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Abstract: This article delivers a robust overview of potential electrode materials for use in symmetrical solid oxide fuel cells (S-SOFCs), a rel-
atively new SOFC technology. To this end, this article provides a comprehensive review of recent advances and progress in electrode materials
for S-SOFC, discussing both the selection of materials and the challenges that come with making that choice. This article discussed the relev-
ant factors involved in developing electrodes with nano/microstructure. Nanocomposites, e.g., non-cobalt and lithiated materials, are only a few
of the electrode types now being researched. Furthermore, the phase structure and microstructure of the produced materials are heavily influ-
enced by the synthesis procedure. Insights into the possibilities and difficulties of the material are discussed. To achieve the desired microstruc-
tural features, this article focuses on a synthesis technique that is either the most recent or a better iteration of an existing process. The portion of
this analysis that addresses the risks associated with manufacturing and the challenges posed by materials when fabricating S-SOFCs is the

most critical. This article also provides important and useful recommendations for the strategic design of electrode materials researchers.
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1. Introduction

The world is facing a challenge in finding applicable, sus-
tainable, and clean replacements for fossil fuels [1-3]. Fossil
fuel implementation has led to tremendous environmental,
political, and economic issues [4—6]. Energy storage systems
have particular, strict operational requirements such as oper-
ating duration, dynamic requirements, and power-to-energy
ratios [7-9]. Renewable energy is certainly the most high-
lighted research topic in recent years because it can deliver
over 80% of energy generation in four decades globally
[10—12]. Current progress in this field includes the conver-
sion of electrical energy produced from renewable sources
into other forms of zero-carbon energy carriers, such as hy-
drogen [13]. This approach allows renewable energy to be
transported easily to other locations and then coupled with
fuel cells to convert the hydrogen back into electrical power.

Various fuel cell types are available, including direct
methanol, proton-exchange membrane, phosphoric acid,
molten carbonate, alkaline, microbial, and solid oxide fuel
cells (SOFCs), differing in terms of the electrolyte type and
the operating temperature [14-16]. Among the fuel cell

B4 Corresponding author: Nurul Akidah Baharuddin
© University of Science and Technology Beijing 2023

E-mail: akidah@ukm.edu.my

types, SOFC is currently regarded as the promising energy
conversion technology compared with biogas-fueled or nat-
ural gas-fueled combustion engines because it offers a re-
markable advantage in terms of efficiency and fuel flexibility
[17-19], together with low emissions of NO, relative to com-
bustion engines [20-21]. Furthermore, given their high oper-
ating temperature (600—1000°C), high-quality heat waste is
produced with the potential for reformation and direct elec-
trochemical oxidation of hydrocarbon fuels [22]. SOFC de-
velopments have been studied for use in fuel cell-gas turbine
hybrids, cogeneration/trigeneration, and industrial applica-
tions [23].

The durability of SOFCs is relatively challenging because
they operate at high temperatures [24]. Thus, the recent trend
in SOFC development focuses on lowering the operating
temperature to improve the lifetime [25]. A conventional
SOFC stack are composed of a cathode (air electrode), an
electrolyte, and an anode (fuel electrode) [26], where the
state-of-the-art electrode materials are composite materials to
ensure a low thermal expansion difference. Potential cathode
material should have sufficient porosity to ensure optimum
oxygen transportation toward the reaction site. The catalytic
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property of the cathode also plays a crucial role in the oxy-
gen reduction reaction (ORR) that determines the charge
transfer rate and lowers the activation energy needed to start
the operation, especially at low operating temperatures. The
thermal expansion coefficient (TEC) should be matched as
closely as possible to the electrolyte material to ensure a
stable mechanical aspect. During the operation, the chemical
compatibility of the material should be considered to prevent
any undesired reaction between the neighboring components
fabricated because this situation may degrade cell stability
and durability.

The anode component, known as the fuel electrode, is an-
other electrode fixed on the opposite side of the cathode ma-
terial on the electrolyte side. O* ions are produced on the
cathode side and transferred to the anode side via the dense,
ionically conducting electrolyte material. The release of elec-
trons because of oxidation completes the external circuit,
thereby leading to electric current formation [27]. Conven-
tional nickel-based anodes exhibit two major roles, as a cata-
lyst in methane reforming and at the site for electrochemical
oxidation [28]. For an active area with sufficient porosity, a
triple phase boundary (TPB) promotes electrical conduction
and excellent catalytic activity [29—30]. A dense electrolyte
material enables ionic conduction to this active interface.

The electrolyte component commonly appears with phys-
ical properties similar to ceramics with high density and low
porosity. This component is fabricated between the air elec-
trode and the fuel electrode. The electrolyte material has an
important role because it provides a path of ionic conduction
from the anode to the cathode side [31]. Yttria-stabilized zir-
conia (YSZ) is an example of an electrolyte commonly used
in SOFC applications because YSZ exhibits good perform-
ance and meets most of the requirements as an electrolyte
candidate for SOFC application. The electrolyte has the fol-
lowing listed characteristics: (1) high density and ionic con-
ductivity (0.01-0.1 S/cm for 1-100-mm thickness); (2)
chemical, phase, and morphological stability in reducing and
oxidizing environments; (3) low electronic conductivity —
high electronic conductivity results in voltage and unwanted
fuel consumption loss through internal short-circuiting cur-
rents; (4) high thermal stability of materials; (5) sufficient
mechanical strength.

SOFC application for practical use is still obstructed by
component flaws, including the catalytic performance of the
cathode and carbon or sulfur deposition at the anode [32]. A
conventional SOFC device incorporates three main compon-
ents: electrode (cathode and anode) and electrolyte. All these
components are mostly made of ceramic-based materials
with distinct configurations [33]. Diversification of compon-
ents requires considerable work, especially during fabrica-
tion, in addition to the accompanying efforts, time, and cost
[34]. Another issue is the possibility of incompetent reactiv-
ity between the components due to a slight glitch or a fault
during fabrication [35].

Moreover, an excellent performance of the SOFC system
at lower operational temperature can be accomplished by two
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methods: first, by enhancing the existing materials with
greater conductivity, for instance, electrolyte thickness, and
second, by optimizing various configurations such as sym-
metrical SOFCs (S-SOFCs) that can reduce the production
and running costs [36]. The possibility of using the same ma-
terials for SOFC electrodes, known as S-SOFCs, may reduce
manufacturing and operating costs [37]. Additionally, it re-
quires easy and quick cell assembly and the potential to re-
cycle cells by reversing the gas flow to eliminate probable
carbon contamination or sulfur toxicity by using hydrocar-
bons or biogas as fuels [38]. However, the idea of using the
same substrate on all SOFC electrodes as symmetrical setups
has several drawbacks. Currently, one of the main gaps in the
development of S-SOFCs is to determine the electrode ma-
terial candidates that possess excellent electrical conductiv-
ity, catalytic activity, and chemical stability, as well as oxida-
tion and reduction properties [39].

The fundamental SOFC parts (electrolyte, cathode, anode,
and interconnect) have been studied by Ruiz-Morales [40] in
his 2011 study of S-SOFC and reversible SOFC (R-SOFC)
materials. Single-phase and stable-phase materials, compos-
ite electrodes, and reducible electrodes were all the focus of
Su et al. [41] in 2015. Thus, the most up-to-date develop-
ments in electrode technology for S-SOFC and a selection of
a few for reversible SOFC (R-SOFC) were analyzed. The ad-
vanced synthesis process is addressed, along with its benefits
and limitations, with a focus on the preliminary selection of
the basis nano/micro-structured materials. This analysis com-
prises five main parts. Section 1 provides an overview of the
world’s energy needs before moving on to detail the benefits
of fuel cells, the SOFC idea, and the lingering limits of this
technology. Section 2 presents a summary of the classes of
materials that might serve as S-SOFC electrode candidates
from various backgrounds. Next, Section 3 provides an in-
depth analysis of the elements that have guided the ongoing
research on S-SOFC electrode materials, with an emphasis
on the pros and cons of common synthesis procedures. In the
next section, the material enhancement method is also dis-
cussed prior to the common fabrication risks of the SOFC
single cell. The typical SOFC cell construction technique has
several risks, which are briefly discussed in Section 5. In the
last section, the inherent risks and opportunities associated
with fabrication are discussed, with a focus on the complex-
ity involved in working with certain materials. Fig. 1 presents
an outline of this review in the form of a flowchart.

S-SOFC is mainly about the configuration and functional
lineup of active components in a single working SOFC ap-
plication. SOFC can operate in dual modes, namely, the
power generator and electrolysis modes. In short, this applic-
ation is reversible. Research on S-SOFC is currently being
studied actively. However, to develop a material applicable
to various surroundings and environments, much improve-
ment is needed to achieve a feasible condition. Many aspects
need to be considered, from the choice of electrode materials
and the method of production to the final fabrication of the
cell. Each aspect is calculated and revised thoroughly;
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Fig. 1. Flowchart of the outline for influencing parameters in developing S-SOFC electrode.

however, issues between each process are beyond our con-
trol.

Meanwhile, S-SOFCs are soon to be operated in R-SOFC.
The R-SOFC concept, which integrates SOFC and solid ox-
ide electrolysis cell (SOEC) into a single unit, has been
around for a few decades. When deployed as an SOFC, R-
SOFC generates electrical energy from the reaction of fuel
and air. Similarly, if integrated with an energy source, an R-
SOFC in the SOEC mode (electrolysis) produces hydrogen
(derived from water) or syngas (derived from the interaction
of water and carbon dioxide). As the individual components
of SOFC and SOEC still employ conventional materials such
as YSZ as an electrolyte, lanthanum strontium manganese
oxide (LSM) as the cathode, and Ni-based anode, their use
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raises concerns about the SOFC application.

This is because R-SOFC is conceptually and technologic-
ally dependent on the SOFC application, which continues to
face common challenges and shortcomings. Thus, the S-
SOFC is a part of the possibility and solution to realize the
more advanced version of the R-SOFC, with less involve-
ment of individual materials. This is where single materials
are used for the electrode, which is believed to solve the con-
cerning issues related to both electrode components. Fig. 2
explains the working mechanism of conventional SOFC and
SOEC, which comprise the R-SOFC system. Thus, two
devices are needed to complete the whole mechanism and
later be incorporated into a single unit. The reactions at the
electrode are represented using Egs. (1)~4).

