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Abstract 
 
High temperature solid oxide electrolysis cells (SOEC) provide an 
innovative 
solution for direct conversion of steam and electricity to hydrogen with 
the addi- 
tional capability of adding CO2 to produce syngas. However, specific 
operating 
conditions can have a negative impact on the performance and lifetime of 
SOECs. 
In this context, the distributions of operational parameters such as gas 
species, 
temperature and current density within the cell structure influence local 
transport 
processes and reaction kinetics and can lead to locally different 
electrochemical 
potentials and thus degradation phenomena. This study focuses on 
experimental 
investigations of steam-electrode supported SOECs with segmented air 
electrodes 
with the main objective to measure EIS and thus identify locally-resolved 
impedance 
and degradation characteristics caused by different operating conditions 
in steam 
and co-electrolysis mode. Thereby, significant correlations between 
operating condi- 
tions, local effects, electrode processes and degradation mechanisms were 
observed and analyzed in detail using EIS,DRT and SEM.
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1. Introduction 
 
In order to mitigate the threatening effects of the advancing climate 
change, 
greenhouse gas emissions must be drastically reduced and the further 
expansion of 
renewable energy sources is indispensable [1]. With the associated future 
increase 
in intermittent electricity generation, energy storage in the form of 
hydrogen and 
emerging hydrogen production technologies have recently attracted 
increasing 
interest [2, 3]. High-temperature solid oxide electrolysis cells (SOECs) 
provide a 
practical solution for the direct conversion of steam and electricity to 
hydrogen [4], 
with the additional ability of adding CO2 to the process to produce 
syngas [5, 6], 
which can then be further processed into valuable liquid fuels [6, 7]. 
With recent 
major improvements at cell, stack and system level, the SOEC technology 
is well 
on its way to achieving greater technological maturity [8, 9]. 
 
However, different operating conditions are known to have a negative 
impact 
on the performance and lifetime of SOECs [10--12]. It is also known that 
the 
distribution of current, gas species, potential and temperature varies 
across the 
area of industrial-sized solid oxide cells [13, 14]. In general, these 
distributions 
depend on transport phenomena such as mass, heat and charge transfer 
[
15], which 
affect all chemical and electrochemical reactions across the cell [16, 
7]. In [18--20], 
1
the authors also discuss the negative effect of such local 
inhomogeneities on the 
long-term stability of SOECs. In order to gain a deeper insight into 
these local 
processes locally resolved current density, species and temperature 
distributions can 
be investigated using different simulation approaches. In this context, 
simulation 
 
2
 
 
 
 
studies focus on a wide range of areas such as the investigation of heat 
and 
mass transfer and electrochemical reactions [21], carbon capture and 
gasification 
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mechanisms [22, 23], flow configurations and electrical contact positions 
20] and 
[
mechanical reliability and durability [24, 25]. 
 
There are also a few studies that focus on the experimental investigation 
of 
the influence of various design-related parameters on local effects 
during solid 
oxide fuel cell (SOFC) operation. For example, the authors in [26] 
experimentally 
investigated the influence of different flow channel designs on the 
temperature 
distribution of SOFCs. In doing so, they proposed an alternative flow 
field design 
that offers a very homogeneous gas distribution as well as improved 
current 
collection at significantly lower manufacturing costs. Differently, the 
authors in 
[27] experimentally investigated the influence of different contacting 
methods on 
the long-term and thermal cycling stability of SOFCs. They found that 
current 
collection conditions significantly affect cell stability during thermal 
cycling and 
proposed an alternative in situ voltage measurement technique in order to 
assess 
the influence of different current collection types. 
 
As these studies focus mainly on current, gas species and temperature 
distribu- 
tions, it can be considered as crucial for the further development of the 
technology 
to extend the knowledge in this area to include the aspect of locally 
resolved 
impedance characteristics. However, the experimental studies required for 
this 
purpose require sophisticated cell and housing design as well as the 
proficient appli- 
cation of appropriate in situ characterization methods. Electrochemical 
impedance 
spectroscopy (EIS) has emerged as one such promising in situ 
characterization 
and online monitoring technique that can reliably determine performance 
changes 
[
28--31] and degradation rates [32--34]. Further analysis of the 
impedance data 
using the distribution of relaxation times (DRT) allows the extraction of 
the most 
important time constants, which, if used appropriately, makes it even 
easier to 
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track changes of different single or coupled processes within the SOEC. 
[
13, 35, 36]. 
This can be particularly useful for monitoring and interpreting small 
changes across 
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the surface of a single cell. However, analyzing DRT spectra and 
assigning peaks 
to specific processes can be challenging. 
 
Generally, the DRT peaks in the frequency range between 1 and 10 Hz are 
associated with gas diffusion overlapped with gas conversion impedance of 
the 
steam electrode [37--40]. The respective weighting of the influence of 
these processes 
on the peaks depends on the positioning of the peak, with conversion 
processes 
generally occurring at lower frequencies and diffusion processes at 
higher frequencies 
[
1
41--45]. In addition, DRT peaks in the frequency range between 10 and 
00 Hz 
can also be associated with gas diffusion in the steam electrode but 
overlapped 
with oxygen surface exchange and ion diffusion in the air electrode. [39, 
4
0, 46--49]. 
Thereby, the air electrode processes typically cover a wider frequency 
range between 
1
0
0 - 500 Hz [37--39, 42, 43, 45, 50--52]. Furthermore, DRT peaks between 
.1 - 50 
kHz can be associated with steam electrode processes such as gas 
diffusion, charge 
transfer reaction and ionic transport in the functional layer [37--39, 
4
1, 43, 53, 54]. 
The higher frequency gas diffusion processes can mainly be linked to the 
lower part 
of this wide frequency range partly overlapping with the air electrode 
transport 
processes [47, 48, 53, 54]. The charge transfer processes occur 
predominantly at 
higher frequencies between approximately 1 and 10 kHz overlapped with 
higher 
frequency gas diffusion processes. [42, 43, 45--47, 51, 53, 54]. The 
processes related 
to ionic transport in the functional layer are located at even higher 
frequencies 
between 10 - 50 kHz [42, 43, 51, 53, 55]. 
 
