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Ceria containing electrodes offer several advantages compared to state-of-the art nickel-yttria-stabilized
zirconia (Ni-YSZ) cermets, such as higher ionic and electronic conductivities, and a high activity for
oxygen exchange reactions on the oxide surface. They may also solve current issues like long-term
degradation due to microstructural changes and carbon deposition, especially when they are used in dry
hydrocarbon fuel, or CO, electrolysis mode. For application, compatibility with existing powder-based
fabrication methods is of high technological interest. These are the main reasons why ceria containing
fuel electrodes can significantly improve cell performance, thus being especially interesting for
intermediate temperature and metal-supported cells. In almost all studies so far, the relatively low
electron conductivity of ceria-based materials was compensated by addition of a percolating Ni metal
phase. Here, we show that anodes with a single phase gadolinia doped ceria (GDC) functional layer
perform even better than cermets. The drawback of lower electronic conductivity results in an increased
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ohmic resistance, which is minimized by a thin functional layer and a current collecting layer on top. By
temperature, thickness and atmosphere variations, we can divide the polarization resistance of the GDC
DOI: 10.1039/d1ma00202¢ anode into an ohmic, electrochemical and gas diffusion contribution. At 800 °C, the electrode arc

diameter shrinks to extremely low ~0.012 Q cm? even at low H, and H,O pressures and with a
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Introduction

In solid oxide fuel cell (SOFC) technology, morphological
degradation, coking and moderate kinetics are known issues
of state of the art Ni-YSZ cermet anodes.' Mixed ionic and
electronic conductors are a promising alternative materials
class for application in SOFC anodes, due to the increased
number of electrochemically active sites and enhanced coking
resistance. Perovskite-type materials as well as ceria-based
electrodes deliver very promising results in terms of power
density*™® and stability.”® In most studies, a major difference
between ceria and perovskite-type anodes is that perovskite-type
materials are often used in a single phase functional layer,” ™
while ceria-based anodes are usually used as a cermet with Ni to
compensate the relatively low electronic conductivity.>**™"
Noteworthy, in reducing conditions the electronic conduc-
tivity of many perovskites, such as SrTi, sFep ;0558 is quite
similar to that of Gd-doped ceria (GDC).">>' By studying
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significant contribution of gas phase diffusion kinetics.

literature, it appears that most authors decide to use cermets
or work with single phase mixed conductors based on the
“classical” use of these materials. Perovskite-type anodes are
usually based on the fabrication principles of perovskite-type
cathodes, such as (La,Sr)(Co,Fe)O;_ s or (La,Sr)MnOs, which
exhibit rather high electron conductivity in air (>100 S cm ™)
and are therefore used as single phase materials. In contrast,
ceria containing anodes are usually an adaption of the classical
Ni-YSZ cermets, in which YSZ is replaced by GDC or Sm-doped
Ce0, (SDC).

In this paper, we focus on electrochemical impedance test-
ing and electrochemical modelling of single-phase porous GDC
anodes. The 3D porous GDC electrodes were fabricated simi-
larly to Ni-GDC cermets used in earlier studies.’> Those were
used in metal-supported SOFCs allowing an exceptionally high
power density of 1.2 W cm™ > at 0.9 V and 700 °C.>* Although the
Ni-GDC anodes proved to be excellent in terms of kinetics,
redox cycling stability,® and stable operation for 1000 hours,*?
their morphological stability for long-term (>10000 hours)
operation is still an issue, especially when aiming at an
application as solid oxide electrolysis cell (SOEC) cathode.
There, in contrast to Ni-YSZ cermets where only depletion or
agglomeration of nickel is the main issue,> > both Ni and
GDC are mobile during operation of Ni-GDC cermets, especially

© 2021 The Author(s). Published by the Royal Society of Chemistry
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in high humidity conditions,*®*” due to a strong metal support
interaction (SMSI). These effects are not expected in electrodes
with Ni free functional layers.

The major disadvantage of a pure GDC anode active layer lies
in its moderate electronic conductivity. Here, we predict the
impact of reduced electron conductivity on the anode ASR of
ceria based fuel electrodes by circuit modelling and impedance
measurements in varying H,:H,O gas mixing ratios. When the
GDC functional layer is sufficiently thin (3 pm thickness), and has
a current collecting layer on top, this adverse effect is minimized.
Moreover, a thin GDC functional layer also minimizes potentially
detrimental effects due to the relatively high chemical expansion
coefficient of the material,>*™ since the occurring mechanical
forces decrease with reduced film thickness.

