Energy & Environmental Science

Rl Energy &
Environmental
a Science

Conditions for Stable Operation of Solid Oxide Electrolysis
Cells: Oxygen Electrode Effects

Journal: | Energy & Environmental Science

Manuscript ID | EE-ART-05-2019-001664.R1

Article Type: | Paper

Date Submitted by the

Author: 09-Jul-2019
Complete List of Authors: | PARK, BEOM-KYEONG; Northwestern University, Materials Scinence and
Engineering
Zhang, Qian; Northwestern University, Materials Scinence and
Engineering
Voorhees, Peter; Northwestern University, Materials Science and
Engineering
Barnett, Scott; Northwestern University, Materials Science and
Engineering
SCHOLARONE™

Manuscripts




Page 1 of 12

Received 00th January 20xx,
Accepted 00th January 20xx

DOI: 10.1039/x0xx00000x

Energy-& EnvironmentaliScience

Conditions for Stable Operation of Solid Oxide Electrolysis Cells:
Oxygen Electrode Effects

Beom-kyeong Park,? Qian Zhang,? Peter W. Voorhees @ and Scott A. Barnett *2

Solid oxide electrolysis cells (SOECs) convert renewable electricity to fuels with efficiency substantially higher than other
electrolysis technologies. However, questions remain regarding degradation mechanisms that limit SOEC long-term stability.
One of the key degradation mechanisms is oxygen electrode delamination; although prior studies have improved the
understanding of this mechanism, it is still difficult to predict how degradation depends on SOEC materials and operating
conditions, i.e., temperature, voltage, and current density. Here we present a study aimed at developing a quantitative
understanding of oxygen electrode delamination. Experimentally, a life test study of symmetric and full cells with yttria-
stabilized zirconia (YSZ) electrolytes and Gd-doped Ceria (GDC) barrier layers was done with three different perovskite
oxygen electrode materials. Fracture was observed at the perovskite-GDC interface above a critical current density and
below a critical operating temperature. A theory is presented that combines a calculation of the effective oxygen pressure
across the electrolyte with an estimation of the pressure required for fracture. Fracture is correctly predicted for a critical
oxygen partial pressure of ~7200 atm and an associated electrode overpotential of ~0.2 V, occurring at the electrode/GDC
interface because of the relatively low perovskite fracture toughness. Damage at the GDC/YSZ interface was also observed

in some cases and explained by a peak in the oxygen pressure at this interface.

Broader context

The International Renewable Energy Agency has determined that
half of the CO, emissions reductions needed to limiting global
warming to 2 °C can be achieved by increasing renewables such as
wind and solar to 36 % of energy production by 2030.! However,
these renewables provide an intermittent and in some cases
unpredictable supply; when they exceed ~20 % of total electricity
generation, energy storage is required to match supply with demand
while avoiding curtailment.? The SOEC technology addressed in this
report is a promising contender for large-scale grid electricity
storage? and for conversion of excess renewable electricity to useful
fuels for transportation and other applications.* Given that good
long-term stability is a key requirement for viability of this
technology, the fundamental understanding of oxygen-electrode
degradation phenomena developed in the present study is expected
to play an important role in its further development.

1. Introduction

High capacity grid-scale electricity storage is increasingly
required as intermittent renewable sources such as wind and
solar are increased above 20 % of grid electricity supply.?
Although many energy storage methods have been proposed
and explored,>® only pumped hydroelectric storage has seen
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significant application; however, its geographic availability is
limited. Other require significant
development to meet the requisite cost, efficiency, and energy

technologies further
capacity requirements for grid-scale storage on the time frame
required — days to months. One technology that has potential,
but that has only recently received widespread attention, is the
solid oxide cell (SOC). One key advantage of SOCs is that gaseous
fuels are produced during electrolysis operation, such that
storage capacity can be increased by increasing storage tank
size.” This is similar to flow batteries, but with the additional
advantage that the storage media (e.g., H,, CH,) are derived
from very low cost feedstocks (H,O and CO,) compared to liquid
anolyte and catholyte solutions. SOCs can be operated
reversibly — part time storing energy in electrolysis mode and
part time generating electricity in fuel cell mode.389°
Alternatively, SOCs solely in electrolysis mode can be utilized to
convert excess renewable electricity to produce fuels, e.g., H,,
CH,, or Fischer-Tropsch liquids, that can be stored for later use
in applications such as transportation.* Because of their high
operating temperatures, SOCs can have relatively low area-
specific resistance, allowing high conversion efficiencies of ~90
% for electricity to fuel*1° and > 70 % for round-trip electricity
storage.>1! It has also been shown that combining SOCs with
biomass gasification can greatly improve productivity, e.qg.,
doubling the methanol output from wood biomass.?

