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Among the various fuel cells, Solid oxide cells (SOCs) are the unique type that can principally operate reversibly as either
fuel cells to produce electricity or as an electrolyser to split water and produce green hydrogen (H,). Nevertheless, the SOCs'
reversibility presents enormous challenges that are manifested by the fast degradation through the cycling between fuel cell
and electrolysis mode. While the LagsSro,MnOs/yttria-stabilized zirconia (LSM/YSZ) air electrode possesses significant
advantages in terms of high electrical conductivity and high thermal stability under fuel cell mode, the SOCs with the
LSM/YSZ air electrode experience rapid performance degradation with catastrophic electrode delamination shortly after
switching from fuel cell to electrolysis mode. To prevent such catastrophic delamination and enable the electrolysis H,
production, a chemical solution with the designed chemistry of SrFe,0, 4 was infiltrated into the LSM/YSZ air electrode. The
infiltration immediately mitigates the catastrophic delamination, and the infiltrated cells exhibit significantly improved
reversibility upon the electrochemical operation. Nanostructure examination reveals nanoscale cracks and second-phase
nanograins formed in the air electrode from the baseline cell. By contrast, no delamination was observed at either the micron
or the nanoscale for the infiltrated cell, which is attributed to the increased ion conductivity of the Fe-doped LSM mixed
conductor induced by the significant interdiffusion between the LSM backbone and infiltrates. This study presents a viable
method for preventing electrode delamination while enhancing the durability of H, production and power generation for
reversible fuel cell/electrolysis cell operation. It further opens new research directions of modifying the electrochemical

activity of the electrode of inherently functional cells through the infiltration of the solutions with different chemistry.

Introduction

The share of renewable energy, such as solar and wind, is
expected to increase from 25% in 2018 to over 40% by 2040,
aiming to reduce reliance on fossil fuels and mitigate greenhouse
gas emissions.! The intermittent nature of renewable energy
sources presents significant challenges for electricity systems in
maintaining a balanced and consistent power supply. This issue
is particularly critical for smaller or more isolated sections of the
electric grid that rely heavily on renewable energy systems, as
wind and solar power are strongly dependent on weather
conditions.? Therefore, it is essential to develop energy storage
systems or versatile energy conversion systems that can store
electrical energy as fuels and reversibly generate electricity on
demand. This approach would help balance the grid, reduce the
peak demand stress, and increase the share of renewable energy.

Solid oxide cells (SOCs) can primarily function as fuel cells
by oxidizing a fuel to produce electricity or as electrolysis cells
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by electrolyzing water to produce hydrogen (H,) and oxygen
gases. A solid oxide fuel cell (SOFC), as an energy conversion
device, efficiently converts the chemical energy stored in fuel
such as H,, hydrocarbons, and biofuels into electrical energy
through the electrochemical oxidation of fuels. In this process,
the oxygen reduction reaction produces oxygen ions in the air
electrode, which are driven by the chemical potential between
the air electrode and the H, electrode. These oxygen ions then
migrate through a dense oxygen-ion-conducting electrolyte such
as yttria-stabilized zirconia (YSZ) to the H, electrode, where
they are consumed by oxidation of fuels to generate electricity.
Meanwhile, a solid oxide electrolysis cell (SOEC) converts
electrical power into chemically stored energy, such as H,. In this
process, steam is oxidized at the H; electrode to produce pure H,.
The produced oxygen ions in the H, electrode then migrate back
to the oxygen electrode side and produce oxygen.>-

Reversible SOFC/SOEC (R-SOFC/SOEC) systems, capable
of both SOFC mode for power generation and SOEC mode for
energy storage within a single reactor, have garnered significant
attention due to their potential to be cost-effective, highly
efficient, and promising for electrical energy storage technology
68 in multi-energy distributed systems. However, the application
of an R-SOFC/SOEC system within the energy grid faces
challenges concerning long-term stability, as the R-SOFC/SOEC
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operation involves both the SOFC and SOEC operation,
potentially leading to more severe performance degradation.
One of the most critical challenges for commercial
application of SOEC technology is the long-term degradation of
the cell's performance. Key factors include the formation of
porosity in the YSZ grain boundaries and grain boundary
fracture in the electrolyte,’ irreversible nickel (Ni) mobility,!°
and depletion of Ni away from!%-12 or toward!? the electrolyte due
to the formation of Ni(O.H.),

temperature, high current density and high potential in the H,

under high operational

electrode. Additionally, the catastrophic delamination of the air
electrode from the electrolyte poses a significant challenge for
the commercial application of SOEC technology.!%14-21 For
instance, LaggSrgo,MnO; (LSM) is widely used as the air
electrode for SOFC due to its high electrical conductivity, strong
catalytic activity for oxygen oxidation, and chemical thermal
compatibility with the YSZ electrolyte, and cost-effective
manufacturing process. Despite LSM-based cells demonstrating
excellent long-term stability under SOFC operation, they face
significant challenges in SOEC operation, particularly short-
term stability issues caused by the lower oxygen ionic
conductivity of the LSM backbone.?? This limitation can result
in high oxygen partial pressure at the air electrode/electrolyte
interface, leading to delamination of the LSM from the
electrolyte.?! Addressing these challenges, especially the
delamination of the air electrode, is crucial for the advancement
of SOEC technology.

Our promising solution is the infiltration of nanoparticles into
the air?>-28 or H, electrodes.?®?° This method has proven to be
cost-effective and enhances the performance of electrodes by
improving microstructure, catalytic activity, and ionic/electronic
the cell's
reliability.?3-2% The fine dispersion of nanoparticles enhances the

conductivity, thereby increasing stability and
electrode surface activity without the need for high-temperature
treatment typically required for composite electrodes. However,
traditional nano-infiltration?%-2°-33 methods often fail to prevent
delamination at the internal interface between the electrode and
the electrolyte.

In contrast, commercial SOFC technology relies on
established material chemistries and heat treatment processing.
To match or exceed the performance of LSM or lanthanum
strontium cobalt ferrite (LSCF), new materials with high
conductivity, catalytic activity, thermal expansion compatibility
with YSZ, and long-term stability at high temperatures are
needed but have yet to be reported. Therefore, modifying the
chemistry of the porous electrode phases, particularly the
backbone structure and conductivity, presents a promising
approach for advancing R-SOFC/SOEC technology. Infiltration
materials must meet strict criteria, including low-cost for large-
scale applications, maintenance of the catalytic surface activity,
electrical and ionic conductivity and with ensuring the
backbone's structural integrity during high-temperature SOEC
electrochemical operations.

