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Abstract: Intermediate temperature solid oxide fuel cell (SOFC) operation provides numerous advantages such
as high combined heat and power (CHP) efficiency, potentially long-term materials stability, and the use of
low-cost materials. However, due to the sluggish kinetics of the oxygen reduction reaction at intermediate
temperature, the cathode of SOFC requires an efficient and stable catalyst. Significant progress in the
development of cathode materials has been made over recent years. In this article, multiple strategies for
improving the performance of cathode materials have been extensively reviewed such as A and B site doping
of perovskites, infiltration of catalytic active materials, the use of core-shell composites, etc. Emphasis has been
given to intrinsic properties such as thermal expansion compatibility, chemical and thermal stability, and
oxygen transport number. Furthermore, to avoid any insulating phase formation at the cathode/electrolyte
interface, strategies for interfacial layer modifications have also been extensively reviewed and summarized.
Based on major technical challenges, future research directions have been proposed for efficient and stable
intermediate temperature solid oxide fuel cell (SOFC) operation.

Keywords: solid oxide fuel cell (SOFC); cathode materials; perovskites; doping; infiltration;
Core-Shell composite

1. Introduction

1.1. Background

Fossil fuels have been the prime source of electricity generation since the mid-19th century with
nuclear energy as the next major source. Electricity production from coal is the largest among fossil
fuels worldwide, for instance in Australia alone, it produced 54 % out of the total 76% of the energy
produced from coal in 2020 as shown in Figure 1 [1].
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Figure 1. Net Energy generation in 2020 by fuel type in Australia. Figure recreated from U.S Energy
Information Administration with data from the Australian Department of Industry, Innovation, and
Science [1].

Electricity production from coal emits harmful gases (COz CHs, SOz etc.) and other pollutants
which significantly contributes to global warming and cause consequential health-related issues. The
transition from fossil fuel energy to green renewable energy is the solution to improve air quality and
reduce greenhouse gas emissions. Renewable energy capacity must meet the expectation of growing
energy demand in addition to the competition of the well-established fossil fuel energy sector. A solid
oxide fuel cell (SOFC) is one of the technologies being considered for efficient power generation with
high-power generation efficiency up to 60-65% [2] and up to 80% with combined heat and power [3].

1.2. Fundamentals of SOFC

A fuel cell is an electrochemical device that generates electricity from the chemical energy of fuel
in the presence of oxygen (from air). Fuel cells have three main cell components namely cathode,
electrolyte, and anode. The schematic of the solid oxide fuel cell is represented in Figure 2.

Figure 2. Schematic representation of SOFC based on oxide ion conducting (O-SOFC) electrolyte.

The oxygen supplied to the cathode is reduced to oxide anion by capturing electron at
cathode/electrolyte interface (reaction 1). This oxygen anion then is transported through ceramic
electrolyte to react with hydrogen supplied at the anode, resulting in the release of electrons and
formation of water (reaction 2) and heat as the by-products. The electrons move through the external
circuit and produce electricity. Each cell can generate an open circuit voltage (OCV) of about 1 V.
Many cells can be stacked together to produce the required voltage / power for practical applications.

1502 (g) +2e — O (Cathode) (1)
O + Ha(g) — H20(g) + 2e-  (Anode) (2)

The overall reaction is
5 Ox(g) + Ha (g) — H20(g) 3)

2. Materials and Requirements of Different Cell Components

2.1. Anode

Anode is the fuel electrode of the cell where oxidation of the fuel takes place. Anode should have
high electronic conductivity (~100Scm™) and catalytic activity towards the oxidation of the fuels. In
addition, anode should have thermal stability and chemical compatibility with other cell components.
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The most important regions where the reaction takes place is triple phase boundary (TPB) where fuel,
electrolyte and anode come into contact.

Mixed ion electron conducting (MIEC) Ni-Yttria stabilized Zirconia (Ni/YSZ) composite is state
of the art anode material and provide extended TPB sites from the electrode / electrolyte interface to
the bulk of the electrode materials for efficient oxidation reaction of fuels. However, the major issue
with this material is its degradation [4] with time (degradation rate of up to —0.094% per hour [5] or
0.014 mVh-! [6]) due to Ni agglomeration changing Ni morphology in the matrix [7,8] and cross-
reaction with interconnects [9].

2.2. Electrolyte

In SOFC the electrolyte is a ceramic membrane sandwiched between the air electrode and fuel
electrode that conducts only ionic species through its lattice. The electrolyte is required to be dense
and should have negligible electronic conductivity. Materials with oxide ion conductivity exceeding
0.01 Sem™ and ionic transport number > 0.99 are typically used as an electrolyte in SOFC.
Traditionally SOFCs are operated at high temperatures of 800 °C-1000 °C to enable enough ionic
transport through the electrolyte. For SOFC operation (above 800 °C) the state of art oxygen ion-
conducting electrolyte material is 8-10 mol% Yttria stabilized Zirconia (YSZ) which have good
chemical stability and thermal expansion coefficient (TEC) compatibility with Ni/YSZ (anode) at
operating temperature. At cathode/electrolyte interface, YSZ react with cathode materials (LaMnQOs)
at high temperatures >900 °C [10] contributing to cell performance degradation.

