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High-temperature reversible solid oxide cells (rSOC) combine electrolyzer and fuel cell in one process unit which promises
economic advantages with unrivaled high electrical efficiencies. However, large temperature gradients during dynamic rSOC
operation can increase the risk of mechanical failure. Here, the degradation behavior of a 10-cell stack of the type “MK35x” with
chromium-iron-yttrium (CFY) interconnects and electrolyte-supported cells (ESC) developed at Fraunhofer IKTS was investigated
in rSOC operation at DLR. Its degradation was evaluated during nominal rSOC operation for more than 3400 h with 137 switching
cycles between solid oxide fuel cell and solid oxide electrolysis cell operation of 24 h reflecting intermittent availability of solar
energy. The voltage degradation rates of +0.58%/kh and −1.23%/kh in electrolysis and fuel cell operation, respectively, are among
the lowest reported in literature. Comparison to a previously published long-term test in steam electrolysis did not show any
indication for an increased degradation. Electrochemical impedance spectroscopy measurements were performed for all repeat
units to evaluate the degradation behavior in detail. An overall polarization resistance decrease due to an improvement of the
oxygen electrode was observed during electrolysis operation but was absent during fuel cell operation.
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The progressing increase of the share of intermittently available
renewable energy sources (RES) in the world’s electricity mixes
necessitates the deployment of efficient and inexpensive energy
storage and conversion technologies.1 One promising approach,
especially for seasonal energy storage, is the production of hydrogen
via electrolysis technologies in times of RES curtailment and the
conversion of hydrogen to electricity by means of fuel cells in times
of unavailability of RES.2 High-temperature reversible solid oxide
cells (rSOC) allow to combine electrolyzer and fuel cell in one
device which promises economic advantages and reduced space
requirements since their use only requires one stack module that can
be operated with a high capacity factor. In addition, compared to
other fuel cell and electrolyzer technologies, solid oxide cells (SOC)
offer by far the highest electrical efficiencies in both operating
modes due to its inherent thermodynamic and kinetic advantages.
Particularly high system efficiencies of solid oxide electrolysis cell
(SOEC) reactors can be reached when a high-temperature heat
source is available which can be used for water evaporation.3 One
option would be the coupling of an SOC to a solar thermal power
plant, where during the day hydrogen is produced in electrolysis
mode with the input of superheated steam and/or electricity, and
during the night electricity is generated in solid oxide fuel cell
(SOFC) operation from the stored hydrogen.4

SOC technologies aimed at dedicated operation in only fuel cell
or electrolysis mode, respectively, now reach the lifetimes required
for commercialization and numerous large projects up to the MW
scale have been announced in recent years.5 However, reversible
solid oxide cell (rSOC) technology is still at a lower technology
readiness level (TRL) of ∼5 with the largest validated installation
being a 150 kWAC system developed by Sunfire.6 Current problems
are the more complex balance-of-plants (BoP) component require-
ments and large temperature changes within the SOC stack that are
caused by the switching between the two operating modes. Since
SOC contain brittle ceramic components with different thermal
expansion coefficients, such temperature changes are expected to
increase the risk of mechanical failure. However, so far only few

experimental investigations have been carried out for more than
1000 h on either cell and stack level and it is unclear to which extent
rSOC operation really affects SOC lifetime.6–11

The IKTS has developed the MK35x stack platform developed
which is based on electrolyte supported cells (ESC) and chromium-
iron-yttria (CFY) interconnects.11–17 Previous tests have shown an
average voltage decrease of 0.7%/kh in SOFC for more than
20,000 h and an improvement of stack performance by +0.3%/kh
after operation for more than 3000 h in solid oxide electrolysis.14,18

In this study, the durability of an MK35x stack was investigated
in detail in rSOC operation for more than 3400 h to obtain a detailed
understanding of the degradation behavior of the individual repeat
units (RUs) in the stack.

Experimental

A Mk35x stack with 10 RUs and with metallic CFY(∼94 mol%
Cr, 5 mol% Fe, ∼1 mol% Y2O3) interconnects developed by IKTS
was investigated.11–13,15,17,18 The stack had a cross flow design with
internal fuel gas and open air manifolds. The CFY interconnects had
a footprint area of 13.0× 15.0 cm2 and the active area of the ESC
was 11.0× 11.5 cm2 (∼127 cm2). The ESCs were based on 10 mol
% Sc2O3–1 mol% CeO2–89 mol% ZrO2 (10Sc1CeSZ) electrolytes
and employed La1−xSrxMn1−yM′yO3−δ (LSMM′, with M′ being a
transition metal)/Sc2O3 stabilized ZrO2 (ScSZ) oxygen and Ni/
Gadolinium-doped ceria (CGO) electrodes (type “IKTS-G5b”)
developed for electrolysis operation.19 For contacting the intercon-
nect to the fuel electrode, nickel meshes were used. The oxygen
electrode contact to the interconnect is realized using electronically
conducting ceramic pastes. The stacks were sealed, commissioned
(NiO reduced to metallic Ni) and pre-tested at IKTS.17 For
electrochemical stack operation at DLR Pt wires were spot welded
to each CFY interconnect as voltage probes.

