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HIGHLIGHTS

o Identification of loss processes by distribution of relaxation times.

e Physicochemically meaningful impedance model for a single phase GDC fuel electrode.

e Impedance model enables access to charge transfer resistance at the GDC-surface.
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1. Introduction

ABSTRACT

For the analysis of performance limiting processes in various electrochemical systems like lithium ion batteries,
polymer electrolyte membrane fuel cells or solid oxide cells, impedance spectroscopy is a powerful tool. The
distribution of relaxation times (DRT) enables the deconvolution of the polarization processes in the spectrum.
The simple approach, to correlate each peak in the DRT with a single polarization process fails for multiphase
electrodes as the complex coupling of electronic, ionic and transport of different species by spatially distributed
charge transfer reactions leads to a number of correlated peaks in the DRT.

In this contribution such coupling of transport and reaction is analyzed for ceria based fuel electrodes applied
in solid oxide cells. A physicochemically meaningful two-channel transmission line model is developed. Due to
the ambiguity of impedance spectra and DRT, the straightforward approach of fitting this model to measured
spectra does not allow an unambiguous model parameterization. Additional methods as conductivity measure-
ments and focused ion beam-tomography are indispensable to obtain physicochemically meaningful parameters
to be applied in the fitting procedure. With this parameterization approach DRT based modeling becomes
feasible and ionic/electronic transport resistances and area specific charge transfer resistance of the ceria surface
can be quantified.

spectrum, the distribution of relaxation times (DRT) analysis [1] and a
subsequent complex nonlinear least squares (CNLS) fitting [2] based on

One key part for manufacturing high performance electrochemical
systems is the understanding of the electrochemical processes in the cell
and the impact of different parameters as material and microstructural
properties, operating conditions or aging phenomena. Since decades,
electrochemical impedance spectroscopy (EIS) is the method of choice
to investigate the performance limiting processes in different electro-
chemical applications like lithium-ion batteries (LiB), polymer electro-
lyte membrane fuel cells (PEMFC) or solid oxide cells (SOC). For the
separation and quantification of the individual loss processes in the
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an equivalent circuit model (ECM) are well-established [3-5].

The most simple approach of DRT-usage is based on the assumption
that each peak in the DRT can be attributed to a single polarization
process and vice versa each polarization process can be solely attributed
to a single peak. This approach fails for any kind of well-designed
multiphase electrode with spatially distributed reactions. The complex
coupling of electronic, ionic and gas phase transport by the spatially
distributed charge transfer reactions within the active electrode layer as
well as the coupling of diffusive gas transport and storage in porous gas



diffusion layers or cell supports lead to multiple peaks in the DRT. The
related equivalent circuits are of transmission line type as the Gerischer-
or Warburg-impedance, their DRTs comprise a main peak and a number
of smaller peaks at higher relaxation frequencies [6,7], which impede a
straightforward DRT analysis.

Different studies showed the potential of a transmission line model
(TLM) [8,9] in order to quantify the electrochemistry of porous elec-
trodes in LiB [4,10], PEMFC [5,11,12] or SOC. In the latter, different
electrode materials were investigated such as LSCF [13,14], Ni/YSZ [3,
15-171, Ni/ScYZ [18], LSM/YSZ [17,19,20], and Ni/GDC [21-24]. All
the models include resistance contributions of transport phenomena as
ionic, electronic and/or gas phase transport and their coupling by a
charge transfer reaction or storage term. In most studies a one-channel
transmission line model is used since the effective electronic conduc-
tivity is much higher than the ionic counterpart and gas diffusion within
the penetration depth of a few pm is negligible.

State of the art fuel electrodes in solid oxide cells usually consist of
porous ceramic electrolyte/metallic nickel compounds (cermets) with
three int_erpenetrating matrices for ionic (yttria stabilized zirconia),
electronic (nickel) and gas transport (pores). The charge transfer reac-
tion is restricted to the three phase boundaries. In case of a nickel/ceria-
cermet electrode, next to the three phase boundaries the double phase
boundaries (ceria/gas) can contribute to the charge transfer reaction as
ceria is a mixed conductor under reducing conditions [25-27]. In any
case a well-designed Ni-matrix provides a very low electronic resistance
that can be neglected in TLM-modeling.

In this study porous single-phase gadolinia doped ceria (GDC) fuel
electrodes contacted by a porous single-phase nickel current collector
layer [28] are investigated. The application of GDC asa single-phase fuel
electrode is possible [28-31] since it shows a mixed ionic-electronic
conductivity (MIEC) in reducing atmosphere [25-27]. This enables not
only the electronic path in the GDC, but also the charge transfer reaction
at the GDC/pore-interface (double phase boundary, DPB). Since GDC
has a comparably low electronic conductivity, that is depending on
temperature and oxygen partial pressure (fuel gas composition), the
electronic transport resistance can no longer be neglected and the
application of a two-channel transmission line model becomes neces-
sary. The sole fitting of the TLM to measured spectra provides ambig-
uous parameters. Considering the TLM-equation, different model
parameter sets result in identical spectra. Thus a number of model pa-
rameters must be determined separately in advance. In this work
DRT-analysis and CNLS-fitting are supported by different methods as
4-point dc measurement and focused ion beam (FIB) tomography to
predetermine microstructural and electrical parameters, mandatory for
a physicochemically meaningful model parameterization.