Although the above applications are similar to solid oxide
fuel cells, a technology currently undergoing commercialization,
there are significant new challenges. In particular, electrolysis
and reversible operation of SOCs lead to new degradation
mechanisms not observed in fuel cell operation. Many of these
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arise because of the higher potential across the SOC in
electrolysis mode compared to fuel cell mode, which drives
extremes of oxygen partial pressure within the SOC.'3-16 One
degradation mechanism that has been widely reported is the
delamination of the oxygen electrode, typically (LaggSro.)MnO;
(LSM)—8 mol.% Y,0s-doped ZrO, (YSZ), from the electrolyte,®-
27 often via the formation of oxygen bubbles in the
electrode/electrolyte region.® It was also shown that increasing
the current density accelerated the degradation,?® but that
periodically reversing the current (from electrolysis into fuel cell
mode) reduced the degradation.?®2° These experimental
findings have been explained by the high oxygen pressure
induced within the electrolyte by the applied oxygen electrode
overpotential,31516 although alternate mechanisms have been
proposed such as the volume expansion or contraction of the
electrode due to changes in oxygen stoichiometry.2® Virkar
proposed that delamination could be explained by the oxygen
pressure exceeding the fracture strength of the electrolyte.'®
On the other hand, SOCs with the LSM-YSZ electrode replaced
by the mixed ionically and electronically conducting (MIEC)
electrode (LageSro.4)(Cop,Feps)Os (LSCF) showed fairly stable
electrolysis operation without evidence of interfacial fracture,3°
although gradual degradation due to Sr segregation is
sometimes observed. The reasons for these differences are not
fully understood, although it is reasonable to expect that LSCF
avoids fracture due to lower overpotentials associated with its
lower polarization resistance R, compared to LSM-YSZ.
Nonetheless, the current understanding is incomplete, such
that delamination effects cannot be accurately predicted for
any specific type of LSM—YSZ or LSCF electrode, not to mention
other MIEC electrodes. In particular, degradation is known to
increase with increasing current density, apparently due to the
associated overpotential increase, but the effects of other
parameters such as temperature and electrode composition are
generally not known. In addition to delamination, damage
within the electrolyte is observed during electrolysis in some
cases,1617,20.24,27,30 byt this effect has not been explained.

Here we present a systematic study of degradation related
to the oxygen electrode in SOCs operated in electrolysis mode.
Three different oxygen electrode materials were studied: LSCF
along with Sr(Tig3Fep ;)O3 (STF) and Sr(Tip 3Feq.63C0g.07)O3 (STFC).
The latter two compositions are MIEC materials that provide
different polarization resistances R, than LSCF, providing
insights into how the R, value impacts degradation. In addition,
they are more stable during life tests than LSCF,3! making the
data interpretation more straightforward. Whereas most prior
studies have focused on the effect of current density, here the
effect of operating temperature is also fully explored. Many of
the tests were done with oxygen-electrode symmetric cells in
order to simplify data interpretation, to avoid extraneous
degradation effects from the fuel electrode in full cells, and to
help enable measurements of the electrode overpotential. The
life test electrochemical data is augmented by post-test
microstructural/chemical evaluation. The experimental work is
complemented by a theory where the oxygen potentials across
the electrolyte were numerically derived and the resulting
effective oxygen partial pressure values compared with the
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fracture condition for the relevant materials — the YSZ
electrolyte, the GDC barrier layer, and the perovskite oxide
electrode. The theory predicts that the fracture occurs primarily
at the electrode/GDC interface, and correctly predicts the
critical values of oxygen pressure and electrode overpotential
that initiate failure. The combined results are used to provide
SOC stability maps for the different electrodes in terms of
current density and operating temperature, and also used to
explain prior literature data for LSM-YSZ and LSCF.

2. Results

Life tests on full cells are also presented in section 2.1.
Systematic studies on symmetric cell stability include the effects of
operating conditions, i.e., temperature (T) and current density (j)
(section 2.2) and electrode material (section 2.3). Measurements of
symmetric cells with potential probes to determine electrode
overpotentials is described in section 2.4.