The numbering of the 10 RUs was upwards from the bottom.
Temperatures were montored inside the external air manifolds at the
inlet and the outlet, and at three different positions inside the stack
(T1 in RU 1, T4 in RU 4, T10 in RU 10). The three thermocouples
were inserted into the air channels until the middle position of the
stack. In the following, the temperature Tair, out inside the air outletzE-mail: Matthias.Riegraf@dlr.de
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manifold is referred to as stack temperature unless stated otherwise.
All gases were supplied via mass flow controllers.

After heat-up with 2 K min−1, the gas-tightness of all RUs was
monitored at an air outlet temperature of 770 °C and a dry fuel gas
mixture of 40% H2/60% N2. A total air flow rate of 20 L min−1

(NLPM) was used for all tests described in the following. An initial
performance characterization was carried out by performing electro-
chemical impedance spectroscopy (EIS) measurements at three
operating points, one nominal full load operating point (FCNL) in
fuel cell mode and two in electrolysis mode at nominal load (ELNL)
and part load (ELPL) to enable comparison with our previous work
described in Ref. 18.

In SOFC operation, a feed gas with a composition of 40% H2,
60% N2 with a total flow rate of 8 NLPM and a current density of
0.275 A cm−2 corresponding to a fuel utilization (FU) of 75% was
used. The oven temperature was set to 749 °C in order to reach an air
outlet temperature of 835 °C and was kept constant during the initial
characterization at all operating points and during the reversible
long-term test.

In electrolysis, the stack was firstly characterized at the part load
operating point ELPL with a current density of −0.39 A cm−2 and
with a total fuel gas flow rate of 5.78 NLPM (80%H2O+ 20%H2)
corresponding to a steam conversion (SC) of 75%. Then, the stack
was characterized at the nominal electrolysis operating point ELNL
before starting the reversible operation. An inlet fuel gas composi-
tion of 80% H2O and 20% H2, with a total fuel gas flow rate of 8.99
NLPM and a current density of −0.6 A cm−2 was used corre-
sponding to a SC of 75%. With these operating conditions, the
current-voltage characteristics (i-V curve) of the cell was investi-
gated in electrolysis as well. For this purpose, starting from open
circuit voltage (OCV), the current density was slowly increased by
26 mA cm−2 h−1 until a maximum value of −0.63 A cm−2 was
reached. Then, the current density was held for 1 h and slowly
decreased back to 0 A with the same rate. Additionally, in order to
investigate the quality of the electrical contact resistances, the ohmic
resistance was determined by EIS at OCV in the absence of a
temperature gradient with a fuel gas of 20% H2, 80% H2O and an
oven temperature of 749 °C.

After initial characterization, a long-term degradation test was
started in reversible operation with a total 137 daily SOFC/SOEC
cycles for overall 3850 h. During this time, the stack had to be
cooled down twice after 3000 h and 3340 h after the start of the
experiment for 64 h and 340 h, respectively, due to technical
maintenance. Thus, the total nominal reversible operation time was
3446 h. The duration of a full SOFC/SOEC cycle was 24 h and
consisted of 11 h SOFC operation, 7 h SOEC operation and the
transition periods of 3 h, respectively, as depicted in Fig. 1 (top
panel). Fuel gas mixtures of 80% H2, 20%H2O and 80% H2O, 20%
H2 with a current density of 0.275 A cm−2 and −0.75 A cm−2 were
used in SOFC and SOEC operation, respectively. In both cases, a FU
or SC, respectively, of 75% was used. The SOFC operating point did
not coincide with the nominal full load operating point FCNL
generally used (see above) and instead of a dry fuel gas, 20% steam
was added. This allowed a continuous operation of the humidifier
which decreased the risk of pressure spikes while switching on the
humidifier.

After the end of the reversible test, a final characterization of the
stack performance was performed. The stack was electrochemically
analyzed by EIS at the three reference points described above. In
addition, in order to correct for degradation-related temperature
changes within the stack the voltage at the nominal load SOFC
operating point FCNL was investigated with an adjustment of the
oven temperature so that the air outlet temperature reached 835 °C.

EIS measurements were performed with an electrochemical
workstation IM 6 that was connected to the electronic load
“EL1000” (Zahner-Elektrik GmbH & CO. KG, Kronach,
Germany) using a voltage supply in the current circuit for electro-
lysis measurements. An alternating current (AC) amplitude of
0.03 A cm–2 with a frequency range of 20 mHz to 20 kHz was

used in electrolysis, whereas in SOFC operation an amplitude of
0.015 A cm–2 was applied. The electrical current probes were
attached to the top and bottom plates, while the voltage probes
were attached at each RU of the stack enabling EIS measurements at
all RUs. The analysis of the impedance spectra with an equivalent
circuit model (ECM) was performed with the software ZView.

