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Herein, an innovative Lag ¢Sro.4CoO3 (LSC) nanostructured air electrode, having superior catalytic activity and
exceptional robustness against critical interfacial delamination-induced degradation, is reported. A ~50 nm thin
LSC air electrode decorated onto a porosity graded Gdy.1Cep.9O2 backbone via ultrasonic-assisted infiltration
showed significantly flourished ORR and OER kinetics with prolific electrochemical performance compared to
the cell with conventional LSC air electrode. The SOC showed maximum power density of 2.24 W cm ™2 in the
fuel cell mode and maximum current density of 4.57 A cm™2 at an operating voltage of 1.6 V in the electrolysis

mode at 750 °C. Results of the reversible cycling and galvanostatic stability tests indicate excellent durability,
which is attributed to the elimination of detrimental Oy pressure evolved at the air electrode/electrolyte inter-
face. Sited among the highest performances till date, this study provides a realization of a tremendously durable
SOC design for the production of green hydrogen and electricity.

1. Introduction

The surge in energy demand is a fundamental cause of the significant
reduction in the limited reserves of fossil fuels, e.g., coal, petroleum, and
natural gas [1]. The continuous increase in CO, emissions caused by the
combustion of fossil fuels is seen as a significant driver of global
warming and environmental problems [2]. To counter greenhouse
emissions, renewable energy sources such as solar and wind have
emerged as prospective alternatives for power generation [3]. However,
due to the intermittent nature of renewables in electricity generation,
rational yet sustainable energy storage and conversion technologies are
required. Over the past few decades, hydrogen, being sufficiently suit-
able and abundant, has attracted significant attention as a major energy
carrier. In relation to this, high-temperature steam electrolysis has
emerged as a clean, viable, and efficient technology to produce green
hydrogen [4-6].

A reversible solid oxide cell (SOC) is a well-admired technology that
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offers the distinctive promise of energy generation and storage at the
same time. While operating in the fuel cell (FC) mode, the chemical
energy of various fuels, e.g., Hy, syngas, NHs, and hydrocarbons, can be
converted into electrical energy. For energy storage, SOCs are operated
in the electrolytic cell (EC) mode, where renewable energy is converted
into chemicals. An SOC is composed of two porous electrodes and a
dense oxygen ion-conducting electrolyte sandwiched between them [7,
8]. Conventionally, the air electrode consists of strontium-doped
lanthanum magnetite (LSM) or a composite of LSM and
yttria-stabilized zirconia (YSZ), whereas the fuel electrode is commonly
made up of nickel-YSZ cermet [9,10]. However, during long-term
operation in the EC mode, considerable physicochemical degradation
occurs, which eventually reduces the overall performance of the cell:
namely, electrode poisoning by gaseous phases and disruptive interfa-
cial delamination of air electrodes [11].

In particular, cracking and delamination along the air electrode/
electrolyte interfaces overshadow several proven advantages of SOCs
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[12-14]. The SOFC consisting of an LSM-YSZ air electrode showed se-
vere performance degradation of 0.952 V kh™! for galvanostatic oper-
ation for 420 h at 1 A cm™2. Although a reversible cycling strategy was
proposed to mitigate the microstructural degradation, there might be
practical challenges in the EC mode [15]. The delamination of air
electrodes is mainly caused by the development of high internal oxygen
pressures near the electrolyte/air electrode interface due to oxygen ion
oxidation at defect sites and/or closed pores [8,12,14,16-21]. The for-
mation of secondary phases is also responsible for mechanical degra-
dations of the electrolyte/air electrode interface; however, the driving
force behind this phenomenon is the high oxygen pressure in that area
[13]. Mixed ionic/electronic conducting (MIEC) materials such as
Lao_GSro,4C003 (LSC), La()_GSI‘()ACO().gFe().gOg (LSCF), and Baolssrols_
Cog.oFep.gO3 (BSCF) are found to ameliorate degradations to some extent
owing to their low polarization resistances as compared to those of
electronic conducting LSM [5]. On the other hand, a versatile and
practical approach of catalyst infiltration has been widely adopted to
achieve a high and stable performance of the SOCs. Infiltration of MIEC
nanoparticles into LSM-based electrodes or electrolyte backbones has
been reported to provide better electrochemical activity and stability
[22-28]. For example, the infiltration of SrTig 3Fep ¢C00.103-5 catalysts
into an LSM-YSZ air electrode resulted in two-fold enhancement in
performance and successfully avoided air electrode delamination for
800 h of continuous galvanostatic operation at 750 °C and 0.5 A cm ™2
[29]. Smg5sr9.5C003.5 was synthesized by infiltration onto the YSZ
backbone as an air electrode; however, stability data were provided for
only 100 h [30,31]. A Lag Srg 4FeO3.5 nanoparticulate air electrode was
fabricated onto the YSZ backbone, but stability data for only 120 h were
reported [32]. An LSC air electrode fabricated onto the GDC backbone
initially performed well but degraded rapidly during the stability test
[33]. Although infiltration technologies have been explored to solve the
problems with air electrode degradation by delamination, more exten-
sive research is still needed to mature the technology.