I
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Fig. 2. Basic working principle of (a) conventional SOFC (power generation mode) and (b) SOEC (hydrogen/syngas production

mode).
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SOFC:
Anode: H, + 0>~ - H,0 +2¢~ )
Cathode: O, +2¢e~ — O* ®))
SOEC:
Anode: 20" — O, +4e” 3)
Cathode: H,O +2e~ — H, + 0>~ 4)

In contrast, S-SOFC consists of a single device that can
operate in both modes. Because of this, research on the ma-
terials that make up S-SOFC has become the most pressing
concern because the two distinct mechanisms are put into
use. When a simple construction of a symmetrical design
uses just one type of electrode, a single cell can function as
both an SOFC and an SOEC device. While this configura-
tion is run under both the SOFC and SOEC application
mechanisms, the S-SOFC mechanism is comparable to that
of the SOFC (power generation mode) as well as the SOEC
(electrolyzer mode).

Basic S-SOFC components that involve two materials
(electrode and electrolyte) mostly evolve from the base ma-
terial, which initially is the main material for either cathode
or anode. Optimizing various configurations, such as sym-
metrical SOFCs, can lower the operational temperature of
SOFCs through enhanced electrochemical performance, im-
proved catalytic activity, decreased activation energy, and
better thermal management. The symmetrical design fosters
efficient electrochemical reactions and synergy between
electrode materials, enabling the fuel cell to operate effi-
ciently at lower temperatures without compromising per-
formance. Additionally, optimized thermal management en-
sures effective heat dissipation. These factors combined con-
tribute to reducing the operational temperature while main-
taining the desired power output and reducing production and
running costs. The symmetrical configuration of SOFCs is an
approach that can help lower the operational temperature. As
mentioned earlier, symmetrical designs promote improved
electrochemical performance and enhanced catalytic activity,
which can result in more efficient reactions and reduced
overpotentials. These factors allow the fuel cell to achieve its
desired power output at low operating temperatures. In con-
trast, the goal of reducing the operational temperature is of-
ten driven by the desire to enhance cell durability, increase
the life span of cell components, expand fuel options, and im-
prove system integration. Lowering the temperature can help
mitigate issues such as material degradation, thermal expan-
sion mismatches, and thermal stress, which can occur at high
operating temperatures. Therefore, reducing the operational
temperature and adopting a symmetrical configuration can be
seen as complementary design goals that are pursued concur-
rently. By optimizing the symmetrical design and other as-
pects of the fuel cell system, lower operating temperatures
can be achieved while maintaining or improving the overall
performance and efficiency of the SOFC.

The anode and cathode components each have their own
distinct characteristics that enable them to operate within
their respective working environments. Therefore, to create
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an “S-SOFC,” one of the components needs to exhibit good
electrochemical performance in both the anode and cathode
environments. For example, in an S-SOFC built using the
cathode material as the cell electrode, researchers need to en-
sure that this cathode material continues to demonstrate good
catalytic performance in the anode environment [42]. There-
fore, the lack of catalytic activity is considered the root of the
S-SOFCs issue. Additionally, both the cathode and anode
component deterioration was caused by the poisoning from
sulfur and carbon, which occurred at the cathode and anode
in rapid succession.

For example, cobalt-based perovskite materials are fre-
quently adopted as cathodes for SOFC applications because
of their good conductivity and electrochemical activity.
However, commercialization of these materials is hindered
by the material cost and thermal compatibility between com-
ponents as well as sustainability reasons [38]. Hence, cobalt-
free cathodes, such as LaysSrysMo, 055, La, Sr.Fegg
Cuy,0;55, and BaysSrysFe;sSby,05 5-Smy,Cey 50, s were in-
troduced [39,43-45]. For anodes, conventional Ni-based ma-
terials were used. However, when operating in hydrocarbon
environments, carbon and sulfur poisoning can also occur
with these materials [46]. This poisoning can degrade cell
performance or damage the cell structure [47].

The preliminary study on symmetrical electrodes mainly
revolved around groups of materials, such as chromium man-
ganite, lanthanum manganite, lanthanum chromite, and
doped strontium titanate. These groups of materials were
mostly studied for S-SOFC application. Doped strontium fer-
rite perovskites, such as LagsSrysFe)9Scy 1055, Lag3Srg;Tigs
Fey-,05-5, and Lay4SrysCog,Feg7;Nbg 055, have been recently
used as symmetrical electrodes [43]. These materials exhibit
remarkable catalytic operation for oxygen reduction and fuel
oxidation. The system durability at high operating temperat-
ures has become a major obstacle to their application in S-
SOFC [43]. One of the most approachable initiatives for de-
veloping a high-performance S-SOFC is by enhancing these
materials through chemical and mechanical reactions to suc-
cessfully achieve their commercialization [48].

Expanding the spectrum of materials research via chemic-
al and mechanical processes entails providing an additional
technique to obtain the desired material structure. These cri-
teria are related to the material’s morphological behaviors.
The use of nano/micro materials has been a major develop-
ment in the field of specialized electrode materials. Many of
the above-mentioned materials were investigated using
dopants. This procedure was carried out to evaluate the pos-
sibility of a dopant that may improve the overall perform-
ance of an S-SOFC. Using a dopant to improve an applica-
tion’s performance, in contrast, is a new task scope in which
the approach itself is essentially another new material with a
specified function in achieving a certain need. Therefore,
clarity should be provided on how much attention should be
focused on the basic material information related to the struc-
ture and synthesis process. The mentioned parameters are
key to obtaining the ideal cermet electrode for the S-SOFC
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application. These factors are important in ensuring the viab-
ility of a new electrode for S-SOFC such that the developed
electrode fulfills the cathode and anode requirements.

2. Material selection

It is important to consider the many aspects that might
have an effect, including the material selection, the synthesis
process, the manufacturing stage, and the operational envir-
onment. Even earlier studies in the relevant literature fo-
cused on significant processes, which include material selec-
tion and processing conditions. Both characteristics are
coupled to dispersion particles or connected microparticle
networks to improve the electrochemical performance. As
nanostructure materials remain stable over extended periods
of time, there has been a continuing interest in their relev-
ance, not to mention the many types of fuel (such as hydro-
gen, hydrocarbon, oxygen, etc.) that are employed during the
operation process.

The S-SOFC configuration can be considered new be-
cause only a few electrode materials are reported to work
well with this system; however, these symmetrical electrode
materials are effective only at high temperatures. Con-
sequently, for S-SOFCs to be economically competitive with
conventional SOFCs, new materials with decent perform-
ance at intermediate temperatures must be explored and fur-
ther researched. Material selection can be seen as the first
stage in sorting the best feasible materials to work with S-
SOFC based on the requirements of the electrode. The mater-
ials to be addressed in the next part are among those that are
often employed in nano/micro applications because the be-
ginning point for any research is dependent on the material
behaviors itself, particularly for materials with excellent
nano/microstructure. Therefore, a preliminary literature study
on the material type developed or still in the preliminary
study is critical in providing insight into the materials.

The perovskite group was utilized in the development of
the material for the potential electrode and later parted on
other based materials, such as lanthanum manganite, cobalt-
free and lithiated materials, titanate-based materials, and to
date, the Ruddlesden—Popper oxide-type materials. Per-
ovskites represent a group of crystalline ceramic minerals
whose composition is ABO;. Oxygen vacancy is widespread
within these materials and highly essential for ionic oxygen
conduction. They cause oxygen ions to be transported select-
ively by means of a hopping mechanism where a gradient is
found in the oxygen chemical potential. This condition can
be achieved only if the oxygen ions have adequate thermal
energy to pass the energy barrier for moving the ion. The
total positive value of cations A and B is equal to the total
negative value of the oxygen anion [49].

Fig. 3 visualizes the article publication trend related to
electrode materials being researched for the past years until
now (2019—2023). The keywords “symmetrical SOFC” and
“reversible SOFC” were used under an advanced search for
the title obtained from http://sciencedirect.com, as tabulated.
Based on the chart, the research on the electrode materials for

S-SOFC is still lacking, either for the technical or review
publication to be compared with the oxide and proton-con-
ducting SOFC (O*-SOFC and H'-SOFC). Although using a
single material that can function in two distinct contexts may
save time, this does not apply to the preparatory investiga-
tions on the specific materials that must be conducted along-
side the reported article for this application. Thus, in the next
part, we will take a deep dive into the factors that matter most
in designing a promising electrode for S-SOFC use.

80
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Fig. 3. Research article publication trend related to electrode
materials being researched from 2019 to 2023.

2.1. Lithiated materials

To date, lithiated materials have been used widely in
SOFC applications, either as a compound or a dopant, to en-
hance the material and overall application performance
[50-52]. Lithium-containing oxide electrodes such as
LiNipgCog15Al0sO,  (NCAL), LiNiO,, LiNiCuZnFeO,,
LiNig,Feg65-Cug 1505, LiNiCuO,, and Lig3Nip¢Culg7510,0305-
show excellent catalytic activity as cathode and anode mater-
ials for low-temperature SOFCs [53-55]. NCAL was origin-
ally developed for Li-ion battery applications and incorpor-
ates layered cathodes of the LiMO,-type as a working elec-
trode material, referred to as mixed transitional metal (M)-
layered oxides, or NCA [56-57]. It crystallizes in a hexagon-
al structure with the space group R3m, comprising close-
packed oxygen layers. The spaces between the oxygen layers
are filled with lithium and transition metal (Ni, Co, Al) ions,
which are randomly distributed within the Ni/Co layers, cre-
ating a disordered rock-salt-like structure. Within the oxygen
layers, Li ions occupy two distinct forms of tetrahedral sites
[56,58]. Moreover, lithium oxide has been used relatively as
the sintering additive, especially in anodes. The explanation
for this preference is that lithium has been previously identi-
fied as the competent dopant for procuring low-temperature
sintering in ceria. This condition occurs because lithium ox-
ide segregates to the grain boundaries by creating a liquid
phase during the sintering stage, thereby enhancing its per-
formance [59]. Li" also increases the ionic conductivity of an
electrolyte material [60].

The lithium compound is indirectly added to the electro-
lyte materials because of the Li" migration phenomenon
[61-62]. The lithium roles were discovered in a recent study
where lithium-doped perovskite was used as the cathode
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[63]. Thus, ORR activity was enhanced by 1.6-fold com-
pared with the undoped cathode material. On this basis, an
optimal amount of Li" was incorporated, resulting in relat-
ively low electronegativity and contribution from the small
size of Li [64]. The low electronegativity ensured a high con-

Table 1.
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centration of oxygen vacancy, and a small ionic size induced
Li" migration to the surface, thereby creating A-site defi-
ciency at elevated temperatures [61,65]. Table 1 lists state-of-
the-art SOFC components that use lithium compounds for
various functions.

