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Abstract

Solid Oxide Cells (SOCs) are poised to serve as economically vital, high-efficiency energy conversion
devices. But certain critical issues persist in their current stage of development, including system aging
during high temperature operation, or reduced performance at low temperature running. To tackle these
challenges and drive the advancement of SOC technology, nanocomposite electrodes have emerged as a
promising and revolutionary solution to provide high performance and durability at the same time.
Persistent efforts have been dedicated to the development of novel nanocomposite electrodes and
unraveling the underlying working mechanisms of nanostructured heterogeneous electrodes. These
advancements are fueled by the remarkable enhancements that nanocomposites offer, not only in terms of
ionic and/or electronic conductivity but also in electrocatalytic activity and stability for SOC. Both
experimental results and theoretical calculations validate these enhancements, making nanocomposites an
attractive avenue for exploration. To summarize the recent advancements and provide a forward-looking
insight regarding this field in this review, we (1) start with an overview of the progress in the development
of nano-scaled composite electrodes, encompassing both oxygen ion conducting and proton conducting
systems, (2) then highlight the unique attributes of nanocomposite electrodes in the enhancement of the
SOC performance, (3) delve into the various techniques used to fabricate nanocomposite electrodes with
precise control over their composition, structure, and morphology, and (4) finally acknowledge these
remaining obstacles and take a critical look at the hurdles that need to be overcome. Alongside identifying

these challenges, we propose potential strategies and research directions to address them effectively. By
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bridging the gap between current research progress and future possibilities, we aspire to inspire further
exploration and innovation in electrochemical energy conversion systems.
1. Introduction

SOCs are a class of energy conversion devices that operate at temperatures 500~900°C. They employ a
solid electrolyte to facilitate the conduction of oxygen ions or protons, encompassing two types: solid oxide
fuel cells (SOFCs) and solid oxide electrolyze cells (SOECs)'. The inherent advantages of SOCs, including
their high efficiency, fuel flexibility, and potential for low emissions, have attracted considerable attention,
positioning them as promising candidates for achieving a low-carbon or even zero-carbon economy?>~.
Despite the numerous advantages and broad application prospects of SOC systems, their large-scale
implementation faces a significant hurdle in the form of high operating temperatures. Although such
elevated temperatures enhance reaction kinetics and ionic conductivity, they also promote unfavorable
interactions among cell components, resulting in reduced durability and heightened utilization costs®. To
overcome these challenges and develop more efficient, durable, and economically viable SOC systems, it
is imperative to lower the operating temperature to approximately 500°C while ensuring a sufficiently high
level of performance’!'?. However, reducing the operating temperature comes with its own set of challenges.
As the temperature decreases, the cell's performance experiences an exponential decline due to the sluggish
oxygen reduction/evolution (ORR/OER) reaction kinetics on the oxygen electrode and increased
polarization resistance of the fuel electrode!'-'*. To tackle this issue, innovative materials and novel
structures for SOC electrodes must be designed to facilitate high electrocatalytic activity and durability
under the operating conditions. In recent years, nanocomposites have emerged as promising materials for
SOC applications’- > 16, Electrodes made of nanocomposites have garnered significant attention due to their
exceptional electrocatalytic activity at relatively low temperatures, their abundant electron/ionic reaction
sites at the heterointerface, and their enhanced stability, making them a compelling option for advancing
SOC technology.

One critical challenge associated with SOCs relates to the sluggish kinetics observed at the electrode-
electrolyte interfaces, such as ORR/OER and fuel oxidation reactions. These slow reaction rates contribute
to significant polarization losses!”. To over the drawback, various advanced materials before
nanocomposites have been developed. In the conventional air electrodes, various studies focus on the

perovskite-related multi-conducting oxide families, including three main types as potential low-temperature
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SOC air electrode: cubic-type perovskites (ABQOs), layered perovskites (AA'B,Oy), and the Ruddlesden-
Popper (RP) A,+B,0s,+| phases'®-?0. Currently, the majority of air electrode materials for SOCs include Sr-
doped LaCoOs_; (LSC), Sr-doped LaFeO;_5 (LSF), Smy 5Sry sC0O3-5 (SSC), Bag 55ty sC0og sFe20;3-5 (BSCF),
and Sr-doped LagSrg4Cog,Fey30s3-5 (LSCF)?! 22, These materials exhibit good catalytic activity for
electrochemical reactions, especially for the ORR/OER, within a wide temperature range of 500-800°C?*-
26, However, the conventional single-phase electrodes based on perovskite materials have still fallen short
of meeting the demanding requirements of SOC systems due to various challenges. These include
microstructural coarsening, thermal mismatching, cation surface segregation, interfacial reactions, and
susceptibility to deposition and poisoning by volatile impurities like CrO3, SO,, BO,, CO,, and H,O within
SOC stacks?’.

To address these limitations, researchers have explored the potential of heterointerfaces in composite
electrodes to significantly enhance the performance of SOC electrodes. Experimental findings and
theoretical calculations have demonstrated that incorporating heterointerfaces can lead to improved ionic
and/or electronic conductivity, enhanced electrocatalytic activity, and better electrode stability in SOC
systems?®-31. For instance, Crumlin et al. utilized pulsed laser deposition (PLD) to decorate (La, Sr)CoOs
thin films with epitaxially grown (La, Sr),CoQO,, resulting in a substantial 1-3 orders of magnitude
enhancement in the ORR activity’?. Additionally, Sun et al. reported remarkable achievements with
Lag3Srg6Ce.1Nig1Tig903-5 (LSCNT) fuel electrodes containing Ni—Ce exsoluted particles. These electrodes
exhibited outstanding activities, reaching a peak power density of 600 mW cm™, and demonstrated
exceptional resistance to coking for more than 80 hours in a CH, atmosphere®3. These encouraging results
highlight the promising potential of heterointerfaces and composite electrode materials in overcoming the
limitations of conventional single-phase electrodes, bringing us closer to realizing highly efficient and
stable SOC systems. Previous investigations on the electrode-electrolyte composite air electrode have
identified the microstructure as crucial for achieving optimal performance’* 3°. In this context,
nanocomposite electrodes have garnered significant attention due to their potential to extend the length of
the triple-phase boundary (TPB) and offer numerous interfacial active sites for electrochemical processes3®.
This review paper aims to provide an in-depth analysis of the potential of nanocomposite electrodes as a
gamechanger in the field of SOCs. By exploring the application of nanocomposites in air and fuel electrodes,

the review aims to shed light on their unique properties and advantages over conventional electrode
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materials. The incorporation of nanoscale catalysts to improve the oxygen reduction kinetics and enhance
the overall performance of SOCs, and the utilization of nanoscale fuel electrode materials to enhance the
fuel oxidation kinetics and mitigate carbon deposition are discussed in detail. The unique nature of
nanocomposite electrodes, which collectively contribute to the superior electrochemical performance is
comprehensively discussed. Additionally, various techniques and strategies employed to construct
nanocomposite electrodes are presented. These insights would provide a comprehensive understanding of
the fabrication and optimization of nanocomposite electrodes for enhanced SOC performance.
2. Application of nanocomposite electrodes
2.1 Basic concept of nanocomposite
Nanocomposites, as the name suggests, refer to materials composed of two or more distinct components at
the nanoscale. In the context of SOCs, nanocomposites play a significant role in improving the performance
of electrodes. These nanocomposite electrodes typically consist of a combination of materials with different
functionalities, such as catalysts, conductors, and stabilizers. The integration of these components at the
nanoscale facilitates shorter paths for charge/mass transfer and provides a larger surface area for reactions,
which confers several notable advantages, including heightened catalytic activity, enhanced electronic and
ionic conduction, and greater stability.
2.2 Nanocomposites in air electrodes
Air electrodes play a crucial role in SOCs as they are responsible for facilitating the OER and ORR during
cell operation. These electrochemical catalytic reactions in SOCs differ significantly from normal
heterogeneous catalytic reactions. The OER and ORR involve several steps, including oxygen gas diffusion,
oxygen adsorption, dissociation, electron transfer, as well as the diffusion of oxygen ions on the surface or

within the bulk, and cross-transfer of oxygen ions at the electrode/electrolyte interface. The interfaces

between different phases in nanocomposites provide enhanced pathways for electronic and ionic conduction.

These interfaces facilitate the efficient transport of charge carriers, reducing the ohmic losses and enhancing
the overall conductivity of the electrode. This section explores the implementation of nanocomposite air
electrodes in oxygen-conducting and proton-conducting systems.

2.2.1 Nanocomposite for oxygen-conducting system

Numerous research groups have made significant strides in developing intricate nanocomposite air

electrodes within oxygen-conducting systems, employing a range of straightforward synthesis methods.
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From multiphase perovskite oxide composites obtained by spray pyrolysis to vertically aligned
nanocomposites woven by sputtering, and to composites with different stoichiometry and composition
synthesized by one-pot pechini self-assembly, the advancements have consistently demonstrated
impressive electrocatalytic reactivity and exceptional stability, whether applied in fuel cell or electrolysis
modes. In this section, we offer a comprehensive summary of the performance and distinctive
characteristics exhibited by these cutting-edge structural materials.

Nanocomposite electrode investigation can be dated back to LaggSry,MnO;_5 (LSM) air electrode. Though
conventional LSM air electrode material stands out due to its cost-effectiveness and compatibility with the
YSZ electrolyte at a physical and chemical level, it exhibits low ionic conductivity, which hampers the
electrochemical reactions occurring at the TPB sites, primarily due to its poor catalytic activity for the
oxygen reduction reaction at temperatures below 800 °C3’. To address this limitation, Shimada et al.
successfully developed a microstructure-controlled air electrode by utilizing a nano-composite powder
comprising LSM and Ce(3Gd,,0; o (GDC), synthesized through spray pyrolysis (Fig. 1a-b)8. This type of
nanocomposite electrodes demonstrated exceptional performance in steam electrolysis operations and
maintained stable functionality without any degradation in both continuous SOEC and SOFC-SOEC
operations (Fig. 1c¢).