From a fundamental viewpoint, however, it would be critical to
either eliminate closed porosity or to ensure that the closed pores are
free of any catalyst phases for the oxidation of oxygen ions. In the cur-
rent study, the associated problem of air electrode delamination is
addressed through a rational design of the air electrode: (i) MIEC (LSC)
nanolayer, (ii) catalyst-free closed pores, and (iii) graded porous struc-
ture. To function as an air electrode, a nanolayer of the LSC catalyst is
deposited onto a pre-sintered Gd 1Ce.902 (GDC) scaffold by ultrasonic-
assisted infiltration [34,35]. Among state-of-art SOC air electrode ma-
terials (LSM, LSCF, and LSC), LSC was chosen as the air electrode ma-
terial because of its high activity and MIEC nature [36-39]. The
extremely fast diffusion properties of the LSC nanolayer can prevent the
development of oxygen pressure at the GDC/LSC interface. Given that
the infiltration solution cannot penetrate into the closed pores of the
GDC scaffold, the LSC catalyst is deposited only onto the open pores,
which should help circumvent delamination. A porosity-graded struc-
ture of the GDC scaffold, on the other hand, is used to maximize the
reaction sites for the oxygen reduction/evolution process near the
electrolyte surface (fine-porosity zone) while allowing for easy mass
transport near the air electrode surface (coarse-porosity region). The
efficacy of the nanostructured LSC air electrode in improving the per-
formance and stability of reversible SOC is demonstrated in both FC and
EC modes.

2. Experimental

2.1. Fabrication of SOCs with nanolayered and conventional LSC air
electrodes

Nanolayered LSC air electrodes were fabricated by screen printing
and infiltration techniques onto in-lab prepared symmetric and anode-
supported half-cells (NiO-YSZ|YSZ) (Kceracell, South Korea). To fabri-
cate the symmetric cells, fully dense YSZ coins were prepared by dry
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pressing YSZ powder (YSZ8-TC, Fuelcellmaterials, USA) into circular
disks, followed by sintering at 1400 °C in air for 5 h. A GDC scaffold with
a graded porous structure was fabricated onto the YSZ symmetric cell
and the anode-supported half-cell by screen printing, followed by sin-
tering in air at 1300 °C for 1 h. After sintering, the porosity-graded GDC
scaffold had an active area of 0.5 cm?. A graded porous structure was
created by screen printing of a GDC ink without any pore-former (70 wt
% GDC powder) to produce fine porosity at the interface with the YSZ
electrolyte, while a coarse porous structure at the electrode surface was
generated by using a GDC ink containing polymethyl methacrylate
(PMMA) particles (weight ratio of GDC and PMMA = 70:30). Screen
printing inks were prepared in a centrifugal mixer by dispersing powders
into a mixture of a-Terpineol (solvent), ethyl cellulose (binder), and fish
oil (dispersant). The LSC infiltration solution was prepared by dissolving
stoichiometric amounts of high-purity nitrate salts of the precursor el-
ements, i.e., La(NO3)3-6 Hy0, Sr(NOs)2, and Co(NO3),-6 HoO (Sigma
Aldrich, South Korea), in deionized (DI) water, and the solution volume
was adjusted to 25 ml. In a separate beaker, an appropriate amount of
glycine amino acid (Sigma Aldrich, South Korea) was dissolved in DI
water to function as a complexing agent (molar ratio of glycine to metal
cations = 0.7: 1.0), and the solution volume was adjusted to 25 ml [40].
The glycine solution was added to the metal nitrate solution slowly
while the temperature was kept at 80 °C. At this point, 1.5 g of triton
X-100 was dissolved in 50 ml of the metal nitrate solution to promote the
wettability of the infiltration solution [41]. To find the optimal amount
of the LSC, the precursor solution was infiltrated into the GDC scaffold of
the YSZ symmetric cells for 1-4 cycles. Infiltration was done by using
in-house ultrasonic spray equipment [35,42]. After each infiltration
cycle, the sample was heat treated at 200 °C, and a final heat-treatment
step was performed at 800 °C to form the LSC perovskite phase. After
finding the appropriate number of infiltration cycles by studying the
electrochemical properties of the symmetric cells, the LSC precursor
solution was infiltrated into the GDC scaffolds fabricated onto the
anode-supported half-cells.