Use of lithium in materials for an SOFC application

Ref. Materials involved

Function Component involved

[59] NiO/GDC-GDC

[61] La, gsSt9,15CuO4-Ce gSmg 20,5 /Nig gCoq,15Alp0sLi0s-5
(LSCO,-SDC/NCAL)

[66] BaCeoY ;05 (BCY) electrolyte

67]  Gdy,1Ce0.901.95 (GDC)

65]  Sri-LiFegsNbyTag 05
68] LiNigsCog20

69] Li-Ni-M (M = Cu, Fe, Co)

Lithium salt (3wt%) as
sintering aid

Prevent further reduction

by hydrogen

Improved ionic conductivity
of the electrolyte

Formed a three-phase
composite cathode

Anode
Electrolyte and anode
Electrolyte

Electrolyte and anode

Cathode

Cathode material for triple
(H*/O* /") conducting type
— Cathode material

Forming A-sites deficiency

The species infiltrated the electrolyte via diffusion in-
duced by the chemical potential gradient overlaying the gad-
olinium-doped ceria (GDC) grains to build a composite elec-
trolyte [70]. The assumption was that a space charge layer
with cation elevation developed at the species interface, with
an area of large oxygen vacancy proportion encircling it. This
area potentially constituted a high-speed ionic transmission
route in the newly formed electrolyte [71]. Therefore, the
electrolyte’s ionic conductivity was significantly enhanced.
This finding is consistent with that from the previous re-
search, which indicates that using NCAL as a current collect-
or considerably enhances the performance of a single-com-
ponent fuel cell with a mixed-oxide and ionic material com-
position [72]. Fig. 4 visualizes the lithiation mechanism,
which involves lithium oxide electrode materials.

When combined with the samarium doped ceria (SDC)

Electrolyte

material, lithiated materials such as NiygCo5AlysLiOs-s
(NCAL) are chemically compatible [73]. He et. al [74] veri-
fied that the improvement in ionic conductivity in a fuel cell
with lithium-containing oxide as the electrode can be related
to hydrogen on the anode side. NCAL/GDC/Pt (NCAL as
anode) yielded a maximum power density of 37 mW/cm” at
550°C in H, compared with the cell using Pt as anode with 32
times performance difference. Verification via detailed char-
acterization exhibited the presence of LiOH and Li,CO; spe-
cies in the NCAL anode over H, condition [75]. NCAL ma-
terials, because of their strong structural qualities for oxygen
ion and proton ion conduction, were allowed to be used in a
single-phase form rather than compositing with other ionic
conductors [76]. These materials were recently employed as
electrodes for symmetrical SOFC systems with triple charge
conducting properties. NCAL electrodes perform as good

Fig. 4. Lithiation mechanism of electrodes in an S-SOFC application.
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electrodes when used in both oxide and proton-conducting
systems. The NCAL use as an electrode and a BaCo,4Fey4
Z19,Y1055-Zn0O electrolyte results in a maximum power
density of 643 mW/cm’ at 500°C.

When the cell is operated in an air or H, environment, the
NCAL anode reduces, and LiOH or Li,CO; is generated,
which is then drawn into the electrolyte. This technique dens-
ifies the electrolyte layer and increases the mechanical
strength of the pellet. The technique also facilitates ionic
transportation in the electrolyte and improves the catalytic
performance of the electrode [77]. Till now, a layered struc-
tured Li(Ni,;5Co;5Mn,3)O, (LNCM) has been used as a sym-
metric electrode to boost the catalytic activity of symmetric
electrodes for improved electrochemical performance.
LNCM and NCAL have the same crystal structure and are
both ABO, perovskite oxides. Li" inhabited the A-sites of
both LNCM and NCAL, where it plays an important role in
influencing the oxidizing state of Ni and catalytic activity
[74,78]. The use of a high catalytic element such as nickel
and cobalt provides LNCM advantages, as this electrode re-
duces into a nickel/cobalt alloy, also leading to LiMnO,
formation during cell operation. The resulting alloy ensures
good catalytic activity, whereas the byproduct LiMnO, pro-
motes proton conduction [76].

The lithium oxide compound electrode serves as the air
electrode (cathode) in lithium-ion batteries. The suggested
NCAL materials have excellent electrode collector behavior
and ensure a high catalytic activity. The addition of Ni/Co in
NCAL induces the Schottky junction effect between (Ni/Co)
created in the reduced NCAL and a semiconductor electro-
lyte, contributing significantly to high-performance fuel cells.
The novel SOFC feature is examined wherein the anode and
cathode are recognized as the n- and p-type areas separated
by an ionic conducting electrolyte. The n- and p-type re-
gimes correspond to anodes and cathodes, with the anode
having a lower oxygen partial pressure and the cathode hav-
ing a higher oxygen partial pressure. High electronic/hole
conductivities are at least required for the anode and cathode,
which are respectively placed in oxidizing and reducing at-
mospheres and are responsible for the hydrogen oxidation re-
action and the ORR [79]. Therefore, narrow bandgap materi-
als are required to allow adequate n-type and p-type conduc-
tion. In the S-SOFC, an electrode (anode) receives the fuel,
which undergoes oxidation to produce electrons and ions, as
is the case with most SOFCs. The electrons traverse an ex-
ternal circuit to reach the opposite electrode (cathode), where
they combine with oxygen to generate oxide ions that return
to the anode through the ceramic electrolyte [80]. At the
Schottky junction, the electrons from the anode enter the
cathode, encountering the built-in potential that impedes
electron flow in the opposite direction. In the scenario in-
volving the NCAL electrode, Li" migration leads to a greater
metallic Ni presence in the L NO anode (x = 0.2, 0.4), poten-
tially supplying more electrons to mitigate the Schottky junc-
tion effect. This process, in turn, enhances the overall current
density and efficiency of the fuel cell [81-82]. A fresh ap-

proach to develop a potential electrode for fuel cell has been
opened up by the numerous functions of lithium oxide or
compound in fuel cell application. The most recent study
used the LiNiO, oxide compound as the electrode and elec-
trolyte, with LiNiO, as the electrode and BaZrysY (505
(BZY)-LiNiO, as the electrolyte. Here, BZY is an excellent
proton conductor; however, it has a sintering problem due to
chemical disintegration in a reduced environment. The lithi-
um oxide compound addition can help decrease grain bound-
ary resistance and sintering temperature [82].

2.2. Lanthanum manganite

The well-known LaygSry,MnOs_s (LSM), which was de-
veloped by Siemens Westinghouse, is a pure electronic con-
ductor and is among the previous material proposed as cath-
ode materials for the SOFC application [83]. Although LSM
recorded the longest lifetime in the SOFC operation, LSM
still encounters the interfacial problem, especially between
YSZ electrolytes [84]. LSM materials were found a long time
ago and were also the first electrode candidates for SOFC ap-
plications. Despite the new material development, LSM-
based materials are still considered the standard for continu-
ous material improvement, using various techniques and ap-
proaches. Therefore, the performance of these materials,
such as (LageSri4)o0sMngoBy;0s (B = Co, Ni, Cu),
(La§Sr92)095¢02Mne 3055, and La,;BaCus Mn,Oy3.5, is en-
hanced until the conductor becomes a mixed ionic and elec-
tronic conductor (MIEC) by means of doping at either the A-
or B-site [85-87]. MIEC-type cathodes can extend the TPB,
which is the active region, from the electrolyte-cathode inter-
face to the entire electrode [88]. Strontium-doped LSM is an-
other successfully developed material that is used to reduce
the interfacial problem. This material exhibits sufficient elec-
trical conductivity and good catalytic property, which is a
mandatory property of an electrode, and a small TEC mis-
match in the YSZ [89]. These values prove that this lanthan-
um manganite base is sufficient to serve as the cathode for S-
SOFC. However, not much detail has been done on the fuel
mode for these materials, in which further studies are needed,
especially for the microstructure behavior as well as electro-
chemical properties.

Anode materials are intended to be chemically and mech-
anically stable in various conditions, especially when hydro-
carbon gases are present at high temperatures. LSM was im-
proved by doping technique with targeted elements that were
not suited for the reduced condition as these elements were
initially deployed as cathode materials. Fe or Mn is a com-
mon element extensively used in SOFC anode conditions to
maintain the structure at high temperatures. Several per-
ovskite manganites have been reported in the literature as
having an oxygen vacancy order caused by hydrogen reduc-
tion in the atmosphere [90]. This scenario can be shown us-
ing the LagMngO,; (LaMnO,g;5) and La;Mn,O;; (LaMnO, 75)
examples. However, La/Sr manganites with the same crystal
structure as La,BaCusO,3.s have previously been reported,
with a composition of (La,Sr;_,)sMnsO,; (x = 0.1-0.3). As for
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the cuprate, these compounds correspond to the order of four
[Mn*'O;s] pyramids and one [Mn*'/ *'Oq] octahedron-defin-
ing oxygen; however, the Mn oxidation state is still depend-
ent on the La concentration [87,91]. Thus, the reason for us-
ing lanthanum manganite remains relevant despite the limita-
tions, however, with further aid on structural improvement as
well as with fabrication modification.

Lanthanum manganite-based materials, such as
La,Sr, . MnO,.;, which belong to the Ruddlesden—Popper
(RP) family, were reported as electrodes for S-SOFC. The
RP family was used because of its advantages in perform-
ance, such as being thermodynamically more stable under re-
ducing conditions compared with conventional perovskites
[92]. RP is a compound whose structure is the result of the
perovskite-type and NaCl-type intergrowth. The general for-
mula of RP is A, ;A'B, X3+ (A & A’ = alkali, alkaline earth
or rare earth metal | B = transition metal | #n = octahedra’s lay-
ers in the perovskites lookalike stack) [93-94].
La,Sr,- MnQO,.; with composition x = 0.25-0.6 showed an ex-
cellent electrical conductivity as high as 35.6 and 1.9 S-cm™
at 800°C in air and 3% H,/Ar, respectively, thereby proving
its feasibility to act as an electrode for the SOFC application
[92]. Zhou et al. [86] studied the A-site deficiency in
(LaggSry2)005¢o,Mny g Ru, 055, which can be used as an air
electrode and a fuel electrode. Ru materials were used
through infiltration rather than as a doping agent, where the
ruthenium nanoparticle catalyst was exsolved on the
(LaggSry2)005¢o,Mnyg Ru, 05 5 surface in a reducing envir-
onment [86]. In the fuel cell mode, this material recorded a
maximum power density of 318 mW-cm? at 50% H,O/H,
and 800°C.

Another significant condition as an electrode is that the
electrode porosity must be in the 20%—40% range. This
porosity range is significant, with enough porosity for elec-
tron flow and a large surface area for chemical reactions (ox-
idation and reduction). Aside from looking for approaches to
improve the LSM materials by doping, composite, and syn-
thesis methods, the morphological structure enhancement of
the synthesis LSM is of interest. Gager et al. [95] and col-
leagues use the replica method to produce a reticulated por-
ous lanthanum strontium manganite structure. The following
are the characteristics of replica foam [95]: (1) Control the
foam structure for improved performance and efficiency. (2)
Design structures with dual-scale porosity to improve heat
transmission while increasing the surface area. (3) Increase
control over the microstructure.