SrFe,04.4is a mixed ionic and electronic conductor 34 and is
highly suitable for high-temperature applications in SOFC and
SOEC due to its dual capability to transport oxygen ions and
structure

electrons. Its layered perovskite-related crystal
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facilitates ion migration and electronic conduction. The material
exhibits high electronic conductivity, driven by Fe ions in mixed
oxidation states (Fe**/Fe?), which enable electron hopping.
Additionally, its oxygen ionic conductivity, arising from oxygen
vacancies, allows ion transport, although it is lower than
traditional ionic conductors such as YSZ. Infiltrating SrFe,O44
into the air electrode of LSM/YSZ cells has been shown to
significantly enhance electrochemical performance by
introducing additional pathways for oxygen ion and electron
transport, improving the conductivity network. This process also
increases the TPB density, facilitating superior oxygen reduction
reaction kinetics. Furthermore, SrFe,Q44 infiltration reduces
polarization resistance, refines surface chemistry, and improves
the microstructure, establishing it as an excellent catalyst and
functional material for enhancing the durability and efficiency of
SOFC and SOEC operations.?!- 24

Stability improvements in reversible SOFC/SOEC systems
also remain a critical research focus, particularly for LSM/YSZ
cells, which exhibit superior long-term stability compared to
LSCF/SDC cells under SOFC operation. Recent studies have
the of  Smyg;5SrysCo054

Smy,Cey 3019 nanoparticles into LSM/YSZ cells significantly

demonstrated infiltration and

enhances  stability during high-temperature  cycling.®

Additionally, (Big.75Y0.25)0.93C€0.0701.5.a-LSM oxygen electrodes
have shown lower rates under reversible
SOFC/SOEC LSCF-based

electrodes.?® Promising advancements have also been reported in

degradation
conditions, outperforming
nanocomposite air electrodes, like Cey3Gdy,0;¢/LSM, which
deliver excellent stability and performance over reversible
operations.?’” These findings emphasize the critical role of
advanced materials and innovative electrode designs for
achieving durable and efficient SOFC-SOEC systems.

This study explores the impact of infiltrating a chemical
solution with a nominal composition of SrFe,O44 on the
reversibility of commercial SOCs. The findings indicate that
solution infiltration simultaneously mitigates delamination,
enhances fuel cell power density, and reduces electricity
consumption in electrolysis cells. The present investigation
details how air-electrode infiltration affects both fuel cell and
electrolysis mode operation, validate the interaction between the
the
improved

solution and the electrode backbone and clarifies
nanostructure and chemistry origin behind the

reversibility of the nanostructure.
Experiment

Infiltration of SrFe;0,44 chemical solution into the air electrode
and electrochemical performance evaluation of infiltrated and
baseline LSM/YSZ cells under the R-SOFC/SOEC operation

Commercial LSM/YSZ cells were obtained from Nexceris. A
comprehensive description of the as-received Nexceris button
cells and the infiltration of SrFe,04.4 chemical solution into the
air electrode were described in our previous study.?!
Performance and stability evaluation of both baseline and
SrFe,;04.4 infiltrated LSM/YSZ cells under the R-SOFC/SOEC
operation were conducted using a test stand equipped with a

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 16



Page 3 of 16

bubbler humidifier. Platinum (Pt) meshes (90% platinum/10%
rhodium, Unique Wire Weaving, Hillside, NJ) were used for
electrode contact, and mica gaskets (Asheville-Schoonmaker
Mica, Newport News, VA) served as electrode sealants. For the
electrochemical operation, Pt mesh with Ni pastes and Pt mesh
with Pt paste were used for fuel electrode and air electrode lead
connections, respectively. The cells were initially heated to 800
°C with 400 sccm N, flowing to the H, electrode and 400 sccm
air to the air electrode. Once the temperature stabilized, 400 sccm
of 10% dry H, balanced with N, was introduced to the H,
electrode until the open circuit voltage (OCV) reached 0.9 V
after 1 hour. Subsequently, the dry H, concentration was
increased to 50%, and the OCV rose to approximately 1 V after
2 hours. Finally, 100% H, was supplied to the H, electrode with
a flow rate of 400 sccm. After 2 hours of exposure to 100% Ho,
the OCV stabilized around 1.15 V. All tested cells had OCVs
exceeding 1.09 V under dry H, at 800 °C, indicating adequate
cell sealing. Following this, a constant current density of 0.5
A/cm? was applied to the cell for 96 hours in SOFC mode,
followed by approximately 96 hours in SOEC mode under 0.5
A/cm?, 60% steam, and 10% H, balance with N, at the H,
electrode. Each time the operational mode was switched, the
OCYV under SOFC or SOEC was allowed to stabilize for at least
1 hour before applying the current.

During the SOFC operation, impedance spectra were
recorded every 24 hours under various direct current (D.C.) bias
currents (0-1.0 A/cm?) with a frequency range of 0.05 Hz to 100
kHz and a perturbation amplitude of 10-75 mA using a frequency
(Solartron 1252A)
potentiostat/galvanostat (Solartron 1470E). Impedance spectra

response analyzer and a
and resistance (Ro and Rp) reported in the following sections
were measured under the D.C. bias current of 0.5 A/cm?. For
SOEC operation, the steam concentration was maintained at 60%
by bubbling the mixture of H, and N, through a sealed tank with
heated DI water (87 °C). The gases were directed to the
electrodes and heat-traced at 130 °C to prevent steam
condensation. Electrochemical impedance spectra (EIS) were
used to characterize the cell's electrochemical properties under 0
A/cm? for OCV and potential values of 0.2 V and 0.4 V above
OCV. EIS measurements were conducted every 24 hours for
both SOFC and SOEC cycles. All the impedance spectra and
resistance reported in this paper were measured under the
potential of 0.2 V above OCV for the SOEC operation.

To examine the nanostructure of the Ni/YSZ fuel electrode
without the electrochemical operation, a baseline cell was
reduced, and the fuel electrode was thermally exposed to a
H,0:H, mixture with the ratio 30%/70% at 800 °C for 500 hours.

Nanostructure studies before and after the R-SOFC/SOEC
operation

The nanostructure of the as-received and post-tested electrodes,
including both H,
transmission electron microscopy (TEM) coupled with energy-

and air electrodes, was analysed by
dispersive spectroscopy (EDS). All the TEM examinations

focused on the active layer of the electrodes. Mechanical
polishing and ion milling in a liquid-nitrogen-cooled holder were

This journal is © The Royal Society of Chemistry 20xx
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used for sample preparation. TEM imaging, electron diffraction,
and diffraction contrast analyses were performed with a JEM-
2100 TEM (JOEL USA, Peabody, MA) operating at 200 kV.
Chemical composition analysis was conducted with EDS, which
examined a sample area approximately 20 nm in diameter.