Results and Discussion

In Fig. 2, the voltage and air outlet temperature evolution of the
stack during the entire lifecycle of approximately 4500 h is shown.
No additional conditioning of the stack was performed. During the
first ∼350 h, an initial electrochemical characterization was carried
out as described in the following subsection. Then, a long-term
degradation test in rSOC operation over 3446 h was performed
during which the stack was exposed to two thermal cycles that
interrupted the rSOC durability test due to technical maintenance
work at the stack integration unit. Eventually, starting after ∼4200 h
in Fig. 2, a final electrochemical characterization was carried out to
assess the stack degradation more in detail.

Initial stack performance.—Figure 3 shows the initial i-V curve
and the measured temperatures in the stack in electrolysis mode. The
stack was operated with a total fuel gas flow of 8.2 NLPM consisting
of 80% H2O, 20% H2. The stack showed an average OCV of
0.904 V per RU at a core temperature T4 of 730 °C which is in
accordance with thermodynamic calculations of the Nernst voltage
(also 0.904 V) confirming a good gas-tightness. A non-linear
behavior of the i-V curve was observed with an almost linear
increase of the voltage at low current densities and a flattening of the
curve at higher current density values. The initial strong increase
coincided with the cooling of the stack temperature due to the
endothermic water electrolysis reaction. The Joule heating in the
stack increased with current density and therefore, the stack reached
isothermal operation at −0.256 A cm−2 and an average voltage per
RU of 1.244 V. A deviation between the isothermal and the
thermoneutral voltage is often observed in real systems due to the
heat losses of stack to the environment which usually results in an
increased isothermal voltage. In the present case, however, the
isothermal voltage is lower than the thermodynamically calculated

Figure 1. (Top) Operating profile during the reversible long-term test.
(Bottom) Temperature changes during a representative SOFC/SOEC cycle.
The data sampling rate was 0.2 min−1.
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thermoneutral voltage of 1.284 V at 730 °C. At OCV conditions, the
oven temperature of 749 °C is considerably higher than the core
temperature of the stack of 730 °C most likely to the low air
preheater temperature of 300 °C which cooled down the stack. This
discrepancy between stack and oven temperature suggests a heat
transfer from the oven environment to the stack to be the reason for
the relatively low isothermal voltage. For the determination of the
isothermal point, the core temperature T4 was used. In addition, T1
and T10 in Fig. 3 show a relatively small deviation from the core
temperature T4 indicating a homogeneous temperature distribution
over the stack. Above the temperature minimum, the current density
increase led to a continuous heating of the stack which eventually
entailed a decrease in area-specific resistance (ASR) and a flattening
of the i-V curve.

Electrochemical characterization of the stack at OCV was
performed by means of EIS at the beginning of the test to investigate
the ohmic resistance of all RUs under the absence of current. At this
operating point the temperature variations over the height of the
stack of below 2 K were relatively small and thus, temperature
effects on the ohmic resistance distribution can be neglected. A
homogeneity diagram with the ohmic resistance is depicted in Fig. 4.
The average value was 0.535 ± 0.032 Ω cm2, and the highest value

of 0.608 Ω cm2 in RU 10 showed an increase of ∼20% compared to
the lowest value of 0.503 Ω cm2 in RU 4. The ohmic resistance is
frequently assumed to be governed by the electrolyte resistance
which would suggest a 20% thicker electrolyte of RU 10 compared
to RU 4. However, more likely the differences in ohmic resistances
were caused by different contact resistances of the cells in the stack,
e.g. on the air side.

Subsequently, the stack was characterized at the three reference
operating points, two in electrolysis and one in fuel cell mode. The
initial voltage distribution at equilibrium at all operating points is
shown in Fig. 5. Furthermore, the values for ohmic resistance Rohm,
polarization resistance Rpol and total resistance Rtot of all RUs
derived from EIS are depicted in Fig. 6. The corresponding average
values are given in Table I. At an applied electrical current density of
−0.6 A cm−2, the stack produced 5.39 NLPM hydrogen and reached
0.987 kW with an electrical efficiency of 96.8%. At −0.39 A cm−2,
the stack generated 3.49 NLPM hydrogen and reached 0.654 kW
with an efficiency of 95.9%.

The initial voltage distribution of the two electrolysis reference points
at part load and nominal load followed a similar profile with relatively

Figure 2. Long-term operation of the stack including 3440 h of reversible SOFC/SOEC cycling.

Figure 3. i-V curve and temperature evolution of the 10-cell stack in SOEC
operation at 80% H2O, 20% H2. A steam conversion of 75% was reached at
−0.6 A cm−2. At lower current densities, the steam conversion was lower as
well. The isothermal current density iiso is indicated for temperature T4.