2.1 Full Cell Life Tests

Effects including oxygen electrode delamination and oxygen
bubble formation have been reported previously for SOECs with
LSM-YSZ oxygen electrodes. However, such effects are not normally
seen in cells with MIEC electrodes such as LSCF.3%32-3% Here we show
results for Ni-YSZ fuel-electrode-supported cells tested under
electrolysis operating conditions, demonstrating that these effect
can occur under some conditions. One cell, with an STFC oxygen
electrode, was tested at 1 A cm™2 at 800 °C, and one with an STF
oxygen electrode was tested at 0.8 A cm=2 at 600 °C. Fig. 1(a) exhibits
the evolution of cell voltage for both cells. The STFC cell voltage
increased gradually over the first few hundred hours, and appeared
to be stabilizing by the end of the 400 h test. The STF-electrode cell
showed instability as well as fluctuation in voltage and failed within
~17 h. Fig. 1(b) shows post-test SEM images — the 800 °C-tested cell
showed a structure similar to that observed for an untested cell,
consistent with the symmetric cell results that showed stable
operation for higher temperatures. The 600 °C-tested cell showed
extensive fracturing at the electrode/GDC interface.

One feature seen in Fig. 1(b) is that the electrolyte surface near
the GDC/YSZ interface revealed a grain boundary structure, different
than the planar surfaces seen in the other SEM images. Note that the
imaged surfaces were produced by fracture, and the observed
intergranular fracture suggests that grain boundaries were weak in
this case. The magnified view of this regions, shown in the inset in
Fig. 1(b), shows that voids were present along the grain boundaries,
explaining the intergranular fracture. Grain boundary void formation
near the electrode/electrolyte interface during high-current
electrolysis operation has been reported previously.1®

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 (a) Cell voltage vs. time for NiO-YSZ supported SOECs with
STFC and STF tested with j=1 A cm™ at 800 °C and with j = 0.8 A cm™
at 600 °C, respectively. (b) Cross-sectional SEM images for Ni-YSZ
supported SOECs with STFC and STF after the life tests. Note that the
fracture in (b) is at the interface between the STF electrode and the
porous GDC layer.

2.2 Symmetric Cells — Effect of Temperature and Current Density

Fig. 2 shows representative examples of EIS spectra data taken
during life tests of identically-prepared STF-electrode symmetric cells
tested in air with constant current density j = 0.8 A cm™ at
temperature T =600 (a) or 650 °C (b), andj=1.6 Acm=2at T =650 °C
(c). The impedance spectra were measured periodically during brief
interruptions of the cell current. The high frequency intercept with
the real axis, which was shown to correspond with good accuracy to
the electrolyte ohmic resistance (Rq), and the difference between
the high and low frequency intercepts, which was shown to
correspond to the electrode polarization resistance (R,), are plotted
versus time in Fig. 3. The Rq and R, values remain approximately
constant throughout the test for 650 °C and 0.8 A cm~2. Longer tests
carried out to ~1000 h showed that cells remain stable (Fig. S1).
However, the other tests showed relatively unstable R, values before
failing within 50 — 200 h of testing.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Nyquist plots obtained from life tests of STF-electrode
symmetric cells tested in air with constant current density j = 0.8 A
cm~2 at temperature T =600 (a) or 650 °C (b), andj=1.6 Acm=2atT
=650 °C (c).
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Fig. 3 Evolution of ohmic resistance (Rq) and polarization resistance
(Rp) with time for STF-electrode symmetric cells tested in air with
constant current density j = 0.8 A cm™ at temperature T = 600 or 650
°C,andj=1.6 Acm=2at T=650°C.

Figs. 4(a)—(c) show fracture cross-sectional SEM images of the
electrolysis-side electrodes after the cell life tests. For the cell tested
at T =650 °C and j = 0.8 A cm2 (b), there was no sign of fracture
and/or delamination at the electrolysis side — the structures appear
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identical to those of the electrodes prior to testing, shown in Fig. S2.
Note that visible pores across the electrolyte were generated though
our cell fabrication process, not by the build-up of high oxygen
pressure under the current application. However, decreasing T to
600 °C (a) or increasing j to 1.6 A cm™ (c) resulted in obvious fracture
at the electrode, presumably explaining the cell failures illustrated in
Fig. 3. In Fig. 4(a), there also appears to be a fracture near the
GDC/YSZ interface. On the other hand, the microstructures of the
fuel-cell sides of these cells, shown in Fig. S3 in the supplement,
appeared unchanged from the pre-test case.