Although the LSM ceramic foam was created for solar
thermochemical hydrogen generation, the reduction process
studied throughout this application can be considered for S-
SOFC applications where hydrogen is one of the fuel
sources. The result was developed LSM ceramic foam with
micron-sized growth as well as grain growth limitation of
about 1 pm. Nevertheless, synthesis parameters, such as the
polymer additive calcination toward this LSM, must be con-
sidered, as also the possibility of manganese species degrada-
tion.

Deploying lanthanum manganite-based materials in
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unique environments is an important measure to obtain com-
petent electrode candidates for S-SOFC. This material is de-
sirable because it has the ability to reverse at least almost the
same structure when undergoing reduction on supplying an
oxidant. The reason is that it is one of the alternatives to
counter possible carbon coking and chromium and sulfur
poisoning. A study of the LSM-based materials aimed to pre-
pare this material for R-SOFC application, which is one of
the concerns in S-SOFC, where this LSM was conducted for
multiple chromium poisoning cycles. Utilizing a novel tech-
nique called in-situ electrochemical cleaning, which serves as
a mitigation method for chromium poisoning, the LSM-YSZ
material experienced a significant recovery of its cathode
portion from the poisoning effects. This process prolongs the
overall SOFC system lifetime [96].

2.3. Cobalt-free materials

The need for excellent catalytic activity, mainly linked to
cobalt, was found to be best fulfilled by making cobalt the
primary element in the SOFC electrode. When used in hy-
drocarbons, Co has been proven to prevent coke formation,
especially when the neighboring element of Ni was used as
an electrode. The cathode material evolution is highly de-
pendent on Co. Cobalt-containing materials, such as
LaysBaysCo0;5, can exhibit high electrical conductivity,
however, and can suffer from fast cell degradation and high
TEC, leading to low compatibility with the electrolyte mater-
ial [97-99].This situation affects the chemical stability and
the overall cell performance while running at a high temper-
ature because of high redox activity [42]. Thus, cobalt-free
materials were introduced to cope with these issues faced by
cobalt-containing materials.

Cobalt-free materials as promising electrode materials, es-
pecially at low operating temperatures, are widely investig-
ated because they exhibit excellent properties, such as good
electrocatalytic activity and thermal stability under fuel cell
operating environment in addition to good TEC between the
electrolyte [100]. Cobalt-free iron is a promising material that
exhibits excellent properties, including the TEC feature to
operate under an intermediate SOFC environment [26]. Pre-
vious studies used cobalt-free iron-based materials, such as
SmyesBagesFeoosRU0s05 (11.4 x 107° K" and Pry5StosFe;
Cu, 055 (14.4 x 10° K™), measured at room temperature up
to 100°C and showed a lower TEC value compared with co-
balt-based materials [71-72]. For the S-SOFC application,
cobalt-free-based material, La,sSrysFeqoMo, 055 (LSFMo),
was evaluated as the electrode for S-SOFC and tested for sta-
bility in 5% H,/Ar and H, [43].

Fig. 5 shows the report from Cai ef al. [43] on the relev-
ance of the X-ray diffraction (XRD) study of the reduced and
unreduced conditions for LSFMo. This report highlighted the
potential of this material as an electrode for S-SOFC. XRD
analysis can identify any change in structural and phase ori-
entation that may affect the overall cell performance. The un-
reduced LSFMo samples had a cubic form structure with a
space group of Pm3m. The response peak after the reduction
shows no further peak, suggesting that there is no impurity
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phase precipitation present after the reduction process.
However, as seen in the inset figure, the peak shift phenom-
ena can be attributed to the Fe/Mo cation reduction to their
lower valence states. Given that SOFC anodes are often
needed to run in high H, fuels, the LSFMo stability under
pure H, must be identified. Undoubtedly, only small amounts
of the LaSrFeO,-layered perovskite phase were discovered in
the LSFMo reduced in pure H, at 800°C, whereas no LaSr-
FeO, trace was detected in the 750°C reduced sample. This
suggests that the LSFMo electrode has high redox stability at
temperatures lower than 800°C. To avoid phase separation/
precipitation in the anode, the SOFC operating temperatures,
using LSFMo as both the cathode and the anode, should be
kept below 800°C. SOFC features, such as structural and
chemical stability and electrical behavior, were presented in
designing a promising electrode for S-SOFC [43].

Yang et al. [101] demonstrated another cobalt-free mater-
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ial as the future electrode candidate for S-SOFC
Bay 5SrysFey3Cug, Tip ,05-5 (BSFCuTi) by comparing the fea-
tures of the undoped version of BagsSrysFeysCuy,0s s
(BSFCu). The electrical conductivity studies for this material
exhibited accentuate the notability of sufficient conductivity.
However, the low electrical conductivity exhibited by these
materials, where the preferred is more than 100 S-cm’,
proves that achieving a reasonable power output by adapting
the microstructure morphology is still possible [102]. Pure
Fe-based cathodes, in contrast, are not as active as Co-based
cathodes and require external-cation doping, such as Nb*",
Ta>", Sn*", Sb*", In*", Ni*', and Mn*"*", to stabilize the lattice
structure and increase electrocatalytic activity with ex-
tremely disordered-structure. Although cubic BSCF demon-
strated excellent ORR activities, structural stability is a chal-
lenge [95].
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Fig. 5. XRD patterns of reduced and unreduced LSFMo samples under (a) 5% H,/Ar and (b) H, [43]. Reprinted from Electrochim.
Acta, 320, H.D. Cai, L.L. Zhang, J.S. Xu, et al., Cobalt-free La,sSrsFeq9Mo0,0;-5 electrode for symmetrical SOFC running on H,
and CO fuels, 134642, Copyright 2019, with permission from Elsevier.

2.4. Titanate-based materials

Titanate-based materials, which are frequently used in an-
ode materials, are now being intensively studied for the fu-
ture electrode in S-SOFC. Strontium titanate (SrTiO;) is one
of the candidates with potential because of its strong anodic
and cathodic stability, moderate thermal behavior, and signi-
ficant carbon deposition and sulfur poisoning. Second, at
1400°C, SrTiO; has been shown to be chemically stable with
various electrolytes such as ZropY160100  (YSZ),
Lay oSty GagsMgo205-5 (LSGM), and CepyGdy, 0,95 (CGO)
[103]. Following the trend of using titanate-based materials
as the primary components, various techniques have been in-
vestigated to enhance the efficiency of these materials. Most
studies use a dopant and composite approach to produce a
certain potential that qualifies it as an electrode (anode and
cathode). For example, the oxygen reduction process re-
quires the co-doping of Pr onto the A-sites of SrTiO;. Mean-
while, the electrolyte composite works to promote ionic con-
ductivity while decreasing thermal incompatibility at the sub-
strate contact. Despite its reasonable performance, SrTiO; is
still inferior to existing electrodes because of low ionic con-
ductivity and electrocatalytic activity.

Titanate group-based materials have shown to be prom-

ising S-SOFC-based materials, as evidenced by their emer-
gence as interconnect materials. Because few materials are
suitable for use as interconnect materials. This is owing to the
titanate-based material’s exceptional electrical conductivity
in reducing atmospheres, remarkable redox stability, and
good thermal expansion matching to other components be-
ing applicable to the anode side [104]. Miao et al. [105]
worked on SrygYo0s YD, T10; and SryssYo0sT1-.Yb,Os,
which were produced by Yb** doping in the A-site and B-site
of Srys3Y00sT10; perovskite, respectively. Due to the strong
carbon deposition resistances, the performance using
Sros8Y0.06 Y bogo—T1O5 anode exhibits superior stability when
operated in CH,. This materials’ performance demonstrated
that titanate-based materials are another developing all-
rounder material for future SOFCs.

Looking back to the main criteria of both anode and cath-
ode materials, where the materials employed must surpass
100 S-cm" to provide good power performance by the SOFC
operating system, the SrTiO; electrical characteristics are
among the top tiers. While SrTiO; is currently being re-
searched as an anode for SOFC, research into the cathodic
environment is gradually increasing. SrTiO; has outstanding
dielectric characteristics and is a great semiconductor, allow-
ing this modified titanate-based material to be used as an
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MIEC cathode that supports both ionic and electronic con-
duction [106]. Strontium titanate perovskites are known to be
exceedingly stable and coking resistant, and La doping at the
A-site (i.e., over Sr) generates oxygen-rich planes and en-
hances both ionic and electrical conductivity. It was dis-
covered that 20% La doping is the optimal amount for max-
imum conductivity, while Cl doping nearly doubles oxygen
mobility, which is critical for any SOEC electrode.
Lay,Sr5Ti0;Cl was evaluated as a possible cathode catalyst
for these reasons [107].

2.5. Redox-reversible typed materials (Ruddlesden—Pop-
per types oxide materials)

S-SOFC electrodes can be primarily obtained from cath-
ode or anode materials. RP materials were initially intro-
duced in 1958 by S.N. Ruddlesden and P. Popper with the
general formula A,,B,0s,.;. RP materials began from the
perovskite derivation and then progressed to double per-
ovskites. These materials perform well as SOFC cathode ma-
terials. The peculiar structure comprises the nABO; per-
ovskite layers sandwiched between two AO rock-salt layers.
Second, the number of perovskite polyhedral units sand-
wiched controls the material phase and this structural re-
semble RP phase materials to perovskites [108].

Layered K,NiF-type Ln,NiOy.; (Ln = La, Pr, Nd) nick-
elates, the first RP kind of oxide materials, have particularly
exceptional behavior as cathode materials, for instance: high
surface exchange kinetics; increased oxygen ion diffusivity;
adequate electrical conductivity; moderate TECs. Unlike oth-
er oxide forms, RP-type materials may accommodate oxy-
gen interstitial deficiencies in the AO layers, resulting in a
hyper/hypo stoichiometric state for their oxygen concentra-
tion. This process appears to have an impact on oxygen trans-
portation characteristics because oxygen ion migration can
occur via a mechanism associated with oxygen vacancies or
interstitials [109]. RP oxides, such as rare earth nickelates
with the chemical formula Ln,;;Ni,O;,:; (Ln = La, Nd, Pr),
are among the RP families that have received substantial re-
search because of their peculiar structure and significant
ORR activity. Meanwhile, Pr,NiO, has the highest oxygen
surface exchange coefficient (K), the lowest diffusion coef-
ficient (D"), and the lowest polarization resistance among the
Ln,NiO, oxides. It also has the maximum oxygen permeabil-
ity, the lowest TEC (14 x 10° K™') and is compatible with
most electrolytes [110].