The other prominent option for electrolyte include ceria-based electrolytes with high ionic
conductivity like Gd doped ceria Gd-CeO: (GDC), Sm doped ceria Sm-CeO: (SDC) and Lai-«SrxGau-
yMgyOs — (LSGM) [11]. However, thermal incompatibility with cathode due to a wide difference
between the TEC values of doped ceria electrolytes (GDC = -12.0x10-6 K-'[12] and SDC = 12.6x10-6
K1 at 800 °C [13]) and LSCF cathode material (15.6 x10-6 K-*at 700 °C [14] and 16.3 x10-6 K-! at 800 °C
[15]) needs to be addressed.

2.3. Cathode

The cathode is oxygen electrode of the cell where oxygen reduction takes place. Like the anode,
cathode material should have electrocatalytic activity, chemical compatibility with other
components, thermal stability in cell operating conditions. The high operating temperature favours
the faster oxygen reduction reaction (ORR) at the cathode which leads to achieve high power density
of fuel cells. However, faster degradation rates, expensive cell components and more stringent
requirements for sealings are the major drawbacks of high temperature cell operation. Reducing the
temperature to 500 °C - 700 °C can potentially resolve some of these issues in addition to SOFC lifetime
challenges. Some of the high and low temperature cell operation features are shown in Figure 3.

High Temperature SOFCs (HT-SOFCs) Intermediate Temperature SOFCs (IT-SOFCs)
High efficiency Conventional Operating Temperature Range Operating Temperature Range
Fast Reaction Kinetics | 800 °C — 1000 °C 500 °C - 700 °C

Thermal Stability/Durable
Cost effective

Cell Degr:

a8 d Power Output
Expensive Md

Reaction Kinetics

Figure 3. Comparison between Intermediate and High temperature SOFC.
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At low temperature cell operations, major voltage losses are mainly due to slow reaction kinetics
which leads to decrease in the performance of SOFC. In recent years, extensive R&D effort has been
devoted to developing new efficient materials for intermediate temperature cell operations. This
article not only has extensively reviewed the cathode materials but also covered and compiled in
detailed the various strategies adopted to improve the kinetics of the existing materials in addition
to future perspectives.

3. Strategies for Improvement in the Performance of Cathode Materials

3.1. Doping

Mixed ionic and electron conducting (MIEC) materials have been doped by many researchers to
improve the electrochemical properties of the cathode materials for IT-SOFCs. Main examples of
MIEC cathode material are LaSrCoFeO3-5 (LSCF), BaSrCoFeO3-5 (BSCF) and SmCo0QOs- (SSC) etc. For
solid oxide fuel cells and electrolysis applications, these materials can be used as anode and cathode
based upon their electrochemical properties and redox stability [16-18].

Co based perovskites have been the materials of choice in many fields because of having mixed
ionic and electron conductivity, thermal stability, and chemical compatibility with cell components.
However, loss of Co from the lattice due to high temperature could trigger Co reduction [19]. To
tackle physical and chemical stability issues, these perovskites have been incorporated with other
metals either at A- site [20,21], B-site [22-24], and O-site (Table 1).

Effect on Structural Stability

The doping approach has been proved beneficial due to its abridged procedures with ease to
harvest more oxygen vacancy concentrations for enhancing the oxygen flux through the material.
Resistance of some of the LSCF based doped cathodes has been reported by Jia et al. [15].The sample
doped with Bi*® showed the highest electrocatalytic performance resulting in improved ORR due to
the lone pair of electrons of Bi**. The comparatively small particle size of LBSCF (Bi-doped LSCF)
resulted in extension of three phase boundary. The La*} in Lanthanum cobalt ferities at A- site is often
substituted with cations having similar ionic radii to apprehend structural stability [25].

