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Gadolinium Doped Ceria as Nickel-Free Fuel Electrode in
High Temperature CO,-Electrolysis

Jan Uecker,™® Ifeanyichukwu D. Unachukwu,® Vaibhav Vibhu,*® Izaak C. Vinke,*!
L. G. J. (Bert) de Haart,” and Riidiger-A. Eichel™"®!

In this work, the performance, electrochemical processes, and
stability of GDC (Ce,3Gd,,0;,) fuel electrode containing single
cells (GDC/8YSZ/GDC/LSCF) were examined in CO, electrolysis
conditions. The current density and area specific resistance is
determined for different operation conditions. The examined
cells showed a higher performance compared to state-of-the-
art Ni—YSZ fuel electrode (Ni-YSZ/8YSZ/GDC/LSCF) based single
cells with a similar production route. Furthermore, the cells
were examined by means of electrochemical impedance
spectroscopy (EIS) and the recorded data were evaluated by the
distribution of relaxation times (DRT) analysis. An equivalent
circuit model (ECM) consisting of four time constants and a
Gerischer impedance (LR—RQ;—RQ,—G—RQ,—RQ;) was estab-
lished to gain further insight into the individual processes in
the cells. For instance, the low—frequency process P; referring to

Introduction

Climate change and related global warming are two of the
most present challenges that are discussed in politics and
society nowadays. Global warming must be kept as low as
possible to minimize climate-related risks for the natural,
animal, and human systems. The release of greenhouse gases
including carbon dioxide (CO,) needs to be mitigated. One CO,
emission source is the worldwide chemical industry sector. This
sector would still emit several hundred million metric megatons
of CO, per year even in the scenario of 100% renewably
generated energy use.” Due to the increasing demand for
petrochemical products, the chemical sector is expected to
grow in the upcoming years. Hence, the need for a circular
carbon economy is inevitable. In industrial applications, carbon
monoxide is used as a bulk chemical, for example, for the
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RQ; is the rate-determining step in CO, electrolysis and is
assigned to a surface reaction including the charge transfer and
possibly the gas diffusion in the GDC fuel electrode. A long-
term stability test was performed in CO, electrolysis conditions
at 900°C with a constant current load of —0.5 A-cm for up to
1200 h. A degradation rate of 62 mV-kh™" was observed. By EIS
analysis, a similar contribution of the ohmic and polarization
resistances to the degradation was determined. The low-
frequency process Ps; and thus the surface reaction including
the charge transfer in the GDC fuel electrode is contributing
most to the increase in polarization resistance. After the long-
term stability test, scanning electron microscopy (SEM) analysis
was carried out and a coarsening of GDC particles in the fuel
electrode was observed.

preparation of acetic acid by catalytic carbonylation of meth-
anol or as a building block in polymers such as polyurethanes
and polycarbonates.*® In addition, CO can be used as a
component of synthesis gas as a reaction intermediate for a
variety of chemical products.® The sustainable conversion of
CO, directly into CO is a solution for direct carbon capture and
utilization, enabling a circular carbon economy and power-to-x
scenarios.””

The use of green technologies for the electrochemical
reduction of CO, to CO by CO, electrolysis is an interesting
solution for the above-mentioned issues. The high temperature
solid oxide electrolysis cell (SOEC) is promising due to its high
faradaic efficiency and overall energy efficiency of over 75%.%!
An electrical power consumption value of ~3.4 kWh-Nm? CO is
reported at the SOEC stack level under CO, electrolysis
conditions.®? The SOEC seems to be one of the most promising
technologies for the direct electrochemical reduction of CO, to
CO.2" However, for the commercialization of SOECs on a large
scale, their overall stability in long-term operation needs to be
improved. A significant contribution to degradation mecha-
nisms in SOECs is caused by the fuel electrode."""® The state-
of-the-art fuel electrode material is Ni (nickel)-YSZ (yttria—
stabilized-zirconia) cermet often combined with 8YSZ (8 mol.%
yttria—stabilized  zirconia) as  electrolyte and  LSCF
(Lag58Sr0.4C04,Fe0505.5) or LSC (La,Sr,CoO; ;) as oxygen electrode.
Considering the Ni—YSZ electrodes, significant degradation
during operation is reported due to Ni migration, depletion,
and agglomeration.*" In carbon-containing fuel gases, car-
bon deposition could occur at the fuel electrode, which reduces
the cell performance and long-term stability. In state-of-the-art