Results

Performance improvement and degradation mitigation of
the SrFe;0,.4 infiltrated LSM/YSZ cell operated under R-
SOFC/SOEC

The electrochemical operation of the cell started from the SOFC
mode using 100% H, and operated under the constant current
density of 0.5 A/cm? for 96 hours and then switched to the SOEC
mode operated with 0.5 A/cm? using 60% steam for another 96
hours. Fig. 1 indicates the cell voltage as the function of
operation time under the R-SOFC/SOEC operation for the
baseline and SrFe, Q4 4 infiltrated LSM/YSZ cells.

The performance of LSM/YSZ baseline cell deteriorated,
with a decrease in cell operation voltage of 11.6% after 4 cycles
of the R-SOFC/SOEC operation (based on the SOFC cycle
voltages). Upon removal of the LSM/YSZ baseline cell after
only 4 cycles of the R-SOFC/SOEC operation,
delamination in the air electrode was observed under the naked

visible

eye. In contrast, the SrFe,0,4_4 infiltrated cell did not exhibit any
visible delamination in the air electrode after 6 cycles of the R-
SOFC/SOEC operation. The SrFe;04 4 infiltration into the air
electrode markedly enhanced the cell's performance, particularly
during SOEC cycles. Initially, the performance during the first
SOFC cycle showed significant improvement after the SrFe;O4.
q infiltration in the air electrode, though some degradation was
observed subsequently.

The voltage of the SrFe,04_q infiltrated cell increased by 8.9%
after four cycles of the R-SOFC/SOEC operation, mainly due to
a performance decline in the first SOEC cycle. Overall, the
performance of the SrFe,O,_4 infiltrated cell decreased by 17.5%
after six cycles of the R-SOFC/SOEC operation. After six cycles,

——LSM/YSZ baseline cell

1.6 ——0.7mg SrFe204 infiltrated LSM/YSZ cell
14 SQEC
1.2 5 "u
c A0 | T | | T
& - L1 1]
Zos f O 1
0.6
0.4
0.2
0 200 400 600 800 1000 1200 1400
Time (h)
Fig. 1 Performance and degradation of the long-term test under

the R-SOFC/SOEC operation for the SrFe,0,4.4 infiltrated and
baseline LSM/YSZ cells at 800 °C and 0.5 A/cm? with 60% steam
for the SOEC cycle. Vertical lines correspond to the recording of
EIS data.
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Fig. 2 Comparison of the impedance and ohmic/polarization resistance for the SOFC and SOEC cycles between the SrFe,;0,4 infiltrated and

LSM/YSZ baseline cells operated under R-SOFC/SOEC: (a) Bode plot of
the SOEC cycles; and (d) Nyquist plot of the SOEC cycles.

totalling 1,300 hours, the final SOEC voltage of the infiltrated
cell was approximately 1.2 V, comparable to the initial SOEC
cycle voltage of the baseline cell at 0 hours. Thus, the SrFe,O,44
infiltration in the air electrode substantially improved cell
performance during SOEC operation and prolonged the
operational lifespan of the R-SOFC/SOEC operation without air
electrode delamination.

EIS comparison between the baseline and SrFe,0,_4 infiltrated
LSM/YSZ cells operated under R-SOFC/SOEC

Fig. 2 (a) and (b) present a comparison of the impedance, as well as
the ohmic and polarization resistance, between the SrFe,O4q4
infiltrated and LSM/YSZ baseline cells during the first SOFC cycle at
0 hours and 96 hours. The SrFe,04_4 infiltration in the air electrode of
the LSM/YSZ cell significantly reduced the total impedance of both
the air and H; electrodes at 0 hours. Even at 96 hours, the impedance
of the H, electrode in the infiltrated cell remained lower than that of
the baseline cell despite SrFe,044 being infiltrated only in the air
electrode shown in Fig. 2(a).

The polarization resistance also decreased significantly, as shown
in the Nyquist plot in Fig. 2 (b) for both 0 hours and 96 hours.
Meanwhile, the ohmic resistance exhibited a slight decrease at both

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

the SOFC cycles; (b) Nyquist plot of the SOFC cycles; (c) Bode plot of

time points due to SrFe,04_4 infiltration. The introduction of SrFe,0,.
4 nanoparticles modified the surface structure and the chemistry of the
LSM/YSZ backbone, facilitating more continuous electronic and
ionic conduction pathways within the electrode. This changes of the
microstructure and chemistry at the LSM/Y SZ interface, coupled with
an increase in active reaction sites, including the triple phase
boundaries (TPBs) for electrochemical reactions, resulted
improved electrochemical performance, evidenced by the reduced
ohmic and polarization resistances.

The reduction in impedance and polarization resistance correlated
with the performance enhancement observed in the voltage-time plot
for the infiltrated cell. However, a distinct trend was noted in Fig. 2
(b): while the polarization resistance of the baseline cell decreased
during the first SOFC cycle, the polarization resistance of the
infiltrated cell increased slightly. This behaviour during the initial
operating period is attributed to structural rearrangements in the LSM
air electrode, leading to an increase in the availability of active sites
and enhanced catalytic activity for the oxygen reduction reaction
(ORR). These structural changes involve a redistribution of ions
within the LSM/YSZ structure, improving connectivity, reducing
polarization resistance, and optimizing electrochemical performance,
particularly within the first 100 hours of SOFC operation. The
observed improvements in the infiltrated cell are further attributed to
the interdiffusion between Sr and Fe and the LSM backbone. The
infiltration of SrFe,0, 4 nanoparticles thus demonstrates its potential

in

This journal is © The Royal Society of Chemistry 20xx
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to significantly boost the electrochemical performance of LSM/YSZ
cells by reducing both ohmic and polarization resistances and
optimizing reaction pathways.

Fig. 2 (c) and (d) compare the second SOEC cycle impedance and
ohmic/polarization between the SrFe,0, 4 infiltrated and LSM/YSZ
baseline cells operated under R-SOFC/SOEC at 0 hours and 90 hours.
The impedance of SOEC cycles at 0 hours and 90 hours significantly
decreased after the SrFe,O44 nanoparticle infiltration in the air
electrode compared to the LSM/YSZ baseline cell. The polarization
The
decreased impedance and polarization resistance of the SrFe,O44
infiltrated LSM/YSZ cell further demonstrated that the SrFe,O44
the
electrochemically catalytic reaction but also increase triple-phase
boundaries in the air electrode, leading to increased oxygen ion
conductivity in the air electrode. The decreased impedance and
polarization resistance after nanoparticle infiltration in the air
electrode of the cell correspondingly caused improved performance
during the SOEC cycle operation for the infiltrated cell over the
LSM/YSZ baseline cell.

