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Abstract
Electrochemical impedance spectroscopy and the distribution of relaxation times
are powerful tools to study polarization processes in solid oxide cells (SOC). Com-
monly the measured polarization resistance is solely attributed to polarization
phenomena in the electrodes whereas the electrolyte is assumed to act as purely
ohmic series resistance.
In this study an electrolyte supported SOC is investigated by impedance spec-
troscopy from the nominal operating temperature range of 700–900◦C down to
temperatures as low as 350◦C. At such low temperatures the dielectric polariza-
tion of the electrolyte is shifted into the accessible frequency range, providing
access to additional processes which are deconvoluted and quantified. It is dis-
cussed to which extent the additional layers like gadolinia doped ceria diffusion
barrier and electrode layers influence the electrolyte processes as grain and grain
boundary.
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1 INTRODUCTION

The commercialization of solid oxide cells (SOCs) requires
a high cell performance and thus low area-specific resis-
tance (ASR) values of the individual layers and their inter-
faces in the cell. The application of advanced materials,
offering excellent intrinsic properties, is often limited by an
insufficient compatibility towards other cell components.
Interactions at interfaces taking place during processing
and/or cell operation, as interdiffusion or secondary phase
formation, often restrict the cell performance.
Well known examples are insulating zirconate interlay-

ers formed between (La,Sr)(Co,Fe)O3 (LSCF) air electrodes
and zirconia-based electrolytes [1–5] or the interdiffusion
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of Ni from the fuel electrode into zirconia electrolytes
[6–10]. To avoid them, interdiffusion barrier layers are
implemented [1, 2, 5, 11] resulting in complex multilayered
electrolytes.
In case of LSCF air electrodes a barrier layer of doped

ceria (commonly CGO—gadolinia doped ceria) is placed
between LSCF and YSZ to prevent zirconate formation [1,
2, 5, 11]. In the Ni/CGO anode a barrier layer of CGO also
improves the cell performance [12]. On the other hand,
interdiffusion between CGO and YSZ [2, 13–16] during sin-
tering results in an interdiffusion layerwith up to one order
of magnitude lower conductivity [14]. Thus, morphology
and sintering conditions of the ceria layer have to be opti-
mized to prevent zirconate formation but simultaneously
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avoid severe interdiffusion. At the fuel electrode, the inter-
diffusion of NiO into an 8YSZ-electrolyte during sintering
[7, 8] and the subsequent reduction of NiO to metallic
Ni during operation leads to an irreversible decrease in
electrolyte conductivity [6, 8]. The reason for this con-
ductivity loss is a phase transformation from cubic to
tetragonal [6, 8–10]. The phase of YSZ is strongly depen-
dent on the yttrium amount in the zirconia oxide. A high
amount of 10 mol.% Y2O3 in zirconium oxide stabilize the
YSZ. Doped with Ni, it shows almost no changes in con-
ductivity during operation in reducing atmosphere [17]
compared to 8YSZ. Over the years the intensive research
lead to an enhanced understanding of material interac-
tions and the subsequent impact on the cell performance.
But due to high sintering temperatures, which are neces-
sary to connect the different layers mechanically, material
interactions are still challenges in the SOC and are some-
times unavoidable [2]. Furthermore, minor changes in the
fabrication process like a different supplier of the powder
could lead to huge differences in material interactions and
subsequently in cell performance [18].
To optimize SOCs, a thorough understanding of the

different ASR-contributions is mandatory. This is not lim-
ited to electrochemical processes in electrodes, further
processes related to the ionic transport in the cell as
grain and grain boundary conductivities of pristine elec-
trolytes, interdiffusion layers and secondary phases as well
as the impact of electrodes on the electrolyte conductiv-
ity have to be considered as well. Especially in ESCs these
contributions can be dominant.
Whereas electrochemical processes can be deconvoluted

from operando impedance spectroscopy by the distri-
bution of relaxation times (DRT) analysis [19, 20], the
processes in the electrolyte layer are often inaccessible due
to their high relaxation frequencies and thus are cumu-
lated in the ohmic resistance of the cell. To deconvolute
such electrolyte processes from impedancemeasurements,
their relaxation frequencies f0 have to be shifted into the
accessible frequency range, which can be achieved by
impedance measurements at temperatures significantly
below the nominal operating temperature of the cell.
In this contribution electrolyte supported cells con-

