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Abstract: Perovskite-structured LaixSrxCoi.yFeyOs.5 (LSCF) is a promising mixed ionic/electronic-conducting
material that exhibits excellent electro-catalytic activity toward oxygen reduction and oxygen evolution reactions.
LSCF offers potential applications in many processes, such as electrodes for solid oxide fuel cells (SOFCs),
oxygen sensors, and dense membrane for oxygen separation and thus have been studied extensively in various
fields. However, its physical and electrochemical properties are substantially influenced by dopant concentration,
dopant type and processing conditions (synthesis methods, composite cathode effect, fabrication conditions, and
chromium poisoning). Understanding and correlating the effect of LSCF composition, its synthesis methods,
fabrication conditions, and its parameters are essential to enhance the performance of LSCF cathode for high- to-
intermediate temperature SOFC applications. This review emphasizes the importance of enhancing the
performance of LSCF cathode by optimizing the influential factors to facilitate and expedite research and
development efforts for SOFC commercialization in the near future. Various synthesis and fabrication methods
used to prepare and fabricate LSCF and LSCF-based composite cathodes are discussed in detail. Moreover, their
pros and cons in optimizing the microstructure of LSCF cathodes are highlighted. Finally, the strategies to improve
the long-term microstructural stability and electrochemical performances of the LSCF cathode are discussed.

Keywords: Solid oxide fuel cell, LSCF, microstructure, synthesis, fabrication, degradation

1. Introduction

A solid oxide fuel cell (SOFC) uses hydrogen and oxygen to generate energy [1]. SOFC shows promising
performance due to its high fuel-to-energy conversion ratio and fuel flexibility [2]. The current SOFC technology uses
ceramic oxide materials and runs between 600°C and 1000°C [3-5]. The use of low temperature from 400 °C to 800 °C
has continued to receive considerable interest due their advantages of reduced cost, increased life time, and accelerated
warm-up and shutdown time [6]. Reducing the operating temperature can increase the internal resistance of individual
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components, specifically the cathode [7, 8]. This is owing to the large activation energy at the cathode side of the
SOFC [9]. This phenomenon is called cathodic activation polarization or cathodic activation overpotential.

A cathodic activation loss is a barrier that prevents spontaneous reactions at the cathode interface and electrolyte.
Overcoming this barrier necessitates a low activation energy, so ORR can occur fast [10]. The major requirements to
minimize these polarization losses are as follow: (1) identifying new promising cathode materials, (2) increasing the
surface area of the cathode to enlarge the triple phase boundary (TPB) connectivity, (3) increasing the reactant flow rate
or pressure, and (4) adopting a tortuosity or porous microstructure for the cathode to facilitate gas diffusion. Identifying
and understanding the influencing factors on these polarization losses is important to improve overall SOFC cathode
performance. These include material composition, powder morphology, porosity, and thickness of the cathode, fuel
environment (low partial pressure of oxygen gas), operating temperature, and current density [10, 11].

1.1 Different Types of Perovskite-Based Cathode Materials for SOFCs

Due to the high working temperature and activation energy of the oxygen reduction reaction (ORR) on the cathode
side of a SOFC, only platinum, gold, and silver are suitable cathode materials [12]. Noble materials, on the other hand,
are unsuitable for practical applications due to their high cost, poor electrolyte compatibility, and the generation of
volatile oxide (POX) during high-temperature oxidation [13]. As a result, perovskite-structured materials have become
popular as cathode materials in SOFCs. Lanthanum strontium manganite (LSM) is the most promising cathode for
high-temperature SOFC [14]. Nonetheless, because of its high activation energy for ORR, LSM cathode exhibits high
polarization resistance at low temperatures and is thus unsuitable for intermediate temperature (IT) SOFCs below 800
°C [15]. As a result, alternative cathode materials for SOFCs operating at lower temperatures have recently attracted
research interest (Table 1) [16].