With proper application of this knowledge, it is feasible to correctly 
identify and 
interpret small differences in the EIS and DRT spectra, relate them to 
the specific 
processes and derive valuable information about the locally-resolved 
impedance 
and degradation behavior of SOEC. 
 
4
 
 
 
1
 
 
.1. Scope of this study 
This study focuses on experimental investigations of steam-electrode 
supported 
SOECs with segmented air electrodes in stack-relevant size. The main 
objective is 
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to identify locally-resolved impedance and degradation characteristics 
caused by 
different operating conditions during operation in steam and co-
electrolysis mode. 
In this way, extensive electrochemical analyses using EIS and DRT were 
performed 
throughout the experiments, identifying significant correlations between 
local 
effects, operating conditions, electrode processes and degradation 
mechanisms. 
 
2
 
2
 
. Experimental setup 
.1. Cell design and housing 
The experiments within this study were performed on steam-electrode 
supported 
SOEC single cells composed of a Ni-YSZ steam electrode support and a 
similar 
composed finder thin electrode, an YSZ electrolyte, a barrier layer made 
of Gd- 
doped ceria (GDC) and a segmented La0.58Sr0.4Co0.2Fe0.8O3−δ (LSFC) air 
electrode. 
More details on the composition and thickness of the cell layers are 
described in [56]. 
Fig.1a/1b show a schematic representation of the cell and flow 
configurations. The 
cells are 10 x 10 cm2 in size, with the air electrode divided into four 
equal sections, 
each with an active area of 4.25 x 4.25 cm2. The labels L-1/2 and R-1/2 
refer to 
the four different segments of the cell. The entire air electrode area is 
contacted 
with a platinum mesh placed over all four segments and the inactive 
cross-shaped 
area between them. Separate sensing leads are attached to the outer 
corners of the 
mesh for each of the four segments. Eight platinum cables were mounted 
evenly 
along the outer rim of the mesh minimizing the influence of the current 
collection 
positions on the current distribution according to [20]. The cells were 
installed in 
a ceramic housing within the furnace of the test rig, which allows 
operation in co-, 
counter- and cross-flow by changing the direction of the air flow as 
presented in 
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Fig.1b. Within the ceramic cell housing, gases are distributed to both 
electrodes via 
gas flow channels. Multiple thermocouples (Type N) were positioned at the 
in- and 
outlets of the gas flows and within the ceramic plates. It should be 
mentioned that 
due to this positioning of the thermocouples within the ceramic plates, 
the relative 
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changes in temperatures over time are more relevant than the absolute 
values. 
More details on the ceramic cell housing and the positioning of 
thermocouples are 
described in [57]. Additionally, the heat-up and reduction processes of 
the cells are 
described in [17]. 
 
2.2. Test rig 
 
The scheme of the test rig used for the experiments is presented in 
Fig.1c. A 
gas control system with mass flow controllers regulates the mixing of the 
inlet gas 
compositions, with a separate steam generator used for the production of 
steam. 
The inlet gas mixtures are then pre-heated up to temperatures > 750 °C 
before 
entering the cell housing. The outlet gases pass through a water-cooled 
condenser 
to the exhaust. The test rig is further equipped with an electronic load, 
impedance 
analyzers and gas analyzers. More detailed information about the test rig 
can be 
found in [57]. 
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Air, Cross-Flow 
 
Air, Co-Flow 
L-1 L-2 
 
Fuel  
Flow R-1 R-2 Air, Counter-Flow 
 
(a) Exemplary representation of the cell (b) Cell segments and flow 
configurations. 
during installation in the cell housing. 
 
Furnace, 
Ceramic Cell Housing, 
Cell 
 
(c) Test rig. [28] 
 
Figure 1: Experimental setup. 
 
2.3. Operating parameters 
 
In this study different operating conditions were applied to single cells 
with 
segmented air electrodes in electrolysis mode. In order to investigate 
their influence 
on the cell’s performance, the following parameters were varied during 
the experi- 
ments: gas inlet composition, temperature and current density. More 
details about 
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the operating parameters are summarized in Tab.1 and 2. In this work, the 
labels 
containing "EC" refer to gas inlet mixtures with only steam as reactant. 
The labels 
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Table 1: Gas inlet mixtures. 
 
Label Fuel flow H2 H2O CO CO2 Air flow 
SLPM % % % % SLPM 
 
EC-50 2.0 50 50 2.0 
CO-25 2.0 25 25 25 25 2.0 
EC-90 2.0 10 90 2.0 
CO-45 2.0 10 45 45 2.0 
CC-90 2.0 10 90 2.0 
 
Table 2: Operating parameters. 
 
Fig. Mixture Temp. Current Flow Segment 
°
 
2
3
4
5
6
7
8
9
 
9
1
 
1
 
C mA/cm2 
 EC-50 800 0-400/350 Co all 
 EC-90 750 150/300 Cross L-1/R-2 
 CC-90 750 150/300 Cross L-1/R-2 
 EC-50/EC-90 800 300 Cross L-1/R-2 
 EC-90/CO-45 750 300 Cross L-1/R-2 
 EC-50 750/800 300 Co L-1/R-2 
 CO-25 750/800 300 Co L-1/R-2 
 CC-90 750 250 Cross L-1 
e EC-90 750 250 Cross L-1 
0 CC-90 700 150 Cross L-1 
0e EC-90 700 250 Cross L-1 
containing "CO" describe gas inlet mixtures with steam and CO2 as 
reactants and 
the labels containing "CC" refer to gas inlet mixtures with only CO2 as 
an initial 
reactant. All labels also include a number indicating the relative amount 
of the 
specific reactant in the gas mixture. 
 