For the fabrication of conventional LSC-GDC composite cathodes,
screen printing inks of GDC buffer layer (57 wt% GDC), LSC-GDC (60:40
in weight) composite electrode (air electrode functional layer), and LSC
current-collection layer were prepared. A GDC buffer layer was first
screen-printed onto the fully dense YSZ electrolyte of the YSZ symmetric
cell and the anode-supported half-cell and sintered in air at 1300 °C for
1 h. Then, LSC-GDC air electrode functional layer and LSC current-
collection layer were screen-printed on the GDC buffer layer succes-
sively and sintered in air at 950 °C. After sintering, the LSC-GDC com-
posite air electrode had an active area of 0.5 cm?.

2.2. Material and electrochemical characterization

The microstructure of the LSC air electrodes was observed by SEM
(Hitachi Regulus 8220). The phase of the LSC air electrode formed after
calcination at 800 °C was confirmed by XRD (2500 D/MAX, Rigaku)
using Cu K, radiation. The surface chemistry of the synthesized nano-
layered LSC air electrode was observed by X-ray photoelectron spec-
troscopy (XPS, Thermo Multi-Lab 2000 spectrometer). Raman spectra of
the synthesized nanolayered LSC air electrode GDC powders was
collected using Nanophoton Ramanforce dispersive Raman spectrom-
eter (532.04 nm excitation wavelength, 3.82 mW excitation power) over
the range of 87-1000 cm ™. A chemical composition analysis with EDS
in STEM was carried out using a Talos F200X device operated at 200 kV.
Specimens for the TEM observation were prepared by a lift-out tech-
nique via ion-beam thinning in a focused-ion-beam system (Helios G4
UX, Thermo Fisher Scientific). A protective thin layer of Pt was applied
over the region of interest to enhance the mechanical strength. La-Ly
(4.65 keV), Sr-L (1.82 keV), Co-K, (6.93 keV), Ce-L, (4.84 keV), and Gd-
Ly (6.05 keV) lines were selected during the EDS analyses with a
chemical scanning time of 180 s. A narrow peak area (55%) of the
elemental spectrum was applied for La and Ce for easier deconvolution.
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The SAED pattern and the inter-planar distance of the crystal were
analyzed using DigitalMicrograph™ (GATAN) software. The electro-
chemical performance of the SOCs was measured using an in-house
testing rig, as shown in Fig. S1. For this test, a coin cell was mounted
onto an alumina tube and sealed using a glass ring. NiO and LTCCC (low
temperature cathode current collection) pastes were used to create
electrical contacts for the fuel and air electrodes, respectively. Ag mesh
and wire were used for the current collection. For FC operation, 0.1 lpm
of dry hydrogen was supplied to the Ni-YSZ anode, while the cathode
was provided with 0.15 Ipm of dry air. For EC testing, the Ni-YSZ anode
was supplied with 0.1 lpm of a gas containing 50% steam and 50%
hydrogen using a steam generator. I-V and electrochemical impedance
data were collected at 650, 700, and 750 °C using a BioLogic SP-240
electrochemistry =~ workstation. Electrochemical impedance was
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conducted by employing a 14 mV,yys AC signal in a frequency range of
0.01 Hz to 100 kHz.

3. Results and Discussion

The SOC air electrode is commonly fabricated by the screen printing
and sintering of single or composite materials, which unavoidably pro-
duces closed pores between the catalyst particles. Operating the SOC in
the EC mode results in the evolution of oxygen gas that should diffuse
out of the air electrode. The encapsulated oxygen gas inside the closed
pores has the potential to deteriorate the mechanical integrity of the air
electrode, thereby causing delamination (Fig. 1a). By employing an
ultrasonic-assisted infiltration technique, in this study, the SOC air
electrode is designed and fabricated in such a way that there is no
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Fig. 1. Schematic illustration comparing SOC structures and their effects on performance and long-term stability: (a) a conventionally prepared LSC-GDC composite

air electrode and (b) the developed LSC nanolayered air electrode.



S.U. Rehman et al.

catalyst inside the closed pores (Fig. 1b).