While working on the electrode for the S-SOFC materials,
Wu et al. [111] reported that growing nanoparticles on the
perovskite electrode surfaces frequently results in structural
modifications. An example can be seen from the LaSrFeNiOg
anode as reported in Ref. [111], in which at first the anode re-
sembles a perovskite material and later is transformed into an
RP-type oxide material. The RP-type anode materials re-
quire extensive improvement, mostly in terms of structural
changes because of the previously described modification ap-
proach. As the sophisticated system of RP-type oxide materi-
als, the chemical structure of the chosen candidate must have
a favorable stability in reducing environments [85].
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A RP layer-structured oxide, La,St,- MnO,.; (LSMO,, x =
0.25-0.6), is recently proposed as the electrode for symmet-
rical SOFC because of its high structural stability in both ox-
idizing and reducing atmospheres. The first serial A,BO, RP-
type LSMOQ, can be considered an alternate rock-salt and per-
ovskite layer stake. The rock-salt layers may hold many in-
terstitial oxygen ions; however, the perovskite layers can in-
duce oxygen vacancies. Therefore, unique oxygen diffusion
capabilities have been demonstrated, making RP-type mater-
ials suitable for use as electrodes. Moreover, LSMO, is elec-
trically conductive in both reducing and oxidizing environ-
ments [112].

For S-SOFC applications, typical RP material-type elec-
trodes have been examined. Nevertheless, several materials
with redox-reversible stability have also been studied. Redox
reverse stability indicates that the structure is unstable in a re-
ducing environment; however, the structure can be reversed
by calcining in the air [113]. Nonetheless, electrode electro-
chemical activity still must be improved. As a result, meth-
ods for decorating an electrode surface, such as infiltration,
deposition, and exsolution, have recently received a lot of in-
terest. Among them, in-situ growing nanoparticles on the
perovskite-type oxide surface is regarded as a simple and
cost-effective method of producing highly active catalysts
[114].

3. Revolution of common synthesis method:
Pros and cons

To create technologies that can meet the global energy de-
mand, it is essential to improve the overall SOFC application
performance. The synthesis process is the next in line of im-
portant stages toward full-scale S-SOFC implementation
after material selection. Another element to figure out is what
materials will be used for the electrodes in an S-SOFC, which
will, in turn, influence which synthesis process will be used.
It is possible that, as the analysis process progresses, some
deterioration can be discovered. A certain precursor material
performance for an SOFC application is determined by the
material processing or synthesis. The characteristics and
shape of the materials derived from the electrode materials
and all the components involved in SOFC application are de-
termined by the synthesis process used to produce them. The
multiple possible synthesis methods, however, are always
narrowed down by the amount of work required to finish the
process, cost-effectiveness, and final product features. Sever-
al common approaches to material synthesis are discussed
and reviewed, along with the pertinent details. Despite the
method’s apparent commonality, its practicality, durability,
and high-tech capacities set it out as a distinguishing aspect.
Thus, this part provides a fresh perspective and solutions to
the issues that have plagued more conventional approaches in
the past.

3.1. Mechano-chemical reaction

The conventional solid-state method is a cost-effective yet
time-consuming and laborious method because it includes
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manual grinding of the precursor raw materials. The solid-
state method is more attractive because of its eco-friendly,
green, and facile characteristics compared with other syn-
thesis methods. This method has been used in most nanoma-
terials, such as composites, metal oxides, and inorganic ma-
terials [115]. The raw materials used were calculated stoi-
chiometrically and ground using mortar and pestle for a cer-
tain time duration. The ground powder quality was determ-
ined by observing its texture, and the ground powder was
later heat treated. A continuous concern toward this valuable
processing method highlighted this matter. Wang et al. [115]
proposed a novel solid-state chemical reaction to synthesize a
composite TiO,/anatase oxide. The raw materials used were
all analytically pure, mixed, and ground through ball milling.
The modified part is where the obtained powder was warmed
with an aqueous bath at 70°C overnight and then calcined.
The calcined materials were processed, and the powders were
washed with deionized water and dried. This study sugges-
ted a new method to produce TiO,(B)-based composite ox-
ide materials. The additional step of this modified specific
settling rate (SSR) was adopted to improve the physical and
chemical reactions.

Conventional SSR may involve the physical reaction of
the mixture yet not the chemical reaction. This condition is
where the additional step sequence in the aforementioned
process is used for a better end product. Thus, the physical
and chemical reactions of the raw materials can be fully op-
timized for better performance by implementing this modi-
fied SSR. Pineda ef al. [116] worked on a double perovskite-
type compound namely REBa(Co,Mn),0s.;, NdBaMn,Os;,;
that is synthesized via solid-state reaction. This complex
phase structure, RE/Ba sequence, can stabilize the oxygen
vacancies in the lanthanide plane [117-119]. Preheating
treatment steps were performed for the required raw materi-
als to synthesize NdBaMn,0Os.s. Nd,O; was treated at 200°C
in a vacuum furnace before physically mixing with other raw
materials [116].

Ball milling is a simple, one-step method that is intro-
duced to physically improve and modify the raw material mi-
crostructure. This method is well known, especially for mix-
ing powders and dispersing metals and mixtures [120]. The
process simply consists of raw materials that are stoi-
chiometrically calculated and ball milled (e.g., zirconia ball)
with a particular time duration and rotational speed. This
method involves dry and wet milling. Wet milling is a modi-
fied technique that involves a solvent to improve the reactiv-
ity and purity of the mixture [121]. The high deformation and
relatively low temperature are involved in addition to the heat
generated by the rotating system. High-energy ball milling is
introduced and widely used because it changes the raw ma-
terial size and microstructure.

High-energy ball milling is a method used to obtain ul-
trafine materials, where the raw materials are continuously
subjected to a relatively high-speed grinding ball milling in a
specially designed vessel [122]. Particle annihilation in cold
mode grinding occurs repetitively because of ball milling on
crushing the powders [123]. This method reduces the ag-

glomeration and intensifies the homogeneous distribution of
alleviated particles to nano-size as the end product [124]. The
optimization of high-energy ball milling parameters to syn-
thesize an oxide dispersion powder strengthened by an alloy
type [125]. The varying parameters are rotational speed and
milling time, where the optimum results for the 10:1 ball-to-
powder ratio are 1000 r/min for 6 h, resulting in a narrow
particle distribution (5-33 um).

3.2. Sol-gel method

The sol-gel method uses the mixture combustion by us-
ing citric acid as a fuel to form the end product in a gel form.
This method is highlighted because it is convenient, although
it is not included as a single-step processing method. This
method obtains end products with nanopowders, fibers, nan-
otubes, and thin films, including those with complex com-
positions at low synthesis temperatures [126]. One such pro-
cess is often used in ceramic and powder production because
of its excellent tolerance to contamination, reduction, oxida-
tion, and degradation mechanisms [127]. This approach does
not include melting or sintering powders to manufacture
ceramics but rather uses a reactive precursor-containing sub-
stance for forming a colloid composed of a metal or metal-
loid element surrounded by various ligands. This method also
exhibits the upper hand in the ability to control the composi-
tion, morphology, and microstructure, which is the top prior-
ity in synthesizing the powders for electrodes in SOFC ap-
plications.

The potential of the sol—gel process to offer new sophist-
icated functional materials based on diverse micro and mac-
rostructures has been recognized by researchers. Perovskites
were mostly synthesized through a modified sol-gel method,
where the process was assisted by additional ethylene and ac-
tivated carbon as chemical additives [128]. Badge and Desh-
pande [129] synthesized bismuth titanate via solid-state and
sol-gel reactions. They proved that the ceramic obtained
from the sol-gel method and sintered at 1000°C for 3 h ex-
hibited the highest density compared with the solid-state re-
action method. Mateos et al. [130] verified the synthesis of
high-purity nickel oxide via the modified sol-gel method us-
ing nickel acetate, citric acid, and ethylene glycol as precurs-
ors. The pre-calcined powder particle size is approximately
50 um and can be as low as 10 um after an hour of calcina-
tion at 800°C. The sol-gel method should be considered a
potential method to synthesize the potential electrodes for S-
SOFC application.

Despite its advantages, this approach also has drawbacks.
The following are the benefits of the sol-gel approach, as
highlighted by Modan and Plaiagu [131]: (1) the potential to
manufacture high-purity end products because of the organo-
metallic precursor of ceramic oxides that can be dissolved in
a specific solvent and hydrolyzed to a gel with a highly regu-
lated composition; (2) lowering the sintering temperature to
approximately 200-600°C; (3) a simple, cost-effective, and
fast approach for producing high-quality coverage.

Regardless of the benefits highlighted, each synthesis
technique has its own drawbacks. For example, the hydrox-
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ide-based metal and additive inclusion in the precursor mix-
ture produces excess hydroxyl and carbon residue. Some ma-
terials even undergo double calcination to get desirable ma-
terials in the end. Another disadvantage of using this ap-
proach is the lengthy processing time. Several studies have
even shown that the extended processing time may have an
impact on the purity of the final product [132]. The next thing
to consider is the possibility of fine holes forming because of
the contraction that happens during the processing stage, as
well as the usage of organic solutions that can be poisonous.

3.3. Glycine nitrate combustion method

Glycine nitrate combustion (GNC) is driven by the ad-
vancement of a homogeneous chemical as well as spontan-
eous combustion, resulting in a shorter calcination period
with a crystalline final product [133]. The size and the mor-
phology of particles synthesized by this method crucially
correspond to the main parameters, which are the fuel-to-ox-
idant ratio, cation concentration in the mixture, and rates of
gases that are released during combustion [134]. Thus, these
parameters should be highlighted to obtain a product with op-
timum quality and effective combustion. The amount of fuel
(glycine) used in this procedure must be determined analytic-
ally to ensure that just the minimum amount of fuel is re-
quired to effectively combust the precursor nitrate com-
pound. Amaraweera et al. [134] demonstrated that the ratios
used in the mixture influenced the phase and performance of
the materials.

The simultaneous-auto combustion that occurred during
the processing technique afforded this procedure an advant-
age in producing nanomaterial-sized particles. Given the
above benefits of the GNC approach, it was employed to syn-
thesize electrodes and electrolyte components [76,135]. The
glycine-cation ratios were the most critical aspect that was
addressed. The glycine-cation ratio stoichiometric calcula-
tion emphasized the characteristics and cation number of
each metal employed in the compound. To date, GNC has
been improved by using microwave-assisted combustion be-
cause this modified method initiates the combustion reaction
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at a fast rate and with uniform energy, in addition to the high
crystallinity and purity of the end product [136]. Technically,
microwave-assisted GNC is fast, practical, easy, simple, and
energy-saving. Compared with conventional combustion us-
ing a hotplate, microwave energy is used to channel a specif-
ic amount of electromagnetic energy and directly convert this
energy into heat [137].