2.4. Measurements and analysis methods 
 
During the experiments the polarization curves were recorded with a 
current 
ramp of 10 A/min, whereby a moderate current ramp of 4 A/min was chosen 
for 
all other power supply changes. All operating temperature changes were 
conducted 
slowly with 1 K/min. After all experiments, a detailed post-mortem 
analysis was 
performed using a scanning electron microscope (SEM) and energy 
dispersive X-ray 
(EDS) analysis of the regions of interest. 
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In order to monitor the performance and state of health of the cell 
electrochemical 
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impedance measurements (EIS) were performed throughout all experiments. 
The 
EIS measurements were performed in galvanostatic mode. Therefore, an 
alternating 
current with an amplitude of 4% of the applied direct current was 
superimposed on 
the direct current. The validity of the experimental data was checked by 
applying 
the Kramers-Kronig (KK) test and the Z-hit method, and further analysis 
of the 
data was performed only with data points that had a relative error of 
less than 4% 
between the original impedance and the impedance determined from the KK 
test. 
More detailed information is available in [58, 59]. In this study, the 
impedance 
data are represented in Nyquist diagrams and by the distribution of 
relaxation 
times (DRT). More information about the method used for calculation of 
DRT 
used within this study can be found in [60]. 
 
3. Results and discussion 
 
This section summarizes the main results of the experimental campaign and 
presents and analyzes the impedance data in the form of Nyquist and DRT 
diagrams. 
In addition, the data are presented in the form of distribution plots, 
which were 
chosen as a descriptive representation to easily present local changes in 
ohmic 
and polarization resistance (4Ro and 4Rp) based on interpolation between 
the 
four measurements taken at the corners of the cell (Fig.1b). Thereby, the 
ohmic 
resistance values were determined at Z’(Z" = 0) and the polarization 
resistance 
distribution was calculated between Z’(Z" = 0) and Z’(f = 0.5 Hz). The 
colorbars of 
the distribution plots are scaled equally within each subsection in order 
to highlight 
the differences in changes between steam and co-electrolysis mode. 
 
Fig.2a and Fig.2b show initial polarization curves and EIS curves 
recorded for 
the four segments during co-flow operation at EC-50 (1) and 800°C. The 
OCV was 
912.6 ± 0.9 mV, thus being largely uniform between the segments. These 
very small 
variations in OCV values indicate that only a minor influence can be 
attributed to 
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differences in manufacturing, contacting, gas and temperature 
distribution. The 
performance of the fuel inlet segments (Fig.1b, L-1/R-1) was slightly 
lower than 
that of the fuel outlet segments (Fig.1b, L-2/R-2) with voltages of 
1
163.2 ± 1.82 
mV for L-1/R-1 and 1151.2 ± 0.3 mV for L-2/R-2 at 400 mA/cm2. The 
measured 
ohmic resistances for the fuel inlet segments ranged from 334 to 337 mΩ 
and from 
285 to 286 for the fuel outlet segments, respectively. Differently, the 
size of the 
low- and high-frequency arc was minimally larger for the fuel outlet 
segments. The 
difference in ohmic resistance was attributed to the temperature gradient 
along 
the length of the cell during electrolysis operation. The minimally 
larger low- and 
high-frequency arcs were mostly linked to the different local partial 
pressures of H2 
 
and H2O in the steam electrode and O2 in the air electrode. 
 
(a) Intial polarization curves (Co-Flow). (b) Intial EIS curves (Co-Flow) 
at 350 
mA/cm2. 
 
Figure 2: Intial polarization curves and EIS curves. Labels L-1/2 and R-
1/2 refer to the four 
segments (Fig.1b). 
 
3.1. Influence of current density 
 
Fig. 3 presents the results from steam electrolysis operation with EC-90 
at 
750°C and different current densities. Increasing the current density 
from 150 to 
 
1
 
 
 
3
0 
00 mA/cm2 resulted in an increase of the size of the low-frequency arc 
and a 
slight decrease of the size of the high-frequency arc as shown in Fig.3c. 
The ohmic 
resistance remained mostly unchanged between 545 mΩ.cm2 (L-1) and 512 
mΩ.cm2 
 
(R-2), whereby a slight decrease of -1.5% was observed for the gas outlet 
segments 
L-2/R-2 with increasing current density (Fig.3a). The polarization 
resistance 
distribution (Fig.3b) was calculated between Z’(Z" = 0) and Z’(f = 0.5 
Hz), with 
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the gas outlet segments L-2/R-2 presenting higher values of 13.0% 
compared to 
10.5% for the inlet segments L-1/R-1. The decreasing ohmic resistance of 
the 
gas outlet segments L-2/R-2 was mainly attributed to the increasing 
temperature 
gradient along the cell length with increasing current density. The 
slightly higher 
increase in polarization resistance of the gas outlet segments is 
analyzed in detail 
with DRT data of segments L-1 (blue) and R-2 (orange) in Fig.3d. 
 
