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, practical challenges, and
perspectives of intermediate temperature solid
oxide fuel cell cathodes

Amanda Ndubuisi, Sara Abouali, Kalpana Singh and Venkataraman Thangadurai *

As a highly efficient clean power generation technology, intermediate temperature (600–800 �C) solid
oxide fuel cells (IT-SOFCs) have gained much interest due to their rapid start-up and shut-down

capability, longer life-time and lower cost compared to the conventional SOFCs. However, the sluggish

oxygen reduction reaction (ORR) at the cathode at lower temperatures, chromium (Cr) poisoning of

cathodes when exposed to Cr-based interconnects, material degradation under CO2 and humid

atmospheres, and compatibility of Co-containing cathodes with existing IT-SOFC electrolytes still affect

their large-scale development. This work aims to present an overview on the latest achievements in

developing IT-SOFC cathodes based on perovskite-type and other crystal structures, and composites.

The utilisation of distribution of relaxation times for analysing the impedance spectra of SOFC cathodes

has been discussed. Furthermore, this article presents summary towards the rational design of the

cathode materials and structures, to realize cost-effective and high-performance IT-SOFCs.
Introduction

Solid oxide fuel cells are electrochemical energy conversion
devices attractive for clean generation of electricity from
a variety of fuels with high efficiency. The chemical energy of
reactants in SOFCs is directly converted into electrical energy
through the oxidation of the fuel without any intermediate step
of combustion. Thus, unlike combustion engines, this
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technology is not limited by the Carnot cycle efficiency. Due to
their high efficiency and energy densities, SOFCs have the
potential for large-scale stationary power generation. Current
SOFCs are operating at high temperatures (800–1000 �C) which
eliminates the need for expensive noble metal catalysts by
increasing the electrochemical kinetics of reactions. Waste heat
generated from high temperature SOFCs (HT-SOFCs) can be fed
into combined heat and power (CHP) systems to increase the
total efficiency of the system. Integrating SOFC units in central
heating systems of households will not only provide electricity
but heat and hot water with natural gas as fuel. Furthermore,
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employing the SOFC technology will lower carbon footprint as it
generates high quality CO2 which can be sequestered and used
as fuel in reverse mode SOFCs (electrolyser cells) to yield syngas,
suitable for zero carbon economy.

Despite the advantages of HT-SOFCs, operating at high
temperature presents signicant drawbacks which hinder their
full implementation in energy systems. These challenges
include high cost of interconnects and sealants, accelerated
degradation of the components, and subsequent degeneration
in the performance of the cell as a result of elevated working
temperatures. The state-of-the-art materials for SOFCs consist
of Ni-yttria-stabilized zirconia (YSZ) composite anodes, oxide
ion conducting YSZ electrolyte, and La1�xSrxMnO3�d (LSM)
cathode. Ni–YSZ composite anode is susceptible to redox
cycling instability, and H2S and coke poisoning.1,2 LSM is typi-
cally mixed with YSZ electrolyte in a composite to extend the
triple phase boundary which is an active site for oxygen reduc-
tion and increases the ionic conductivity.

Lowering the operating temperature of SOFCs to the inter-
mediate temperature (IT) range (600–800 �C) has been reported
to mitigate the challenges associated with HT-SOFCs thus
offering technical and economic advantages.3,4 On the other
hand, decreasing the operating temperature to intermediate
levels, will generate some other challenges towards the oxygen
reduction reaction (ORR) activity of the cathode. The reduction
of oxygen at the cathode is a thermally activated process and the
kinetics of the reaction is decelerated, leading to signicant
electrical losses and a drop in the electrochemical performance
of the cell at lower temperatures. Therefore, designing an
advanced cathode with a high catalytic activity is essential to
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enhance the electrochemical performance of the cell at inter-
mediate temperatures. Several cathode designs with novel
compositions and engineered micro/nanostructures have been
proposed. Also, advanced techniques have been used to further
shed light on the electrochemical properties of the cathode and
anode. One of these relatively new approaches is using the
distribution of relaxation times (DRT) to analyse the impedance
spectra to measure the polarization resistance of the anode and
cathode.5 Herein, we present an overview on advances in the
development of IT-SOFC cathodes, mainly focusing on the
development of novel cathode compositions and structures
based on single perovskites, double perovskites, Ruddlesden–
Popper layered perovskite-type oxides, swedenborgite-type,
garnet-type and composite cathodes. The challenges associated
with each group have been discussed and some of the proposed
solutions have been reviewed. Aerwards, a brief discussion on
the ORR mechanism has been presented and the application of
DRT for analysing the degradation mechanisms of IT-SOFC
cathodes is discussed.
Perovskite-type structure SOFC
cathodes

As an important family of oxides, perovskite-type structures
have shown great potential to be used as electrocatalysts for the
ORR in an SOFC cathode. A variety of perovskite compositions
have been developed with unique characteristics while specic
concerns have been identied for each group. Overview on the
structure, synthesis, compositions and electrocatalytic behav-
iour of perovskites along with the latest progress and strategies
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on mitigating the practical challenges of this class of complex
oxides when used as IT-SOFC cathodes is presented.
Crystal structure

The rst perovskite oxide was discovered by Gustav Rose in 1839
with a chemical composition of CaTiO3 and was named aer
Lev Aleksevich von Perovski, a Russian mineralogist.6,7 The
general formula of a perovskite can be written as ABO3, where A
and B are cations with a coordination number of 12 and 6,
respectively.8 Alkaline, alkaline-earth and rare-earth metals can
occupy larger A-sites while transition metals with smaller size
can occupy B-sites.8,9 Fig. 1a schematically shows an ideal cubic
perovskite structure, however, due to the variation of ionic
radius aer cation substitutions, structural distortion changes
the cubic lattice to tetragonal, orthorhombic, and rhombohe-
dral, as demonstrated in Fig. 1b–d.10–17 The deviation of the
lattice from an ideal cubic structure can be calculated using the
tolerance factor (t) as:

t ¼ rA þ rOffiffiffi
2

p ðrB þ rOÞ
(1)
Fig. 1 Schematic illustration of a perovskite-type (ABO3) crystal with
Copyright 2017 American Chemical Society. (c) Orthorhombic12 and (d
permission from Elsevier.

2198 | J. Mater. Chem. A, 2022, 10, 2196–2227
where rA and rB are the ionic radii of A and B cations, respec-
tively, and rO is the ionic radii of oxygen. The perfect cubic
symmetry is obtained when t¼ 1, while t < 1 and t > 1 lead to the
formation of less symmetric crystals with rhombohedral/
orthorhombic (Fig. 1b and c) and hexagonal structures
(Fig. 1d), respectively. It should be noted that the physico-
chemical properties of perovskites are highly governed by
their structure which in turn can be tuned by partial or
complete substitution of A and/or B cations.9
Synthesis methods of perovskite structures

Table 1 summarizes themost common techniques to synthesize
perovskite-type SOFC cathodes and compares their advantages
and disadvantages.14–17 The solid-state synthesis method is
a simple and mature technique, however, less homogeneity of
the composition, grain growth due to sintering at high
temperatures and lower surface area limiting their catalytic
behaviour are some of the disadvantages of this method.14–17 In
contrast, the sol–gel technique benets from a good homoge-
neity of the chemical composition, better control over grain size
and processing at lower temperatures.15–17 Another common
technique is the co-precipitation method which produces
(a) cubic, (b) rhombohedral. Reprinted with permission from ref. 11.
) hexagonal structures. Reprinted from ref. 13. Copyright 2015, with

This journal is © The Royal Society of Chemistry 2022
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Table 1 Comparison of common synthesizing techniques for perovskite-type structure cathodes14–17

Technique Advantages Disadvantages

Solid-state method Simple and scalable, mature technology High sintering temperatures and long processing times,
inhomogeneity of the composition, grain growth, lower
surface area

Sol–gel Lower annealing temperatures and uniform
morphologies

Works in a liquid phase, less-scalability, needs a soluble
salt (precursor)

Co-precipitation Uniform chemical composition with less impurity Slow rate of precipitation
Solution combustion Low-temperature process, good control over

composition and particle size, allows for higher dopant
concentration, fast rate of production

Low surface area
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single-phase perovskite oxides, but the synthesis time is longer
due to a slow precipitation rate.17 Combustion method is a cost-
effective, low-temperature technique to make perovskites with
controlled particle size and morphology and enables a higher
concentration of dopants.17–19 The selection of the synthesis
route should be based on the cost/scalability, compositional
homogeneity and particle-size/morphology requirements which
affect the catalytic behaviour of the nal product.

Perovskites for IT-SOFC cathodes: composition–structure–
property relationship

Efforts to design a high-performance IT-SOFC cathode have led to
the development of a variety of perovskites with different chemical
compositions and structures.17 Mixed ionic-electronic conductors
(MIECs) have gained an increasing interest due to their improved
ORR kinetics at IT range benetting from both ionic and elec-
tronic conduction.18 Elemental doping has been a strong tool for
tuning different properties of a perovskite material such as ORR
activity, electronic/ionic conductivity, thermal expansion coeffi-
cient (TEC), and structural stability. Moreover, surface function-
alization, designing novel electrode structures such as core–shell
structures19 and electrospun bers,20 nanostructuring of the elec-
trode,16,21–24 and composite cathodes25 are other important tech-
niques that have been used to enhance the electrochemical
performance and stability of the electrode under operational
conditions.

The A-site in a perovskite structure is occupied by larger size
cations compared to B-site cations. Lanthanide elements such
as La, Pr, Nd, Sm and Gd are common occupants of the A-site,
while common B-site cations include transition metals such as
Mn, Co, Fe, Cu and Ni.17 Single doping or co-doping at A and/or
B-sites creates a series of perovskites with different properties.
Valence and ionic radii of the dopants are two critical param-
eters to determine the conduction behaviour of the material.
With a similar valence of the dopant and lattice element, the
change of electronic conductivity is attributed to the change of
structural parameters due to the size effect.9 In the case of
aliovalent doping in the A-site, the electrical neutrality of the
system can be compensated by changing the oxidation state of
multivalent cations at B-sites or by formation of lattice oxygen
vacancies.9 A general formula of A1�xA

0
xB1�yB

0
yO3�d can be used
This journal is © The Royal Society of Chemistry 2022
to describe the chemical composition of the doped perovskite in
which d (0�1) indicates the lattice oxygen vacancies or oxygen
non-stoichiometry.18

One of the most investigated high-temperature SOFC cath-
odes is lanthanum strontium manganite (La1�xSrxMnO3�d,
LSM) where Sr2+ is doped at the La3+ site to introduce oxide ion
vacancies due to the charge compensation mechanism in the
parent structure of lanthanum manganite (LaMnO3).26,27 Sr and
other alkaline-earth elements such as Ca2+ and Ba2+ have been
commonly used for La substitution to enhance electrical
conductivity.9 However, these elements can chemically react
with CO2 and the electrolyte with increasing reactivity from Ca
to Ba.9 Several studies have investigated the effects of Sr
concentration on different properties of LSM perovskites.26–28

The x y 0.5 composition has shown a high conductivity and
high catalytic activity towards the ORR, high thermal and
microstructural stability, and good compatibility of TEC with
common SOFC electrolytes such as YSZ (TECYSZ: 10.5 � 10�6

K�1 in air at 800 �C).26,27,29 However, this composition is not an
optimum cathode candidate in IT-SOFCs due to the inferior
performance at lower operational temperature.8,26

It is known that replacing Mn with Fe (La1�xSrxFeO3�d, LSF)
or Co (La1�xSrxCoO3�d, LSC) generates oxygen vacancies that
promotes the ORR kinetics at lower temperatures.27 LSC shows
high electronic conductivity with a metallic behaviour attrib-
uted to the partially lled conduction band with delocalized
conduction electrons.30 LSF shows lower electronic conduction
compared to LSC, with the hopping mechanism of localized
electrons/holes responsible for the electronic conduction.30

While LSC compounds show much improved ionic conduction
(0.22 S cm�1)15 compared to LSM, high contents of Co increase
the TEC leading to a mismatch with conventional electrolytes.27

Moreover, the high cost of Co is another limiting factor, moti-
vating the partial or full substitution of Co with other
elements.31 One of the most investigated MIECs is the
La1�xSrxCo1�yFeyO3�d (LSCF) family30 possessing high elec-
tronic and ionic conductivity of �102 and �10�2 S cm�2 at
800 �C, respectively, and a TEC value of 14.8–21.4 � 10�6 K�1 at
500–900 �C.15,30,32–34 Different properties of the LSCF can be
tuned by changing its chemical composition.
J. Mater. Chem. A, 2022, 10, 2196–2227 | 2199
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In general, the electronic conductivity of the LSCF is more
controlled by the concentration of Fe and Co, while Sr content
has a higher impact on controlling the ionic conductivity.27

Also, it is reported that a high concentration of Sr and Co will
increase the TEC value.27 Investigations on the stability behav-
iour of the LSCF perovskites under the operational conditions
have revealed some concerns including the chemical instability
and TEC mismatch with YSZ electrolyte, surface segregation of
Fig. 2 (a) SEM image of a freshly prepared LSCF showing a dense, pinhol
the absence of Cr2O3 in air. Segregation of Co/Sr-rich particles can be obs
of Chemistry; (c) Sr surface region concentration vs. oxygen partial pres
Arrhenius plots of atomic fractions of surface Sr in pristine and coated sam
of Chemistry; (e) schematic illustration of LSM-infiltrated LSCF cathode; (
term operation; (g) Fourier-filtered image of the LSCF grain after operat
diffraction (CBED) pattern of the shell in (f) showing the loss of crystallini
Chemistry.