When looking at the basic electrochemical properties of
GDC, a single-phase functional layer has several advantages
over Ni-GDC cermets, which are specifically:

(1) Larger specific electrochemically active GDC surface area.

(2) Higher effective ionic conductivity.

(3) Improved ionic contact between electrode and electrolyte.

(4) Enhanced coking resistance.

(5) Minimized morphological degradation.

(6) Excellent redox cycling stability.

There, points 1-3 are direct consequences of the higher
volume fraction of GDC in the porous electrode, whereas the
coking resistance is due to the adsorption properties of C1
species on ceria. In contrast to Ni, carbon preferentially adsorbs
in form of carbonates,*" which leads to slow graphite growth
kinetics, and enables dry CO, electrolysis with outlet CO frac-
tions exceeding the Boudouard equilibrium.*” Morphological
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degradation of SOFC/SOEC fuel electrodes happens primarily
due to de-wetting of nickel and strong metal support inter-
action, especially in electrolysis mode.?*** Therefore, degrada-
tion due to microstructure evolution - including redox cycling
damage - can be very efficiently minimized when Ni is not
present in the active layer. Despite these promising properties,
experimental data on anodes with pure GDC active layers is
scarce. One study of sol-gel derived nano-porous anodes shows
promising results,>® whereas anodes with micrometre sized
GDC particles exhibited much higher polarization resis-
tance.>® In this paper, we show that also powder-based anodes
with pure GDC functional layers exhibit excellent kinetics, and
present a new easy to apply methodology to experimentally
quantify the contributions of electron conduction, electroche-
mical reactions and gas diffusion kinetics to the overall polari-
zation resistance.

Impedance simulation of porous GDC-
based anodes

Physically justified models of the impedance of porous SOFC/
SOEC electrodes are based on a transmission line equivalent
circuit. This circuit contains elements representing resistances
for electronic and ionic conduction, electrochemical reactions
and ion transfer through the electrode electrolyte interface. If
the electrode contains a mixed conducting material, a chemical
capacitance (Ccpem) in parallel to the electrochemical reaction
resistance is added, which is the case for GDC-based fuel
electrodes. This circuit model was first described by Adler
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(a) Sketch of electrochemical reactions and charge transport in pure GDC and Ni-GDC cermet anodes (CCL = current collection layer).

(b) Equivalent circuit for impedance simulation, adapted from ref. 15. (c) Simulated impedance spectra at 600 °C with parameter values taken from
Table 1. (d) Plot of ASR vs. active layer thickness for Ni-GDC cermet and pure GDC anodes.
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et al. for SOFC cathodes,*® but is also applicable for Ni-YSZ and
Ni-GDC anodes'®?”*° and other porous composite electro-
des.>**™*> Here, we take the impedance model for a mixed
conducting SOFC anode with finite electron and ion conduc-
tivity, which we presented previously,">** and apply it to
compare Ni-GDC cermet anodes with single phase GDC anodes.
In both cases, the GDC surface is the active site for H, oxidation
or water splitting.">****> The main difference between pure
GDC and cermets lies in the effective electron conduction
mechanism. In cermets, long-range electron transport primar-
ily happens in the highly conductive Ni particle network, so
they have a high effective electron conductivity. In pure GDC
functional layers, the much longer electron transport path
within the GDC phase may cause a significant contribution to
the ASR. This is sketched in Fig. 1a. For impedance modelling,
several microstructural parameters are needed such as specific
surface area, tortuosity, volume fractions (GDC, Ni, pore), as
well as materials parameters for specific electron and ion
conductivity, and surface-specific oxygen exchange resistance.
The mathematical derivation of the impedance function for
these parameters is given in ref. 15. Numerical values of the
microstructural parameters for the simulation are summarized
in Table 1. With these, we simulate the impedance spectra of a
15 pm thick Ni-GDC cermet and pure GDC electrodes with
different functional layer thicknesses. For the Ni phase, the
tortuosity factor is unknown, but for any reasonable value
below 30 and &y; ~ 0.3, the electron conduction resistance is
negligible.*’