0.9

¥ LSCFNPd = 0.78 Q-cm?
0.8 } - Rh-LSCF = 0,204 0-cm?
¢ Pd-LSCF =0.193 Q-cm?
® LSCFM (M = Mo) = 0.149 Q-cm?
07 B LBSCF (B = Bi) = 0.132 0-cm?
A LCSCF (C = Ce) = 0.09 Q-cm?
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Figure 4. Resistance of LSCF based cathodes at 750 °C. a) Nb and Pd doped LSCF (LSCFNPd) [26], b)
Rh doped LSCF (Rh-LSCF) [27], ¢) Pd doped LSCF (Pd-LSCF) [27], d) Mo doped LSCF (LSCFM) [28],
e) Bi doped LSCF (LBSCF) [15] and f) Ce doped LSCF (LCSCF) [25]. .
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Not only the thermal mismatch between cathode materials and electrolytes [11], the phase
instability for example, phase transition from cubic to hexagonal phase in BSCF at high working
temperature can impact the oxygen ion flux. Zhu et al. ¥ reported the enhancement in the oxygen
permeability as well as the enhanced electrocatalytic performance of the BSCF by optimizing the
doping amount of the Ba in A- site of the perovskite. The study suggested the transition to hexagonal
phase is more pronounced by increasing the Ba content in A-site due to difference in ionic radii of
the Ba and Sr [29]. Weber et al. [30] reported that and Ti doping in B-site of BSCF reduced the
formation of secondary phases by up to 95%. They argued that the reason for the phase stability is
the existence of Co*? which is triggered by high valency of dopant cations. The whole process
eradicates hexagonal phase transition by controlling the CoO and other Co species, thus rendering
stability to the system [30].

Effect on Conductivity

The enhanced performance of metal cation doped perovskites is attributed to mixed valance
couple formation (Co*3/Co** or Fe?/Fe¥) and assists in the oxygen transport in cathode
microstructure. Substituting or doping the smaller valence cations (larger ionic radius cations) than
Co or Fe in the B-site leads to the increment in the lattice parameter creating higher amount of the
oxygen vacancies in the lattice structure [31]. The effect of introduced stresses in the grains on the
lattice dimensions of perovskites by doping has shown its effect on the electrical conductivity due to
altering porosity of the cathode material [32]. However it has been observed that , with the similar
grain size of perovskites with entirely different dopants the perovskite cathode material with more
charge carrier concentration always showed higher conductivity, i.e., having more mixed valence
cation concentration [24].

The larger number of vacancy formation is believed to reduce the electrical conductivity due to
hindering the oxygen transport channel along crystal lattice through these vacant spaces. There are
two theories related to the effect of the unit cell volume on the oxygen transport as some authors
reported that increase in the unit cell volume have a positive effect on the oxygen transport by
increasing the size of transport channel which facilitates the oxygen transport while others suggest
smaller unit cell volume helps in the shortening of the distance between oxygen moieties which
favours the oxygen transport [33].

Anbo et al. [20] attempted to find out the effect of the ionic radii of the rare earth metals in Ndi-
xLnxBaCo0206-5 (Ln represents La = 1.032 A°, Sm = 0.958 A°, Gd =0.938 A° as compared to Nd = 0.938
A°) on the concentration of the oxygen vacancy and crystal structure. The NdosLao1BaC020¢-> was
reported to have better electrochemical performance than other systems in terms of activation energy
E., and polarization resistance Rp with larger ionic radius. The free oxygen volume facilitates the
oxygen movement through the lattice structure by lowering the activation energy needed for oxygen
transport. The free oxygen volume Vt is calculated by the expression.

Vi=a.b. c. - 0.75m (13 (A1) + 1% (A2) + 213 (B) (6 — ) r3(O) (4)

(a,b,c represents the three lattice parameters of the system and r(A1), r(Az), r(B) and r(O) are ionic
radii of A1, A2 metal cations and oxygen anion, respectively). Although the results supported the
claims, but the high TEC value (23x10-6 K1) of NdLaBaCoO questions the thermal compatibility with
the electrolytes such as GDC and LSGM (11 - 13.2x10-¢ K-* at 800 °C [12,15]) and consequently the
durability of the system [20].

Effect on Coefficient of Thermal Expansion (TEC)

Although metal cation substitution at A- site is helpful to increase the electronic conductivity
and surface oxygen diffusivity, the TEC of the electrode material have been observed to be increased
in many cases, for example, TEC increases with La content in Pra«LaxNiossCuo.1AloosOss, (PNCA)
cathode material as reported by Zhou. Q et al. [34].

On the other hand, doping with high valence cations like Nb, Ti and Zr in B-site of the perovskite
observed to improve the thermal compatibility issues. For example, TEC of Nb doped at B-site of
BSCF is 18x10-°K-! in comparison to non-doped BSCF (21x10-¢ K-!) as reported by Huang,Y et al. [35].
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The lattice volume contraction caused by increased bond strength due to Nb *5 doping decreases the
TEC value of the system.

Another emerging strategy to address the conductivity related issues and thermal mismatch
simultaneously is O-Site substitution (refer to Table 1). This approach showed the positive impact on
oxygen diffusion coefficient and on improving thermal expansion compatibility as observed in
PrBaCo020s:+» [36].