2200 | J. Mater. Chem. A, 2022, 10, 2196–2227
Sr and Co, and reactivity of the cathode with contaminants
including gas contaminants, i.e., water vapor, CO2 and SO2 or
volatile species coming from other cell components such as
sealants or interconnects, i.e., Cr, B and Si.17,30

The reactivity of LSCF towards YSZ leads to the formation of
secondary phases such as SrZrO3 at temperatures$800 �C.30 To
overcome the reactivity issue and to decrease the TEC
mismatch, interlayers such as Gd-doped ceria (GDC) or Sm-
e-free structure; (b) SEM image of LSCF heat treated at 800 �C, 96 h in
erved. Reproduced from ref. 47 with permission from the Royal Society
sure. Reprinted from ref. 41, with the permission of AIP Publishing; (d)
ples. Reproduced from ref. 40 with permission from the Royal Society

f) TEM image of an individual LSCF particle with LSM coating after long-
ion preserving the perovskite structure; (h) convergent beam electron
ty. Reproduced from ref. 52 with permission from the Royal Society of

This journal is © The Royal Society of Chemistry 2022
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doped ceria (SDC) with intermediate TEC values have been
used.14,30,35–37 Segregation of alkaline earth elements, mainly Sr
in LSCF materials, is a well-known phenomenon that has been
extensively studied38,39 and an example is shown in Fig. 2a and
b. The mechanism of this phenomenon has been under inves-
tigation and two major driving forces have been proposed:

(i) The electrostatic interaction between the negatively
charged Sr0La and the positively charged oxygen vacancy attracts
the Sr dopant to the surface specically when there is a high
concentration of oxygen vacancies.40–43 The effect of oxygen
partial pressure on Sr segregation behaviour has been investi-
gated by Fister et al.41 in an epitaxial La0.7Sr0.3MnO3 thin lm
conrming as shown in Fig. 2c where Sr concentration increases
on the surface when oxygen partial pressure is lower; and

(ii) Another important driving force for Sr segregation orig-
inates from the difference in Sr and La ionic size introducing
elastic forces to the structure. Hence, Sr segregation occurs to
minimize this elastic strain energy.40–42,44 Wen et al.40 studied
the effect of temperature on Sr surface concentration in
a La1�xSrxCo3�d epitaxial lm revealing a weak thermally acti-
vated Sr diffusion process following an Arrhenius law with
a small activation energy (Fig. 2d). They could effectively
suppress the Sr segregation using a ZrO2 coating (Fig. 2d)
because of the reduced surface oxygen vacancies due to the
cation exchange between Zr and Co.40

Surface segregation of Sr under SOFC operating tempera-
tures leads to the formation of insulating SrO/Sr(OH)2/SrCO3

that decreases the kinetics of oxygen surface diffusion,
increases the area specic resistance (ASR) and subsequently
increases the degradation of the cathode.30,45–49 Experimental
and theoretical studies have shown that Sr-segregation can be
remarkably suppressed via surface modications, doping
higher valence cations in the B-site,50 and doping larger
elements to generate compressive strains.30,51 In addition,
designing novel structures such as nano-architectures with the
inltration/wet impregnation technique, and core–shell struc-
tures have been proposed to enhance the performance and
decrease the degradation of the LSCF cathodes.52,53 For example,
a nanosized surface layer of LaxSr1�xMnO3�d (x ¼ 0.8 and 0.85)
has been fabricated via the inltration technique on La0.6Sr0.4-
Co0.2Fe0.8O3�d (Fig. 2e–h) leading to inhibition of Sr segregation
and enhancement of surface electrocatalytic activity.52,53

Undesirable reactions of the cathode with contaminants
(contaminant poisoning) can cause serious degradation of
SOFCs. Degradation mechanisms of cathodes have been
reviewed in previous studies54,55 and a surface functionalization
strategy has been proposed to make contaminant-tolerant LSCF
cathodes. For example, BaO inltrated La0.6Sr0.4Co0.2Fe0.8O3�d

cathode demonstrated Cr poisoning resistance due to the
formation of BaCrO4 instead of SrCrO4.56 Similarly, inltration
has been used to make the BaCeO3–La0.6Sr0.4Co0.2Fe0.8O3�d

architecture with enhanced tolerance towards S poisoning by
the formation of BaSO4 instead of SrSO4.57

In addition to LSCF perovskites, several other La-containing
compositions have been developed using A or B-site dopants
such as Ba,58,59 Cu,60–67 Ni,68,69 Mo,70 and Ca71,72 demonstrating
a range of properties summarized in Table 2. A series of
This journal is © The Royal Society of Chemistry 2022
La1�xBaxCo0.2Fe0.8O3�d (LBCF) compositions have been investi-
gated for application in IT-SOFC cathodes showing lower elec-
trical conductivities than their LSCF counterparts,58,59 with
a maximum value of 100 S cm�1 in the temperature range of RT-
1000 �C for La0.6Ba0.4Co0.2Fe0.8O3�d.58 However, the main
advantage of this family is their high resistance to Cr poisoning
and good polarization performance stability compared to
conventional LSM and LSCF cathodes.73 Cu-doped compositions
such as La0.6Sr0.4Co1�yCuyO3�d,60 La1�ySryMn1�xCuxO3�d,61,64

and LaxSr1�xFe1�yCuyO3�d
62,63,65,66,74 have been investigated.

Specically, Co-free compositions with Cu have attracted much
attention due to the decreased cost and TEC and sufficient
catalytic activity.31,62,74,75 The Co-free composition of La0.7Sr0.3-
Ti0.1Fe0.6Ni0.3O3�d was prepared using Ni and Ti as B-site
dopants demonstrating high electrical conductivity (318 S cm�1

at 700 �C), low polarization resistance and good stability in both
oxidizing and reducing environments, which are desirable for
application in symmetrical SOFCs.68 Using Ni and Fe in B-sites
and La in A-sites, TEC value decreased to 11.4 � 10�6 K�1 in
LaNi0.6Fe0.4O3 in the temperature range of 30–1000 �C and an
electrical conductivity of 580 S cm�1 at 800 �C was achieved.69

The Mo-doped composition of La0.5Sr0.5Fe0.9Mo0.1O3�d also
showed a lower TEC value of 13.2� 10�6 K�1 at 300–600 �C with
good structural stability in both oxidizing and reducing atmo-
spheres.70 The Ca-doped Sr/Co-free composition of La0.65Ca0.35-
FeO3�d has been prepared showing a high oxygen permeation
ux and electrical conductivity reaching �100 S cm�1 at 600–
800 �C.71,72

By replacing La with other lanthanides including Pr,70,74,76–79

Nd,70,74,76,79–82 Sm74,76,79,83–89 and Gd,74,76,77,79 a variety of perovskite
compositions can be generated in which the A site is occupied
partly by a Ln element together with Sr or Ca, and the B site is
occupied with transition metals such as Co, Fe, Mn, Cu and Mo.
In the lanthanide family, the ionic size decreases moving from
La to Pr, Nd, Sm and Gd leading to a lower ionicity of Ln–O
bonds.76 This change is benecial to decrease the thermal
mismatch of the cathode with common electrolytes by
decreasing the TEC of the cathode. However, the electronic
conductivity and electrochemical performance will be sacriced
(Fig. 3).70,76,81,90,91

Another important family of single perovskites for IT-SOFC
cathodes are alkaline-earth based compositions including Sr-
and/or Ba-based92–95 compounds. Several compositions based
on SrCoO3�d doped with Nb such as SrNb0.1Co0.9O3�d,96–100

SrNb0.2Co0.8O3�d
101 and A-site decient Sr0.95Nb0.1Co0.9O3�d

102)
have been investigated. These perovskites showed high elec-
trical conductivity and good phase structure stability.96,97 A
nanoscale layer of SrNb0.1Co0.9O3�d was coated on a (La0.6-
Sr0.4)0.95(Co0.2Fe0.8)O3�d cathode and demonstrated an
improved ORR activity compared to the non-coated electrode.100

Ta-doped compositions, SrCo1�xTaxO3�d, are another subgroup
in this class of perovskites.99,101,103,104 It was found that doping
small amounts of Ta (20 mol%) stabilizes the crystal structure
and enhances the ORR activity.103 These changes were attrib-
uted to the increased oxygen surface exchange originating from
the effects of Ta5+ on the oxidation states of Co ions.103 Wang
et al.104 compared different properties of a SrTa0.1Co0.9O3�d
J. Mater. Chem. A, 2022, 10, 2196–2227 | 2201
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Fig. 3 Variation of DC electrical conductivity (s) and thermal expan-
sion coefficient (TEC) in Ln0.6Sr0.4CoO3�d (Ln ¼ La, Pr, Nd, Sm and Gd)
in air. Values are extracted from ref. 70, 76, 81, 90 and 91.
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cathode with a SrNb0.1Co0.9O3�d material and proved that the
Ta-doped counterpart shows better thermal and electro-
chemical stability due to the stronger Ta–O bonds.104 In another
interesting study, a nanoscale SrTa0.1Co0.9O3�d layer was used
as the capping layer on a commercial (La0.6Sr0.4)0.95(Co0.2Fe0.8)
O3�d-GDC composite.105 This cathode showed excellent Cr-
resistant properties with a good ORR activity. SrO-free surface
of this cathode showed a much lower polarization resistance
and degradation rate compared to the uncoated cathode.105

SrCoO3�d doped with other elements such as Ti/V106,107 and Y108

has also been studied. Ti doping stabilized the crystal structure,
improved the electrical conductivity, and decreased the polari-
zation resistance106,107 while V-doped compositions showed
much lower TEC values.108

Co-free Sr-based compounds have also been investigated,
mainly based on a strontium ferrite (SrFeO3�d) composition
with dopants such as Nb,109–112 Ti,113 Zr114 and Cu115 on B-sites.15

Other Sr-based compositions such as Sr1�xCexMnO3
15,116 and

SrZr1�xNixO3 have also been investigated.15,78,117 Ba-based
compositions are another group of single perovskite cathodes.
Ba1�xSrxCo1�yFeyO3�d (BSCF) compositions have shown good
electrochemical performance at low temperatures,118 however,
they suffer from poor stability towards CO2 originating from the
susceptibility of alkaline-earth elements in reaction with CO2.119

The B-site doping strategy has been used to enhance either the
electrochemical performance or structural stability of the
perovskite using Nb,92,93 Ln,120 Ni,92 and In.95 Co-free composi-
tions have also been prepared such as
Ba1�xSrxFe1�yMoyO3�d

31,121 and Ba1�xSrxFe1�yZnyO3�d
94)

demonstrating promising performance as an IT-SOFC cathode.
Bismuth-based perovskites are novel compositions that have

been recently investigated by several researchers showing
promising performance as IT-SOFC cathodes.122–127 Replacing
Ba2+ with Bi3+ increases the structural stability at the operating
temperatures.124,126,128 Moreover, owing to its 6s lone electron
pair, Bi3+ demonstrates high polarizability, enhancing the
mobility of oxygen vacancies.124 Bismuth strontium ferrites have
been designed as a new family of Co-free perovskites with low
area-specic resistance, high oxygen ux density and improved
2204 | J. Mater. Chem. A, 2022, 10, 2196–2227
kinetics of surface exchange reactions.127 However, the reported
conductivity values are still not sufficient for an IT-SOFC
cathode. Another novel concept that has been introduced
recently is using non-metal dopants such as Si,129,130 P122,130,131

and B.130 Slater et al.132 reported the successful incorporation of
Si into the structures of SrCoO3�d and SrMnO3�d. They reported
a higher conductivity for the Si-doped perovskites due to the
transformation from a hexagonal structure into a cubic perov-
skite.132 A similar observation was reported for a phosphate/
sulfate-doped SrCoO3�d and the improvement in the conduc-
tivity was attributed to the change from a 2H- to 3C-perov-
skite.133 The latter phase was found to be metastable when
annealing at intermediate temperatures, however, co-doping
with Fe was found to improve the stability.133 The same group
reported the synthesis of a Si-doped SrFeO3�d with an enhanced
conductivity compared to the undoped structure attributed to
the change of the crystal structure from a tetragonal symmetry
to a cubic perovskite with disordered oxygen vacancies.129 They
also showed that increasing the Si level to higher than 10%
decreases the conductivity due to the blocking effect of Si on
electronic conduction pathways.129 Doping silicate, borate, and
phosphate into La0.6Sr0.4Co0.8Fe0.2O3�d and Sr0.9Y0.1CoO3�d

compositions have been reported.130 Introduction of oxide ion
vacancies by oxyanion doping was found to be responsible for the
improvement of the electronic conductivity in doped La0.6Sr0.4-
Co0.8Fe0.2O3�d material. However, in the case of Sr0.9Y0.1CoO3�d,
oxyanion doping decreased the electronic conductivity due to the
disruption of conduction pathways.130 Interestingly, oxyanion
doping of both compositions improved the stability towards CO2

and the observation was attributed to the decrease in the basicity
of the system by introduction of acidic dopants.130

Stabilization of the cubic perovskite structure has also been
observed when phosphate and borate were incorporated into
the Ba1�xSrxCo0.8Fe0.2O3�d material with a small improvement
of the electronic conductivity for low levels of dopants.134