2. Experimental
2.1. Investigated samples

For impedance measurements symmetrical cells based on an
approximately 200 pm thick 8YSZ (8 mol.% yttria stabilized zirconia,
8YSZ) electrolyte-support ITOCHU Ceratech Corporation, Japan) were
manufactured. On both sides of the electrolyte a 20 mol.% gadolinia-
doped ceria (CeygGdo.202.5) layer with an area of 1 cm? was screen-
printed (EKRA-screen-printer, ASYS, Germany) and sintered at 1100 °C
for 3 h (Nabertherm, Germany). The paste was supplied by research
center Jiilich in Germany. The layer thickness is approximately 5 pm. In
the next step a NiO-contact layer (Kceracell, South Korea) was screen-
printed. The contact layer is applied to guarantee a sufficient in-plane
conductivity and a homogeneous contact between GDC-layer and
nickel contact mesh [28]. After a reduction at 800 °C, where the NiO is
reduced to Ni, the sample was operated at 700 °C in 50 % Hy and 50 %
H,O tillstabilization of the impedance. It should be considered that most
likely during the reduction process and/or the subsequent operation
nickel from the contact layer diffuses into the GDC-layer and activates

the GDC surface.

The sample for the conductivity measurements consists of a MgO
support substrate (Robert Bosch GmbH, Germany) with a screen-printed
porous GDC layer (CepgGdo.202-5) sintered at 1300 °C for 3 h. The
layer has a thickness of ~7 pm and a measured area of 0.85 cm?. After
the sintering process of the GDC layer, Pt-electrodes were applied and
sintered at 1050 °C for 1 h.

2.2. Electrical and electrochemical characterization

The test setup used for the SOCs is described in Ref. [32]. In the
symmetrical setup nickel meshes are applied on both sides of the sym-
metrical cell for contacting. The cell is located in one gas chamber with a
total flow of 500 sccm. The impedance measurements are conducted
without bias current by a Solartron 1260 in galvanostatic mode and the
amplitude of the sinusoidal stimulus is chosen in order to receive a
voltage response of the electrode of <12 mV [32]. The frequency ranges
from 30 mHz to 1 MHz. The quality of the impedance spectra was
checked by the Kramers Kronig validity test [33] revealing errors < 1 %.
Operating parameters as temperature (600 ... 700 °C) and fuel gas
composition were gradually changed for sensitivity analysis and model
parameterization. The stability was regularly checked by reference
impedance measurements revealing a degradation in polarization
resistance < 5 %.

The conductivity sample is investigated in a 4-point dc measurement
setup as pictured in Fig. 7 (b). The current input is realized by a 0.2 mm
Pt-wire which is wrapped around the outer sintered Pt-electrodes. The
voltage is measured between two Pt-electrodes. The distance between
these two electrodes is 12 mm. The maximum voltage between the outer
electrodes is set to 0.9 V to avoid any damage of the GDC layer. For the
dc current stimulus, a Keithley 220 current source was used. The voltage
measurement was performed by a Keysight 34970A digital multimeter.

2.3. FIB-SEM tomography

FIB/SEM tomography is used to analyze and reconstruct the micro-
structure of the porous GDC layers and determine the parameters tor-
tuosity 7gpc and volume fraction egpc.

For high resolution FIB/SEM tomography the samples were carefully
cracked into smaller (<5 x 5 mm) pieces and vacuum infiltrated with a
two-component epoxy resin (Struers, Germany) inside a vacuum infil-
tration chamber (CitoVac, Struers, Germany). Infiltration of the pore
space both increases contrast during imaging and milling quality during
the Slice&View process. Thin layers of platinum and amorphous carbon
are deposited on the top of the sample to increase milling quality and to
prevent any charging effects induced by the electron or ion beam. Any
further processing and measurements of the fuel electrode are per-
formed inside a Zeiss 1540 XB (Zeiss Microscopy, Germany) which is
equipped with a Ga™ ion source. Firstly, the sample is moved into the
coincident point between electron and ion beam. Here, a rough region of
interest is identified and an initial cross section is milled using a high
beam current of 10 nA. After choosing the area of interest for the to-
mography, the sample is precisely moved into the eucentric point to
perform the Slice&View process. Slices with a width of 10 nm are milled
perpendicular to the sample surface with a fine beam of 500 pA. The
imaging of the slices is performed with an accelerating voltage of 1.3 kV
in a dual detector setup to obtain two datasets simultaneously. Acqui-
sition is set to roughly 1 min per image using a pixel size of 10 nm.
Overall, 460 images of the fuel electrode (Fig. 1 a, inlens detector) are
obtained for each detector with a depth spacing of 20 nm.

For the reconstruction of the conductivity sample an identically
manufactured GDC layer applied on an 8YSZ-substrate was prepared.
The Ga™-FIB milling and the imaging were performed in a Thermo Fisher
DualBeam Helios G4 FX microscope. For rough milling, a beam current
of 9-20 nA was used and 1.2 nA for cutting during the slice imaging. In
total 700 images were taken at the accelerating voltage of 3.0 kV by an
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Fig. 1. (a) Consecutive recorded 2D images of the fuel electrode. The bright part represents the GDC and the black part the pores. (b) 3-D reconstruction of the

volume of the fuel electrode.

ICD (InColumnDetector) detector. Due to the coarser GDC structure
compared to the fuel electrode the pixel size of 22.5 nm is chosen here.