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Ni—YSZ fuel electrode-supported cells under CO, electrolysis
conditions the observed carbon deposition severely reduces the
possible operating window for commercialization."® Further-
more, the deposition of carbon on the Ni catalyst surface can
lead to corrosion of the Ni, structural damage to the electrode
and the loss of the electrode’s electronic conductivity."”'® In
literature, the development of efficient and carbon tolerant fuel
electrodes, replacing Ni—YSZ, is investigated to enable more
effective usage of carbon-containing fuels.'"*® Promising
candidates include ceria (CeO,)-based materials. It is fre-
quently reported that the incorporation of ceria into the fuel
electrode efficiently reduces carbon deposition.”"*? Even the
capability of self-de-coking (self-removal of carbon deposits) of
a Ni catalyst on ceria is reported by several authors.”’*%! Thus,
the complete replacement of YSZ by gadolinium doped ceria
(GDQ) is discussed in literature due to the reduced carbon
formation in CO, electrolysis conditions and the catalytic
properties of GDC.**?” The investigation of the Ni/GDC system
by Raman mapping showed that carbon deposition may be
suppressed by GDC particles.”™ Ni—GDC fuel electrodes exhibit
a higher electrochemical performance compared to Ni—YSZ fuel
electrodes under CO, electrolysis conditions and are therefore
the preferred choice.”***® However, Ni-containing catalysts
could still catalyze the CO disproportionation via the Boudouard
reaction under SOEC conditions, even in the case of Ni—-GDC
fuel electrodes.""*'3? Other degradation mechanisms such as
morphology changes of the electrode structure and poisoning
of the active sides will still lower the cell’'s performance during
long-term operation in CO, electrolysis conditions.***¥ For
example, similar to Ni/YSZ electrodes Ni agglomeration and Ni
depletion away from the electrode/electrolyte interface after
long term operation of over 1000 h in Ni—GDC fuel electrodes
was reported recently.”® Therefore, the complete absence of
nickel in the fuel electrode could lead to a further improvement
in the stability of SOECs in CO, electrolysis. Asingle phase GDC
fuel electrode is a promising candidate for usage in CO,
electrolysis and might improve the cells stability.?* A pure GDC
fuel electrode is feasible due to its mixed ionic and electronic
conductivity in a reducing atmosphere and at high operating
temperatures. At low partial pressure of oxygen, doped ceria
exhibits a valence change of Ce'" to Ce*" that leads to
increased  ionic  conductivity and electronic  n-type
conductivity.?*** At 700°C and an oxygen partial pressure of
1072 bar, an ionic conductivity of 0.028S-cm™ and an
electronic conductivity of 047 S-cm™' are reported for GDC
(Cey5Gdg,0,.5)." Even at low partial pressure of oxygen around
107" bar for CO, electrolysis conditions lower electronic
conductivities values and thus higher ohmic resistances in
comparison to Ni-cermets can be mitigated by employing thin
electrode layers.***% Furthermore, ceria itself is known to
participate in the elementary steps of CO, electro-reduction
and is frequently used in CO, conversion catalysts."**"! Interest-
ingly, the ratio between Ce**/Ce** could change by applying a
bias during operation in CO, electrolysis as indicated in
literature affecting the catalytic activity and electronic con-
ductivity of the GDC 24243
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The overall reaction of CO, on ceria surfaces in SOEC can be
divided into three steps including; 1) the transport of charge
carriers from the bulk to the surface, 2) the adsorption of CO,
and 3) the oxygen ion incorporation, CO formation and
desorption from the ceria surface"” However, there are no
detailed studies in literature on pure single phase GDC fuel
electrode single cells and their use in high temperature CO,
electrolysis to the author’s best knowledge.

In this article, the high temperature CO, electrolysis of solid
oxide electrolyte-supported single cells (GDC/8YSZ/GDC/LSCF)
with pure GDC (Ce,3Gd,y,0,,) as fuel electrode material is
examined. The electrochemical activity of the cells is inves-
tigated by current-voltage (IV) characteristics and electrochem-
ical impedance spectroscopy (EIS) at a variety of operating
parameters. For example, the fuel gas composition of CO, and
CO at the fuel electrode, the gas flow rates, and the operating

temperature were varied. A long-term degradation test was

performed for 1200 hours at a current density of —0.5 A-cm™2,

and the degradation processes were investigated by EIS
analysis. Finally, post-test characterization by scanning electron
microscopy with energy dispersive X-ray analysis (SEM-EDS) was
carried out for a better understanding of the degradation
behaviour.

Experimental Section

Single cell preparation and fabrication

Firstly, screen printing pastes of the used materials were prepared
by combining the respective powders with o-terpineol and ethyl
cellulose.™ The GDC fuel electrode and GDC barrier layer were
made from commercial GDC (Ce,3Gd,,0,,) powder supplied by the
company CerProTech. The LSCF (LaysgSry4Cog,Feas055) oxygen
electrode powder was synthesized by a modified Pecheni
method.™ The resulting screen printing slurry was mixed in a
planetary vacuum mixer (THINKY Mixer ARV-310) and homogenized
by roll-milling.*? For the fabrication of the electrolyte-supported
single cells, 8YSZ (8 mol.% yttria—stabilized zirconia) electrolyte
supports (thickness ~300 um, diameter=20 mm) from the com-
pany Karafol were used. In the first step, a thin GDC barrier layer (4-
5 um) was screen printed (M2-H, EKRA screen printing Technolo-
gies) on the electrolyte support and sintered at 1350°C for 1h
under an air atmosphere. The round GDC fuel electrode was
subsequently printed (=12 mm, thickness~ 15 um) on the other
side and sintered at 1200°C for 1 h under an air atmosphere. The
chosen sintering temperature showed the highest electrochemical
performance and lowest polarization resistance (R,) value in
comparison to sintering temperatures of 1250, 1300, and 1350°C
(Figure S1, supporting information). In the next step, the LSCF
oxygen electrode layer (~40 um) was applied onto the GDC barrier
layer and sintered at 1080°C for 3 h under an air atmosphere.
Finally, a thin gold layer (~4-5 um) as a current collecting layer was
printed on top of the GDC fuel electrode and sintered at 900 °C for
2 h under an air atmosphere. The complete production scheme can
be found in Figure S2 in the supporting information. The active
area of the single cells is 0.785 cm?. Here it is important to note that
the authors assume that gold is not significantly active in the
electrochemical reaction. As relatively thin fuel electrodes are used,
the ohmic losses for current collection in electrodes with reduced
thickness can be compensated for by contacting layers additionally
to the current collector mesh."*4”
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Electrochemical measurements