The ohmic/polarization resistance changes of the SOFC cycle for
the SrFe,0,_q4 infiltrated and LSM/Y SZ baseline cells operated under
R-SOFC/SOEC are summarized in Fig. 3. The ohmic/polarization
resistance of the SrFe,0, 4 infiltrated cell increased more than that of
the LSM/YSZ baseline cell with more SOFC cycle operation. The
initial ohmic/polarization resistance significantly decreased after the

resistance also decreased considerably after infiltration.

nanoparticles not only increase active sites for an

SrFe;,O4.4 nanoparticle infiltration in the air electrode of the
LSM/YSZ cell compared to the LSM/Y SZ baseline cell shown in Fig.
3. The polarization resistance of the SrFe,O,q infiltrated cell and
LSM/YSZ cell increased by 183.7 mQ cm? and 57 mQ cm? per 1,000
hours, respectively. The ohmic resistance of the SrFe,0, 4 infiltrated
cell and LSM/YSZ cell increased by 45.4 mQ ¢m? and 39.6 mQ cm?,
respectively. Therefore, both the ohmic and polarization resistance
increases contributed to the cell's performance degradation, with
polarization resistance increasing more than ohmic resistance
increases for the SOFC cycles. The polarization resistance sharply
increased in the fifth SOFC cycle for the LSM/YSZ baseline cell.
When the baseline cell was taken out, the cell was found to be totally
delaminated from the air electrode by the naked eye. Therefore, the
sharp increase in the polarization resistance for the LSM/YSZ
baseline cell may correspond to the delamination of the air electrode.

SrFe,044 infiltration into the air electrode significantly enhances
and prolongs the overall reversible SOFC/SOEC operation,
particularly in mitigating delamination at the air electrode, due to the
increased catalytic activity and TPBs density introduced by the
SrFe,04.4 nanoparticles. However, the ohmic and polarization
resistances of the SrFe,0,_q4 infiltrated cell increase more than those of
the baseline cell during the SOFC cycles. This is primarily due to the
long-term degradation mechanisms associated with the infiltrated
SrFe,044 nanoparticles, including sintering of the nanoparticles at
high operating temperatures, which reduces their surface area and
catalytic activity, and agglomeration, which obstructs ion and electron
pathways in the active functional layer. This effect results in greater
ohmic resistance increase for SrFe,0,4 4 infiltrated cells compared to
baseline cells, which do not experience such nanoparticle-induced
issue.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 Ohmic/polarization resistance changes of the SOFC cycles for
the SrFe,044 infiltrated and LSM/YSZ baseline cells under the R-
SOFC/SOEC operation: (a) Ohmic resistance changes; (b) Polarization
resistance changes.

The ohmic/polarization resistance changes of the SOEC cycles for
the SrFe,04.4 infiltrated and LSM/YSZ baseline cells under the R-
SOFC/SOEC operation are summarized in Fig. 4. Both the ohmic and
polarization resistance of the SOEC cycles for the LSM/YSZ baseline
cell increased more than that of the SrFe,044 infiltrated LSM/YSZ
cell, despite the ohmic resistance of the SrFe,O,4 infiltrated
LSM/YSZ cell being a little higher than that of the baseline cell during
the SOEC operational cycles. The overall ohmic resistance of the
SOEC cycles for the SrFe,O,q4 infiltrated and LSM/YSZ cells
increased by 43.8 mQ cm? and 102 mQ cm?, respectively. The overall
polarization resistance of the SOEC cycles for the SrFe,04 4 infiltrated
and LSM/YSZ cells increased by 281 mQ cm? and 1,627 mQ cm? per
1,000 hours, respectively. The ohmic resistance of the baseline cell
sharply increased at the fourth SOEC cycle, corresponding to the cell
delamination. The ohmic resistance of the LSM/YSZ baseline cell
after 4 SOEC cycles increased two times more than that of the
infiltrated LSM/YSZ cell after six cycles of the SOEC operation,
while the polarization resistance of the LSM/YSZ baseline cell after
4 SOEC cycles increased seven times more than that of the infiltrated
LSM/YSZ cell after 6 cycles of the SOEC operation. Even though
both ohmic and polarization resistance changes contributed to the
cell's performance degradation, the polarization resistance change
contributed a lot more than the ohmic resistance to a cell's
performance degradation during the SOEC cycles. The overall
performance degradation for both infiltrated and baseline cells mainly
occurred during the SOEC cycles. The overall polarization resistance
of the baseline cell increased by 1,627 mQ cm? during 4 SOEC cycles,

J. Name., 2013, 00, 1-3 | 5
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Fig. 4 Ohmic/polarization resistance changes of the SOEC cycles for
the SrFe;044 infiltrated and LSM/YSZ baseline cells under the R-
SOFC/SOEC operation: (a) Ohmic resistance changes; (b) Polarization

resistance changes.

and the cell delaminated in the air electrode after 4 cycles of the R-
SOFC/SOEC operation.

SEM/TEM studies of air/H, electrodes of the baseline and
SrFe,044 infiltrated LSM/YSZ cells before and after R-
SOFC/SOEC tests

Fig. 5 shows SEM images of the air electrode of the LSM/YSZ
baseline cell before and after the R-SOFC/SOEC operation. Fig. 5 (a)
shows an excellent contact in the air electrode/electrolyte interface for
the LSM/YSZ baseline cell before the R-SOFC/SOEC test.
Catastrophic delamination of the air electrode from the electrolyte for
the LSM/YSZ baseline cell after the R-SOFC/SOEC test is shown in
Fig. 5 (b) and (c). The representative TEM studies were performed on
the left thin layer of the air electrode of the baseline cell after
delamination from the electrolyte to understand the nanostructure
changes. Fig. 5 (d) and Table 1 show the accumulation of nanograins
containing La, Sr, and Mn along the YSZ/YSZ grain boundaries.
There were nanoscale cracks along the LSM/LSM grain boundary
shown in Fig. 5 (e), and also the LSM/YSZ interface associated with
the second phase nanograins and nano cracks are shown in Fig. 5 (f).
The crack formation may cause the cell's ohmic resistance to increase,
as shown in Fig. 3 and Fig. 4 for both the SOFC and SOEC cycles.
The nanograins that formed in the YSZ/YSZ and LSM/YSZ interfaces
could be attributed to the accumulated high pressure built into the
interface, which broke down the LSM backbone into nano-size pieces
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due to the low ion conductivity of the LSM backbone. Similarly, the
nano cracks that formed in the LSM/LSM and LSM/YSZ interfaces
could also be caused by the accumulated high pressure built into the
interface due to the low ion conductivity of the LSM, which caused
the cell's performance degradation even after the short-term R-
SOFC/SOEC operation. With more cycles of the R-SOFC/SOEC test,
high pressure and crack built in the interface of the air electrode and
electrolyte caused the total delamination of the air electrode from the
electrolyte.