Table 1 - Different cathode materials for solid oxide fuel cells

Types of cathode Cathode Power density Operating Reference
materials (mwW/cm?) temperature
(°C)
Nickelate cathode LazNiOg+s 530 750 [17]
LazNio6Cup4O4+s 120 750 [18]
Nd195NiO4:5 90 750 [19]
Ferro-cobaltite cathode Lao.6Sro.4C0o.2Fe.03-5 930 750 [17]
BaosSro.5C00.8F€0.203-5 680 800 [20]
Cobaltite cathode Lag.7Sro.3C003-5 560 550 [21]
Lao.1Sr0.9C009Nb0o.103-5 1478 600 [22]
Sm based cobaltite cathode ~ SmosSrosC03 400 600 [23]
Gd based cobaltite cathode ~ Gdo.sSro2C003 356 700 [24]
Sr based cobaltite cathode ~ SrCo0.95Sbo,0503-5 328 750 [25]
SrCoo.sNbo.1Tao.10s-5 1200 500 [26]
SrS¢0.175Nb0.025C00.8 O3-5 910 500 [27]
K2NiF4 type structured La1.965r0.04CUO4+5 329 700 [28]
cathode L a1 66Sr0.04CUO4-5 626 700 [28]
Lay »SrosC008Nio.204+5 350 600 [29]
Ni doped ferrite cathode Lao.sSro.2Fe0.6Nig.403-5 560 500 [30]
Lao.sSro.2Feo.sNio.40s-5 600 800 [31]
cobalt-based thermoelectric  CasC0,0s 510 800 [20]

compound cathode
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To increase the number of reaction sites outside the TPB region, cathode materials for SOFCs should have mixed
ionic-electronic conductivity (MIEC). The main impediment to the development of intermediate-to-low temperature
SOFC technologies is the high activation polarization loss associated with the slow ORR at the cathode side at low
operating temperatures [32]. As a result, cathode materials with high catalytic activity and compatibility with
electrolytes and other components, as well as the ability to perform well at low operating temperatures, must be
developed.

Lanthanum strontium cobalt ferrite or Lai«SrxCo1yFeyOs.5 (LSCF) perovskite has been extensively researched for
its outstanding performance [33-35]. LSCF cathodes have remarkably high oxygen diffusivities (7.32 x 10°® cm?/s) and
oxygen surface exchange coefficients (1.5 x 1072 cm/s), at 800 °C [36]. In particular, LageSro4Coo2FeosOs-s
(LSCF6428) has a very good electronic conductivity (330 S/cm) and a very low ionic conductivity (0.008 S/cm) at 600
°C [37]. As a result, LSCF can be used in a wide range of applications [38]. Thus, LSCF has considerable potential as
cathode for IT-SOFC applications. However, its phase formation, surface area, particle size, and overall performance
can be influenced by the synthesis and fabrication conditions. Understanding the effects of LSCF composition,
characteristics, synthesis processes, and manufacturing conditions is critical to improving SOFC cathode performance.

LSCF-based cathode and its derived composite cathode materials has been extensively studied. Many review
articles on LSCF cathode discussed its development, synthesis, fabrication, and factors affecting its degradation [37,
39, 48, 40-47]. Jiang [47] summarized the properties of LSCF for metal-supported SOFCs. Despite their unique
position in the development of SOFC technologies, no comprehensive review has been performed on the factors
affecting the microstructure of LSCF-based cathode materials. Therefore, the present review intends to fill this
knowledge gap and provides data on how to enhance the performance of LSCF-based cathode material by optimizing
its microstructure for the development of low-polarization resistance LSCF cathode materials for IT-SOFCs. Critical
factors such as composition, synthesis, fabrication, composite cathode, surface segregation, and microstructure
degradation and their influence on the microstructural properties and performance of LSCF cathode materials are
highlighted. The parameters of different synthesis and fabrication techniques are also discussed. Drawbacks and
advancements of composite cathodes are addressed to improve their performance. Finally, the recent advancements to
improve the performance of LSCF cathodes are summarized.

2. Factors Affecting the Performance of LSCF Cathodes

The characteristics of the LSCF cathode mainly depend on the nature of A- and B-site dopants, and the
microstructure of the final product depends on the synthesis and fabrication techniques (Fig. 1). Microstructure
parameters such as micro-macro grain size, low surface area and porosity, and high thickness lead to high polarization
resistance. A high surface area nanostructured LSCF cathode has a high electrochemical performance. As a result, these
critical factors should be considered in order to improve the performance of the LSCF cathode.

Electrochemical reactions in the SOFC cathode occur between oxygen and electron (e°) either at the TPB region or
at the cathode/gas interface (DPB) [8]. ORR is a collective process caused by several parallel reaction pathways for O%
ion formation [49, 50]. These physio-electrochemical characteristics are governed by different microstructural features.
Therefore, optimizing the microstructure of LSCF cathode is necessary to improve its electrochemical performance.
Strategies focusing on the microstructure optimization of LSCF cathode materials involve the following: (1)
understanding various contributions to the catalytic activity during ORR; (2) quantifying the microstructure in terms of
composition, synthesis, and processing conditions (such as operating condition, partial oxygen pressure, and
impurities); and (3) identifying the advanced processing conditions and characterization techniques to control the
cathode microstructure [51].