The single cells were mounted into a full ceramic measurement
housing and a gold ring was used to separate the oxygen and fuel
electrode sides. A detailed description of the mounting procedure
can be found in the literature.*® Pt and Au current collector meshes
were used for contacting oxygen and fuel electrode, respectively.
After mounting, the single cells were heated up from room
temperature to 900°C with a heating rate of 1.5°C-min~". A gas
composition of 6nl-h™" N, at the fuel electrode and 6nl-h™’
compressed air at the oxygen electrode was used during the heat-
up. After reaching 900 °C, the gas composition at the fuel electrode
was directly switched to CO, electrolysis conditions i.e. 80% CO,+
20% CO, keeping the same flow rate of 9 nl-h™" at both electrodes.
The gas flow was controlled by mass flow controllers (MFC,
Bronkhorst Nord®, Kamen, Germany). The electrochemical measure-
ments were then conducted using an IVIUM VERTEX potentiostat/
galvanostat (lvium Technologies BV, Eindhoven, Netherland) with
an integrated frequency response analyzer module. A NorECs
Probostat (Norwegian Electro Cermacis®, NORECS, Oslo, Norway)
setup was used for the electrochemical characterization of the
single cells. The current-voltage characteristics (IV curves) were
measured in a voltage range from 0.6 to 1.5V with a scanning rate
of 10 mV-s™". Impedance data were recorded under potentiostatic
control with 50 mV ac amplitude in a frequency range from 0.1 to
100 kHz with 12 data points per frequency decade. The electro-
chemical measurements were carried out under various operating
conditions including various operating temperatures, different gas
flow rates, and changing gas compositions at the fuel and oxygen
electrodes. In the last step, a long-term stability test was performed
with 80% CO,+20% CO (9 nl-h™") gas composition at 900°C and a

constant load of —0.5 A-cm 2.

Microstructural analysis

The electrode microstructure of the single cells before and after the
long-term test was investigated with a Quanta FEG 650 (FEIO)
scanning electron microscope equipped with an EDS detector at
20 kV. For this purpose, the single cells were embedded in epoxy
resin and then well-polished along the cross-section. Lastly, a Cu
tape was wrapped around the samples and a thin Au layer was
sputtered on top to avoid charging effects. Quantitative analysis for
the evaluation of grain sizes was done using the software ImageJ.
The separation of the grains is done by watershed segmentation.””
The grain size is obtained by following the procedure described in
literature.””

Results and Discussion
Electrochemical Performance

To investigate the performance and feasibility of the GDC fuel
electrode containing single cells in high temperature CO,-
electrolysis conditions, dc current-voltage measurements were
performed at different operation conditions. The obtained IV
curves at various operating temperatures, flow rates, CO,
contents at the fuel electrode, and O, contents at the oxygen
electrode, are shown in Figure 1a-d, respectively. For each
operating condition, the open circuit voltage (OCV) was in good
agreement with the theoretical ones derived by the Nernst
equation. The experimental OCVs and corresponding theoretical
values are presented in Table TS1-TS4 in the supporting
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information. From the figures, it can be noted that all IV curves
exhibit a smooth transition between SOEC and SOFC mode. In
the case of the charge transfer as rate-limiting step this
indicates a reversible charge transfer for the investigated
operating conditions. Therefore, GDC fuel electrode seem to be
a feasible choice for reversible SOCs.®" Moreover, reducing the
operating temperature leads to a clear decrease in current
density over the whole voltage range (Figure 1a). The trend can
be explained by for example lower kinetic activities and less
electronic conductivity in the GDC fuel electrode at lower
temperatures.® The variation of IV curves with fuel gas flow
rates is shown in Figure 1b, and it can be observed that a lower
flow rate of 1 nl-h™' leads to a very small decrease in current
density of 0.02 mA-cm™' compared to 9 nl-h™" at 1.5 V. There-
fore, a variation in flow rate in this operation window is not
significantly influencing the performance of the GDC single
cells. Conversely, a significant change in cell performance is
observed by changing the CO, content (Figure 1c). The cell
performance is decreased by decreasing the CO, content. In
general, the reduction of CO, content reduces the available
reactant and can lead to mass transport limitations, which occur
mainly at high operating current densities.”! A steepening of
the slope in the IV curves (Figure 1c) at 1.4V could indicate
those mass transport limitations taking place for a gas
composition of 50% CO,+50% CO at 900°C. However, as
discussed before the flow rate and thus the reduction of the
total amount of CO, had no significant influence on the cell
performance. Therefore, another explanation is the increase in
OCV caused by lowering the CO, content and increasing the CO
content which results in a bigger total voltage difference
between OCV and 1.5 V. A decrease in O, content at the oxygen
electrode does not influence the cell performance in SOEC
mode as shown in Figure 1d. Though, in SOFC mode the
performance visibly decreases with lower O, content.