Note that the condition shown in Fig. 4(a) is the same as that for
one of the full cell tests shown in Fig. 1, and both show similar
delamination at the electrode/GDC interface. Similarly, for the
symmetric cell operated at the same condition as the other full cell
shown in Fig. 1, at 800 °C (see supplemental Fig. S4), both cells
showed stable operation with no evidence of fracture. These results
provide an initial indication that the symmetric cell results are in
agreement with the full cell data. Note that Fig. 4(a) shows an
apparent fracture near the GDC/YSZ interface, the same region
where damage was present in the corresponding full cell in Fig. 1(b).

SEM-EDS line scans were done in order to determine the
location of the fractures. The example shown here is for T = 600 °C
andj = 0.8 A cm=2. Fig. 4(a) shows the position of the line scan on the
image and Fig. 5 shows the resulting compositional profile. It is clear
that the fracture occurred at the STF/GDC interface; note that the
fracture appears to be within the electrode because GDC barrier
layer has a similar porous structure to the STF electrode. Note that
prior reports of LSM-YSZ delamination during the SOEC operation
also showed delamination at the interface.!6:1823.26

4| J. Name., 2012, 00, 1-3

tal Science

Journal Name

Fig. 4 Cross-sectional SEM images (fractured surface) taken from
STF-electrode symmetric cells tested with j = 0.8 Acm™2 at T= 600 (a)
or 650 °C (b), and j = 1.6 Acm™ at T = 650 °C (c) after life tests.

Intensity / a.u.

Distance from the Surface / pm

Fig. 5 Concentration profiles of Sr, Ti, Ce, Fe, Zr, and O across the
electrode and electrolyte, in the area labelled “A” in Fig. 4(a). This
shows that the fracture in Figure 4(a) is at the interface between the
STF electrode and the porous GDC layer, not within the electrode.

2.3 Symmetric Cells — Effect of Electrode Material

The results presented above are compared with those from cells
with two other electrode materials: LSCF and STFC. STFC, or Co-
doped STF, has been shown to have a substantially lower R, than STF,
thus providing an indication of how R, affects stability. LSCF, on the
other hand, provides a higher R, than STF or STFC, and is also a useful
comparison because it is a widely used electrode material. However,
LSCF provides some complication because its R, value tends to vary
with time due to Sr segregation.31,35-38

Symmetric cells with STFCs were tested at j=0.8 and 1.6 Acm™
2 at 600 °C, and the resultant EIS data and post-test SEM images are
shown in Figs. 6(a) and 6(b), respectively. The R, of ~0.5 Q cm? for
the STFC cell was lower than for STF (~0.7 Q2 cm?). The cell was stable
and showed no fracture for 0.8 A cm=2 at 600 °C, at conditions where
the STF cell failed via fracture. That is, a lower R, electrode can help
avoid failure due to fracture. However, increasing j to 1.6 A cm™
resulted in failure via fracture of the STFC cell after < 80 h.
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Fig. 6 (a) Evolution of ohmic resistance (Rg) and polarization
resistance (R,) with time for STFC-electrode symmetric cells
tested with different current densities of 0.8 and 1.6 A cm™ at

This journal is © The Royal Society of Chemistry 20xx
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600 °C. (b) Cross-sectional SEM images taken from the STFC-
electrode symmetric cells after the life tests. Note that the
fracture in (b) is at the interface between the STFC electrode and the
porous GDC layer.

Fig. 7(a) and 7(b) exhibit measured Ry and R, values vs.
time and post-test SEM images, respectively, for LSCF-electrode
cells for cells life tested with j = 0.8 A cm=2 at 600 and 650 °C.
The LSCF cells both failed during the life tests, showing fractures
at the electrode/electrolyte interfaces after the life tests. The
failure at 650 °C occurred later, after ~170 h, compared to ~120
h for 600 °C. This might be explained by the continuous increase
in R, for the higher temperature test, which can be explained by
Sr segregation kinetics being faster at the higher
temperature.3>38 Thus, the cell failure may have been delayed
until R, became large enough to cause fracture. Note that for
0.4 A cm~2 and 600 °C, the LSCF cells were stable (Fig. S5).

Fig. 8 summarizes the various life tests performed in this
study, showing the cases where failure occurred and where the
cells were stable. Comparison of the results for STF, LSCF, and
STFC electrodes indicates that electrode delamination is
dependent on the electrode type, and occurs more readily at
higher current density and lower temperature.

