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As a consequence of the depletion of fossil fuels and an increasing population, the global energy crisis
has driven researchers to explore innovative energy storage and conversion (ESC) devices, such as fuel
cells, electrolyzers and chemical looping systems. In order to enhance the energy conversion efficiency
of these electrochemical devices, high performance and stable electrocatalysts are essential to
accelerate the sluggish electrochemical kinetics, e.g. oxygen reduction reaction (ORR), oxygen
evolution reaction (OER), hydrogen evolution reaction (HER) and redox reaction. In recent years, as
cost-effective and high-efficient catalysts, perovskite oxides have attracted much attention. In
addition, the potential of perovskite electrocatalysts may be further boosted due to their flexible
composition and tunable electronic structures. This review provides the readers with a comprehensive
understanding and updated information of improvements towards the electrocatalytic performances
of perovskite oxides. It will focus on research papers regarding low to intermediate temperature
electrochemical devices, e.g., water splitting, fuel cells, chemical looping technology and three-way
catalysis (TWC) published over the last five years. Various design strategies for optimizing the
conductivity and catalytic activity of perovskite are discussed in detail. In the end, this review discusses
challenges for the future researches in regard to perovskite based electrocatalysts.
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Introduction
According to the latest report, the world primary energy demand
will achieve approximately 696 EJ by 2050, while the data was
just 540 EJ in 2010 [1,2]. Meanwhile, CO2 emissions from energy
use will substantially grow to 35 Gt. Therefore, our society will
not only need new energy technologies to fulfill the requirement
of energy demand, but also control the greenhouse gas emis-
sions. Low-cost and efficient electrochemical energy storage
and conversion (ESC) technologies, such as electrolytic cells,
regenerative fuel cells and chemical looping technology, hold
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promise for future energy supplements [3–12]. An electrolytic
cell is an important device that produces renewable and sustain-
able fuel, e.g. hydrogen and methanol, for industrial production
as well as for human society [9,13,14]. Furthermore, fuel cells can
convert these clean fuels to electricity, with higher efficiencies
than conventional power plants [15–18]. Chemical looping tech-
nology is a promising approach that could offer a route to con-
vert fossil fuels to electricity whilst simultaneously trapping
carbon dioxide without significant efficiency or cost penalties
[19]. However, the hysteretic kinetics in pivotally electrochemi-
cal reactions restrain the widespread use of these technologies
[20]. For example, in water splitting, the oxygen evolution reac-
tion (OER) at the anode and the hydrogen evolution reaction
Y license (http://creativecommons.org/licenses/by/4.0/). 351
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(HER) at the cathode directly affect the overall efficiency. In fuel
cell, the open circuit voltage (OCV), current density and power
density are strongly governed by the fuel oxidation reaction at
anode and oxygen reduction reaction (ORR) at the cathode.
The high operating temperature also hinders the application of
conventional solid-oxide fuel cells (SOFCs) and leads to practical
problems such as high cost, thermal insulation and performance
degradation [21,22]. In general, electrocatalysis is introduced to
expedite these electrochemical reaction rates through the sup-
port of electrocatalysts. In order to boost the energy efficiency
and reduce the cost and operating temperature, it is crucial to
explore highly active, stable and cost-effective electrocatalysts
in the low to intermediate temperature range.

Precious metal containing materials, including Pt, Pd and
their alloys, have proved to be superb electrocatalysts in ESC sys-
tems [23]. However, limited resources on the earth, high cost and
insufficient durability of these noble metals hinder the commer-
cialization in various electrochemical devices. In contrast to pre-
cious metal catalysts, perovskite oxides offer an alternative as a
large group of advanced functional materials for catalyzing the
ORR [24–26], OER [27–29], HER [30,31], and redox reaction
[32–35]. Benefiting from compositional and structural flexibility,
approximate 90% elements in the periodic table can be doped in
the perovskite structure by partial substitution at anionic or
cationic sites [36]. Depending on the synthesis methodology
and operational parameters, multifarious morphologies and par-
ticle sizes of perovskite oxides can easily be obtained. Such flex-
ibility in composition, structure and shape induces the tunable
electronic structure of perovskites, showing remarkable physico-
chemical properties.

Perovskite oxide-based electrolyte and electrocatalysts have
been studied for decades. Recently, numerous studies have been
carried out by many research groups including but not limited to
those such as Irvine [3,37–42], Nørskov [43–46], Goodenough
[28,47,48], Shao [24,31,49–58], Ciucci [59–61], Shao-Horn [62–
69], Liu [70–77] and Tao’s group [78–87]. It should be noted that,
since 2015, there have been reviews published on the perovskite-
based catalyst design for electrochemically relevant reactions
[33,68,88–95]. Compared to previous reviews, this review paper
provides readers with more recently published information and
a comprehensive understanding of improvements towards the
electrocatalytic performances of perovskite oxides. In this article,
we aim to review the recent progress on perovskite oxide-based
electrocatalysts and their applications within selected low to
intermediate temperature electrochemical devices. We focus
mainly on the angle of solid-state chemistry and materials chem-
istry rather than a physical approach, such as modelling/simula-
tion. It is beyond the scope of this review to address all aspects
for which perovskite electrocatalysts have been studied. There
are already well established review articles on the electrochemical
reduction of CO2 and N2, thus these topics will not be covered
here [44,96–101]. This review will predominantly focus on the
experimental research regarding low to intermediate temperature
electrochemical devices such as fuel cells, water splitting, chem-
ical looping and three-way catalysis published within the past
five years. The schematic structure of this review is shown in
Fig. 1. Section 2 presents a concise introduction to the structures
of perovskite oxides. Section 3 discusses the electrical properties
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and the common catalytic activities, such as ORR, OER, HER and
redox reaction, in perovskite-based catalysts. Section 4 elaborates
various strategies to improve conductivity and catalytic activity
from the point of materials chemistry. Section 5 focuses on the
practical applications of perovskite oxides in low to intermediate
temperature electrochemical devices, including water splitting
and fuel cells. Section 6 discusses the applications of perovskite
oxides in the context of chemical looping technology and
three-way catalysis (TWC). Section 7 exhibits a refined summary
of the current development strategies of perovskite-based cata-
lysts and provides an outlook on future challenges.