A maximum current density of 0.79 A-cm™ is observed in
CO,-electrolysis at 1.5V and 900°C with 80% CO,+20% CO
fuel gas mixture. In an earlier study, our work group inves-
tigated the performance of Ni-GDC and Ni—YSZ fuel electrodes
under CO, electrolysis conditions for similarly produced electro-
lyte-supported single cells (fuel electrode/8YSZ/GDC/LSCF).B”
The cells exhibited current densities of 1.16 A-cm™ for Ni-GDC
and 0.63 A-cm™? for Ni-YSZ at 1.5V and 900 °C with the same
gas composition of 80% CO,+20% CO at the fuel electrode.
Thus, the single phase GDC fuel electrode exhibited higher
performance than the state-of-the-art Ni-YSZ fuel electrode and
around 70% of the current density of the Ni-GDC fuel electrode
in high temperature CO, electrolysis (Figure S3). In summary
pure GDC electrodes in single cells are feasible for utilization in
high temperature CO, electrolysis and are showing similar
values compared to state-of-the-art Ni-YSZ electrodes. This
supports the findings recently reported for GDC symmetrical
cells®¥ However, pure GDC cells show lower performance
compared to Ni—GDC cells and thus have to be modified for
higher performance based on the results gathered by impe-
dance analysis discussed later in the manuscript.

The obtained polarisation resistances (R,) at OCV and
current densities at 1.5V (|i|,s,) for a variation of CO, content
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Figure 1. IV curves recorded for: (a) a variation of operating temperatures for a CO,:CO ratio of 80:20 at 9 nl-h™"; (b) a variation of flow rate for a CO,:CO ratio
of 80:20 at 900°C; (c) a variation of CO,:CO ratio at 9 nl-h™' and 900°C; (d) a variation of O, content at the oxygen electrode at 9 nl-h™" and 900 °C with N, as

balance gas.

at the fuel electrode, p,, at the oxygen electrode, and the flow
rate at 900°C and 750°C are presented in Figure 2a-c,
respectively. An increase in R, with increasing CO, content is
observed at OCV conditions for both 900 and 750°C (Figure 2a).
The contrary trend is observed for the current density at 1.5V
which is increasing significantly from —0.63 to —0.79 A-cm™ (+
~25%) at a temperature of 900°C from 50% CO, to 90% CO,
content whereas at 750°C a minor increase from —0.27 to
—0.3 A-cm™? (+~10%) is observed. The R, is slightly increasing
with a decrease in p,, for both temperatures. The current
density at 1.5V is only marginally influenced by a variation in
the partial pressure of oxygen at the oxygen electrode for both
temperatures. Moreover, a slight decrease in R, with an increase
in flow rate for both temperatures can be observed. In
accordance, the current density at 1.5V is slightly lowered by a
decrease in flow rate. The observed contrary trend between the
R, at OCV and the current density at high voltages for a
variation of CO, content at the fuel electrode was previously
reported for Ni—YSZ fuel electrode based single cells under CO,
electrolysis.”) The increase in R, with increasing CO,:CO ratio at
OCV, could be explained by a higher electrochemical activity
towards CO oxidation than CO, reduction at OCV conditions.
Both reactions are governed by the carbonate as an intermedi-

ChemElectroChem 2024, 11, €202300617 (4 of 15)

ate species on ceria or doped ceria surfaces.*>*? The driving
force for the reduction of CO, to carbonate is higher compared
to the oxidation of CO to carbonate and thus the reaction
barrier for CO, reduction is higher compared to CO
oxidation."?*? Furthermore, a higher activation energy of CO,
desorption or preferential adsorption of CO, on the GDC surface
could explain the observation.®

Electrochemical impedance spectroscopy analyses
Dependency on a variation of operating temperature

In the next step the GDC fuel electrode single cells are
investigated by electrochemical impedance analysis to gather
informations about the rate determining step during operation.
This gives an outlook how to improve Ni-free ceria based fuel
electrodes in future work and increase their performances. First,
the variation of operating temperature from 750°C to 900°C at
a fuel gas composition of 80% CO,+20% CO is discussed. In
Figure 3a, the impedance data recorded at OCV as a function of
temperature are presented in a Nyquist plot. In the plots, two
distinct arcs can be identified, one appearing at low relaxation

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 3. (a) Nyquist plots and (b) Arrhenius plot of R, and R, in a temperature range from 750 °C to 900 °C for the single cells containing a GDC fuel

electrode.

frequencies and the other at higher frequencies. For all temper-
atures, the low frequency arc is dominating compared to the
high frequency arc. Both arcs increase in magnitude with the
lowering of the operating temperature and are thus thermally
activated processes. Therefore, the variation of temperature is
influencing the ohmic resistance (Ry) and R, of the single cells.
The R, is obtained from the intercept with the imaginary
impedance axis at high frequencies. The Rp was derived from
the evaluated EIS measurement data. The activation energies of
Ro and R, are calculated from the slope of the Arrhenius
equation. The corresponding Arrhenius plots are shown in
Figure 3b. The obtained activation energy of 5241 kJ-mol™' for
Rq, is close to the values of ionic conductivity of YSZ electrolyte
films in literature.”*® Thus, the thick electrolyte seems to be
the main contribution to R, In the case of R, it can be observed
that it follows Arrhenius behaviour up to 825°C and the slope
flattens at higher temperatures. R, seems to be increasingly
governed by a low thermally activated process moving to
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higher temperatures. The fitting was done by considering a
thermally activated contribution and a temperature independ-
ent contribution (Rys) as described in literature.?¥ Detailed
fitting results can be found in Table S5 in the supporting
information. An activation energy of 1294+8kJ-mol™" is
observed for R,. In literature, activation energies of around
105 kJ-mol™" (1.1 eV)®¥ and 100 kJ-mol"®® are obtained for
GDC fuel electrode symmetrical cells under CO, electrolysis
conditions which are slightly lower compared to our inves-
tigated single cells. Furthermore, for Ni—GDC fuel electrode
single cells, activation energies of 62+1kJ-mol %" and
93 kJ-mol™"®" are reported for R, under CO, electrolysis
conditions which is lower compared to the value obtained in
our GDC single cells.