The results of impedance modelling are summarized in
Fig. 1. The circuit model from Fig. 1b was used for impedance
simulation, with parameters taken from Table 1. In Fig. 1c,
impedance spectra for pure GDC and Ni-GDC cermet anodes
are plotted. Clearly visible, the electrode arc for pure GDC
anodes is much smaller than for Ni-GDC cermet. This is due
to the higher specific GDC surface area, on which the H,
oxidation reaction happens, and higher effective ionic conduc-
tivity due to higher GDC volume fraction and lower tortuosity in
a single phase anode. The increased resistance due to electron
conduction is visible as the high frequency real axis intercept,
which grows with electrode thickness. The effect of thickness
on the electrode area specific resistance (ASR) is plotted in
Fig. 1d. Due to its high electron conductivity, the ASR of a Ni-
GDC cermet decreases monotonically with thickness. In
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contrast, the pure GDC anode exhibits a minimum at 7.5 um,
due to the electron conduction resistance, which increases
linearly with the GDC layer thickness (see ohmic ASR in
Fig. 1d). An important outcome of this impedance simulation
is that the size of the electrode arc is slightly smaller than the
true ASR of the anode. Experimentally, determination of the
ohmic ASR of the anode is not trivial, because it overlaps with
the electrolyte resistance in measured impedance spectra. We
will determine its value by variation of the GDC electron
conductivity in different gas mixtures. The effects of gas diffu-
sion and the resistance associated to ion transfer through the
GDC-YSZ interface (R, and CPE;,) depend strongly on proces-
sing details and measurement conditions. Therefore, we
omitted these in the simulation. From experimental Ni-GDC
anode impedance studies,'> however, we expect at least some
contribution from these processes in real electrodes.

Experimental
Symmetric cell fabrication

Symmetrical, electrolyte-supported cells based on 150 um thick
8YSZ-electrolyte sheets (11 x 11 x 0.15 mm, Kerafol GmbH,
Germany) were fabricated as follows:

A paste was prepared by mixing GDC powder with a dso of
270 nm (10 mol% Gd, manufacturer: Treibacher AG, Austria) in
a 1:1 weight ratio with ink vehicle (FuelCellMaterials, USA). For
homogenisation and de-agglomeration of GDC, the paste was
treated for 15 minutes in a planetary ball mill (Pulverisette,
Fritsch, Germany) using zirconia beakers and beads.

On four electrolytes, 14 um thick GDC layers were brushed
on both sides of the polycrystalline 8YSZ-electrolyte sheets. On
three electrolytes, 3 pm thick GDC paste layers were spin-coated
at 6000 rpm for 60 seconds. After a 5 minutes drying step at
120 °C, a current collection layer consisting of Pt-GDC cermet
and finally a layer of Pt paste were brushed onto the pure GDC
functional layer with a drying step in between.

In order to test the catalytic activity of the Pt-GDC|Pt current
collecting layers, three cells with electrodes consisting just of
the Pt-GDC|Pt current collection layers were fabricated as well.

After application of the electrode layers, the symmetrical
cells were sintered at 1150 °C in air for 3 h.

In order to optimize the GDC-YSZ interface on one cell, an
additional dense GDC layer was deposited on the 8YSZ

Table1l Parameters used forimpedance simulation of pure GDC and Ni-GDC cermet anodes at 600 °C in an atmosphere of 35 mbar H, + 25 mbar H,O

Parameter Value, pure GDC

Value, Ni-GDC cermet

Ref.

0.015 S cm™*
0.022 S cm™* (GDC)

GDC phase ion conductivity
GDC/Ni phase electron conductivity

GDC phase volume fraction, egpc 0.6

GDC phase tortuosity, Tgpc 1.5

Effective ion conductivity 0.006 S cm™*
Effective electron conductivity 0.009 S cm™!
Effective reaction resistance 5x 107° Q cem?
Specific GDC surface area 10 um? pm~3
Interfacial resistance Rjn 0 Q cm*
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0.015 S cm™*
40000 S cm ™" (Ni)
0.3

2.7

0.0017 S cm ™"

>1000 S cm ™"

107* Q cm?
5 pmz um’3
0 Q cm*

Dense polycrystal’

Dense polycrystal®

Porosity estimate from SEM cross-sections
Typical values from literature

0i,bulkEGDC

TGDC
Oe,bulk€ec

Tieff =

Oeeff =

Ref. 15
Ref. 15
Assumption for simulation

Tec
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substrates by pulsed laser deposition (PLD) prior to application
of the electrode paste. This was done to improve the quality of
the interface and to increase the adherence of the porous
electrode on the YSZ electrolyte substrate. The target used for
ablation was made of the same powder as the electrodes by
cold-isostatic pressing and sintering. PLD deposition condi-
tions were: 600 °C substrate temperature, laser energy 100 mJ
per pulse (on the target), substrate target distance 7 cm, 5 Hz
laser frequency and 30 minutes deposition time. The resulting
layers were about 450 nm thick (see electron microscopy images
below).