SSC is another electrode material that exhibits both electronic and ionic conductivity. Shimada et al.
designed nanocomposite electrodes through spray pyrolysis, starting from raw powder materials'>. These
electrodes consisted of SSC as a perovskite oxide and Cey gSm,0; 9 (SDC) as a fluorite oxide. The resulting
nanocomposite electrodes exhibited excellent cell performance. A bimodal structure, where nanometer-
scale SSC and SDC extended the TPB region, was observed, and both electronic and ionic conductive
networks were formed with broad pore channels within the sub-micrometer-scale particles (Fig. 1d-f). The
solid oxide electrolysis cells utilizing these nanocomposite electrodes demonstrated impressive current
densities during steam electrolysis operations (Fig. 1g). At 750 °C, the cells achieved a high current density
of 3.13 A cm? at 1.3 V, and 4.08 A cm at 800 °C. These current densities corresponded to hydrogen

production rates of 1.31 and 1.71 L h! cm?, respectively.



Journal of Materials Chemistry A

5th 10th 15th 20thi
+ * * E
L R o N R

-~
1 Electrolysis mode

Ty T FFEETTITT

Fuel cell mode

Temperature: 800 °C

Humidity: 20%

Fuel cell current density: 0.4 A cm=2
Electrolysis current density: 0.8 A cm2

0 10 20 30
Time/h

Hydrogen productionL h™" em™
05 1 15 2

[T e | O

——-I

Thenmo-neutral woltage at 750 °C

1 2 3 4 5
Current density/A cm2

L T R —————

Fig. 1 FE-SEM images and particle size distribution of as-prepared LSM-GDC nanocomposite particles synthesized
by spray pyrolysis: (a) LS64M-GDC and (b) LS46M-GDC nanocomposite particles, and (c) Durability in reversible
SOFC-SOEC cyclic operation for SOC with LS46M-GDC nanocomposite electrode at 800 °C under 20% humidity
condition’®. Copyright 2020, Ceramic International. (d) Characterization of nanocomposite particles prepared by
spray pyrolysis. a FE-SEM images of a representative SSC-SDC(50:50) nanocomposite particles, (¢) TEM and
HAADF-STEM images, (f) EDX mappings of Co, Sr, Ce, Sm, and O of a representative SSC-SDC(50:50)
nanocomposite particle. Overlay image of Co and Ce mapping is also shown. Scale bars in ¢ and d indicate 100 nm,
and (g) a [-V characteristics and corresponding hydrogen production for the SOEC at 650-800 °C under 50%
humidity condition'. Copyright 2019, Nature Communications.

While YSZ is widely used as an electrolyte material in SOCs, the formation of secondary insulating
chemical phases, such as La,Zr,0; (LZO) and SrZrO; (SZO), at higher temperatures poses limitations on
the performance of composite materials like LSM/YSZ and LSF/YSZ. Additionally, at lower operating
temperatures, the sluggish oxygen surface kinetics at the YSZ electrolyte surface further hinders SOFC
performance®®. To overcome these challenges, numerous studies have focused on combining LSM with
various ionic conductors, including GDC, Sc,05-stabilized-ZrO, (SSZ) and Bi; 5Y (5055 (BYO).

Hagiwara et al. developed LSM + SSZ electrolyte/electrode nanocomposite air electrodes using "pre-
fabricated" powder synthesized through spray pyrolysis*. They discovered the importance of self-structure
behavior during air electrode fabrication to achieve precise control of the air electrode microstructure. The

grains of the electrolyte establish connections with other electrolyte grains, forming a main-frame
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electrolyte network. As the heat treatment progresses, the crystal size of the composite phases increases
without significant secondary phase formation, resulting in improved performance due to a narrow particle
size distribution.

Further, LSC, SSC, or BSCF materials which exhibit significantly higher catalytic activity than LSM at
intermediate temperatures displayed tremendous potential in nanocomposite electrode. LSC, in particular,
is a promising candidate for air electrode material, especially in intermediate temperature SOCs (500-700
°C)*. Tt has been reported that combining LSC with rare-earth-doped ceria, such as GDC, in a composite
structure leads to superior air electrode performance, including extremely low polarization resistances even
at lower temperatures, benefiting from heterointerfaces and an increased number of TPBs*> 4, Ren et al.
reported on a porous nanostructured ceramic air electrode composed of gadolinium-cerium (Gd-Ce) alloy
and LSC perovskite targets, obtained through magnetron co-sputtering (Fig. 2a-c). Thin-film cells based
on YSZ electrolyte exhibited high performance, achieving peak power densities (PPD) of 0.14, 0.48, 1.21,
2.56, and 3.01 W cm2 at 450, 500, 550, 600, and 650 °C, respectively (Fig. 2d)*®.

LSCEF is a commonly used air electrode material known for its high ionic and electronic conductivity, which
allows for the extension of active sites beyond the TPBs. By integrating nanoengineering air electrode
layers into conventional fuel electrode-supported cells, the electrochemical performance can be
significantly enhanced. Develos-Bagarinao et al. made an innovative development by creating an fuel
electrode-supported high-performance nanoengineered air electrode**. This air electrode comprised a nano-
porous LSC thin film with self-assembled and highly ordered LSCF-GDC nanocomposites (Fig. 2e-k). The
combination of these two layers resulted in superior air electrode performance with remarkably low ASR
values (Fig. 2m-n). Consequently, the cell demonstrated impressive power densities of approximately 1.5
and 3.3 W/cm? at 0.7V and operating temperatures of 650 and 700 °C, respectively (Fig. 21).
Nanocomposites prepared through a self-assembly process have emerged as an attractive option due to their
ability to yield multi-phase catalysts with a single heat treatment at relatively low calcination temperatures*>:
46 Generally, excessive B-site doping of Mo, W, Ce, and Zr ions into Co and Fe-based perovskites can lead
to phase separation, as these elements have low solid-solution compatibility*’-°. For instance, Shin et al.
reported a self-assembled composite, composed of a B-site cation ordered double perovskite (DP) and a
disordered single perovskite (SP) oxide phases, prepared by substituting W¢* into BSCF, resulting in
Bay 5Sr( 5(Cog7Fe93)0.6875sWo.312503-5 (BSCFW)*. The composite BSCFW exhibited initial and 60-hour ASR
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values of 0.034 Q cm? and 0.039 Q cm?, respectively, measured at 650 °C in static air, indicating excellent
stability and comparable catalytic activity. In another development, Kim et al. introduced a superior
biphasic nano-composite cathode of Bag sSrysCogsFep2Z101Y¢.103-5 (BSCFZY), which self-assembles into
two  distinct cubic perovskites: Co-rich  (BaysSrgsCog7Feqs2Zr007Y00303-5) and  Zr-rich
(Bag Sro4Co¢3Feg2Zr04Y0.10;5-5) phases®'. The former promotes electrocatalytic activity, while the latter
supports microstructural robustness. The synergic interplay between Co- and Zr-rich perovskite domains
results in an area specific resistance of only ~0.013 Q cm? at 650 °C, a considerable improvement over
what would be anticipated from the individual phases. To assess the long-term stability of the BSCFZY
porous cathode, the single cell underwent an extended operation of approximately 310 hours at a constant
voltage load of 0.7 V and 500 °C. Remarkably, the cell displayed no discernible degradation, underscoring
the exceptional stability offered by the nano-composite cathode. Moreover, in scenarios where a sudden
temperature drop, possibly due to a shut-down event, or a rapid start-up for urgent power supply is required,
the SOFC may experience substantial thermal stress. The prevention of cell failure in such cases critically
relies on the TEC mismatch between the cathode and the electrolyte. The researchers addressed this concern
by demonstrating the satisfactory thermomechanical compatibility of the BSCFZY cathode with the SDC
electrolyte. They achieved this by subjecting the cell to five rapid ramping cycles, alternating between
approximately 400 °C and 600 °C, with heating and cooling rates of approximately 14 °C min'. This self-
assembly process led to the formation of in situ generated nanoscale interconnections with robust physical
linking effects. These interconnections may help mitigate the expansion of the composite. Additionally, the
residual nano-pores could serve to suppress thermal stress, thereby facilitating excellent thermomechanical

compatibility with SOFC electrolytes® 3.
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Fig. 2 (a) Configuration of TF-SOFC, (b) Dark field cross-sectional STEM image of the sputtered TF-SOFC, (c¢) Dark
field cross-sectional STEM image of the nano-ceramic air electrode and (d) Current density vs voltage and power
density characteristics for LSC-GDC/GDC/YSZ/Ni-YSZ at 550 °C*. Copyright 2020, ACS Appl. Energy Mater, (¢)
Schematic illustration of the nanoengineered cell architecture developed for the fuel electrode-supported cell, (f)
Cross-sectional SEM image of the as-grown fabricated cell showing the details of the AFL, YSZ electrolyte, GDC
interlayer, LSCF-GDC nanocomposite layer, and nanoporous LSC thin film, (g) High-magnification cross-sectional
SEM image (the zoomed area is depicted by a square on b), (h) High-magnification cross-sectional SEM image
showing details of the LSCF-GDC nanocomposite and part of the GDC interlayer, (i) Low-magnification cross-
sectional TEM image depicting granular domains containing nanostrips, (j) Selected area electron diffraction (SAED)
pattern of the region denoted by a circle in a, (k) STEM-HAADF lattice image of the LSCF-GDC nanocomposite film,
showing the coherent, quasi-epitaxial interfaces between the LSCF and GDC phases, denoted as L and G on the image,
respectively, (1) Current—voltage (I-V) and current—power (I-P) curves evaluated at evaluated using humidified (3%
H,0) H, as fuel and dry air as oxidant at various temperatures, (m) ASRs for the fuel electrode-supported cell as
determined from impedance spectra, and (n) Impedance spectra for the fuel electrode-supported cell at an operating
condition of 0.75 V#4. Copyright 2021, Nature Communications.