To quantify the GDC microstructures, images are initially aligned
using an algorithm based on scale invariant feature transformation
(SIFT) implemented in ImageJ [34]. A region of interest is then identi-
fied and cropped out using the software toolbox GeoDict 2023 [35].
Grey value gradients are removed. For noise removal, both an aniso-
tropic diffusion filter as well as a non-linear means filtering provided in
ImageJ and GeoDict, are used. Finally, cubic voxels are ensured by
Tri-linear scaling. Due to strong contrast sustained by the infiltration
with the carbon-based resin, grey value segmentation based on a hys-
teresis method, also known as region growing and provided through
GeoDict, is applied.

The 3D reconstructed volume pictured in Fig. 1 (b) is evaluated for
phase contents as well as GDC tortuosity. Phase contents are obtained
following equation (1).

Number of Voxels assigned to GDC
Total number of voxels
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GDC tortuosity is obtained using the DiffuDict module in GeoDict
2023. To account for combined ionic and electronic conductivity, the
Laplace equation is solved three times using a gradient of concentration
in different space directions which yields the dimensionless diffusivity
tensor D*.
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This dimensionless quantity is only dependent on microstructure and
does not contain any intrinsic material property. Using the volumetric
phase content evaluated earlier we can calculate a tortuosity following
equation (3) where egpc is the phase content and Dy, is the dimen-
sionless, relative diffusivity along the respective axis of the 3D recon-
structed volume.
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In this case the z-axis represents the direction perpendicular to the plane
of the electrode, sometimes referred to as the through-plane direction,
whereas x and y represent the in-plane directions. Both directions are of
interest because electrical conductivity is measured in-plane in the 4-
point measurement and fuel electrode behavior is modeled in through-
plane direction. All the parameters determined by 3D-reconstruction
are given in Table 1.

3. DRT based modeling
3.1. Distribution of relaxation times

There are different ways to extract information of an impedance
spectrum. A common way to represent and analyze an impedance
spectrum is the Nyquist or Bode plot. For systems which include pro-
cesses with large differences in their characteristic frequencies these
methods are sufficient. But for more complex systems, where the char-
acteristic frequencies of the processes are quite similar, an appropriate
analysis without any a priori knowledge is not possible since the pro-
cesses strongly overlap and cannot be separated [36].

One method to increase the extractable information of the measured
impedance data without any a priori knowledge is to calculate their

Table 1
Parameters of 3-D reconstruction.

Parameter Fuel electrode Conductivity sample
Viee/pm® 380 2552
/- 1.31 1.57

e/- 0.75 0.62
Asurface/| llmz pm 3 10.7 _




distribution of relaxation times, which is used by many research
groups [30,37-46]. The DRT has the advantage of a much higher
frequency resolution in comparison to the raw impedance data.
Therefore the separation of processes with quite similar time
constants is much easier. The DRT calculation is based upon the fact
that a valid impedance spectrum can be described by a simple
equivalent circuit model based on a resistance for the ohmic losses
Ronm and a number of serial RC-elements for the polarization
losses Rpo1 (equation (4) and (5)) [47]. Every RC-element represents a
part of the polarization resistance y(7)- Ry, at a specific time constant 7
ranging from 0 to oo [1,3].

y(7)
z Ropm + Rt - 4
() hm pl/c; 1 +jor T @

/ - y(7)dr 1 (5)
0

The criteria for the validity of an impedance spectrum are given in
the Kramers-Kronig relations which connect real and imaginary part and
confirm the time invariance, causality, linearity and finiteness [33,48].
This connection between the real and imaginary part is used in our
implementation of the DRT calculation where only the real part of the
impedance spectrum is used [3] since in spectra of fuel cells and elec-
trolyzers the absolute value of the imaginary part is commonly much
smaller and thus more strongly affected by noise.

For the actual calculation of the DRT of a given impedance a trans-
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formation of the second summand of equation (4) (polarization loss) to
y(7) is necessary. This leads to a so-called ill-posed problem. In literature
there are different approaches to solve this problem like Fourier trans-
formation and the usage of digital filters and extrapolation [1] or ap-
proaches based on regularization methods [49,50]. Our approach is
based on the Tikhonov-regularization described in Ref. [51] that was
implemented in Matlab.

A correct selection of the regularization parameter is mandatory for
an appropriate calculation of the DRT. If the regularization is too high,
the peaks in the DRT are broadened, impeding the separation of
neighboring peaks. If the regularization is too low, artificial peaks due to
measurement noise occur in the spectrum. A sensitivity analysis, as it is
shown in Figs. 2 and 3, is commonly used for determination of the
regularization parameter. To enable the comparison of the DRTs of
different spectra a similar regularization parameter is essential. In the
following figures the distribution of relaxation times is plotted via a
logarithmic x-axis displaying the frequency instead of the relaxation
time. This approach is common as it enables a direct correlation with the
measured values and impedance spectra in the Bode-plot.