2.1 Composition

The LSCF cathode material is a combination of two different perovskite-type-structured La;«xSrxCoOs (LSC) and
La1-xSrxFeOs (LSF) cathode materials [52]. Both exhibit MIEC characteristics and have good electrocatalytic activity
toward ORR at high temperatures (800—1000 °C). LSCs exhibit higher electrical and ionic conductivity than LSFs [53].
However, LSFs are more chemically stable with electrolyte materials, such as ceria-based and yttria-stabilized zirconia
(YSZ), than LSCs [54]. A representation of the LSCF perovskite oxide structure is shown in Fig. 2. The general
formula of ABOs is associated with perovskite oxide material, where A and B are cations, and O is oxygen anions [40].
In LSCF cathode material, the A-site (x) is doped with Sr?* to enhance the ionic conductivity by forming oxygen
vacancies, and the B-site (y) is replaced with a combination of Co™ and Fe™ to improve the electrical conductivity and
TEC values [44]. Sr?* is assumed to be located on the La site, whereas Fe3* is on the Co site [55]. Given that Co and Fe
are transition metals, the oxidation state can change (n = 2, 3, 4), whereas Co3* and Fe®* states are neutral with the
lattice [56]. The ionic conductivity of LSCF cathode is closely related to oxygen vacancy concentration with relatively
high O ion mobility.
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Fig. 1 - Inter-relationship among processing, microstructure, and performance of LSCF cathode

Dutta et al. [57] studied the effect of A-site deficiency (0 < x < 0.5, 0 <y < 0.8) and B-site doping of different
transition metals (M = Mn or Fe) on the microstructural, thermal, and electrical properties of La1.xSrxCo1.yMyO3. The
results revealed that LaosSrosCoosFeo20s showed good sinterability with distinct grain boundaries when sintered
between 1000 °C and 1100 °C. Heavy A-site doping (Sr) and the presence of cobalt and iron are beneficial to the
sintering process due to liquid-phase sintering and nanocrystal precipitation at the time of recrystallization (Table 2).
Moreover, the structure, ionic, electrical conductivity, and TEC of LSCF depend on the dopant concentration and
temperature. Tai et al. [58] studied the dependence of structure, electrical conductivity, and TEC of A-site deficient Las.
xSxC00.2Fe0 8035 (0 < x < 0.8) and Co-rich LagsSro2Co1yFey0s.5 (0 <y < 1)[59]. Three different perovskite structures
were observed for the LSCF cathode with varying Sr dopant levels at room temperature. Lai-xSrxC0o2FesOs-5 cathode
displays three structures, that is, orthorhombic (0 < x < 0.2), thombohedral (0.3 < x < 0.8), and cubic structures (x >
0.8).

A-site cations (La, Sr, Sm, Gd, Ba, or Ca)

B-site cations (Co, Fe, Cu, Mo, or Mn)

Oxygen vacancy (Random Position)

Fig. 2 - Schematic of the perovskite oxide (ABQO3) structure [60]

When the transition metal Co is used, it is more chemically compatible with ceria-doped electrolyte, whereas Fe
produces a similar TEC value and improves electronic conductivity [61, 62]. In Sr-doped LaFeOs cathode with Co-rich
perovskite structure, the electrical conductivity of LageSro2C0o9Fe0.103-5 increases to as high as ~1200 S/cm at 550 °C.
However, the TEC of Co-rich perovskites is not chemically stable with ceria-doped electrolytes. The average TEC
value of LagsSro2C0o.sFeo 1035 is 20.1 x 106 K%, which is higher than those of YSZ, samarium-doped ceria (SDC), and
gadolinium-doped ceria (GDC) (Table 3). When the Fe content is increased to y = 0.8, the TEC value decreases to 15.3
x 106 K1, The TEC value of SDC is 12.9 x 108 K'! [63]. Therefore, Fe-rich perovskite is more chemically compatible
with ceria-doped electrolytes than Co-rich perovskite. Moreover, the presence of Co and Fe cations helps in the
sintering of the LSCF cathode system.
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Table 2 - Dependence of microstructure and electrical properties at 800 °C on the A-and B-site compositions

Sintering Electrical Area specific
Composition temperature conductivity  resistance iSmu;fae%e 5r88 rnpmh;) logy (SEM
(°C) (Slcm) (ASR, Qcm?) ges,

Lao.esSrosMnOs 1100 19 2.85
Lao.gSro.2FeOs 1100 4 7.61
Lao.8Sro.2C0o.8F€0.203 1100 24 0.339
Lao.5Sro5C0o.8F€0.203 1100 115 0.211