Song et al. successfully developed a cobalt-free multi-phase nanocomposite, SryoCeq;FeysNip,035
(SCFN2), as an air electrode for IT-SOFCs*. This composite electrode consisted of a perovskite main phase,
an RP second phase, and nanosized NiO and CeO, minor phases. These components were intimately mixed
at the nanodomain, with the NiO and CeO, phases mainly decorating the surface of the major phases

(perovskite phase and RP phase). An SDC electrolyte-based SOFC with the SCFN2 air electrode achieved
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a high PPD of 1208 mW cm™ at 650 °C. Furthermore, the fuel cell with this nanocomposite electrode
exhibited excellent operational stability, with no obvious degradation observed over 560 hours at 500 °C.
The electrochemical performance of the SCFN2 composite surpassed that of most cobalt-free air electrodes
reported thus far and was comparable to well-known cobalt-based air electrodes such as BSCF and
BaCog4Fey4Z101Y 1055 (BCFZY) single-phase perovskite-type air electrodes.

2.2.2 Nanocomposite for proton-conducting system

PCFCs represent a category of SOFCs by using protons as charge carriers instead of oxygen ions. PCFCs
offer the advantage of operating at lower temperatures due to their higher ionic conductivities and lower
activation energy for proton transport. They can achieve relatively high power densities, reaching up to
0.455 W-cm2 at 500 °C34. The air electrode should possess excellent conduction and exchange properties
for H/O% /e~ and remain stable under PCFC operating conditions**~7. By combining different phases with
specific functionalities, such as bulk proton conduction, oxygen surface exchange, and triple conducting
capabilities, materials with improved performance characteristics for PCFC applications are developed. In
this section, we discuss the importance of designing nanocomposite materials with multiple phases to
achieve enhanced performance and stability in PCFC electrodes.

Efforts have been made to introduce electronic conductivity to BaZrOs.; (BZO)/BaCeOs.5-based proton
conductors through the doping of rare earth metals and transition metals to turn them into electrode
materials. Materials like BaCe,sBig 0.5, cobalt-substituted BaZrq Cey7Y,03.5 (BZCY), and BZO have
been synthesized, but they still exhibit insufficient conductivity for both O~ and e, leading to limited
performance’®¢?. Recent developments in high-performance intermediate-temperature reversible PCFCs
have employed cobalt-based air electrodes like PrBagsSrosCo;sFeysOs:s (PBSCF) and BCFZY®! 62,
However, concerns remain about the thermal compatibility of these electrodes with other cell components
due to their high thermal expansion coefficient®* ¢4. Researchers have also explored the concept of triple
conducting oxides (TCOs), which can simultaneously transport electronic species alongside two ionic
species®® 668, The approach involves combining mixed ionic and electronic conductors (MIECs) with
proton conducting oxides (PCOs) or single-phase TCOs with activated catalytic species to develop
nanocomposite air electrode®®(Fig. 3). By addressing the challenges related to air electrodes and developing

suitable materials, PCFCs hold promise as a viable option for low-temperature fuel cells.
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The study by Liang et al focused on the design, synthesis, and investigation of a precursor material with the

nominal composition of Baggs(Cog4Fep4Z101Y0.1)095Ni00s03-5 (BCFZYN-095)"°. By manipulating the

composition and cation nonstoichiometry, they were able to create a perovskite-based nanocomposite

consisting of a major perovskite phase and a minor NiO phase enriched on the perovskite surface (Fig. 3c,

d). The major perovskite phase facilitated bulk proton conduction, while the NiO nanoparticles enhanced

the oxygen surface exchange process. The resulting nanocomposite exhibited a superior cathodic

performance, achieving a PPD of 1040 mW cm™ at 650 °C (Fig.3e). It also demonstrated excellent

operational stability, maintaining stable performance for 400 hours at 550 °C (Fig.3f). The combination of

bulk proton conduction and enhanced oxygen surface exchange contributed to these high-performance

characteristics.
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Fig. 3 Schematic illustration of electrochemical reaction mechanisms for virous electrode materials: (a) MIECs +
PCOs, (b) TCOs. (c) HR-TEM image of BCFZYN-095, (d) EDX-mapping result of BCFZYN-095, (e) Time
dependence of ASRs of the BCFZYN-095 electrode at 600 °C in air, based on SDC-supported symmetrical cell, (f)
I-V, I-P curves and (d) impedances of the single cell with the configurations of Ni+BZCYYbBZCYYb|BCFZYN-

095 from 450 to 650 °C". Copyright 2021, Advanced Materials.
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In another study by Song et al, a high-performance PCFC multiphase nanocomposite air electrode was
developed based on SCFN®2. The SCFN-based electrode consisted of four phases: tetragonal SrFeOs_; (SF)-
based single-phase perovskite, RP-SF-based perovskite, and CeO, and NiO nanoparticles enriched on the
surface. When combined with a BZCYYb-1711 electrolyte, this electrode demonstrated high activity for
both ORR and OER and excellent operational stability. The single cell using the SCFN air electrode
achieved a high PPD of 531 mW cm™ and an electrolysis current of -364 mA cm= at 1.3 V at 600 °C. It
maintained excellent reversible stability for 120 hours at 550 °C with minimal degradation. Density
functional theory (DFT) calculations suggested that the RP phase played a role in promoting hydration,
proton transfer, and O transfer, indicating fast steam/O, surface exchange kinetics and good H'/O*/e~
triple conducting capability. These factors contributed to the high ORR/OER activity observed in the SCFN
composite.

A stable twin-phase perovskite nanocomposite of Ba-Ce-Fe-Co-O was successfully synthesized using a
one-pot Pechini synthesis method. This nanocomposite consists of both cubic and orthorhombic perovskite
phases and exhibited a low polarization resistance of 0.075 Q cm, at 700 °C under an Air/H, gradient’!. In
another breakthrough, Liu et al. developed a novel triple-conducting bifunctional nanocomposite air
electrode with exceptional performance for reversible PCFC. This achievement was made possible by
combining the conventional mixed O%/e- conductor BSCF with the BZCY'Yb proton conductor, employing
a self-assembly one-pot synthesis method’. The cation exchange process between BSCF and BZCYYb
further enhanced the gas (O,/steam) surface exchange and ionic (O*/H+) bulk diffusion capabilities of the
electrode. This ensured high activity for both ORR and OER. Additionally, the cation exchange within the
nanocomposite electrode played a crucial role in stabilizing the crystal structure of the BSCF-based phase,
reducing its thermal incompatibility with the BZCY Yb-based phase in the composite air electrode. This
structural stability was essential for the electrode's mechanical integrity. As a result, the reversible PCFC
exhibited an impressive PPD of 1138 mW cm at 650 °C under H,/10 vol% H,O-air operation, while
maintaining excellent operational stability for 240 hours at 550 °C in fuel cell mode. The cell also
demonstrated a high electrolysis current density of -1533 mA cm?2 (1.3 V) at 650 °C under Hy/air operation,
with a durable performance over 200 hours at 550 °C. This achievement marks a significant advancement

in the field of PCFC technology.
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In addition to biphasic composites, efforts have also been made to develop multiphase nanocomposites.
Song et al reported an oxygen ion-proton-electron-conducting nanocomposite, BaCoy7(CeoY02)0303-6
(BCCY), consisted of three oxide phases of a mixed H*/e” conducting BaCe,Y,Co0,05.; (P-BCCY) phase,
mixed O%/e- conducting BaCo,Ce,Y,0;., (M-BCCY) and BaCoO;,, (BC) phases*’. The P-BCCY phase
promotes proton diffusion, the M-BCCY phase facilitates oxygen ion diffusion, and the BC phase enhances
the electronic conduction of the electrode. Additionally, the interfaces between these three phases in the
nano-domain significantly increase the number of active sites for electrochemical reactions. The synergistic
effect among the three phases promotes the ORR kinetics of this composite cathode and improves its
thermomechanical compatibility by easing the thermal expansion coefficient mismatch.

2.3 Nanocomposites in fuel electrodes

Fuel electrodes can afford a possibility for internal reforming, high electronic conductivity, and actively
catalytic partial oxidation of fuels (hydrogen, ammonia, and hydrocarbon, et.al). The reaction occurs on an

oxygen ion-conducting cell and proton-conducting cell are shown as follow Eq. (1) and Eq. (2)7,

respectively:
H, (g) + O* (electrolyte) — H,O (g) + 2e (fuel electrode) (2)
H, (g) — 2H* (electrolyte) + 2e- (fuel electrode) 3)

Nanocomposite electrodes have shown great promise in improving the kinetics of the fuel oxidation
reaction (FOR) and enhancing the overall performance of fuel electrodes. This section focuses mainly on
the nanoscale fuel electrodes that have been utilized in SOCs to date. The conventional Ni-cermet fuel
electrodes used as the universal electrodes in SOCs for the purpose of high-temperature operation may have
inevitable high polarization resistance as the temperature decreases to ~600 °C or lower. Thus, a finer-scale
microstructure is required for SOCs operation in intermediate-temperature and low-temperature. This
section covers the nano-scaled fuel electrode substrates and nanocomposite layer on the supporting structure
of interest of IT-SOCs and LT-SOCs.