3.2. Sensitivity analysis by EIS and DRT

Before setting up a physicochemical equivalent circuit model for an
electrochemical cell, a deconvolution of the processes in the spectrum
and a subsequent process assignment is necessary. This is done by a
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Fig. 2. Left: Hy/H,0 variation at constant temperature of 600 °C from 97 %/3 %-70 %/30 % H,/H,0. The Nyquist plot in (a) shows an increase of Ry and a decrease
of Rpo1 with higher steam content. The DRT (b, c) shows a decrease in peak height and an increase in peak frequency of the lower frequency peaks with higher steam
content whereas the higher frequency part is minor dependent. Right: Variation of the temperature from 600 °C to 700 °C in 50 K steps at a constant H/H,O ratio of

70 %/30 %. Every peak in the DRT is thermally activated as expected.
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Fig. 3. Sulfur poisoning at 700 °C in 89 %/3 %/8 % Hy/H,0/N5 with 0.05 ppm
HaS over time. In the Nyquist-plot in (a) a strong increase of Ry, is visible. The
DRT (b, c) visualizes that the major impact of the poisoning is allocated to LF;.
The other peaks and the ohmic resistance remain constant over time.

sensitivity analysis varying operating conditions [7] as temperature and
gas composition.

Fig. 2(a—c) show a fuel gas variation at 600 °C from 97 %/03 % Hy/
H20 to 70 %/30 % Hy/H0. (a) shows the Nyquist plot, (b) the DRT in
linear y-axis and (c) for a better visualization due to large differences in
peak height in logarithmic scale. Please be aware that in the logarithmic
scale the geometrical area under the DRT-curve is no longer corre-
sponding to the polarization resistance of the peak. The peaks LF; and
LF, are typically allocated to charge transfer reaction (or rather
hydrogen adsorption and/or dissociation)/gas diffusion (~1 Hz) and to
ionic transport in Ni/GDC fuel electrodes (~10-100 Hz) respectively
[30,52-54]. The overlap of the gas diffusion and the charge transfer in
the Ni/GDC is explained by the large chemical capacity of ceria which
leads to a shift in the relaxation frequency [21,30,52,53,55,56]. Both
LF-peaks decrease in resistance and increase in frequency with a higher
steam content up to 30 %. The impact of steam to LF; is consistent with
literature [52-55]. The observations of the peak between ~10 and 100
Hz differ between no impact [30,52,53] and a decrease in resistance as
shown in Fig. 2 [55]. The peaks in the frequency range between LF; and

10 kHz show a comparable behavior to the LF peaks whereas the higher
frequency part > 10 kHz is minor affected by the variation of the gas
mixture. The peaks in the medium frequency range are rarely investi-
gated since they have quite a small resistance compared to other peaks
and are only visible in DRT and minor in the impedance spectrum. The
impact of the high frequency peaks (>10 kHz) to the total polarization
resistance increases with higher steam content up to 30 %, mainly due to
the decrease of the LF-peaks. The ohmic resistance increases with higher
steam content. An explanation would be that with a higher steam con-
tent in the fuel gas the pO2 increases followed by a decrease of the
electronic conductivity in the GDC (Fig. 7). Whereas the ionic resistance
of 8YSZ dominates the ohmic resistance due to the thickness of 200 pm,
the GDC fuel electrode contributes only a minor part (<50 mQ cm?) due
to the thin layer (5 pm) as shown later in a simulation in Fig. 5 for
700 °C. Therefore, the change in ohmic resistance during the variation is
rather small. In literature the ohmic resistance is less influenced by the
gas mixture. In the Ni/GDC [55] this could be explainable by the elec-
tronic path through the Ni phase which should be pO5 independent and
in the GDC electrode [30] it might be due to high operation temperature
of 900 °C and therefore high electronic conductivity of GDC.

Fig. 2(d-f) presents a temperature variation between 600 °C and
700 °C in 50 K steps at 30 % steam balanced in hydrogen. All the peaks
including the ohmic resistance seem to be thermally activated as ex-
pected [30,52,53] and no separate peak for the gas diffusion is visible
[53].

Fig. 3 pictures the impedance evolution during a sulfur poisoning
experiment. At 700 °C in 89 %/3 %/8 % Hy/H>0/N> 0.05 ppm H,S were
added in the fuel gas. The Nyquist-plot (a) shows a large increase of Ry
whereas R stays constant. In the DRT (b, c) a strong increase of peak LF;
is visible whereas the higher frequency peaks stay the same. This
behavior is consistent with literature [29,56-58]. At frequencies much
lower than 100 mHz an additional artificial peak is visible. The reason
for this peak is the time variance during the poisoning [28,29].

With the information of these three variations a process assignment
can be conducted as listed in Table 2. The peak LF; can be allocated to
the charge transfer reaction due to the dependency on temperature, gas
mixture and the impact of HyS [29,56-58]. Sulfur poisons the electro-
catalyst - in this case Nickel - and impedes the electrooxidation of
hydrogen, which leads to a drastic increase of the charge transfer
resistance as previously shown for Ni/YSZ and Ni/GDC fuel electrodes
[15,57,59-62]. As already mentioned above the charge transfer reaction
in Ni/GDC is in the same frequency range as the gas diffusion due to the
large chemical capacity and is therefore not separable in the impe-
dance/DRT [30,52,53,56], but relatively small in the electrolyte sup-
ported cell at intermediate temperatures [52]. The peaks in the medium
frequency range (MF) between LF; and 10 kHz most probably describe
bulk conductivities inside the electrode since the large main peak (LF;)
and the following smaller peaks feature a typical behavior of porous
electrodes. This process assignment is supported by the recent publica-
tion of Uecker et al. who investigated a single phase GDC fuel electrode
with Au-contact paste [30]. Peaks higher than 10 kHz are most probably
losses related to the electrolyte [63-65] and the GDC/8YSZ-interface
[66-68] since they show minor dependency on the gas mixture and no
dependency on surface poisoning.