Perovskite structure
In 1839, the calcium titanium oxide (CaTiO3) was first discov-
ered by Gustav Rose, and then it was named by mineralogist
Lev Perovski [102]. After over 100 years of development, this
name has been used to describe a class of organic and inorganic
materials that have similar crystal structures based on ABX3, now
known as the perovskite structure [68]. In this review, we only
focus on inorganic perovskite oxides.

Simple perovskite structure
In a primitive perovskite structure (ABO3), BO6 octahedron share
corners to form a three dimensional (3D) network, where B-site
cations tend to be occupied by smaller transition metal ions with
six-fold oxygen coordination (Fig. 2a). On the contrary, larger
rare earth (RE) or alkali metal ions have the potential to occupy
A-site with twelve-fold oxygen coordination. Compared to other
oxides, the major advantages of perovskite oxides are their elec-
tronic structural versatility and compositional flexibility.
Depending on the occupation of different metal ions in the A
and B sites, perovskite oxides can act as oxygen conductors, pro-
ton conductors, mixed ionic-electronic conductors, ORR, OER,
HER, multi-functional catalysts or redox catalysts
[28,31,35,65,69,103].

Noting that, when other ions dope into the cubic structure,
the BO6 octahedron may expand, contract or tilt, for the sake
of compensating the discrepancy in ionic radii between doped
ions and original ions in parent phase. Distortions from the per-
ovskite structure could significantly affect the cubic structure and
induce interesting physical and chemical properties. As for A-site
deficient perovskites, since the B-site cations are relatively small,
the coordination octahedron may become distorted and this
phenomenon is present in approximately 85 % of all perovskite
oxides with an A-site deficiency [104]. In the early 1920 s, Gold-
schmidt proposed a tolerance factor t: [105]

t ¼ rA þ rOð Þ=
ffiffiffi

2
p

rB þ rOð Þ ð1Þ
where rA, rB and rO are the ionic radii of the A-site cation, B-site cation
and O anion respectively. According to reported literature, almost all
known perovskites have t values in the range 0.75–1.00 [106]. When
the tolerance factor t is approximately 1, a perfect cubic structure can
be obtained, whereby B-site cations locate on corners of the cube and
the size of A-site cations match the diagonal [107]. For smaller toler-
ance factors (t < 1), the size of A-site cations are small for the diagonal
and orthorhombic, tetragonal or rhombohedral distortions occur
[102,108].

However, some results have demonstrated that the value of t
is not a sufficient indicator to predict the perovskite structure. In
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FIGURE 1

Schematic overview of strategies to enhance performance of perovskite oxide-based catalysts.
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order to understand the tolerance factor and structure better,
Li et al. put forward an octahedral factor l: [106].

l ¼ rB=rO ð2Þ

Combining with tolerance factor t and octahedral factor l, a
structural map can be obtained to investigate the regularities of
formability for the perovskite structure and non-perovskite
structure [109,110].

Jahn-Teller distortion plays an important role in the structure
of perovskites as it strongly affects the electronic distribution of
the B-site cations, as well as the atomic arrangement. Jahn-
Teller distortion is the geometric distortion of non-linear struc-
tures, such as BO6 octahedra, which removes degeneracy by
reducing the symmetry and lowering the energy of a system
[111]. The cations occupying the B-site in perovskites are usually
transition metal ions, most of which have orbitally degenerate
electronic configurations. In fact, B-site cations with degenerate
occupancy of the eg subshell nearly always display strong Jahn-
Teller distortions, due to the B-site cation–O antibonding charac-
ter of these orbitals [112]. Thus, the Jahn-Teller effect is pro-
nounced in six-coordinate perovskites of high-spin d4 (Cr2+,
Mn3+), low-spin d7 (Co2+), d9 (Cu2+) and so on.
Ordering perovskite structures
In perovskite oxides, doping cations at A or B sites with other
cations may lead to either random or ordered arrangement,
which is a common strategy to enlarge the perovskite family
and regulate its properties. There are three typical ordering struc-
tures which can be envisioned for B-site cations. In most cases,
the B and B’ cations alternate arrangement in 3D, creating a
rock-salt ordered-type perovskite (Fig. 2b). As each B’O6 octahe-
dron is isolated from neighboring octahedrons, the rock-salt
ordering arrangement is also referred to as the 0D case
[113,114]. Sporadically, when the two different cations are con-
nected in two directions, the 2D ordering corresponds to layered
ordering (Fig. 2c) [104,115]. In rare cases, a columnar ordering
perovskite may be formed, when the B and B’ cations alternate
arrangement in one direction. This phenomenon is only found
in double cation sites substituted perovskite, i.e. AA’BB’O6

(Fig. 2d) [114].
Compared to primitive perovskites, ordered perovskites have

attracted the attention of researchers recently, showing tanta-
mount or even superior catalytic performance. A recent DFT sim-
ulation also demonstrated that the design of a layered double
perovskite structure is beneficial to remarkably boost both the
353