Increasing the current density from 150 to 300 mA/cm2 resulted in a 
slight 
shift of the low-frequency (LF) peak from 16 - 19 Hz (L-1) and from 14 - 
1
7 Hz 
(R-2). An additional small peak at 1 Hz was observed for the inlet 
segment (L-1) at 
150 mA/cm2, the occurrence of which was associated with inhibited 
diffusion and 
conversion processes due to minor inhomogeneities in the gas stream and 
mixture 
at the gas channel entry areas according to [23]. The shift of the LF 
peak towards 
higher frequencies as well as the disappearance of the small additional 
peak at 
L-1 and a small decrease of the amplitude at R-2 was interpreted to be 
linked 
to enhanced diffusion processes at higher current densities and higher 
hydrogen 
partial pressures according to [29, 44, 53]. Whereas peaks in this 
frequency range 
generally shift to higher frequency ranges when working with relatively 
high gas 
flow rates per cell area, according to [13, 47, 61]. The relatively small 
changes of 
this peak with increasing current density were further interpreted to 
result from the 
low conversion rates if compared to [29, 61]. The amplitude of the mid-
frequency 
(MF) DRT peak of segment L-1 slightly decreased from 0.91 to 0.74 mΩ with 
the 
 
1
 
 
 
1 
peak shifting from 88 to 178 Hz. Similarly, the amplitude of MF peak of 
segment 
R-2 decreased from 0.95 to 0.84 mΩ with the peak shifting from 89 to 192 
Hz. 
These changes were interpreted to be linked to enhanced air electrode 
transport 
processes as a result of the higher electrochemical reaction rate and 
higher oxygen 
partial pressures at the LSCF air electrode at higher current densities 
similar to 
the results in [62]. The first high-frequency (HF-1) DRT peak shifted 
from 503 
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to 623 Hz (L-1) and from 503 to 1023 Hz (R-2). The amplitudes of the 
peaks 
slightly decreased for both segments. The second high-frequency (HF-2) 
DRT peak 
shifted from 7.2 to 6.5 kHz (L-1) and from 7.8 to 7.6 Hz (R-2). The 
amplitudes of 
the peaks increased from 2.10 to 2.94 mΩ (L-1) and from 2.51 to 3.09 mΩ 
(R-2). 
Thereby, the larger shift of the HF-1 peak of the outlet segment (R-2) 
was mainly 
linked to enhanced gas diffusion processes due to locally higher hydrogen 
partial 
pressures if compared to the inlet segment (L-1). 
 
1
 
 
 
2 
(a) Local changes of ohmic resistance (4Ro). (b) Local changes of 
polarization resistance 
(4Rp). 
 
(c) EIS at different current densities (L-1: (d) DRT at different current 
densities (L-1: 
top/blue, R-2: bottom/orange). top/blue, R-2: bottom/orange). 
 
Figure 3: Influence of increasing current density at EC-90 and 750°C. 
 
Fig. 4 presents the results from co-electrolysis operation with CC-90 at 
7
50°C 
and different current densities. Thereby, the ohmic resistance remained 
mostly 
constant at 555 mΩ.cm2 (Fig.4c) when increasing current density from 150 
to 
300 mA/cm2. Here, only a slight decrease was observed for the inlet 
segments 
(L-1/R-1) and slight increase was observed for the outlet segments (L-
2
/R-2) with 
increasing current density as presented in Fig.4a. The polarization 
resistance 
 
1
 
 
 
3 
significantly increased by more than 35% (Fig.4b) with increasing current 
density, 
whereby a significant increase of the high-frequency arc and a slight 
decrease of 
the low-frequency arc were observed at presented in Fig.4c. The higher 
increase in 
polarization resistance of the gas inlet segments is analyzed in detail 
with DRT 
data of segments L-1 (blue) and R-2 (orange) in Fig.4d. 
 
The LF peaks cover a significantly wider frequency range between 2.5 - 50 
Hz if 
compared to the previous results. Here two major peaks were observed at 
22 and 19 
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Hz for the segments L-1 and R-2, respectively. Increasing the current 
density from 
150 to 300 mA/cm2 resulted in a clearer formation of an additional low-
frequency 
peak at approximately 5 Hz. The amplitude of MF peak of segment L-1 
decreased 
from 0.97 to 0.47 mΩ with the peak shifting from 198 to 169 Hz. 
Similarly, the 
amplitude of MF peak of segment R-2 decreased from 0.93 to 0.54 mΩ with 
the 
frequency remaining unchanged. The HF peaks range cover a wide frequency 
range 
between 0.5 - 10 kHz with no clear separation of the peaks at 150 mA/cm2. 
At 
3
1
00 mA/cm2 two separated HF peaks at 1200 and 6600 Hz (L-1) as well as 
250 
and 8000 Hz (R-2) with slightly higher amplitudes at the outlet segments 
can be 
observed. 
 
Generally, the mass transfer and diffusion losses for CO2-electrolysis 
are con- 
sidered to be higher than for steam electrolysis [21, 63]. Therefore, 
more heat 
is generated by irreversible overvoltage losses in CO2-electrolysis than 
in steam 
electrolysis for the same current density [21]. This was considered to be 
the main 
influence on the opposite trend of local changes in ohmic resistance 
(Fig.4a) for 
steam and co-electrolysis. The relatively higher increase of the 
polarization re- 
sistance when increasing current density was also interpreted to be 
linked to the 
higher mass transfer and diffusion losses for co-electrolysis. These 
changes are also 
visible in Fig.4d with the formation of the dominant HF peak at 
approximately 1 
kHz suggesting inhibited gas diffusion and charge transfer reaction [39, 
4
 
1
 
 
 
3, 64, 65]. 
4 
Also, the development of the low-frequency peak at 5 Hz could be linked 
to in- 
hibited conversion processes in the steam electrode [42--44]. As a result 
of the 
comparatively slower mass transfer from CO2 to the TPB and the slower 
diffusion 
of CO [21], an increase in current density was interpreted as having a 
negative 
effect on local conversion rates, especially for the inlet regions of the 
cell (Fig.4b). 
This effect is weakened when the CO2/CO ratio decreases along the cell 
length and 
thus the diffusivity of the gas mixture increases. 
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(a) Local changes of ohmic resistance (4Ro). (b) Local changes of 
polarization resistance 
(4Rp). 
 
