as the dominant migrating
species below approximately 900 °C [13]. The interface energy gradient (IEG) hypothesis
attributes migration to polarization-induced modifications of Ni-YSZ wettability. Anodic
polarization in the fuel cell mode reduces the Ni-YSZ contact angle and stabilizes Ni near
the electrolyte, while cathodic polarization during SOEC operation promotes
dewetting [14, 15]. At elevated current densities exceeding 1 A cm significantly, both the
larger electrode overpotentials and the more pronounced local py2o gradients at the fuel
electrode are expected to amplify these mechanisms, yet the degradation behavior in this
regime remains largely uncharacterized.

In this contribution, an anode-supported cell (ASC) was operated at 750 °C for 2,300 h in
fuel cell mode at 3 A cm™. In addition, a long-term test was carried out in electrolysis mode
at the same absolute current density over a period of 460 hours. Individual loss contributions
were monitored periodically by EIS measurements, analyzed by DRT, and quantified by
equivalent circuit modeling (ECM). FIB-SEM analyses and 3D reconstructions were
performed on tested samples and the unpolarized OCV-probes at gas inlet. Activation
polarization of the fuel electrode was identified as the dominant degradation contribution in
both modes. Microstructural analysis links this directly to Ni migration toward the electrolyte
interface, consistent with long-term SOFC observations [16], whereas a complementary test
in SOEC mode at the same current density reveals Ni migration away from the electrolyte,
resulting in a significant loss of Ni percolation in this region.
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Experimental & Methods

Planar anode-supported cells with an active area of 1 cm? were investigated. The cells were
supplied by Elcogen AS and are based on a Ni-3YSZ fuel electrode substrate, Ni-8YSZ fuel
electrode functional layer, 8YSZ electrolyte, GDC barrier layer, and LSC air electrode. The
individual layers are shown in Fig. 1 (a) and (b).

A standard reduction procedure was performed during the startup of the cells.
Electrochemical measurements were performed on a test rig as illustrated in Fig. 1 (c) and
described in more detail in Ref. [17]. A total flow rate of 250 sccm per electrode was chosen.
The fuel electrode was operated in hydrogen/steam mixtures. Steam is produced in an
upstream burning chamber and set to 10 % for the SOFC test and 70 % for the SOEC test.
Compressed air was used on the air side. The temperature was set to 750 °C and the cells
were operated at a current density of + 3 A cm=. The long-term tests in SOFC and SOEC
mode started at 0.7 V and 1.35 V, respectively, and terminated after 2,300 h and 460 h at
final voltages of 0.55 Vand 1.6 V.

(b)

Figure 1. (a) SEM cross section and (b) 3D reconstruction of the ASC.
(c) Test bench setup.

Impedance measurements at OCV were recorded each 20 h by a Solartron 1260 frequency
response analyzer using a pseuo-potentiostatic measurement technique. The amplitude
was set to result in a < 12 mV voltage response. Every measurement was performed in a
frequency range between 30 mHz and 1 MHz with 12 points per decade. The validity of the
spectra was verified by a Kramers Kronig Test [18]. Fitting of EIS data was performed with
the in-house software “AllFit” by an equivalent circuit model (ECM) shown in Fig. 2, with a
more detailed description in Ref. [19]. It should be noted that gas diffusion losses on the air
side are not considered here, as compressed air is used in this study and their contribution
is therefore negligibly small.

Ract,FE
1

[ 1

Rdiff,FE Ract,AE Ract,FE1 Ract,FEZ EE = fuel electrode
W G = air electrode
ohm act = activation

diff = gas diffusion

Qat:t,FE1 Qact,FEZ
Figure 2. Equivalent circuit model used in this work for quantification of loss processes,
detailed description can be found in Ref. [19].
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Cell microstructures were investigated using high-resolution focused-ion-beam scanning-
electron-microscopy (FIB-SEM) tomography. Post-mortem investigations were performed
for both the electrochemically active cell area as well as the non-polarized OCV-probe
electrodes at the inlet (Fig. 1 (c)) for both fuel cell and electrolysis operation. After
disassembly from the test bench, cells were carefully cracked into 5x5 mm pieces and
vacuum infiltrated using a contrast enhancing epoxy resin (Struers Epofix). Samples were
sputtered with platinum and transferred into the scanning electron microscope
(Zeiss 1540 XB) equipped with a gallium focused ion beam. Before the tomography,
trenches were milled to account for redeposition of milled material as well as increasing
image quality. The subsequent tomography was performed using a FIB beam dosis of
500 pA, resulting in 25 nm thick slices. Imaging was performed at an acceleration voltage of
1.3 kV at a spatial resolution of 25 nm. Each sample was measured twice to account for
statistical deviations.