FIGURE 2

(a) The primitive ABO3 perovskite structure. Ordering structures: (b) rock salt type structure, (c) arrangement layered structure, (d) columnar structure.
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oxygen defect concentration and the oxygen transport ability, in
turn boosting excellent catalytic activities [52].
Electrical properties and catalytic activities
Electrical properties
Many perovskite oxides exhibit high O2�/H+ ionic conduction,
such as doped BaCeO3 and LaGaO3, which may be related to
the presence of oxygen vacancies [3,116–118]. When the B-site
contains multi-valent elements, with A-site doping, many per-
ovskites are mixed ionic-electronic conductors [32,119]. The
electronic conduction in perovskites mainly originates from the
B-site cations through overlapping B–O–B bonds by the Zerner
double exchange process [120]. When the angles of B–O–B is
aligned such as that is an ideal cubic perovskite (180�), the elec-
tronic conductivity is enhanced by strong overlap of the B-site
cation and oxygen orbital. On the contrary, when the BO6 octa-
hedra is distorted, a larger obstacle to the electronic conduction
may be formed. In addition, electronic conduction always
requires B-site cations with multiple valences. In theory, mixed
ionic-electronic conducting (MIEC) perovskites can be obtained
when A-site cations are occupied by low valence ions and B-site
cations are suitable transition metal ions. Pure ionic conducting
perovskites with negligible electronic conductivities are common
when A-site cations possess high valency and/or transition metal
ions in the B-site contain fixed valency, such as Ga3+, Zr4+, Ce4+

ions [117,118,121]. Recently, the electrical performance of Rud-
dlesden–Popper perovskite oxides (An+1BnO3n+1) has been studied
extensively [122]. Experimental and theoretical analysis both
prove that the number of layers plays a vital role in conductivity
[123,124]. In the Ruddlesden–Popper perovskite, as n increases,
the electronic conductivity can be improved due to the increased
354
interaction between B-site cations and oxygen ions along the c
axle.

Perovskite oxides with high electronic and ionic conductivity
tend to have better electrocatalytic performance since electrocat-
alytic reactions always involve the transfer of electrons. For elec-
trochemical devices such as SOFCs and solid oxide electrolyzer
cells (SOECs), the electrochemical reactions normally take place
over the tripe phase boundary (TPB), and the length of the TPB
determines the range of catalytic reaction. Similar principles also
apply to low temperature electrolyzers and fuel cells.

Catalytic activities
Mechanism of ORR
Generally, the ORR mechanism is accepted as: (1) a four-electron
pathway to produce OH� (in alkaline media) or H2O (in acidic
media); (2) a two-electron process to form HO2

� (in alkaline
media) and H2O2 (in acidic media) as the intermediate species
[92,125,126].

four-electron pathway:

Alkaline media : O2 þ 2H2Oþ 4e� ! 4OH� ð3Þ

Acidic media : O2 þ 4Hþ þ 4e� ! 2H2O ð4Þ

two-electron pathway:

Alkaline media : O2 þH2Oþ 2e� ! OH� þHO�
2 ð5aÞ

HO�
2 þH2Oþ 2e� ! 3OH� ð5bÞ

Acidic media : O2 þ 2Hþ þ 2e� ! H2O2 ð6aÞ
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H2O2 þ 2Hþ þ 2e� ! 2H2O ð6bÞ
In the four-electron pathway in alkaline media, there are four

processes in the surface: hydroxide displacement, peroxide for-
mation, oxide formation and hydroxide regeneration (Fig. 3a)
[69].

Bðmþ1Þþ �O2� þH2Oþ e� ! Bmþ �OH� þOH� ð7Þ
FIGURE 3

(a) Proposed ORR mechanism on perovskite catalysts. Reproduced with per
International. (b) Potentials at 25 mA cm�2

o x as a function of eg orbital in perovskit
Springer Nature. (c) Proposed OER mechanism on perovskite catalysts. Reprod
Preservation International. (d) The relation between the OER catalytic activity, defin
the eg-symmetry electron of the B-sites. Reproduced with permission from Ref. [28
Band of bulk O (eO�2p) and charge-transferenergy (D). Relationship between the M
Ref. [131]. Copyright 2020, John Wiley & Sons, Inc. (f) Volcano-type activity plot fo
Reproduced with permission from Ref. [140]. Copyright 2015, American Chemical
Bmþ �OH� þO�
2;ads ! Bðmþ1Þþ �O�O2� þOH� ð8Þ
Bðmþ1Þþ �O�O2� þH2Oþ e� ! Bmþ �O�OH� þOH� ð9Þ
Bmþ �O�OH� þ e� ! Bðmþ1Þþ �O2� þOH� ð10Þ

The first step of dissociative adsorption and the last step of hydrox-
ide regeneration are thought to be the rate-determining steps
mission from Ref. [27]. Copyright 2019, Molecular Diversity Preservation
e-based catalysts. Reproduced with permission from Ref. [69]. Copyright 2011,
uced with permission from Ref. [27]. Copyright 2019, Molecular Diversity
ed by the overpotentials at 50 lA cm�2

ox of OER current, and the occupancy of
]. Copyright 2011, American Association for the Advancement of Science. (e) p-
3d (orange) and O 2p (blue) band positions. Reproduced with permission from
r LaMO3 (violet circles), SrMO3 (orange squares), and MO (brown rhomboids).
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under different situations [69]. In the early stages, researchers con-
sidered that the B–O binding energy in BO6 octahedron deter-
mined the rate-limiting step during the ORR. Though this
principle highlights the importance of electronic structure and
gives a reasonable explanation to some experiment results, the
binding energy is too ambiguous to reflect the catalytic activity
as it is not quantitative and cannot be confirmed experimentally.

Orbital eg filling was first put forward as a bulk property in the
ORR process. The catalytic activity in perovskite oxides is inher-
ently due to the eg orbital bonding in B-sites, specifically the 3d
electrons that engage in the r bond. The reason being that the
r-bonding eg orbitals exhibit a more extensive overlap with the
oxygen intermediates than with the other t2g orbitals [127]. Some
investigations show that the catalytic activity of perovskite oxides
originates from the degree at which the r*-antibonding (eg) orbi-
tals are bestrewed at the catalyst surface [28,69,126–128]. In the
perovskite-based catalysts, if eg > 1, weak B–O binding always
results in the first O2

2�/OH� exchange becoming rate-limiting. If
eg < 1, strong oxygen binding energy results in the regeneration
of OH� being the rate-limiting step [69]. A moderate eg filling
leads to the optimal ORR performance. The eg orbital filling is
related to the number of 3d electron based on the B element
and the charge of the B ions. For perovskite oxides with the same
chemical composition, if they are fired in different atmospheres
or temperatures, the valency of the B-elements will be different.
In this way, the eg orbital filling can be tailored, thus the catalytic
properties for electrochemical reactions can also be tailored.