Figure 4. Homogeneity diagram of the ohmic resistance derived from initial
EIS measurements at OCV. The purple dashed line indicates the average
ohmic resistance value Rohm, avg, and the purple rectangle the region of the
standard deviation σ.
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high voltage values for RU 5, RU 8 and RU 10 originating from high
ohmic resistance values of these RUs. Both operating points were
slightly exothermic, however, in both cases the temperature difference
over the height of the stack was below 1 K and thus, the temperature
effect on the voltage and resistance distribution should be small.
Interestingly, the average voltage value of 1.307 V at −0.39 A cm−2

was slightly higher than the 1.295 V at −0.6 A cm−2. Moreover, both
ohmic and polarization resistance were significantly greater as well. The
main reason for this counterintuitive behavior was the considerable stack
heating between these operating points which caused a stack core
temperature (T4) difference of ∼30 K (797 °C vs 768 °C), and the
associated reduction in resistance of the temperature-activated processes
of electrode kinetics, ionic and electronic conductivity. Furthermore, to
obtain a constant steam conversion of 75%, the fuel gas flow rate was
significantly reduced at part load of −0.39 A cm−2 (5.78 NLPM vs 8.2
NLPM) which led to an increase in gas conversion resistance con-
tributing to an increased overall polarization resistance.20

Before applying a current for the referencing at the nominal
SOFC operating point FCNL, the stack voltage was equilibrated at
OCV with 10 NLPM fuel gas consisting of 60% N2, 40% H2. The
voltage values of all RUs at this operating point were greater than
1.2 V demonstrating the initial high gas-tightness of the stack (see
Fig. 5c). At an applied electrical current density of 0.275 A cm−2

and with 8 NLM fuel gas flow rate, the stack reached 0.28 kW with

an electrical efficiency of 48.8%. Temperatures of 835 °C in RU 4,
831 °C in RU 1 and 833 °C in RU 10 were measured showing a non-
uniform temperature distribution inside the stack, which was caused
by the so-called “edge effect”.21 During operation, the heat losses at
the outer RUs (bottom and top plate) to the surroundings of the stack
were higher compared to the RUs in the middle which had lower
heat losses. Thus, higher temperatures occurred in the middle cells,
which led to generally higher voltage values (Fig. 5c) due to lower
ohmic and electrode resistances. The average ohmic resistance of
0.282 Ω cm2 per RU at this reference point was lower than the ones
at the electrolysis reference points due to the higher stack tempera-
tures of 831 °C–835 °C. At the same time, the average polarization
resistance of 0.806 Ω cm2 was considerably higher since the total
fuel gas flow rate after the subtraction of inert nitrogen was
significantly lower (3.2 NLPM) to achieve the 75% FU resulting
in an increased gas conversion resistance.20 In addition, the gas
conversion impedance becomes large if either the steam or the
hydrogen partial pressure are low.9 At the SOFC reference point the
steam content at the inlet was low and consequently, the gas
conversion impedance dominated the total ASR. Moreover, the gas
conversion impedance shows a slight increase with operating
temperature.20

In particular, the polarization resistances of RU 2 and RU 3 of
∼1.2 Ω cm2 were very high although these RUs did not show a

Figure 5. Voltage homogeneity diagram depicting voltage of the RUs inside the stack in SOEC and SOFC with a fuel gas consisting of (a) and (b) 80% H2O and
20% H2 and (c) 60% N2, 40% H2. Voltage values are shown at (a) −0.6 A cm−2 (ELNL), (b) −0.39 A cm−2 (ELPL) and (c) 0.275 A cm−2 (FCNL)/OCV.
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pronounced low operating voltage. The high polarization resistance
was mainly due to an increase in resistance at ∼0.1 Hz (see Fig. S1)
where indeed the gas conversion impedance is located. Its variation
is correlated with the gas flow distribution between the different RUs
in the stack, which is the most likely explanation for the observed
differences in polarization resistance. Therefore, the increased low
frequency response of RU 2 and RU 3 suggests that their gas supply
was lower compared to other RUs. Moreover, the imposition of an
alternating current signal of 0.015 A cm−2 during the EIS measure-
ments added a temporary maximum fuel utilization of 4.1% to the
average FU of 75%. Therefore, it is likely that at such high fuel

utilization values, the differences in gas flow distribution were even
more apparent during the EIS measurements.

Reversible long-term operation.—In Fig. 2, the voltage and air
outlet temperature evolution of the stack is shown during the
reversible long-term operation between t= 350–4200 h. The max-
imum stack core temperature change within one SOFC/SOEC cycle
was ∼120 K with a maximum temporal temperature gradient of
2 K min−1 as depicted during the first cycle in Fig. 1. The maximum
temperature occurred while operating at the nominal SOFC oper-
ating point and the minimum temperature during the transition from

Figure 6. Homogeneity diagram depicting ohmic resistance, polarization resistance and total resistance of the RUs inside the stack in SOEC and SOFC with a
fuel gas consisting of (a) and (b) 80% H2O and 20% H2 and (c) 60% N2, 40% H2. Voltage values are shown at (a) −0.6 A cm−2, (b) −0.39 A cm−2 and (c)
0.275 A cm−2/OCV. Temperatures inside the stack were (a) T1 = 796.7 °C, T4 = 796.3 °C, T10 = 796.7 °C, (b) T1 = 767.6 °C, T4 = 767.4 °C, T10 = 768.0 °C,
(c) T1 = 831.3 °C, T4 = 835 °C, T10 = 833.5 °C.

Table I. Average values and standard deviation for ohmic resistance Rohm, polarization resistance Rpol and total resistance Rtot derived from EIS at
three operating points.