Doping fluorine in O-Site also maintained the tetragonal phase structure (0.1<x<0.2). The
strengthening of bond between Co-F due to more electronegative and smaller ‘F’ than ‘O’ is helpful
in controlling the Co reduction at higher temperatures. The substitution of O by F reduced TEC from
24.0x10¢ K- to 20.86x107¢ K- and 16.78x10-6 K for x= 0.1 and x= 0.2, but further improvements are
still required in comparison to TEC of SDC (12.6x10-¢ K-) and YSZ (10.3x10-¢ K') at 800 °C. Similar
trend is observed in BaCoosFeosZroiYo1OssF by Wang et al. [37]. The cubic structure of
BaCoo4Fe04Zro1Y010s- F is stabilized by ‘O’ anion substitution. The more electronegative F-ion helped
in changing the lattice structure in cubic form as analysed by Raman spectroscopy. The effect of O
substitution by F seems promising approach to improve the cathode performance. Some of the
prominent cathode materials doped with various metal cation at different lattice sites are given in the
Table 1.

Table 1. Effect of dopant, doping site and optimum dopant value on performance of
Perovskite/Double perovskite.

BaosSrosCoo2F Mo Mo B - YSZ/ 800 418 11 |2
€07M00.10 3-d =(0.1 site  BaosSrosCoo2FeozMoo.1 0.0 (At - 5 2]
Os.4 (BSCFM) 35 700 hrs
(Symmetrical cell) °C in
Ho
with
3%
water
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PrBaCoe- Mo Mo B- SDC/NiO-SDC 700 0.0 339 18. 42 |2
xM0xOs+p x = = site  (Single Cell) 67 1 hrs 3]
0- 0.03

BaFeOs-» La®, La® A - SDC/BaosLaces FeOss» 700 0.0 - - - [3
Sm®* and site  (BFO) 29 8]
Gd® Zr* and (A-site Symmetrical (La
(A- = B - cell) 3 at
Site) 0.00 site  SDC/BaFeo.95Z10.0505- A-
Zr#* 5 (BFO) Site
and )
Ce* (B-site  Symmetrical 0.0
(B- cell) 20
Site) (Zr
+4
B-
Site
)
Laos- M = Bi = A - YSZ/LaosBio2SrosCoo2 750 0.1 1.002 18. 10 [1
xMxSrosCoo2Fe  Ca, 0.2  site  FeosOs(LBSCF 32 W 1 0 5]
0803 Ba& % (Symmetrical cell) m 2 hrs
Bi at
60
0

La>«xAxNii- x = Pr A- YSZ/LaisProsNiosCoo2 600 1.9 400 - - [3
yByOss (LNO)  Pr =0.5 site O (LPNCO) 5 3]
y = % and  (Symmetrical cell)
Co Co= B-
0.2  site
%
Pr>- x = La= A- LSGM/PrLaNiossCuor 700 0.0 341 14. 72 [3
xLaxNiossCuo1  La 1% site  AloosOaso 37  (at 6 hrs 4]
Alo.0sOaso (Symmetrical cell) (AS 700

R °C)
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OC)

BaosSrosCoos- y = Nb B - SDC/NiO-BaZroa 700 1.1 882 18. 70 [3
xFeo2NbxOs-» Nb = site  Ce07Y02035 4 74 hrs 5]
(BSCEND) 0.05 (Single cell)

%
Lai- x = Ced A - GDC/Pt 750 0.0 - - - [2
xCexSro4CoozF  Ce?® =0.6 site  (Single cell) 9 5]
e080s (LCSCF) %

3.2. Composites

To induce thermal compatibility between cathode and the electrolyte, the use of composite
cathodes has been observed to be a promising approach. This also helps in formation of new oxygen
ion transport channels throughout the electrodes and extend the TPB which can significantly enhance
the oxygen reduction reaction.

The layered Perovskites like SmBaSrCaCoFeOs«» (SBSCCF) with the general formula of
AA’B20s+ exhibits stacked layered structure that provides high oxygen diffusivity and O2 transport
coefficient. However, these materials suffer from high TEC due to the spin state of the transition
metal. Wang et al. [40] studied the effect of addition of electrolyte material (GDC) up to 50% in
cathode material SmBaosSro2sCa02sCoFeOs+. They observed a decrease in TEC with increasing
amount of GDC. Although the electrical conductivity of the composite material was less than the
optimum value required for a good cathode material in SOFC operation (100 S.cm™) but this
improved the power output by 75%. This is mainly expected to be due to the increase in TPB for the
reaction.

Similarly, Ferrites have also been studied with various mixed ion conducting phases as
composite cathodes. Gao et al. [41] used GDC in BiosSrosFeO 35-Ce 09Gd01O195 and reported a power
density of 709 mW.cm? with 30 wt.% of GDC. It has been observed that optimum amount of ion
conducting phase prevents the aggregation of the cathode particles and provide improved
microstructure. Most of the researchers reported the use of ion conducting phase between 30-40 wt.%
with different single/double perovskites. Doped ceria is commonly used in composites due to high
ionic conductivities as shown in Figure 5.
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Figure 5. Arrhenius plots for ionic conductivities of ceria-based oxides. Figure redrawn from [42].