As mentioned above, perovskite oxides display prominent cat-
alytic properties due to their compositional flexibility and tailor-
ing of their electronic/crystal structures, in contrast to other
metal oxides. Various metal ions can occupy the B-site and regu-
late the eg filling of �1. Numerous researchers have conducted
in-depth and comprehensive work on perovskite-based ORR cat-
alysts and tremendous excellent catalysts have been discovered
[68,128,129]. Suntivich et al. employed the eg occupancy as a
descriptor of ORR, which was either obtained from X-ray absorp-
tion spectroscopy or the chemical formula considering the spin
state of the cation sites (Fig. 3b) [69]. From Fig. 3b, we can see
that simple perovskite oxides of Mn, Ni and Co in the B-site
share a similar descriptor value of a singly occupied eg orbital.
Although establishment of eg filling as an activity descriptor
has been successful, there are still some shortcomings. It is hard
to confirm the eg filling of active metal sites by experimental
measurements due to the complicacy of the surface spin state
and valency. In addition to this, when the oxide is immersed
into the electrolyte, the oxide surface may become amorphous,
making it difficult to determine.

In search of new perovskite electrocatalysts with high perfor-
mance, computational science has played a significant contribu-
tor to the rational design and analysis of electrochemical
reactions. Shao-Horn have done numerous work in this area
[62,68,69,130]. Recently, Wang summarized various descriptors
for oxygen electrocatalysts based on bulk and surface properties
[131]. For example, the absolute energy of the p-Band center of
bulk O depends on the Madelung potential and oxygen electron
affinity, which is related to the Fermi energy of the perovskite
and can act as a descriptor for ORR [132]. In 2019, Nørskov intro-
duced an electronic structure descriptor, average O-2p state
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energy, for surface oxygen reactivity possessing [43]. This
descriptor with DEO–DEOH fits better than DEO due to the consid-
eration of the metal–O bond length. These activity descriptors
promote the deep understanding of underlying properties and
help to explore new perovskite electrocatalysts.

Mechanism of OER
Traditionally, the OER processes of perovskite oxides are differ-
ent under acidic and alkaline media [91]. Researchers have
declared several mechanisms for OER in alkaline solution
[125,133–135]. The common one is the adsorption evolution
mechanism and the detailed reactions involved are shown in
Fig. 3c.

Bmþ �OH� þOH� ! B mþ1ð Þþ �O2� þH2Oþ e� ð11Þ

B mþ1ð Þþ �O2� þOH� ! Bmþ �OOH� þ e� ð12Þ

Bmþ �OOH� þOH� ! B mþ1ð Þþ �OO2� þH2Oþ e� ð13Þ

B mþ1ð Þþ �OO2� þOH� ! Bmþ �OH� þO2 þ e� ð14Þ
Normally, the surface pH is always in the range of 7–11 for zero
charge perovskites. However, the surface of perovskite meets the
pH of 13–14 when the OER reacts in alkaline solution. As the
actual pH in the surface is higher than the pH of zero charge,
the surface tends to adsorb negatively charged adsorbates such as
hydroxide in alkaline media [136,137].

Similar to the theoretical research in ORR, the rate-
determining step in OER could also be predicted by the eg orbital
filling (Fig. 3d) [28,138]. When the eg filling is larger than 1, the
formation of the O–O bond in OOH� adsorbate on the B-sites is
the rate-determining step in OER. When eg filling is less than 1,
the rate-determining step is the deprotonation of the OH� to
form peroxide ions. In order to confirm whether the OER process
follows the adsorption evolution mechanism or other mecha-
nisms, the N–V descriptor was put forward to describe the OER
activity and stability of perovskites [139]. In this theory, N is
the number of unpaired electrons on the isolated B atom, which
is correlated to electropositivity and reflected the potential of the
B-site cation. Meanwhile, the number of donated electrons of B is
marked by V, which is related to the ionization energy of B atom.
Thus, N–V descriptor shows the potential of B-site ions to donate
electrons and the bond strength of B–O simultaneously.

As a result of the multiformity in OER, a more detailed under-
standing between the structures and activities needs to be con-
ducted. In 2017, Shao-Horn et al. put forward a new and
effective descriptor for the OER process [64]. A combination of
X-ray emission and absorption spectroscopy techniques allowed
the analyzes of the partial density of states on an absolute energy
scale of perovskites and evaluated the relationship between ener-
getic barriers for electron transfer and OER activity. The charge-
transfer energy is described as the relative energies of B 3d and
O 2p valence electronic states, which serves as a key property
for representing bulk electronic structure and surface properties.
Based on this method, they proved that with a drop in the
charge-transfer energy, the mechanisms of OER in perovskites
changed from electron transfer-limited, to proton–electron-
coupled, then to proton transfer-limited (Fig. 3e).
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Bulk thermochemistry, which can act as another descriptor,
has been proven to describe the OER activity trends well in per-
ovskites (Fig. 3f) [140]. According to the adsorption evolution
mechanism, the surface adsorption energetics relies on the num-
ber of outer electrons in B-site. As bulk thermochemistry has
been also proved to be positively correlated to the outer elec-
trons, a correlation volcano curve could be obtained and used
to rationalize the trends in OER as a function of bulk thermo-
chemistry. Since an individual descriptor is restricted in its ability
to explore all influencing factors during OER, comprehensive
consideration of various descriptors may obtain more detailed
explanations of the structure–property features in perovskite
catalysts.