Operating point Rohm/Ω cm2 Rpol/Ω cm2 Rtot/Ω cm2 Average voltage value/V

−0.6 (ELNL) 0.339 ± 0.022 0.29 ± 0.015 0.629 ± 0.025 1.295
−0.39 (ELPL) 0.457 ± 0.019 0.416 ± 0.029 0.873 ± 0.029 1.307
0.275 (FCNL) 0.282 ± 0.033 0.806 ± 0.221 1.088 ± 0.233 0.802
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SOFC to SOEC operation indicating that the endothermic electro-
lysis operating regime was not crossed fast enough to avoid a
temporal cooling of the stack. Similarly, during the SOEC to SOFC
transition the stack temperature cooled after switching the gases at
OCV and increasing the current in electrolysis operation. During the
entire reversible operation period, the voltage degradation in SOEC
mode was +7.5 mV/kh per RU or +0.58%/kh which corresponds to
12.5 mΩ cm2/kh. The degradation was accompanied with a tem-
perature increase of 4.3 K/kh. In SOFC mode, a voltage degradation
of 9.5 mV/kh per RU or −1.23%/kh with a temperature increase of
3.0 K/kh was observed corresponding to an average ASR increase of
34.5 mΩ cm2/kh. These degradation rates range among the lowest
ones reported for stacks in rSOC operation in literature so far. The
higher relative voltage increase in SOFC operation is partially due to
the lower initial voltage compared to SOEC operation, but also has
mechanistic reasons as shown in the following subchapter.

During the two thermal cycles at t= 3000 h and 3340 h, the
mechanical pressure on the stack was removed, air manifolds were
disassembled and Pt wires were re-welded to the stack unit. These
works had some effects on the stack performance that are illustrated
in the supporting information (Figs. S2–S4). Firstly, the OCV
evolution in Fig. S2 showed no decrease during the initial 3000 h
of rSOC operation suggesting that the continuous exposure of the
stack to considerable temperature changes did not affect its gas-
tightness. However, at the end of the experiment the OCV values of
some RUs were below 1.2 V indicating that the gas-tightness was
affected (Fig. S2). Most likely this leakage was caused by the release
of mechanical compression during the thermal cycle and the re-
welding of the Pt wires to the stack during which hot spots could
have formed which caused local cracking of the glass sealants.

Secondly, RU 5 showed unusually high gradual degradation in
SOEC operation and its voltage already reached 1.54 V at t= 2990 h
(Fig. S3). However, after the two thermal cycles this voltage
increase was recovered to a large extent and the voltage of RU 5
achieved a value of 1.31 V comparable to the average value of the
other RUs (see Figs. S3, S4). By contrast, during fuel cell operation,
RU 5 neither showed a particularly high degradation nor was it
affected by the thermal cycles. We have already observed in our
recent work that the contact resistance of the RUs is strongly
dependent on temperature and possibly also electrical bias.18 Since
these parameters were different in SOEC and SOFC operation in the
present work, it is hypothesized that the strong degradation and its
reversal during SOEC operation is related to the loss and subsequent
self-healing of the contacting of the RU on the air side under these
particular operating conditions.

Thirdly, RU 2 and RU 3 showed a significant increase and
decrease of their voltages, respectively, after the thermal cycles.
Most likely, the decrease in RU3 was related to the compromised
gas-tightness in the stack and a change of the gas flow distribution in
the stack due to the maintenance work on the stack assembly which

caused an increase in gas conversion for RU 3 and will be further
addressed in the following.

These changes also caused a shift of the stack core temperature.
During SOFC operation, T4 increased by ∼6 K after the two thermal
cycles reflecting the reduced stack gas-tightness and the corre-
sponding hydrogen chemical oxidation inside the stack. In the
meantime, T4 decreased by 3 K in SOEC operation. This contrary
behavior most likely originates from the reduced hydrogen oxidation
at lower hydrogen partial pressures in electrolysis and the reduction
of the overpotential of RU 5 after the thermal cycles due to contact
healing causing lower Joule heating in vicinity of the thermocouple.

Final stack characterization.—For a more detailed under-
standing of the degradation behavior of the RUs over the height of
the stack, their voltage over time at part load and full load in
electrolysis and at nominal load in fuel cell mode is depicted in
Fig. 5. At the two electrolysis operating points the voltage of nearly
all RUs increased considerably in a mostly homogeneous manner.
Only RU 1 and RU 2 showed a voltage decrease over time. A
detailed analysis of their voltage behavior has shown a significant
improvement of the voltage of both RUs after ∼350 h which was
possibly due to an initial increase of contacting area. The stack
showed an increased voltage degradation rate of 0.5%/kh for the
nominal load electrolysis operating point ELNL at −0.6 A cm−2

compared to 0.15%/kh at the part load operating point ELPL at
−0.39 A cm−2 (Table II). The degradation rate at the nominal load
electrolysis point was the same as previously reported for the same
stack type.22

This is in contrast to our previous work where a stack of the
same design was investigated for a similar time period in pure
steam electrolysis and characterized at the same operating points.18

In pure steam electrolysis, the stack had shown a negative voltage
degradation rate of −0.3%/kh at nominal full load of −0.6 A cm−2,
whereas at part load of −0.39 A cm−2 a significantly increased rate
of 0.5%/kh had been observed.