Image processing of the datasets consists of image alignment (SIFT Image Alignment,
Imaged), cropping a meaningful region-of-interest (GeoDict 2025 Release), adjustment of
the stage tilt (Nearest Neighbor affine transformation, ImagedJ) and Non-Local Denoising
(Imaged). For segmentation, the full cell dataset was separated into air and fuel electrode
and segmented using a pretrained segmentation algorithm based on the UNet3D
architecture inside GeoDict (2025 Release). Finally, any remaining artifacts were removed
using morphological closing. The so-obtained 3D datasets of the full cells were evaluated to
obtain volume fractions including non-percolated nickel particles as a function of electrode
thickness.

Results & Discussion

In the following, long-term tests conducted in both SOFC and SOEC mode are evaluated
based on impedance analyses and correlated with three-dimensional microstructure
reconstructions obtained by FIB-SEM. Furthermore, the results are discussed in the context
of literature on Ni migration and the mechanisms proposed therein.

SOFC long-term test

Impedance measurements at OCV during SOFC long-term operation are shown in Fig. 3 (a)
at 750 °C with 10 % steam. The overall degradation is predominantly driven by an increase
in polarization resistance, which is more pronounced than the rise in ohmic resistance. To
analyze individual polarization contributions, the DRT method is applied, with results
displayed in Fig. 3 (b). Peak assignment is based on a preceding electrochemical
characterization of the same cell in a similar test rig. Gas diffusion losses within the porous
fuel electrode substrate remained unchanged throughout the test and were therefore fixed
during fitting. In contrast, activation processes at both the fuel and air electrode increased
over time. For quantification of loss processes, the ECM presented in Fig. 2 was applied to
extract resistances, plotted over time in Fig. 3 (c). Air electrode activation polarization
increased by a factor of about six, while the fuel electrode activation polarization represents
the dominant contributor to degradation in absolute terms, as shown in Fig. 3 (b) and (c),
where Pact,Fe1 and Pact,re2 correspond to the coupled charge transfer and transport in the fuel
electrode, respectively. Microstructure analysis is therefore carried out in the following with
a focus on the fuel electrode functional layer to identify and discuss potential degradation
mechanisms induced by high current density operation.
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Figure 3. Impedance analysis at OCV during long-term test in SOFC mode at 750 °C,
10 % H20 in Hz, and Air with (a) Nyquist plot and (b) DRT analysis.
(c) Quantified loss contributions over time by applied ECM from Fig. 2.

Volume fractions of the respective phases along the fuel electrode functional layer are
shown in Fig. 4 (a) to (d), where the dense 8YSZ electrolyte is located at x=0 pym as a
baseline. Since the OCV-probe electrodes remained unpolarized during the test and were
subjected to the same conditions (apart from local concentration and temperature gradients
induced by current density), they can serve as a suitable benchmark. The analysis of the
active zone in Fig. 4 (a) shows a significant Ni enrichment near the electrolyte compared to
the OCV-probe electrode at the inlet in Fig. 4 (c). This strongly indicates that Ni migration
took place toward the electrolyte during operation, which has also been reported in Ref. [16].
In addition, the percolation state of Ni within the active and OCV-probe electrode is similar,
as shown in Fig. 4 (b) and (d), respectively. Although the percolation state appears
unchanged, Ni redistribution toward the electrolyte significantly reduces porosity in this
region, as shown in Fig. 4 (a). This is likely to decrease the TPB density in this region, thus
contributing to the observed rise in activation resistance. A quantitative TPB analysis is
currently ongoing.