Mechanism of HER
As known, HER is the process of H2 production during water
splitting and has been explored extensively for many per-
ovskites. Similar to ORR and OER, the mechanism of HER differs
on various conditions [141]. According to reports, even per-
ovskite oxides with the same composition may have different
mechanisms due to the discrepancies in morphology or order-
ing/disordering structures [141].

HER usually involves two principal processes, starting at
hydrogen absorption on the oxide surface through Volmer reac-
tion or charge transfer and, finishing with hydrogen evolution
[142]. During these processes, two absorbed hydrogen atoms
associate with each other and hence produce H2 through a Tafel
reaction (atom–atom recombination) or, the electron reacts with
a proton from solution and an absorbed hydrogen on the surface
to form H2 through a Heyrovsky reaction (ion-atom recombina-
tion) [143].

Volmerstep : Hþ þ e� þ � ! H� ð15Þ

Tafel step : H� þH� ! H2 þ 2� ð16Þ

Heyrovsky step : H� þHþ þ e� ! H2 þ � ð17Þ
On one hand, the overall HER is restricted by the hydrogen

absorption process if the binding between perovskite surface
and H is weak. On the other hand, an overly strong binding with
H makes the desorption process difficult and limits the step rate
of Heyrovsky/Tafel. As a consequence, appropriate hydrogen
adsorption ability on the surface is essential for the HER process
in perovskites.

Recently, considerable work have focused on HER using
perovskite oxides, such as PrBaCo2O5.5, Nd0.6Sr0.4Co0.6Fe0.3Nb0.1-
O3�d, La0.5Ba0.25Sr0.25CoO2.9–dF0.1, Pr0.5(Ba0.5Sr0.5)0.5Co0.8

Fe0.2O3�d [30,31,144,145]. Systematic research on high-
throughput computational screening of perovskites for HER
was reported by Wolverton and co-workers [146]. In this work,
a large specimen of 5329 cubic and distorted perovskite oxides,
were studied both in terms of thermodynamic stability and oxy-
gen vacancy formation. The calculation results selected 139
perovskite-based oxides as potential novel candidates with favor-
able thermodynamics for water splitting. Vojvodic and Nørskov
proposed hydrogen adsorption energies that may be used to esti-
mate the overpotentials of HER on perovskite cubic oxides [46].
In 2019, Shao and Zhou proposed A-site ionic electronegativity
as a unifying descriptor for HER activities of perovskites [147].
In comparison to single A-site structural or thermodynamic
parameter, a volcano trend could be obtained when A-site ionic
electronegativity was considered as a factor. As a result of this
descriptor, a high HER activity oxide (Gd0.5La0.5)BaCo2O5.5+d

was discovered and the Tafel slope showed only 27.6 mV dec�1.
Up to now, there are not many researches on the HER descriptor.
In the future, tremendous experimental and theoretical investi-
gations are still needed to improve this field.

Mechanism of redox reaction
Apart from ORR, OER and HER, perovskite oxides can also be
active towards redox catalytic processes in some vital applica-
tions, such as chemical looping technology [34]. During the
redox process, the structural stability and catalytic ability are
both important. The A-site cations, with inert d0 or f0 electronic
structure, usually serve as structural stabilizers while do not pro-
vide help to redox activity. The B-site cation, which is always
occupied by transition metal ions, is the primary active centers
in perovskites. The mixed valences of B-site cations, such as
(La3+Sr2+)(Ni3+Ni4+)O3�d, (La3+Ce4+)(Ni3+Ni2+)O3�d, La3+(Mn3+-
Mn2+)O3�d, (La

3+Sr2+)(Fe3+Fe4+)O3�d, offer the strategy to main-
tain the structure stability of perovskites during redox cycles
[148]. Two common routes for creating mixed valences are by
means of anion deficiencies and isostructural substitution of
cations [149]. These methods have been discussed in detail in
other reviews and therefore will not be elaborated further here
[150].

During the redox catalytic process, perovskites can play a
prominent role towards full or partial oxidation reactions [151].
These reactions also occur in the fuel cell when a perovskite
material is used as the anode catalyst. Although it is hard to sum-
marize a common mechanism that includes all kinetics of vari-
ous hydrocarbon oxidation reactions over perovskites, there are
some general rules. The first rule is that the oxidation of hydro-
carbons over perovskite oxides proceeds by two main reaction
routes: the first suprafacial and the second interfacial [152]. In
the suprafacial process, the reaction rate refers to the electronic
configurations of the B-site cations and occurs between the
adsorbed fuel on the surface at a relatively low temperature. On
the contrary, the interfacial mechanism takes over at elevated
temperatures and the reaction rate seems to be related to the sta-
bility of oxygen vacancies close to the B-site cations. The second
rule is that the oxidation mechanisms of higher hydrocarbons
and lower hydrocarbons in perovskites are different. The oxida-
tion of lower hydrocarbons, such as methane, can be described
by Rideal–Eley mechanism, thus explaining the difficulty of acti-
vating this molecule [153].

Performances
The main criteria for excellent electrocatalysts are high conduc-
tivity, favorable electrochemical activity and long-term stability
in a wide pH environment or at elevated temperature. In this sec-
tion, strategies to improve the electrical conductivity or catalytic
activity in perovskite electrocatalysts will be reviewed.

Electrical conductivity
High electrical conductivity of catalysts themselves is the key to
minimizing ohmic losses and improving various catalytic
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efficiencies in electrochemical devices. Although perovskite oxi-
des were considered as promising electrocatalysts towards vari-
ous applications, the relatively low conductivity in pristine
perovskites seriously precludes the electron transfer, reduces
the number of active sites and degrades the overall performance.
Tuning cation sites
B-site cations have a pivotal part in controlling the electronic
structure; affecting their electrical conductivity. As a result, some
perovskite oxides have semi-conductive or even metallic conduc-
tive properties. For example, a high electrically conductive mate-
rial, La0.5Sr0.5Mn0.9Ni0.1O3�d (LSMN) was obtained by tuning the
Ni/Mn ratio [154]. Benefiting from the high conductivity and
transition metal redox couples, the intrinsically high conductiv-
ity of LSMN leads to more reaction sites in the continuous
boundaries (Fig. 4a).