Unfortunately, both the conventional and advanced meth-
ods of GNC have complications during combustion. Even
though the glycine-cation ratios were precisely determined,
the reactivity of the specific cation may differ. Certain com-
pounds containing highly reactive elements, such as cobalt,
nickel, and manganese, do not promote smooth combustion.
Instead, the combustion occurs with a small spark and quick
burning, resulting in the formation of ashes that scattered.
The advanced approach, which uses a microwave to promote
combustion, stays the same. What make it worse is the spark
created may have even blown the microwave oven (commer-
cial microwave oven), and certain compounds may have
even blasted out the microwave. These situations result in a
significant loss of precursor materials. Hence, using this
strategy is beneficial with all the benefits given forth;
however, further study on the materials and appropriate gly-
cine-cation ratio must be done.

3.4. Benefits and drawbacks of advanced methods

Considering alternatives to or improvements on the tradi-
tional process of synthesis may serve as a great possibility;
however, it may also bring about unfavorable effects. Wheth-
er it is for large-scale manufacturing or small-scale produc-
tion, it is necessary to take the most cutting-edge approach
into account to boost the efficiency. Second, an additional
synthesis phase is an important consideration that needs to be
given attention since it has the potential to restrict the primary
objective of having an S-SOFC configuration that can be im-
plemented, which is to simplify all aspects as much as pos-
sible. The benefits and drawbacks of the more sophisticated
approach are summarized in Table 2, which follows the pre-
vious discussion of the method.

Table 2. Advantages and disadvantages of advanced synthesis method

Method Advantages Disadvantages
Solid state Simple process Non-homogenous and large particle size
Ball milling Effective Time-consuming, particle distortion

Sol-gel method Large scale production

Glycine nitrate combustion

Homogenous and fine particle

Multiple steps
Excessive combustion and can be hazardous

4. Materials enhancement method

SOFCs are commonly operated at temperatures over
800°C to maintain adequate catalytic activity and acceptable
ionic and electronic conductivity. High working temperat-
ures present issues in terms of sealing, sluggish response to
start-up and cooling, high overall system cost, and rapid ma-
terial deterioration. SOFCs operating at intermediate temper-
atures (IT-SOFC) (500-750°C) are desired to address the

problems. The performance and output power of SOFCs in
IT temperature ranges are heavily dependent on the ORR
catalytic activity of cathode materials. There are two key
phases in the ORR process: reducing oxygen at surface act-
ive sites and transporting oxygen ions away from the sites. To
improve electrode performance, there are two approaches: in-
venting novel materials and modifying the existing cathode

materials.
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4.1. Electrode infiltration/impregnation

In addition to material selection, numerous material pro-
cessing processes were investigated for electrode improve-
ment. It has been revealed that co-synthetic composited elec-
trodes outperform standard mechanical mixing composited
electrodes in terms of performance [32]. Another strategy for
improving electrode performance is electrode infiltration/im-
pregnation. This approach, which is frequently employed on
existing electrode materials, yet still lacks oxidizing and re-
ducing activity. Several advantages of this method are as fol-
lows: (1) Surface coatings can be made from a variety of act-
ive elements (including materials with high thermal mis-
match). (2) Upon surface infiltration, both the surface com-
position and the surface structure can be varied. (3) This ap-
proach enables a moderate heat treatment temperature
(900°C) by preventing mechanical mismatches produced by
crystal particle coarsening and reducing contacts between the
coating material and the substrate. (4) Infiltration can im-
prove cathode durability and contamination tolerance. (5)
Last but not least, this method is capable of producing a par-
ticular metallic nano-catalyst.

In the development of S-SOFCs, optimization of the per-
ovskite oxide hydrogen electrode microstructure for en-
hanced performance has been widely used. To effectively
improve electrode performance, nano-catalysts, which can be
highly-performed metallic catalysts such as Ni, Co, Ag, Cu,
and Ru or oxide catalysts such as cerium oxide (CeO,), Gd-
doped CeO,, PrBaMn,Os.; (PBM), and Sr,Fe;sMogysO¢-5
(SFM), have been commonly introduced into porous oxide
electrodes to form a nanostructured electrode. This approach
has demonstrated several benefits in terms of increasing elec-
trode performance, such as decreasing resistance and pre-
venting electrode deterioration [138].

Several researchers employ direct composition, co-syn-
thesis, and infiltration processes to improve the ionic con-
ductivity of La,_Sr,MnO; electrodes. Among these ap-
proaches, the infiltration procedure may improve the effect-
ive reaction sites by incorporating nanoparticles into the elec-
trode scaffold, and TEC mismatching between various com-
ponents could be prevented. lonic conductors are used as po-

tential materials for infiltration in the early stages. According
to Vafaeenezhad et al. [139], Smy,Ceys0,o (SDC) infiltra-
tion improves the electrochemical reaction not only in the
SOFC mode but also in the SOEC mode. Another feasible
way to improve the electrochemical performance of LSM
oxygen electrodes is the infiltration of MIEC materials. To
date, the agglomeration of nanoparticles at high operating
temperatures due to high surface energy has been the key
obstacle in the long-term steady operation of infiltrated elec-
trodes. Co-infiltration of sintering inhibitors and catalysts has
been explored to prevent catalyst particle coalescence [140].
Fig. 6 visualizes the simple infiltration/impregnation and
possible scenario of the formed particles onto the electrode.
The first scenario is the formation of well-dispersed nano-
particles on the surface of the electrode, and the second scen-
ario is the electrode particle being encapsulated by the im-
pregnation/infiltration materials.

4.2. Composite (electrode—electrolyte)

Developing a new electrode material that possesses suffi-
cient ionic conductivity is another research trend to ensure its
viability to operate under S-SOFC operating temperature
[141-142]. However, several electrode materials with excel-
lent catalytic activity, such as Lay¢Sry4C00;_5, SrCogsNby;
Fe,0;-5, and Smy5SrysCo0s s, have been discovered in pre-
vious years [143—145]. Cobaltite or ferrite oxides are either
thermally incompatible or chemically reactive to the electro-
lytes despite the highly catalytic activities involved in re-
sponse to oxygen reductions and their low polarization resist-
ances. Moreover, at lower temperatures, fuel cell power
densities decrease noticeably owing to slow kinetics for elec-
trochemical processes in the electrodes, particularly oxygen
reduction events in the cathode. For example, large polariza-
tion resistance was found for Sr-doped LaMnO; (LSM), the
frequently used cathode material for SOFCs with YSZ elec-
trolytes [146]. Commonly used composite material Ni-YSZ
for anode and cathode certainly exhibits high electrical con-
ductivity and excellent catalytic activity. However, this ma-
terial possesses a relatively low tolerance toward the coking
phenomenon in addition to the oxidation of Ni particles when

Infiltration/impregnation ———

material

Infiltration/impregnation
material

[ wd i ¥

Electrode

L -

Fig. 6. Possible scenario of impregnation/infiltration particle after heat treatment.
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operated in a CO, environment [147-148]. These major
problems may degrade the cell performance and lead to poor
cell stability, which are important aspects of operating the S-
SOFC. Thus, combining the highly ionic conducting materi-
al with other materials, such as GDC electrolyte and
Sr,Fe; 3C04,M0,50¢5, becomes a solution to overcome the
disadvantages [44].

The data presented by Yu et al. [149] summarized that
electrolytes, such as YSZ and LSGM, are among the com-
monly used electrolytes because of their good electrolyte do-
main at various operating temperatures and oxygen partial
pressure. Electrolytes such as doped ceria, ceria carbonate,
and proton-conducting electrolyte are also used; however,
their adoption is not that extensive compared with the previ-
ously mentioned electrolytes. Xu et al. [150] reported a com-
posite electrode Lagy;Sry;Tig3Fe,;05-s composite with CeO,.
This electrode was synthesized through infiltration and ana-
lyzed thoroughly for S-SOFC at multiple ratios of CO/CO,
under operating temperatures varying from 700 to 850°C. In
the fuel cell mode, this material exhibited the maximal power
density of 437 mW-cm™ at 800°C, fueled with 70% CO and
30% CO,, which was sufficient for this operation. Degrada-
tion may occur because of the agglomeration in the micro-
structure of this material.

4.3. Dopant

Introducing dopants to particular base materials typically
achieves its full performance by varying concentration dop-
ing levels, synthesis techniques, as well as fabrication tech-
niques [151]. Perovskites are a kind of material that has an
ABO; structure. Perovskite and its derivatives have been
considered one of the most promising SOEC cathode materi-
als because of their high catalytic activity and stability. The
enhancing strategy involves incorporating certain elements
into the A- or B-site of these structures to highlight specific
qualities. Catalytically active transition metals like Rh, Pd,
Pt, Fe, Ni, and Co are substituted in the perovskite lattice as a
solid solution under an oxidizing atmosphere and then ex-
solved as metal nanoparticles (NPs) anchored on the per-
ovskite surface under reducing atmosphere. This is a work-
able strategy for manipulating catalytic active sites. In SOEC,
SOFC, and other heterogeneous catalytic processes, the per-
ovskites undergoing redox exsolution have distinctive cata-
lytic activity, thermal stability, and coking resistance [152].

Perovskite oxides are MIECs that are commonly adopted
as cathode and anode materials in SOFCs. Perovskite oxides
based on LaCoO; are being investigated as prospective cath-
ode materials for SOFCs; the insertion of Sr on the A-site in
LaCos; can further boost catalytic activity because of an in-
crease in oxygen vacancy concentration. Meanwhile, partial
substitution of high or fixed-valence elements (such as Ni,
Fe, Mo, or Zn) on the B-site can significantly improve the
catalytic activity of perovskite oxides in an oxidizing envir-
onment. When the perovskite structure is doped with the ap-
propriate quantity of other elements, there is essentially no
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distortion. Also, the radius of the doping cation should be
comparable to that of Co; [81].