This similar post-test percolation state indicates that the significant Ni accumulation near the
electrolyte occurred without a permanent loss of the percolating Ni network. Within the
electrochemical potential gradient (EPG) framework [7], the straightforward EPG picture in
SOFC mode predicts Ni migration away from the electrolyte. Steam is produced at the TPBs
near the electrolyte, locally raising the oxygen partial pressure and thus the Ni(OH)x activity
in that region. As a result, Ni(OH)x would migrate down the activity gradient away from the
electrolyte. To explain the observed opposite direction, the EPG framework relies on an
additional Ni contact loss mechanism, in which coarsening-induced isolation of Ni particles
near the electrolyte shifts them to OCV, reverses the local electrochemical gradient, and
thereby drives Ni transport toward the electrolyte. However, the FIB-SEM percolation
analysis shown in Fig. 4 (b) finds no significant excess of non-percolated Ni in the active
zone compared to the OCV-probe segment in Fig. 4 (d), indicating that this contact loss
prerequisite is not fulfilled under the present conditions. While transient losses of percolation
and subsequent reconnection during operation cannot be ruled out, the preserved overall
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connectivity makes it difficult to identify the contact loss route as the operative mechanism.
Alternatively, the interface energy gradient (IEG) hypothesis [14, 15] provides a polarization-
driven explanation that does not require network breakup as a prerequisite. In this picture,
high anodic overpotentials are proposed to lower the local Ni-YSZ contact angle at the active
TPBs near the electrolyte, improving wettability and thermodynamically stabilizing Ni in that
region relative to more distant zones where the overpotential is lower. The resulting gradient
of interface energy along the electrode thickness constitutes a driving force for continuous
Ni transport toward the electrolyte, even within an intact percolation network. This is
additionally consistent with the absence of excess isolated Ni in the active zone, as migrated
Ni would integrate into the percolation network under favorable wetting. The present
microstructure evidence is therefore more readily reconciled with a mechanism driven by
interface energy than with a contact loss dependent pathway, although it does not uniquely
prove it. The exact kinetic pathway remains unresolved, as the post-test morphology cannot
conclusively distinguish between gas phase Ni(OH)x transport and solid-state transport.

SOFC long-term test
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Figure 4. Volume fractions of Ni, 8YSZ and pore in the active electrode (a, b) and the
OCV-probe region (c, d) as a function of electrode thickness, with non-percolating Ni
particles included in (b) and (d) of long-term test in SOFC mode.

Even though the focus of this work lies on high current density SOFC operation for aviation,
we extended our study to the SOEC mode to gain deeper insights into the fundamental
driving forces of Ni migration. The corresponding evaluation of this opposite polarization
state is presented in the following.

SOEC long-term test

In contrast to the SOFC long-term test, which was conducted over 2,300 h, the
corresponding SOEC long-term test at — 3 A cm had to be terminated already after 460 h.
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Degradation in SOEC mode was substantially more pronounced and the cell voltage
reached 1.6 V at this point, at which the test was stopped to avoid reduction of the 8YSZ
electrolyte. The two tests are therefore only conditionally comparable in terms of duration,
and the discussion below focuses on the qualitative differences in the degradation behavior
rather than on duration-matched comparisons.

During long-term SOEC operation, the gas-diffusion-related contribution of the fuel electrode
substrate, Pudifrre, slightly decreased in Fig. 5 (b). This may be attributed either to a
microstructural change or to a reduced gas diffusion length if the electrochemical reaction
zone extends partly into the substrate. The dominant fuel electrode charge transfer process,
PactFe1, increased with time until it reached a maximum at around 200 h, after which it started
to decrease. At the same time, the high-frequency contribution, PactFe2, began to increase
markedly and slightly shifted toward higher frequencies. Concurrently, the impedance
evaluated at 4.6 - 10° Hz, initially used as an approximation of the ohmic resistance, shows
a more pronounced increase, as illustrated in Fig 5 (a) and (c). However, this quantity can
no longer be regarded as purely ohmic from about 200 h onward, because Pactre2 shifts
toward higher frequencies, as shown in Fig. 5 (c). This indicates that the spectrum is no
longer in a purely resistive regime at 4.6 - 10° Hz. Therefore, the corresponding rise may
reflect not only an increase in ohmic resistance, but also the high-frequency flank of the
growing Pactre2 contribution and possibly an additional unresolved interfacial process at
f>1 MHz. Accordingly, the apparent stabilization of the evaluated polarization resistance in
Fig. 5 (c) after about 200 h should be interpreted with caution. Part of this behavior may
indeed result from the decline of Pact,Fe1 being offset by the increase of Pact Fe2, but part of it
may also arise from the fact that an increasing fraction of the high frequency polarization is
included in the impedance evaluated at 4.6 - 10% Hz.
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Figure 5. Impedance analysis at OCV during long-term test in SOEC mode at — 3 A cm™,
750 °C, 70 % H20 in H2, and Air with (a) Nyquist plot and (b) DRT analysis. (c) Time
evolution of high-frequent Z'and Z" marked in (a) and based on this calculated Rpol.