sisting of LSCF air electrode / CGO interlayer / 3YSZ
electrolyte substrate / CGO interlayer / Ni/CGO fuel elec-
trode are investigated. Comparable cells are intensively
investigated at nominal operation temperature of the SOC
[21, 22], where the electrode processes are accessible and
the relaxation frequencies of the electrolyte processes
are far above the measurable frequency range and thus
attributed to the ohmic resistance of the cell. To ana-
lyze the impact of the two electrode materials on the
grain and grain boundary process of the electrolyte sepa-
rately, different types of symmetrical cellswere applied and

impedance spectroscopy was performed at temperatures
between 350 and 850◦C. Here, the dielectric polarization
behavior of grain and grain boundaries in the electrolyte
exhibits relaxation frequencies in the kHz range [23–27].
This enables a quantification of the related resistance val-
ues and provides information how air/fuel electrode and
CGO interlayers affect the ohmic resistance contributions
of the 3YSZ electrolyte.

2 EXPERIMENTAL

The electrolyte supported cells, manufactured by Sunfire
GmbH, exhibit an active area of 1 cm2. The electrolyte
consists of 3 mol.% Y2O3 doped zirconium oxide (3YSZ)
provided by Kerafol GmbH&Co. KG. The full cell consists
of LSCF air electrode / CGO interlayer / 3YSZ electrolyte /
CGO interlayer / Ni/CGO fuel electrode. Next to full cells,
symmetrical cells were investigated. In case of the sym-
metrical fuel electrode, both sides of the electrolyte are
coated with a CGO-interlayer and a Ni/CGO fuel electrode
by screen printing (Figure 1a). After drying, the layers were
cofired. For symmetrical air electrode cells (Figure 1b), the

F IGURE 1 Scanning electron microscope (SEM) cross sections
of (a) anode and (b) cathode layer.
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KULLMANN et al. 3

F IGURE 2 Link between the conductivity σ, characteristic frequency f0 and the relative permittivity εr of materials like nickel [34],
3YSZ, CGO [33, 35, 36], (La,Sr)(Co,Fe)O3 (LSCF) [37], and secondary phases like CGOx-YSZ1-x [14] and zirconates [4] at different temperatures.
ε0 describes the vacuum permittivity. The red lines consider different relative permittivities εr in between 1 and 1000, for the considered
materials, values much below 100 have to be expected.

CGO/3YSZ/CGOmultilayer electrolyte was produced sim-
ilarly. Then the LSCF-layers were applied and sintered at
a lower temperature. A third type of the symmetrical cells
targeting the properties of the pristine electrolyte consist
of a 3YSZ substrate with screen printed and sintered Pt-
electrodes on both sides. The pristine electrolyte cell and
the symmetrical anode cell are sintered with one sinter-
ing step whereas the symmetrical cathode and the full cell
are sintered identically with two sintering steps. Thus, the
anode in the full cell is exposed to a second sintering step
at a lower temperature during the sintering process of the
air electrode. It should be considered that the slightly dif-
ferent sintering proceduresmight have an influence on the
grain and grain boundary resistance [26].
The test setup used in this study is described in [28].

For contacting anode and cathode, nickel and gold meshes
respectively were applied, whereas the Pt-electrodes on
the pristine electrolyte cell were contacted with platinum
meshes. During the operation of the full cell, both elec-
trodes were supplied by 250 sccm air and fuel gas, respec-
tively. The symmetrical cells are located in an identical
single chamber setupwith a total gas flow rate of 500 sccm.
The electrochemical impedance spectroscopy measure-

ments are performed by a Solartron 1260 in galvanostatic
mode for the measurements above 600◦C. The value of
the sinusoidal stimulus is chosen that the voltage response
of the electrode is ≤12 mV [28]. This approach was
established at our institute over the last 20 years for mea-
surements at high operation temperature and enables high
quality impedance measurements in a frequency range
between 30 mHz and 2MHz. For the measurements in the
lower temperature region below 600◦C the potentiostatic
mode is chosen since the cell resistance is much higher.

Considering that the electrolyte processes are linear, a
much higher amplitude of 200 mV can be applied leading
to an operation of the Solartron in ranges of high resolu-
tion. For the symmetrical cell the voltage bias is set to zero.
In case of the full cell the theoretical cell voltage is calcu-
lated and set as voltage bias. To guarantee valid impedance
spectra the linear Kramers Kronig validity test was used
[29]. For the impedance data analysis DRT and subsequent
CNLS-fittingwere applied to separate and quantify the loss
processes in the spectrum.