2.2 Synthesis Methods

The chosen synthesis method should yield the desired composition and fine microstructure to achieve the enhanced
performance of the LSCF cathode. For example, the performance of the final cathode depends on the powder properties
of the initially synthesized cathode powders. Moreover, the cathode performance is substantially influenced by the
calcination temperatures of the starting powder and the microstructure of the resulting LSCF cathode in the sintered
layer [64]. Table 4 shows that the calcination temperature, surface area, and area-specific resistance (ASR) of the LSCF
cathode are dependent on the synthesis method. Microstructures produced by varying preparation procedures and
calcination temperatures directly affect the specific surface area and ASR of LSCF cathodes with the same
stoichiometry. The solid-state reaction was the first method utilized to generate ceramic powders due to its excellent
selectivity, high yield, lack of solvents, and simplicity [65]. However, this process requires repeated cycles of milling,
calcination at elevated temperatures (> 1000 °C), and grinding to produce powders with a high electrical conductivity.
This procedure introduces impurities into the SOFC cathode, resulting in decreased catalytic activity and higher ASR.
Wet-chemical synthesis techniques, such as spray pyrolysis [66], sol-gel process [67], glycine—nitrate process (GNP)
[68], ethylenediaminetetraacetic acid—citrate process [69], and co-precipitation process [70], were adopted for the
preparation of LSCF cathode powders to overcome these disadvantages. The powders from these methods usually show
relatively good performance due to the atomic-scale homogeneous mixing of raw materials.
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Table 3 - Electrical conductivity and thermal expansion coefficient (TEC) of LSCF cathode materials with
different compositions

N Electrical TEC

T S TR TR T
La06Sr0.4C003.5 2204 at 600 20 25-850 [53, 71]
LagsSro.4FeOss 128 at 800 16.3 30-1000 [54]
Lao.sSro.1C00.2Fe0803-5 70 at 1000 16 300-900 [58]
LaosSro2C0o2Fe0s0s-5 190 at 800 15.4 100-800 [58, 72]
Lao7Sr03C00.2Fe0s0s-5 240 at 600 14.6 100-700 [58]
Lao,6Sr0.4C00.2Fe0s03-5 330 at 550 15.3 100-600 [58]
Lo 6Sr0.4C0o.2Fe0s0s-5 301 at 800 17.5 100-400 [54]
Lao.4Sr06C00.2Fe0s0s-5 316 at 500 13.7 100-500 [73]
La0.25r0.8C00.2F€0.803-5 - 15.9 100-500 [73]
Lao,6Sr0.4C005Fe0 5035 489 20.3 30-1000 [54]
Lao6Sr0.4C00.sF€0.203:5 296 21.4 30-1000 [62, 74]
LaogSro2C001Fe.90s-5 100 at 1000 14.5 200-900 [59]
LaosSr0.2C002Fe0s0s-5 120 at 1000 15.4 100-800 [59]
LaosSro0.2C00.3F€0.703:5 200 at 1000 16.5 100-900 [59]
LaoSro2C00.4Feos0s-5 250 at 1000 17.6 100-900 [59]
LaosSro2C005Fe0 5035 260 at 900 18.7 100-900 [59]
Lao.sSr0.2C00.6F€0.4035 450 at 900 20 100-900 [59]
Lao.sSr0.2C00.7Fe0.303-5 760 at 800 20.3 100-900 [59]
La0sSr0.2C00.8F€0.2035 1100 at 600 20.7 100-900 [59]
Lao.sSr0.2C00.9F€0.103:5 1200 at 550 20.1 100-900 [59]
YSZ - 13 26-1650 [75]
sDC - 12.9 30-1000 [63]
GDC - 115 30-1050 [76]

Different synthesis routes have been explored and compared to identify a suitable and cost-effective method to
produce LSCF cathode powders for SOFC applications. Figure 3 shows the LSCF cathode powders with diverse
morphological characteristics prepared through different techniques and calcined at different temperatures. Liu et al.
[61] reported the effects of three different synthesis techniques, namely, ethylenediamine tetra-acetate (EDTA)/citrate,
citrate, and solid-state reaction, on the physical and electrochemical properties of LSCF6428 powder. Overall, the
LSCF powder made with EDTA/citrate showed better phase formation, smaller grain size, and better electrical
performance than the solid-state reaction powder. The power density of the citrate-produced LSCF powder is 189
mW/m?, nearly 46% higher than the solid-state reaction powder (135 mW/m?). Similarly, Qi et al. [77] also reported
the effect of four different synthesis methods: (1) citrate method, (2) solid-state method, (3) spray-pyrolysis, and (4)
coprecipitation for LaogSro.2C0o.6Fe0.403-5 (LSCF8264) cathode and found that these techniques considerably influenced
the morphological and oxygen ion transport properties of the cathode. Except for coprecipitation, which caused a
substantial strontium shortage in the prepared LSCF8264 due to repeated filtration and washing procedures. In
summary, the citrate gel technique may be used to produce LSCF powders with optimum physical properties and pure
structure.
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Table 4 - Dependence of calcination temperature, surface area, and area-specific resistance (ARS) of LSCF6428
cathode on the preparation method