A lower reduction temperature, according to Li ef al. [81],
is correlated with a decrease in the binding energy between
the metal and oxygen ions in the perovskite structure. This
effect is attributed to Rh’s higher electronegativity (2.28)
compared to Ti’s (1.54), which might influence the redox ca-
pacity of Rh-doped SYT catalysts, enhancing catalytic activ-
ity toward electrochemical reactions [153]. The structural
stability and catalytic activity of the perovskites are attrib-
uted to the alkaline earth and transition metal ions occurring
at the A and B sites, respectively. Nevertheless, the doping
technique at the A-site, which involves replacing trivalent
lanthanide ions with divalent alkaline earth ions, is fre-
quently used to enhance the electrochemical performance.
According to Kannan et al. [154], this substitution in the per-
ovskite-type Ndg75S19,5C0pgFe ;055 creates extrinsic oxy-
gen vacancies, considerably boosts the cathode’s overall per-
formance by contributing the oxygen molecules’ reduction
sites, and then migrates the oxygen vacancies. In fact, the
chemical and electronic states of B-site transition metals can
directly influence how the ORR activity of perovskites is im-
pacted. More lanthanide ions at the B-site can enhance the
perovskite’s lattice parameters and free volume, which is fre-
quently linked to higher oxygen ion mobility and lower ac-
tivation energy. A more significant benefit of such low activ-
ation energy is the enticing ORR activity at low operating
temperatures. Moreover, the newly added B-site lanthanide
ions with larger ionic radii achieve a lowered tolerance factor
close to 1.0, resulting in a perfect cubic symmetrical struc-
ture with a rapid oxygen bulk diffusion rate and surface oxy-
gen exchange kinetics [155-156].

4.4. Decorated functional electrode layer

Using various materials for the electrodes is one option for
enhancing SOFC performance. Investigating further ad-
vancements in well-proven technologies is another option.
An additional catalytic layer placed on the anode side should
increase the fuel cell’s stability and effectiveness [42]. The
impact of specific catalytic layers on SOFC performance, as
well as direct internal reforming of biogas, was extensively
investigated and compared using the original technique (sim-
ultaneous measurements of electrical parameters and analys-
is of outlet gases from SOFC) [157]. CeO,.s doped with
transition metals such as Mn, Fe, Co, Ni, and Cu, as well as a
non-doped reference material, was constructed and ex-
amined. These materials were employed as secondary cata-
lytic layers put on the surface of the SOFC anode to prevent
the fuel cell from rapidly degrading because of carbon depos-
ition [157].

The surface contact resistance (ASR) is connected to the
surface contact between various units as well as the cell ma-
terial itself. ASR can only be optimized and decreased to the
greatest extent feasible since a specific number of cells and
interconnects are necessary for the building of the cell stack.
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Nonetheless, it cannot be avoided. The electrode and the con-
tact layer between the electrode and interconnect are the
sources of the surface contact resistance on the electrode side.
It is possible to ensure enough surface contact between com-
ponents by improving the contact layer. Moreover, the integ-
rity of the electrical structure can be maintained while the in-
ternal and external pressure from the stack is buffered [158].

CGO barrier layers of the highest caliber are essential for
low-temperature, high-performance cells. According to San-
doval et al. [159], the optimization of the CGO barrier layer
in combination with a cutting-edge LSC-based electrode res-
ulted in the cells having an exceptional power density ex-
ceeding 1 W-cm” at 600°C in a typical porous anode-suppor-
ted YSZ electrolyte cell. Compared to the conventional, high-
temperature co-fired barrier layer generated using powder
processing, the thick barrier layer created using physical va-
por deposition performed significantly better. Frequently, es-
pecially for cells operating at low temperatures (600°C), the
inclusion of a CGO barrier layer, even a few nanometer thick,
eliminates the adverse reactions. Without a barrier layer, a
cell displayed strong electrode polarization and a low-power
density. In both a commercial and in-house produced cell,
powder-processed CGO layers with thicknesses in the range
of 5-10 m performed well. They still exhibited a small
amount of Sr diffusion to the YSZ, which most likely oc-
curred during the layers’ high-temperature sintering
(>1000°C). By using the spray-pyrolysis method, alternative,
low-temperature processed barrier layers were created. These
layers demonstrated significant effectiveness in preventing
interdiffusion. For the thinnest tested barrier layer, which was
around 300 nm thick, the performance was only marginally
worse than the powder-produced layers. Performance was
enhanced by the thicker layers, which had thicknesses of 700
and 1500 nm [160].

Because of its low cost, high ionic transference number in
oxidizing and reducing atmospheres, and strong chemical
and mechanical characteristics, YSZ is the most widely used
electrolyte for SOFCs. The YSZ’s mechanical qualities en-
able it to survive operational circumstances as well as resid-
ual stresses from cell construction operations. As electrolytes
or as a barrier between the YSZ electrolyte and frequently
used cathode materials, SDC or GDC can also be used. This
prevents the formation of secondary phases with poor con-
ductivity, such as La,Zr,O, or SrZrOs;, which can impair
cathode performance. It has been demonstrated that using
cathode contact layers like LaNijp¢Fe 4,05 (LNF) and
LaNisC0y40; (LNC) improves electron transportation from
the interconnect to the cathode layer across the contact inter-
face. The ORR of the TPB in the cathode will also get addi-
tional electrons from the interconnector, enhancing the cell’s
performance [161].

Several studies have recommended the use of buffer/barri-
er layers between the electrolyte and the electrode layer to
minimize chemical interaction at the electrode/electrolyte in-
terface and to avoid diminished electrochemical perform-
ance. To date, pure ionic conducting Y, Sm, or Gd-doped
ceria-based materials have generally been used as buffer lay-

ers in this regard. These purely ionic buffer layers do not act-
ively contribute to improving electrode kinetics via enlarge-
ment of the TPB at the electrode/electrolyte interface, des-
pite the fact that these efforts have been shown to be success-
ful in preventing the formation of impurity phases, thereby
preventing performance degradation [161].

5. Common fabrication risks

The anode and cathode electrodes cannot be produced or
synthesized in a single fabrication step because of the nature
of the S-SOFC materials. This section discusses the risks and
challenges that are particularly associated with the fabrica-
tion method of the complete cell. Basis materials for S-SOFC
applications previously studied may react differently depend-
ing on the based materials used, including composite materi-
als, anode materials, cathode materials, and even intercon-
nect materials. Original anode materials, for example, were
developed to reduce poisoning and coking caused by chromi-
um, sulfur, and even carbon. As cathode and electrolyte-
based materials are not optimal for use as anode materials,
they may present several difficulties in a reducing environ-
ment. Nearly all breakdowns happen at the anode. These ma-
terials must be sturdy enough to last while yet without com-
promising the structure’s stability. Consequently, the produc-
tion process and the operating conditions for the application
may both be anticipated when the appropriate materials have
been determined. Aside from choosing the appropriate ma-
terials, the next paragraph details everything else that must be
considered: (1) optimum thickness of the fabricated cell; (2)
suitable sintering temperature of the cell; (3) productivity of
the fabrication method; (4) cost-effective versus produci-
bility.

Starting with the selection of basic materials and progress-
ing through the synthesis technique, the resulting powders
may display noticeably varied particle and microstructure
characteristics. For example, the particle size of materials
synthesized using GNP is less than that of products synthes-
ized using the sol-gel approach. A detailed inquiry of this
topic is required because the following procedure includes
cell manufacture. As stated, a desired specific cell with vary-
ing thickness is required with an acceptable sintering temper-
ature. The tape casting process is the most acceptable choice
in terms of cost-effectiveness and producibility. Tape casting
may generate a vast amount of thin, translucent ceramic.
However, this approach frequently requires a lengthy ball
milling time to prepare the slurry and some slurry may re-
quire many milling steps. Furthermore, the irrelevant texture
of the post casted tape is attributable to an insufficient formu-
lation. It would be ideal if the sintered tape was a flat ceram-
ic. In most circumstances, if the formulation is incorrect, the
ceramic will have a fractured, bent, or wavy texture. Lee
et al. [36] mentioned a few fabrication difficulties with tape
casting in their research. Fig. 7 depicts one of the fabrication
difficulties. Additional formulation adjustments and modific-
ations, known as optimizations, are required for the binder
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Bending & cracks occurred

Fig. 7. Example of bending and cracks as reported by Ref. [36] for tape casting. Reprinted from Int. J. Hydrogen Energy, 42, S. Lee,
K. Lee, Y.H. Jang, and J. Bae, Fabrication of solid oxide fuel cells (SOFCs) by solvent-controlled co-tape casting technique, 1648-

1660, Copyright 2017, with permission from Elsevier.

and powder concentration [162].

The screen-printing method offers a simple step fabrica-
tion; however, the producibility of this method is of a single
film at a time. The thickness and the density of the printed
film can be controlled as a matter of the mesh on the screen
and the screen printer variable [144]. A common issue with
this method is the sintering temperature; that is, in most
cases, the printed film is not adhered or sticking well on the
substrate. This situation needs to be resolved because the
formation of gaps or space between the substrate and the film
(delamination) may hinder the performance of the single cell.

G*=113 Pa LVR =8.7 Pa

-

G* =455 Pa

InK-20

G* =451 Pa LVR =32 Pa

InK-1"

G* =2539.Pa

Ink=3

Considering the high operating temperature of the SOFC ap-
plication, the component layer needs to undergo good fabric-
ation and heat treatment. Somalu et al. [37] reviewed the im-
portant parameters for the screen-printing method. Fig. 8
shows various solid contents of the slurry and the resulting
properties of the slurry. For the screen-printing method, a few
aspects that must be considered are as follows [163]: (1)
powder content of slurry (approximately at 70wt%); (b) rel-
ative density of powder; (c) slurry homogeneity; (4) screen
printer variable parameter (speed, substrate to printer gap
size, mesh size).

LVR =33.0 Pa

InK-25

LVR = 150 Pa G*=12884Pa LVR =552 Pa

InK-5

Fig. 8. Effect of various solid contents for screen-printing slurry with variant linear viscoelastic region (LVR) and complex modu-
lus (G*) [37]. Reprinted from Renew. Sustain. Energy Rev., 75, M.R. Somalu, A. Muchtar, W.R.W. Daud, and N.P. Brandon, Screen-
printing inks for the fabrication of solid oxide fuel cell films: A review, 426-439, Copyright 2017, with permission from Elsevier.

Another commonly used fabrication method is spin coat-
ing. The spin coating method is considered simple and effi-
cient and consumes less time to fabricate each cell compared
with the tape casting method. An electrolyte-supported cell
has no issues; however, the same is not true for the electrode
(anode or cathode)-supported configuration. The film pro-
duced is expected to be thin, and some films can have a por-
ous structure due to the slurry properties [164]. Even though
all mentioned methods use slurry as the main aspects, all
three slurries differ in terms of powder content, viscosity, and
binder used. The method itself can be handy; however, the

aspect of preparing the slurry to become suitable and com-
patible with the process still needs modification and im-
provement to obtain a durable, stable single cell for the oper-
ation [165].