Apart from tuning B-site cations, there have been fewer
reports on the electronic conduction properties by A-site cation
design. Recently, Yang reported the Na0.5Bi0.5TiO3 (NBTO) per-
ovskite shows three different electrical properties, when tuning
the ratio of Na and Bi [155]. Tremendous ionic conductivity
can be achieved by manipulating the ratio of Na/Bi � 1 and by
cation-doping to lead NBT as a potential oxide for SOFCs. On
the contrary, the ionic conduction could be moderately or
FIGURE 4

(a) Schematic diagrams of TPB and double-phase boundaries. Reproduced with
Electrical conductivities (r) of perovskite catalysts in Arrhenius plots. Inset:
NdBa0.25Sr0.75Co2O5.93 for clarity. (c) Ba0.5Sr0.5Co0.8Fe0.2O3 and NdBa0.25Sr0.75Co
respectively. Reproduced with permission from Ref. [159]. Copyright 2015, John
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entirely repressed by tuning the ratio with Na/Bi < 1, donor-
doping, or employing the trapping effect between defects and
some B-site acceptor dopants. The diversity of the electrical prop-
erty in the NBT perovskite is due to the high level of ionic con-
ductivity originating from remarkably mobile vacancies that
could be fine-tuned to modify or inhibit ionic conduction.
Composite electrode
For perovskite oxides with low conductivity, surface coating or
adding electrically conductive medium is a common method to
improve their conductivity, which further enhance the electro-
catalytic activity and durability [58,156–158]. Carbon-based
materials are known to be low-cost medium to enlarge conduc-
tion channels between the electrode and electrolyte, thus maxi-
mizing the perovskite utilization. Lee et al. prepared four
perovskite oxides of different conductivities to investigate the
relationship among the conductivity and ORR activity (Fig. 4b)
[159]. For Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCFO) with low conductivity,
the 4e� ORR route existed in the fully polarized site which was
in contact with carbon, while the 2e� ORR pathway occurred
in the less polarized site that was far from the touch location
between carbon and perovskite (Fig. 4c). In contrast, for
NdBa0.25Sr0.75Co2O5+d (NBSCO) with high conductivity, all
active sites boosted ORR reaction along the 4e� route.
permission from Ref. [154]. Copyright 2016, American Chemical Society. (b)
Linear scale conductivity comparison between NdBa0.25Sr0.75Co2O5.9 and

2O5 as representative examples of less versus more conductive catalysts,
Wiley & Sons, Inc.
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Interaction with the electrolyte
For non-aqueous electrolyte, such as alkaline membrane fuel
cells, the interaction between the electrode and electrolyte
greatly affects overall performance such as the OCV, current den-
sity and power density. A stable, effective ionomer can solve the
significant problem and build an efficient TPB to enhance the
utilization of the catalyst [160]. Knauth and Di Vona summa-
rized the effect of cross-linked ionomers in proton conductivity
and proton mobility [161]. They considered the conductivity
could be improved by cross-linked ionomers owed to a reduction
of channel tortuosity. Though some works study the interaction
effect of electrolyte and electrode, more systematic research on
the ionomers in perovskite-based fuel cell should be conducted
[162].
R
E

Catalytic activity
Generally, there are two strategies used to design superior per-
ovskite electrocatalysts. One way is to improve the intrinsic
activity, while the other is to enhance the number of accessible
active sites (e.g. increased loading or tuned catalyst nanostruc-
ture). As the practical limit to catalyst loading without affecting
other important processes, such as charge and mass transport,
the method of increasing loading will not be considered in this
review. In this section, we review various influencing factors
and the impacts of these methods on catalytic performance have
been summarized in Table 1.
Synthesis methods
Rational synthesis methods canmodulate the grain size andmor-
phology of perovskite oxides, increase the number of active sites
and greatly affect the catalytic properties. The solid state reaction
(SSR) method is a conventional route to prepare perovskite oxi-
des with micro/nano particles. Oxides synthesized by this
TABLE 1

Factors influencing electrocatalytic activity in perovskite-based oxides.

Influencing factors Impacts on catalytic performance

Synthesis Method Suitable synthesis methods can reduce particle sizes
which is favorable to enhance catalytic performance

Crystal Structure The higher symmetry, dual coordination environme
expose more active sites can lead to good catalytic p
of amorphous phase impacting on various catalytic

Morphology Perovskite with uniform morphology and lager surfa
catalytically active sites and hence enhance catalytic

Defect Engineering Oxygen vacancy and A-site deficiency affect the oxy
vacancies and active sites, driving the faster electroc
may also have a positive effect on catalytic activity.

Strain Engineering Perovskite materials with tensile strain (relative to b
bonding, formation and migration energies of oxyg
promote catalytic performance.