3.1. Nanolayered LSC air electrode synthesis on GDC buffer layer free
SOC

In a conventional SOC configuration, a GDC buffer layer between the
air electrode and zirconia-based electrolytes is required to inhibit cation
inter-diffusion during high-temperature sintering (Fig. 1a) [43-45]. In
the present study, the relatively low calcination temperature of the
infiltrated LSC allows for the design and fabrication of the SOC without a
GDC buffer layer (Fig. 1b). A graded porous structure was also imple-
mented for the GDC scaffold, which was composed of a fine porous
structure near the interface with the YSZ electrolyte and a coarse porous
structure at the GDC surface (Fig. 1b). The fine porous structure on the
electrolyte side can enlarge the electrochemical active area, i.e., the LSC
surface available for the oxygen reduction/evolution reaction, and at the
same time it enables easy access to oxygen ions, thus contributing to the
reduction in the charge-transfer resistance of the air electrode. On the
other hand, the benefits of large pores formed in the electrode surface
region is twofold. First, they facilitate the diffusion of the oxidant and
reduce the concentration polarization in the FC mode. Secondly, they
can assist in minimizing the stress on the air electrode by facilitating the
oxygen evolution process in the EC mode. In addition, superior sinter-
ability, high thermal expansion coefficient, and the highly reactive na-
ture of the LSC phase make it challenging to fabricate mechanically
robust air electrode/electrolyte interfaces via sintering at a high tem-
perature [43,46]. Unlike the conventional fabrication method, the GDC
scaffold is sintered prior to the impregnation of the LSC phase [47,48].
Thus, a high-temperature sintering process can be used for the fabrica-
tion of GDC scaffolds (1300 °C in the present study) enabling strong
mechanical interlocking between the air electrode and electrolyte [49].

In this study, an LSC catalyst was synthesized onto a GDC scaffold in
only a couple of ultrasonic-assisted infiltration cycles that involved a
low-temperature heat-treatment (200 °C) and final calcination (800 °C),
as illustrated in Fig. 2. Here, glycine was used as a complexing agent in
combination with a surfactant to (i) obtain a pure LSC phase at a rela-
tively low calcination temperature and (ii) minimize the amount of
catalyst required to achieve sufficient percolation of LSC. In the absence
of a complexing agent, the metal ions would precipitate out at different
rates during the drying process, depending on the solubility limit of each
metal salt. Glycine inhibits the undesirable precipitation of metal ions by
entrapping them upon drying and provides highly stoichiometric mixing
of the precursor elements, leading to the formation of a desired phase
with high crystallinity at a significantly reduced temperature. Triton X-
100 was therefore added into the infiltration solution to improve its
wettability (surfactant) and to facilitate the formation of pure crystal-
lites (complexing agent) [50-55]. The modified precursor solution was
proven to spread over the entire surface of the GDC scaffold and infil-
trate into the fine pores that are located deep on the electrolyte side.

3.2. Microstructure of nanolayered LSC air electrode

Fig. 3a illustrates the microstructure of the cell before the infiltration
of the LSC catalyst, where a dense NiO-YSZ anode functional layer
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(AFL), a highly dense YSZ electrolyte layer, and a pristine GDC scaffold
with a graded porous structure can be observed (see the elemental
mapping results in Fig. S2). Porosities of the GDC scaffold were esti-
mated to be 33.9% for the fine porosity layer located at the interface
with the YSZ electrolyte and 54.7% for the coarse porosity layer located
at the interface with the air (Fig. S8a, b, and Table S1). Cross-sectional
scanning electron microscopy (SEM) images (Fig. 3b) and elemental
mappings (Fig. S3) of the SOC obtained after the LSC infiltration and
calcination show the uniform distribution of the precursor elements, i.e.,
La, Sr, and Co, within the GDC scaffold. The two different regions
(indicated by squares) near the surface of the air electrode and the air
electrode/electrolyte interface are enlarged in Fig. 3c and d, respec-
tively. For a better understanding, the fresh GDC surfaces exposed after
sample cutting for SEM analysis (Fig. 3¢ and d, S6b) are designated in
yellow in Supplementary Fig. S7. This clarifies that during the infiltra-
tion process, the LSC covers the whole surface of the GDC scaffold.