At the SOFC nominal load reference point, the voltage degrada-
tion rate amounted to −1.5%/kh which is close to the −1.23%/kh
observed during transient reversible operation (see Fig. 2). Another
measurement of the different RU voltages was carried out in SOFC
mode with all operating conditions being the same except the oven
temperature which was decreased by 12 K to adjust the air outlet
temperature to 835 °C. This temperature-correction was performed
for internal referencing and led to a slightly increased degradation
rate of −1.8%/kh.

Compared to our recent degradation study in steam electrolysis
(see Table II), in the present work the degradation rates were higher
at −0.6 A cm−2 in electrolysis, but lower at −0.39 A cm−2 in
electrolysis and at 0.275 A cm−2 in fuel cell operation.

Based on the results presented so far, it can be concluded that
even under potentially severely detrimental rSOC operating

Table II. Overview of different degradation rates determined based on the voltage distribution at the different reference points in rSOC operation
and in pure steam electrolysis.

Operating point
Average voltage degradation

rate/mV/kh/RU
Average ASR degradation

rate/mΩ cm2/kh/RU
Initial stack core tem-

perature/°C

rSOC operation −0.6 A cm−2 (ELNL) +6.5 (+0.5%/kh) +10.8 796
−0.39 A cm−2 (ELPL) +2 (+0.15%/kh) +5.2 767
0.275 A cm−2 (FCNL) −11.9 (−1.5%/kh) +43.4 835

0.275 A cm−2 (temperature-
corrected)

−14.8 (−1.8%/kh) +53.8 835

Steam electrolysis
operation18

−0.6 A cm−2 (ELNL) −4.5 (−0.3%/kh) −7.5 789

−0.39 A cm−2 (ELPL) +6.8 (+0.4%/kh) +17.8 763
0.275 A cm−2 (temperature-

corrected)
−20 (−2.5%/kh) +72.7 835
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conditions, the degradation of MK35x stacks rate was mitigated
close to or even below the value of +0.5%/kh target by the Strategic
Research & Innovation Agenda from the Clean Hydrogen Joint
Undertaking by 2030 for solid oxide electrolysis,23 and is in the
same range as the lowest values reported for stacks operated in
steam electrolysis. For example, different durability tests over
>1000 h of electrolyte-supported cell-based stacks showed relative
voltage increase rates of 0.5%−0.6%/kh.9,11,24 Degradation rates of
stacks with fuel electrode supported cells were frequently reported to
be higher,25–29 but some studies observed degradation rates of
0.5%–0.7%/kh as well.30–32 Some other long-term degradation
studies prefer to use the ASR increase over time as a more accurate
measure of degradation.9,11,24,25,33 Values of 12–18 mΩ cm2/kh were
reported for stacks with ESC,9,11,24,25,34 and 20 mΩ cm2/kh for
stacks with metal-supported cells.33

However, the degradation rate during SOFC operation was
significantly increased. For example, a previous long-term test of
MK351 stack in fuel cell operation for more than 20,000 h has
shown an average voltage decrease of only −0.7%/kh.14 In general,
SOFC degradation rates of 0.2%/kh are targeted for 2030 by the
Clean Hydrogen Joint Undertaking and values of 0.1%–0.3%/kh
were reported for stacks with metal-supported,35,36 fuel electrode
supported37–40 and electrolyte-supported cells.34,41

For a more in-depth understanding of the degradation behavior,
the impedance spectra at −0.39 A cm−2 and −0.6 A cm−2 in SOEC
operation and 0.275 A cm−2 in SOFC operation at the beginning and
the end of the experiment were analyzed and the ohmic resistance,
polarization resistance and total resistance degradation rates were
determined (Fig. 7). The average degradation rates per RU and
values derived from the previous steam electrolysis long-term test18

are summarized for comparison in Table III as well. In accordance
with the similar voltage evolution in Fig. 5, the different resistance
degradation rates show a similar behavior at the two electrolysis
reference points. Under both conditions, the ohmic resistance
increased over time and the polarization decreased resulting in a
net increase of the total resistance. At −0.39 A cm−2 the total
degradation rate was 29.7 mΩ cm2/kh/RU and therefore, higher than
the 18 mΩ cm2/kh/RU observed at −0.6 A cm−2 which was mainly
due to a similarly increased ohmic resistance degradation rate per
RU of 38.9 mΩ cm2/kh or 9.4%/kh compared to 25.1 mΩ cm2/kh or
7.4%/kh. By contrast, the polarization resistance per RU decreased
by 7.0 mΩ cm2/kh or by 2.4%/kh at −0.6 A cm−2 and 9.8 mΩ
cm2/kh or by 2.1%/kh at −0.39 A cm−2. As shown in representative
EIS measurements of RU 4 in Fig. 8, the polarization resistance at
both conditions showed a pronounced activation in the frequency
range of ∼10 Hz similar to the behavior observed during pure steam
electrolysis operation,18 while the impedances at other frequencies
remained largely unaffected over time. At this frequency range, most
likely the LSMM’/ScSZ oxygen electrode and a Ni/CGO surface
process are present.42 As already discussed in our previous work, the
reason for this behavior is unclear, but it is hypothesized to originate
from an activation of the LSMM’ perovskite possibly due to the
removal of SrO species from the surface and enhanced oxygen
vacancy formation.18,43