Impedance spectroscopy and equivalent circuit fitting

Impedance measurements were carried out in a single chamber
setup consisting of fused silica, which allows simultaneous
characterisation of four symmetrical model cells by using an
electronic multiplexer. This setup was homogeneously heated
in a foldable tube furnace (Carbolite-Gero, Germany). The
chamber and cell holders consist entirely of fused silica, Pt
wires and Ni foam for electrode contacting, as shown in Fig. 2.
In order to minimise the gas diffusion impedance, several
optimisations were made: a highly porous Ni foam (95% open
porosity, 1.5-2 mm thickness) was used for contacting of
electrodes. To maximize the diffusion coefficient of H, and
H,O molecules in the gas phase, the electrochemical tests were
carried out at a reduced total pressure of ca. 60 mbar (25 mbar
H,O0 plus 35 mbar H,). Please note that since the feed gas line
was kept at room temperature, the humidification level could
not exceed the water vapour pressure of 25 mbar. The pressure
was regulated by continuously pumping the chamber at an inlet
flow rate of 10-20 sccm. As recently reported in more detail,
these measures allow significant reduction of the gas diffusion

(@)

H, +H,0
Pt sheet 0.1 mm

Ni foam 1.5 mm

Symmetrical
anode cell

R 7-coce

alyzer

ey |

Fig. 2 (a) Sketch of mounting and contacting of a symmetrical GDC
anode cell with porous Pt current collecting layer. (b) Photograph of the
cell measurement assembly. Four symmetrical model cells are mounted in
the single chamber impedance test rig and measured in one run by a
multiplexed measurement.
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resistance. Binary gas diffusion within the Ni contacting foams
and stagnant gas layer plays the most important role, and
Knudsen diffusion within the small pores of the anode func-
tional layer is less important, due to the thin, highly porous
functional layer."

Impedance spectra were measured in 4-wire mode with a
phase sensitive multimeter PSM 1753 with IAI interface (both:
Newton’s Fourth Ltd, UK) in a frequency range of 10°-0.1 Hz
and with an AC voltage of 20 mV root-mean-square (RMS). The
experimental temperature range was 500-800 °C. The spectra
were fitted with the software Zview.

Experimental results and discussion

Microstructural characterization

Fractured cross-sections of cells after electrochemical testing
were investigated by scanning electron microscopy (SEM) ima-
ging in secondary electron contrast mode, shown in Fig. 3. The
electrodes exhibit homogeneous, isotropic microstructure with
relatively uniform particle size of 200-300 nm, which is in
line with the manufacturer’s (Treibacher) statement of
dso = 270 nm. Therefore, no significant coarsening happened

Pt-GDC

functional
layer
GDC PLD
layer

Fig. 3 SEM images of fractured cross-sections of different GDC-based
electrodes after electrochemical measurements. (a) Brushed GDC layer
with 14 pm thickness — the Pt current collector delaminated during
fracturing. (b) Spin-coated, 3 pm thick GDC layer with Pt-GDC|Pt current
collector. (c) Spin-coated GDC layer with PLD-grown GDC film at the
electrode/electrolyte interface and Pt-GDC|Pt current collector on top.
(d) Magnification of the functional layer in (c).
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during sintering. For the spin-coated layers, a uniform thickness
of 3 pm is achieved - see Fig. 3b - and the adhesion of the Pt
current collector is good, due to the three-layer GDC|PtGDC|Pt
architecture. In Fig. 3c, the 450 nm thick dense PLD layer between
YSZ and electrode is visible. Also visible in the pictures, the
mechanical stress during cleaving of the cells partly delaminated
the current collecting layers (Fig. 3c), or introduced cracks in the
electrolyte (Fig. 3c). These defects were not present before sample
cleaving.

Overall, the microstructure exhibits a large GDC surface area
and a reasonable compromise between porosity, GDC volume
fraction, and tortuosity in order to achieve both high electro-
catalytic activity and high effective ion conductivity. This shows
that the sintering temperature of 1150 °C is well suited. Higher
sintering temperatures lead to loss of surface area and porosity,
whereas lower sintering temperature weakens the mechanical
stability and connectivity of GDC particles.