Moreover, Fig. S4 presents a high-angle annular dark-field (HAADF)
image of the nanolayered LSC air electrode and the corresponding
compositional maps acquired by scanning transmission electron micro-
scopy (STEM) and energy-dispersive X-ray spectroscopy (EDS). The SEM
and STEM observations clearly indicate that the infiltration strategy
adopted in this research produces LSC catalyst with high stoichiometric
uniformity onto the GDC scaffold. In general, an MIEC catalyst possesses
an extended utilization length, when compared to the commonly used
electronic conductors such as LSM. Therefore, the LSC nanolayer on the
GDC scaffold can provide the entire surface as a two-phase boundary for
the oxygen reduction/evolution reaction, thereby expanding the elec-
trochemically active surface [56]. Also, the LSC nanolayer exhibits a
significantly reduced resistance to the transport of oxygen ions,
enhancing the reaction kinetics of the air electrode [57,58].

For comparison, a standard design SOC with a GDC buffer layer and
an LSC-GDC composite air electrode was fabricated using conventional
screen printing and sintering processes (Fig. S5). Fig. S6 shows a
noticeable difference between the microstructures of SOFCs consisting
of the nanolayered LSC and conventional LSC-GDC composite air elec-
trodes. Porosity of the LSC-GDC composite air electrode was estimated
to be 32.3% (Fig. S8c, Table S1).

3.3. Phase, surface chemistry, and chemical composition of nanolayered
LSC air electrode

The LSC nanolayer synthesized via infiltration must constitute a pure
perovskite phase to function as a high-performance and stable air elec-
trode. An X-ray diffraction (XRD) analysis was carried out on the infil-
trated LSC air electrode (calcined at 800 °C) to verify the formation of
the pure perovskite phase, as shown in Fig. 4a. The XRD patterns indi-
cate the presence of YSZ and GDC phases, which exist in major amounts.
The major peak (110) for LSC overlaps the (220) peak for GDC; however,
the minor peaks indicated by the arrows substantiate the existence of
LSC. The XRD patterns of LSC are in good agreement with the standard
XRD data of LageSrg4CoOs., (ICDD 48-0121). It is noteworthy that
there is no indication of any secondary phases, proving the stoichio-
metric distribution of the precursor elements in the LSC nanolayer.
Hence, the XRD results of the LSC nanolayer fabricated onto the GDC

- R

Heat treatment @ 200 °C Calcination @ 800 °C

Fig. 2. A schematic of the ultrasonic-assisted infiltration process used to synthesize a nanolayered LSC air electrode for SOCs.
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Fig. 3. Cross-sectional SEM images of (a) the SOC with a pristine porosity-graded GDC scaffold and (b) the SOC with a nanolayered LSC catalyst deposited onto a
porosity-graded GDC scaffold. (c) and (d) show high-resolution SEM images corresponding to the insets near the electrode surface and the interface with the YSZ

electrolyte, respectively.

scaffold confirm the formation of a pure LSC phase with a highly crys-
talline perovskite structure.

The surface chemistry of the synthesized nanolayered LSC air elec-
trode was observed by XPS analysis (Fig. S9a, b). Fig. S9a illustrates the
survey scan of the nanolayered LSC air electrode, which shows the
presence of the constituting elements of the LSC and GDC phases.
Fig. S9b shows the high-resolution Ols spectrum, consisting of two
peaks located at 528.4 and 531.5 eV. The peak located at 528.4 eV
shows the presence of oxygen in the LSC lattice, whereas the peak at
531.5 eV indicates the presence of oxygen species adsorbed at the LSC
surface [59]. The absence of the peaks related to secondary phases
demonstrates the formation of a pure LSC phase. A Raman spectrum was
also taken from the surface of the nanolayered LSC air electrode, as
shown in Fig. S9c. The Raman spectrum shows the presence of the GDC
phase as indicated by a sharp active vibrational mode at 459 em! [60].
However, the Raman spectrum did not show the features of the LSC
surface because the cubic perovskite phase of the LSC has little Raman
activity [61-64].

The formation of the pure LSC phase was investigated further by
carrying out a detailed transmission electron microscopy (TEM) analysis
of the LSC nanolayer. The STEM-EDS characterization was conducted to
examine the elemental distribution within the LSC nanolayer on the
GDC scaffold. Fig. 4b presents an atomic-scale HAADF image of the LSC
nanolayer, which shows the (110) plane of the perovskite phase with an
average lattice inter-planar spacing of di10 = 3.971 A. A minor differ-
ence in the dy19 value between the observed and standard (3.870 A)
might be attributed to wet processing, which can create minute
compositional variations along the position, as indicated by the lattice
parameter calculated spanning a 3.5 nm range (Fig. S10). The selected
area electron diffraction (SAED) pattern for the boxed area in Fig. 4b
proves the long-range ordered crystal structure. Furthermore, Fig. 4c
presents the atomic-scale HAADF-STEM mappings carried out to inves-
tigate the elemental distribution inside the LSC. The locations of the La,