At the SOFC operating point, the stack showed the highest total
degradation rate of 38.7 mΩ cm2/kh per RU (+3.9%/kh) despite
displaying the highest stack core temperature (Table III). Here, the
relative ohmic resistance degradation rate of 12.7%/kh was sub-
stantially increased compared to the SOEC operating points. The
ohmic resistance of the SOC is frequently assumed to be governed
by the ionic resistance of the doped zirconia electrolyte,44,45 and
degradation rates of the ionic conductivity of the Sc-doped zirconia
of up to 10%/kh have been reported in the past which are exceeded
by some of the values observed in the present study.46,47 Moreover,
in our previous work we already suggested that other processes most
likely contribute significantly to the ohmic resistance as well, such as
loss of contact area on the air side or the formation of oxide scales on
the interconnect.18 For example, the contact resistance evolution of
contacting solutions on the air side is discussed in Ref. 48. The

activation energy barriers for the electronic conductivity in the
oxygen electrode perovskite used for current collection (<0.6 eV),
electronic conductivity in the chromium oxide scales on the
interconnect (0.78 eV) and ionic conductivity in the 10Sc1CeSZ
(0.86 eV) show significant differences. Since the stack temperature
was different at all three operating points as well, the contributions
of the different loss processes to the ohmic resistances are expected
to vary. In our previous work, we suggested contact healing at the
oxygen electrode at higher operating temperatures to be the reason
for the decreased degradation rates at nominal electrolysis load of
−0.6 A cm−2 compared to part load of −0.39 A cm−2 (see
Table III). However, such a phenomenon cannot fully explain the
behavior observed in the present work since the SOFC operating
point showed the largest relative ohmic resistance while being
operated at the highest temperature.

Interestingly, the EIS measurements at the SOFC operating
conditions (Figs. 8e–8f) did not show a change at frequencies
∼10 Hz, and only a marginal improvement at ∼2 Hz. At the same
time, the gas conversion resistance at frequencies of ∼0.5 Hz
slightly increased most likely due to an effective reduction of the
hydrogen fuel flow rate due to chemical oxidation in the stack which
was reflected by a decrease in OCV. The increase in gas conversion
resistance and the absence of a substantial reduction in LSMM’

oxygen electrode resistance caused an average positive polarization
resistance degradation rate of 3.8 mΩ cm2/kh/RU (+0.5%/kh).

Hence, a substantial difference in LSMM’/ScSZ oxygen elec-
trode behavior is observed over time depending on the operating
mode which could also be the reason for the rather large relative
increase of the ohmic resistance during SOFC operation. One
potential reason could be a considerable effect of the electrical
bias on the vacancy concentration in the LSMM’ perovskite which
might influence its electro-catalytic activity. However, a more
detailed understanding of the fundamental LSMM’/ScSZ electrode
behavior is required to fully explain the mechanistic reasons for the
observed degradation.

Finally, ohmic, polarization and total resistance degradation rates
at part load of −0.39 A cm−2 during reversible cycling can also be
compared to the ones obtained during the previous long-term test in
steam electrolysis (Table III). The average ohmic resistance degra-
dation rate of 38.9 mΩ cm2/kh/RU in rSOC operation was signifi-
cantly lower than the 58.2 mΩ cm2/kh/RU in steam electrolysis
operation. At −0.6 A cm−2, the ohmic resistance degradation rate of
25.1 mΩ cm2/kh/RU in rSOC operation was lower than the 39.5 mΩ
cm2/kh/RU in steam electrolysis. In addition, another set of rSOC
degradation rates was calculated based on additional EIS measure-
ments at −0.39 A cm−2 recorded at an intermediate operation time
point of 3421 h. At this point, the ohmic resistance degradation rate
of 55.1 mΩ cm2/kh/RU was very similar to the one in steam
electrolysis and is probably a more accurate measure of the stack
degradation since it was determined before the maintenance work
which had caused changes in contacting and gas-tightness of the
stack as described above.

The polarization resistance degradation rate at −0.39 A cm−2 of
−9.8 mΩ cm2/kh/RU (or −14.3 mΩ cm2/kh/RU for the intermediate
EIS measurement at 3421 h) showed a significantly lower value in
rSOC operation compared to the −24.3 mΩ cm2/kh/RU in steam
electrolysis. Since the activation of the oxygen electrode is most
likely restricted to the operation of the stack in steam electrolysis,
the difference in polarization resistance degradation rates might be
explained by the lower overall time in steam electrolysis operation
during the rSOC test.