For further information about the main contribution to the
higher activation energy of pure GDC fuel electrode cells, the
impedance data were examined by the distribution of relaxa-
tion times (DRT) analysis. In Figure 4a, the respective DRT
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Figure 4. (a) DRT spectra of the recorded impedance data and (b) Arrhenius plots of the resistances derived by ECM fitting for CO, electrolysis conditions. All
results are gathered from EIS measurements at OCV in the temperature range from 750 °C to 900 °C.

spectra in dependence on a variation in operating temperature
are shown. In total, six peaks are observed in the DRT plots for
the investigated frequency range from 0.1 Hz to 100 kHz. The
peak Ps (0.1-2 Hz) dominates the DRT spectra over the whole
temperature range and thus can be referred to as a rate-
limiting time constant under CO,-electrolysis conditions. Fur-
thermore, it shifts towards lower relaxation frequencies and
increases in magnitude with a decrease in operating temper-
ature. The peak labelled as Ps, is assigned as a satellite peak of
the high magnitude peak Ps;. The peaks P, (10-50 Hz), P; (40-
200 Hz), P, (200-900 Hz) and P, (1000-3000 Hz) seem to not
shift significantly with the variation of temperature. All peaks
are thermally activated and increase in magnitude with a
decrease in operating temperature. It can be observed, that P5
is only slightly increasing in magnitude in a temperature range
from 900°C to 850°C. In a lower temperature domain (850°C to
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750°C) the increase in magnitude seems to be larger. This
phenomenon could explain the two temperature domains
observed for R, and will be further analyzed by equivalent
circuit model (ECM) fitting.

The number of time constants gives a first estimation of the
number of processes taking place during the operation of the
cell. By fitting the recorded EIS data to an equivalent circuit
model (ECM), the data can be further analysed. An ECM
containing five time-constants with four RQ-elements in series
and a Gerischer element is used where one RQ-element consists
of a resistor (R) in parallel with a constant phase element (Q).
An additional resistor and an inductor in series account for the
ohmic resistance and the inductive contribution from the
measurement system in the high frequency region, respectively.
The use of other ECMs led to higher error values for the
individual resistances, could not sufficiently describe the
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recorded impedance data for all operation parameters, or
showed different trends as the DRT analysis indicated. As seen
in the error plot in Figure S4 the measured data shows good
agreement with the simulation of the fit and the obtained
residuals exhibited random behavior. The peaks P;, P,, P;, P,
and P in the DRT correspond to the circuit elements RQ,, RQ,,
G, RQ, and RQs respectively. By comparing the derived
activation energies (Figure 4b) with literature values first
assumptions regarding the origin of the electrode process can
be made.

In this work, the process P, exhibits a relatively high
activation energy of 102+6 kJ-mol™" and a high relaxation
frequency of around 2500 Hz. P, shows a slightly higher
activation energy of 115+10kJ-mol™" and an intermediate
relaxation frequency of around 400 Hz. A similar value is
reported in literature where an activation energy of 124+
28kJ-mol™" was assigned to the diffusion of oxygen on the
LSCF surface and through the bulk and/or pores of LSCF
electrodes with an intermediate to high relaxation frequency.”
Therefore, it could be a feasible assignment for P, or P,.
Furthermore, charge transfer processes and ionic transport
show strong temperature dependency and high activation
energies.”**® The process P, described by the Gerischer
element exhibits a high activation energy of 1364-26 kJ-mol™'
and a relaxation frequency between 30-200 Hz. In literature, an
intermediate frequency process described by a Gerischer
element is often used to describe the surface kinetics coupled
with 0> diffusion in the oxygen electrode bulk and an
activation energy of around 140kJ-mol™' at a relaxation
frequency of 2-500 Hz is observed.®*® Thus, this would fit with
the observed intermediate frequency process P. The process P,
exhibits an activation energy of 9346 kJ-mol™". Various
literature studies report an activation energy of around 90-
100 kJ-mol™! for the conduction mechanism of oxide ions in
the GDC material which fits well with the values obtained for
P,.B867%4 The process Ps exhibits the highest resistance values
along the investigated temperatures in agreement with the DRT

analysis. A flattening of the linear trend can be observed as the
temperature increases like the observed trend of R, discussed
at the beginning of the chapter. This can be due to an overlap
of at least two processes in the case of P at a similar relaxation
frequency. The lower temperature activation at higher temper-
atures of P; can be explained by an increasing relative
contribution of a lower thermally activated process. Therefore,
the flattening of the slope was treated as described in literature
with a constant resistance contribution which is named
Regsai>" A high activation energy of 16647 kJ-mol™' is
observed for the thermally activated processes (Rggsthermal) iN Ps.
The Arrhenius behaviour of Rpgs gt and Regsmermar 1S displayed by
the dashed lines in Figure 4b and the complete fitting results
can be found in Table S5 in the supporting information. One
study reported similar high activation energies for the charge
transfer in the CO, reduction on ceria or ceria doped
materials.®” The temperature independent process can be likely
assigned to a gas diffusion process by comparison with
literature results on single cells.****% A clear assignment of the
processes from the activation energies is difficult in a single cell
with contribution from the fuel and oxygen electrode. Thus, to
further assign/separate the oxygen and fuel electrode proc-
esses, impedance analyses with the variation of gas composi-
tions were carried out and are discussed in the next sections.
Moreover, to assign the oxygen electrode processes, the
impedance data of the single cell was compared with the
symmetrical half-cell of LSCF.