3 RESULTS AND DISCUSSION

At nominal operation temperature of the SOFC (700–
900◦C), the electrolyte losses are mainly ohmic, because
the characteristic frequencies of the dielectric processes in
the electrolyte layers are significantly above the frequency
range of the impedance analyzer (30 mHz–2 MHz) appli-
cable in high temperature test benches (Figure 2). Using
equation 1

𝑓0 =
𝜎

2 ⋅ 𝜋 ⋅ 𝜀0 ⋅ 𝜀𝑟
, (1)

there is a direct link between characteristic frequency f0,
the relative permittivity εr/vacuum permittivity ε0 and the
conductivity σ of the respective material. If the conduc-
tivity decreases with lower temperatures the characteristic
frequency also decreases and can shift into an accessi-
ble frequency range of the impedance analyzer. The lower
conductivities of the secondary phases like zirconates [4]
should have a much lower characteristic frequency in
comparison to the pristine materials and might be visible
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4 KULLMANN et al.

F IGURE 3 Distribution of relaxation times (DRT) of
impedance spectra of a symmetrical cathode cell measured in the
temperature range from 850◦C to 750◦C in (a) and down to 350◦C in
(b) in synthetic air. The red region is not measured, but extrapolated
in the DRT calculation.

as a lower frequency peak in the spectrum according to
Figure 2. CGOxYSZ1-x (0.25 < x < 0.9) and CGO instead
could be overlapping with the 3YSZ electrolyte because
of their similar conductivities at for instance 800◦C. The
conductivity of CGOxYSZ1-x is strongly dependent on
the composition according to [14] and therefore also the
characteristic frequency.
To investigate whether interdiffusion of NiO or elements

of CGO and LSCF have an impact on the electrolyte pro-
cesses different symmetrical cells were investigated by
electrochemical impedance spectroscopy in a large tem-
perature range as shown exemplary for the symmetrical
cathode cell in Figure 3.
At nominal operation temperatures of the SOFC (850–

750◦C) mostly the electrode processes are visible and
the relaxation frequencies of the electrolyte processes
are far above the measurable frequency range and thus
attributed to the ohmic resistance of the cell as shown
in Figure 3a for a symmetrical cathode measured in syn-
thetic air. It is clearly visible that the gas diffusion (Pgas)
shows minor dependency on the temperature as to be
expected [30]. At lower temperatures Pgas is covered by

the thermally activated oxygen incorporation and oxy-
gen ion diffusion in the LSCF-cathode (Pcat), which is
often described by a Gerischer-element. At higher fre-
quencies further thermally activated processes are visible
which might be attributed to the charge transfer at the
LSCF/CGO interface as well as the CGO/3YSZ interface
including small amounts of secondary phases [2, 31]. In
this operation conditions, the characteristic frequencies of
the electrolyte processes are outside the frequency range
of the impedance analyzer. To visualize the electrolyte pro-
cesses in the impedance spectrum/DRT and to investigate
them, a decrease in temperature is necessary. The charac-
teristic frequencies of thermally activated processes will
shift to lower frequencies, and the additional electrolyte
processes become visible in the DRT.
Figure 3b pictures the DRT in a temperature range from

850◦Cdown to 350◦C.The first electrolyte process,which is
called PHF1, and the second high frequency process called
PHF2 shift into the accessible frequency range. Due to the
strong increase of the peak height, peak shifting is in this
linear presentation of the y-axis hard to analyze. For a
better visualization, the impedance evolutions over tem-
perature are plotted with a logarithmic y-axis in Figure 4.
It should be noted that the geometrical area underneath
the peaks no longer corresponds to the related polarization
resistance.
Figure 4a shows the DRTs of a symmetrical anode cell

measured in 25/25/50 H2O/H2/N2. The electrochemistry
of the anode [21, 22] by the peaks LF1 and LF2 is strongly
temperature dependent. The relaxation frequency of these
peaks shifts to the lower end of the measured frequency
range at lower temperatures. A gas diffusion process is
not separable as it is overlapping with the electrode pro-
cesses at high temperatures [21] and, as gas diffusion is
not thermally activated, only comprises an insignificant
contribution to the polarization resistance and DRT at
lower operating temperatures. Simultaneously the high
frequency electrolyte processes shift into the accessible fre-
quency range and are fully visible at 350◦C. According
to [23, 25, 27, 32] the electrolyte process HF1 at a lower
relaxation frequency should represent the grain boundary
resistance contribution and the second process HF2 at a
higher relaxation frequency the resistance contribution of
the grains in the 3YSZ electrolyte substrate. This allocation
is supported by the fact that HF1 and HF2 are occurring
in all types of cells to a quite similar extent. Further peaks
betweenLF2 andHF1, which are namedMF1-3 in Figure 5c,
are significantly smaller. Theymight be related to the inter-
diffusion zone between 3YSZ and CGOwhich should have
a lower characteristic frequency according to Figure 2.
The DRTs of temperature variations of the pristine elec-

trolyte cell measured in synthetic air and in H2/H2O/N2
reveal some low frequency processes related to the Pt
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KULLMANN et al. 5