Volume-fraction profiles across the fuel electrode functional layer in Fig. 6 (a) and (c) reveal

Ni migration away from the electrolyte, forming a depletion zone of approximately 5 pm in
which the local Ni volume fraction increases from near zero at the electrolyte interface to
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about 25 vol.-% in the electrode. Within this zone, up to 6 vol.-% of Ni is electronically non-
percolated (Fig. 6 (b)), and within the first 2 um up to 50 vol.-% of the total Ni phase is even
isolated, whereas the unpolarized region shows no significant amount of non-percolated Ni
(Fig. 6 (d)). High steam exposure alone is therefore insufficient to generate the observed
depletion pattern under the present test duration, and polarization-induced local gradients
are required.

Consequently, the electrolyte-near region within the depletion zone can no longer participate
in distributed charge transfer and therefore contributes mainly as an ionic series resistance,
which is consistent with the marked increase in ohmic resistance after about 200 h. A
plausible interpretation of the subsequent decrease of Pactre1 is that electrolyte-near TPBs,
which had contributed increasingly to the charge-transfer-dominated response in their
degraded state, become fully disconnected and drop out of the active network. Their
contribution therefore no longer appears in PactFe1, SO its remaining response is dominated
by the still percolating TPBs in the intact part of the functional layer and becomes smaller.
At the same time, Pact,Fe2 becomes more pronounced, which indicates a redistribution within
the coupled fuel-electrode response, although the underlying microscopic origin cannot be
assigned unambiguously from the present data alone.

Furthermore, a slight inward shift of the reaction front toward the substrate cannot be
excluded, and the decrease of PudiffFe would be compatible with such a shift. However, it may
equally reflect steam-induced Ni coarsening in the inactive substrate.

30 June — 3 July 2026, Lucerne Switzerland

SOEC long-term test
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Figure 6. Volume fractions of Ni, 8YSZ and pore in the active electrode (a, b) and the
OCV-probe region (c, d) as a function of electrode thickness, with non-percolating Ni
particles included in (b) and (d) of long-term test in SOEC mode.

The present observations are difficult to reconcile with the simple EPG picture, which would
predict Ni migration toward the electrolyte in SOEC mode. Instead, post-test FIB-SEM
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tomography reveals pronounced Ni depletion adjacent to the electrolyte. This behavior is in
line with the IEG hypothesis, which predicts Ni migration away from the electrolyte under
strong cathodic polarization. At the same time, the revised EPG contact-loss mechanism is
also consistent with the present SOEC data, since the active region shows a clear excess
of non-percolated Ni compared to the OCV-probe. However, the post-test analysis does not
resolve whether this non-percolated Ni is the cause of migration or a consequence of
polarization. Overall, the present results suggest that the IEG/contact-angle hypothesis [14,
15] provides the more plausible explanation for the observed migration direction, while a Ni*
and/or Ni(OH)x-based mechanism [7, 13] remains a plausible transport pathway.

Conclusion

The long-term durability of Ni-YSZ fuel electrodes was investigated at £ 3 Acm™2and 750 °C
in both SOFC and SOEC mode, addressing an operating regime that has remained largely
uncharacterized. During 2,300 h operation in fuel cell mode, the dominant degradation could
be related to the activation polarization in the fuel electrode. It was accompanied by a Ni
enrichment and porosity reduction toward the electrolyte. The percolation state of the active
zone was not affected, indicating that the redistribution did not affect the Ni network. A further
analysis of TPBs has to be performed to evaluate if possible changes in TPB density can be
related to the observed increase in activation polarization.

The complementary SOEC test revealed the opposite migration direction, characterized by
a Ni depletion zone of approximately 5 um adjacent to the electrolyte and up to 6 vol.-%
non-percolated Ni within the active region. Both the IEG and the revised EPG contact-loss
mechanism remain compatible with this observation. However, whether the isolated Ni near
the electrolyte is the cause or a consequence of the migration cannot be conclusively
determined from the post-test data alone.

Overall, the migration directions observed in the two operating modes, namely toward the
electrolyte under anodic polarization and away from it under cathodic polarization, are most
consistently described by the IEG hypothesis as a unifying thermodynamic driving force,
while gas-phase Ni(OH)x and Ni* surface ions remain candidate kinetic transport pathways.
Although the cell sustained operation at 3 A cm~2 for more than 2,000 h in fuel cell operation,
the magnitude of Ni redistribution at this current density underlines the need for targeted
mitigation strategies to meet IPPS-relevant durability targets. Furthermore, a transmission-
line-based analysis following Dierickx et al. [20, 21] may help to resolve the evolving
contributions of coupled charge transfer and ionic transport in SOEC-mode, and thereby
better constrain the location and extent of the active reaction zone during degradation.
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