Although fluorites for electrochemical reactions as a composite have been extensively used for
solid oxide fuel cell as well as electrolysis applications but there are very limited studies on their use
as single withstanding electrode due to low electronic conductivity [43].

Similarly, the composite formation between other variety of combination/composition are also
explored like LSM/SDC [44] and PrBaCoOe-5/PrBaCoTaOs (PBC/PBCT) by Antipinskaya et al. [45] . In
the latter study a composite cathode material PBC/PBCT having similar TEC demonstrated thermal
compatibility with electrolyte (SDC), while maintaining low chemical interaction.

3.3. Infiltration/Impregnation

Infiltration technique has been reported to be effective for performance improvement of cathode
materials. Conventionally, it consists of depositing thin films or nanoparticles of electrocatalytically
active cathode materials into ion conducting framework such as YSZ, 5cSZ, GDC etc. The most
attractive feature is wide range of catalytic active materials can be used in combination with MIEC
[46—48] as discussed below.

Effect of Infiltration on TPB

The oxygen ion conduction in pure ionic conductors is only along two-phase boundary (cathode
and electrolyte surface) while in mixed ionic and electronic conductors, the ORR is extended to the
whole cathode-electrolyte interface called TPB. A schematic representation of the oxide ion
conduction in MIEC and pure ionic conductors is depicted in Figure 6. The extension of the triple
phase boundary (TPB) is achieved by infiltrating ion conducting material [49]. The most frequently
used MIEC are LSCF (Sr doped Lanthanum cobalt ferrite) [50], BSCF (Sr doped Barium Cobalt
Ferrite), LSM (Sr -doped lanthanum manganite), LSC (Sr doped lanthanum cobaltite) [51] and LCN
(Lao.9sC00.4Nio60s) [52] etc. Schematic representation of infiltration is depicted in Figure 7. Doped ceria
is the material of interest because of high ionic conductivity and a good chemical and thermal
compatibility with cobaltites [53]. Doped CeO: nanoparticles on the LSCF surface can improve the
surface exchange co-efficient due to the introduction of additional oxygen vacancies. . Significant
improvement of 59% and 50% in Rp is reported when infiltrated SDC in LSCF at 650 °C and at 750 °C
as compared to parent cathode by Nie et al. [54] in LSCF-Smo.2Ce0.sO2-x.
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@ 0, (b)

Cathode

Electrolyte Electrolyte

Figure 6. Oxygen conduction path (A) Triple phase Boundary (TPB) in MIEC cathodes (B) Two phase
boundaries in non-MIEC cathodes. Figure redrawn from [55].

In addition, uniform distribution of the infiltrate can be achieved by controlling several extrinsic
factors like the wetting property of the composite backbone by using organic solvents [56]. The
epitaxy deposition of SSC nanoparticles on the LSCF-GDC composite cathode surface, can also result
in a good contact between electrolyte and LSCF-GDC composite cathode interface as reported by

Song et al. [57].
f Infiltrate

L]

a
®) ! Scaffold/Backbone

(b)

Thin film coating Discrete particle impregnation

Figure 7. Two types of infiltration: a) Solution infiltration on backbone; b) Thin film coating; c)
Discrete particle coating.

3.4. Core-Shell Composites

Core-Shell assembly is emerging as a new strategy to explore the new combination of materials.
Several groups around the world are adopting new approaches to achieve the stable and efficient
core shell cathode material. A variety of combination of the ion conducting phase as core while MIEC
as the shell and vice versa have been investigated as shown in Table 2. Lee et al. [58] reported
controlling the particle size of the SDC (50 nm) /LSCF core/shell material resulting in well distributed
MIEC phase shell (LSCF) to cover evenly the surface of the core underneath. This helps in increasing
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the electrocatalytic activity and durability of the system over multiple thermal cycles. Ai et al. [59]
used the rapid sintering treatment with thermal cycle of 20 secs to deposit the LSCF Shell on to the
LSM core to take advantage of the electrocatalytic activity of the LSCF and durability of the LSM core
with electrolyte while controlling coarsening of particles.

Table 2. Rp and power density of some of the core-shell cathodes.