F IGURE 4 Distribution of relaxation times (DRT) of impedance spectra measured in the temperature range from 850◦C down to 350◦C
of symmetrical anode cell (a), symmetrical cathode cell (b) and pristine electrolyte cell with Pt-electrodes in reducing (c) and oxidizing (d)
atmospheres.

F IGURE 5 (a) Scheme of impedance measurement of polycrystalline conductors. (b) Equivalent circuit model consisting of RQ
elements. (c) Impedance spectrum of a symmetrical anode cell measured at 400◦C in 25/25/50 H2/H2O/N2. The spectrum covers high and low
frequency processes at least partly.
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6 KULLMANN et al.

F IGURE 6 Gas mixture dependency of the symmetrical anode cell (a), cathode cell (b), and the pristine electrolyte cell in H2/H2O/N2 (a
and c) and in O2/N2 (b and d). The red region is not measured, but extrapolated in the distribution of relaxation times (DRT) calculation.

electrode,whose behavior differs in reducing and oxidizing
atmosphere. Since the Pt-electrodes are only used for the
electronic contact of the 3YSZ electrolyte/electrochemical
reaction of oxygen and hydrogen respectively and should
not have any influence to the electrolyte processes they
are no part of further discussion. The impedance spectra
also show two electrolyte processes HF1 and HF2, which
are of interest in this study.
A scheme of the impedance spectroscopy in polycrys-

talline oxide ion conductors is pictured in Figure 5a. In
the polycrystalline conductor, the oxygen ions are mov-
ing due to the sinusoidal stimulus and generate losses in
grain (red, HF2) and grain boundaries (blue, HF1). These
losses can be described by capacities in parallel to ohmic
resistances or rather RQ elements as shown in Figure 5b.
Figure 5c shows a typical impedance spectrum of a sym-
metrical anode cell at 400◦C.At low frequencies, the anode
process is partly covered, and at the higher frequencies, the
electrolyte process HF1 is fully and process HF2 is partly
covered in the spectrum. For better visualization the equiv-
alent circuit elements used for fitting are plotted in the
diagram. In the equivalent circuit model RQ elements are
used to represent LF1-2 [21], the MF1-3 and the electrolyte
processesHF1-2. In Figure 5b the RQ elements for LF1-2 and
MF1-3 are summarized as Zpolarization.
To study the question if the secondary phase formation

or ceria interdiffusion into 3YSZ have an impact on the

electrolyte processes at grain or grain boundary, in Figure 6
a variation of the gas mixtures is applied to the symmetri-
cal cells at 350◦C. Since electronic and ionic transport in
ceria are expected to show a pO2-dependency an impact
to the electrolyte processes should be visible if there is an
influence of ceria or an overlapping of the processes. In
the diagrams, only the high frequency part representing
the electrolyte processes is shown. For the symmetrical
anode cell and the pristine electrolyte cell in Figure 6a,c
a H2/H2O-variation was performed ranging from 25/25/50
to 2.5/47.5/50 H2O/H2/N2. The DRTs of the symmetrical
anode cell show no clear trend in HF1 and HF2, in case
of the pristine electrolyte cell a minor impact on HF1 is
visible.
Possible explanations are that the interdiffusion zone is

included in another peak with a lower characteristic fre-
quency according to Figure 2 or the margin of the gas
mixture is too small. Another explanation could be that
since thewhole electrolyte is about 80 µm thick, the impact
of the interdiffused ceria or even the CGO barrier layer
might be negligible. In case of thinner electrolyte layers
such impact will be increased.
The DRT of the symmetrical cathode cell (b) and the

pristine electrolyte cell (d) is measured during a O2/N2-
variation from 21/79 to 1/99 O2/N2 (pO2 = 0.21. . .0.01). In
this case no pO2-dependency becomes visible. Since the
ionic conductivity of CGO should be less influenced by the
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KULLMANN et al. 7

F IGURE 7 Comparison of distribution of relaxation times
(DRTs) of the symmetrical cells and the full cell in different
atmospheres. The anode is in each case exposed to 25/25/50
H2O/H2/N2 and the cathode to synthetic air. The pristine electrolyte
cell is measured in both atmospheres. The red region is not
measured, but extrapolated in the DRT calculation.

oxygen partial pressure at high oxygen levels in oxidizing
atmosphere [33], an impact is not to be expected.
In Figure 7, the electrolyte processes of the different

investigated cells including symmetrical cells and full cell
are compared at 350◦C.