Representative SEM/TEM images of the air electrode for the
SrFe,04.4 infiltrated LSM/YSZ cell after the R-SOFC/SOEC test are
shown in Fig. 6. The SEM images in Fig. 6 (a) show no delamination
between the air electrode and electrolyte for the infiltrated cell even
after more R-SOFC/SOEC operation cycles. The SrFe;O4q
infiltration significantly prevented the
delamination of the air electrode from the electrolyte. The TEM

in the air electrode
studies in Fig. 6 (b) and (c) show that infiltrated nanoparticles are
present within the original pore region, in which the SrFe;O44
infiltration in the air electrode significantly increased the three-phase
boundary. Furthermore, the EDS studies summarized in Table 2 show
elements of La and Mn from the LSM backbone diffuse into the
infiltrated SrFe,O44 nanoparticles, which makes the infiltrated
nanoparticle become mixed ion conducting La-Sr-Mn-Fe
nanoparticles located on the surface of the LSM and YSZ. Those
nanograins have different chemistry, presumably caused by their
different distance to the LSM/YSZ grains or the interaction between
the infiltrate and the LSM/Y SZ backbone. Furthermore, the infiltrated
elements of Sr and Fe from the SrFe,0,_4 infiltrates also significantly
interact with the LSM backbone and diffuse into the LSM backbone,
which causes the LSM backbone to become a well-mixed conductor
of Fe-doped LSM. The A-site deficient (LaSr)(FeMn)Oy nano
infiltrate grains (with different chemistry) possess electrocatalytic
activity toward operation and have increased the number of TPBs. The
LSM backbone grain becomes Fe-doped LSM, which possesses
substantial ionic conductivity and changes the LSM from an
electronic conductor to a mixed conductor. Therefore, the increased
ionic conductivity of the LSM backbone could further increase the
pathway of oxygen ions, which induces lower polarization resistance
and mitigation of performance degradation, especially for the SOEC
cycles.

Catalytic Fe-Mn enriched La-Sr-Mn-Fe-O particles sitting on
mixed ionic conducting Fe-doped LSM surface are shown in Fig. 6
(d). Such Fe-doped LSM with mixed conductivity could dramatically
increase the ionic pathway, decrease the pressure buildup at the
electrolyte/electrode interface, and ultimately mitigate the
delamination. This increased durability of infiltrated cells may be
attributed to a more active oxygen electrode, achieved by solution-
based infiltration, to circumvent delamination. Increased activity of
the oxygen electrode would limit the oxygen pressure buildup and
thus the oxygen-related delamination. Cells with a lower polarization
resistance should, in turn, also show better durability toward oxygen
electrode delamination, which is consistent with the literature reports
such as the Pd into the LSM by infiltration substantially enhances the
TPBs and the electrode activity of the LSM electrode for the oxygen
evolution reaction (OER) with increased performance and decrease in
the delamination.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 SEM/TEM studies of the air electrode for the LSM/YSZ baseline cell before and after the R-SOFC/SOEC test: (a) SEM images of the as-
received baseline cell without testing; (b) SEM top view of the delaminated baseline cell after testing; (c) SEM cross-section of the
delaminated baseline cell after testing; (d) TEM images of the nanograin accumulated in the YSZ/YSZ interface after testing; (e) TEM images
of the crack that formed in the LSM/LSM interface after testing; (f) TEM images of the nanograin and crack that formed in the LSM/YSZ

interface after testing.

Table 1 EDS of different spots shown in Fig. 5 (d)

At% [0 La Sr Mn
1 60.85 7.68 1.99 12.10
2 68.06 5.24 1.32 7.89
3 64.17 0.47 2.02
4 67.89 0.42 1.66

The TEM studies were conducted on the H, electrodes of both the
as-received baseline and infiltrated LSM/YSZ cells to examine nano
structural changes after R-SOFC/SOEC operation. The TEM images
in Fig. 7 (a-1), (a-2), and (a-3) show the as-received cells that had not
undergone R-SOFC/SOEC operation but had been thermally exposed
to 800°C with 30% steam. These images reveal an intact Ni/YSZ
interface and original pore regions without NiO formation, with YSZ
grain boundaries remaining intact and free of secondary phases or
core-shell structures at the nanoscale. However, after four cycles of
R-SOFC/SOEC operation on the baseline cell and six cycles on the
infiltrated LSM/YSZ cells, less dense but significantly larger core-
shell structures, approximately 50 nm in size, accumulated primarily
at the YSZ/YSZ grain boundary junctions,*® as seen in Fig. 7 (b-1)
and (b-2). These changes could lead to increased polarization
resistance and subsequent performance degradation. In the core-shell
structure at the grain boundaries, the core has vacancy enrichment,
and the shell has dopants of Y enrichment. Those core-shell structures
result from the space charge layer effect accumulated at the YSZ grain

This journal is © The Royal Society of Chemistry 20xx

Zr Y Formula
14.96 243 (La0_79Sr0_2l)a,goMnOx+YSZ
14.99 2.50 (Lao_sosr0_20)0_33MnOx+YSZ
28.66 4.68 Zr0.80Y 0.13Mn,06Lag,01Ox
25.39 4.64 Zr0.79Y 0.14Mng 95120 020

boundaries. Due to the ordering of both the dopants and the vacancies,
the core-shell region and the associated grain boundaries are with
lower conductivity. The core-shell structures inhibit the transport of
oxygen ions and electrons by blocking active TPBs. Additionally,
they may create a physical barrier, reducing the efficiency of oxygen
adsorption and diffusion. Their dense nature also implies reduced
catalytic surface area, further impairing performance.’®

Additionally, large NiO particles were observed in the original
pore regions of the H; electrode following R-SOFC/SOEC operation
in both the baseline and infiltrated LSM/YSZ cells, as shown in Fig.
7 (c-1) and (c-2). These NiO particles likely formed due to Ni
migration during the extended R-SOFC/SOEC tests. A
thermodynamic analysis* conducted by our group revealed that under
polarization, the oxygen partial pressure near the Ni-electrolyte
interface can be substantially higher than that at the hydrogen
electrode. This can lead to Ni oxidation and an increased
concentration of the gaseous Ni(OH),, which in turn accelerates the
transport of Ni. EDS analysis, presented in Table 3, confirmed these
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Fig. 6 SEM/TEM studies of air electrode for the SrFe,04.4 infiltrated LSM/YSZ cell operated under R-SOFC/SOEC: (a) SEM image of intact
interface of the air electrode/electrolyte after testing; (b) and (c) TEM images of increased TPB by the SrFe,0,.q4 infiltration in the air electrode;
(d) Mn-Fe enriched infiltrates on Fe-doped LSM enhanced the oxygen ion conductivity by infiltration in the air electrode.