(c) EIS at different current densities (L-1: (d) DRT at different current 
densities (L-1: 
top/blue, R-2: bottom/orange). top/blue, R-2: bottom/orange). 
 
Figure 4: Influence of increasing current density at CC-90 and 750°C. 
 
1
 
 
 
3
 
5 
.2. Influence of inlet gas composition 
Fig.5 presents the results from steam electrolysis operation at 300 
mA/cm2 
 
and 800°C with different H2O/H2-ratios. Thereby, the H2O/H2-ratio was 
changed 
from 50/50 (EC-50) to 90/10 (EC-90). Increasing the H2O/H2-ratio resulted 
in an 
increase of the ohmic resistance with higher value for the outlet 
segments (Fig.5a) 
and a locally uniform decrease of the polarization resistance (Fig.5b). 
Analysis 
of the impedance data further showed a decrease of the size of the low-
frequency 
arc as well as an increase of the size of the high-frequency arc 
(Fig.5c). The LF 
peaks of both segments stayed at approximately 15 Hz with a minor 
increase of the 
amplitudes with increasing H2O/H2-ratio. An additional small peak 
occurred at 1 
Hz for operation at EC-90. Generally, higher absolute values were 
observed for the 
outlet segment. The MF peak of the inlet segment (L-1) shifted from 591 
to 364 
Hz and from 0.37 to 0.41 mΩ. Differently the MF peak of the outlet 
segment (R-1) 
split from 817 Hz and 0.53 mΩ into two new peaks at 264 and 641 Hz and 
0
.22 to 
0.33 mΩ. The HF peaks of both segments shifted towards higher frequencies 
and 
low amplitudes, whereby again higher frequencies and amplitudes were 
observed 
for the outlet segment. 
 
The increase of ohmic resistance can mainly be linked to significantly 
lower cell 
temperatures at EC-90 with the thermal equilibrium dominated by the 
endothermic 
electrolysis reaction with less influence of the overvoltage losses 
compared to 
operation at EC-50. The relatively higher increase of the ohmic 
resistance for 
the outlet segment could also be interpreted to be the result of a non-
uniform 
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temperature distribution resulting from significantly different species 
gradients 
along the cell length during operation at EC-90. The shift of the LF peak 
towards 
slightly higher amplitudes as well as the occurrence of the additional 
small peak 
at 1 Hz was interpreted to be linked to changes in effective diffusivity 
of the inlet 
gas composition according to [37, 53]. The changes of the MF peaks could 
indicate 
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6 
a clearer separation of the high frequency gas diffusion processes from 
the air 
electrode transport processes which are dominant in this frequency area 
according 
to [47, 48, 53, 54]. The high frequency charge transfer processes present 
a strong 
dependency on the temperature which was 10-15°C higher at the L-1 segment 
during operation at EC-50 compared to EC-90. These processes also present 
a 
minor dependency on steam partial pressure which shifts the HF peak 
towards 
higher frequencies and lower amplitudes during operation at EC-90 
according to 
[
 
1
 
 
 
47]. 
7 
(a) Local changes of ohmic resistance (4Ro). (b) Local changes of 
polarization resistance 
(4Rp). 
 
(c) EIS at different steam contents (L-1: (d) DRT at different steam 
contents (L-1: 
top/blue, R-2: bottom/orange). top/blue, R-2: bottom/orange). 
 
Figure 5: Influence of increasing steam content at 300 mA/cm2 and 800°C 
(EC-50/EC-90). 
 
Fig.6 presents the results from steam and co-electrolysis operation at 
3
00 
mA/cm2 and 750°C with different inlet gas compositions. Thereby, the 
H2O/CO2/H2- 
ratio was changed from 90/0/10 (EC-90) to 45/45/10 (CO-45). Thereby, a 
small 
increase of the ohmic resistance which was uniform over the cell area was 
observed 
when switching from steam to co-electrolysis operation (Fig.6a). 
Differently, a large 
increase of the polarization resistance was observed with slightly higher 
values for 
 
1
 
8 
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the gas inlet segments (Fig.6b). Fig.6c shows an increase of both, the 
low and high 
frequency arcs. 
 
The LF peaks of both segments slightly shifted from 15 to 18 Hz with 
increasing 
amplitudes with substitution of H2O with CO2. Higher absolute amplitude 
values 
were observed for the outlet segment but higher changes at inlet segment. 
Again 
the occurrence of an additional peak at 1 Hz was observed whereby the 
amplitude 
was significantly higher compared to the previous experiment with 
increasing 
H2O/H2-ratio. The MF peaks stayed mostly unchanged. The first HF peak for 
EC-90 was located at 724 Hz for the inlet segment L-1 and at 1084 Hz for 
the 
outlet segment R-2. the first HF peak for CO-45 was located at 1084 Hz 
for L-1 
and at 1418 Hz for R-2. Similar to the trend of LF peaks, higher 
amplitudes and 
frequencies were observed for the outlet segment, with uniform rates of 
change. 
The second HF peak for EC-90 was located at 6.1 kHz for L-1 and at 6.3 
kHz for 
R-2. The second HF peak for CO-45 shifted to 7.5 kHz for L-1 and 8.0 kHz 
for R-2. 
Similar to the trend of the LF peaks, a more pronounced change of the 
amplitude 
was observed for the inlet segment with changing gas composition. 
 