2.3.1 Standalone nanocomposite electrode

Integrating nanocomposite materials into fuel electrodes presents a promising avenue for enhancing their
performance. These standalone nanocomposite electrodes are usually composed of a blend of materials,
encompassing an ionic conductor, an electronic conductor, and a catalyst. Through precise control of the

nanocomposite's composition and structure, it becomes feasible to elevate catalytic activity, amplify the
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electrode-electrolyte interfacial area, and enhance fuel oxidation kinetics’. In this section, we provide a
detailed summary of the progress in developing standalone nanocomposite fuel electrodes and delve into
their performance characteristics.

Ni-YSZ is a commonly used SOCs fuel electrode material due to its high catalytic activity and electronic
conductivity. However, long-term operation at high temperatures can lead to the aggregation of Ni, resulting
in a decrease in the TPB area, as well as a reduction in gas diffusion due to decreased porosity”. To address
this issue, various approaches to achieve a nanocomposite structure have been explored’® 7”. These include
the introduction of core-shell structures, infiltration of catalysts into porous fuel electrode substrates, and
electrodeposition. For instance, Lim et al. synthesized core-shell structured NiO@GDC powders for use as
fuel electrode substrates (Fig. 4a-d)’®. The NiO cores were covered by nano-sized crystalline GDC with a
spherical shape. Fuel cells fabricated using the NiO@GDC substrate exhibited significantly improved
electrochemical performance compared to conventionally mixed Ni-GDC fuel electrodes. The core-shell
structure of Ni@GDC, with a rigid GDC shell, effectively suppressed Ni coarsening and reduced the TPB
length, resulting in improved electrochemical performance stability without significant degradation even
after 500 hours of operation. Another study by Yamamoto et al. reported a NiO-GDC nanocube composite
prepared using an aerosol technique with water as a green solvent (Fig. 4e-h)”. The NiO-GDC nanocubes
were sintered at a relatively low temperature of 1100°C, compared to the conventional sintering temperature
of 1300°C for NiO-GDC composite fuel electrode materials. This lower temperature inhibited undesirable
coarsening and aggregation of NiO-GDC particles and allowed for an enlarged TPB length. The research
demonstrated that GDC nanocubes with reactive (001) facets are suitable as fuel electrode materials for
low-temperature SOFCs. These examples highlight the potential of nanocomposite materials in improving
the performance and stability of fuel electrodes in SOFCs. The use of core-shell structures and nanocube
composites offers effective strategies for mitigating the challenges associated with Ni aggregation,
enhancing the electrochemical performance, and enabling operation at lower temperatures.

2.3.2 Nanocomposite on supporting structures

Utilizing nanocomposite materials in fuel electrodes through deposition on a supporting structure is another
effective strategy. This approach enables optimization of the electrode microstructure and better control
over the distribution and interaction of the nanocomposite components. The nanocomposite layer,

comprising an ionic conductor, an electronic conductor, and a catalyst, can be deposited onto a porous
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backbone, such as a ceramic or metal scaffold®’-82. This architecture provides a high surface area for
electrochemical reactions and facilitates efficient fuel delivery and gas diffusion within the electrode. By
combining nanocomposite materials with a supporting structure, improved electrochemical performance,
durability of the fuel electrode can be achieved.

One example of this strategy is the deposition of highly catalytically active Pd@CeO, nanocomposites onto
porous SOFC fuel electrodes that have been functionalized with triethoxy(octyl)silane (TEOOS) (Fig. 4i-
1)®3. The Pd@CeO, nanocomposites consist of Pd nanoparticle cores coated with a porous CeO, shell.
SOFCs with fuel electrodes modified with very low loadings (0.01 wt %) of Pd@CeO, nanocomposites
exhibited good electrochemical performance when operated with H, or CH, fuels at 700 °C. Furthermore,
the performance was maintained even after annealing the fuel electrode in air at 900 °C. In another study,
Zhu et al. reported a novel hybrid catalyst composed of Ni nanoparticle-decorated Lag4Stg4T19903-5
perovskite (e-LSTN) through a facile exsolution process®*. This hybrid catalyst showed synergistic catalytic
activity for the hydrogen evolution reaction (HER) in basic media. The LST component promoted water
dissociation, while the Ni nanoparticles (~30 nm) enabled favorable hydrogen adsorption for recombination
into H,.

Additionally, a Ni-free ceramic fuel electrode based on a CoFe alloy (CFA) nanoparticle-decorated
Ruddlesden—Popper type layered perovskite (Prg4Srq¢)3(FeossNbyg 15),07 (RP-PSFN) was reported®®. CFA
nanoparticles were uniformly coated on the inner surface of the porous RP-PSFN backbone (Fig. 4m). This
Ni-free ceramic fuel electrode demonstrated similar catalytic activity to Ni-based ceramic fuel electrodes
and excellent resistance to coking. The obtained cell voltage and typical peak power densities indicate that
the oxidation kinetics of C;Hg on the RP-PSFN-CFA fuel electrode is slower compared to H,. This suggests
that the C;Hg fuel oxidation reaction proceeds at a slower rate on the RP-PSFN-CFA fuel electrode
compared to the hydrogen oxidation reaction. As a result, the performance of the fuel cell in terms of cell
voltage and peak power density was lower when operating with C;Hg as the fuel compared to hydrogen.
The specific values and details regarding the slower kinetics and performance differences can be found in
Fig. 4n of the referenced study. The cell generated stable power output (0.4 A cm2) for more than 100
hours under a constant current load using wet C;Hjg fuel at 800 °C (Fig. 40), indicating effective avoidance

of carbon deposition on the RP-PSFN-CFA ceramic fuel electrode (Fig. 4p). These examples highlight the
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potential of depositing nanocomposite layers onto supporting structures to enhance the electrochemical

catalytic activity and durability of fuel electrodes in SOFCs.
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Fig. 4 (a-d) HR-TEM images of NiO@GDC particles synthesized by USP with a multi-zone furnace at pH 4 and a
carrier gas flow rate of 1 L min-'’8. Copyright 2016, Ceramics International. And (e-h) (Left) SEM images of NiO—
GDC composites and (Right) cross-sectional images of the NiO-GDC fuel electrode after power generation test at
600 °C: (e, f) NiO-GDC nanocube composite; (g, h) NiO-GDC composite’. Copyright 2014, Nano Energy. (i) SEM
images along with schematic representations of the bare YSZ matrix, (g) Pd@CeO, nanoparticles deposited on a clean
Y'SZ porous electrode, (k) silanated YSZ porous electrode, (1) uncoated Pd nanoparticles (2 nm) deposited on silanated
YSZ porous electrode. All samples calcined at 700 °C in air, and the magnification is the same in all of the images®3.
Copyright 2013, ACS Catal. (m) SEM images of the perovskite P-PSCFN powders after reduced in H, at 900 °C for
2 h, (n) Current density—voltage and the corresponding power density curves of the LSGM electrolyte supported
SOFCs with BCFN as air electrode and Ni-GDC or RP-PSFN-CFA composite as fuel electrode at 800 and 850 °C in
wet C3H8 (~3 vol% H,0), (o) terminal voltages measured as a function of time for the single cells operated under a
constant current density of 400 mA ¢m 2 in wet C3HS as the fuel at 800 °C. (p) Representative Raman spectra collected
from RP-PSFN-CFA fuel electrode surface following the single cells operated under open circuit voltage (OCV) for
1 h (C1) and under a constant current load of 0.4 A cm™ for 2 h (C2) in C3HS fuel at 800 °C, and from the Ni-GDC
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fuel electrode surface following the single cell operated under a constant current load of 0.4 A cm™2 for 2 h in C3HS8
fuel at 800 °C (C3)%. Copyright 2015, Nano Energy.

The nanoparticles provide active sites for the electrochemical reactions, while the surrounding matrix
facilitates charge transport to and from these sites. The proximity and interaction between the catalyst
nanoparticles and the conductive matrix create favorable conditions for efficient charge transfer, leading to
enhanced catalytic performance. Gan et al developed a LaNiy¢Co, ;03 (LNC) coated SDC composite fuel
electrode synthesized by impregnation®®. Upon reduction, LNC particles measuring 10-15 nm in size on the
surface of SDC particles undergo alloy formation, resulting in a Ni-Co alloy. At a temperature of 700°C
and utilizing methanol as a fuel, the single cell featuring a fuel electrode coupled with SDC-
(Lig¢7Nag33),CO; composite electrolyte achieved an exceptional PPD of 872 mW c¢m2. Compared to the
conventional NiCo-SDC fuel electrode, the LNC-SDC composite fuel electrode exhibits a significantly
higher catalytic activity, mainly due to the oxide supporter that impedes the aggregation of metallic
nanoparticles within the LNC-SDC fuel electrode. The carbon deposition resulting from gasified methanol
rises in proportion to the increase in the Ni content present in the composite fuel electrode. Moreover, cells
equipped with LNC-SDC composite fuel electrodes demonstrate consistent and stable output performance
over a 500-minute operational period. In addition, the core-shell structured Ni@YSZ NPs and Ag-metal
oxide composite air electrodes have also been demonstrated as the thermally stable and high-performance
fuel electrode materials for the high-temperature operation due to the fine Ni particle, the homogenous
distribution, and the resulting increased reaction site®”> ®. Table 1 summarizes the state-of-the-art
electrochemical performances of SOFC/SOEC where nanocomposites are used as electrodes in both oxygen
and proton conducting systems.