Calcination
Surface ASR (Q em? at

Method Tem?’eésatu re area (m2/g) °C) Reference
%‘;{2[?52‘;""" (fuel cell 48 0.7 at 850 [78]
Solid state reaction 1100 0.8 1.47 at 950 [61, 70]
Coprecipitation 1000 0.76 at 850 [78]
Sf;;gei's)(‘:i”ate complexing 900 143 1.115 at 950 [61, 79]
CECP 700 14.6 [80]
Modified sol-gel process 900 7 [67]
GNP 900 0.67 at 650 [81]
Modified GNP 900 0.36 at 650 [81]
Gel casting technique 950 8.07 [79]
Spray pyrolysis 1000 1.36 at 700 [66]
g}{tﬂgs‘izydmtherma' 900 5.2 0.34 at 750 82]
:\n/lei}%g\évave—assisted sol-gel 900 0.2 at 700 [83]

C)

Fig. 3 - SEM images of LSCF6428 cathode powders synthesized by different methods, that is, (a) citrate—
hydrothermal synthesis [82], (b) sol-gel with EDTA and citric acid [84], (c) auto combustion with NH4sNO3 [85],
(d) modified sol-gel [67], (e) microwave-assisted sol-gel [83], (f) coprecipitation [78], (g) polymeric complexing
combustion [80], (h) modified GNP [81], and (i) GNP [64]

The sensitivity of the processing technique shown in the examples above influences the performance of the LSCF
cathode. All methods have an effect on ultimate electrical conductivity based on powder properties and impurity levels.
Because of the differences in powder morphology, each process produces a unique set of sintering conditions and
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microstructures [77]. Understanding and controlling the parameters involved in each synthesis method are important for
the composition and morphology of the resulting powder. The details of the important parameters for different
synthesis methods are listed in Table 5. Given that the sensitivity of preparation method and its parameters can
seriously influence the performance of LSCF cathodes, the selection of a suitable synthesis type and its effects should
be considered to achieve maximum efficiency.

Table 5 - Important parameters of different synthesis processes

Method Parameters
Solid state reaction Ball to powder mass ratio; Milling time; Milling speed; Solvent type
Sol-gel Complexant type and its content (hydrochloric acid, acetic acid or acetyl acetone);

Solvent content; Catalyst to control both the hydrolysis and condensation rates

Type and content of chelating agents (citric acid, ascorbic acid, polyvinyl alcohol,
formic acid or polyethylene glycol); Adjustment of Ph value; Solvent types
(water, ethylene glycol or 2-methoxyethanol)

Spray rate of carrier gas; Deposition time and needle to substrate distance; Size of
Spray pyrolysis droplets; Solvent composition and concentration; Ratio of the air—gas mixture;
Flame temperature; Frequency of the atomizer; Applied voltage

Coprecipitation process  Precipitant concentration; Adjustment of Ph value; Reaction temperature

Fuel type and its content (glycine, urea, alanine or carbohydrazide); Adjustment
of Ph value; Dispersant content; Combustion aid

Mineralizer (alkaline hydroxides or alkaline carbonate); Reaction temperature;
Solvent type (ethanol or methanol)

Rate of microwave heating; Electric field distribution; Intensity of the electric
field; Location of sample in the microwave oven

Polymeric complexing
combustion

Combustion process
Hydrothermal process

Microwave irradiation

2.3 Fabrication Methods

High performance, long-term durability, and chemical stability in an oxidizing environment can be achieved for the
LSCF cathode by choosing the appropriate fabrication techniques and conditions. Several methods, such as uniaxial
pressing, painting, printing technique, dip coating, extrusion/co-extrusion, wet powder spraying, spray pyrolysis,
vacuum deposition, and impregnation/infiltration, typically followed by drying, decomposition, and high-temperature
sintering have been employed to produce LSCF cathode layers onto the substrate [86-91]. Each method has its own set
of parameters that must be optimized to attain the desired performance (Table 6). A number of these methods are
readily adaptable to LSCF cathode layer fabrication. The most widely used methods for LSCF cathodes are uniaxial
pressing, tape casting, painting, dip coating, and screen printing due to their low cost and simplicity [92]. The ideal
process of fabricating a cathode layer starts from the synthesized powder and its powder characteristics. The physical
and surface properties of the synthesized powder strongly depend on the selected synthesis technique, which in turn
influences the subsequent fabrication of the cathode layer. The particle size, shape, distribution, degree of
agglomeration, chemical composition, and purity of the starting powder are the main factors that affect the quality of
the prepared cathode slurry, suspension, or ink [93]. Some of the ink or slurry formulations for fabricating LSCF
cathode layers have been optimized, such as dip coating and brush painting [90], tap casting [87], and screen printable
inks [94].