The uniform change in ohmic resistance could most likely be related to 
the 
locally canceling interactions between the different potentials of the 
endothermic 
electrolysis of H2O and CO2, different heat-generating irreversible 
overvoltage 
losses, and the reaction rate of the water-gas shift reaction (WGSR) 
along the cell 
length [21]. The high absolute increase of the polarization resistance 
compared 
to the previous experiment and the relatively higher change of the 
polarization 
resistance at the inlet segments with the changes of the process specific 
DRT peaks 
can be linked to different phenomena. Generally, the concentration 
overpotential, 
which summarized transport losses between the gas channel and the TPB 
[
66], 
is considered lower for steam electrolysis than for CO2-electrolysis [21, 
3]. The 
6
resulting steeper hydrogen gradient along the cell length (compared to 
CO) and 
 
1
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the lower diffusivity of CO also lead to a positive reaction rate of the 
WGSR 
[67, 68]. At these operating temperatures a relatively higher reaction 
rate can 
be expected for in the inlet regions of the cell [21]. Comparably changes 
of the 
steam electrode specific DRT peaks were observed during electrolysis 
operation 
with different H2O/CO2-ratios and were linked to increasing conversion, 
diffusion 
and charge transfer losses [48, 65]. The dominant changes in these DRT 
peaks 
at approx. 1 kHz, 20 Hz and the newly formed peak at 1 Hz were 
interpreted as 
the result of a combination of higher mass transfer, diffusion and 
conversion losses 
during co-electrolysis operation as well as effects of the WGSR. In the 
inlet areas 
of the cell, where CO is practically absent, the CO2 electrolysis 
reaction is less 
favored, with a competing temperature-depended WGSR [21] and a higher 
change 
for adsorption of carbonaceous species [23]. This likely resulted in an 
unstable 
equilibrium which is one of the determining factors for the higher local 
changes in 
polarization resistance. At overall conversion of the inlet gas mixture 
and the local 
less dominant effect of the WGSR towards the outlet segments of the cell 
result in 
a more stable local equilibrium with lower local losses. 
 
2
 
 
 
0 
(a) Local changes of ohmic resistance (4Ro). (b) Local changes of 
polarization resistance 
(4Rp). 
 
(c) EIS at different CO2 contents (L-1: (d) DRT at different CO2 contents 
(L-1: 
top/blue, R-2: bottom/orange). top/blue, R-2: bottom/orange). 
 
Figure 6: Influence of increasing CO2 content at 300 mA/cm2 and 750°C 
(EC-90/CO-45). 
 
3.3. Influence of temperature 
 
Fig.7 presents the results from steam electrolysis operation at 300 
mA/cm2 and 
different operating temperatures. Decreasing the operating temperature 
from 800 to 
750°C resulted in a significant increase of the ohmic resistance with 
relatively higher 
changes measured at the outlet segments (Fig.7a). Differently the 
polarization 
resistance only presented a small increase with no significant gradient 
over the cell 
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1 
area (Fig.7b). 
The LF peaks of both segments remained mostly unchanged. The MF and HF 
 
peaks between 0.1 and 10 kHz also only present small changes with the MF 
peaks 
of both segments shifted towards slightly higher frequencies and higher 
amplitudes. 
The HF peaks of both segments no longer show a clear separation when 
decreasing 
the temperature, with the observed changes being basically identical for 
both 
segments. The shift of the MF peak towards higher frequencies was 
interpreted to 
possibly indicate the increasing influence of the ionic exchange 
processes over O2 
 
diffusivity processes with the increasing amplitude being the result of 
decreasing 
ionic conductivity of LSCF [47, 61]. However, because of the very small 
changes 
in these frequency ranges, which can cover both air-electrode and fuel-
electrode 
processes [48], the changes cannot be completely attributed to just one 
of these 
processes. The shift of the HF peaks to the intervening frequency range 
was 
associated with a slightly stronger influence of the gas diffusion 
processes compared 
to the other TPB processes characteristic of this frequency range. 
Decreasing 
temperature in steam electrolysis mode mainly increased the ohmic 
resistance as a 
result of decreasing electronic conductivity and decreasing ionic 
conductivity of 
YSZ and LSCF with the DRT peaks between 0.1 - 10 kHz presenting a certain 
dependency on the operation temperature as well as similar to the results 
presented 
in [47]. The relatively higher increase in ohmic resistance at the outlet 
segments 
was mainly associated with the approximately 5 °C steeper temperature 
gradient 
across the cell length during operation at 800 °C. 
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2 
(a) Local changes of ohmic resistance (4Ro). (b) Local changes of 
polarization resistance 
(4Rp). 
 
(c) EIS at different temperatures (L-1: (d) DRT at different temperatures 
(L-1: 
top/blue, R-2: bottom/orange). top/blue, R-2: bottom/orange). 
 
Figure 7: Influence of decreasing temperature at EC-50 and 300 mA/cm2. 
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Fig.8 presents the results from co-electrolysis operation at 300 mA/cm2 
and 
different operating temperatures. Similar to steam electrolysis 
operation, the ohmic 
resistance increased with relatively higher changes measured at the 
outlet segments 
when decreasing the operating temperature from 800 to 750°C (Fig.8a). 
Differently 
to steam electrolysis operation, the polarization resistance presented a 
significant 
increase whereby relatively higher changes were observed for the inlet 
segments 
 
2
 
 
 
3 
(Fig.8b). The LF peak of the inlet segment (L-1) shifts from 5 Hz and 
1.27 mΩ 
 
towards a wider frequency range between 3-12 Hz with two main peaks at 
0
.8 and 
4 Hz. Differently, the LF peak of the outlet segment (R-2) shifts from 5 
Hz and 
1.66 mΩ to 7 Hz and 1.24 mΩ when decreasing operating temperature from 
8
00 
to 750°C. The MF peaks presented a comparable increase of amplitude for 
both 
segments but a significantly more pronounced shift towards lower 
frequencies for 
the L-1 segment. The HF peaks at 545 Hz merges with the other HF peaks at 
4
.5 
kHz over a wide frequency range between 0.5 and 10 kHz, with a slightly 
wider 
frequency window for the outlet segment. 
 