Surface Modification The formation of heterostructure and the exsolution
and provide more active sites in the perovskite oxid

Controlling A-Site
Cation Segregation

A-site cation segregation has adverse effects on cat
effects of the charge transfer process or harmful side
A-site cations segregation include designing rationa
environmental conditions.
method generally have relatively large grain sizes and insufficient
active sites due to the high firing temperatures, which are not
favorable for enhanced catalytic performance. Aside from the
SSR, excellent catalytic activity are achievable on perovskite
nanoparticles which are synthesized from wet chemical routes
[20,88,89,91,95,136,191]. By a sol–gel process followed by high
temperature treatment in inert atmosphere, an oxygen deficient
BaTiO2.76 perovskite was prepared [103]. The oxide particles had
an average particle size of 100 nm and exhibited high electro-
chemical activity simultaneously for ORR and OER in alkaline
solution. Though the sol–gel approach can produce nanoparti-
cles with various sizes, reducing particle sizes (<60 nm) further
might remain challenging due to inevitable aggregation at high
temperature. Nanometric particles can be obtained by tuning
the synthetic conditions, such as the addition of a polymer as
well as altering the calcination temperature and pressure. A
Pechini method, which produces nanoparticles based on
polyesterification between ethylene glycol and citric acid, was
used to prepare SrFe0.8Cu0.1Nb0.1O3�d, SrCo0.8Cu0.1Nb0.1O3�d

perovskites [79,80]. While the precursor is part of a gel structure
during the sol–gel process, the metal cations are trapped in the
polymer gel in the Pechini method. The main drawback of sol–
gel processes and Pechini methods is the difficultly to control
morphology. By comparison, hydrothermal/solvothermal meth-
ods are able to prepare perovskite nanoparticles with a smaller
diameter and various morphologies, including nanospheres,
nanorods, porous/hollow nanospheres, yolk-shell structure
et al. [163,164,171,192,193].

Electrospinning is a versatile and simple technique for fabri-
cating 1D nanostructure. Recently, modified electrospinning
methods have become popular in preparing perovskite oxides.
Electrospinning combined with a wet impregnation approach
was applied to synthesize ultralong porous La0.6Sr0.4Co0.8Mn0.2-
Related references

and increase the number of active sites,
.

[57,75,103,163–166]

nts of B sites and Jahn-Teller effect to
roperties in perovskites. The mechanism
process is still not completely clear yet.

[57,60,129,167–170]

ce area leads to an increase in
activity.

[57,65,75,163,164,166,171,172]

gen migration energy, surface oxygen
hemical reaction. Suitable B-site defects

[50,61,70,103,173–179]

ulk) commonly modified metal–oxygen
en defect and charge transfer kinetics

[66,70,180,181]

of active cation increase the conductivity
es.

[47,51,71,76,80,182–186]

alytic performance due to the blocking
reactions. The strategies to suppress the
l perovskite structure and tuning

[181,187–190]
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O3 nanofibers as efficient electrocatalysts toward both OER and
ORR [182]. The results showed the improvement of cell perfor-
mance was originated from the particular porous structure.
Crystal structures
Commonly, perovskites with high crystal symmetry have better
catalytic performance. The crystal structure-electrocatalytic per-
formance relationship was studied by Zhou [167]. LaNiO3�d

could be tuned from rhombohedral to cubic phase by a simple
quenching method (Fig. 5a). Cubic LaNiO3�d exhibited higher
ORR and OER activities in 0.1 M KOH, due to the longer Ni–O
bond length (Fig. 5b). Slight elongation of the Ni–O bond mod-
ulates the binding ability with oxygen to mediate the adsorption
and desorption of oxygen to an appropriate condition. Recently,
Wang and co-workers reported a representative work on intrinsic
AMnO3 (A = Ca, Sr, Ba) perovskites, which elaborated the rela-
FIGURE 5

(a) Correlation of the ORR/OER activity of LaNiO3�d (LN) perovskites with their cr
LN-RT, LN-400, LN-600, and LN-800 electrocatalysts at 1600 rpm in O2-satura
Copyright 2013, American Chemical Society. (c) Crystal structure and octahed
performs volcano-type relationships with the covalency and Eg, respectively. Rep
Inc. (e) A schematic representation of the effect of heat treatment in oxygen o
activities of IrO2, BSCF5582 and O2-BSCF5582. Reproduced with permission from
the surface structural changes for BSCF5582 and BSCF5528. (h) Linear plots of O
BSCF5528 in oxygen saturated 0.1 M KOH electrolyte. Reproduced with permiss
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tionship among crystal structure, coordination environment
and ORR properties [129]. SrMnO3 is composed of corner-
sharing and face-sharing octahedron stacking, which showed
exceptional activity (Ehalf-wave = 0.81 V) (Fig. 5c). The DFT analy-
sis indicated that the active sites turn from unsaturated atop Mn
(*OO, *OOH) to Mn–Mn bridge (*O, *OH) on the SrMnO3 (110)
lattice plane. The inherent dual coordination environments of
Mn–Ocorner and Mn–Oface allowed for cooperative regulation of
the interaction strength of the oxygen intermediates with the
surface, leading to a reduction of the *OH desorption energy.
As a result, these three perovskites performed distinct ORR cat-
alytic activity with the half wave potential sequence of
SrMnO3 > CaMnO3 > BaMnO3 by combining experimental and
theoretical characterizations (Fig. 5d).

Besides the polycrystalline structure, the amorphous phase in
the perovskite oxides also plays a pivotal role in the electrocat-
ystallographic structure. (b) OER current densities of GC-supported thin film
ted 0.1 M KOH at 5 mV�s�1. Reproduced with permission from Ref. [167].
ron stacking configuration of AMO3 (A = Ca, Sr, Ba). (d) The ORR activity
roduced with permission from Ref. [129]. Copyright 2015, John Wiley & Sons,
n BSCF5582. ORR and OER activities of BSCF5582 and O2-BSCF5582. (f) OER
Ref. [195]. Copyright 2015, John Wiley & Sons, Inc. (g) Schematic diagrams of
ER activities capacitance of IrO2, BSCF5582, BSCF5528, Ar-BSCF5582, and Ar-
ion from Ref. [169]. Copyright 2015, John Wiley & Sons, Inc.
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alytic activity [194]. In general, the amorphous phase exists in
the form of an amorphous layer, covering the surface of the per-
ovskite particles. Cho and co-workers put forward a method to
tune the surface structure of Ba0.5Sr0.5Co0.8Fe0.2O3–d (BSCF5582)
by thermal treatment in O2. The thermal treatment process not
only promoted the crystallinity of the cubic BSCF5582 per-
ovskite, but also abolished a heterogeneous structure between
the amorphous layer and the crystalline matrix, leading to an
increase in ORR/OER activity (Fig. 5e,f) [195]. In the same year,
they published another paper and studied the relationship
between the surface structure of Ba0.5Sr0.5CoxFe1�xO3�d and cat-
alytic activity (Fig. 5g) [169]. Upon annealing in Ar atmosphere
at 950 �C for 5 h, the amorphous layer thickness in BSCF5582
increased from 20 nm to about 200 nm, leading to degenerative
ORR/OER activities (Fig. 5h). The above two experiments unex-
ceptionally proved that the amorphous layer suppresses the elec-
trocatalytic activity. On the contrary, some researches emphasize
the positive effect of amorphous phase on ORR/OER. Yang and
co-workers synthesized LaCoO3 porous nanoparticles by
hydrothermal approach and this perovskite showed excellent
OER activity with a low onset potential [163]. They attributed
the enhanced OER performance to the amorphous surface of
the porous structure. A similar phenomenon has been reported
for La0.8Sr0.2Co0.8Fe0.2O3�d perovskite, where a rough amorphous
layer consisting of nanoparticles of 20 nm led to superior OER
performance [170]. Up to now, the mechanism of amorphous
impacting on ORR/OER is still not completely clear and further
investigation is required.