Temperature dependence of the electrode arc

Impedance spectra of GDC anodes at 600 and 800 °C are plotted
in Fig. 4a and b. For better comparability, the ohmic resistance
was subtracted. In contrast to the simulations, in which the (ASR)
of ion transfer across the GDC-YSZ interface was neglected to
demonstrate the effect of the electron transport in the GDC pase,
the measured impedance spectra appear rather simple and most
spectra exhibit only one slightly asymmetric arc. This difference is

(a) - ' ' - ’
| [©~14 um GDC |
BB | iy 600°C
37&\ 0.05 - *3 ym GDC + PLD layer ]
Soodt 113Hz 180 Hz 1
5003} po@ S0 ]
: (585800 "o
£002}  p 285 Hz Q 1
0.01 g ]
A x :
0® : ‘ _— :
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Fig. 4 (a) Impedance spectra of different GDC anodes at (a) 600 °C and
(b) 800 °C. The high frequency offset was subtracted from all spectra for
the sake of easier comparability.
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most likely caused by a large resistive interfacial contribution of
the real electrodes, as we will discuss in more detail in the
following. Consequently, our discussion will focus on the elec-
trode arc diameter and summit frequency. Equivalent circuit
fitting results and distribution of relaxation times (DRT) analysis
are given in the ESIt and support the interpretation of the results
presented in the main text.

At 600 °C, the arc diameter is slightly below 0.1 Q ¢cm® and
therefore similar to that expected from impedance modelling in
Fig. 1 and decreases to ~0.015 Q cm” at 800 °C. The lower
summit frequency at higher temperatures indicates that the
main contribution to the ASR switches to a process with slower
characteristic time scale. This slower process is most likely gas
diffusion, as shown in the following.

In order to relate the size of the electrode arc measured here
to other studies found in literature, the temperature dependent
ASR of the GDC anodes is plotted in Fig. 5a, and compared with
a selection of other anodes with various materials that are
found in literature. For our comparison, we only considered
highest performing anodes with very low polarization resistance
that were used in cells that deliver current densities >2 A cm ™2
at 0.7 V. The value for Ni-YSZ*® anodes was taken from the high
performance anode supported SOFCs from FZ Jiilich. The Ni-
GDC'"® cermets contain the same GDC powder as our single
phase anodes, and were used in metal-supported SOFCs with high
power densities.”>*” The perovskite-type Stqo5(TigsFeo63Nio.07)
0;_;"® anodes form metallic Ni-Fe alloy exsolutions, and are used
in cells supported on Lay Sty ,Gag sMgo 2035 (LSGM) electrolytes.
Furthermore, two examples of nanostructured anodes for
intermediate-temperature SOFCs are given: infiltrated Ni-LSGM*?
cermets used in anode supported cells with LSGM electrolyte, and
sol-gel derived nano-GDC anodes with Pt current collector*® on
symmetrical model cells. These studies were selected because they
represent the lowest reported polarisation resistance values so far
for different materials combinations that are known to the authors.

Clearly visible, the anodes reported here have a lower
polarization resistance than the powder-based Ni-YSZ, Ni-
GDC and STFN anodes. Only infiltrated Ni-LSGM and nanos-
tructured sol-gel derived GDC films exhibit even lower
polarization resistances. However, LSGM and Nickel are known
to react at high temperature, and sol-gel derived nanoporous
electrodes that were calcined at only 800 °C** most likely
exhibit lower morphological stability than the GDC electrodes
used in this study that were sintered at 1150 °C.

The true ASR of the anodes presented in this study is,
however, larger than the measured electrode arc diameter,
due to an ohmic contribution to the electrode ASR, as shown
in the simulations. The shaded area in Fig. 5a represents the
estimated true ASR, including the additional ohmic offset.

The effect of temperature on the electrode arc diameter
(ASR,,) of different GDC based electrodes is plotted in Fig. 5b.
The ASR follows an Arrhenius-like behaviour up to ca. 700 °C, and
the slopes flatten at higher temperatures. This flattening is most
likely due to an increasing importance of gas diffusion, which also
explains the unusual decrease of the summit frequency at higher
temperatures observed in Fig. 4. The flattening of the Arrhenius