It can be seen that decreasing operating temperature significantly 
affects the 
polarization resistance in co-electrolysis operation compared to steam 
electrolysis 
operation, although the effect of temperature on ohmic resistance is 
comparable. 
The increase of the impedance with decreasing temperature can be mainly 
linked 
to decreasing electronic and ionic conductivity with inhibited steam 
electrode 
TPB processes [47]. The very high absolute increase of the polarization 
resistance 
compared to steam electrolysis can be further linked to an increase in 
mass transfer, 
diffusion and conversion losses in the steam electrode for co-
electrolysis of H2O and 
CO2 [48, 65]. Generally, the difference in potentials for electrolysis of 
H2O and CO2 
 
is reduced at lower temperatures as a result of the lower equilibrium 
potential under 
standard conditions of CO2-electrolysis compared to steam electrolysis 
[21, 69]. 




[bookmark: br19] 
The authors in [21] also describe that the WGSR reaction rates are 
significantly 
higher at higher temperatures and locally at the inlet areas of a cell. 
According 
to their research, the gradient of the WGSR reaction rates along the cell 
length 
is also higher, even leading to a strongly reversed WGSR at temperatures 
of 800 
°C at the outlet areas of the cell. Therefore, the effect of decreasing 
temperature 
during co-electrolysis operation was assumed to be influenced not only by 
lower 
electronic and ionic conductivity [47] and lower electrolysis reaction 
rates, but also 
 
2
 
 
 
4 
by the strongly locally dependent WGSR [21]. 
 
(a) Local changes of ohmic resistance (4Ro). (b) Local changes of 
polarization resistance 
(4Rp). 
 
(c) EIS at different temperatures (L-1: (d) DRT at different temperatures 
(L-1: 
top/blue, R-2: bottom/orange). top/blue, R-2: bottom/orange). 
 
Figure 8: Influence of decreasing temperature at CO-25 and 300 mA/cm2. 
 
3.4. Short-term degradation 
 
Fig.9 presents the results of 66 hours of operation at CC-90, 250 mA/cm2 
and 
750°C. The mean cell voltage increased by 14.0% from 1.172 to 1.336 V and 
the 
measured cell temperatures for the four segments increased by about 1 °C. 
The 
ohmic resistance RO stay mostly unchanged with a minimal gradient along 
the 
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diagonal of the cell surface. Differently, the polarization resistance RP 
increased 
drastically, with increasing intensity at the fuel inlet areas (L-1/R-1) 
as presented in 
Fig.9c. The changes visible in Fig.9d could be interpreted to be linked 
to inhibited 
TPB processes within the steam electrode according to [64, 65]. The 
authors in [23] 
state that the build-up of a solid phase such as carbon can negatively 
affect the 
catalytically active sites, porosity and tortuosity. The deposition of 
carbon is also 
reported to block gas pores which leads to inhibited electrochemical 
reactions and 
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gas distribution within the steam electrode [30]. The authors in [10, 70] 
discuss 
similar changes of the high frequency processes to be caused by 
deposition of 
impurities within the steam electrode. Nevertheless, the observed changes 
were not 
irreversible since the cell could also be reactivated within 24 hours by 
regenerative 
operation with an H2O/H2 ratio of 4 at OCV. The authors in [57] also 
report 
that carbon formation within the steam electrode affects cell performance 
but may 
not lead to irreversible degradation, whereas complete removal of solid 
carbon 
may take several hours if the carbon was identified at an reversible 
stage. The 
relatively stable ohmic resistance during operation at CC-90 indicates no 
significant 
structural damage to electrode/electrolyte interface as a consequence of 
potential 
coke formation according to [70]. 
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(a) Mean cell voltage and local temperature changes. 
 
(b) Local changes of ohmic resistance (4Ro). (c) Local changes of 
polarization resistance 
(4Rp). 
 
(d) Evolution of EIS curves (L-1). (e) Regeneration of performance at EC-
9
2
 
0 and 
50 mA/cm2. 
Figure 9: Short-term experiment at CC-90, 250 mA/cm2 and 750°C. 
 
Fig.10 presents the results of 66 hours of operation at CC-90, 150 mA/cm2 
and 
lower temperatures of 700°C. Thereby, the mean cell voltage increased by 
12.6% 
from 1.234 to 1.390 V and the measured cell temperatures for the four 
segments 
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7 
increased again by less than 1 °C. The ohmic resistance RO slightly 
increased by 
0.6 - 1.0% with a steeper gradient along the diagonal of the cell surface 
compared 
to the previous experiment at 750°C. Also, the polarization resistance RP 
increased 
less dramatically and uniformly over the whole cell area. After this 
experiment the 
cell could not be fully reactivated within 48 hours by regenerative 
operation with 
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an H2O/H2 ratio of 4 at OCV as visible in Fig.10e. After 120 hours of 
regeneration 
operation, the cell appeared to have nearly recovered, although a slight 
deviation 
from the initial condition was still apparent for the fuel outlet 
segments (L-2/R-2). 
The authors in [23] also point out that the regeneration time for carbon 
gasification 
increases nonlinearly with a decrease in temperature, with an increasing 
amount 
of steam slightly accelerating the process in the case of reversible 
degradation, 
although 100% regeneration is not always possible. Most of the carbon 
deposits 
visible in Figs.11b/11e could possibly be related to residues from 
operation at 
these operating conditions. A significantly higher density of carbon 
deposits was 
observed at the fuel outlet segments, indicating lower re-regeneration 
rates in these 
areas. 
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(a) Mean cell voltage and local temperature changes. 
 
(b) Local changes of ohmic resistance (4Ro). (c) Local changes of 
polarization resistance 
(4Rp). 
 
(d) Evolution of EIS curves (L-1). (e) Regeneration of performance at EC-
9
2
 
0 and 
50 mA/cm2. 
Figure 10: Short-term experiment at CC-90, 150 mA/cm2 and 700°C. 
 