Comparison of a single cell with a symmetrical LSCF cell

In order to separate fuel and oxygen electrode processes
occurring during operation, Figure 5 shows the comparison of
DRT plots of a GDC fuel electrode single cell with an LSCF
symmetrical cell. A slight deviation in the relaxation frequency
and magnitude of the peaks in the DRTs between the two cells
is observed and can be explained by minor temperature

0.40 - P,
0.35-

0.30

0.05

—— LSCF//GDC//8YSZI//GDCI//LSCF
——  GDCI/I8YSZ//GDC//ILSCF

0.00
0.01 0.1 1

10 100 1000
f (Hz)

Figure 5. Comparison of a GDC fuel electrode single cell and an LSCF oxygen electrode symmetrical cell.
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differences or minor leakages in the single cell measurement,
which can be excluded in symmetrical cells. The processes P,, P,
and P; seem to be present in the symmetrical LSCF cells and
the GDC single cells while P, and P are rather unique for the
single cells. Therefore, the results suggest an assignment of P,,
P, and P; to the oxygen electrode. Possible oxygen electrode
processes that would be feasible assignments are inferred from
literature sources, as the focus of this paper is on the novel GDC
fuel electrode. For instance, Chen etal® examined the
influence of fabrication methods on the performance of LSCF
oxygen electrodes in symmetrical SOCs with samarium doped
ceria (SDQ) as electrolyte material. They assigned in their DRT
analysis the high frequency peak (1000 Hz) to the charge
transfer process at the LSCF/SDC interface. Furthermore, for a
temperature of 700°C, they observed peaks in their DRT in the
intermediate frequency region (10-500 Hz) and assigned them
to the surface exchange and ion diffusion process. Lastly, they
noticed a low—-frequency peak (1-10 Hz) and ascribed it to the
gas diffusion in the electrode. In addition, at an intermediate
frequency (2-500 Hz) an oxygen surface exchange process
coupled with the oxide diffusion in the bulk of their LSCF
oxygen electrode is reported.®**® Thus, process P, could be
assigned the charge transfer in the LSCF oxygen electrode or at
the LSCF/GDC interface due to its high activation energy, high
relaxation frequency and similar literature results. The processes
P, and P, could be assigned to the surface exchange in the
oxygen electrode coupled with bulk and surface oxygen ion
diffusion in the LSCF oxygen electrode. In the supporting
information, the dependency of the resistances to a variation in
oxygen content at the oxygen electrode is discussed for the
single cell (Figure S5c). The results show that at least one
process e.g. P; in the intermediate frequency range is
influenced by a variation in oxygen content. Other processes do
not show any clear tendency with the variation of pg,. In
summary, the results indicate that processes P,, P, and P; are
oxygen electrode processes and P, and P; can be assigned to
the investigated pure GDC fuel electrode. This will be further
confirmed in the next step by varying the fuel content at the
fuel electrode.

Dependency with gas variation at the fuel electrode

For further investigations and confirmation of fuel electrode
processes, impedance measurements under different CO,:CO
compositions were performed and analysed by DRT analysis
and ECM fitting. In Figure 6a, the respective Nyquist plots for a
variation of the CO,:CO ratio recorded at OCV and 900°C are
shown. An increase in CO, led to an increase in the R, value,
whereas the ohmic resistance was not significantly influenced
but moving to slightly higher resistance with an increase in CO,
content. The low frequency arc is significantly increasing in
magnitude, whereas no significant changes in the intermediate
and high frequency region are visible. In Figure 6b, the
respective DRT spectra in dependency on a variation in CO,:CO
ratio are shown. The high to intermediate peaks P,, P, and P,
show no significant dependency on a change in fuel gas
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composition. The peak P, shows minor fluctuations and
decreases slightly in magnitude from 50% CO, to 60% CO,
content at the fuel electrode. However, a clear trend cannot be
observed. In contrast, the peak P exhibits a pronounced
dependence on a CO, variation, increasing in magnitude with
an increase in CO, content. The results obtained by ECM fitting
are presented in Figure 6¢c. The resistances Rgq, Rroy, Rrez and
Rrqs Show no visible dependency on a variation in CO, content
at the fuel electrode. The resistance Rgqs shows an increase in
value which is pronounced visible at a CO, content between
70% and 90 %. Thus, the trend observed by ECM fitting follows
the results obtained by DRT analysis. The authors want to note
here that the ohmic resistance is slightly increasing with an
increase in CO, content due to an increase in the partial
pressure of oxygen and lower electronic conductivity of the
GDC material as shown in Figure S6 in the supporting
information.®¥ However, the increase is not significantly
influencing the cell performance due to the relatively low GDC
fuel electrode thickness.®”