A major consideration in cathode layer fabrication is the effect on the microstructure of the resulting layers.
Microstructure aspects related to grain size and porosity greatly influence the transport properties and ORR rate. Coarse
microstructures promote ionic and electronic conductivities while fine microstructures produce large specific surface
areas and hence many reaction sites [87]. Owing to these fabrication—microstructure—performance interrelationships,
optimization must be performed on the composition and synthesis methods used to produce the initial cathode powder
and the fabrication conditions used to produce the final cathode layers. Many researchers concentrated on increasing
LSCF cathode performance by modifying their microstructure for ORR [95-100]. Therefore, selecting the most
appropriate fabrication techniques and conditions for cathode layer fabrication has gained considerable importance.
Baqué et al. [89] investigated the effects of the fabrication techniques (i.e., spray painting, spin and dip coating) on the
electrical properties of LagaSrosCoogFeo203.s (LSCF4682) films and obtained films with different porous
microstructures and layer thicknesses (Fig. 4). The same study found that the ASR of LSCF4682 cathode films is
heavily influenced by their microstructure, which is determined by the synthesis conditions and fabrication procedures.
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Table 6 - Key parameters of different fabrication techniques

Technique Thickness Parameter

Uniaxial pressing >0.5mm  Pressure; Holding time

Tape casting >10 um Slurry composition; Tape casting speed; De-airing time; Gap
between the doctor blade; Carrier film

Screen printing >5 um Slurry composition; Squeegee hardness; Squeegee pressure;
Printing speed; Mesh size; Snap-off distance

Dip coating >1 um Precursor or slurry composition; Lifting speed and dwelling
time; Curing time and temperature between each dip coating
step; Dipping number to achieve the desired thickness

Brush painting >1 um Slurry composition; Curing time and temperature between each
painting step; Painting number to achieve the desired thickness

Extrusion 100 umto  Density and rheological properties of the ceramic paste
mm (plasticity); Processing temperature; Wall thickness (outer
diameter); Screw speed; Piston extrusion pressure; Die design
Electrophoretic <5 um Suspension properties (particle size, conductivity, viscosity,
deposition stability, and concentration of solid content); Dielectric constant

of the liquid; Zeta potential; Conductivity of substrate;
Deposition time; Applied voltage

Plasma spraying >20mm  Power (kW); Torch current (A); Plasma primary and secondary
gas composition (L/min); Stand-off distance (mm); Feedstock
carrier gas (L/min); Powder feed rate (rpm); Surface speed
(rpm); Transverse speed (mm/s); Nozzle diameter

Spray pyrolysis 1um Atomization method; Deposition temperature; Salt composition;
Solution-flow rate; Air pressure; Ratio of deposition temperature
to solvent boiling point

Infiltration - Sintered porous preform; Slurry of nano-sized particles

a
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Fig. 4 - SEM images of LSCF4682 cathode films deposited by different fabrication techniques: (a) Dip coating;
(b) spray painting; (c) spin coating [89]