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) Arrhenius plot of the polarization resistance of different anodes

used in high power density SOFCs, compared to the GDC anodes of this
study (black circles). The shaded blue area gives an estimate of the true ASR of
the GDC anodes, including the ohmic contribution. Data sources were:
Ni-GDC: ref. 15 (used in metal supported cells with sputtered YSZ electrolyte);
perovskite (STFN = SrposTige3Nip0703_¢): ref. 48 (used in electrolyte sup-
ported cell with LSGM electrolyte), Ni-YSZ, Julich ASC: ref. 46 (anode
supported cell with thin YSZ electrolyte); LSGM-Ni, infiltrated: ref. 42 (anode
supported cell with LSGM electrolyte); GDC, sol-gel: ref. 34 (no cell data
available). (b) Comparison of single phase GDC compared to Ni-GDC cermet
anodes, and the GDC-YSZ interface resistance in Ni-GDC cermets. The solid
lines in the Arrhenius plots represent the fit by egn (1).

slopes was treated by fitting the data to a model in which the
electrode arc diameter (ASR,,) has a thermally activated electro-

chemical and a temperature independent contribution from gas
diffusion (Rgi), expressed by eqn (1).

&)
ASR . = Roe\kT/) + Rygisr. (1)

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Therein, R, is the pre-exponential factor, E, and the activation
energy. Fitting results are plotted as solid lines in Fig. 5b, and fit
values are given in Table 2. The fitted gas diffusion resistance is in
the order of 0.01 Q cm?, as expected from gas diffusion modelling
of the testing setup.'® The slightly higher gas diffusion resistance
for the 14 um thick GDC anode probably originates from its
higher thickness. This electrode also exhibits a second, relatively
temperature insensitive impedance arc at temperatures between
650 and 750 °C, or in gas mixtures with high or low H, partial
pressures, see Fig. S1-S3 (ESIt). The size of this low-frequency
impedance arc (0.011 + 0.0015 Q cm?, see ESI%) is in excellent
agreement with Ry in Table 2. Noteworthy, the value of R
depends also strongly on the measurement geometry and atmo-
sphere. The high porosity (90-95%) of the nickel foam used for
contacting, the small cell area (1.2 cm®), and a H,: H,O mixing
ratio close to 1:1 help to optimize this parameter.

For comparison, also the polarization resistance of similarly
prepared Ni-GDC cermets, taken from ref. 15 is plotted. For
these, it was possible to determine the ASR of ion transfer
across the YSZ|Ni-GDC interface (data row Ni-GDC, Ry, by
equivalent circuit fitting. The polarization resistance of
PtGDC|Pt cermet electrodes was also measured (Fig. S4, ESIT),
and is very large (ca. 30 Q ecm”® at 600 °C). The very high
polarization resistance of the Pt-GDC cermet proofs that a
possible catalytic effect of the Pt current collector is definitely
not responsible for the low polarization resistance of the pure
GDC electrodes.

Interestingly, the activation energy of the pure GDC electro-
des, especially without the PLD interlayer, is significantly
higher than that of Ni-GDC cermets (0.95-1.1 vs. 0.7 eV, see
Table 2). Surprisingly, the addition of a PLD-grown GDC layer at
the electrode/electrolyte interface lowers the activation energy,
but has even a slightly detrimental effect on the total ASR.
Moreover, the activation energy of the ASR of electrodes without
dense interlayer matches that of ion transfer across the
GDC-YSZ interface observed on Ni-GDC cermet anodes,"” visi-
ble in Fig. 5b. This indicates that a significant part of the total
ASR is likely caused by ion conduction through the interface
(Rint in the circuit in Fig. 1b). The fact that the total ASR of pure
GDC anodes is even lower than the GDC-YSZ interface feature
in Ni-GDC cermets is reasonable, due to the higher density of
GDC-YSZ sintering necks. With this in mind, we can compare
the arc diameter of the 3 and 14 pm thick anodes. Interestingly,
these diameters are almost identical, although the impedance
modelling shown in Fig. 1 predicts a smaller arc for the
thicker anode.

Table 2 Fitting result of the temperature dependence of the electrode
arc feature, according to egn (1)

Electrode type Ry (Qcm?)  E, (eV) Rair (Q cm?)
GDC 14 pm|PtGDC|Pt 2 x 1078 1.11 0.012

GDC 3 um|PtGDC|Pt 2.7 x 1077 0.94 0.007
GDC(PLD)|GDC 3 um|PtGDC|Pt 1.8 x 10°° 0.8 0.010
Ni-GDC 2.3 x107°  0.74 0.014
Ni-GDC, Rip¢ 9.3 x 1077 0.93 n/a
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This behaviour leads to the conclusion that the electroche-
mically active zone of the GDC anode is even thinner than
predicted from numerical modelling, and most likely less than
3 um. This, in turn, suggests that the surface-specific electro-
chemical activity of GDC close to the interface is significantly
higher than expected from model studies on thin films. Possi-
bly, the solid solution of YSZ and GDC forming by inter-
diffusion of the cations at the interface upon sintering has a
strongly promoting effect on electro-catalytic activity. It has
already been reported that co-doping of GDC with Zr increases
its reducibility leading to an enhanced Ce®" concentration in
the material.**>" The question how far an increased Ce**
concentration is beneficial for the electro-catalytic activity of
the inter-diffusion region of a porous GDC electrode on a YSZ
electrolyte is, however, not unambiguously clarified yet.