Ag@SDC SDC 450 0.7 0.0562 [60]

Au@Ni GDC 500 025 0.464 [61]

Ag @ Pro2Ces0s-5 -LSCF SDC 550 0.65 - [63]

SmosSrosCo0s (SSC)@Sm0.2CeosOr1s  SDC 650 009 1.07  [65]
8 (600
°C)

LaosSro4Coo2FeosOs. SDC 650 017 057  [66]

o(LSCF)@Lao.sSr1.4Co0.2Fe0s04-5

(LSCF)

PrBaosSros5Co15FesOs+ (PBSCF)- YSZ 700 051 0.71 [67]

LazNiOso (LN)
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LaCo0Os4 (LC)@BaosSrosCoosFen203s GDC 750 0.02 0.929 [68]
(BSCF) 0
Lao.sSro2Coo.2Fe0.803-5 GDC 750 0.16 - [69]

(LSCF)@Gdo2Ce0s01.9 (GDC)

LaSrCoOu4:3(LSC) @LaosSrosCoO 35 LSGM 800 0.03 0.87 [70]

(LSC)

Using nanofibrous forms of the cathode materials with casual arrangement of MIEC and ionic
phases in Core-shell assembly also helps in modification of the microstructure and avoid aggregation
upon sintering [62]. Nanofibrous microstructures are proven durable during operation due to
uninterrupted oxygen diffusion and increment in TPB [71]. An efficient cathode with hollow
nanofiber morphology resulting in increased ORR, and thus high power density of 1.11 W.cm™2 at 550
°C has been reported to be due to virtuous oxygen diffusion [72]. Similarly, Zhang et al. [73] reported
5 times improvement in cathode polarization resistance of LSCF/CeO: nanofiber composite as
compared to bare LSCF cathode.

3.5. Interface /Interfacial Layer Modifications

There are additional intrinsic and extrinsic factors that can lead to degradation of the cathode
performance like interfacial diffusion of the metal cation into electrolyte resulting in insulating phase
layer formation at the reaction interfaces. Multiple reports on interfacial cross reaction between
cathode and electrolytes (GDC, SDC and even YSZ) at high temperatures suggest the need of
interfacial modifications.

Sr segregation on the LSCF/YSZ phase is reported by Horita et al.[74]. The formation of the Sr
segregation at LSCF/GDC/YSZ was evident from the SIMS (secondary ion mass spectrometry)
analysis, by the high peak intensity of the ¥0 at the GDC/YSZ interface. The Sr segregation was also
evident from the SEM images which showed the SrZrOs layer near GDC/YSZ interface and the results
were supported by EDS mapping. They explained two possible reasons for SrZrOs formation for the
high 80 peak intensity (i) the voltage assisted faster incorporation of ¥0O near GDC/YSZ at the
increased polarization (ii) other possibility is the hindrance of #O diffusion across the Sr segregation
layer due to lower ion diffusivity which caused the delay in transport of the 80O from GDC/YSZ area.

Two types of interdiffusion of elements in LSCF/GDC cathode electrolyte interface are reported
by Li et al. [75]. First is the mutual diffusion of elements between cathode and electrolyte. The STEM-
EDX analysis was performed which showed that the interdiffusion of the cation Sr or La, Co as well
as Fe from LSCF cathode into the electrolyte can take place across interface. From the comparison of
the ionic radii of the cations and their diffusion length or distance from interface, the mutual
interdiffusion was suggested as preferable diffusion mechanism. This mutual diffusion can extend
up to 200 nm in diameter from interface.

The second type of diffusion is around the grain boundaries as it is believed that grain
boundaries give the pathways for the segregation of the cations. The presence of the La and other A-
site cations near grain boundary having similarity between ionic radii of the elements on the two
sides made them diffuse around grain boundaries.
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The other factor that dictates the resistance at the interface between cathode and electrolyte is
the effect of sintering temperature on the microstructure. The higher sintering temperature results in
the grain agglomeration leading to coarsening of the particles while lower sintering temperature
cause the incomplete or poor connection, both the scenario contributes to the increased resistance of
cathode/interlayer.

Jang et al. [76] thoroughly investigated the performance efficiency of the bilayer system
LSCF/GDC/YSZ interface as a function of sintering temperature. They reported the increased
performance of the nanoweb structured LSCF cathode deposited on the electrolyte with GDC barrier
layer. Impurities segregation takes place towards the cathode/electrolyte interface above the
optimum sintering temperature range (1250°C), while splitting/ruptures in the deposited GDC layer
sintered is reported when at lower temperatures. In this comprehensive study of effect sintering
temperature on morphology of the cathode material, the main area of concern was the GDC/YSZ
interfacial layer where the Ce-Zr layer deposition caused the increased polarization resistance. But,
further work is required regarding the changes to TPB and explanation of the oxygen ion transport.

The interlayer can prevent the formation of the resistive phases for achieving high power
density. Park et al. [77] applied the interlayer of GDC at the LSCF/GDC interface. By optimizing the
heat treatment during calcination, they were able to suppress the formation of the secondary
insulating phases with Sr or Zr. However, thickness of the interlayer can increase the ionic transport
resistance and therefore increase in the overall resistance of the cell.