However, borate-doped La1�xSrxMnO3�d resulted in a lower elec-
tronic conductivity in comparison with the undoped material
because of the lower concentration ofMn4+ in the doped-sample.135

P-doped Ba0.95La0.05Fe0.95P0.05O3�d resulted in an enhancement
in the electrical conductivity as well as a better electrocatalytic
activity.131 DFT studies predicted a lower formation energy of
oxygen vacancies and migration barrier by introduction of P
into the structure. Experimental results further conrmed the
DFT ndings and showed that P-doing into the Fe sites increases
the surface exchange rate and the diffusion coefficient in
a symmetrical cell leading to an improved ORR performance.131

Similar observations have been reported for a P-doped (Bi, Sr)
FeO3�d cathode.122 Table 2 summarizes the properties of
different LSCF compositions along with other perovskite-type SOFC
cathodes.15,28,59,61–72,74,76–78,80–82,84,86,92–97,99–104,106–108,122,124,125,127,129–131,136–143
Double perovskite-type structure
SOFC cathodes

Oxygen decient double perovskite oxides are gaining prom-
inent attention as oxygen electrodes in intermediate
This journal is © The Royal Society of Chemistry 2022
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temperature SOFCs due to their enhanced catalytic properties,
oxygen transport, and stability over single perovskite
oxides.144,145 Their compositional formula is generally repre-
sented by AA0BB0O5+d, where the A-site ion is a rare-earth
element, A0 is an alkali or alkaline earth metal, B and B0 are
transition metals and O is oxygen. They consist of alternating
layers of [AOd]–[BO]–[A0O]–[BO], where oxygen vacancies, d, are
majorly localised in the [AOd] planes. The concentration of
oxygen vacancies within their sublattices facilitates the rapid
diffusion of oxygen ions, giving rise to superior electrochemical
performances.
Table 3 Summary of the crystallographic parameters and room tempe
cathodes152,155–180,186

Composition Space group

Cell const

a (Å)

LaBaCo2O5+d (ref. 152) Pm�3m 3.881
LaBaCoCuO5+d (ref. 160) Pmmm 3.922
LaBaCuFeO5+d (ref. 161) Immm 5.5586
LaSrMnCoO5+d (ref. 162) Fm3m 7.6891
PrBaCo2O5+d (ref. 163) P4/mmm 3.909
PrBaCoFeO5+d (ref. 164) P4/mmm 3.9184
PrBaCo2/3Fe2/3Cu2/3O5+d (ref. 165) P4/mmm 3.904
PrBaFe2O5+d (ref. 166) Pmmm 3.928
PrBa0.5Sr0.5Co2O5+d (ref. 167) P4/mmm 7.758
PrBa0.5Sr0.5Co1.5Fe0.5O5+d (ref. 168) P4/mmm 3.871
PrBa0.5Sr0.5CoFeO5+d (ref. 168) P4/mmm 3.875
PrBa0.8Ca0.2Co1.5Fe0.5O5+d (ref. 169) P4/mmm 3.871
NdBaCo2O5+d (ref. 170) P4/mmm 3.896
NdBaCoCuO5+d (ref. 171) P4/mmm 3.920
NdBaCoFeO5+d (ref. 164) P4/mmm 3.9090
NdBaCo2/3Fe2/3Cu2/3O5+d (ref. 172) P4/mmm 3.923
NdBaCo1.6Ni0.4O5+d (ref. 173) P4/mmm 3.9022
NdBaFe2O5+d (ref. 170) Pm�3m 3.930
NdBa0.5Sr0.5CoCuO5+d (ref. 171) P4/mmm 3.871
NdBa0.5Sr0.5CoFeO5+d (ref. 168) P4/mmm 3.864
NdBa0.5Sr0.5Co2O5+d (ref. 167) P4/mmm 7.669
NdSrCo2O5+d (ref. 174) Pbnm 5.3740
SmBaCo2O5+d (ref. 175) Pmmm 3.889
SmBaCo1.6Fe0.4O5+d (ref. 175) Pmmm 3.888
SmBaCo0.5Mn1.5O5+d (ref. 176) Cmmm 7.736
SmBaCo1.6Ni0.4O5+d (ref. 173) Pmmm 0.392
SmSrCo2O5+d (ref. 177) Pbnm 5.403
YBaCo2O5+d (ref. 152) P4/mmm 3.874
YBaCo1.4Cu0.6O5+d (ref. 178) P4/mmm 11.658
YBaCo1.8Fe0.2O5+d (ref. 179) P4/mmm 3.8807
EuBaCo2O5+d (ref. 180) P4/mmm 3.882
GdBaCo2O5+d (ref. 181) Pmmm 3.876
GdBaCoCuO5+d (ref. 171) P4/mmm 3.894
GdBaCoFeO5+d (ref. 170) P4/mmm 3.903
GdBaFeNiO5+d (ref. 182) P4/mmm 3.915
GdBa0.5Sr0.5Co2O5+d (ref. 183) P4/mmm 3.8624
GdBa0.5Sr0.5CoCuO5+d (ref. 171) P4/mmm 3.866
GdBa0.5Sr0.5CoFeO5+d (ref. 183) P4/mmm 3.8710
GdBa0.5Sr0.5Co1.5Fe0.5O5+d

(ref. 183 and 184)
P4/mmm 3.8596

GdSrCo2O5+d (ref. 181) Pnma 5.373
TbBaCo2O5+d (ref. 180) P4/mmm 3.867
DyBaCo2O5+d (ref. 180 and 185) P4/mmm 3.879
HoBaCo2O5+d (ref. 186) P4/mmm 3.873

This journal is © The Royal Society of Chemistry 2022
Double perovskite crystal structure

Double perovskite oxides possess the same crystal structure as
single perovskites. Their unit cell size depends on the ordering
of the A, A0, B and/or B0 cations in the sublattices. On investi-
gating the relationship between A- and B-site cation ordering,
Knapp and Woodward observed that while A-site cation
ordering was inclined to occur in a layered manner, B-site
cation ordering usually assumes a rock salt structure.146 In the
layered structure, A and A0 cations alternately occupy the same
crystallographic site. This alternate arrangement is favoured by
a substantial difference between the ionic radii and/or charge of
rature oxygen stoichiometry of selected IT-SOFC double perovskite

ants
Oxygen contents
(5 + d)b (Å) c (Å) V (Å3)

— — 58.456 6.00
3.9360 11.7073 180.74 —
5.5550 7.8155 241.33 —
— — 454.597
— 7.638 116.8 5.64
— 7.6568 117.56 5.79
— 7.651 116.63 —
3.934 7.794 120.46 5.884
— 7.704 463.70 5.498
— 7.757 116.212 6.00
— 7.767 116.652 6.00
— 7.703 115.421 5.81
— 7.619 115.65 5.85
— 7.683 118.049 5.782
— 7.6252 116.526 5.67
— 7.696 118.5 5.44
— 7.6200 116.03 —
— — 60.70 —
— 7.664 114.851 5.789
— 7.718 115.226 6.00
— 7.685 452.0 5.235
5.4201 7.6020 221.443 6.00
7.839 7.563 230.22 5.62
7.826 7.599 231.29 —
7.799 7.692 464.07 5.98
0.389 0.758 0.116 —
5.3830 7.6264 221.788 6.00
— 7.483 112.304 5.41
— 7.546 1025.539 —
— 7.519 113.23 —
— 7.541 229.36 5.40
3.912 7.541 114.367 5.61
— 3.510 115.288 5.643
— 7.643 116.43 6.00
— 7.598 116.5 5.26
— 7.5578 112.74 —
— 7.576 113.2310 5.66
— 7.6368 114.43 —
— 7.5802 112.90 5.75

7.572 5.402 219.763 6.00
— 7.516 112.39 5.40
— 7.505 112.95 5.30
— 7.496 112.44 5.30

J. Mater. Chem. A, 2022, 10, 2196–2227 | 2205
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the elements which occupy the A and A0 sites.147 To attain the
layered structure, large atoms such as Ba are typically doped on
the A0 site such as in the REBaCo2O5+d (RE ¼ Rare Earth)
perovskites. The layered ordering of A-site cations in the
AA0B2O5+d perovskite leads to a tetragonal P4/mmm space group
symmetry (ap � ap � 2a) where the unit cell is doubled along
the c-axis.148–150 In the case of an insignicant difference in the
ionic radii, the perovskite oxide will lose the long-range
ordering between the A and A0 cations resulting in randomly
distributed A cations with a cubic structure (Pm�3m) as observed
in LaBaCo2O5+d.151,152 At a given temperature, the unit cell
volume of REBaCo2O5+d decreases with decreasing Ln3+ ionic
radius.

The double perovskite can accommodate a large concentra-
tion of vacancies in the oxygen sublattice without structural
collapse.153 This occurs as a result of the distortion of the [BO]
framework induced by the large size or charge difference
between the A and A0 cations. To attain stability and/or elec-
troneutrality, vacancies are created in the oxygen sublattice
which cause the double perovskite stoichiometry to depart from
AA0BB0O6 to an oxygen-decient double perovskite oxide,
AA0BB0O5+d where 0 < d # 1. These vacancies when ordered
create a pathway for fast oxygen diffusion. Thus, this family of
perovskite oxides provides mixed ionic and electronic conduc-
tion required for IT-SOFC cathodes. Taskin et al. discovered that
transforming Gd0.5Ba0.5MnO3�d with randomly distributed Gd
and Ba cations into a layered A site GdBaMn2O5+d substantially
enhanced the oxygen diffusivity.154 In addition to cation
ordering, oxygen vacancies directly inuence the crystal system
and lattice parameters of double perovskite oxides. Anderson
et al. reported structural transition phases in REBaCo2O6�d (RE
¼ Pr3+ (1.13 Å), Nd3+ (1.11 Å), Sm3+ (1.08 Å), Eu3+ (1.07 Å), Gd3+

(1.05 Å), Tb3+ (1.04 Å), Dy3+ (1.027 Å), Ho3+ (1.02 Å)) perovskite
oxide which corresponded with the ionic radius- and
temperature-dependent oxygen non stoichiometry summarised
in Table 3.152,155–180,186 Several studies have reported a similar
occurrence,155–159 inferring that oxygen content fundamentally
controls the structural symmetry of the LnBaCo2O5+d series.
Streule et al. suggested that structural transitions observed in
Fig. 4 (a) Temperature-dependent DC conductivity of LnBaCo2O5+d (Ln
cobalt oxidation state with temperature in air: (a) Ln ¼ La, (b) Ln ¼ Nd, (

2206 | J. Mater. Chem. A, 2022, 10, 2196–2227
double perovskites are related to the order/disorder of the
oxygen vacancies.149 When the ordering of oxygen vacancies
occurs, the unit cell along the b-axis doubles, leading to the
formation of an orthorhombic ap � 2ap � 2ap (Pmmm) struc-
ture. Thus, at certain perovskite oxide composition stoichiom-
etries, vacancy ordering is observed within the sublattice. Since
oxygen content varies with temperature, heating double perov-
skite oxide compositions to certain temperature ranges will
drive a disorder in the arrangement of oxygen vacancies.
Double perovskite IT-SOFC cathodes: composition–structure–
property relationship

Substantial efforts have been dedicated towards tuning the
physical properties of double perovskite oxide catalysts through
a systematic partial or complete substitution of the A and/or B
sites. Whereas the A-site cation substitution primarily controls
the electrochemical performance of the perovskite, B-site cation
substitutions inuence the electronic structure and catalytic
activities of the perovskite oxides as the redox reactions occur
on the B site. Studies that employ A-site cation substitution
typically dope a trivalent lanthanide element with a larger
divalent alkaline earth metal.187–189 The most common A site
doping is substituting lanthanide elements with Ba and/or Sr.
The A-site layered LnBaCo2O5+d (Ln ¼ Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Y) series has been widely investigated.151,152,155,185,190–193

This compositional family shows promising ionic transport
properties, surface exchange kinetics and high electrical
conductivities. Kim et al. reported a surface exchange rate
coefficient, k ¼ 6.5 � 10�5 cm s�1 and diffusion coefficient of
oxygen ions, D ¼ 3.6 � 10�7 cm2 s�1 at 500 �C for PrBaCo2O5+d

(PBCO)194 as compared to the widely known La0.6Sr0.4Co0.2-
Fe0.8O3�d (LSCF) cathode with k ¼ 3.3 � 10�9 cm s�1 and D ¼
1.2 � 10�10 cm2 s�1 at 500 �C.195 They also reported ionic
conductivity values of 0.056, 0.04 and 0.11 S cm�1 and total
electrical conductivities of 700, 464 and 425 S cm�1 for
LnBaCo2O5+d (Ln ¼ La, Nd, Sm) respectively at 900 �C.155 Their
results reveal that the ionic and electronic conductivities of
LnBaCo2O5+d decrease with decreasing Ln3+ size (Fig. 4a) due to
the increase in the concentration of oxygen vacancies (Fig. 4b)
¼ La, Nd, Sm, Gd, Y) samples in air. (b) Variation of oxygen content and
c) Ln ¼ Sm, (d) Ln ¼ Gd, (e) Ln ¼ Y. Reproduced with permission.152