The significant contribution of an electrode/electrolyte inter-
face and gas diffusion resistance is also the reason why we did
not straightforwardly fit the impedance results with the circuit
from Fig. 1b. Due to the poor separation of the transmission
line feature from the interfacial arc, it was not possible to
obtain a uniquely converging fit with many free parameters.

The ohmic anode resistance revealed by atmosphere variation

Despite the excellent redox kinetics expressed by the small
electrode arc diameter, the impedance modelling shows that
such results may be misleading because the ohmic resistance,
which is usually caused by the electrolyte alone, is to a
noteworthy part also caused by an electron transport limitation
within the electrode. As a consequence, the ohmic offset scales
with the electron conductivity and thickness of the GDC phase,
which can be tuned by varying the H,:H,O mixing ratio.
Impedance spectra were recorded at H, partial pressures
between 5 and 900 mbar, while keeping the H,O partial
pressure constant at 25 mbar. Thereby, the equivalent p(O,)
was varied by 5 orders of magnitude. Impedance spectra
recorded at different p(H,) are plotted in Fig. 6a. Clearly visible,
the ohmic high frequency offset resistance (denoted R;)
decreases with increasing p(H,), as predicted by the simulation
results (c¢f Fig. 1c). When the H,:H,O mixing ratio strongly
deviates from unity, the gas diffusion resistance increases
strongly.”” When the H, partial pressure is high, the H,O
diffusion coefficient decreases due to gas phase collisions,
whereas at low p(H,) the diffusion resistance increases due to
a lack of H, molecules. Due to this, the electrode arcs at 5 and
960 mbar H, exhibit two features at >100 Hz (electrode
polarization) and one at 9 Hz (gas diffusion). Qualitatively,
the high frequency electrode arc appears to shrink with increas-
ing H, partial pressure — as expected for an electrode process.
However, the weak separation of the features does not allow a
trustworthy equivalent circuit fit that can precisely quantify the
individual gas diffusion and electrode kinetic resistances.
Therefore, our quantitative discussion will focus on the effect
of finite electron conductivity on the ohmic offset resistance. In
the high frequency limit, all capacitors in the circuit model in
Fig. 1b can be approximated as short circuits. Therefore, the
ohmic offset resistance corresponds to a parallel connection of
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electron and ion conduction resistance. Hence, the difference
of true electrolyte resistance (Rysz) and measured high fre-
quency offset (R,) is inversely proportional to the total con-
ductivity of the GDC layer. In good approximation, at 600 °C the
ion conductivity of GDC is independent of p(O,), whereas
the electron conductivity scales with p(0,)”2°.**' Therefore,
the area specific ohmic resistance of the electrode (R; — Rysz) is
expressed as

d

Ry — Rysz = T
Tiett + 09, :(02) 02

(2)

where 0.4 is the effective ionic conductivity of the GDC
phase (see Table 1), o¢ . the effective electron conductivity at
p(0,) = 1 bar, and d the electrode thickness. With this model we
can fit the dependence of the offset resistance on p(O,), as
exemplified for electrodes with 14 pm and 3 pm thick GDC
layers, shown in Fig. 6b. For the 14 pm thick functional layer,
the thereby estimated effective ion conductivity is 0.002 S cm ™,
which is in acceptable agreement with the expected value of
0.006 S cm ™" (see Table 1).

In summary, this analysis of the p(H,) dependence points
out that at typical SOFC operating conditions with 50% humi-
dification, about half of the ASR of a single-phase mixed
conducting ceria anode is “hidden” in the ohmic offset due
to its moderate electron conductivity. This offset increases with
thickness, so a very thin active layer represents the optimum,
although the electrode arc diameter is almost independent of

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 (a) Impedance spectra of symmetrical cells with 3 and 14 um GDC

layer thickness tested at 600 °C in 7% CO in CO, atmosphere. (b) Arrhenius
plot of the ASR.

the active layer thickness. Compared to Ni-GDC cermet electro-
des that were used in high performance metal supported
cells,?* we find that the total ASR of pure GDC fuel electrodes
is about 2-3 times lower, even when the additional high
frequency ohmic effect is considered as well.