Importantly, substantial modification to the interface can be done by depositing catalyst
interfacial layer between cathode and electrolyte. The infiltrated catalyst interfacial layer must meet
certain performance criteria for example, it should be chemically stable and have a thermal expansion
compatibility between cathode and electrolyte.

4. Modifications to Cathode to Mitigate Carbon Dioxide (CO2) and Humidity Effect

The presence of CO2 and humidity in reactant gas (Air, oxygen) can significantly affect the
performance of the cells. For example, CO: adsorption competes with Oz adsorption on the active
sites of the cathode and thus hindering ORR at the cathode. Notably , mechanism of the CO:
adsorption depends upon the nature of the cathode material and configuration for example, the effect
of the CO2 exposure on the ORR in pure electronic conducting materials like LSM (where ORR is
confined to the TPB) is different from the MIEC cathode material (where ORR takes place over the
entire cathode rather than only at TPB).

Another important factor effecting the response of the cathode material towards CO: exposure
is the working temperature of the cell. The temperature dependent response towards the CO:
exposure in pure electronic conducting cathode material and in MIEC cathode materials is different
due to the difference in the chemical composition, microstructure as well as the catalytic nature [78].
Enhanced CO: tolerance of different cathode materials is studied by exploring various strategies.
Almar et al. [79] reported that using acidic 10% Y** doping showed an improvement not only in ORR
but also the resistivity of BSCF in CO:atmosphere which according to Lewis acid base theory is less
likely to be affected by acidic nature of COs.

The improved bond energy of metal-oxygen by substitution of Cobalt with certain metals,
stabilizes the chemical structure thus decreasing the chemical adsorption of CO2. Alkaline earth metal
(Sr, Ba) containing cathode materials have been reported to form carbonates in CO: containing
environment that rapidly degrades the cathode material for ORR Hu et al. [80] reported improvement
and stability of antimony (Sb) doped strontium cobalt oxide (SrCoOs-s) in 10% CO2/air atmosphere
due to increased metal to oxygen bond energy. Doping 18.75% Sb shows lower affinity to carbonates
as compared to lower content of Sb doping in SrCoQO:s-s.

Similarly, cell operating in humid air can affect the cathode performance. Like CO, it is believed
that water vapours undergo a competitive adsorption for active sites and thus hinder ORR. Huang
et al. [81] reported severe oxygen partial pressure dependent effect of humidity, on HT-SOFC LSM
cathode material as compared to IT- SOFC cathode material - LSC [81] with more hostile effect at
lower temperature than high temperature [82]. This is evident from Figure 8 showing the more
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pronounced effect of humidity and even CO: on stability of LSCF cathode material at lower
temperature 600 °C as compared to 750 °C under same operating conditions [82]. This suggests the
interaction of these cathode material with humidity is dictated by the material chemistry along with

external factors.

1.2
LSCF shows more stability towards humidity and CO, at high temperature
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Figure 8. LSCF Stability behaviour at low (600 °C) and high (700 °C) temperature in CO2 and humidity
exposure test. Figure redrawn from [82].

LSCF:GDC composite showing more tolerance to humidity has been reported in the literature
even at high vapour content as compared to LSM:YSZ [83]. LSM:YSZ composite showed reversible
performance in dry air. Interestingly OCV was considerably stable suggesting that humidity response
under voltage is totally reflected by polarization resistance. The possible explanation of the LSM:YSZ
composite ORR degradation is the Sr segregation and surface morphology change. [84]. U.S
department of energy reported in a project some of the fundamental concepts for difference in
mechanism of Sr segregation between LSM:YSZ and LSCF:GDC. They stated the Sr segregation is
directly dependent on Sr-content along with Mn and La segregation that is also reported at interface
towards YSZ. According to Chen et al. [85] ORR at TPB is also affected by humidity due to MnOx
insulating phase formation which engorged towards the interface over time (Figure 9).
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Figure 9. a) TEM image of the original TPB region and the LSM/YSZ interface in the fresh cell. b) TEM
image of the active layer of cell operated for 120 h. The interfacial defects initiate from the original
TPBs, while the LSM/YSZ interface and YSZ/YSZ grain boundaries initially remain intact. c) An
enlarged TPB region in b showing the cracking at the LSM/YSZ interface is associated with the nano
precipitates. d) An enlarged TPB region in b showing the precipitates have an epitaxial orientation
with the YSZ grains and showing an amorphous layer at the LSM/YSZ interface. Figure used from
[85] with permission.

In case of LSCF, H20 molecules chemically bound to Co, thus filling the lattice vacancies, and
hindering oxygen transport. Co (cobalt) and Fe (Iron) percentage content are seemed to be interfering
with degree of lattice expansion/contraction with higher percentage iron containing LSCF lattice
showing more expansion with humidity [86].