This journal is © The Royal Society of Chemistry 2022
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and a consequent disturbance of the O2�–Co3+/Co4+–O2� elec-
tronic band overlap.152 This trend is observed in other studies
which report that while the concentration of oxygen vacancies
increases with decreasing radius of the lanthanide ions, the
total electrical conductivity and the TEC decrease down the
series from Ln ¼ La to Ho, and Y.151,196 In addition to inducing
ordering in the crystallographic arrangement of the A and A0

sites, Ba enhances the ionic conductivity of double perovskite
oxides because of its large ionic radii. Several studies have re-
ported enhanced electrical conductivity and electrochemical
performance with the substitution of Ba2+ for Sr2+ in layered
double perovskite oxides.177,197 Sr doping on Ba sites increases
the oxygen content and thus an increase in the concentration
of electronic holes. Table 4 summarises of the most
important properties of selected IT-SOFC double perovskite
cathodes.152,156–165,167,169–171,175–180,186,197,220,224,229–241

A concern with A0-site alkaline earth cations, particularly Sr
and Ba, is their preferential segregation towards the cathode
surface198–202 and their chemical instability in CO2 as they have
a high tendency to form carbonates on reaction with atmo-
spheric CO2.41–43 The challenge this phenomenon presents is
that surface enriched strontium and barium oxides are
susceptible to reaction with other gaseous contaminants such
as Cr and CO2 to form secondary phases on the electrode
surface which are electronically insulating and impede surface
oxygen exchange, consequently hampering the conductivity and
electrochemical performance of the cathodes. Segregation
originates from the minimization of elastic energy or lattice
strain caused by the size mismatch between the dopant and the
host cations, driving the smaller or larger sized dopant to free
surfaces or interfaces.203 Composition, temperature, electro-
chemical polarisation, and oxygen partial pressure have been
observed to inuence the degree of segregation of Ba and Sr to
the surface of the cathode.201,204–206 To suppress surface segre-
gation, Kwon et al.207 suggest selecting an A-site cation dopant
such as Ca which exhibits a small size difference with the host
cation. Additionally, they proposed a B-site cation with a small
ionic radius such as Co or Ni as they discovered that the B-site
ionic size is a major contributor to the segregation energetics.
Xia et al.208 reported that co-doping Ca on the Ba and Pr sites in
Pr0.9Ca0.1Ba0.8Ca0.2Co2O5+d not only reduced the segregation of
Ba to the electrode surface but reduced the material's TEC (18.5
� 10�6 K�1) and improved its electrochemical performance
(0.069 U cm2) and maximum power density (712 mW cm�2 at
800 �C) as compared with PrBaCo2O5+d with TEC, ASR and
maximum power density values of 22.4 � 10�6 K�1, 0.094 U

cm2, and 629 mW cm�2, respectively. Chen et al.209 investigated
the long-term stability of PrBa0.8Ca0.2Co2O5+d (PBCC) in a Ni–
BaZr0.1Ce0.7Y0.1Yb0.1O3 anode supported cell with SDC electro-
lyte. The cell was run at a cell voltage of 0.7 V at 700 �C with
humidied H2 (�3% H2O) as fuel and air with �1% CO2 as the
oxidant. Aer �50 h of operation, the PBCC cathode showed
stable power output with a degradation rate �1/24 of that of
state-of-the-art LSCF cathode under the same operating condi-
tions, indicating good tolerance to CO2. Anjum et al.199 observed
a substantial reduction in Ba surface segregation in nano-
structured GdBaCo2O5+d (GBCO) (�10 nm radius) as well as
2208 | J. Mater. Chem. A, 2022, 10, 2196–2227
reduced impedance in comparison with the chemically syn-
thesised bulk sized GBCO electrode. Thus, they proposed
applying nano-structuring strategies to control surface cation
segregation.

The most studied transition metals for B site substitutions
include Co, Fe, Mn, Ni and Cu. Co exhibits a characteristic high
catalytic activity making it a B site element choice for many
compositions.165 Furthermore, Co containing samples have
demonstrated higher electrical conductivity values than other
transition metal compositions. Zhang et al. describes the elec-
tronic conductivity of cobalt based double perovskite oxides to
occur via the hopping of electrons along the Co4+–O2–Co3+

bonds within the perovskite structure.190 The electronic
conductivity of perovskite oxides with Co as the only B site ion
generally depicts metallic behaviour within the temperature
range of 300–900 �C. This phenomenon is explained by the
decrease in the concentration of charge carrier accompanied by
the loss of lattice oxygen, and the low to high spin transition of
Co3+ ions with increasing temperature. Fe doping decreases the
TEC, improves oxygen diffusivity and catalytic activity, and
thermal stability.169,183,210 However, electrical conductivity
decreases with increasing Fe content. For such samples, several
factors contribute to the observed reduction in electrical
conductivity. Firstly, substituting the slightly larger Fe3+ for
Co3+ alters the orbital conguration of the valence electrons in
which the overlap between (Co,Fe)3+/4+: 3d and O2�: 2p orbitals
decreases resulting in lower electron delocalization and
a consequent impediment to electron hopping. Moreover,
because a charge compensation of Fe3+–Fe4+ preferentially
occurs over Co3+–Co4+ and a low mobility of Fe ions, the elec-
trical conductivity substantially decreases when Fe doping
exceeds its percolation limit. Fe ions have such a lower mobility
than Co ions that the reported mobility of electrical holes of
LaFeO3 is lower than that of LaCoO3 by approximately three
orders of magnitude.211 Choi et al.168 investigated the synergetic
effect of co-doping both A- and B-sites on the electrochemical
properties of PrBaCo2O5+d. Partially substituting Ba with Sr and
Co with Fe in PrBaCo2O5+d created oxygen vacancy (pore)
channels in the [PrO] and [CoO] planes that signicantly
enhanced the oxygen ion diffusion and surface oxygen exchange
resulting in a peak power density of �2.9 W cm�2 at 650 �C.
Similarly, doping Fe in PrBa0.8Ca0.2Co2O5+d improved the cata-
lytic activity of the cathode with a maximum power density of
1.89 W cm�2 at 600 �C.169 In both compositions, the stronger
Fe–O bonding strength increased the mobile oxygen species in
the Ln–O layer and thus, improved their catalytic activities. In
terms of electrochemical performance, PrBa0.5Sr0.5Co1.5Fe0.5-
O5+d and PrBa0.5Ca0.5Co1.5Fe0.5O5+d are very promising materials
for IT-SOFC cathodes as they exhibit the highest maximum
power density values.

Co containing perovskite oxides undergo chemical expan-
sion with temperature increase, thus their TECs do not match
the current IT-SOFC electrolytes. LnBaCo2O5+d perovskites have
been reported to possess TEC values in the range of 15–29 �
10�6 K�1,152 while La0.8Sr0.2Ga0.83Mg0.17O3�d (LSGM) and
Sm0.2Ce0.8O1.95 (SDC) have TEC values of 11.4 � 10�6 K�1 and
12.4 � 10�6 K�1 respectively.212,213 This large thermal expansion
This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Electron energy levels of the Low Spin (LS), Intermediate Spin (IS) and High Spin (HS) states of Co3+ with 3d6 electron configuration.225
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stems from the reduction of Co4+ ions to the larger Co3+ ions
through the loss of lattice oxygen. Additionally, the spin state
transition of Co3+ ions from low-spin Co3+(t62ge

0
g) (0.54 Å) to the

intermediate spin Co3+(t52ge
1
g) or high spin Co3+(t42ge

2
g) (0.61 Å)

state (Fig. 5) with increasing temperature strongly contributes
to the TEC mismatch of Co containing cathodes. While several
studies have attempted to develop compositions with compat-
ible TECs, it has been observed that doping Sr on the Ba sites
increases the TEC of the samples in the high temperature
region.181,214,215 Sr increases the concentration of Co3+ which
undergoes spin-state transition within the 300–900 �C temper-
ature range, hence an expansion of the lattice. Conversely,
doping the A-site with Ca has been reported to improve the TEC
of the composition.208,216,217 Unlike Sr, doping with Ca facilitates
the formation of Co4+ species which are known to exist in the
low-spin state without transitioning to a higher spin state.208

Also, introducing a small amount of Ln- and/or Ba-deciency
has also been reported to slightly reduce the TEC.163,218,219

Substituting with other transition metals on the B-site is
another strategy to reduce the TECs of cobalt based perovskites.
The effect of doping Mn, Fe, Ni, and Cu on the TEC of double
perovskites has been investigated in several
studies.170,172,173,176,183,220–222 Substitution of Fe for Co in
LnBaCo2�xFexO5+d (Ln¼ Nd and Gd) decreased their TECs from
21.5 � 10�6 and 19.9 � 10�6 K�1 to 20.0 � 10�6 and 18.8 � 10�6

K�1, respectively for x¼ 1.0 within the temperature range of 80–
900 �C.170 Thermal expansion in Fe doped perovskites is miti-
gated by the decrease in the concentration of oxygen vacancies
as a result of a stronger Fe–O bond, and the formation of Fe3+ in
place of the high spin Co3+ ions.183 Cu doped GdBaCo2O5+d and
PrBaCo2O5+d decreased from 18.3 � 10�6 and 24.1 � 10�6 K�1

to 15.1 � 10�6 and 15.2 � 10�6 K�1, respectively.223,224 Ni
substitution for Co in LnBaCo1.6Ni0.4O5+d (Ln¼ Pr, Nd, and Sm)
exhibited a lower TEC than undoped LnBaCo2O5+d (Ln¼ Pr, Nd,
and Sm) by �4%, 8%, and 13%, respectively within 30–
1000 �C.173 TEC data reported in several studies (Table 4) show
that doping Fe on Co sites reduces the TEC by a marginal
quantity while Cu or Ni introduction considerably reduces the
TEC. Co-doping Fe and Cu in GdBaCo2/3Fe2/3Ni2/3O5+d yielded
a TEC value of 14.6 � 10�6 K�1 in comparison with GdBaCo2-
O5+d (19.9 � 10�6 K�1).222

Another approach to minimize thermal expansion mismatch
with electrolytes is incorporating electrolyte powders into the
This journal is © The Royal Society of Chemistry 2022
cathode compositions to form composite electrodes. Not only
does this method decrease thermal expansion, it increases the
triple phase boundary and consequently, active sites for the ORR.
For example, SDC, which was introduced in LnBaCo2O5+d in a 25–
75 wt% composite, respectively reduced the TEC of the cathode
from 21.5� 10�6, 21.0 � 10�6, 19.1� 10�6, and 17.6 � 10�6 K�1

to 20.1� 10�6, 18.5� 10�6, 17.2� 10�6, and 16.7� 10�6 K�1 for
Ln¼ Pr, Nd, Sm, and Gd, between 30 and 1000 �C, respectively.226

Some studies have proposed the complete substitution of Co as
a strategy to decrease the TEC of cobalt based cathodes. Thus,
cobalt-free double perovskite oxides such as LaBaCuFeO5+d,
SmBaCu2O5+d, NdBaFe2�xMnxO5+d and GdBaFeNiO5+d have been
investigated as potential IT-SOFC cathodes.182,220,227,228 The TEC of
GdBaFeNiO5+d was reduced to 14.7 � 10�6 K�1 as compared to
GdBaCo2O5+d (17.6� 10�6 K�1).182 Table 4 shows summary of the
most important properties of selected IT-SOFC double perovskite
cathodes.152,156–165,167,169–171,175–180,186,197,220,224,229–241
Ruddlesden–Popper type oxides as IT-
SOFC cathodes

Ruddlesden–Popper (RP) oxides are a family of perovskite
related structures with a general formula of An+1BnO3n+1, alter-
natively written as AO(ABO3)n. Oen described as a two-
dimensional (2D) variation of three-dimensional (3D) perov-
skite oxides, their crystal structure consists of n perovskite ABO3

layers stacked between AO rock-salt layers along the c-axis in an
alternate arrangement (Fig. 6). The rst member of the RP series
A2BO4 (n ¼ 1) exhibits a K2NiF4-type tetragonal structure,
however, its ideal I4/mmm space group may transform due to
a distortion of the BO6 octahedra around the c-axis.242 2D
perovskite layers are formed through the corners shared by the
BO6 octahedra, while the AO layers are located between perov-
skite layers along the c-axis.

Layered K2NiF4-type Ln2NiO4+d (Ln ¼ La, Pr, Nd) nickelates
and cuprates have garnered interest for exhibiting high oxygen
ion diffusivity,195,243 surface exchange kinetics, sufficient elec-
trical conductivity244 and moderate thermal expansion coeffi-
cients,245–247 earning them a space amongst promising
alternative IT-SOFC cathode materials. For example, Boehm
et al. demonstrated higher oxygen bulk diffusion (D* � 4.15 �
10�7 cm2 S�1) and surface exchange coefficient (k* � 7.57 �
10�6 cm S�1) in RP Ln2NiO4+d nickelates than conventional
J. Mater. Chem. A, 2022, 10, 2196–2227 | 2209
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La0.6Sr0.4Fe0.8Co0.2O3�d (D* � 5.40 � 10�9 cm S�1, k* � 9.26 �
10�8 cm S�1) at 700 �C.248 While ABO3 oxides are generally
oxygen-decient perovskites, RP oxides can accommodate
oxygen interstitial defects in the AO layers,249 thus, their oxygen
content can be hyper-stoichiometric as well as hypo-
stoichiometric. These phenomena strongly inuence the
oxygen transport properties as oxygen ion migration can occur
via mechanisms related to oxygen vacancies or interstitials.