Comparison with the STF-electrode full cell test done under
the same conditions (j = 0.8 A cm™2 and T = 600 °C) (Fig. 2(a))
showed similar failure. The symmetric cell results are thus
consistent with the full cell results.
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Fig. 7 (a) Evolution of ohmic resistance (Rq) and polarization
resistance (R,) with time for LSCF-electrode symmetric cells
tested with a constant current densities of 0.8 A cm~2 at 600 and
650 °C. (b) Cross-sectional SEM micrographs taken from the
LSCF-electrode symmetric cells after the life tests. Note that the
fracture in (b) is at the interface between the LSCF electrode and the
porous GDC layer.
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2.4 Estimation of Electrode Overpotential

In order to evaluate the role of overpotential in the
observed cell failure, the following two measurements were
carried out and analyzed. An Ag-ink potential probe was painted
around the edge of the symmetric cell electrolyte pellets; this
was in addition to the two identical working electrodes that
were applied to opposite sides of the pellet.

First, the potential probe was used to determine if the
current-voltage relation for the electrode is symmetrical with
current direction, or is different in fuel-cell and electrolysis
modes. DC current was run through the cell and the voltage of
each electrode relative to the Ag electrode was measured. It
was found that the voltage was always slightly higher on one
side of the cell regardless of the current direction. This indicates
that there was some asymmetry in the cell, most likely in the
potential probe placement. The cell asymmetry effect was
eliminated by averaging the electrolysis-side voltages measured
for opposing current directions. Comparison with similarly
averaged fuel-cell-side voltages yielded agreement of the
voltages to within 0.1 % (see supplemental Table S1). That is,
the current-voltage curve was symmetric. Since the voltage
drop across electrolyte is certainly expected to be symmetrical
with current direction, this indicates that the electrode
overpotentials in the two current directions must also be
essentially symmetric. Thus, the electrolysis electrode
overpotential can be taken as half of the total electrode
overpotential.

Second, impedance measurements were carried out using
the two working electrodes over a range of current densities j
(see Fig. S6). The spectra were fit using a previously-reported
model for the STF electrodes3! and the polarization resistance
R, values were obtained. Fig. 9 shows the resulting R, values for
one electrode (half the total measured polarization resistance)
plotted versus j at various measurement temperatures. Since

on
R, = 3j» the overpotential can be obtained by integrating

)= [ in= ] idei’ 1)
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Numerical integration of the data in Fig. 9 was done following
eqgn (1), and the results are shown in Fig. 10. The Butler-Volmer
equation was used for comparison with these results — it should
be valid if the main rate-limiting step of the electrode process is
charge-transfer. A simple symmetric form of the equation was

utilized in which the symmetry coefficient a = 0.5, yielding:
2RT j

?sinh _l(z_io) (2)

where R is the gas constant, F is Faraday’s constant, z = 2 is the
charge in the relevant reaction, and the exchange current
density jo is obtained using the measured zero-current
polarization resistance Ry, (j=0):

1’:

Jo=ZFR,G = 0) 3)

Fig. 10 shows the variation of 7 with j obtained from eqn (2) and
(3). Since the zero-current value of R, is used in obtaining the
calculated curves, they must agree with the low current 1
values obtained by integrating the R, data. However, at higher
values, there is some deviation, indicating a deviation from the
idealized Butler-Volmer form. Nonetheless, it can be seen that
a measured R, (j=0) value can be used with eqn (2) and (3) to
provide estimated 7 values.
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Fig. 9 Comparison of experimentally measured and

theoretically estimated polarization resistances using different
current densities at 600, 650, 700, and 800 °C. The measured
values are compared with predicted values — the latter obtained

, on
by taking the derivative of eqn (2), giving Rp(j) =75; =
RT

. i?
zFjo 1+ (55
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Fig. 10 Comparison of experimentally measured and
theoretically estimated electrode overpotentials using different
current densities at 600, 650, 700, and 800 °C.

3. Discussion

Using the above results, we can test the idea that cell
failure is determined by the electrode overpotential. Based on
eqn (2) and (3), results for R, versus time (e.g., as shown in Figs.
3, 6, and 7) can be re-cast as 77 versus time, as shown in Fig. 11
for STF (a), STFC (b), and LSCF (c). In life tests where 7 stayed
below ~200 mV, the cell performance remained stable and SEM
images showed no structural degradation. In tests with 77> 200
mV, the cells failed. The life test of LSCF performed at 0.8 A cm™
and 650 °C provides a case where there was a continuous
increase in R, and 77 due to Sr segregation; the cell was stable in
the first 100 h while 77 remained below 200 mV, but the cell
failed ~50 h after 77 exceeded 200 mV, at ~120 h of testing. In
summary, fracture occurs at the electrode/electrolyte interface
when the 7 value exceeds ~200 mV, irrespective of the
electrode material.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 11 The electrode overpotential (77) values of (a) STF, (b)
STFC, and (c) LSCF for various symmetric cell testing conditions.
The dotted line indicates a critical electrode overpotential of
200 mV.