Table 1 Summary of electrochemical performances of the most recently developed nanocomposites-based electrodes

in both oxygen and proton conducting systems

Electrode Nanocomposite Synthesis ASR (Q PPD (W Stability
Ref
properties Composition Method cm?) cm?) (h)
Ultrasonic
NiO / Cey3Gdy,0; 9 (Core 0.002 (800  0.390 (800 500 (800
Spray 78
Fuel Shell) °C) °C) °C)
Pyrolysis
Electrode
Aerosol 0.14 (600  0.067 (600
NiO / GDC (Nanocube) N/A 7
Process °C) °C)
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In-situ
La0.4Sr0_4Ti0_9O3_3/ Ni Exsolution N/A N/A N/A 84
Process
In-situ
(Pr0,4Sr0,6)3(Feo.g5Nb0,15)2 0.930 (800 560 (800
Exsolution N/A 85
0O,/ CoFe alloy °C) °C)
Process
Impregnation
LaNi()gCO()']O:;/ 0.872 (800
and 0.1 (700 °C) N/A 86
Ceo.gsmo_zol'g / Ni-Co OC)
Exsolution
0.650 (vs
Lay gSry»,MnO;_5/ Spray 20 (800
OCV, 800 N/A 38
Ce3Gdy,0, 9 Pyrolysis °C)
oC)
0.052 (vs
Smy 5Sry sC00;_5/ Spray 2000 (750
OCV, 750 N/A 15
CeosSmy -0, ¢ Pyrolysis °C)
oC)
1.300 (vs
Magnetron 2.560 (600
LaCo0;_;/ Gd-Ce alloy 0OCV, 550 N/A 43
Co-sputtering °C)
oC)
Air
0.030 (vs
Electrode Lag ¢Sry4Cog,Feys055/  Pulsed Laser 1.500 (650 250 (700
0.75V, 700 44
Ceo9Gdj 1055 Deposition °C) °C)
oC)
Ba0,5Sr0_5(C00.7Feo,3)0.6875 One-pot Self- 0.034 (VS
60 (650
Wo_31250375 (SP / DP assembly OoC V, 650 N/A 49
OC)
composite) Process °C)
Bay sSr( sCog 7Fe2Zrg.07Y o
One-pot Self-  0.013 (vs
030325/ 1.100 (600 310 (500
assembly OCV, 650 51
Bay 6S194Co 3F €0 2210 4Y o, °C) °C)

Process °C)
1055
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Sr0'9ceg.1Feo'8Ni0'203,5 One-pot Self- 0.028 (VS
1.208 (650 560

(perovskite / RP / NiO assembly OC V, 650 46
°C) (500 °C)
and CeO,) Process °C)
In-situ 0.080 (vs
Bao.95(C00,4FeO,4ZrO.1Y0,1)0, 1.040 (650 400
Exsolution OC YV, 650 70
95Nio_0503_5/ NIO OC) (550 OC)
Process °C)
One-pot 0.200 (vs
SrFeOs.5/ RP- SrFeO;.5/ 0.531 (600 120
Pechini OC V, 600 62
NiO and CeO, °C) (550 °C)
Synthesis °C)
One-pot 0.075 (vs
Baceo'gsFeo.15O3_5/ 0.237 (600
Pechini OoC Vv, 700 N/A 71
BaCey 5Fe 35035 °C)
Synthesis °C)

3. Unique nature of nanocomposite
The application of nanocomposite electrodes in SOCs has shown remarkable achievement in overcoming
critical challenges and enhancing device performance. The unique properties of nanocomposites, including
enhanced catalytic activity, improved conductivity, and increased stability, have shown their potential as a
gamechanger in SOCs technology. This section aims to delve deeper into the function mechanism of
nanocomposite electrodes from many fundamental model studies, exploring four key aspects: tuning
electronic structure for high catalytic performance, improved electronic/ionic conduction through interfaces,
strain-stress and local defects arising from lattice mismatch, and the extension of the triple phase boundary.
Understanding these mechanisms is essential for realizing the full transformative potential of
nanocomposite electrodes in revolutionizing the performance of SOCs.
3.1 Tuning electronic structure for high catalytic performance and improved electronic/ionic
conduction
A significant advantage of nanocomposite electrodes in SOCs is their inherent capacity to finely tune their
electronic structure, thereby achieving remarkably high catalytic performance. The combination of
perovskite oxides with noble metal nanoparticles has proven to be particularly effective in enhancing ORR

kinetics®. Additionally, the incorporation of MIEC nanoparticles into a matrix composed of the same
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material or other compatible substances has yielded nanocomposite electrodes with significantly improved
performance. This enhancement can be attributed to the increased density of grain boundaries and the
optimization of electronic and ionic conduction pathways within the electrodes. Several internal factors
play a pivotal role in modulating oxygen activity, including the covalency of metal-oxygen bonds”, surface
reconstruction phenomena®’-?2, the net electronic charge of O%" ions®3, and element doping®*, among others.
Consequently, this section delves into a comprehensive discussion of how the fine-tuning of electronic
structure leads to high catalytic performance and improved conductivity in nanocomposite electrodes.

Wang et al. conducted calculations to determine the differential charge densities, revealing the interfacial
charge transfer phenomenon between nano-scaled noble metals and SrCoOs (Fig. 52)%. In the case of both
heterostructures (Pt and Ag) connected via Nm-O bonds, a fraction of electrons undergoes a transfer from
the noble metal to the CoO, layer. This transfer is consistent with the weakening of the Co-O bond due to
electron injection into the antibonding 2eg orbitals. It is worth noting that the higher work function of Pt,
compared to Ag, results in a significantly lower net electron donation from Pt to SrCoQ;. However, the
stronger Pt-O bond allows Pt atoms to effectively extract oxygen from oxides. Building upon computational
modelling, Fig. 5b illustrates a noble-metal-assisted deoxygenation process, which leads to a topotactic
phase transition (TPT) from the perovskite phase to the brownmillerite phase. This transition is
accompanied by the formation of ordered oxygen vacancy channels (OVCs), induced by electron injection.
Nanocomposite electrodes can offer improved electronic and ionic conduction compared to conventional
electrode materials. This is primarily attributed to the interfaces created between different nanoscale
components within the electrode matrix. The interfaces act as pathways for charge carriers, facilitating their
movement and enhancing overall conductivity. In the case of electronic conduction, the interfaces between
electronic conductors and ionic conductors in nanocomposite electrodes promote efficient charge transfer.
The presence of these interfaces creates a favorable environment for electron transfer between the catalytic
sites and the external circuit®. Additionally, MIECs in nanocomposites enhance both the electronic and
ionic conduction pathways, allowing for improved charge transport within the electrode. Similarly, in terms
of ionic conduction, nanocomposite electrodes with well-defined interfaces between ionic conductors and
electron conductors facilitate the movement of oxygen ions®®. The enhanced ionic conduction paths enable
faster oxygen diffusion and exchange between the electrode and the electrolyte, reducing the polarization

losses and improving the cell performance.
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Recent report has highlighted the promising oxygen exchange kinetics of hetero-interfaces between
perovskite phases, specifically (La;_Sr,)CoO; (LSC113) and (La;_,Sr,),CoO4 (LSC214)”7. These
interfaces show potential for enhancing solid oxide fuel cell air electrodes due to their controllable and
optimized embedding within vertically aligned nanocomposite (VAN) structures. To investigate the
electronic structure, temperature-dependent studies were conducted on the VAN film. The energy gaps of
LSC113 and LSC214 surfaces in the VAN structure were measured at various temperatures, including room
temperature, 100 °C, 200 °C, 250 °C, 300 °C, and back to room temperature following cooling from 300 °C,
all in 1073 mbar of pure oxygen. Interestingly, the temperature dependence of the energy gap at the LSC214
surface in the VAN structure exhibited notable differences compared to LSC214 single-phase films. A
closer examination, as shown in Fig. 5¢ and d, revealed that the electronic structure at the LSC214 surface
in the VAN structure closely followed the behavior of the LSC113 phase, transitioning to a metallic-like
state above 250 °C. This behavior can be attributed to the unique electronic activation in the
LSC113/LSC214 multilayer (ML) structures. The injection of electrons from LSC113 to LSC214 across
their interface (illustrated in Fig. 5e) leads to excess electrons in the lattice, resulting in oxygen vacancy
defects on the transition metal oxides and subsequently reducing the surface electronegativity. Notably, the
ease of oxygen vacancy formation on LSC113 contributes to raising the electron chemical potential (Fermi
level) while decreasing the chemical potential of oxygen in the LSC113 phase®®. Consequently, oxygen
migrates from LSC214 to LSC113, and electrons migrate from LSC113 to LSC214%. This electron
injection process and the creation of defect states in LSC214 cause the Fermi level to rise into the
conduction band of the LSC214 phase, ultimately leading to the disappearance of the energy gap, as
depicted in Fig. 5d. Moreover, the exchange of oxygen and electronic defects across the interfaces enables
charge neutrality over the width of the grain surfaces in the VAN structure.