Like single and double perovskites, cation substitutions
inuence the ionic and electronic conductivities, surface oxygen
catalytic activity, and thermal expansion coefficients amongst
other physical properties of RP phases. In addition to doping,
the number of perovskite layers within the rock salt layers (AO)
(Fig. 6)250 regulates their physical properties.251 Generally, the
electrical conductivity of RP perovskite oxides (n ¼ 1) in air
ranges up to a few hundred S cm�1, depending on the
temperature.252,253 Despite the poor electrical conductivity
(<100 S cm�1) reported in some (n ¼ 1) RP perovskite compo-
sitions, good catalytic activities have been observed.
La1.5Pr0.5Ni0.95�xCuxAl0.05O4+d (x ¼ 0.1) exhibited a conductivity
value of �30 S cm�1 in air due to the reduction of charge carrier
concentration, however its ASR and maximum power density
were 0.04 U cm2 and 530 mW cm�2 at 800 �C, respectively.253 Its
high catalytic activity was ascribed to Cu and Al doping which
increased the oxygen vacancies, favouring the adsorption and
Fig. 6 Schematic crystal structures of n¼ 1, 2 and 3members of layered
denotation of n represents the number of stacked perovskite ABO3 laye

2210 | J. Mater. Chem. A, 2022, 10, 2196–2227
transport of oxygen ions. Higher order RP (n ¼ 2 and 3) MIEC
oxides, however, are more electrically conducting and exhibit
better electrochemical activities than the (n¼ 1) RP series due to
the higher oxygen migration barrier of RP n ¼ 1 than n ¼ 2 and
3.251,254,255 An extensive review on RP perovskite cathodes for
SOFCs has been published by Ding et al.256
Other crystal structures for IT-SOFC
cathodes

As stated in previous sections, perovskite or perovskite-related
oxides containing Co have been widely investigated as candi-
date cathode materials owing to their highmixed ion–electronic
conducting properties. However, their practical application has
been hindered due to high TEC values when compared to
conventional oxide-ion electrolytes. The resultant thermal
expansion mismatch between the cathode and electrolyte
becomes a major degradation issue during the thermal cycling
of SOFCs as it can lead to delamination and cracks in the
cathode layer. The increase in ionic radius due to the low-spin
to high-spin transition of Co3+ ions (in the octahedral-site) is
the cause of abnormally high TECs. Hence, Mn, Fe, Ni, and Cu
have been partially substituted at the Co site in order to reduce
the TEC values.4,60,257–260 These substitutions result in composi-
tions that exhibit lower TEC values but the electrochemical
structure Ruddlesden–Popper type An+1BnO3n+1 perovskite oxides. The
rs separated by a rock salt AO layer.250

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 Schematic illustration of the crystal structure of (a) YBaCo4O7. Reprinted with permission from ref. 275. Copyright 2006 American
Chemical Society. (b) Y3�xCaxFe5O12�d (Ia�3d, cubic). Reprinted with permission from ref. 276. Copyright 2020 Elsevier.
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performances also decrease when compared to parent Co-based
compositions. Hence, researchers have investigated other
crystal systems possessing matching TEC values with other cell
components.

Swedenborgite-type RBaCo4�xMxO7 (R ¼ Y, Ca, In, Lu, Yb,
Tm, Er, Ho, Dy; M¼ Co, Zn, Fe, Al, Ga) has shown potential as an
oxygen storage material at low temperatures (200–400 �C).
However, phase decomposition at elevated temperatures of 700–
800 �C has prevented their application as SOFC cathodes.261–267

Manthiram's group was the rst research group that systemati-
cally studied the effect of various dopants on the phase stability
Table 5 High temperature phase stability of selected metal oxides.269–27

Composition

Long-ter

800 �C

YBaCo4O7 (ref. 269) 7 (50 h)
YBaCo4�xZnxO7; x ¼ 0, 0.5,
1.0 # x # 2.0 (ref. 269)

—
3

3 (50 h)
YBaCo3ZnO7 (ref. 269) 3 (50 h)
YBaCo3ZnO7 (ref. 270) 3

Y0.75Ca0.25BaCo2.5Zn1.5O7+d (ref. 270) 3

Y0.5Ca0.5BaCo2.25Zn1.75O7+d (ref. 270) 3

Y0.25Ca0.75BaCo2.5Zn1.5O7+d (ref. 270) 3

CaBaCo3ZnO7+d (ref. 270) 3

Y0.5In0.5BaCo3ZnO7�d (ref. 271) 3

Y0.5In0.5BaCo2.5ZnO7�d (ref. 271) 3

Y0.5In0.5BaCo2Zn2O7�d (ref. 271) 3

InBaCo3ZnO7�d (ref. 271) 7

YBaCo3.2Ga0.8O7+d (ref. 272) 3

YBaCo3.3Ga0.7O7+d (ref. 272) 3

InBaCo3.3Ga0.7O7+d (ref. 272) 7

CaBaCo3.3Ga0.7O7+d (ref. 272) 7

Y0.9In0.1BaCo3.3Ga0.7O7+d (ref. 272) 3

Y0.5In0.5BaCo3.5Ga0.5O7+d (ref. 272) 3

Y0.7In0.3BaCo3.3Ga0.7O7+d (ref. 272) 7

In0.7Ca0.3BaCo3.3Ga0.7O7+d (ref. 272) 7

YBaCo4�xAlxO7+d (ref. 273) 7

Y0.75Tb0.25BaCo3.2Ga0.8O7+d (ref. 274) 3

a 7 ¼ not stable, 3 ¼ stable.

This journal is © The Royal Society of Chemistry 2022
and electrochemical performance of swedenborgite-type oxides
as SOFC cathodes. In the RBa(Co,M)4O7 structure, Ba2+ and R
ions adopt 12- and 6-fold oxygen coordination, respectively and
the structure consists of corner-shared (Co, M)O4 tetrahedra
(Fig. 7a). Low TEC has been attributed to the presence of
tetrahedral-site Co2+/3+ ions which do not experience spin-state
transitions at elevated temperatures as they are already in the
high spin state.264 The low anisotropic TEC along the a-axis is the
main contributor to the low bulk TECs as revealed by neutron
diffraction studies in YBaCo3ZnO7+d, Y0.9In0.1BaCo3ZnO7+d, and
Y0.9In0.1BaCo3Zn0.6Fe0.4O7+d.268 The change in Co–O bond length
4a

m stability test (120 h)

700 �C 600 �C

7 (50 h) —
— —
7

3 (50 h)
3 (50 h)
7 7

3 3

3 3

3 7

7 7

3 3

3 3

3 3

7 3

3 3

7 7

7 7

7 7

3 3

3 3

7 7

7 7

7 7

3 3
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in CoO4 polyhedra was suppressed by doping with In, Zn, and Fe
which resulted in a reduction in the anisotropic and bulk
TECs.268

The phase stabilities of RBaCo4�xMxO7 series were assessed
by long-term phase stability measurement by heating the
samples at 600, 700, 800, and 900 �C for 50–120 h, and high-
temperature X-ray diffraction (XRD) measurements. From
Table 5, it can be seen that Zn substitution increased the phase
stability at high temperatures for RBa(Co,M)4O7 (R ¼ Y, Ca,
In; M ¼ Zn, Fe, Al).269 By looking into the decomposition
products (BaCoO3�d and Co3O4) of the YBaCo4O7 sample, it was
suggested that at elevated temperatures cobalt prefers to adopt
octahedral coordination instead of tetrahedral coordination. In
both BaCoO3�d and Co3O4 decomposition products, Co is in the
octahedral coordination. As Zn2+ prefers the tetrahedral-site,
the partial substitution of Zn2+ for Co2+/3+ stabilised the
YBaCo4�xZnxO7 (x $ 1) phase with corner-shared CoO4 tetra-
hedra.269 Similar to RBaCo4�xMxO7, the high temperature phase
stability of the Y1�xCaxBaCo4�yZnyO7 system improved with
increasing Zn content, while Ca contents $0.5 deteriorated the
phase stability.270 Similar tests were also performed on the
Y0.5In0.5BaCo4�xZnxO7 (x ¼ 1, 1.5, and 2) series.271 Here, it was
seen that employing a mixture of Y and In (50% each) promotes
phase stability and overcomes the phase-decomposition prob-
lems due to the increased oxygen content and decreased lattice
size.271

In the Ga doped-YBaCo4�yGayO7+d (y ¼ 0.6–0.8) series,
YBaCo3.2Ga0.8O7+d exhibited good stability in long-term studies
suggesting the positive effect of Ga doping to reduce the
temperature range of decomposition and improving the phase
stability at 800 �C.272On the other hand, serious decomposition of
InBaCo3.3Ga0.7O7+d into Co3O4, In2O3 and CaBa–Co3.3Ga0.7O7+d

indicated again that the instability of Co3+ in the tetrahedral sites
and its preference for octahedral coordination is the cause of
phase instability.272 The Y-doped Y1�xInxBaCo3.3Ga0.7O7+d (x ¼
0.1–0.9) series also remains stable at high temperatures indi-
cating that the synergistic effect of In and Y could also maximize
the stability at a certain Ga content.272 However, Y1�xCax-
BaCo3.3Ga0.7O7+d and In1�xCaxBaCo3.3Ga0.7O7+d samples were not
stable long-term, suggesting that there is no synergistic effect of
In and Ca codopants.272 In recent studies, doping and co-doping
effects of trivalent cations (Al3+, Ga3+, and Fe3+) on the phase
stability and electrochemical performance for the ORR have been
reported.273 It was seen that Al based compositions, YBaCo4�x-
AlxO7+d showed severe decomposition above 700 �C.273 Among the
trivalent dopants in the YBa(Co, Ga, Al, and Fe)4O7+d series, the
order of dopants towards the phase stabilization capability can be
summarized as Ga3+ > Al3+ > Fe3+.273 Additional studies with the
Tb doping showed that Tb has a relatively weaker stabilization
capability compared to Y.274

However, owing to low oxygen permeation ux majority of
the studies for the ORR were performed with GDC composites.
For example, the non-composite YBaCo3ZnO7 cathode showed
an ASR of 0.15 U cm2 at 700 �C, whereas the YBaCo3ZnO7 + GDC
composite cathode showed a lower ASR of 0.06 U cm2 at
700 �C.269 Studies on various YBaCo3ZnO7 + GDC composite
cathodes with various GDC contents showed that 50 : 50 wt%
2212 | J. Mater. Chem. A, 2022, 10, 2196–2227
showed the lowest ASR values indicating that incorporation of
GDC offers an extended TPB and oxide-ion bulk diffusion and
thereby enhances the catalytic activity for the ORR.277 All the
studies showed almost similar ASR values at 700 �C for
composite cathodes (0.06–0.08 U cm2).269,274 Stability against
CO2 was also investigated for (Y,Tb)Ba(Co,Ga)4O7+d swe-
denborgite oxides,277 where it was seen that the ASRs of (Y,Tb)
Ba(Co,Ga)4O7+d–Gd-doped CeO2 (GDC) composite cathodes only
increased by�120% at 600 �C when exposed to 5% CO2 in air,277

whereas literature studies have shown that the ASR of Co-
containing perovskite oxides increases >500% when exposed
to 5% CO2 in air.277 The better CO2 tolerance was attributed to
the presence of low number of oxygen vacancies in (Y,Tb)
Ba(Co,Ga)4O7+d.277

Yttrium iron garnet, Y3Fe5O12 (YIG) nds applications in
ferrimagnetic oxide, microwave and magneto-optic
devices.278–280 Doping Y with Ca2+ increases specic oxygen
permeability (10�11 mol s�1 cm�2).281 The other advantage
associated with YIG is low TEC values (10.6 � 10�6 K�1).282

Given these advantages few studies have employed doped
garnets as SOFC cathodes. Zhong et al. showed that the Y2.5-
Ca0.5Fe5O12�d (YCFO)–Ce0.8Sm0.2O1.9 (SDC, 40 wt%) composite
electrode cathode showed an ASR of 0.55 U cm2 at 650 �C,282

where oxygen ion diffusion, oxygen dissociative adsorption, and
gas-phase diffusion were assigned as rate-limiting steps based
on equivalent circuit modeling.282 The maximum power density
(MPD) of 438mW cm�2 with SDC electrolyte (40 mm) was seen at
650 �C.282

A recent study by Zhang et al. reported the systematic effect
of Ca-doping on the electrical and electrochemical properties of
Y3�xCaxFe5O12�d (x¼ 0, 0.05, 0.1, 0.3, 0.5 and 0.7), where the x¼
0.3 member exhibited the highest oxygen non-stoichiometry (d
¼ 0.19) and X-ray absorption spectroscopy (XAS) studies
conrmed the formation of hole carriers (Fe�

Fe) as a result of Ca
doping. With an increase in Ca amount until x ¼ 0.1, the elec-
trical conductivity (1.58 S cm�1 at 750 �C) increased and then
decreased due to a decrease in the concentration of the charge
carriers. The lowest ASR of 1 U cm2 was seen for x ¼ 0.3 garnet–
LSGM composite electrode at 750 �C in air. pO2 dependent ASR
and impedance spectroscopy genetic programming (ISGP)
analysis showed that oxygen dissociation and partial reduction
of adsorbed oxygen molecule are the rate limiting steps for the
ORR.276
Composite cathodes