Additional questions remaining regarding the present
results include:

1) Are the full cell and symmetric cell expected to show

the same degradation behaviors?

2) Can the observed cell degradation — fracture at the

perovskite/GDC interface and grain boundary void

formation in the region near the YSZ/GDC interface — be

explained?

3) Can the magnitude of the overpotential required for

fracture, ~200 mV, be understood based on materials

fracture behavior?

This journal is © The Royal Society of Chemistry 20xx
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To help answer these questions, a mathematical
electrolyte model (presented in the supplemental material) was
employed that is similar to that reported previously.3°2 Fig. 12
shows the calculated Po, versus position across the electrolyte,
for symmetric and full cells with STF oxygen electrode at 800 °C
andj = 0.8 Acm=. The full cell shows a very low Pg, on the fuel
side, substantially lower than the value associated with the fuel
gas composition —low enough values can lead to fuel electrode
degradation.*? Even though the symmetric cell thickness is > 20
times that of the full cell, and air is maintained on both sides,
the Po,versus position near the oxygen electrode is nearly
identical. Both show that a maximum Po, is reached at the
GDC/YSZ interface, which results from the higher ratio of
conductivity of holes to conductivity of ions of GDC compared
to YSZ. Thus, symmetric cell results should provide a good
surrogate for full cells for determining oxygen electrode
degradation. This helps explain the good agreement between
the full cell and symmetric cell results.

Fig. 13 shows the Po, distribution for a range of different
current density and temperature, for the three different
electrode materials. Also shown in Fig. 13 are the critical oxygen
pressure (P.) values for fracture,** given by:

1 i

Per=5 -— K
Cr 2 (1_v2)c Ic

(4)where K. is the fracture

toughness, the initial defect size ¢ is taken to be 1 pum
corresponding to the size of pores in the electrolyte, the Poisson
ratio v is 0.3 for YSZ,%5 0.33 for GDC,*¢ and 0.24 for perovskite.*”
The fracture toughness values and resulting critical oxygen
pressures for YSZ, GDC, and perovskite oxides are summarized
in Table 1 and are also shown in Fig. 13. Note that exact fracture
toughness values for the specific electrode materials are not
known, so we have used a generic value for perovskite
materials.” Fig. 13 shows that no fracture is expected in YSZ
except for the most extreme conditions tested here — e.g., j =
1.6 A cm™?, T = 600 °C — in good agreement with the
experimental observations. On the other hand, the Po, values
at the electrode/GDC interface are close to or higher than the
P.. of perovskite oxide at the conditions where interfacial
fracture occurs.

Note that with the fracture occurring at the
electrolyte/electrode interface, where the Po, relative to the
ambient gas-phase pressure Po,amb is set by the overpotential
boundary condition,

Po, 4Fn .
Poz,amb exp( RT ) ( )

the fracture condition is fully specified by the overpotential.
This explains why the overpotential is a good predictor of cell
failure in Fig. 11. By combining eqn (4) and (5) with Po, = Pcr,
we obtain an expression that directly relates fracture toughness
to critical overpotential:
RT
Ner = ﬁln

n.l/ZKIC

(6)
2(1 - vz)l/zcl/zpoz,amb)

where the ambient oxygen pressure Po,amb is 21.3kPa. This
expression is as given by Virkar.!> The predicted values are given
in Table 1. The value for the perovskite, 196 mV, is in good
agreement with the overpotential experimentally observed to
cause fracture of ~200 mV (Fig. 10). If we further assume that
n(j) is given by the simplified Butler-Volmer dependence (eqgn
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(2) and (3)) and that R, usually follows an Arrhenius dependence

(given in Table S2),
. 0 EP
Rpp(] = 0) = Rploexp(—RT) (7)

Combining eqn (2), (3), (6), and (7) yields an expression for
the critical current density for fracture,