In summary, the investigation of the electronic structure in the VAN film has revealed intriguing
interactions between the LSC113 and LSC214 phases, providing valuable insights into the oxygen and
electron exchange phenomena at their interfaces. These findings hold significant promise for advancing the

performance of solid oxide fuel cell air electrodes through the rational design of nanocomposite structures.
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Fig. 5 (a) Charge transfer in noble metals/SrCoQ; interface shown by differential charge density (isosurface value set
to 0.003, cyan region denotes positive charge and yellow region denotes negative charge) and (b) Schematic diagram
of deoxygenation process and topotactic phase transition (P-SMO to B-SMO) activated by noble metal nanoparticles®’.
Copyright 2021, Advanced Functional Materials. Temperature dependence of the energy gap of (¢) LSC113 and (d)
LSC214 in single phase, multilayer and VAN/STO structure®’. Copyright 2015 Journal of Materials Chemistry A.
Note that the surface energy gap variations with temperature in ML and VAN are quite similar for both LSC113 and
LSC214 phases. The data on the multilayer system comes from ref. * Copyright 2013 Advanced Energy Materials
and the data on the LSC113 comes from ref*® Copyright 2014 Journal of Materials Chemistry. (e) Illustration of how
the presence of reduced LSC113 surface can affect the LSC214 electronic structure through a coupling at their
interface in the ML structure: upon the creation of oxygen vacancies, excess electrons in LSC113 are injected from
LSC113 to LSC214. (Top) Electron injection is expected to be accompanied by the exchange of positively charged
oxygen vacancies and negatively charged oxygen interstitials across the interface on the surface. (Bottom) Creation
of oxygen vacancies liberates electrons and forms defect states in the energy gap, raises the Fermi level in LSC113,
and thus, enables the injection of electrons into LSC214. The last step raises the Fermi level in LSC214. DOS stands
for density of states; RT and HT refer to room temperature and high temperature®®. Copyright 2013 Advanced Energy
Materials.

3.2 Strain-stress/Local defects from lattice mismatch
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The incorporation of different materials in nanocomposite electrodes often introduces lattice mismatch,
giving rise to strain-stress effects and localized defects. In the context of SOC applications, this
phenomenon can be advantageous. The strain-stress resulting from lattice mismatch has the potential to
alter the electronic structure and catalytic properties of the electrode materials. Changes induced by strain
in the crystal lattice, such as modified bond lengths and angles, lead to adjustments in the electronic band
structure and reactivity. This strain effect can enhance catalytic activity by facilitating the adsorption and
activation of reactant species, ultimately improving the electrode's performance'®. This section provides a
comprehensive summary of existing studies on the effects of lattice mismatch or in situ defects in
nanocomposites on material properties.

Tsvetkov et al. have experimentally examined the effect of tensile, compressive, and no strain along the c-
axis on the ORR kinetics of nanoscale Nd,NiO,4.5 (NNO) thin films'°!. The corresponding strain starts were
obtained by depositing NNO on (111), (110), and (100) Y,00sZ10.0920, single-crystal substrates. The ORR
reactivity enhancement by tensile strain and reduction by compressive strain was correlated to the increase
in the concentration of oxygen interstitials (5) and the better surface stability in the former case.
According to the analysis of the composition and microstructure of the self-assembled BaCo;Zr,O;; (x =
0.8—0.2) nanocomposite developed by modified glycine nitrate process, it was concluded that the main
driving force for the in-situ self-assembly of multiple phases comes from the mismatched lattice stress
between different two designed dissimilar B-site ions of active cobalt and stable zirconium, which can
construct a variety of perovskites with dissimilar properties of lattice structures, micro-morphologies, redox
activities, thermal expansion and structural stability properties'?2.

Furthermore, the lattice mismatch-induced strain can create local defects, such as dislocations or vacancies,
within the nanocomposite structure. These defects can act as active sites for electrochemical reactions,
promoting higher catalytic activity and facilitating charge transfer at the electrode-electrolyte interface.
Additionally, the presence of these defects can enhance the ionic conduction by providing more pathways
for ion transport through the electrode. A novel 3D heterostructure air electrode designed for SOFC
applications is developed by incorporating LSF113 and a stoichiometric graded LSF214-based RP-material
as an outer shell. The heterostructure of LSF214-LSF113 consists of LSF214 nanoislands deposited on the
LSF113 substrate. The O, first absorbs onto the LSF113 surface and is then dissociated and incorporated

with the assistance of a migrating surface oxygen vacancy. Within the LSF214-LSF113 heterostructure,
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there are two parallel paths for oxygen incorporation. In Path I, the oxygen incorporation process is similar
to that of pure single-phase LSF113. However, in Path II, oxygen initially adsorbs onto the LSF214 surface,
dissociates, incorporates, and subsequently migrates through the LSF214 onto the LSF113 substrate. Due
to the significant changes in lattice parameters between LSF113 and LSF214 (from 5.547 and 7.821 A to
3.852 and 12.751 A, respectively), a 31% and 63% mismatch in lattice a and ¢ is expected, resulting in
considerable tensile strain. As a consequence of this tensile strain, the kinetics of oxygen dissociation and
incorporation are influenced, being limited by the availability and mobility of oxygen vacancies on the
perovskite air electrode surface!%*19, In the LSF214-LSF113 heterostructure, as the tensile strain increases,
oxygen molecule adsorption and oxygen vacancy formation become more favored!®*. The increased tensile
strain weakens the in-plane Fe-O bonds, leading to a more favorable formation of oxygen vacancies'?. The
strain-induced increase in available space along the oxygen migration path on LSF113 lowers the energy
barrier for oxygen vacancy migration.

3.3 Extension TPB

The TPB plays a pivotal role in the performance of SOCs as it represents the region where electrochemical
reactions are most actively occurring. Nanocomposite electrodes offer a remarkable extension of the TPB
due to their high surface area and the presence of interfaces between different materials. This heightened
surface area in nanocomposite electrodes provides a larger active interface for electrochemical reactions,
resulting in improved electrode performance. Additionally, the high density of interfaces within the
nanocomposite structure contributes to an increased TPB length, allowing for more efficient charge transfer
and reaction kinetics. This section underscores how the extended TPB enhances the overall electrochemical
activity of the electrode, leading to a more effective utilization of the electrode materials.

The TPB is a crucial factor in SOCs performance, as it represents the region where the electrochemical
reactions most actively take place. Nanocomposite electrodes offer a remarkable extension of the TPB due
to their high surface area and the presence of interfaces between different materials. The increased surface
area of nanocomposite electrodes provides a larger active interface for the electrochemical reactions,
resulting in improved electrode performance. The high density of interfaces within the nanocomposite
structure contributes to a larger TPB length, enabling more efficient charge transfer and reaction kinetics.
This section emphasizes the enhanced overall electrochemical activity of the electrode and promoted better

utilization of the electrode materials related to the extended TPB.
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As the most commonly used fuel electrode substrate, Ni-YSZ exhibits highly electronically-conductivity
and compatible with the thermodynamics of the electrolyte in the ionic-conducting SOCs operated at ~800
°C. The operation mechanism of the Ni-YSZ fuel electrode has been comprehensively discussed in review
by Gao et.al'®, The transport of oxygen, hydrogen, or hydroxyl species across the interface between Ni and
YSZ in SOCs is often attributed to a "spillover" mechanism. This mechanism involves the transfer of one
of these species, typically on the surface, although there have been suggestions of hydrogen interstitial bulk
transport as well. Among these spillover mechanisms, the hydrogen spillover mechanism (depicted in Fig.
6a) is widely accepted as the most prominent and recognized. Based on Butler-Volmer charge transfer
kinetics, it illustrates that Ni-Y'SZ fuel electrode polarization depends strongly on the fuel gas composition.
In addition, the fuel electrode resistance Rp 4 is more dependent on the polarization resistance as well as
microstructural factors including the fuel electrode thickness L and the TPBs line length per unit electrode
volume (/7pp). Based on the calculation of the transmission-line model'’’, Gao et al suggested that increasing
I7pp 1s a primary means for achieving low the polarization resistance of composite electrodes at low
temperature. Thus, apart from adsorption, reaction, and transport processes near electrodes-electrolyte-
vapor TPBs, the microstructure, particularly the density of TPB lines within the fuel electrode plays an
important role in the operation of fuel electrodes. Meanwhile, combine with consideration of the
relationship of YSZ/Ni particle size and /7ps, the prediction of Rp, for a Ni-YSZ fuel electrode versus
average particles size illustrates that decreasing average particle size to ~0.1 pm yields Rp 4 < 0.1 Q cm™ at
600 °C, and a further decrease to ~ 0.01 pum yields Rp 4 < 0.1 Q cm at 500 °C (Fig. 6b). Thus, engineering

nanostructure fuel electrodes is promising for high-performance operating of SOCs in low temperature.
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Fig. 6 (a) Schematic illustration of the hydrogen oxidation process at a Ni-YSZ TPB via the proposed “hydrogen

spillover” mechanism and (b) Ni-YSZ fuel electrode polarization resistance versus feature size, assuming equal sizes

for Ni and YSZ, for temperatures from 500 to 800 °C'%, Copyright 2016, Energy & Environmental Science.
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For the composite air electrodes, both electrode and electrolyte phases were pre-synthesized before forming
the composite; thus, the interface between the two phases is very limited within the composites. As
compared to the composite with micrometer size of the components, the building of nanocomposite will
provide much enlarged activated reaction area that may bring beneficial effects for electrochemical
reactions. Song et al successfully developed a cobalt-free multi-phase nanocomposite as a air electrode for
IT-SOFCs*.
4. Techniques and strategies to construct nanocomposite electrodes

Historically, composite electrodes have been prepared by simply mixing pristine materials. However, this
method has its limitations, particularly in controlling the composition distribution and overall architecture
of the resulting electrodes. To address this drawback, researchers have turned to synthesizing
nanocomposite electrode powders using various co-sintering techniques. The synthesis process involves a
meticulous selection and preparation of constituent materials to ensure the desired characteristics in the
resulting nanocomposite eclectrodes. After synthesizing the raw nanocomposite powders, they are
subsequently applied onto the electrolyte. Various methods can be utilized for this deposition process.
These methods are essential to ensure proper adhesion and uniform distribution of the nanocomposite air
electrode on the electrolyte surface. This section focuses on elucidating the different techniques used for
preparing the raw nanocomposite powders and subsequently depositing them onto the electrolyte. The
combination of appropriate preparation and deposition methods plays a critical role in producing high-
performance nanocomposite air electrodes for SOCs, leading to advancements in energy conversion and
storage technologies.