Table 2 EDS of different spots shown in Fig. 6 (b) and (d)

At% (0] La Sr Mn Fe Zr Y Formula
5 49.12 12.38 10.71 15.07 12.72 (La0_54Sr0_45)0_83(Mno,54Feo_46)Ox
6 34.12 17.72 14.33 17.31 16.52 (La0455Sr0.45)o,95(Mn0,51Feo,49)Ox
7 64.71 3.53 13.66 9.84 8.26 (La0<21Sr0<79)0,95(Mn0,54Feo<46)Ox
8 58.39 3.25 16.01 10.94 11.42 (Lao‘17SI‘0‘33)0'84(M110'49F80‘51)Ox
9 62.47 31.11 6.42 Yo.17Zr0.830%
10 60.07 3.09 11.52 25.32 Sro'og(Mn()j]Feoﬁg)Ox
11 34.64 3.21 52.12 10.02 Yo.15Mng 05210 800x
12 75.36 2.46 10.51 11.67 Sro.11(Mng 45F€0.52)Ox
13 72.91 1.07 2.86 10.68 12.48 (La0_27Sr0_73)0_17(Mn0A46Feo_54)Ox
14 76.14 1.61 3.74 9.29 9.21 (Laol3osr0v70)o'29(MHO'50F60'50)0,(
15 71.13 9.71 2.82 15.62 0.72 (La0<77Sr0<23)0,77(Mn0,96Feo,04)Ox
16 68.27 11.71 3.42 15.35 1.24 (Lao‘77sr0‘23)0'91(MH0'93FCO‘O7)OX

particles as NiO. Suppose the NiO is reduced back to Ni during SOFC  performance during the SOFC cycles after degradation in the SOEC
cycles. In that case, this Ni migration might temporarily generate new  cycle, as illustrated in Fig. 1.
triple-phase boundaries, potentially explaining the partial recovery of
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Fig. 7 TEM studies of H, electrode for the baseline and SrFe,0,.q infiltrated LSM/YSZ cells operated under R-SOFC/SOEC: (a-1), (a-2), and (a-
3) as-received cell without testing that Ni/YSZ electrode thermally exposed to 800 °C, 30% steam showing the intact Ni/YSZ interface and the
original pore region that is lacking the formation of the NiO; (b-1) and (b-2) less dense but much larger core shells with the dimension of ~50
nm accumulated mainly at the YSZ/YSZ grain boundary junctions; (c-1) and (c-2) NiO formation at the original pores of the H, electrode after
the R-SOFC/SOEC operation for both the baseline cells and infiltrated LSM/YSZ cells.
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Table 3 EDS of different spots shown in Fig. 7 (c-1)

At% (@) Zr Y Ni Formula
17 53.57 46.43 NiO,
18 100 Ni
19 60.42 33.83 5.75 ZI‘()_5;5Y0_15OX
Discussion

Increased reversibility induced by solution infiltration of the air
electrode

It is worth noting that from the second SOFC cycle onward, the
polarization resistance exhibited a significant reduction with the first
24 hours of SOFC operation for both the LSM/YSZ baseline and
infiltrated cells shown in Fig. 3 (b), which caused the increased
voltage for each SOFC cycle shown in Fig. 1. Therefore, a SOFC
cycle may recover some of the performance loss occurred in each
SOEC cycle. More detail can be found in Fig. 8 for the EIS spectra of
the SOFC and SOEC cycles for both the LSM/YSZ baseline and
infiltrated cells. The impedance and polarization resistance of each
SOFC cycle at 0 hours was higher than that of the last SOFC cycle at
96 hours for both the baseline and infiltrated cells, which denoted each
SOEC cycle caused more performance degradation to the cell shown
in Fig. 8 (a), (b), (e), and (f). Beginning with the second SOFC cycle,
the impedance and polarization resistance of each SOFC cycle at 96
hours were markedly lower compared to the value observed at the start
(0 hour) of each respective SOFC cycle, which corresponded to the
increased performance during each SOFC cycle operation shown in
Fig. 1. Therefore, SOFC cycles can recover part of the performance
loss that occurs in each SOEC cycle, which is consistent with another
study*? that suggested a mechanism of degradation according to which
the high oxygen partial pressure at the interface formed during the
SOEC mode could be released by the SOFC mode. With more SOFC
cycle operations, the ohmic resistance does not increase significantly.
However, the impedance and polarization resistance both increased,
leading to performance degradation. Fig. 8 (c), (d), (g), and (h) show
the EIS spectra of the LSM/YSZ baseline and infiltrated cells for the
SOEC cycles during the R-SOFC/SOEC operation, respectively. The
impedance and polarization resistance of each SOEC cycle at 0 hours
was significantly lower than the last SOEC cycle at 96 hours, which
further demonstrated that subsequent SOFC cycle operations
recovered part of the performance loss suffered in each SOEC cycle.
The impedance and polarization resistance of each SOEC cycle
increased. Performance degradation mainly occurred during the
SOEC cycle operation, corresponding to the voltage increase during
the SOEC cycle operation shown in Fig. 1. With more SOEC cycle
operations, the ohmic resistance did not increase. However, the
impedance and polarization resistance both increased, contributing to
performance degradation.

Performance recovery during each SOFC cycle operation could
occur in both air and H, electrodes for both the baseline and infiltrated
cells. A NiO cluster formed in the original pore of H, electrode due to
Ni migration during an SOEC operational cycle, which was

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

subsequently reduced to Ni during an SOFC operational cycle, which
may increase the TPBs that explain the recovered performance. If
irreversible microstructural changes such as fracturing take place in
the H, electrode shown in Fig. 7 (b), only partial performance
recovery during the SOFC operational cycle could occur. In the air
electrode, accumulated air pressure due to the low oxygen ion
conductivity of the LSM backbone, especially for the baseline cell,
could also be released during the SOFC cycle operation before the
nano-size crack occurs, shown in Fig. 5 (e), which caused the
significant sharp polarization resistance to drop at 0 hours of the
SOFC cycle when switching from the SOEC cycle shown in Fig. 3 (b)
for the baseline cell. However, the SrFe,0,_4 nanoparticle infiltration
in the air electrode of the LSM/YSZ cell significantly increased the
oxygen ion conductivity in the air electrode, which mitigated the
pressure accumulation due to the increased TPBs in the original pore
and the formation of the mixed conductor of Mn-Fe enriched
infiltrates located on the Fe-doped LSM backbone. This phenomenon
was clearly denoted in Fig. 3 (b) with a lower polarization resistance
at 0 hours of each SOFC cycle and a significantly lower polarization
resistance in each SOEC cycle for the infiltrated cell shown in Fig. 4
(b). Therefore, the SrFe,O44 infiltration in the air electrode
significantly increased the reversibility for the LSM/YSZ-based cell,
demonstrated by the decreased impedance and polarization for the
infiltrated cell shown in Fig. 2 (c) and (d), and improved performance
and mitigated performance degradation shown in Fig. 1.