Electrolyte

Fabrication conditions (sintering temperature, ramping rate, dwell time, thickness, and solid content) ultimately
affect the cathode microstructure and its final performance. da Conceicdo et al. [101] investigated the influence of
sintering temperature on the performance of the LSCF cathode and found a clear relationship between the electrical
conductivity and densification of the pellets. When sintering was performed at temperatures ranging from 950 °C to
1100 °C for 4 h to obtain bulk LSCF cathode samples, the porosity of the samples decreases with the increasing
sintering temperature. The highly dense samples obtained by sintering at 1100 °C exhibited a large decrease in
electrical conductivity because of the changes in their conduction mechanism and microstructure. The important
influences of lanthanum content, sintering temperature, and dwell time on the performance of LSCF cathodes were
reported by Mobius et al. [102]. It was found that the sintering temperature exerts a more serious effect on the
microstructure and densification of the cathode than dwell time. However, lanthanum content does not substantially
influence the final sintering temperature and dwell time.
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Leng et al. [68] reported the influence of sintering temperature on the performance of LSCF6428 cathodes. Good
performance can be achieved under fine grain size, sufficient porosity, good bonding between grains, and good
adhesion between the cathode and electrolyte. The sample sintered at 975 °C showed lower interfacial polarization
resistance of 1.2 Q cm? at 600 °C compared with the sample sintered at a high temperature. This performance
difference was attributed to the microstructure of the sintered LSCF6428 cathode layers. The cathode interfacial
polarization resistance also depends on the thickness of the LSCF cathode layer [103]. Han et al. [104] investigated the
effect of ink concentration, porosity, and thickness of the LSCF layer on the electrochemical performance of the
resulting cathode by preparing a LSCF cathode layer using a commercial low-price inkjet printer (Fig. 5). The findings
showed that using a high concentration (i.e., high solid content) of ink resulted in large cracks on the surface of the
printed cathode layers and poor performance possibly because of changes in the microstructure of the cathode film with
the increasing thickness. Han et al. [104] reported that thick cathode layers exhibit relatively better performance than
thin cathode layers. This finding can be attributed to the increased availability of active sites for the electrochemical
reaction caused by the increase in cathode layer thickness. This improvement is only valid up to a particular electrode
microstructure thickness. If the cathode is thicker than this, it functions as a semi-infinite electrode, and the ASR
remains constant. The pore size in the printed layer and the mass diffusion through the cathode layer are also essential
factors influencing LSCF cathode and fuel cell performance.

1. Grayscale patterning

Luminosity 200 255

2. Inkjet
printing

GDC Buffer layer :

YSZ Electrolyte

NiO-YSZ
Anode functional layer

3. Modified
LSCF cathodes

NiO-YSZ
Anode support

SOFC Stack
Fig. 5 - Schematic representation of LSCF6428 cathode fabrication using the inkjet printing method [104]

3. LSCF-based Composite Cathode

Although LSCF is an outstanding MIEC material, a second-phase pure-oxygen ion conductor can significantly
increase performance and durability [35]. Composite cathode powders are usually prepared by mixing a specific weight
percentage of the pure cathode material with a pure ionic conductor electrolyte. LSCF cathodes are chemically and
thermally compatible with ceria-based electrolytes such as SDC, and GDC, another popular electrolyte for SOFC [105—
108]. The initial idea is to develop a composite cathode to enhance oxygen transport property, increase the TPB, and
subsequently improve the electrochemical properties of LSCF cathode material [109]. Shaule et al. [110] reported that
the oxygen permeation flux of LSCF-SDC composites is one order of magnitude higher than that of single-phase LSCF
cathodes. This variation is possibly due to the high ionic conductivity of the electrolyte materials, which effectively
introduces additional oxygen ion vacancies to the LSCF cathode structure and improves the oxygen diffusion rate of the
composite. However, the electrochemical properties of LSCF-based composite cathodes can be remarkably influenced
by their composition and the synthesis techniques used to prepare the starting powder and composite cathode. Table 7
lists the effects of composition and synthesis technique on the electrochemical properties of LSCF-based composite
cathodes.

Cesario et al. [111] studied the effect of LSCF cathode synthesis method on the performance of the final LSCF-
SDC composite cathode. Various powder morphologies with different levels of agglomeration and particle size
distribution were observed. They concluded that LSCF powders synthesized from the modified Pechini method
exhibited an ASR four times lower than that of LSCF powders obtained through microwave combustion. In another
study, the presence of slight impurities in the LSCF starting powder seriously affects its electrical performance [112].
Therefore, the electrochemical properties of LSCF-SDC composite cathodes are closely related to the purity of the
starting LSCF cathode powders. The fabrication technique used to prepare the LSCF-based composite cathode also
influences its final performance. Shen et al. [107] used three different techniques, i.e., mixing, infiltration, and dip
coating, to prepare LSCF-SDC composite cathode layers and found that each method results in different
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microstructures and TPB lengths. Compared with the two other techniques, dip coating yielded the best morphology
and highest electrical performance.

Table 7 - LSCF-based composite cathode materials

Synthesis technique

2
Composite cathode ASR, oﬂcm Reference
LSCF powder  Composite  21(C)
P cathode
Modified polymer-
gRos3l02C005Fe0s0s assisted infiltration ~ 0.06at750  [113]
085502872 combustion
Lao.8Sr0.2C00.2F€0803.5 + LSCF precursor S
CeosGds 205 solution-fiber Infiltration ~ 0.29 at 750 [114]
75 wt. % LaoeSro.4Coo2Fegs0s-s + Freeze-drying L
Ce0.9Gdo.101.95 precursor method Mixing 0.27 at 600 [115]
50 wt. % LageSro.4C0o.2Fe0803-5 + _ : spray-
Ce0sGdo10108° Spray-pyrolysis pyrolysis 0.032 at 600 [116]
. Mixing +