Sr, and Co atoms are indicated in the HAADF image. La and Sr atoms
located on the A-sites of ABOs-type perovskite were found to be brighter
as compared to Co located on the B-sites. The STEM-EDS mappings
indicate the appreciable uniformity of the elemental distribution over
the LSC nanolayer at the atomic scale. This aspect was also supported by
the La+Co and Sr+Co overlapped images, which provide additional
evidence of the highly stoichiometric characteristics of the LSC nano-
layer. In addition, the ordering of the elements at the A and B-sites can
be observed in the STEM-EDS mapping images.

3.4. Superior FC-mode performance of SOC comprising of nanolayered
LSC air electrode

Four symmetric cells were prepared for which the LSC nanolayered
air electrode was synthesized with 1, 2, 3, and 4 infiltration cycles of the
precursor solution. Symmetric cells were tested at 700 °C to determine
the optimal LSC loading (Fig. S11). A symmetric cell consisting of the
conventional LSC-GDC composite cathode was also tested for compari-
son. The Nyquist and Bode plots obtained from the impedance data
(Fig. Slla and b) showed that a maximum performance (Rp =
0.19 © ecm?) was obtained when the nanolayered LSC air electrode was
synthesized with two infiltration cycles. In comparison, the symmetric
cell with a conventional LSC-GDC composite air electrode showed a
large impedance arc (Rp = 0.35 Q cm?). Based on the results obtained
for the symmetric cells, the nanolayered LSC air electrode for the anode-
supported SOCs was prepared by employing two infiltration cycles of the
precursor solution.

Fig. 5 compares the electrochemical performance of the anode-
supported SOCs with the nanolayered LSC and conventional LSC-GDC
air electrodes in the FC mode. The current (I) vs. voltage (V) data
were measured at the operating temperatures of 650, 700, and 750 °C
using dry hydrogen as a fuel and air as an oxidant, as shown in Fig. 5a.
The open-circuit voltage (OCV) values obtained at different operating
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Fig. 4. (a) XRD patterns, (b) HAADF TEM images, and (c) STEM-EDS elemental mappings of the nanolayered LSC air electrode on the GDC scaffold.

temperatures for both SOCs are close to the Nernst potential values (>
1.1 V), which indicate adequate gas tightness of the sealing and elec-
trolyte. The values of maximum power density (MPD) for the SOC with
the nanolayered LSC are as high as 2.24, 1.42, and 0.82 W em 2 at 750,
700, and 650 °C, respectively, which are much higher than those of the
SOC with the conventional LSC-GDC composite (1.36, 0.85, and
0.48 W cm™2), correspondingly. Fabricating the LSC air electrode as a
nanolayer onto the GDC scaffold brings about a prominent performance
boost of 64.7%, 67.0%, and 70.8% at corresponding operating temper-
atures. The FC mode electrochemical performance comparison of the
two SOCs is summarized in Table S2. Fig. 5b shows Nyquist plots of the
AC-impedance spectra obtained from the two SOCs at various temper-
atures, whereas Fig. 5c provides a comparison of the ohmic and polar-
ization resistances acquired from the impedance data. It can be observed
that the ohmic and polarization resistances were significantly reduced in
case of SOC with innovative nanolayered LSC air electrode, which
concurrently explains the improvement in the cell power density.

The kinetics of various electrochemical processes taking place in the
SOCs were analyzed by calculating the distribution of the relaxation
times (DRT) plots, as shown in Fig. 5d. The DRT plots reveal the pres-
ence of six individual processes, termed P1 through P6. P1 signifies the
charge-transfer process in the MIEC air electrode and interfaces [65],
whereas P2 denotes the charge-transfer reaction and hydrogen oxidation
reaction on the AFL [66]. While P2 does not appear to be affected by the
air electrode design, the smaller value of the resistance for P1 suggests
that the nanolayered LSC catalyst plays a vital role in enhancing the
charge-transfer kinetics of the air electrode. The DRT plots indicate a
substantial reduction in the area under the curve for P3, P4, and P5
related to the air electrode reactions (surface exchanges of oxygen
species, oxygen reduction, and oxygen ion diffusion) [65,67,68]. This

might be explained by a larger active area and reduced resistance for
oxygen ion diffusion of the nanolayered LSC as compared to the con-
ventional LSC-GDC composite. The P6 peak located at the lowest fre-
quency region is related to the transport of gaseous species. It is
observed that there is no noticeable difference in the height of the peak
P6 in both cases, suggesting that a difference in the porosity of the two
air electrodes had no significant influence on the electrochemical per-
formance. Accordingly, we can conclude that the performance
enhancement observed for the SOC with nanolayered LSC is ascribed to
the superior charge-transfer and oxygen reduction reaction character-
istics of the nanolayered LSC air electrode.