Juhl et al. were one of the rst researchers who correlated the
performance and structure of composite SOFC cathodes.283 At
an overvoltage of �50 mV an ASR of 0.5 U cm2 at 850 �C was
obtained for the LSM–YSZ composite cathode.283 With increase
in the thickness of the composite cathode layer, the polarisation
resistance decreased more prominently at 700 �C, indicating
that the bulk of the LSM–YSZ (60 : 40) composite layer is active
for the ORR.283 A uniform mixture of the LSM, YSZ, and pores
was recognized as the key for considerable improvement of the
composite layer which can lead to easy percolation of electrons,
This journal is © The Royal Society of Chemistry 2022
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oxide ions and gas through the layer and hence extending the
active TPB area.283

Leng et al. employed the LSCF–GDC (50–50 wt%) composite
cathode with a power density of 625 mW cm�2 at 600 �C.284 The
effect of sintering temperature showed that the best perfor-
mance at 600 �C was achieved for a sintering temperature of
975 �C.285 A high sintering temperature of 1100 �C resulted in
a large area of dense regions with less micropores which
signicantly reduced the reaction area and increased the
resistance of oxygen species diffusion along the surface of
grains.285 On the other hand, the lower temperature sintered
cathode was more porous, with a lot of macro- and micro-pores,
which led to an increase in reaction area. However, reducing the
temperature to 850 �C weakened the connection between
agglomerated particles. This increased the resistance of bulk/
surface diffusion of oxygen species including oxygen ion as
well as electron transfer through the porous cathode.285

Chen et al. prepared a novel Pr2NiO4 (PNO)–Pr0.2Ce0.8O1.9

(PCO) composite cathode through solid-state mixing and
a modied sol–gel method,286 where the PNO–PCO composite
cathode obtained by the sol–gel method exhibited better elec-
trochemical performance due to uniform particle size distribu-
tion and porosity with GDC electrolyte (ASR ¼ 0.09 U cm2 at 800
�C), and the NiO–GDC/GDC/PNO–PCO single cell yielded an
MPD of 0.57 W cm�2 at 800 �C.286 Co-doped double perovskite-
type cobaltite Pr0.9Y0.1BaCo1.8Ni0.2O6�d (PYBCN)–SDC (PYBCN–
SDC) composite exhibited an ASR value of 0.045 U cm2 at 800 �C
where the lower ASR was attributed predominantly to a large
Fig. 8 Schematic diagrams of the overall ORR at (a) the LNO–LNF catho
the cathode (c) LNO–LNF/electrolyte (BZCY) interface and (d) SDC–LNF/
from the Royal Society of Chemistry.

This journal is © The Royal Society of Chemistry 2022
concentration of O2� vacancies in the cobaltite component of the
composite.287 Jafari et al. showed an ASR at 0.008 U cm2 (750 �C)
for the La0.6Ca0.4Fe0.8Ni0.2O3�d–YSZ (LCFN–YSZ) composite.288

Zhao et al. prepared composite-cathode LSCF–GDC using the
nanoparticle of GDC impregnated to the LSCF and obtained the
lowest resistance of 0.07 U cm2 at 600 �C.289 Liu et al. performed
long term studies on the LSCF–GDC composite cathode and
showed that ASR increased from 0.38 U cm2 to 0.83 U cm2 aer
testing at 750 �C for 500 h. It was also shown that the degra-
dation rate of the LSCF conventional cathode was higher when
compared with composite-cathode LSCF–SDC.290 Xi et al.
impregnated Sm0.5Sr0.5CoO3�d (SSC) into PrBaCo2O5+d (PBC)
and obtained an ASR of 0.16 U cm2 and power density of 385
mW cm�2 at 700 �C.291 The inltrated LCFN–SDC (70 : 30)
composite cathode showed an ASR of 0.15 U cm2 at 800 �C
where the improvement was attributed to enhanced activity for
surface oxygen dissociation and diffusion processes achieved
due to the specic electrode architecture by the nano SDC
decorated on the LCFN backbone.292 A single perovskite oxide
Sm0.5Sr0.5CoO3�d (SSC) with high ORR activity was combined
with MIEC SmBaCo2O5+d (SBC) to exhibit an ASR of 0.021 U cm2

at 750 �C.293

In the eld of proton conducting SOFC cathodes, composite
cathode materials are mainly divided into proton-blocking
composite cathodes (PBCCs) and proton-conducting composite
cathodes (PCCCs).294 In PBCC, electrochemical reactions are
mainly restricted at the cathode–electrolyte interface, as disso-
ciated oxygen ions are transferred along the surface of the
de (b) SDC–LNF cathode with BZCY electrolyte, and an ORR model at
electrolyte (BZCY) interface. Reproduced from ref. 294 with permission

J. Mater. Chem. A, 2022, 10, 2196–2227 | 2213
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cathode or through the bulk of the cathode to TPBs. Whereas in
PCCCs, transport of all three charge carriers (oxygen vacancies,
electronic defects and protons) occurs simultaneously resulting
in enhanced active area for electrochemical reactions.294 Simply,
it is expected that PCCCs should exhibit better electrochemical
performance than the PBCCs owing to the presence of more
TPBs. However, some experiments show the opposite trend. As
water is generated at the cathode side, the PCCC will adsorb
more water and hence there will be a reduction in active TPBs
for the ORR; on the other hand, PBCC will show better perfor-
mance even though it has less TPBs.

When comparing two types of PBCC with BaZr0.1Ce0.7Y0.2-
O3�d (BZCY) electrolyte, La2NiO4+d–LaNi0.6Fe0.4O3�d (LNO–LNF)
showed a lower ASR of 0.103 U cm2 with an MPD of 490 mW
cm�2 at 700 �C than Sm0.2Ce0.8O2�d–LaNi0.6Fe0.4O3�d (SDC–
LNF).294 Additionally, introducing an anode functional layer
(AFL) between the anode and electrolyte increased the power
outputs to 708 mW cm�2, at 700 �C for the LNO–LNF cathode.
The LNO–LNF cathode exhibited better performance than SDC–
LNF due to its oxygen transport mechanism which occurs
through interstitial oxygen defects (Fig. 8).294 Chen et al.
generalised the percolation theory for typical H+–SOFC
composite cathodes with e�, O2� and H+ mixed conducting
properties based on the (LSCF–SDC–BZCY) composite
cathode.295 Duan et al. employed a proton-, oxygen-ion-, and
electron–hole-conducting BaCo0.4Fe0.4Zr0.1Y0.1O3�d as
a composite cathode and obtained a high power density of
455 W cm�2 for 40 wt% BCZYYb + 60 wt% NiOjBCZYYb
+1.0 wt% NiOjBCZY63 + BCFZY0.1, and 405 W cm�2 for 40 wt%
BCZYYb + 60 wt% NiOjBCZYYb +1.0 wt% NiOjBCZY63 +
BCFZY0.1 cell at 500 �C.296 Dai et al. employed a one step co-
ring process to prepare SSC–BZY and SSC–BaCe0.7Zr0.1Y0.2-
O3�d (BCZY) composite-cathode,297 where SSC–BZY showed an
ASR of 0.3U cm2 and SSC–BZCY showed an ASR of 0.58U cm2 at
650 �C.297 The lower ASR of SSC–BZY was attributed to the highly
porous microstructure, which increased the rate of gas diffu-
sion at the cathode.
Table 6 pO2 dependency of ASR revealing the process associated with

Process

Overall
Adsorption of oxygen molecules298,299

Transfer of electrons299

Ionization of atomic oxygen and CT reaction at
TPB300

Charge-transfer at TBP301

Oxygen surface diffusion of dissociative
adsorbed oxygen at the TPB
(La0.75Sr0.25)0.9MnO3–8YSZ (50 : 50)283

Oxygen surface diffusion of dissociative
adsorbed oxygen at the TPB
(La0.75Sr0.25)0.9MnO3–8YSZ (50 : 50)283

Charge transfer reaction285

O2� transfer from the TPB to the electrolyte285

2214 | J. Mater. Chem. A, 2022, 10, 2196–2227
Mechanism of the oxygen reduction
reaction (ORR)

The overall ORR can be generally expressed by an overall
equation as shown in Table 6 283,285,298–301 and Fig. 9. The ORR
consists of multielementary reactions such as adsorption of
oxygen molecule onto the surface, dissociation of the oxygen
molecule and diffusion of the adsorbed species, subsequent
reduction of adsorbed oxygen species and incorporation into
the cathode/electrolyte lattice.298 The rates of these reactions
determine the cathode's ultimate electrochemical performance.
To understand the reason behind the different electrochemical
behaviours of various compositions, understanding the rate
determining step (RDS) of the ORR is very important.

Based on the conducting mechanism and the pathways for
the ORR, cathode materials can be categorized into two groups:
(i) pure electronic conducting materials, and (ii) mixed ionic-
electronic conductors (MIECs).6,8,119,302,303 In the rst group,
aer the oxygen molecule has been adsorbed and dissociates on
the perovskite surface, it migrates to the TPBs through surface
diffusion where oxide ions form and incorporate into the elec-
trolyte by electron transfer. Fig. 10a schematically shows the
oxygen pathway in a pure electronic conductive catalyst. The
length of TPBs plays an important role in controlling the cata-
lytic activity of the electrode. In this case, a porous electrode is
required to provide more TPB sites for the ORR.6,8,302–304 The
second group consists of materials showing both electronic and
ionic conductivity towards the ORR. As a result, the adsorbed
oxygen can be transferred to the electrolyte via both surface and
bulk diffusion not limited to the TPBs as illustrated in Fig. 10b.
MIECs are particularly attractive for application in IT-SOFCs
where catalytic activity is required in the lower temperature
range.305

Each elementary step of the overall ORR occurring at the
MIEC cathodes has a specic relationship with the pO2 as
shown in Table 6.283,285,298–301 For example, the double perovskite
type Y1�xCaxBaCo2O5+d (YCBC)/LSGM/YCBC symmetrical cell
different reactions involved in the ORR283,285,298–301

n Equation

ASR ¼ ASRo(pO2)
�n

O2ðgÞ þ 4e0 þ 2V��
O#2O�

O
1 O2(g) $ O2,ads

0.39
0.28–0.36

0.24 to 0.32
0.5 O2,ads(g) $ 2Oads

0.25 Oads þ 2e0 þ V��
O$O�

O
0 OTPB

2� þ V��
O4O�

O

This journal is © The Royal Society of Chemistry 2022
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Fig. 9 Schematic representation of the variation of ASRs as a function
of pO2.

Fig. 11 Nyquist plot showing the semicircle deconvolution of simu-
lated data with different relaxation times (RC).
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showed a dependence value of 0.5 at temperatures 700 �C to
800 �C, indicating that dissociation of molecular oxygen into
atomic oxygen is the RDS at these temperatures.216 The pO2

dependence of ASR for LSM-i-ESB (LSM-inltrated ESB
(Bi0.8Er0.2)2O3) at 650 �C shows a dependence value of 0.1 for
ASRHF, and dependence of 0.7 for ASRLF.306 This indicates that
ASRLF is related to surface chemical reactions, whereas ASRHF is
related to oxygen ion transport between solid phases. In the
case of Nd0.75Sr0.25Co0.8Fe0.2O3�d (NSCF) + LSGM symmetrical
cells at low pO2 range (<0.1 atm), ASRHF showed dependence of
1, and ASRLF showed dependence of 0.24 at 700 �C. At high pO2

range (>0.1 atm), ASRHF showed dependence of 0.58; ASRLF

showed dependence of 0 at 700 �C,307 indicating that in the low
pO2 range, the charge-transfer reaction dominates the ORR,
whereas surface diffusion (of dissociative adsorbed oxygen)
dominates the ORR in the higher pO2 region.
Distribution of relaxation times

From a mechanistic point of view, the ORR involves various
subprocess where ASR values are affected by both fundamental
material properties (ionic and electronic conductivity, oxygen
surface exchange and bulk diffusion rates) and synthesis
parameters (particle size, surface morphology of the grains,
Fig. 10 Schematic of the possible pathways for the oxygen reduction
electronic conductor (MIEC).

This journal is © The Royal Society of Chemistry 2022
porosity, tortuosity, and the interface between the electrode and
electrolyte). Conventionally, the impedance data are analysed
through equivalent circuit modelling (ECM), where a viable
equivalent circuit (EC) is tted to the measurement data-
set.308–310 In ECM, known electrical analogues, such as resis-
tance, capacitance and inductance are used to build the EC,
along with more complex functions like semi-innite and
bounded diffusion (Warburg type) elements, and Gerischer
element (GE).308,311 However, deconvolution of AC impedance
data becomes difficult when processes with similar relaxation
times are present, especially in the case of the ORR which
involves several elementary reactions (Fig. 11).

Alternatively, the impedance data can be transformed into
a distribution function of relaxation times (DFRT).312–323 DFRT
shows data as peaks on a log(s) axis and each peak corresponds
to specic electrochemical process. DFRT does not involve
preconceived notions and is hence model free. By looking into
the trends of peak position and height as a function of
temperature, partial pressure and/or polarization, information
on the electrochemical processes can be easily deducted and
visualised. The DFRT, G(s), can be obtained by solving the
following expression:

ZðuÞ ¼ RN þ Rpol

ðN
�N

GðlogðsÞÞ
1þ ius

dðlogðsÞÞ (2)
reaction (ORR) in (a) pure electronic conductor and (b) mixed-ionic
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Fig. 12 (a–d) Electrochemical impedance spectra, (e) DRT plots at different temperatures for the symmetrical cell with PYBCN–SDC (70–
30 wt%) composite electrodes at different temperatures in the air. Reprinted from ref. 287. Copyright 2019, with permission from Elsevier.