Based on the process assignment a physicochemically meaningful
equivalent circuit model including a TLM for the GDC-electrode can be

Table 2
Peaks and processes in the impedance spectra and DRT.

Peaki  Dependencies Physical process

LF; T, pHa/pH,0, Charge transfer resistance + minor gas diffusion
H,S contribution

LF, T, pHa/pH20 Transport processes in the electrode

MF T, pHa/pH0 Transport processes in the electrode

HF T Transport processes at the GDC/8YSZ-interface




developed.

3.3. Physicochemically meaningful TLM

Fig. 4 (a) illustrates the porous GDC electrode layer placed between
the dense, oxygen ion conducting 8YSZ electrolyte substrate and the
porous, solely electronically conducting Ni current collector layer. The
electronic and ionic transport paths are connected via the charge
transfer reactions at DPBs (GDC/pore-interfaces in the GDC-layer) and
TPBs (triple phase boundary only at the GDC/Ni-interface). Most
probably the existence of the Ni current collector layer leads to an
interdiffusion of Ni into the porous GDC layer that activates the GDC
surface, which could also explain the large impact of sulfur to the po-
larization resistance. We assume in this work that the charge transfer
reaction occurs homogenously over the entire electrode area inside the
GDC layer whereas the TPBs at the GDC/Ni-interface contribute only a
minor part. To proof this assumption an electrode thickness variation
will be performed in future work.

It has to be mentioned at this point that there are different notations
in literature for the electrochemical reactions in ceria-based fuel elec-
trodes. Generally, in the liquid electrochemistry the charge transfer
defines the transition between the electronic path and the ionic path,
where the actual electrochemical reaction takes place. In the Ni/YSZ fuel
electrode the charge transfer from electronic path (Ni) to ionic path
(YSZ) and the electrochemical reaction occur at the same spot at the
triple phase boundary. Therefore, this whole reaction is named charge
transfer. In the MIEC cathode (for instance LSCF) the electronic path and
the ionic path are in the same material. The electrochemical reaction is
defined as a surface exchange reaction on the MIEC which could be in a

lonic path

ZYSZ

8YSZ

Fig. 4. (a) Schematic drawing of the electrochemistry of the investigated cell.
The charge transfer at the DPB is colored in blue and the reaction at the TPB
between Ni, GDC and gas phase in purple. (b) The equivalent circuit model
consists of a two-channel transmission line model for the electrochemistry of
the fuel electrode (red) in series to two RQ elements and one resistor for the
description of the bulk losses related to the electrolyte (orange) and interface
(green). (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

different spot than the charge transfer at the interface between LSCF
cathode and GDC/YSZ electrolyte visible as different peaks in the
impedance/DRT spectrum [13]. In ceria-based fuel electrodes different
authors use different notations. Nielsen et al. [22] name the hydrogen
electrooxidation in the investigated metal supported cell with GDC and
Ni:GDC infiltration as the electrochemical reaction. Riegraf et al. [52]
investigated a symmetrical Ni/GDC fuel electrode cell and describe the
low frequency process as “a surface process at the GDC surface or TPB,
probably the charge transfer process”. Nenning et al. [21] describe the
electrooxidation on the GDC surface of a Ni/GDC fuel electrode as the
electrochemical reaction and surface oxygen exchange. Uecker et al.
[30] investigated a single phase GDC fuel electrode contacted with an
Au-paste. The low frequency process is named as the charge transfer at
the GDC fuel electrode. In our work we use the same notation “charge
transfer” as Uecker et al. [30] for the electrochemical reaction at the
GDC surface.

Commonly the electrochemistry of such porous electrodes is
described by a transmission line model (Fig. 4 (b), red part). The general
impedance function is given in equations (6) and (7) [9]. It includes the
charge transfer resistance z. at the material-gas interphase and the
losses occurring during ionic ry, and electronic r,; transport. L describes
the thickness of the electrode and « the ratio between charge transfer
resistance and resistances attributed to transport processes in the elec-
trode. In this case we use « instead of the often used “penetration depth”
A since a “penetration depth” is only meaningful if one of the transport
paths is neglectable.

Fot*Fion 2k 2+ L
Z1, + K- . coth| — 6
T+ Fion sinh () Tel + Tion K ©)
12
Zet
_— 7
« (rel+rion) ( )

The electronic conductivity is — compared to other MIECs such as
LSCF — minor and therefore the electronic resistance contribution ry in
the TLM is not neglectable as it is the case for the Gerischer element
[13]. The resistances per length of both transport mechanisms are given
in equations (8) and (9) whereas o; gpc is the bulk conductivity of GDC (i:
electronic or ionic), A, the active area of 1 cm?, 7¢pc the tortuosity and
egpc the volume fraction.

1 Tepc 8)

Tion ———
Oion,GDC 'Aucl €GpC

1
TGpC )

" Oul.GpCAaet €GDC

The impedance of the charge transfer reaction is represented by
equation (10). It should be noted that more complex equations consid-
ering the different elementary kinetic steps of such reactions can be
included. In this case the simple and straightforward application of an
RQ-element (resistance parallel to a constant phase element) was suffi-
cient to obtain an excellent agreement between measurements and
model.