50 wt. % Lao.6Sro.4Coo2Fe0s03-5 + Commercial (fuel . &r =
Ce0.9Gdp102+1 wt. % CuO cell materials) infiltration  0.32 at 650 [117]

of CuO
50 wt. % Lao58Sr0.4C00.2Fes03 + Glycine-nitrate s
Ce0.8Gdo 202 & 2wt. % V7,05 process Mixing [118]
50 wt. % Lags8Sro.4Coo.2Fepg03-5 + . ..
Ce05SM0202.4 Pechini method Mixing 0.06 at 800 [119]
Lao.65r0.4C00.2F€0803.5 + Commercial (fuel S
Ce0sSMo 2019 cell materials) Infiltration  0.12 at 750 [120]
50 wt. % LaggSrg4Cog2Fe 035 + Microwave L.
Ce05SMo 2024 combustion Mixing 2.77 at 800 [111]
50 wt. % LaoSro.4Coo2Fe0s035 + Commercial i
Ca,04Ce0.96xSMxO2-5 (sigma aldrich) Mixing 0.369 at 800 [121]

i Sol-gel (citrate
tg°-6§:°-4lc\:ﬂor$5':e°-go3‘° * complexing Infiltration 2.1 at 700 [122]
0.8900.2 3 process)

Lag.sSro2CoosFeos0s + YSZ 'mg(;fl?t?gﬂo” Infiltration ~ 0.047 at 750 [123]
50 wit. % Lag 6Sro.4Coo2Feo 8035 + LSCF precursor Electro
BaCeo5Zr0.35Y0.1503-5 solution-fiber spinning 0.299 &t 700 [124]

Adding a pure ionic conducting material to pure electronic or MIEC cathode materials leads to electrical
conductivity loss mainly due to the high ionic and low electronic conduction properties of the electrolyte materials. Our
previous study showed that increasing the concentration of oxygen vacancies in the LSCF structure also increases the
thermally-induced oxygen loss, which consequently decreases the oxygen concentration and electron carrier mobility
[125]. In addition, LSCF-LSCF grain contact is substantially influenced by the electrical conductivity of the device,
which markedly affects in-plane electronic conduction through the composite surface for the ORR and the overall ORR
performance of the LSCF-based composite cathode. Furukawa et al. [126] claim that combining an LSCF cathode with
a pure oxide ion conducting material lowers catalytic activity. The oxide ion conducting particles restrict the
conduction path between LSCF-LSCF particle networks, increasing chmic and charge transfer resistance. According to
Fernandes et al. [127], a thin LSCF-based composite layer for current collection can improve LSCF-based composite
cathode performance.

4. Concluding Remarks

For intermediate temperature SOFC (600-800 °C), LSCF is a popular perovskite-structured MIEC cathode
material due to its strong chemical stability, electrical property, and ORR catalytic activity. However, the major
concerns for SOFC operations are the low surface electrocatalytic activity for the ORR at reduced operating
temperature and microstructural instability of the LSCF cathode. Understanding how various factors affect the
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microstructure of the cathode layer and consequently the LSCF cathode performance is necessary for improvement.
This review illustrated how the composition and processing techniques affect the LSCF cathode microstructure and its
performance. Each method exerts some influence on the electrical conductivity of the LSCF cathode depending on the
powder properties and level of impurities. Therefore, optimal production method should be adopted to achieve
maximum efficiency.

The performance of LSCF-based cathode materials can be remarkably enhanced through various strategies.
This process involves the optimization of composition and microstructure by adopting suitable synthesis and
fabrication conditions. Nano-structural design and surface modification through wet impregnation or infiltration
can also substantially increase electrocatalytic operations, decrease ORR activation energy and ASR, and control
the surface segregation and chemical reactivity of LSCF cathode. This process would dramatically encourage
microstructural stability and tolerance under SOFC operating conditions to pollutants such as chromium, sulfur
and boron. In addition, surface modification with LSM material and reduction of surface charge by doping with high-
valence elements in the Sr and B-site can minimize or prevent Sr surface segregation and enhance the structural
stability and electrochemical polarization. Understanding the interrelationships between the microstructure of the LSCF
cathode layer and its performance is essential to realize optimal microstructures and maximize the ORR rate. These
reviewed studies may represent a profound understanding of the synthesis, fabrication, and cation migration processes
in the LSCF cathode. However, the rational architecture of the SOFC cathode can also be improved by sophisticated
modeling and real-time interfacial simulations. The authors hope the details given in this review would be helpful and
time-effective in accomplishing this ultimate objective.
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