Fig. 13 Electrochemical impedance spectra of (a) LBSCF and (b) NBSCF symmetrical cells under OCV conditions at different temperatures in air.
DRT analysis of ASRs for LBSCF and NBSCF cathodes at (c) 700 �C and (d) 650 �C. Reprinted from ref. 324. Copyright 2021, with permission from
Elsevier.

2216 | J. Mater. Chem. A, 2022, 10, 2196–2227 This journal is © The Royal Society of Chemistry 2022
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Fig. 14 The fitted impedance spectra of the cells under OCV conditions with (a) B9CFZY and (b) B9CFZY–BZCY cathodes. Reprinted with
permission from ref. 325. Copyright 2019, with permission from Elsevier.
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where Z(u) is the dataset, RN is the high frequency cut-off
resistance, and Rpol is the polarization resistance or overall
resistance of the dispersion. The time constant, s, is the inverse
of the frequency: s ¼ (2pf)�1 ¼ u�1.

Marshenya et al. studied the impedance data under OCV
conditions for Pr0.9Y0.1BaCo1.8Ni0.2O6�d–Ce0.8Sm0.2O1.9

(PYBCN–SDC) composite cathode through DRT (Fig. 12).287 The
Fig. 15 DRT analysis of the impedance spectrum data under OCV cond
BZCY cathodes, and the values of polarization resistance corresponding t
(d) B9CFZY–BZCY cathodes. Reprinted with permission from ref. 325. C

This journal is © The Royal Society of Chemistry 2022
DRT plot clearly showed that at lower temperature the ORR is
dominated by a single electrochemical process and with
increase in temperature, four different additional processes
appear (Fig. 12e). The additional peaks at high temperatures
were attributed to the presence of impurity phases seen in high
temperature mixtures of PYBCN–SDC powders. Although elec-
trochemical processes responsible for each peak were not
itions for the anode supported cells with (a) B9CFZY and (b) B9CFZY–
o the different peaks for the anode supported cells with (c) B9CFZY and
opyright 2019, with permission from Elsevier.
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Fig. 16 Electrochemical impedance plots for the BSCF/GDC/BSCF
symmetrical cell under OCV conditions with in situ sintered electrodes
from 900 to 600 �C at a constant pO2 of 0.21 atm: (a) impedance
spectra (ohmic losses were subtracted for clarity reasons) and (b)
corresponding DRTs. Reprinted with permission from ref. 328. Copy-
right 2017, with permission from The Electrochemical Society.

Fig. 17 Electrochemical impedance plots for the BSCF/GDC/BSCF
symmetrical cell under OCV conditions with in situ sintered electrodes
at 700 �C in the pO2 range from 0.02 to 1 atm, (a) impedance spectra
(ohmic losses were subtracted for clarity reasons) and (b) corre-
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explained, it was suggested that the impurity peaks might have
affected the electrochemical parameters of oxygen exchange
between the cathode and ambient atmosphere.

Fig. 13a and b show the impedance plots under OCV
conditions and Fig. 13c and d show the DRT plots for
symmetrical cells of LaBa0.5Sr0.5Co1.5Fe0.5O5�d (LBSCF)–GDC
and NdBa0.5Sr0.5Co1.5Fe0.5O5�d (NBSCF)–GDC composite cath-
odes at different temperatures in air.324 The authors rst tted
the impedance plot with ECM and then employed DRT to
deconvolute data to further understand individual electro-
chemical processes. The authors assigned oxygen ion charge
transfer from the electrolyte to the cathode at TPB to high
frequency (>103 Hz) peaks, surface exchange or ion transfer at
the cathode to IF (1–103 Hz) peaks, and the gas diffusion
process was attributed to LF (102–1 Hz) peaks. By analysing the
DRT plots, the authors argued that since the integral areas for
HF and IF peaks of NBSCF were smaller than those of LBSCF
(Fig. 13c and d), NBSCF possessed higher oxygen surface
exchange and diffusion ability. Although not clearly seen, the
authors mentioned that since LBSCF DRT peaks showed slightly
larger temperature dependence, LF peaks attributed to the
oxygen diffusion process were termed RDS. It is important to
2218 | J. Mater. Chem. A, 2022, 10, 2196–2227
mention that individual peaks were assigned to different elec-
trochemical processes by referencing literature studies.

Wei et al.325 employed DRT to distinguish the contributions
of different polarization processes of anode-supported button
cells with Ba0.9Co0.4Fe0.4Zr0.1Y0.1O3�d (B9CFZY) and B9CFZY–
BaZr0.1Ce0.7Y0.2O3�d (BZCY) cathodes. Fig. 14 shows the tted
impedance data of anode supported cells under OCV conditions
with B9CFZY and B9CFZY–BZCY cathodes, although ECM used
for tting the experimental data was not specied. Fig. 15 shows
the DRT plot at 700–550 �C, where at lower temperature four
peaks were seen, and at 700 �C three peaks were seen. The peaks
were labelled as P1, P1add, P2, and P3. Comparing the DRT plots
in Fig. 14a and b, it can be seen that P1 peaks were similar in
both cases and were assigned to hydrogen charge transfer in the
anode. P2 and P3 were assigned to oxide ion diffusion to TPBs
or active sites in the cathode, and oxygen gas adsorption/
dissociation, while referencing literature studies. In the
B9CFZY–BZCY cell, P2 and P3 were smaller than the corre-
sponding peaks for the cell with the B9CFZY cathode, indicating
the positive effect of adding BZCY to the B9CFZY cathode which
boosts oxygen gas adsorption, dissociation and transfer. As P3
was the major contributor to polarization resistance, the RDS
was assigned to oxygen species involved in the reaction. P1 seen
sponding DRTs. Reprinted with permission from ref. 328. Copyright
2017, with permission from The Electrochemical Society.

This journal is © The Royal Society of Chemistry 2022
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Fig. 18 DRT plots of a symmetrical STF35 electrode under OCV conditions as a function of (a) pO2 at 800 �C, (b) temperature at 0.1% O2.
Impedance spectra fitted with an ECM at (c) 800 �C and (d) 700 �C in 0.1% O2. Reprinted with permission from ref. 329. Copyright 2019, with
permission from Elsevier.
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at lower temperatures was assigned to the incorporation and
transfer of O2� in the lattice. The assignment of individual
electrochemical processes to peaks in DRT plots was based on
other studies, where impedance spectra of the cell were further
characterized and analysed as a function of anodic and cathodic
gas composition.326

Almar et al. investigated the ORR of the BSCF/GDC
symmetrical cell cathode under OCV conditions, which
exhibits fast oxygen-exchange kinetics leading to the impedance
spectra showing a semicircle for the Gerischer process instead
of the typical tear drop shape327,328 by DRT (Fig. 16 and 17). P1
showed low thermal deactivation and pO2 dependence of 0.98,
and hence was associated with molecular oxygen diffusion
within the cathode setup, the contacting gold meshes and the
porous cathode. P2 showed thermal activation and pO2 depen-
dence of 0.66 and hence was associated with the surface-
exchange reaction. P3 also showed thermal activation with
pO2 dependency of 0.09, with a capacitance of 0.05 to 0.08 F
cm�2 from 600 to 900 �C associated with interfacial capaci-
tances. Hence P3 was attributed to oxide transfer losses across
the cathode/electrolyte interface. P4 also showed thermal acti-
vation but was pO2 independent and hence was attributed to
electronic current losses between the electrode and the current
collector (gold mesh).

Mroziński et al. employed the DRT method to validate the
ECM t for Sr0.86Ti0.65Fe0.35O3 (STF35)/GDC symmetrical cells
under OCV conditions.329 Fig. 18a and b show DRT plots at
different pO2 (10%, 1%, and 0.1%), where three peaks were seen
This journal is © The Royal Society of Chemistry 2022
at HF, MF, and LFs depending on the pO2. At low pO2 (0.1%)
additional contribution at LFs was seen, and the HF peak was
ascribed to the Gerischer process.329 The temperature depen-
dent DRT plot at 0.1% oxygen content in Fig. 18b shows that LF
contribution is present at all temperatures. From these obser-
vations, ECM with the Gerischer element was proposed and the
chi-squared parameter was mostly <10�5 (Fig. 18c and d).
Fitting with different ECMs gave bad ttings along with higher
chi-squared values, where adsorption of oxygen species was
determined as RDS aer analysing the dependence of each peak
on pO2 and temperature, and calculating the activation energy
and capacitance values.329

DRT analysis of the pO2 dependence study for La0.85Sr0.15-
MnO3�d (LSM) inltrated (Bi0.8Er0.2)2O3 (ESB)/GDC symmetrical
cells under OCV conditions is shown in Fig. 19, where R1 (red)
indicates the process of ion transport, R2 (blue) indicates
surface chemical reactions, and R3 (dark yellow) indicates gas
diffusion.306 The intermediate peak R2 associated with surface
chemical reactions shows strong dependency on pO2 and its
intensity in DRT plots also shows strong correlation with pO2

and is considered the rate-limiting step. The above-mentioned
examples show that DRT analysis has been successfully
employed to deconvolute impedance plots for cases with similar
relaxation times, resulting in better understanding of individual
electrochemical processes occurring in SOFC cathodes. It was
also seen in various studies that DRT plots served as a comple-
mentary tool for ECM tting of the impedance data.
J. Mater. Chem. A, 2022, 10, 2196–2227 | 2219
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Fig. 19 Electrochemical performance of LSM-i-ESB/GDC symmetrical cells under OCV conditions. (a) pO2 dependence of impedance spectra at
650 �C, (b) DRT analysis of impedance spectra under different pO2 at 650 �C, (c) variation of ASRwith pO2 at 650 �C, (d) temperature dependence
of impedance spectra in synthetic air, (e) DRT analysis of impedance spectra for symmetrical cells calcined at 650 �C (closed symbols) and 800 �C
(open symbols), and (f) Arrhenius plot of cathode ASR. Reprinted with permission from ref. 306. Copyright 2018, with permission from American
Chemical Society.
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Summary

The evolution of IT-SOFC cathodes has undergone tremendous
progress in recent years, particularly towards designing alter-
native cathode materials that are excellent electrocatalysts,
chemically and thermally stable, compatible with IT-SOFC
electrolytes, and demonstrate improved electrochemical prop-
erties. We have discussed recent advances in the development
of IT-SOFC cathodes with respect to material developments
and interfacial engineering. LSCF, one of the most investigated
2220 | J. Mater. Chem. A, 2022, 10, 2196–2227
MIECs, has demonstrated good ionic and electronic conduc-
tivities suitable for IT-SOFC cathodes. However, under the
operating conditions, its TEC is incompatible with IT-SOFC
electrolytes, and it suffers from surface segregation of Sr and
reactivity with other contaminants in the cell. To prevent
contaminant-poisoning of LSCF, surface functionalization
routes such as inltration have been proposed. Additionally,
double perovskite oxides, especially Co-containing perovskites,
have been investigated as cathodes for IT-SOFCs and have
demonstrated higher surface exchange kinetics and diffusion
This journal is © The Royal Society of Chemistry 2022
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coefficient of oxygen ions and higher electronic conductivities
in comparison with ABO3 disordered perovskite oxides. Addi-
tionally, mixing high performing cathode materials with elec-
trolytes in a composite ratio further improves the
electrochemical performance and long-term stability of the
cathode and increases the power density of the cell. The
reduction of oxygen occurs through several intermediate reac-
tions whose kinetics are strongly inuenced by the properties
of the material, synthesis parameters and operating condi-
tions. By distinguishing the electrode processes and the cor-
responding relaxation time, DFRT/DRT can be employed to
comprehend the intricate ORR process in IT-SOFCs. For
example, the DRT analysis on the dependence of LSM-i-ESB on
pO2 suggests that pO2 is the rate-limiting step in this process.
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58 B. Gedziorowski, K. Świerczek and J. Molenda, Solid State
Ionics, 2012, 225, 437–442.

59 J. W. Stevenson, I. Armstrong, R. D. Carneim, L. I. Pederson
and W. J. Weber, J. Electrochem. Soc., 1996, 143, 2722–2729.

60 K. Yasumoto, Y. Inagaki, M. Shiono and M. Dokiya, Solid
State Ionics, 2002, 148, 545–549.

61 J. Ryu, T. Noh, Y. N. Kim and H. Lee, J. Ceram. Soc. Jpn.,
2012, 120, 594–598.

62 M. Hussain, M. Muneer, G. Abbas, I. Shakir, A. Iqbal,
M. A. Javed, M. Iqbal, Z. Ur-Rehman and R. Raza, Ceram.
Int., 2020, 46, 18208–18215.

63 Q. Zhou, L. Xu, Y. Guo, D. Jia, Y. Li and W. C. J. Wei, Int. J.
Hydrogen Energy, 2012, 37, 11963–11968.

64 T. Noh, J. Ryu, J. Kim, Y. Kim and H. Lee, J. Alloys Compd.,
2013, 557, 196–201.

65 J. Lu, Y. Yin, J. Li, L. Xu and Z. Ma, Electrochem. Commun.,
2015, 61, 18–22.

66 S. Pang, W. Wang, T. Chen, X. Shen, Y. Wang, K. Xu and
X. Xi, J. Power Sources, 2016, 326, 176–181.
2222 | J. Mater. Chem. A, 2022, 10, 2196–2227
67 F. Zurlo, E. Di Bartolomeo, A. D'Epifanio, V. Felice, I. Natali
Sora, L. Tortora and S. Licoccia, J. Power Sources, 2014, 271,
187–194.