In summary, the process corresponding to the high
magnitude and low frequency peak Ps can be assigned to the
fuel electrode due to its dependency on a variation in fuel gas
and its nonexistence in the LSCF symmetrical cells. As discussed
earlier, the resistance Rs; corresponding to process Ps; contrib-
utes the most to the R, of the single cells and thus is the rate-
determining process in the GDC fuel electrode single cells. In
literature, many studies investigated the CO, reduction on ceria
cermet surfaces and there is a consensus that a surface reaction
including the transfer of two electrons to a physisorbed CO,
molecule is the rate-determining step.'"**4?¢” Thus, the resist-
ance Rpqs was fitted by the Butler-Volmer equation as
frequently applied in SOCs.®®® The resistance Rgqs exhibits
Butler-Volmer type behaviour with a charge transfer coefficient
of gs900°c=0.558 at 900°C and ogs;50-c=0.701 at 750°C in a
potential range from 0.8 to 1.3V in CO, electrolysis conditions
(Figure S7). Generally, a theoretical charge transfer coefficient of
0.5 is assumed for the charge transfer at an electrode.”” Thus, a
feasible assignment of P; would be a surface reaction including
a charge transfer at the GDC fuel electrode based on literature
studies, the high activation energy and its Butler-Volmer type
behaviour. However, an overlapping with a gas diffusion or gas
conversion process which is normally seen at low relaxation
frequencies is likely as discussed previously.?* In the case of
Ni—GDC fuel electrodes, it has been shown that surface
reactions are shifted from a high relaxation frequency to the
low frequency region due to the high chemical capacitance of
the GDC which could explain the low relaxation frequency of P;
in our cells.©627

In the case of P, an assignment to the ionic diffusion in the
GDC fuel electrode is feasible due to the similar activation
energy in comparison with values reported for GDC in literature,
the nonexistence in the LSCF symmetrical cells and the
nonsignificant dependency on a change in fuel gas composi-
tion. Furthermore, a similar process (2-50 Hz) with a fairly
insensitive behaviour relating to the gas composition in was
observed in Ni-GDC fuel electrode symmetrical cells.®” They
assigned it to the oxide ion transport to or on the fuel electrode
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Figure 6. (a) Nyquist plots, (b) DRT spectra and (c) resistances derived by ECM fitting as a function of CO, content at the fuel electrode.

surface. In Table 1, a summary of a possible electrochemical cells is given. In summary, in further experiments the surface
process assignment related to the individual polarisation reaction including the charge transfer at the GDC electrode has
resistances for the investigated GDC/8YSZ/GDC/LSCF single  to be improved for higher performance values. One possibility
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Table 1. Assigned feasible electrochemical reaction processes in the GDC single cell of the fuel electrode processes.
Time Frequency Activation Dependencies Assignment
constant/ range energy
Process (kj-mol™")
P, (Ry) 1-30 Hz 93+6 Temperature, [oW pco, fuel lonic diffusion in/at the GDC fuel electrode
Ps (Rs) 0.1-3 Hz 166+7 Temperature, Pco, fuels IOW Poy, oxygen Surface reaction including a charge transfer
at the GDC fuel electrode + gas diffusion

is the doping of the GDC fuel electrode with (transition—)
metals or/and nanoparticles from metals (alloys) as described in
literature for perovskite based Ni-free fuel electrodes.”"”? This
can lead to enhanced CO,/CO activation processes and lower
CO, reduction reaction energy.

Long-term stability test under CO, electrolysis conditions
Long-term stability test

The produced GDC/YSZ/GDC/LSCF single cells were used for a
stability test up to 1200 h under CO, electrolysis conditions at a
constant current load of —0.5 A-cm % and 900 °C with 80% CO,
+20% CO gas mixture at the fuel electrode side (4.5 nl-h~'CO,
+4.5nl-h™" CO flow at the fuel electrode side and 9 nl-h™"
compressed air at the oxygen electrode side). The recorded
degradation curve of the GDC fuel electrode single cell is
presented in Figure 7. The stability measurement had to be
restarted two times due to power interruptions in the lab at
around 900 h of degradation time which is visualized by the
two arrows in Figure 7. A degradation rate of 62 mV-kh™' was
calculated over the whole degradation time including the two
power interruptions. A slightly lower degradation rate of

56 mV-kh™" is calculated for the first 900 h of the stability
experiment which was conducted without interruptions in the
measurement. Furthermore, after the first 500 hours of oper-
ation, a slight change in degradation rate can be observed. In
the first 500 hours, a degradation rate of 53 mV-kh™' is
calculated and in the time range from 500 to 900 hours, a
slightly higher rate of 60 mV-kh™' is observed. In comparison,
for similar produced Ni-GDC/8YSZ/GDC/LSCF single cells a
significantly lower degradation rate of 31 mV-kh™" at a constant
load of —0.5 A-cm™2 and a gas mixture of 80% CO,+20% CO
at 900°C is reported.?” However, in comparison to the state-of-
the-art Ni-YZ fuel electrode containing single cell, a lower
degradation rate is observed as Kim-Lohsoontorn and Bea™
showed rapid degradation in CO, electrolysis conditions.