4.1 Preparation of the Raw Powder Precursors

Mechanical mixing: one commonly used approach for synthesizing single phase is mechanical mixing,

where the constituent materials are mechanically ground or ball-milled together to achieve intimate mixing
at the nanoscale. This method is relatively simple and cost-effective, making it suitable for large-scale
production. Moreover, in order to be more suitable for industrial applications, the electrode preparation
process should be as simple as possible, including as few steps as possible to reduce fabrication cost and
time. However, it may lead to agglomeration of nanoparticles, requiring additional steps to achieve a

uniform distribution!98.
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One-pot Pechini method: sol-gel allows for precise control over the composition and homogeneity of the

nanocomposite. By adjusting the processing parameters, such as the precursor concentration, reaction
temperature, and time, the size, distribution, and composition of the nanoparticles in the nanocomposite can
be tailored. Dabrowa et al reported a nano-scaled single phase perovakite-type oxides La;.Sr,
(Co,Cr,Fe,Mn,Ni) O;5 (x = 0, 0.1, 0.2, 0.3, 0.4 and 0.5)'%°. However, the applicability of single-phase
nanoscale materials at the industrial level is limited by the requirements of strict synthetic conditions, long
reaction times, and tedious procedures. Therefore, efficient, facile, economical, and industrially feasible
processing and synthesis methods for the production of nanostructured composite precursors are key to the
further commercialization of SOCs technology.

Surface modification or solution method: surface modification techniques, such as surface doping or surface

functionalization, can also be employed to tailor the properties of nanocomposite electrodes. Surface doping
involves introducing dopant atoms onto the surface of nanoparticles to modify their electronic structure and
catalytic activity!!%. Surface functionalization, on the other hand, involves the attachment of functional
groups or catalyst promoters onto the nanoparticle surface to enhance reactivity and stability!'!. One
strategy is the use of core-shell nanoparticles, where a catalytically active core material is coated with a
protective shell. This approach provides enhanced stability by preventing the agglomeration and sintering
of nanoparticles during operation’®. Additionally, the shell material can be chosen to promote specific
catalytic reactions or provide better electronic or ionic conduction properties. A Ni/YSZ fuel electrode for
SOFCs was fabricated from a core—shell structured Ni/YSZ powder, which consisted of a Ni core and nano-
sized YSZ shell particles'!?. The cation surfactant, cetyltrimethyl ammonium bromide (CTAB), is crucial
to the synthesis of the core—shell structured Ni/YSZ powder. It was considered that CTAB was adsorbed
on the surface of the negatively charged Ni and YSZ particles and served as the bridge between the Ni core
and YSZ shell particles. A denser Ni/YSZ core—shell structure could be achieved when the hydrothermally
synthesized 10-50 nm Y SZ particles were used for the shell particles.

Spray pyrolysis: as an attractive method employed to prepare thin films, spherical and uniform ceramic
powder materials for electrodes to achieve a fine microstructure, spray pyrolysis has several advantages
including its open-atmosphere process, its open-reaction camber and its adjustability during deposition
process, and enables control of the individual particle structure at nano-scale level, thus yielding a nano-

composite powder!!3. In general, a submicron-size secondary particle (0.1-1 um) can be formed with nano-
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size crystallites (1-20 nm) by spray pyrolysis. Shimada et al devised a method for designing nanocomposite
electrodes using spray pyrolysis from raw powder materials and successfully synthesized an LSM-YSZ
nano-composite powder that had spherical morphology with uniform particle size using the spray
pyrolysis!!3. These electrodes consisted of a perovskite oxide of SSC and a fluorite oxide of SDC and
demonstrated excellent cell performance. Fig. 7 provides a visual representation of the electrode fabrication
process, emphasizing the control of the raw powder material structure to achieve high-performance
nanocomposite electrodes. Fig. 7a illustrates the spray pyrolysis apparatus utilized in this process, involving
three key steps: (i) droplet atomization, (i) droplet transport and particle synthesis, and (iii) particle capture.
Fig. 7b provides an illustration of a representative SSC-SDC nanocomposite particle produced through
spray pyrolysis. Crystallites of SSC and SDC are uniformly dispersed within each particle. Notably, to
achieve precise control over the chemical composition of the target materials during simultaneous synthesis
through spray pyrolysis, it is preferable to have a minimal number of cations. Since the SSC and SDC
selected for this study consist of only four cations (Co, Sr, Ce, and Sm), the SSC-SDC nanocomposite
particles are highly suitable for spray pyrolysis. As shown in Fig. 7¢, the prepared SSC-SDC nanocomposite
particles were utilized to fabricate oxygen electrodes, specifically the SSC-SDC nanocomposite electrodes.
The presence of nano-sized crystallites of SSC and SDC within each particle contributes to a larger surface
area and an expanded TPB region within the electrodes. Additionally, during the electrode sintering process,
the submicron-sized secondary particles become interconnected, forming well-connected, uniformly
distributed networks of both SSC and SDC while maintaining the pore channels. The utilization of SSC-
SDC nanocomposite particles, prepared through spray pyrolysis, enables precise control over the electrode
structure at both the nanometer and submicrometer scales, resulting in bimodal-structured SSC-SDC
nanocomposite electrodes.

In addition, the ultrasonic spray pyrolysis (USP) method is known to be a useful synthesis method based
on an aerosol process for easily modification the morphology by controlling several parameters such as the
solution preparation method, atomizing frequency, flow rate, and heating temperature’®. By atomizing and
turning the mixed prepared core and shell Ni(CH;COO), « 4H,0 and GDC precursor solutions into mists
by an ultrasonic atomizer, Chae at al. successfully synthesized the core-shell structured NiO@GDC
powders used as fuel electrode materials with a multi-zone furnace without post-heat treatment’®. They

investigated the influence of various parameters (i.e. the precursor pH, carrier gas flow rate, and zone
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temperature) on the operation performance of the cell. The Ni@GDC synthesized in the precursor pH of 2
by USP did not exhibit any performance degradation, even after 500h. Compared to the conventionally
mixed Ni-GDC fuel electrode particles, the microstructure of the Ni@GDC fuel electrode synthesized by

USP showed no significant coarsening and aggregation, which effectively suppressed the decrease of TPB

length.
(a) (b)  Nanocomposite particle
Spray pyrolysis apparatus (ca. 1 um)
Atomizing Heating Capture
section section section
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Fig. 7 Schematics of nanocomposite electrodes. (a) Spray pyrolysis apparatus consisting of atomization, heating, and
capture sections, (b) Conceptual images of an SSC-SDC nanocomposite particle and (c) a bimodal-structured SSC-
SDC nanocomposite electrode fabricated using the SSC-SDC nanocomposite particles!®. Copyright 2019, Nature
Communications.

4.2 Deposition Techniques

Electrode deposition techniques, including physical vapor deposition (PVD), chemical vapor deposition
(CVD) and electrochemical deposition, are the versatile techniques commonly used in mass production as
it can create either porous or dense films just by changing the deposition conditions!!'#!16. In addition, these
techniques allow for precise control over the deposition parameters, enabling the fabrication of thin films
with controlled composition and morphology''®. By selecting appropriate precursors and adjusting the

deposition conditions, nanocomposite electrodes with tailored properties can be obtained.
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Sputtering: a widely utilized physical vapor deposition (PVD) technique, involves bombarding a target
material with ions in a vacuum environment!!”- '3, The ejected atoms condense on a substrate to form thin
films. To making ceramic materials into porous films via sputtering, the most common approach is to
sputter using a high pressure of sputtering gas to increase the number of collisions and decrease the kinetic
energy of the deposited atoms''®. This results in low surface mobility of the deposited atoms and the
increasing effects of self-shadowing®*. As the deposition evolves, grains are formed with well-defined and
often porous grain boundaries growth in thin-film deposition'!®. In addition, atoms in the gas can form
particle clusters prior to deposition aiding in the formation of porous films. If a porous ceramic electrode
can be deposited through sputtering, then the entire cell can be fabricated using a single process and a single
piece of equipment, which is more cost-effective and beneficial for future mass production of devices.
Variations such as reactive sputtering enhance the formation of complex phases: i) reduced material particle
size, thereby improving electrocatalytic activity; and ii) better adhesion of chemical bonding-based
electrodes to substrates compared to ink-based deposition'®®. In nanocomposite electrode fabrication,
sputtering enables precise control over film thickness and composition. The resulting uniform films exhibit
good adhesion, making them suitable for SOC applications.

Pulsed Laser Deposition (PLD): utilizes a pulsed laser to ablate a target material, creating a plasma plume

that deposits material onto a substrate'?*-122, This technique allows for the deposition of complex
compositions and controlled nanostructures. PLD's versatility in forming epitaxial films and controlling
stoichiometry is advantageous for creating high-performance nanocomposite electrodes'?3. Haowen et al
successfully synthesized the self-assembled VAN nanostructure contains highly ordered alternating vertical
columns of CGO and LSCO formed through a one-step thin-film deposition process that uses PLD13%2. To
obtain the nanostructured air electrode, a magnetron co-sputtering technique is employed, using Gd-Ce
alloy and LSC perovskite targets. By adjusting the co-sputtering conditions, both the nanostructure and
composition of the ceramic air electrode can be precisely controlled (Fig. 8a). In their study, 100 um thick
anodized aluminum oxide (AAO) templates with a pore size of 120 nm were utilized as the supporting
substrate. The fuel electrode was fabricated by co-sputtering Ni and Y-Zr, resulting in a porous fuel
electrode nanostructure with a thickness of 900 nm. Regarding the air electrode, a porous ceramic air
electrode composed of LSC-GDC was deposited on the GDC interlayer using co-sputtering techniques. The

thickness of the LSC-GDC air electrode ranged from 800 to 1000 nm. Lastly, a 300 nm thick Pt layer was
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deposited on the air electrode to serve as a current collector. Yoon et al fabricated a complete SOFC cell
by sputtering, YSZ, Ni-YSZ, and LSCF-YSZ are the materials chosen for our electrolyte, fuel electrode,
and air electrode, respectively''®. To fabricate a porous LSCF-based electrode, cosputtering of Y/Zr metal
alloy and LSCF targets was performed. Since Y/Zr can be easily formed into a porous film at high Ar
pressures, the cosputtering of LSCF and Y/Zr could yield a porous film of LSCF-YSZ using similar
conditions (Fig. 8b). The resulting cosputtered LSCF-YSZ film has a porous, columnar nanostructure as
shown in the SEM images in Fig. 8¢. According to the images, this columnar structure has a diameter of
tens of nanometers, thus creating a very large active surface area.