The enhanced conductivity observed in the electrode can be
attributed to the decrease in the ohmic resistance in the Nyquist plot,
resulting from SrFe,O44 infiltration into the air electrode. This
improvement in conductivity is accompanied by a reduction in the
polarization resistance, which also reflects an enhancement in
catalytic activity.

To identify the physical origin of these polarization resistance
changes, the dynamic constants within the impedance data were
analysed by evaluating the relaxation times and the relaxation
amplitudes of the impedance-related processes through deconvolution
techniques.*'**4 The DRT analysis shown in Fig.9 reveals two distinct
arcs, P3 and P4, corresponding to processes occurring at frequencies
in the range of 3-5 Hz and 100-200 Hz, respectively, with the P4
process being dominant. Upon infiltration, the P4 arc shifts toward a
higher frequency compared to that of the baseline for the SOEC
operation, suggesting the changes in the oxygen exchange kinetics
within the air electrode for SOEC operations. The processes
associated with the characteristic frequencies of 1-150 Hz are
commonly attributed to oxygen electrode activation and polarization
resistance, particularly during the oxygen evolution reaction.*s

The shift in P4 frequency after infiltration can be explained by
enhanced oxygen surface exchange and oxygen ion transport within
the air electrode, which is facilitated by the modified electrode
introduced by SrFe;,O44. The
infiltration appears altering the surface activity of the LSM backbone

microstructure and chemistry
by providing additional active sites for oxygen exchange while
reducing the activation energy for oxygen ion migration. Additionally,
the structural changes caused by the infiltration reduce the
polarization resistance, especially in the 100-200 Hz range, which is
associated with oxygen transport processes.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 8 EIS spectra of the SOFC and SOEC cycles for the LSM/YSZ baseline and infiltrated cells under the R-SOFC/SOEC operation: (a) Bode plot
of the SOFC cycles for the LSM/YSZ baseline cell; (b) Nyquist plot of the SOFC cycles for the LSM/YSZ baseline cell; (c) Bode plot of the SOEC
cycles for the LSM/YSZ baseline cell; (d) Nyquist plot of the SOEC cycles for the LSM/YSZ baseline cell; (e) Bode plot of the SOFC cycles for the
infiltrated cell; (f) Nyquist plot of the SOFC cycles for the infiltrated cell; (g) Bode plot of the SOEC cycles for the infiltrated cell; (h) Nyquist
plot of the SOEC cycles for the infiltrated cell.
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Fig. 9 DRT analysis of LSM/YSZ baseline and SrFe,0,4.q infiltrated cells
under SOEC Oh conditions.

Importantly, the consistent operation of the baseline and infiltrated
cells under identical conditions highlights the direct influence of
SrFe,044 infiltration on electrode performance. While the fuel
electrode structures remain unchanged, the observed decrease in the
P4 arc for the infiltrated cell further supports the hypothesis of
improved ionic and electronic transport. These enhancements likely
stem from the infiltration-induced changes in the LSM chemistry,
leading to improved oxygen ion conductivity and expanding the
catalytic reaction sites to the surface of the LSM grains.

The observed shifts in DRT peaks, particularly the reduction and
frequency shift of the P4 arc, provide strong evidence for the
beneficial effects of SrFe,O44 infiltration. These changes enhance
oxygen surface exchange and ion transport, leading to significant
reductions resistance and overall

in polarization improved

electrochemical performance of the LSM/YSZ air electrode.

Beneficial chemistry changes after nanoparticle infiltration in the
air electrode

The delamination of the air electrode from the electrolyte has
generally been attributed to the low ionic conductivity in LSM and the
cracks caused by high oxygen pressure buildup at the electrolyte/air
electrode interface, as reported in previous studies.!*!® 46 This
phenomenon was also observed in the current research, as shown in
the SEM/TEM images. The formation of microstructural defects,
pores, and cracks at the electrode/electrolyte interface further reduced
the electrochemically active area. This aligns with the current
findings, which show a significant increase in ohmic resistance during
the SOEC cycle. Additionally, a notable rise in polarization resistance
was observed in the baseline cell after four cycles of R-SOFC/SOEC
operation, ultimately leading to complete delamination and
catastrophic failure of the LSM/YSZ baseline cell.

For the infiltrated cells, interdiffusion between the infiltrates and
the backbone is typically unfavourable in standard solution infiltration
processes. However, in this study, the SrFe,0,4_q infiltrates exhibited a
beneficially strong interaction with the LSM backbone. Iron from the
infiltrates diffused into the LSM backbone, transforming the low
oxygen ion-conducting LSM into a Fe-doped LSM mixed conductor,

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

which could help reduce electrode delamination. The interaction
between Sr, Fe, and the LSM backbone is primarily driven by high-
temperature operations of SOFC and SOEC operations, which
facilitates the diffusion of these elements into the perovskite lattice.
This process is thermodynamically favourable, as it reduces the
system's Gibbs free energy, leading to the formation of Fe-doped
LSM. The high-temperature environment allows Sr and Fe to interact
with forming La-Sr-Mn-Fe (LSMF)
compounds. The diffusion of Sr and Fe into the LSM structure also

the perovskite lattice,
occurs due to concentration gradients and their high ionic mobility
under elevated temperatures. Additionally, the generation of oxygen
vacancy during operation enhances ion transport pathways, further
facilitating the diffusion process. These factors collectively enable the
incorporation of Sr and Fe into the LSM backbone, resulting in a
modified microstructure and composition.

The improvement in ionic conductivity of Fe-doped LSM
compared to pure LSM is demonstrated by the performance of the
SrFe;04.q infiltrated LSM/YSZ cell, which exhibited no delamination
of air electrode. However, the electronic conductivity of Fe-doped
LSM is influenced by both the Fe doping level and operating
While
conductivity by introducing additional charge carriers, it can also

temperature. Fe doping typically enhances electronic
affect ionic conductivity by altering the defect chemistry of the
material.