3.5. Superior EC-mode performance of SOC with nanolayered LSC air
electrode

Fig. 6 shows an EC-mode electrochemical performance comparison
of the two SOCs with the conventional LSC-GDC composite and the
nanolayered LSC air electrodes (see Table S3 for point-by-point com-
parison). The EC-mode performance tests were conducted by supplying
a mixed gas (50% Hj and 50% H3O) to a fuel electrode at the operating
temperatures of 650, 700, and 750 °C. The EC-mode I-V data of the SOCs
are presented in Fig. 6a. Both SOCs exhibit OCV values of around 1.00,
0.98, and 0.96 V at the corresponding temperatures, in good agreement
with the Nernst potentials (1.056, 1.049, and 1.042 V at 650, 700, and
750 °C, respectively). The OCV values measured for the humidified
condition (EC mode) also agree with the values obtained by various
researchers under the same conditions (50% Hj and 50% H50) [22-25,
29,33,69-71]. The I-V plots of the SOC with the nanolayered LSC air
electrode exhibit a significant improvement in performance as
compared to that of the SOC with the conventional LSC-GDC composite.
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Fig. 5. FC performance comparison of SOCs with conventional LSC-GDC composite and nanolayered LSC air electrodes measured at different temperatures using dry
hydrogen as a fuel and air as an oxidant: (a) I-V and I-P curves, (b) Nyquist plots of the AC-impedance spectra, (c) ohmic and polarization resistances, and (d) DRT

plots obtained for the impedance data acquired at 700 °C.

At an operating voltage of 1.6 V, the SOC with the nanolayered LSC air
electrode manifests maximum current density (MCD) values of 1.66,
2.75, and 4.57 Acm™? at temperatures of 650, 700, and 750 °C,
respectively, representing performance increments of 90.8%, 97.8%,
and 107.7% in comparison to the conventional SOC. Fig. 6b and ¢ pro-
vide a comparison of the AC-impedance data collected under OCV
conditions for the two SOCs in the EC mode at different temperatures,
indicating a remarkably improved activity of the nanolayered LSC air
electrode. To explain the factors behind performance increment
comprehensively, DRT plots derived from the impedance data are pre-
sented in Fig. 6d. Four distinct processes, P1 through P4, are apparent
for the SOC with the conventional LSC-GDC composite air electrode,
whereas P4 is not present for the SOC with the nanolayered LSC air
electrode. Each of the processes can be explained subsequently, i.e., P1 is
ionic conduction in MIEC, P2 is oxygen evolution at the air electrode, P3
is surface exchange on the air electrode and gas transport in the fuel
electrode, whereas P4 explains the gas diffusion process inside the air
electrode structure. For the SOC with the nanolayered LSC air electrode,
the area under the entire DRT curve undergoes a significant reduction,
indicating an enhancement in the kinetics of the air electrode processes.
Particularly, the absence of P4 clearly shows that the air electrode
decorated with the LSC nanolayer presents no resistance to the gas flow
[72]. It is pertinent to notice that the MCD values of the SOC with the
nanolayered LSC air electrode are amongst the highest reported values
in the literature thus far, as summarized in Fig. 6e and Table S4.
Furthermore, the SOC with nanolayered LSC air electrode outperforms
all previously reported high performing SOCs in a high operating voltage
region, i.e., 1.6 V [23-25,27,29,71,73]. In addition to this, as for
FC-mode operation, the synthesis of the LSC air electrode as a nanolayer

lowers the operating temperature during EC-mode operation by ~50 °C.