(i) Comparison of symmetrical anode cell and pristine
electrolyte cell in H2/H2O/N2 at 350◦C:
The symmetrical anode cell and the pristine elec-

trolyte cell are measured in 25/25/50 H2O/H2/N2.
ProcessHF1, which should belong to the grain bound-
ary, shows quite similar resistance (area underneath
the peak) and relaxation frequency values for both
cells (fit values are shown in Figure 8). Process HF2,
attributed to the bulk conductivity in the grains,
shows a larger deviation. The pristine electrolyte
cell exhibits a higher conductivity and relaxation
frequency.

(ii) Comparison of symmetrical cathode cell and pristine
electrolyte cell in air at 350◦C:
The comparison between the symmetrical cathode

cell and the pristine electrolyte cell both measured
in synthetic air shows a significantly higher resis-
tance and lower relaxation frequency for HF1 and
HF2 for the symmetrical cathode cell. The reason for
this could be due to the additional CGO layer and
the interdiffusion of elements from the LSCF cathode
and/or the CGO layer into YSZ. In the spectrum of the
symmetrical cathode cell shown in Figure 7 is also an
additional peak with a minor resistance in compari-
son to HF1 and HF2 visible, which is named HFx. It is
more distinctive in the spectrum of the symmetrical
cathode cell than the pristine electrolyte cell.

F IGURE 8 Fitting results of process HF1 and HF2 of the
analyzed cells at 350◦C in Ω cm2.

(iii) Comparison of symmetrical anode and cathode cell at
350◦C:
The symmetrical anode and cathode cells are

measured in 25/25/50 H2O/H2/N2 and synthetic air,
respectively. It can be seen that HF1 shows a signifi-
cant difference whereas HF2 is approximately similar
for both cells. The higher value of process HF1 in
the symmetrical cathode cell might be explained by
the lower electrical conductivity of ceria in oxidizing
atmosphere [33] or the diffusion of Co and Fe along
the YSZ grain boundaries. The interdiffusion could be
additionally affected by the different sintering proce-
dure of the symmetrical cathode and anode cell. The
additional peak HFx is more distinctive in the sym-
metrical cathode cell spectrum than in the spectrum
of the symmetrical anode cell.

(iv) Comparison between the pristine electrolyte cell in
different atmospheres at 350◦C:
HF1 andHF2 show differences between the pristine

electrolyte cell measured in air and in H2/H2O/N2.
Factorial differences can be excluded, because both
spectra were measured with the same cell. First the
measurements took place in air, then in H2/H2O/N2.

(v) Comparison between the full cell and the symmetri-
cal cells at 350◦C:
The comparison between the full cell tested in

synthetic air / 25/25/50 H2O/H2/N2 and the pristine
electrolyte cells at 350◦C shows a comparable value
for HF2 (Figures 7 and 8). The value of the symmet-
rical anode and cathode cell is higher. Process HF1
shows the highest value for the full cell. By summing
up half of the resistance from the symmetrical cath-
ode and anode cell respectively and comparing it to
the full cell we see differences. The differences could
be induced by different sintering procedures [26],
small differences in electrolyte thickness (between
82 µm and 86 µm) and minor temperature differences
(<±2◦C). The difference might also imply that the
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8 KULLMANN et al.

F IGURE 9 Resistance contribution of single electrolyte
processes and the sum of the electrolyte processes of the analyzed
cells in a temperature range from 350◦C to 850◦C. The anode is in
each case exposed to 25/25/50 H2O/H2/N2 and the cathode to
synthetic air. The pristine electrolyte cell is measured in both
atmospheres.

second sintering step of the anode in the full cell
increase the loss process HF1. Process HFx shows
a comparable peak height in the full cell and the
symmetrical cathode cell. This might imply that this
process is originated in the cathode.