1
_ RT _ m°Kie
Jor == Ep """ 2 11 ®
FRYexp (ﬁ) 2(1—v%)2c*Po,amp

The approximate sign is used because the simplified Butler-
Volmer equation is approximate. The predicted j. vs.
temperature is shown in Fig. 8, compared with the experimental
results for fracture or non-fracture for STF, STFC, and LSCF
electrodes previously shown. Since the R, value for STF and
STFC electrodes remains stable during the life tests, we can
construct a single j, line to determine the electrode/electrolyte
interface stability. STFC has a higher j., value than STF owing to
its lower R,. The model predictions agree well with the
experimental findings. For LSCF, the initial j, values (solid line in
Fig. 8) shift to lower values (dashed line) during cell operation
due to a segregation-induced increase in R,. Thus, the model
correctly predicts that the fracture occurs at the
GDC/perovskite interface, and also correctly predicts the
magnitude of the critical overpotential (or j value) above which
fracture occurs. It is very difficult to directly measure the
overpotential in full anode-supported cells, but it can be
assumed that identically-prepared electrodes in symmetric and
full cells have the same polarization resistance, and hence the
same overpotential at a given current density. Thus, it is not
surprising that the full-cell electrodes (Fig. 1) are observed to
fracture under the same conditions as the symmetric cell
electrodes.

Figs. 12 and 13 also show that the peak Po, values at the
GDC/YSZ interface can reach values high enough for GDC
fracture. Such a fracture was observed in the STF-electrode
symmetric cell test at 0.8 Acm~2 and 600 °C (Fig. 4(a)). However,
in the full cell test under this same condition, grain boundary
voids appear in the region near the GDC/YSZ interface. It is not
clear why the degradation mechanism is different in this case;
however, it seems likely that a pressure high enough to cause
fracture could also induce void formation.1®

Table 1. Critical oxygen pressure (P.,), critical oxygen electrode
overpotential (7.), and fracture toughness values for YSZ, GDC,
and perovskite oxide (ignoring any influence of temperature on
the fracture toughness).4446

Material P, (atm) azczign(;\:)c (MPIz:lrcnl )
YSz 27500 222 3
GDC 13900 209 1.5
Perovskite 7200 196 0.8
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Fig. 12 (a) Comparison of the calculated oxygen partial
pressure Pg, versus position in the electrolytes of full and
symmetric cells at 600 °C with j = 0.8 A cm™ with air at the STF
oxygen electrodes. The full cell had 50 % fuel at the Ni—YSZ fuel
electrode. (b) shows the Po, versus position across the entire
thickness of the electrolyte.
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Fig. 13 Distribution of the oxygen partial pressure across the
electrolyte thickness for the symmetric cells with (a) STF, (b)
LSCF, and (c) STFC electrodes under various life testing
conditions. The plots show only the critical region near YSZ/GDC
interface and the GDC/electrode interface — the remainder of
the electrolyte shows a constant Pg, value over most of its
thickness with an abrupt decrease near the fuel electrode, as
shown in Fig. 12(b).

The present theory can also be compared with prior reports
of SOC fracture during electrolysis — the available data is for
LSM-YSZ and LSCF electrodes.16:17,19-27,30,32-34,48,49 Fjg_ 14 shows
the predicted j., values versus temperature using egn 8
compared with the experimental conditions for fracture or non-
fracture. For LSM-YSZ, fracture is mostly observed atj = 1 Acm~
2, with stable operation at lower j. The results are mostly in
agreement with the calculated j curve, which is at relatively
low j values because of the relatively high R, of LSM—-YSZ. For
LSCF, fracture has not been observed because maximum j
values employed were 1 A cm™ and the calculated j,, curve is
well above this current density for typical operating
temperatures > 700 °C. Thus, it appears that the present model
predicts both the present data and prior results for oxygen
electrode delamination.
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Fig. 14 Experimental observations of fracture (closed symbols)
or stable operation (open symbols) for LSM-YSZ and LSCF
electrodes operated under different conditions. Shown
comparison of the model predicted (eqn 8) critical current
densities for fracture versus temperature, using R, values from
the literature.*®4?

4. Conclusions

The present results show that SOECs tend to fail at higher
current density and lower operating temperature, conditions
that yield electrode overpotentials that exceed ~0.2 V. The main
failure mechanism caused by these conditions is fracture at the
electrode/electrolyte interface. Modeling results show that the
fracture occurs at this interface because it is the location with a
combination of high effective oxygen partial pressure and the
low fracture toughness of the perovskite electrode materials
compared to those of the electrolyte (YSZ and GDC). Different
electrode materials fail under different conditions primarily due
to their different electrode polarization resistance values. The
model also predicts a peak in the oxygen pressure at the
GDC/YSZ interface that probably explains the observation of
fracture or oxygen bubble formation near this interface.