Ter
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The gas diffusion losses are not included in the TLM since in elec-
trolyte supported cells the gas diffusion process is comparably small due
to minor electrode thickness compared to an anode supported cell (ASC)
[52,53]. With the approach by Grosselindemann et al. [53] a gas
diffusion resistance contribution of less than 6 % of the total Ry, at
700 °C and 3 % steam in hydrogen could be determined (even smaller at
lower temperatures and higher steam contents).

The losses related to the GDC/8YSZ-interface and the 8YSZ-electro-
lyte are modeled with two additional RQ-elements and a resistor
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Fig. 5. (a, b) Simulation of a variation of transport resistances whereas the charge transfer is kept constant. The first impedance (red) corresponds to the electrode at
700 °C in 97 %/03 % Hy/H,0. The variation of « leads in the Nyquist plot to an increase of the ohmic resistance and to a transformation to a Gerischer shape. In the
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Tion- The first impedance (red) corresponds to the electrode at 600 °C in 70 %/30 % Hy/HO. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)
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3.4. Simulation study for the two-channel TLM

Since the two-channel transmission line model with a non-negligible
electronic path is not common in the field of SOCs a simulation study
was performed. In the figures only the impedance/DRT of the trans-
mission line model is displayed, the additional elements for GDC/8YSZ-
interface and 8YSZ-electrolyte are not considered.

In Fig. 5 (a, b) the impact of the electronic and ionic charge transport
resistance on the impedance spectrum/DRT is shown. The charge
transfer resistance r is kept constant during all simulations to reveal the
impact of electronic and ionic transport only. It should be noted that in
the real electrode r, is strongly depending on the fuel gas composition,
as visible in Fig. 2 (a - ¢). The starting values for the individual pa-
rameters correspond to the investigated electrode at 700 °C in 97 %/03
% Hp/H0 (first impedance, red). The chosen electronic and ionic
conductivities are marked as orange/blue dots in Fig. 7 (d). They
correspond to steam contents of 3 %, 95 %, 99 % and >99 % balanced
with hydrogen. The strong increase of the electronic resistance r,; and
the slight increase of the ionic resistance ry,, (from red to yellow) result
in an increased ohmic resistance (Fig. 5 a) as it was measured in Fig. 2
(a). The shape of the spectrum is changing from a depressed semicircle
with some kink at high frequencies to a Gerischer type impedance. This
is related to the difference in x which exceeds the GDC electrode
thickness of L 5 pum in the red spectrum and is lower in the yellow
spectrum respectively (Table 3). In the DRT such change in electronic
and/or ionic conductivities mainly affects the peak LF,. With increasing
resistance an increase of the peak height and a shift to lower frequencies
is visible. The peak LF;, which according to the sensitivity analysis is
attributed to the charge transfer reactions, is decreasing slightly.

Fig. 5 (c, d) pictures a systematic variation of r,; and ry,, whereas ry
stays constant. The first spectrum in red corresponds to the electrode at

Table 3
TLM parameters of variation of transport resistances (Fig. 5 a, b).
TLM parameter model i ii iii
Tet/Q pm 0.9 0.9 0.9 0.9
Tion/mMQ pm ! (pH20) 9.6 (3 %) 12.6 (95 %) 12.6 (99 %)  12.6 (>99 %)

re/mQ pm ! (pH,0) 0.6(3%) 13.1(95%) 29.8(99%)  59.6 (>99 %)
K/pm 9.4 5.9 4.6 3.5
L/pm 5.3 5.3 5.3 5.3

600 °C in 70 %/30 % Hy/H,0. With a decrease in r; and an increase in
Tion by the same factor of 10 (Table 4) the impedance and DRT changes
(model — i). A large influence is visible in the peak LF; whereas the
impact on LF; is minor. The further decrease in r,; combined with an
appropriate increase in r;,, lead to no further changes in impedance and
DRT (j, ii, iii). The explanation can be found in the general impedance
function of the transmission line model in equation (6). If x is much
lower than L the impedance function can be simplified to equation (12).

2
rf/ + riun (12)

Tel + Tion

Tel*Vion

Tet + Tion

Zm (LK)

If one of the transport resistances (in this example r,;) is neglectable
equation (12) can be further simplified to a simple multiplication of z,
and ryy,. This simplification can be applied in the simulation in Fig. 5 (c,
d) from spectrum i to iii. The ambiguity of the transmission line model
[16] is clearly visible and will be further investigated in the following

Table 4

TLM parameters of variation of r,, and r,, (Fig. 5 ¢, d).
TLM parameter model i ii iii
Tet/Q pm 1.07 0.107 0.011 0.001
Tion/Q pm ! 0.04 0.4 4.02 40.2
re/mQ pm ! 8.6 8.6 8.6 8.6
Kx/pm 4.67 0.51 0.05 0.005
L/pm 5.3 5.3 5.3 5.3




where a parametrization of the model without any further knowledge
except of the impedance spectrum is performed.

3.5. Model parametrization by straightforward CNLS/DRT fitting

For the parameterization of equivalent circuit models, often the
model is straightforward fitted to the measured spectra. In this fitting
procedure the DRT can support an accurate fitting and ensure appro-
priate relaxation frequencies for the different processes. Starting values
are estimated from impedance spectra and DRT without considering
externally measured parameters. Fig. 6 shows that a number of different
model parameter sets (Table 5) are able to represent the measured
spectrum with an excellent accuracy. Despite of the fact that some pa-
rameters are varied significantly or were even exchanged, neither the
spectra nor the DRTs show any significant differences. Thus the deter-
mined model parameters are not physicochemically meaningful even if
they are able to reproduce the measured spectrum. This visualizes that a
direct fitting of the transmission line model is impossible as discussed for
Ni/YSZ fuel electrodes in Ref. [16].