3.5. SEM analysis 
 
Fig.11 presents an excerpt of the results from the SEM analysis performed 
with 
the tested cells. Fig.11a/11c/11f present a reference for the health 
state of the 
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9 
cell. SEM analysis of all cells presented Ni redistribution and Ni 
agglomeration 
(Fig.11d), as they usually occur after electrolysis experiments [13, 28]. 
SEM and 
EDS analysis of the cell operated in co- electrolysis mode for the short-
term 
degradation experiments showed carbon deposits (Fig.11b/11e). Some 
localized 
cases of grain growth on the air electrode were also noted, which were 
not linked 
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to any particular phenomenon due to the very low frequency thereof 
(Fig.11g). 
Although thermodynamics do not predict carbon formation, carbon formation 
can 
be a question of kinetics and local processes according to [71--74]. The 
authors in 
[71] further state that a low porosity of the steam electrode increases 
the risk of 
carbon formation. With decreasing porosity within the steam electrode as 
a result 
of Ni agglomeration and redistribution, it would be conceivable that 
these local 
carbon deposition occurred due to locally low CO2/CO-ratios during 
operation at 
7
 
3
 
 
 
1
 
00°C. 
0 
0 µm 10 µm 2 µm 
(a) Reference I, Steam electrode. (b) Carbon deposition, Steam (c) 
Reference II, Steam elec- 
electrode. trode. 
 
2 µm 2 µm 2 µm 
 
(d) Redistribution and agglom- (e) Carbon deposition, Steam (f) Reference 
III, Air electrode. 
eration of Ni, Steam electrode. electrode. 
 
2 µm 
 
(g) Local grain growth, Air elec- 
trode. 
 
Figure 11: Overview SEM analysis. 
 
4. Conclusion 
 
In this study, locally resolved impedance and degradation characteristics 
were 
determined for SOECs operating in steam and co-electrolysis modes. For 
this 
case, steam-electrode SOECs with segmented air electrodes were tested 
under 
different operating conditions, whereby different types and degrees of 
effects on 
the performance of the cells were observed and analyzed in detail. 
Significant 
 
3
 
 
 
1 
correlations between local effects, operating conditions, electrode 
processes and 
degradation mechanisms were identified through electrochemical impedance 
spec- 
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troscopy (EIS), analysis via distribution of relaxation times (DRT) and 
scanning 
electron microscopy (SEM). The results presented quite different local 
phenomena 
for steam and co-electrolysis. The main influences on ohmic resistance 
can be sum- 
marized as changes due to temperature-related effects and thus inhibited 
electronic 
conductivity and decreasing ionic conductivity of the cell materials. In 
addition, a 
relatively higher increase in ohmic resistance at the outlet segments was 
associated 
with a steeper temperature gradient across the cell at higher 
temperatures. In 
general, polarization resistance showed a much stronger influence on 
changes in 
operating parameters such as current, input gas composition, and 
temperature in 
co-electrolysis operation compared to steam electrolysis operation. The 
gas inlet 
segments were significantly more affected. These changes were identified 
to be 
mainly linked to (i) a higher concentration overpotential for co-
electrolysis than 
steam electrolysis and local CO2/CO-ratio dependent mass transfer and 
diffusion 
losses and (ii) species and temperature dependent local reaction rate of 
the water-gas 
shift reaction (WGSR). Short-term degradation experiments during co-
electrolysis 
showed the formation of local carbon deposits, possibly due to 
unfavorable reac- 
tion kinetics and locally occurring reactions. In addition, 
microstructural changes 
which lead to a decrease in porosity of the steam electrode were 
observed, which 
could create favorable conditions for carbon deposition at locally low 
CO2/CO 
ratios and low temperatures. Therefore, it is recommended to adjust the 
inlet gas 
composition, current density and temperature for co-electrolysis mode in 
a way 
that the operational point is far from the theoretical carbon threshold. 
In addition, 
the application and further development of appropriate degradation 
mitigation 
strategies is recommended to extend the lifetime of the technology under 
challeng- 
ing operating conditions. Nevertheless, negative cumulative influences 
due to the 
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2 
succession of several experiments must be considered and additional 
experiments 
are suggested to further verify the presented conclusions under 
additional operating 
conditions. 




[bookmark: br24] 
 
Acknowledgement 
 
The authors gratefully acknowledge the funding of the project 
"
Degradation monitor- 
ing and performance optimisation of SOECs" (project number I 3994) by 
Austrian 
Science Fund (FWF). The cell manufacturing team at IEK-1 of 
Forschungszentrum 
Jülich is acknowledged for the cell fabrication. 
 
3
 
 
 
3 
Glossary 
 
Table 3: Glossary of Symbols. 
 
Symbol Description 
SOEC/EC Solid oxide electrolysis cell 
SOFC/FC Solid oxide fuel cell 
Ni− Y SZ Nickel 
Y SZ Yttria-stabilized zirconia 
LSCF Lanthanum strontium cobalt ferrite 
H2 Hydrogen 
H2O Water/Steam 
CO Carbon monoxide 
CO2 Carbon dioxide 
O2 Oxygen 
O2− Oxygen-ion 
WGSR Water gas shift reaction 
TPB Triple phase boundary 
OCV Open circuit voltage 
RO Ohmic resistance 
RP Polarization resistance 
SLPM Standard litres per minute 
EIS Electrochemical impedance spectroscopy 
DRT Distribution od relaxation times 
KK Kramers-Kronig 
SEM Scanning electron microscope 
EDS Energy dispersive X-ray 
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Highlights 
 
-
 
-
 Locally resolved impedance and degradation characteristics of SOECs. 
 Experimental results of SOECs performance under different operating 
conditions. 
 
-
 Detailed insight into electrode processes and mechanisms via DRT and 
SEM 
analysis. 