Aerosol-assisted chemical vapor deposition (AACVD): AACVD stands out in comparison to physical vapor

deposition (PVD) due to its capability to generate anisotropic films that conform seamlessly to the
substrate's surface. Moreover, it establishes stronger chemical bonds with the deposited layers, ensuring
heightened structural integrity and functional properties'!®- 124, Serving as a derivative of traditional CVD,
AACVD introduces precursor materials through aerosol droplets accompanied by carrier gases, delivering
them onto a heated substrate. This strategic arrangement not only initiates the CVD reaction and film
crystallization but also eliminates the necessity for a vacuum environment. As a result, the costs associated
with equipment installation and maintenance are significantly diminished in comparison to conventional
CVD methodologies'?. Within the realm of AACVD, the realm of spray-Aerosol-assisted metal-organic
CVD (AAMOCVD) emerges, utilizing organometallic precursors for the deposition of thin films. This
technique boasts a remarkable ability to attain controlled stoichiometry, a crucial attribute when dealing
with intricate oxide formation. Its proficiency in achieving these characteristics renders it particularly
indispensable in the context of SOCs.

Electrochemical Vapor Deposition (EVD): EVD represents a hybrid approach merging CVD with

electrochemistry. By manipulating an electric field, EVD orchestrates the precise deposition of vaporized
precursors, thus enabling meticulous growth of nanocomposite electrode materials!?6. The inherent
flexibility of EVD to craft tailored nanostructures on intricate geometries augments its potential for
designing SOC electrodes, heralding new possibilities in this domain.

Screen Printing and Inkjet Printing: screen printing and inkjet printing hold their own as versatile means

of depositing electrode materials onto substrates!?”- 128, The significance of Inkjet printing becomes

particularly evident, offering meticulous control over the placement of materials and opening avenues for
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fabricating intricate patterns and gradients!?®. These techniques provide a pivotal means of generating

extensive-area electrodes, distinguished by their controlled compositions and morphologies.
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Fig. 8 (a) Schematic of the co-sputtering process and the deposited nano-ceramic air electrode nanostructure and
column growth process*?. Copyright 2020, ACS Appl. Energy Mater. (b) Co-sputtering of Y/Zr and LSCF and the
corresponding porous LSCF-YSZ cross-sectional and (c) surface SEM images. Two hundred watts was applied to the
LSCF ceramic target and 50 W was applied to the Y/Zr target'!8. Copyright 2020 Nano Letters.

5. Outlook and recommendation
The field of nanocomposite electrodes has shown tremendous potential in transforming the performance of
SOCs. As we delve deeper into the exploration of nanoscale engineering and material design, we foresee
exciting opportunities and challenges for further advancement.
Firstly, building upon the success achieved thus far, there is a pressing need to further optimize the
electrochemical properties of nanocomposite electrodes. This can be achieved by tailoring the composition,

nanostructure, and surface chemistry of the electrode materials. By carefully tuning the composition of
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constituent materials, such as perovskites, spinels, and transition metal catalysts, we can enhance the
electrochemical activity, stability, and conductivity of the electrodes. Furthermore, exploring novel
nanostructuring techniques, including controlled nanoparticle size, distribution, and interfacial design, will
unlock new opportunities to tailor the performance of nanocomposite electrodes.

To gain deeper insights into the nanoscale phenomena and electrochemical processes occurring within
nanocomposite electrodes, the development and utilization of advanced characterization techniques are
crucial. Techniques such as in-situ microscopy, operando spectroscopy, and electrochemical impedance
spectroscopy can provide real-time information on the structural changes, charge transport mechanisms,
and reaction kinetics within the electrodes. Integrating these advanced techniques into the characterization
toolkit will significantly advance our understanding of nanocomposite electrode behavior and guide future
material design strategies. The interfaces between different materials in nanocomposite electrodes have a
profound impact on their electrochemical properties. Computer modeling enables the exploration and
optimization of interface structures, compositions, and atomic arrangements. By employing techniques such
as density functional theory (DFT) and Monte Carlo simulations, researchers can gain insights into the
interfacial phenomena, such as atomic diffusion, segregation, and interfacial reactions.

To gain deeper insights into the nanoscale phenomena and electrochemical processes occurring within
nanocomposite electrodes, the development and utilization of advanced characterization techniques are
crucial. Techniques such as in-situ microscopy, operando spectroscopy, and electrochemical impedance
spectroscopy can provide real-time information on the structural changes, charge transport mechanisms,
and reaction kinetics within the electrodes. Integrating these advanced techniques into the characterization
toolkit will significantly advance our understanding of nanocomposite electrode behavior and guide future
material design strategies. The interfaces between different materials in nanocomposite electrodes have a
profound impact on their electrochemical properties. Computer modeling enables the exploration and
optimization of interface structures, compositions, and atomic arrangements. By employing techniques such
as Ab initio calculations and Monte Carlo simulations, researchers can gain insights into the interfacial
phenomena, such as atomic diffusion, segregation, and interfacial reactions.

While nanocomposite electrodes have demonstrated impressive performance in laboratory-scale
experiments, long-term stability and durability remain critical challenges for their practical implementation.

Future research should focus on improving the structural stability and chemical compatibility of
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nanocomposite electrode materials with the electrolyte and other components in SOCs. By investigating
degradation mechanisms, including chemical reactions and phase transformations, we can develop
strategies to mitigate their impact. In addition, this can be achieved through advanced material
characterization techniques, computational modeling, and accelerated aging tests.

The successful translation of nanocomposite electrodes from the laboratory to industrial-scale applications
requires scalable manufacturing processes. The emphasis should be on devising cost-effective and reliable
fabrication techniques that facilitate the mass production of nanocomposite electrodes while ensuring
consistent quality and performance. This endeavor may entail exploring scalable deposition methods, such
as roll-to-roll processes or additive manufacturing techniques. Furthermore, seamless integration of
nanocomposite electrodes into SOC systems demands meticulous consideration of their compatibility with
other cell components. This necessitates the development of optimized fabrication processes and
dependable joining methods to guarantee a harmonious operation of SOCs with nanocomposite electrodes.
Employing multi-scale modeling approaches, such as finite element analysis and computational fluid
dynamics, can enhance our understanding of system-level performance, mass transport phenomena, and
thermal management. By taking into account the intricate interactions between various components,
computer modeling can guide the optimization of system design, electrode-electrolyte interfaces, and SOC
performance.

As this field advances, it is crucial to broaden our perspective to encompass system integration aspects and
conduct techno-economic analyses. This evaluation is vital for assessing the viability and economic
feasibility of employing nanocomposite electrodes in large-scale SOCs. By scrutinizing their impact on
overall cell performance, system cost, and energy efficiency, valuable insights can be gained to steer future
research and development efforts in the right direction. The collaborative efforts of material scientists,
engineers, and economists will be pivotal in surmounting the multifaceted challenges associated with
nanocomposite electrodes. Moreover, it is imperative to factor in environmental and regulatory
considerations throughout the development and deployment of these electrodes. This includes conducting
thorough life cycle assessments and ensuring compliance with relevant industry standards. Establishing a
feedback loop for continuous monitoring of performance and reliability in real-world applications will
provide valuable data for refining materials and manufacturing processes over time. Additionally,

conducting pilot projects and demonstrations will be instrumental in validating the scalability, performance,
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and economic viability of nanocomposite electrodes in practical SOC applications, thereby instilling
confidence in their industrial implementation.

6. Summary

Nanocomposite electrodes in both air and fuel electrodes of SOCs hold immense potential for enhancing
their overall performance. These electrodes exploit the synergistic effects between different nanoscale
components, combining their unique properties to overcome the limitations of conventional electrode
materials.

The integration of mixed ionic-electronic conductors, catalysts, and other functional materials in
nanocomposite structures provides avenues for tailoring the electrode's properties to meet specific
performance requirements. The development of nanocomposite electrodes has also opened up opportunities
for the design of tailored electronic structures, enabling the fine-tuning of their catalytic properties. The
interfaces between different nanoscale components within the electrode matrix create unique electronic and
ionic conduction pathways, which further enhance the electrode's performance. Moreover, the precise
control of nanocomposite composition, structure, and morphology enables the optimization of the TPB
promotes higher catalytic activity and improved charge transfer kinetics at the electrode-electrolyte
interface.

Nanocomposite electrodes in SOC technology represent a promising concept to address the critical issues
currently faced by these energy conversion devices. By utilizing nanoscale materials and tailoring their
composition and structure, nanocomposite electrodes offer improved catalytic activity, enhanced electronic
and ionic conduction, strain-stress and local defect generation, and an extended triple phase boundary. The
versatility and tunability of nanocomposite materials, along with various construction techniques and
strategies, provide a pathway to revolutionize the performance of SOCs and pave the way for more efficient
and reliable energy conversion systems.
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