Eventually, the rSOC test showed a total resistance degradation
rate of 29.7 mΩ cm2/kh/RU at −0.39 A cm−2 for the whole test, and
40.8 mΩ cm2/kh/RU if only the intermediate EIS measurement is
considered which is either lower or higher than the 33.8 mΩ
cm2/kh/RU determined in pure steam electrolysis.

Thus, summing up based on the presented results no clear
indications for a generally increased overall degradation in either
rSOC or steam electrolysis operation could be found for the
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investigated operating conditions. The degradation rates calculated
in SOFC mode seem high, however, detailed long-term data for the
same stack type are unfortunately not available for comparison.
These results demonstrate the high maturity of the MK35x stack
technology whereas a previous test of a 30-cell stack based on

electrolyte supported cells and Crofer22APU interconnects had
shown a significant increase in degradation and, in particular, ohmic
resistance once the stack was operated reversibly with comparable
SOFC/SOEC cycles.9 The high stability in the present work
could potentially be related to the smaller stack size and the high

Figure 7. Degradation rates of ohmic, polarization and total resistance derived from EIS for the three reference points. (c) Polarization and total resistance values
of RU 2 and RU 3 are outside the window for enhanced visibility.ΔRpol andΔRtot for RU 2 were −140 mΩ cm2/kh/RU and −104 mΩ cm2/kh/RU, respectively.
ΔRpol and ΔRtot for RU 3 were 983 mΩ cm2/kh/RU and 1026 mΩ cm2/kh/RU, respectively.

Table III. For average value calculation of polarization and total resistance at the SOFC operating point of the rSOC test, RU 2 and RU 3 where
ignored due to their strong change in gas conversion resistance that were most likely caused by the manual work during technical maintenance.

Rohm

[mΩ cm2/kh/RU]
Rpol

[mΩ cm2/kh/RU]
Rtot

[mΩ cm2/kh/RU]
Initial temperature in stack

[°C]

rSOC 0.275 A cm−2 35.8 (+12.7%/kh) 3.8 (+0.5%/kh) 38.7 (+3.9%/kh) 835
−0.6 A cm−2 25.1 (+7.4%/kh) −7.0 (−2.4%/kh) 18.0 (+2.9%/kh) 796

−0.39 A cm−2 (total) 38.9 (+9.4%/kh) −9.8 (−2.1%/kh) 29.7 (+3.4%/kh) 767
−0.39 A cm−2 (until

3421 h)
55.1 (+13.2%/kh) −14.3 (−3.1%/kh) 40.8 (+4.7%/kh) 767

Steam electrolysis −0.6 A cm−2 39.5 — — 789
−0.39 A cm−2 58.2 −24.3 33.8 763
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thermal conductivity of the CFY interconnects of 35–45 Wm−1 K−1

(20 °C–900 °C) which lead to a rather homogeneous temperature and
current distribution and could diminish thermal stresses inside the
stack.11 However, the determined degradation rates in the present
work were also considerably impacted by an initially large increase
of the ohmic resistance and a simultaneous decrease of the oxygen
electrode resistance. The changes of both resistance contributions
can be expected to level off over time and durability experiments
with even longer testing times will be necessary to better compare
the stack technology’s long-term stability to other literature values.

Summary and Conclusions

In the present study, the degradation behavior of an electrolyte-
supported cell-based “MK35x” stack was investigated during rever-
sible operation for more than 3400 h with 137 SOFC/SOEC cycles
each of 24 duration with a maximum temporal temperature gradient of
±2 K min−1. Voltage degradation rates of +0.58%/kh and −1.23%/kh

were determined in electrolysis and fuel cell operation, respectively,
which are among the lowest ones reported in literature so far. The
higher degradation rate in fuel cell operation was due to a higher
relative increase of both ohmic and polarization resistance. A
hypothesis for the high ohmic resistance in fuel cell operation is the
complex influence of temperature and electrical bias on the contacting
of the oxygen electrode. Moreover, during electrolysis operation, a
decrease of the LSMM’/ScSZ oxygen electrode resistance was
observed over time indicating an activation behavior of the electrode.
However, no such activation behavior was witnessed during fuel cell
operation with the mechanistic reason being unclear. The OCV
decreased only due to manual maintenance work on the stack
integration, while staying constantly high during the actual long-
term operation. Comparison to a previously published long-term test
in steam electrolysis showed no indications for an increased degrada-
tion during rSOC operation. A post test analysis will be carried out in
future work to correlate the electrochemically observed degradation
behavior with microstructural and physico-chemical phenomena.

Figure 8. (a) Nyquist plot, (b) imaginary impedance plot of representative EIS spectra of RU 4 in electrolysis operation with gas composition consisting of 80%
H2O and 20% H2 at −0.6 A cm−2, (c) Nyquist plot, (d) imaginary impedance plot of EIS spectra of RU 4 in electrolysis operation with gas composition
consisting of 80% H2O and 20% H2 at −0.39 A cm−2, (e) Nyquist plot, (f) imaginary impedance plot of representative EIS spectra of RU 4 in fuel cell operation
with gas composition consisting of 60% N2 and 40% H2 at −0.275 A cm−2.
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