Similarly, a comparative study of electrochemical performance and Cr poisoning in humid
conditions between LSM:YSZ and LSF:GDC composite was carried out by Wang et al. [87]. The
results suggested that LSF:GDC composite is less affected in humid air comparatively, and even
showed improved electrochemical performance because of the presence of H2O molecules in ambient
environment. Nanocrystals of Sr accumulation on the surface in presence of humid air was reported
in LSC (LasoSr40C0oOs-5) by Egger et al. [88] who studied the dominant effect of microstructure and
synthesis method in offering the protection against humidity to LSC material. The LSC infiltrated on
GDC scaffolds with larger surface area and optimum pore content in microstructure was reported
helpful in providing stability in humid air. Thus, approaches like doping with metals which are
believed to increase the stability of the cathode material are tested for increasing the stability in humid
conditions [89]. Good adhesion between cathode and electrolyte is also reported to decrease the
humidity adverse effect on cathode than unimproved interface [90]. The composite formation in core
shell assembly by introducing protective layer is reported to have improved humidity tolerance of
different cathode material for IT-SOFC.
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5. Conclusion

Perovskites are the material of choice for cathode at intermediate temperature SOFC operation.
The unique electrical characteristics offered by the two metals in the crystal lattice, provide a
substantial scope for R&D towards optimisation of the cathode properties. The possibility of vast
variety of dopants at A- site and/or B-site can offer improved electrical conductivity due to mixed
valence cation formation (M*/M** or M*/M*). Dopants such as rare earth metals, alkaline earth
metals and transition metals of stable oxidation states and similar ionic radius have been explored as
a substitution in perovskites particularly, iron containing perovskites. In addition to improvement in
electronic conductivity, secondary phase formation and stability can also be tailored by such
substitutions. Interestingly, non-metallic substitution at O-site has also been demonstrated and
shown improved electrical conductivity and TEC simultaneously. However, this strategy has not
been widely explored.

The cathode characteristics improved by doping does not meet all the requirements for a good
cathode material in terms of the thermal compatibility with electrolyte and conductivities. On the
other hand, composite formation between the cathode material such as cobaltites, manganite or ceria-
based cathode materials and the electrolyte material (doped ceria or doped zirconia) results in
improvement in TEC compatibility as well as in the extension of TPB. However, co-sintering of the
constituent phases often results in the insulating phase formation or agglomeration along the grain
boundary in the extended active area (TPB) resulting in the degradation of the performance.
Optimization of sintering temperature, doping levels could help in the improved performance while
controlling the growth of secondary phases.

Non-uniform infiltration can also disrupt the oxygen conduction path which can significantly
affect the performance of SOFC. The interfacial modification by smearing barrier layers of micro/nm
range through different advanced techniques can control the cross diffusion across the interfaces.
This review suggests that role of ionic barrier layers on ORR mechanism and kinetics is still not clear
suggesting the direction of the future research in this field.
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Abbreviation

SOFC Solid Oxide Fuel Cell

HT-SOFC High-Temperature solid oxide fuel cell
IT-SOFC Intermediate Temperature solid oxide fuel cell
SOEC Solid oxide electrolysis cell

PEMFC Polymer electrolyte membrane fuel cell
ORR Oxygen reduction reaction

TPB Triple phase boundary

NOx Oxides of nitrogen

SOx Oxides of Sulphur

DES Distributed Energy system

BOP Balance of plant

NG Natural gas

ocv Open circuit voltage

ABOs A general formula for Perovskites

MIEC Mixed ionic and electronic conductor
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Ni-YSZ Nickle-Yttrium stabilized zirconia
YSZ Yttrium stabilized zirconia
ScSZ Scandium stabilized zirconia
GDC Gadolinium doped ceria
SDC Samarium doped ceria
LSGM Strontium magnesium doped Lanthanum gallate
LSM Lanthanum strontium manganite
LSCF Lanthanum (La) Strontium (Sr) Cobalt (Co) ferrite
BSCF Barium (Ba) Strontium (Sr) Cobalt (Co) ferrite
SSC Samarium (Sm) doped Strontium (Sr) cobalt oxide
R&D Research and development
ASR Area-specific resistance
TGA Thermal Gravitational Analysis
SEM Scanning Electron Microscope
SIMS Secondary Ion Mass Spectroscopy
EDS Energy Dispersive Spectroscopy

Symbols

0 Oxygen non-stoichiometry

K1 Per Kelvin

S.cm™ Siemens per centimetre

Vi Free oxygen volume

D* Electronic conductivity

Rp Cathode Polarization/resistance

Rohm Electrolyte polarization/resistance

Ea Activation energy

R Ionic radius

Lattice parameters of the cubic system along with three

a,b,c
the dimensions
Q.cm? Ohms centimetre square
W.cm™2 Watt per centimetre square
mW.cm™2 Milliwatt per centimetre square
Ln Rare earth metals
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