Due to the symmetry of the TLM, an exchange of the resistance
values r,n, and r; of both transport paths does not affect the result at all.
This is shown in the first scenario. The TLM fit in green shows a good
agreement (error < 0.15 %, f 1 Hz ... 10 kHz) with the measurement
data in grey for both model parameter sets (i, i.2). The relative error
between measurement and TLM fit is calculated according to equations
(13) and (14).

Z3(0)  Z,00,()

) 2
a
(a) -0.15 — T '

N

E .01

S 005k

N

g O

1.5 1.6 1.7 1.8
Re(2) / © cm?

O measurement
= [ i.2 scenario
= = =ji /ii.2 scenario

iii scenario
=====jyv / iv.2 Scenario

102 10* 108
f/Hz

Fig. 6. Transmission line model fits and the corresponding measurement at
600 °C in 70 %/30 % Hy/H50 (grey). A direct fitting with open model pa-
rameters leads to different parameter sets (Table 5) which result in comparable
impedance/DRT. (a) shows the Nyquist-Plot and (b) the DRTs.

It is further shown that a multiplication of r,/L and a division of
Tion/Tet Dy the same factor leads to the identical impedance pictured in
red as the 2nd scenario (ii, ii.2). The impedance and the DRT show also
an excellent agreement (error < 0.15 %, f 1 Hz ... 10 kHz) with the
measurement data. This connection is valid if « is lower than L as shown
in the previous section.

Scenario iii and iv show simplified models. In iii the charge transport
resistances r,, and r,; in the TLM are neglected and set to 0. In this model
there is, apart from the high frequency processes, basically one RQ
element from the charge transfer impedance 2 left. The fitting result
shows a significant deviation in the frequency range between 50 Hz and
3 kHz as charge transport in the GDC is neglected. Considering the low
overall contribution of the charge transport, this leads to an error < 1.3
% (f 1Hz...10kHz) only. As shown in Ref. [16] a significantly better
agreement can be achieved if 2 to 3 RQ elements are used. Despite of an
excellent fit the obtained parameters are not meaningful.

In the fourth scenario (iv, iv.2) one of the transport paths is expected
to show no significant loss and therefore r;,, and r,; are alternatively set
to 0. The fitting result is much better compared to the 3rd scenario, but
show still some deviations in the peak LF5 (error < 0.3%,f 1Hz...10
kHz).

This reinforces that the application of the more complex two-channel
transmission line model is necessary combined with an independent
experimental parameterization is mandatory for a meaningful inter-
pretation of impedance spectra of the investigated GDC electrode.

3.6. Advanced model parametrization

As shown in the previous section (scenario 1 and 2), the measured
spectra can be fitted accurately with different parameter sets. This is due
to the exchangeability of ionic and electronic conduction as well as the
interaction of conduction and charge transfer enabling similar spectra
and DRTs despite of different TLM-parameters.

For a meaningful TLM-parameterization at least a part of the pa-
rameters have to be determined independently by different measure-
ment and analysis methods. As it is much more difficult to determine the
charge transfer resistance by means of appropriate model electrodes [71,
72], the effective electronic and ionic conductivity of the porous
GDC-layer considering the impact of its microstructure is determined. In
comparison to zirconia based electrolytes — exhibiting a purely ionic,
pOy-independent conductivity — the conductivity of the mixed con-
ducting ceria is pO,-dependent and furthermore composed of ionic and
electronic contributions. Thus pO»- and temperature-dependency of
ionic and electronic conductivity have to be determined for model
parameterization.

Fig. 7 includes all the steps for the determination of the conductivity
parameters used in the TLM. Fig. 7 (a) pictures a cross section of the GDC
layer applied on a MgO substrate. The measured values of the porous
GDC layer (Fig. 7 b) represent the effective conductivity. As the micro-
structure of the GDC layer on the MgO-substrate differs from that used in
the symmetrical cells, 3-D reconstructions as exemplary shown in Fig. 1
for the fuel electrode is necessary in order to determine the micro-
structural parameters. The microstructural parameters and the geometry
are given in Table 1. After correcting the measured data with the
microstructural parameters (equation (15)), the bulk conductivity is
received which is in good agreement with literature data.
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Fig. 7 (c) pictures the comparison of the different data sets (literature
data extracted by software OriginLab) at 700 °C. The measured bulk
conductivity is colored in blue. Additionally, a technically relevant
operation window between 1 % and 99 % steam in hydrogen is marked
between two orange dotted lines.