68 M. Bilal, J. Gao, K. Shaheen, Y. Wang, M. Yasir, S. Zhang,
C. Li and C. Li, J. Power Sources, 2020, 472, 228498.

69 J. C. Lin, F. P. Ting, T. Y. Lee, S. Der Chyou and C. M. Lai,
Int. J. Hydrogen Energy, 2013, 38, 1714–1724.

70 M. Wu, H. Cai, F. Jin, N. Sun, J. Xu, L. Zhang, X. Han,
S. Wang, X. Su, W. Long, L. Wang and L. Zhang, J. Eur.
Ceram. Soc., 2021, 41, 2682–2690.

71 Y. Yamaguchi, I. Kagomiya, S. Minami and H. Shimada, J.
Power Sources, 2020, 448, 227426.

72 C. Feo, I. Kagomiya, T. Murayama, K. Tsunekawa,
K. Kakimoto and Y. Ogura, J. Eur. Ceram. Soc., 2019, 39,
1082–1092.

73 Y. Zhen, A. I. Y. Tok, F. Y. C. Boey and S. P. Jiang,
Electrochem. Solid-State Lett., 2008, 11, 42–46.

74 X. Fu, M. Liu, X. Meng, S. Lü, D. Wang, Y. Zhang, H. Liu,
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244 K. Zheng and K. Świerczek, Mater. Res. Bull., 2016, 84, 259–

266.
245 A. Aguadero, J. Alonso, M. Escudero and L. Daza, Solid State

Ionics, 2008, 179, 393–400.
246 L. M. Kolchina, N. V. Lyskov, P. P. Pestrikov, S. Y. Istomin,

G. N. Mazo and E. V. Antipov,Mater. Chem. Phys., 2015, 165,
91–96.

247 W. Wang, Y. Li, Y. Liu, Y. Tian, B. Ma, J. Li, J. Pu and B. Chi,
ACS Sustainable Chem. Eng., 2021, 9, 10913–10919.

248 E. Boehm, J. Bassat, P. Dordor, F. Mauvyy, J. Grenier and
P. Stevens, Solid State Ionics, 2005, 176, 2717–2725.

249 J. D. Jorgensen, B. Dabrowski, S. Pei, D. R. Richards and
D. G. Hinks, Phys. Rev. B: Condens. Matter Mater. Phys.,
1989, 40, 2187–2199.
J. Mater. Chem. A, 2022, 10, 2196–2227 | 2225

https://doi.org/10.1039/d1ta08475e


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 2
0 

de
ce

m
br

is
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

1.
07

.2
02

4 
05

:1
3:

09
. 

View Article Online
250 D. Lee and H. Lee, Materials, 2017, 10, 368.
251 L. Zhang, F. Yao, J. Meng, W. Zhang, H. Wang, X. Liu,

J. Meng and H. Zhang, J. Mater. Chem. A, 2019, 7, 18558–
18567.

252 L. Miao, J. Hou, Z. Gong, Z. Jin and W. Liu, Int. J. Hydrogen
Energy, 2019, 44, 7531–7537.

253 Q. Zhou, T. Zhang, C. Zhao, L. Qu, Y. He, T. Wei and
X. Tong, Mater. Res. Bull., 2020, 131, 110986.

254 S. Yoo, S. Choi, J. Shin, M. Liu and G. Kim, RSC Adv., 2012,
2, 4648.

255 G. Amow, I. Davidson and S. Skinner, Solid State Ionics,
2006, 177, 1205–1210.

256 P. Ding, W. Li, H. Zhao, C. Wu, L. Zhao, B. Dong and
S. Wang, JPhys Mater., 2021, 4, 022002.

257 E. Perry Murray, Solid State Ionics, 2002, 148, 27–34.
258 M. M. Natile, G. Eger, P. Batocchi, F. Mauvy and A. Glisenti,

Int. J. Hydrogen Energy, 2017, 42, 1724–1735.
259 M. Hrovat, Solid State Ionics, 1996, 83, 99–105.
260 E. Olsson, J. Cottom, X. Aparicio-Anglès and N. H. de

Leeuw, Phys. Chem. Chem. Phys., 2019, 21, 9407–9418.
261 M. Valldor, Solid State Sci., 2004, 6, 251–266.
262 M. Karppinen, H. Yamauchi, S. Otani, T. Fujita,

T. Motohashi, Y.-H. Huang, M. Valkeapää and H. Fjellvåg,
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Chem. Mater., 2006, 18, 490–494.

276 Z. Zhang, K. Singh, Y. Tsur, J. Zhou, J. J. Dynes and
V. Thangadurai, J. Solid State Chem., 2020, 290, 121530.

277 J.-H. Kim, Y. N. Kim, S. M. Cho, H. Wang and
A. Manthiram, Electrochim. Acta, 2010, 55, 5312–5317.
2226 | J. Mater. Chem. A, 2022, 10, 2196–2227
278 S. Geller and M. A. Gilleo, J. Phys. Chem. Solids, 1957, 3, 30–
36.

279 H. Zhao, J. Zhou, Y. Bai, Z. Gui and L. Li, J. Magn. Magn.
Mater., 2004, 280, 208–213.

280 Y. J. Wu, C. Yu, X. M. Chen and J. Li, J. Am. Ceram. Soc.,
2012, 95, 1671–1675.

281 V. V. Kharton, A. L. Shaula, E. N. Naumovich,
N. P. Vyshatko, I. P. Marozau, A. P. Viskup and
F. M. B. Marques, J. Electrochem. Soc., 2003, 150, J33.

282 W. Zhong, Y. Ling, Y. Rao, R. Peng and Y. Lu, J. Power
Sources, 2012, 213, 140–144.

283 M. Juhl, S. Primdahl, C. Manon and M. Mogensen, J. Power
Sources, 1996, 61, 173–181.

284 Y. Leng, S. Chan, S. Jiang and K. Khor, Solid State Ionics,
2004, 170, 9–15.

285 B. Philippeau, F. Mauvy, C. Nicollet, S. Fourcade and
J. C. Grenier, J. Solid State Electrochem., 2015, 19, 871–882.

286 X. Chen, J. Wang, Q. Liang, X. Sun, X. Zhu, D. Zhou and
J. Meng, Solid State Sci., 2020, 100, 106108.

287 S. N. Marshenya, B. V. Politov, D. A. Osinkin, A. Y. Suntsov,
I. A. Leonidov and V. L. Kozhevnikov, J. Alloys Compd., 2019,
779, 712–719.

288 M. Jafari, H. Salamati, M. Zhiani and E. Shahsavari, Int. J.
Hydrogen Energy, 2019, 44, 1953–1966.

289 E. Zhao, C. Ma, W. Yang, Y. Xiong, J. Li and C. Sun, Int. J.
Hydrogen Energy, 2013, 38, 6821–6829.

290 Y. Liu, F. Wang, B. Chi, J. Pu, L. Jian and S. P. Jiang, J. Alloys
Compd., 2013, 578, 37–43.

291 X. Xi, X. Chen, G. Hou, N. Xu, Q. Zhang and Z. Tao, Ceram.
Int., 2014, 40, 13753–13756.

292 X. Ding, H. Liu, Z. Gao, G. Hua, L. Wang, L. Ding and
G. Yuan, Int. J. Hydrogen Energy, 2017, 42, 24968–24977.

293 Y. Bu, S. Joo, Y. Zhang, Y. Wang, D. Meng, X. Ge and G. Kim,
J. Power Sources, 2020, 451, 227812.

294 J. Hou, J. Qian, L. Bi, Z. Gong, R. Peng and W. Liu, J. Mater.
Chem. A, 2015, 3, 2207–2215.

295 D. Chen, Q. Zhang, L. Lu, V. Periasamy, M. O. Tade and
Z. Shao, J. Power Sources, 2016, 303, 305–316.

296 C. Duan, J. Tong, M. Shang, S. Nikodemski, M. Sanders,
S. Ricote, A. Almansoori and R. OHayre, Science, 2015,
349, 1321–1326.

297 H. Dai, E. H. Da'as, S. P. Sha, H. Wang and L. Bi, J. Eur.
Ceram. Soc., 2018, 38, 2903–2908.

298 J. Kim, Solid State Ionics, 2001, 143, 379–389.
299 X. Yu, C. Sui, R. Ren, J. Qiao, W. Sun, Z. Wang and K. Sun,

ACS Appl. Energy Mater., 2020, 3, 447–455.
300 J. Wang, F. Meng, T. Xia, Z. Shi, J. Lian, C. Xu, H. Zhao,

J.-M. Bassat and J.-C. Grenier, Int. J. Hydrogen Energy,
2014, 39, 18392–18404.

301 L.-P. Sun, Q. Li, H. Zhao, J.-H. Hao, L.-H. Huo, G. Pang,
Z. Shi and S. Feng, Int. J. Hydrogen Energy, 2012, 37,
11955–11962.

302 H. Wang, M. Zhou, P. Choudhury and H. Luo, Appl. Mater.
Today, 2019, 16, 56–71.

303 G. Yang, W. Jung, S.-J. Ahn and D. Lee, Appl. Sci., 2019, 9,
1030.

304 S. B. Adler, Chem. Rev., 2004, 104, 4791–4844.
This journal is © The Royal Society of Chemistry 2022

https://doi.org/10.1039/d1ta08475e


Review Journal of Materials Chemistry A

Pu
bl

is
he

d 
on

 2
0 

de
ce

m
br

is
 2

02
1.

 D
ow

nl
oa

de
d 

on
 3

1.
07

.2
02

4 
05

:1
3:

09
. 

View Article Online
305 S. K. Burnwal, S. Bharadwaj and P. Kistaiah, J. Mol. Eng.
Mater., 2016, 4, 1630001.

306 Y.-L. Huang, A. M. Hussain, I. A. Robinson and
E. D. Wachsman, ACS Appl. Mater. Interfaces, 2018, 10,
28635–28643.

307 S. Mulmi and V. Thangadurai, Chem. Commun., 2019, 55,
3713–3716.

308 B. Boukamp, Solid State Ionics, 2004, 169, 65–73.
309 J. R. Dygas, G. Falek, H. Durakpasa and M. W. Breiter, J.

Appl. Electrochem., 1993, 23, 553–558.
310 J. Macdonald and L. Potterjr, Solid State Ionics, 1987, 24,

61–79.
311 B. A. Boukamp and A. Rolle, Solid State Ionics, 2018, 314,

103–111.
312 H. Schichlein, A. C. Müller, M. Voigts, A. Krügel and

E. Ivers-Tiffée, J. Appl. Electrochem., 2002, 32, 875–882.
313 A. Leonide, V. Sonn, A. Weber and E. Ivers-Tiffée, J.

Electrochem. Soc., 2008, 155, B36.
314 Z. Drach, S. Hershkovitz, D. Ferrero, P. Leone, A. Lanzini,

M. Santarelli and Y. Tsur, Solid State Ionics, 2016, 288,
307–310.

315 A. Oz, K. Singh, D. Gelman, V. Thangadurai and Y. Tsur, J.
Phys. Chem. C, 2018, 122, 15097–15107.

316 B. A. Boukamp, Electrochim. Acta, 2015, 154, 35–46.
317 B. A. Boukamp and A. Rolle, Solid State Ionics, 2017, 302,

12–18.
This journal is © The Royal Society of Chemistry 2022
318 V. Sonn, A. Leonide and E. Ivers-Tiffée, J. Electrochem. Soc.,
2008, 155, B675.

319 H. Sumi, T. Yamaguchi, K. Hamamoto, T. Suzuki,
Y. Fujishiro, T. Matsui and K. Eguchi, Electrochim. Acta,
2012, 67, 159–165.

320 T. Ramos, M. Søgaard and M. B. Mogensen, J. Electrochem.
Soc., 2014, 161, F434–F444.

321 M. Saccoccio, T. H. Wan, C. Chen and F. Ciucci,
Electrochim. Acta, 2014, 147, 470–482.

322 T. Hörlin, Solid State Ionics, 1998, 107, 241–253.
323 S. Hershkovitz, S. Tomer, S. Baltianski and Y. Tsur, ECS

Trans., 2019, 33, 67–73.
324 Q. Yang, D. Tian, R. Liu, H. Wu, Y. Chen, Y. Ding, X. Lu and

B. Lin, Int. J. Hydrogen Energy, 2021, 46, 5630–5641.
325 K. Wei, N. Li, Y. Wu, W. Song, X. Wang, L. Guo, M. Khan,

S. Wang, F. Zhou and Y. Ling, Ceram. Int., 2019, 45,
18583–18591.

326 N. Shi, F. Su, D. Huan, Y. Xie, J. Lin, W. Tan, R. Peng, C. Xia,
C. Chen and Y. Lu, J. Mater. Chem. A, 2017, 5, 19664–19671.

327 S. B. Adler, Solid State Ionics, 1998, 111, 125–134.
328 L. Almar, J. Szász, A. Weber and E. Ivers-Tiffée, J.

Electrochem. Soc., 2017, 164, F289–F297.
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