6. Material challenges and perspectives

Most of the material challenges revolve around stability
issues. This issue has been reported in conjunction with the
great performance of certain materials yet not discussed in-
tensively. This section provides general additional informa-
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tion and overview of the challenges in material selection for
S-SOFC application from the author perspectives.
Lay 75S1(,5CrysMnys05_s (LSCM) has been researched previ-
ously. This material possesses a high potential for use as an-
ode and cathode because of its stability in redox cycles and
sufficient electrochemical properties, especially for oxida-
tion and reduction reactions [166]. This material records
power densities as high as 0.5 and 0.3 W-cm > at 950°C un-
der H, and CH, environments, respectively. However, in per-
ovskites, especially manganite, the material stability under
reduced environment originating from the insertion of Mn
species combined with chromium disintegrates the electro-
active species [167-168]. An issue has been reported that
gradual decomposition occurs in LSCM tested under a dry
diluted hydrogen environment in addition to its endurance
under a long-term operation [87].

Considering the appropriate limits of documented power
densities in a reduced environment, this material still has po-
tential because the criteria for a material to be used in an S-
SOFC are demanding. Furthermore, options are still avail-
able for optimizing these materials for slow deterioration
when operated in a reduced environment for an extended
period. However, material availability for SOFC compon-
ents is enormously complicated, as each coating must be con-
structed exclusively with the neighboring components, as
well as concerned toward the fuel in materials behavior.

Although  cobalt-free-based  materials, such as
Lay 5SrysFe,sCuy,0;-5, which were evaluated for R-SOFC by
Lu et al. [169], exhibited sufficient electrochemical perform-
ances, a glitch still occurred. The peak power densities of this
S-SOFC configuration achieved as high as 1054 mW-cm ™ in
H, and 894 mW-cm ” in syngas fuel operated at 900°C; these
findings can be concluded as the highest among the reported
values. For the La,sSr,sFe,sCuq,0;-5 electrode, a slight de-
gradation was observed involving current and power density.
Performance degradation can be partially due to the nonuni-
formity of the exsolved Cu particles and the potential time-
consuming coarsening of the particles at high temperatures
that might decrease the active sites for fuel oxidation reac-
tions. In comparison, the thermal mismatch between the elec-
trodes and the interlayer and the electrolyte can lead to great
interface resistance over a long period of time. The same situ-
ation was reported by Tian et al [170] when using
Lay ¢Sty 4Fe(sNig,0;-5 as the electrode in R-SFOC. Degrada-
tion occurred where a slight aggregation was detected after a
medium-term analysis. This phenomenon may result in gas
transportation and elevated polarization resistance diffi-
culties. Most perovskite materials that involve the Sr element
exhibit Sr segregation easily. This material has outstanding
electrochemical performance because of its high-power
density.

The Cu and Ni cations were used to improve the stability
of these materials when exposed to a reducing environment at
a high temperature. Other high catalytic cations, such as Ti,
Cr, or Mn, can be added to these materials to increase their
catalytic activity. A second consideration is that other factors
such as fuel composition and voltage influence the imped-
ance response at high frequencies, whereas combination of

proton and oxide ion, as well as the migration of electron/ox-
ide ions and protons influence the impedance response at
lower frequencies. Moreover, the smaller microstructure and
lower sintering temperature of the anode result in an im-
provement in the performance of the electrode. Given that
both materials exhibit Sr segregation problems, further in-
vestigation into the preliminary synthesis technique as well as
the microstructure of the materials, particularly because of
heat treatment, can provide more information on these prob-
lems.

An RP manganite material, Nd,AE, MnO,.;(AE: Ca, Sr),
was developed as a potential electrode for S-SOFC, and the
preliminary studies were reported by Sandoval et al. [171]
Nd.Sr,-MnQO,,; and Nd,ACa, ,MnO,.; were synthesized via
the sol-gel method and heat treated in air and diluted hydro-
gen. The single-phase composition was obtained for the two
materials heat treated in the air; however, Nd,ACa, MnQO,.
was heat treated in a diluted hydrogen environment.
Nd,Ca,_,MnO,,; suffered from decomposition, indicating that
this composition is unsuitable to be considered in S-SOFC
because of its poor stability. This situation was revealed after
XRD analysis, where all the compositions used
Nd,Ca, MnO,,;s (x = 0.25, 0.4, 0.5, 0.6) into a mixture con-
sisting of Nd,O; and Ca,,;MnO, [171].

As discussed earlier, enhancement of materials mostly in-
volves the use of dopant where the element from the trans-
ition group is selected because a material with less integra-
tion of transition element performs poorly when acting as a
cathode than when operated as an anode. The electrochemic-
al performance with low fuel input is relatively poor com-
pared with the known Lay¢Sr4Cog,Fe 3055 and Ni-YSZ
[172]. However, the idea of using a transition element is not
always managed to solve the problems because it may exper-
ience structure decomposition of perovskites either partially
or fully from the anode case, especially when operated in a
reducing environment. Pr,SrysCog,Fey;Nby05-5 decom-
poses into K,NiF, structure and Co-Fe alloy [173];
Lay¢Sry4FessPdgosMng 05 is partially reduced to K,NiF,
structure and metallic Pd [174]. The RP configuration is a
completely new sort of configuration in the perovskite’s fam-
ily [175].

The synthesis of the RP material is in and of itself a signi-
ficant amount of labor because of its complicated structure.
Considering that this material works well as an anode yet not
as a cathode, it is not a good choice for S-SOFC applications.
In oxygen reaction mechanism, a variety of processes can be
limiting, depending on the electrode composition, processing
parameters, and measurement conditions. However, dis-
agreement continues on the nature of the elementary pro-
cesses that contribute to polarization resistance in the oxygen
reaction mechanism. In summary, this material may have a
chance to serve as an electrode for S-SOFCs though only
with minor modifications to allow for optimization in all the
previously stated aspects. Table 3 summarizes the electrode
materials for S-SOFC.
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Table 3. List of electrodes for S-SOFC

Ry/ (Q-em’) o~ Power density /
Ref. Electrode Electrolyte Cathode Anode [© (mW-cm™?) Fuel
Lanthanum manganite
[176] LaggSro,MnO;_s—Gdy,Ce(505-s YSZ 1.63 — 800 150.80 Humidified H,
[86] (LaggSrj2)0.9ScoMng g, Ru, O35 Sc,0; stabilized ZrO, 0.23 0.52 800 318 Wet H,
Cobalt-free materials
[177] BaFeyoZto, 05 (BFZ) (LfggjsIfAO)IGaOISMgOAZOH 0.105 0.105 800 1097 Humidified H,
[47]  StFeosW205s (LfggsﬁfG%-SMgolo%ﬁ 0.084 020 800 931(850°C)  H,
[149] SDC-BaZrO‘1C00‘4FCOI4Y0‘103 BZCY 0.32 1.35 700 114.8 (6500C) Hz_Nz
[39]  Lai.Sr.FeysCugs0s s (x = 0.2, 0.4) (Llf‘g-g}sl{,lo)zGaO-gMgO-ZOH 0454 — 800 294 Dry H,
[43]  LagsSrosFegoMop105-5 Smy,Ce 50 95 (SDC) — 0.083 750 562 H,/Ar
[43]  LagsSrosFegoMog 05 (Lfg-asﬁ-)lGa"-sMgO-203*5 — 0397 750 508 Hy/Ar
[178] Lao'5sr0.5Fe()49W0'10375 Lao'gsro_zGao_gMgo'zo_:,fg 0.08 0.16 800 617.3 Wet Hz
Titanate-based materials
[33]  CaTige-«Fe9sP. 035 YSZ 100.28 70.43 600 58 (800°C) Ha,/Ar
[1 79] LaOA7Sr0‘3Ti0A1F€0‘6Ni0‘3037§ LSGM 0.047 0.201 800 — Hz
555 H,
180 Liquefied
[34] Sr,Tip3Cop,FeOg — 0.124 0.380 800 petroleum gas
404 C,Hs;OH
390 CH;0H
Ruddlesden—Popper
[44]  SroFe;3C002M0g506-5~Gdo1Ce902-5 LSGM 0.036  0.047 800 986 H,
[1 80] PrNi0.4FeOAGO3,(; LSGM —_— — 800 663 CH4
[181] PrO,—Prg6Srg4FeO;_s YSZ 0.053 0.113 800 741 Humidified H,
[182] Pr-PrBaMn,Os,s YSZ 0.016 0.20 800 423 H,
. 0.36 800 245 Wet CH,
32 Sr;MnMoOs, s/NiO-SDC SDC —
[32] ’ 30 037 800 183 C,H;0H

7. Conclusions

This article provides a comprehensive analysis of the de-
velopment and amazing progress made on electrode materi-
als for use in S-SOFC applications over the past 5 years. As a
reference and a guide for future literature studies, we will go
through the resource selection process and the issues often
cited by those materials. In S-SOFCs, oxygen gas is conver-
ted into cathode oxygen ions, which then travel through the
dense electrolyte to the porous anode, where it takes part in
the electrochemical oxidation of fuel and results in water pro-
duction. Developing porous electrode materials capable of
effectively converting H, molecules or hydrocarbon mo-
lecules into protons is necessary to make this possible.

Coking on the anode must be avoided whenever possible
because hydrocarbon is used as fuel. However, this is often
difficult to do with common anode materials, and it is vital to
continue monitoring the progression of materials over time.
Materials that have been developed recently for use in S-
SOFCs highlight the fact that research efforts are picking up
speed in terms of the number of studies being conducted. Re-
search efforts on the preliminary properties of materials are
still relevant, whether they are newly developed or improved.

Additionally, when developing materials, the primary goals
of lowering the high operating temperature while maintain-
ing good performance and useful output as well as reducing
the amount of labor required, especially during cell fabrica-
tion, are the top priorities and can be accomplished. Consid-
ering this, it is necessary to offer an overview of recently de-
veloped improved materials in addition to performance, fo-
cusing specifically on electrochemical presentation.

This works concludes that the practical implementations
of S-SOFC:s are still far ahead, and a range of issues remains
to be overcome. The electrochemical performance and cell
durability exceeding the requirement of components are con-
sidered significant achievements despite the research cover-
age compared with conventional SOFC. Numerous research
challenges remain to be addressed before a workable, con-
sumer sector becomes feasible, especially regarding the elec-
trode and electrolyte material production. Although existing
materials can meet the requirements in terms of electrochem-
ical performance, their long-term stability makes them inad-
equate for use in new devices. Future experiments must in-
creasingly focus on the long-term reliability of S-SOFCs for
the systems to be market ready. The study on electrode ma-
terials for S-SOFCs is a substantial research and develop-
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ment concern for the global energy market and processing in-
dustrial demands. Such material application with proper
studies and research will soon become feasible, because
global energy consumption is rising because of population
expansion, industrialization, and urbanization.
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