5. Experimental
5.1 Cell fabrication

STF and STFC were produced via solid state reaction as
reported elsewhere.3%50 The resultant STF/STFC, commercial
LSCF (Praxair), and Cep9Gdp10, (GDC, Fuelcellmaterials)
powders were mixed with vehicle (V-737, Heraeus) in a weight
ratio of 1:1.2 in a three-roll mill to prepare the screen-printing
paste.

Two types of cells were constructed in this work to examine
the electrode/electrolyte degradation: (i) An electrolyte-
supported symmetric cell and (ii) a fuel electrode-supported full
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cell. For the symmetric cell fabrication, the YSZ electrolyte
support with thicknesses of ~400 um was prepared by tape
casting, lamination, and sintering.3%>1 Note that 1 mol.% Fe,03
(Alfa Aesar, 99.8 %) was added as a sintering aid into the YSZ to
achieve a sufficiently high density at a reduced temperature of
1250 °C.5! The porous oxygen electrode with active area of 0.5
cm? and GDC diffusion barrier layer were screen-printed
symmetrically on both sides of the YSZ support and then
sintered, as described previously.31:384651 For the fabrication of
fuel electrode-supported full cell, the NiO-YSZ supported half-
cells were prepared through tape casting and lamination using
45 wt.% NiO-45 wt.% YSZ—-10 wt.% starch (as a support), 50
wt.% NiO—-50 wt.% YSZ (as a fuel electrode functional layer), and
YSZ with 1 mol.% Fe,0; sintering aid (as an electrolyte). The
resultant laminates were then co-sintered at 1250 °C. Lastly, the
GDC barrier layers and oxygen electrodes (active area: 0.5 cm?)
were formed via screen-printing onto the YSZ electrolyte layer
of the half-cell. After firing at 1250 °C for 2 h for GDC and then
1050 °C for 3 h for STF, the STF layers were found to be ~ 8 um
thick and the GDC layers were ~ 2.5 um thick.

5.2 Electrochemical characterization

For the symmetric cell testing, gold grids (Heraeus) were
screen-printed on both electrodes to improve current
collection. For the three-electrode measurements, an Ag
reference electrode (Heraeus) was brush-painted as a ring at
the edge of symmetric cell, as shown in Fig. S7 (in the
Supporting Information). The life tests were carried out on the
symmetric cells with STF, STFC, and LSCF electrodes, by using
various dc electrolysis current densities of 0.4, 0.8, and 1.6 A
(Keysight U8001A) at 600-800 °C in air. The
electrochemical impedance spectroscopy was carried out with
a Bio-Logic SP-300 and an IM6 Electrochemical Workstation
(ZAHNER) by using a 20 mA ac signal in the frequency range of
from 0.1 Hz to 100 kHz.

For the full cell testing, the gold grids were applied on the
oxygen electrode through screen-printing for current collection.
The cells were mounted/sealed on alumina tubes by using silver
paste (DAD-87, Shanghai Institute of Synthetic
Resins). During the electrolysis testing, 50 vol.% H,0 humidified

cm™2

Research

and air were supplied into the fuel and oxygen electrodes,
respectively, and the cell voltages were recorded through a
LabView controlled Keithley sourcemeter.

5.3 Materials characterization

The microstructural observation and surface chemistry
were performed on the post-test cells through scanning
electron microscopy (SEM, Hitachi S-4800) combined with
energy-dispersive X-ray spectroscopy (EDS, Oxford INCA).
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Broader context

The International Renewable Energy Agency has determined that half of the CO, emissions
reductions needed to limiting global warming to 2 °C can be achieved by increasing
renewables such as wind and solar to 36 % of energy production by 2030. However, these
renewables provide an intermittent and in some cases unpredictable supply; when they
exceed ~20 % of total electricity generation, energy storage is required to match supply
with demand while avoiding curtailment. The SOEC technology addressed in this report is
a promising contender for large-scale grid electricity storage and for conversion of excess
renewable electricity to useful fuels for transportation and other applications. Given that
good long-term stability is a key requirement for viability of this technology, the
fundamental understanding of oxygen-electrode degradation phenomena developed in the

present study is expected to play an important role in its further development.
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