Figure 9 compares the resistance contributions of the
electrolyte layers of the different samples in a tempera-
ture range from 350◦C to 850◦C. At the lower temperatures
(450–350◦C), the resistance is calculated by the sum of
the high frequency processes. At higher temperatures the
ohmic resistance is chosen. It should be noted that a good
agreement with relative errors <1% is achieved for a single
activation energy per cell. The resistances of symmetrical
cathode and anode cell are larger than the resistance of
the pristine electrolyte cell, whereas the resistance of the
full cell shows the highest values at temperatures below
600◦C. The activation energies of the sumof the electrolyte
processes of full cell (0.92 eV), symmetrical cathode cell
(0.91 eV) and symmetrical anode cell (0.92 eV) are slightly
higher than of the pristine electrolyte cell (air: 0.89 eV,
H2O/H2/N2: 0.90 eV). The measured values are similar to
the reported values for pristine 3YSZ [24, 27] (0.95–1.0 eV).
Additionally, the single electrolyte processes HF1 and

HF2 are plotted between 450 and 350◦C. Process HF1 is
except for the symmetrical anode cell larger than HF2 in
lower temperatures (350◦C), but smaller or equal at higher
temperatures (450◦C). In case of the symmetrical anode
they are equal at 350◦C and deviate from each other to
higher temperatures while HF1 is smaller than HF2. The
difference is explainable by the different activation ener-
gies of HF1, which are in the range of 1–1.1 eV, and HF2,

TABLE 1 Activation energies of the single electrolyte processes
(HF1 and HF2) and of the total electrolyte resistance.

HF1 HF2 HF1+HF2
H2O/H2/N2 25/25/50
Sym. anode cell 1.10 eV 0.86 eV 0.92 eV
Pristine electrolyte cell 1.04 eV 0.85 eV 0.90 eV
O2/N2 21/79
Sym. cathode cell 1.05 eV 0.87 eV 0.91 eV
Pristine electrolyte cell 1.01 eV 0.88 eV 0.89 eV
O2/N2 / H2O/H2/N2 21/79 / 25/25/50
full cell 1.03 eV 0.84 eV 0.92 eV

which are in the range of 0.84 and 0.88 eV. The single
activation energies of the cells are shown in Table 1. In lit-
erature [24] for the process HF1 of 3YSZ (grain boundary)
1.15 eV is shown, for HF2 (grain) 0.78 eV, which confirms a
correct process assignment.
The low temperature investigations of the two elec-

trolyte processes showed the potential of the electrochem-
ical impedance spectroscopy to investigate the impact of
both electrodes sintered on the 3YSZ substrate in a rather
simple and quick approach comparing to an expensive and
time-consuming microstructural analysis. A comparison
of the electrolyte resistances of the pristine and sym-
metrical cells could show an impact of the electrodes as
expected. Explanations for the difference between the sum
of half of the electrolyte resistances of anode and cathode
cell and the full cell might be a slightly different sintering
procedure and small differences in electrolyte thickness
and operation temperature.

4 CONCLUSION

In this study the high frequency processes of a symmet-
rical anode, a symmetrical cathode, a pristine electrolyte
cell and the corresponding full cell were investigated by
electrochemical impedance spectroscopy over a wide tem-
perature and pO2 range. Different measurement series in
reducing and oxidizing atmospheres were performed.
At operating temperatures between 350◦Cand450◦C the

DRT unfolded twomain processes HF1 and HF2 attributed
to grain boundary and grain resistances respectively. Oxy-
gen partial pressure variations in oxidizing and reducing
atmospheres at 350◦C showed no significant impact on
these processes. Comparing oxidizing and reducing con-
ditions, differences were revealed even for the pristine
electrolyte cells.
Higher values for HF1 and HF2 were observed for the

full cell, symmetrical cathode and anode cell in compari-
son to the pristine electrolyte cell. This increase might be

 16156854, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/fuce.202300035 by K

arlsruher Institution F. T
echnologie, W

iley O
nline L

ibrary on [08/11/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



KULLMANN et al. 9

attributed to the CGO barrier layer or interactions with
the CGO layer and further interdiffusion of Ni and ele-
ments from the LSCF cathode respectively. By summing
up half of the resistance from the symmetrical cathode
cell and anode cell and comparing it to the full cell, we
see differences. The differences could be induced by dif-
ferent sintering procedures, small differences in electrolyte
thickness and minor temperature differences.
To evaluate the interactions on grain and grain bound-

ary properties, a detailed microstructural and chemical
analysis will be mandatory.
This study shows the potential of the electrochemical

impedance spectroscopy in order to investigate all electri-
cal and electrochemical processes occurring in the solid
oxide cell during operation from low frequency gas dif-
fusion processes to high frequency grain processes in the
electrolyte.
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