Previous studies have shown that Fe doping levels of 20% and 40%
in LSM resulted in lower electronic conductivity compared to
undoped LSM.#’ However, the lower Fe doping levels employed in
this research demonstrated improved electronic conductivity, as
evidenced by the reduction in ohmic resistance during the first SOFC
cycle. Precise measurements of electronic conductivity depend on the
specific doping level and require experimental validation for the
individual compositions. It is important to note that this study does
not focus on detailed investigations of the electronic and ionic
conductivity variations caused by Fe doping. These aspects fall
outside the scope of this research and will not be addressed further in
this paper.

Simultaneously, La and Mn from the LSM backbone interacted
with the SrFe,0,44 infiltrates, resulting in the formation of Mn-Fe
enriched La-Sr-Mn-Fe nanoparticles in the original pores of the air
electrode. These nanoparticles not only increased the TPBs but also
enhanced the oxygen ionic pathways. The positive interaction
between the infiltrates and the LSM backbone significantly reduced
pressure buildup at the electrolyte/electrode interface. It mitigated
crack formation, improving the reversibility and durability of the
infiltrated cells during R-SOFC/SOEC operation. Oxygen exchange
occurred at the surface of these materials when Fe and Mn diffusion
took place, which would immediately affect oxygen exchange
kinetics. This increased ionic conductivity likely extended the
reaction sites from the original TPBs to the entire surface of the LSM,
contributing to reduced delamination and enhanced durability in the
infiltrated cells.

Outlook

This journal is © The Royal Society of Chemistry 20xx
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LSM and LSCF are commonly used air electrode materials for SOFC
operation. LSCF possesses high catalytic activity and good ionic and
electronic conductivity. However, the primary concern for the
practical application of LSCF cathodes is its long-term performance
instability due to Sr segregation under the SOFC operation, LSCF
decomposition (formation of Co-Fe) under the SOEC operation,
reaction with the YSZ-based electrolytes leading to the application of
a barrier layer that caused the complicated and cost ineffective
fabrication procedure. The most challenging concern for the SOEC
application of the LSM/Y SZ-based cell is the electrode's delamination
from the electrolyte due to the pressure buildup in the
electrode/electrolyte interface induced by the lower oxygen ion
conductivity of the LSM backbone. LSM is mainly an electronic
conductor with limited ionic conductivity. As a result, oxygen ions
produced at the cathode tend to accumulate at the interface, causing a
local pressure buildup. Additionally, the OER on the LSM surface is
less efficient due to its lower catalytic activity compared to materials
with mixed ionic-electronic conductivity. This inefficiency
exacerbates the accumulation of oxygen, leading to mechanical stress
and possible microstructural damage. These challenges highlight the
importance of infiltrating materials like SrFe;0,4 4, which can enhance
both ionic conductivity and catalytic activity to address these issues.

In these current studies, nanoparticle infiltration in the air
electrodes of the LSM/YSZ-based cells has been demonstrated as a
simple, promising, and cost-effective way to prevent delamination of
the electrode from the electrolyte. The nanoparticle infiltration in the
air electrode not only improved the performance and mitigated
performance degradation for the LSM/YSZ-based cells, especially for
the SOEC cycle, but also extended the durability of the R-
SOFC/SOEC. Infiltration permanently improved the backbone
structure and possibly induced ionic conductivity in the electrical
conductor LSM. Ionic conductivity is needed for LSM. Therefore, the
infiltration provides a permanent solution to ultimately solve the
problem of delamination, which is very encouraging.

The nanoparticles that formed on the LSM/YSZ backbone were
composed of SrFeO,, with La and Mn dopants on the Sr and Fe sites,
respectively. Both SrFeO, and Ti-doped SrFeO, are known
The Sr(Ti;<Fe,)Os.4 exhibits
polarization resistance and excellent stability at 700 °C during both

electrocatalysts. electrode low
the SOFC and SOEC operations, making it competitive, or even
superior to other mixed ionic-electronic conducting (MIEC)
electrodes such as LSCF.*® Although the specific effects of La and Mn
doping on the SrFeOy in this study are not fully understood, it is likely
these particles provide additional electrocatalytic activity for OERs
during the SOEC operation. Most importantly, the particles serve as a
cation reservoir, supplying Fe to the LSM to enhance its ionic
conductivity. With continuous operation, the chemical composition of
the particles is expected to stabilize, and they may eventually become
Mn-enriched rather than Fe-enriched. While there is still some
degradation after the infiltration of SrFe,04_4, optimizing the chemical
composition of the solutions, such as adjusting the Sr : Fe ratio or
introducing different doping elements, could further improve H,
production during SOEC cycle operation.

Summary

This journal is © The Royal Society of Chemistry 20xx
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The SrFe;044 infiltration in the air electrode clearly improved the
cell's overall performance, mitigated performance degradation, and
extended the cell's operational duration, at increased hydrogen
production rate, without delamination of the air electrode for the R-
SOFC/SOEC test. The EIS analysis showed that the SrFe;O44
solution infiltration in the air electrode decreased both of the initial
ohmic/polarization resistance, which resulted in improved initial
performance. However, the ohmic/polarization resistance increased
with more R-SOFC/SOEC operational cycles, especially for the
polarization resistance. This resulted in performance degradation,
with the SOEC cycles contributing the most to the performance
degradation. The air electrode was totally delaminated in the
LSM/YSZ baseline cell. The SrFe,04_4 nanoparticle infiltration in the
air electrode appeared to inhibit delamination. This might be
attributed to an increase in TPBs and improved oxygen ion
conductivity of the air electrode by the infiltrated SrFe;O,q
nanoparticles, which may have quelled the oxygen partial pressure in
the air electrode. The SEM studies on the SrFe,0,.4 infiltrated cell
showed no delamination in the air electrode from the electrolyte. The
TEM studies on the H, electrode revealed the formation of NiO in
both the SrFe,04 4 infiltrated and LSM/Y SZ baseline cells after the R-
SOFC/SOEC test. The formation of NiO and Ni migration to the
original pore region may have led to performance degradation.
However, NiO could be reduced back to Ni during the SOFC cycles,
which can explain why the SOFC operation mode reversed some
performance loss observed during the SOEC operation in the R-
SOFC/SOEC test. Even though a SOFC cycle could reverse some
performance loss observed during the SOEC cycles, nonconductive
second-phase formation, microstructure change, or even fracture is
irreversible, which can contribute to performance degradation of both
the baseline and infiltrated cells. The reversibility is attributed to the
reduced electrode resistance and enhanced catalytic activity that is
simultaneously introduced to the electrode backbone through the
strong interaction between the infiltrate and the backbone. The present
study opens new research directions of modifying and improving the
electrochemical activity of the electrode of inherently functional cells
through the infiltration of the solutions with different chemistry.
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