Electrochemical investigation of the degraded cell

For further insights into the degradation mechanism, IV curves
and impedance measurements were taken at the start (t=0 h)
and the end (t=1200 h) of the stability test. In Figure 8a, the
respective IV characteristics are shown. A decrease in current
density over the entire voltage range is observed. At 1.5V the
current density decreased from 0.76 A-cm™ to 0.65 A-cm™ The

1.32
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1.30

62 mV kh

53 mV kh"

A
AN

Experiment restart

T T T T
0 200 400

T T T T T T T
600 800 1000 1200
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Figure 7. Long-term stability test as a variation of cell voltage as a function of degradation time.
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Figure 8. (a) IV curves, (b) Nyquist plots at OCV and (c) DRT spectra at the start (t=0 h) and end (t=1200 h) of the long-term stability test.

respective Nyquist plots recorded at OCV are shown in Fig-
ure 8b. An increase in ohmic resistance after the degradation
test is visible, moving from 0.64 to 0.76 Q-cm? Furthermore,
the polarisation resistance increased by 0.12 Q-cm? from 0.54
to 0.66 Q-cm? at OCV. In general, the loss of electrode contact

ChemElectroChem 2024, 11, 202300617 (12 of 15)

with the current collector results in an increase in the ohmic
resistance and thus an increase in degradation rate. Such ohmic
resistance increase due to loss of contact surface is usually
accompanied by a proportional increase in the R, which is not
observed in our case. It indicates that ohmic resistance is most
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likely, not due to contact loss. The DRT plots before and after
the stability test are shown in Figure 8c. After the long-term
stability test, the peak Ps is significantly increasing in magni-
tude. Furthermore, the peaks P, and P; show a slight increase in
magnitude. The peaks P, and P, exhibit no significant change.
In conclusion, the process Ps which was assigned to a surface
reaction including the charge transfer and the gas diffusion in
the GDC fuel electrode is the main source of the degradation
during the polarization of the single cells. The LSCF oxygen
electrode does not seem to show a significant influence on the
loss of performance in the long-term stability test. Interestingly,
our group reported a similar influence of the GDC fuel electrode
and a high contribution of the LSCF oxygen electrode to the
performance loss of GDC/8YSZ/GDC/LSCF single cells in steam
electrolysis conditions.”

Microstructural analysis of the degraded cell

After the long-term stability test up to 1200 h, the degraded
single cell was embedded in an epoxy resin alongside a freshly
prepared heated-up cell. The cells were mirror-polished along
the cross-section before SEM-EDX analysis. There are no
significant differences visible in the 8YSZ electrolyte, GDC
barrier layer/8YSZ interface or GDC barrier layer/LSCF interface
in the as—prepared and degraded cell, as shown in Figure 9. In
addition, no significant change is observed at the GDC fuel
electrode/YSZ interface before and after the stability test and
the GDC fuel electrode seems still well attached to the 8YSZ

electrode after the degradation test. However, coarsening of
the GDC particles and thus densification of the pore structure is
observed on the fuel electrode side. By analyzing five SEM
images of the fuel electrode before and after the degradation
by the software ImageJ utilizing the watershed method the
average grain sizes can be obtained.***” The fuel electrode
before the degradation exhibits an average grain size of 270+
12 um" whereas after the degradation the grain sizes increase
significantly to 560+30 pum. In literature, a coarsening of GDC
particles was already observed by our workgroup after a long-
term degradation test in steam electrolysis conditions.”
Furthermore, the loss in GDC percolation and coverage of Ni
particles by using GDC is reported in the literature in the case
of Ni—GDC fuel electrodes in reducing conditions.”*”

The LSCF oxygen electrode and the GDC barrier show no
significant changes before and after degradation. Furthermore,
from the SEM pictures, no clear evidence of frequently reported
degradation mechanisms such as Sr (strontium)-segregation
and the formation of an insulating SrZrO; (strontium zirconium
oxide) layer at the 8YSZ electrolyte can be observed.“s75””
Moreover, the EDX analysis (Figure S8) shows no Sr at the
electrolyte interface and no formation of cobalt-oxide particles
in the LSCF structure after the long-term stability test.

The results examined by SEM-EDX analysis support the
results gathered by EIS data. The increase in R, was mainly
attributed to the GDC fuel electrode which can be explained by
the coarsening of GDC particles in the electrode structure. The
coarsening could lead to a decrease in active surface area for
the reduction of CO, and thus lower performance.

Figure 9. SEM pictures of a GDC fuel electrode single cell before and after the long-term stability test.
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Conclusions

In conclusion, the GDC fuel electrode single cells showed a
current density of 0.79 A-cm™ at 1.5V and thus a higher
performance compared to the state-of-the-art Ni-YSZ fuel
electrode and around 70% of a Ni—-GDC fuel electrode single
cell. Furthermore, five processes were distinguished with EIS,
DRT and ECM analysis during operation. The low frequency
process P, (0.1-3 Hz) and the intermediate frequency process P,
(1-30 Hz) were assigned to the surface reaction including a
charge transfer process plus gas diffusion and ionic diffusion in/
at the GDC fuel electrode, respectively. In addition, it was
observed that P; is the rate-determining process during CO,
electrolysis as it contributes most to the R, of the single cells.
However, a contribution of a low frequency gas diffusion
process to P; cannot be excluded. In long-term operation, a
degradation rate of 62 mV-kh™' was observed, which is larger
than that of Ni—GDC fuel electrode single cells investigated
under similar conditions. The degradation is attributed to an
similar increase in R, and R, after 1200 h operation time.
Furthermore, the EIS and SEM analysis showed that the increase
in R, could be related to a coarsening of GDC particles in the
fuel electrode.
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