For separation of the ionic and electronic conductivity an approach
published by Wang et al. [69] is used. This approach uses the relation
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Fig. 7. (a) Cross section of a porous GDC layer applied on a MgO substrate. (b) Setup of the conductivity measurement. The current input consists of a sintered Pt-
electrode (1050 °C) and a 0.2 mm Pt-wire. The voltage is measured between Pt-electrodes. (c) Comparison of measured bulk conductivity (blue) with literature data
[69,70]. (d) Measured conductivity (green), modeled bulk conductivity (black), calculated ionic (red) and electronic (blue) conductivity over pOy/pH20. The
technically relevant operation window from 1 % steam to 99 % steam in hydrogen is marked between two orange dotted lines. Blue/orange dots represent the
electronic/ionic conductivity values used for the simulation study in Fig. 5 (a, b). (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

Table 5

TLM parameter of every scenario of Fig. 6.
TLM parameter i i2 ii ii.2 iii iv iv.2
Tee/Q pm 1.04 1.04 2.08 2.08 1.6 0.98 0.98
Tion/mMQ pm ! 45 15.8 22.5 7.9 0 0 26.0
re/mQ pm ! 15.8 45 7.9 22.5 0 26.0 0
K/pm 4.1 4.1 8.3 8.3 - 6.1 6.1
L/pm 5.3 5.3 10.6 10.6 7.4 4.75 4.75

between the non-stoichiometry/oxygen vacancies [V§°*] and the con-
ductivity o (eq. (16)) in order to separate the electronic and ionic con-
ductivity from the total conductivity. Further information can be found
in Ref. [69].

Cion  2+€ iy [Vg’} (16)

The non-stoichiometry data which is used in this work origins from a
10 mol.% gadolinia doped ceria sample [73], because in literature no
data for GDC20 in the investigated temperature range is available. This
needs to be considered for the further investigations since it could have
an impact on the conductivity parameters used in the model.

Fig. 7 (d) shows the measured bulk conductivity in green and the
fitted total conductivity in black as well as the ionic (red) and electronic
conductivity (blue) calculated by the approach of Wang [69]. In

reducing atmosphere, the ionic conductivity increases only slightly
whereas the electronic conductivity rises strongly. The orange and blue
dots represent conductivity values which are used in the simulation
study in Fig. 5 (a, b).

3.7. Model fit

The TLM fit including the advanced parametrization shows an
excellent agreement between model fit (green) and measurement data
(grey circles) exemplary shown for the highest and the lowest investi-
gated pH2O at 600 °C in Fig. 8. (a, d) shows the Nyquist plot and (b, e)
the DRT.

The relative error of imaginary and real part is pictured in (c, f)
which is in both cases in the range of < &+ 1 % in the investigated fre-
quency range from 100 mHz to 300 kHz. The excellent agreement be-
tween measurement and parameterized TLM is a basis for further cell
understanding and can also be used for cell development.

For verifying the extracted charge transfer resistance, it is compared
to literature values. To our knowledge no physicochemical analysis with
a transmission line model is done for the investigated kind of GDC cell.
Nenning et al. [21] fitted in a Ni/GDC fuel electrode applied in an
electrolyte supported cell a resistance for the electrochemical reaction of
70 pQ cm® at 650 °C. Since the given value is related to the volume we
converted the resistance to compare the value with our results. With
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0.87 Q pm it is about 60 % higher than the value extracted from our GDC
fuel electrode (0.54 Q pm) operated in a similar atmosphere (70 %/30 %
Ho/H20). There could be plenty of reasons like a higher GDC surface
area, which is in our GDC electrode twice the area (10.7 pm? pm™3)
compared to Ref. [21]. The performance improvement between a
Ni/GDC electrode and our GDC fuel electrode is shown in a recent
publication [28]. Compared to the two fuel electrodes investigated by
Nielsen et al. [22] our electrode is in the range of the MSC infiltrated
with Ni:GDC, but has a higher performance than the GDC infiltrated cell
at 650 °C in 97 %/3 % Hy/H20 with 1.50 Q pm. The improvement in
performance of ceria-based fuel electrodes by infiltration of Ni nano-
particles is well known and shown in different publications [28,29,54,
74].

4. Conclusions

In this study we developed and parametrized a physicochemically
meaningful transmission line model for a single phase GDC fuel elec-
trode with a single phase Ni-contact layer. We showed that for imped-
ance modeling, DRT-analysis and subsequent CLNS-fitting are
insufficient to achieve a physicochemically meaningful TLM-
parameterization. The mathematical structure of the transmission line
impedance equation enables a proper reproduction of measured spectra
despite of strongly differing model parameter sets. For a correct
parameterization at least a few parameters of the model have to be
determined in advance. Methods like 4-point dc measurements and

focused ion beam-tomography were performed in order to obtain the
conductivity of the GDC-phase and microstructural parameters like
tortuosity and volume fractions. The pre-parametrized transmission line
model was fitted to measured spectra, enabling access to further mate-
rial specific parameters as the charge transfer resistance at the GDC-
surface.

The parameterized model shows an excellent agreement with
measured impedance spectra in a wide range of operating conditions. It
can be applied in model based cell development and enables the analysis
of performance and durability of full cells with ceria based anodes.

The application of the TLM-approach to Ni/GDC cermet electrodes is
in general possible but two challenges have to be considered. The charge
transfer is no longer limited to the GDC surface (double phase boundary)
but the impact of the TPB’s has to be considered. Furthermore, in case of
a continuous Ni-matrix, the electronic path in the layer can be assumed
to be short circuited (on; > 6gpc). Due to the electronic conduction in
the ceria phase a continuous Ni-matrix is not essential for Ni/GDC
cermet electrodes. If the Ni-matrix is locally interrupted due to the
electrode manufacturing process or Ni-agglomeration, the effective
electronic conductivity cannot be determined as done in our approach
and it will be much more challenging to obtain electronic and ionic
conductivity of the electrode layer. For the application in different, more
advanced cell concepts as fuel electrode or metal supported cells, there is
the need to add an additional Warburg element describing the gas
diffusion in the substrate.
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