3.6. Superior stability during reversible and long-term operations of SOC
with nanolayered LSC air electrode

For practical applications, the SOC must possess high stability during
long-term operations. An SOC reportedly undergoes severe degradation
when operated in the EC mode, which can even result in delamination of
the air electrode from the electrolyte. Therefore, durability measure-
ments were conducted upon cycling between FC and EC modes. During
this test, the SOCs were subjected to cycling between 500 mA cm ™2 (EC
mode) and — 500 mA cm 2 (FC mode) at 700 °C, as shown in Fig. 7a and
b. Cycling data of the SOC with the conventional LSC-GDC composite air
electrode are illustrated in Fig. 7a. It is clear that the SOC performs
poorly during the stability test, showing voltage fluctuations during
cyclic operation and eventually breaking down after 23 cycles. Fig. 7d
and S12 present post-test SEM images of the LSC-GDC composite air
electrode after the durability tests. The air electrode was delaminated
from the interface along the GDC buffer layer, which was rightly in
accordance with other findings in the literature [12-14]. Cycling data of
the SOC with the nanolayered LSC air electrode (Fig. 7b) demonstrate
highly stable performance over 25 cycles without any voltage fluctua-
tions. During operation in the FC mode, the SOC voltage increased from
0.83 V to 0.835 V, whereas in the EC mode, the initial and final voltages
were recorded as 1.122 and 1.116 V, respectively. The SOC comprising
of nanolayered LSC air electrode was further tested for its long-term
durability in a galvanostatic operation, as shown in Fig. 7c. The SOC
was first operated in the FC mode for 360 h at a current density of
500 mA cm 2, demonstrating highly stable operation with voltage
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Fig. 6. EC performance comparison of SOCs with conventional LSC-GDC composite and nanolayered LSC air electrodes measured at different temperatures using a
50:50 hydrogen and steam mixture at the fuel electrode: (a) I-V curves, (b) Nyquist plots of the AC-impedance spectra, (c) ohmic and polarization resistances, (d) DRT
plots of the impedance data obtained at 700 °C, and (e) performance comparison at 750 °C with data reported in literature (shown in Table S4).

variations ranging from 0.8330 to 0.8328 V. The SOC operation was
then switched to the EC mode, and the applied current density was
adjusted to obtain the thermoneutral condition, i.e., 1.3 V. In this case, a
current density of ~1100 mA cm 2 was applied to obtain 1.3 V. The
applied current density for the EC mode operation was kept constant for
the next 340 h, where again the SOC showed highly stable operation
with a performance enhancement as the cell voltage changed from 1.30
to 1.28 V. Fig. 7e shows a post-test SEM image of the SOC with the
nanolayered LSC air electrode, validating that the air electrode main-
tained an intimately cohesive interface with the YSZ electrolyte without
any signs of delamination. Post-test high-magnification SEM images
were also taken from the nanolayered LSC air electrode, as shown in
Fig. S13, which showed that the LSC nanoparticles were agglomerated
slightly. However, no adverse effect was observed on the cell

performance during the long-term performance test. Furthermore, EC
mode I-V curves (Fig. S14a) and Nyquist plots (Fig. S14b) obtained
before and after the durability tests also verify the electrochemical
performance increment of the SOC with the nanolayered LSC air elec-
trode. Conclusively, the SOC consisting of a nanolayered LSC air elec-
trode demonstrated exceedingly stable operation with no evidence of
degradation during reversible cycling and galvanostatic durability tests,
proving the superior robustness of the innovative SOC air electrode
design.

4. Conclusion

In this study, we demonstrated the high FC-EC performance and
reversible cycling durability of the SOC with the nanolayered LSC air
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Fig. 7. Stability data of the SOCs obtained at an operating temperature of 700 °C and post-test SEM analysis. Cyclic FC-EC operations conducted between —500 and
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operation in fuel cell and electrolysis modes of the SOC with nanolayered LSC air electrode. (d, e) Post-test cross-sectional SEM images of the SOCs with conventional

and nanolayered LSC air electrodes, respectively.

electrode supported on the GDC scaffold with a graded porous structure.
Superior performance is attributed to a greatly extended reaction area
achieved by synthesizing LSC via the facile infiltration technique. The
GDC buffer layer was also eliminated from the SOC structure, which
leads to a reduced internal resistance of the SOC. Consequently, the
operating temperature of the SOC was significantly reduced for the same
level of performance when compared to a conventional LSC-GDC com-
posite air electrode. More importantly, the critical issue of the air elec-
trode delamination during EC-mode operations was successfully
resolved. The excellent durability demonstrated here is attributed pri-
marily to the formation of catalyst-free closed pores which alleviate the
possibility for the entrapment of evolved Oy gas, and also to the
extremely fast diffusion properties of the LSC nanolayer. This study
provides a comprehensive guideline for designing and controlling the

nano and microstructures of air electrodes to achieve high performance
and durability for commercial applications of the next generation SOCs.
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