At 600 °C in 35 mbar H, + 25 mbar H,O, the 3 um thick GDC
anode has a total polarization resistance of 0.205 Q cm?. This
value can be divided into an arc diameter of 0.085 Q cm?, of
which 0.007 Q ecm? are due to gas diffusion kinetics, and a
“hidden” ohmic ASR of 0.12 Q cm” which is only revealed by
the p(O,) dependence of R;.

The p(O,) dependence of the ohmic ASR identifies our novel
single-phase GDC fuel electrode as a highly promising option
especially for SOECs, in which the electronic conductivity
increases upon cathodic polarization.

Increase of electrochemically active thickness in CO/CO,
mixtures

Another advantage of a pure GDC functional layer in the fuel
electrode is its intrinsically high coking resistance.*” This is
further facilitated by the absence of nickel that catalyses the
deposition of carbon, which makes GDC a promising materials
candidate for use with dry hydrocarbons or for CO, electrolysis.
To test the performance of our GDC based electrodes in a
carbon-containing atmosphere, electrochemical characteriza-
tion was carried out in CO/CO, mixtures with 7% CO fraction.
The obtained impedance results are plotted in Fig. 7. Clearly
observable, the ASR is significantly larger than in H,/H,O
atmospheres. In contrast to the measurements in H, + H,O
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mixtures, the cell with thicker GDC layer performs much better.
This is in line with the transmission-line type equivalent circuit
model: due to the lower surface catalytic activity in CO/CO,
atmosphere, the electrochemically active thickness becomes
significantly larger than 3 pm, in line with impedance
modelling.">** Therefore, the thicker GDC layer has more
surface available for electrochemical reactions, resulting in a
lower ASR."** Interestingly, the activation energy of 1.1 eV is
similar to that in H, + H,O atmosphere, but for a different
reason: due to the significantly higher ASR, ion conduction
across the GDC-YSZ interface (which is independent of the gas
phase) cannot be rate limiting. Rather, the surface reaction
mechanism is different in CO + CO, mixtures, and exhibits a
larger activation energy and slower specific kinetics. Due to the
slower binary gas diffusion in CO + CO, mixtures, also the gas
diffusion resistance is significantly larger. This is shown in
Fig. S2 (ESIT), where a temperature-independent feature with
0.09-0.11 Q cm?® is observed in the spectra for the 14 pm
electrode, consistent with the fit of the Arrhenius plot using
eqn (1), which also gives an Rg;¢ value of 0.11 Q cm?.

Conclusions and outlook

The impedance of symmetrical solid oxide model cells with
pure GDC as anode functional layer was investigated in differ-
ent gas phase and temperature conditions. Experimental
results were compared to impedance modelling of pure GDC
anodes and Ni-GDC cermets, which are in line with the predic-
tions that best performance is achieved for pure GDC func-
tional layers. The electrode arc of cells with 3 and 14 pm thick
GDC layers is almost the same at 600 °C, which indicates that
the electrochemically active thickness is less than 3 um. More-
over, the activation energy (1-1.1 eV) is slightly higher than the
value found in Ni-GDC cermets, and is most likely due to rate
limiting ion transfer across the GDC-YSZ interface, where some
interdiffusion and thus locally lowered ion conductivity is
expected due to the 1150 °C sintering temperature. The gas
diffusion resistance, which is about 0.01 Q c¢cm?, is the domi-
nant part of the measured ASR at 800 °C. Also in CO/CO,
atmospheres, the ASR is reasonably low, but larger than in H,/
H,0.

To the author’s best knowledge, the measured ASR of the
pure GDC anodes is the lowest reported value for electrodes
prepared by standard powder based processing routes, espe-
cially when considering that the test was performed at reduced
pressure. Due to the much higher melting point of GDC
compared to Nickel, the morphological stability - especially
regarding redox cycling, sintering or dewetting behaviour - is
expected to be significantly higher, compared to cermets. Due
to the relatively low electron conductivity of the functional
layer, it is important to fabricate a thin layer (ca. 3 pm), which
was experimentally verified.

These results have the potential for substantial improve-
ments in solid oxide cell (SOC) technology, especially for
electrolysis cells. A nickel-free GDC functional layer may solve
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several problems, such as morphological degradation, redox
cycling stability and carbon deposition, and is thus especially
well-suited for dry CO, electrolysis.
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