Morphology
In order to boost the catalytic activity, morphology design with
nanostructure provides a promising avenue for catalysts. Gener-
ally, downsizing of particles to the nanometer range with uni-
form morphology leads to increased specific surface area and
active sites, hence catalytic activity. An overview of the reported
perovskite oxides of various morphologies is summarized in
Table 2. Nanoparticles, which are the most common shape
reported in literature, can be synthesized by most methods and
it is widely studied in the electrochemical devices [65]. Besides
nanoparticles, 1D nanomaterials with continuous surface and
extremely high surface-to-volume ratio can also increase the
active sites and enhance the diffusion of electrons and ions.
Shanmugam and co-workers reported that La(Co0.71Ni0.25)0.96-
O3�d nanofibers showed a lower over-potential than bulk coun-
terpart, attributable to the porous 1D nature with
interconnected particles [172]. When the diameter reduced to
as low as 20 nm, PrBa0.5Sr0.5Co1.5Fe0.5O5+d (PBSCF) nanofiber cat-
alysts were found to possess inherent OER activity higher than
larger-sized counterparts, likely due to a change of eg electron fill-
ing at the surface [75].

Compared to other morphology designs, hollow nanostruc-
tures with tunable physical and chemical properties have been
demonstrated as one of the most significant morphologies for
electrochemical applications [172,196–198]. Consisting of func-
tional shells and inner voids, hollow nanostructure can be
divided into hollow spheres, hollow nanotubes, multi-shelled
hollow spheres and hollow nanofibers. The hollow microstruc-
ture offers low density, large surface areas, and more active sites,
which are helpful to enhance the catalytic activity. For instance,
a hollow spherical La0.8Sr0.2MnO3 perovskite was synthesized by
the carbonate-template method (Fig. 6a) [199]. In alkaline med-
ium, the La0.8Sr0.2MnO3 hollow spheres exhibited high activity
to the ORR and the maximum current density was 6.4 mA cm�2

at �0.9 V (vs. Ag/AgCl). The ORRmechanism of this perovskite is
a direct four-electron pathway and the stability of the hollow
spherical perovskite is outperforming the commercial Pt/C. Por-
ous LaCoO3 catalysts were synthesized by the hydrothermal pro-
cess and followed by suitable heat treatment. It could be
converted into hollow nanospheres (Fig. 6b) [163]. The mass-
specific OER activity of LaCoO3 hollow nanospheres (12.58 A/
g) was remarkably larger than that of bulk counterpart (1.87 A/
g). The excellent OER performance was owing to the amorphous
surface and the hollow structure. Jin and co-workers demon-
strated a one-pot fabrication pathway to synthesize yolk-shell
structured La0.9Sr0.1CoO3 perovskite microspheres (Fig. 6c)
[164]. When the solvent was the mixture of water and ethanol,
a multi-shelled structure was obtained; in contrast, if only water
was used as the solvent, single shelled La0.9Sr0.1CoO3 was
formed. The yolk-shell structured perovskite showed a better cat-
alytic activity for the ORR and OER with superior durability com-
pared to regular particles and commercial Pt/C catalysts, due to
the larger specific surface area. Bu et al. prepared hollow and
mesoporous PrBa0.5Sr0.5Co2�xFexO5+d nanofibers by an electro-
spinning method, followed by oxidation to remove the organic
precursor (Fig. 6d) [166]. By controlling the B-site metal ratio,
the large surface area (�20 m2�g�1) granted optimized PrBa0.5-
Sr0.5Co1.9Fe0.5O5+d nanofibers with an excellent catalytic
performance.

In contrast to other mature hollow structure systems such as
Fe2O3, CuO, NiO, hollow perovskite oxides are more complex
in structure and composition, and normally need to be synthe-
sized at elevated temperature or high pressure. These conditions
can easily destroy the hollow structure. A quantity of hollow or
multi-shelled perovskite nanostructures reported in the literature
are fabricated by using cations or neutral molecules as the precur-
sors. This hush condition inevitably limits the multiformity and
complexity of the hollow structure as some metal ions only exist
as complexing anions in aqueous solution. Therefore, current
research progress in the preparation of hollow perovskite oxides
is still not mature. Methods in regard to the synthesis of hollow
or multi-shelled perovskite nanostructures with high electro-
chemical performance at low temperatures is considerably
important and may remain a big challenge for a relatively long
time.

Defect engineering
Oxygen defects have a direct impact on the crystal and electronic
structure, surface chemistry, and catalytic activities [126,212].
During a typical ORR process, an oxygen molecule and two oxy-
gen vacancies incorporate to oxygen in the lattice. The oxygen
vacancies act as agencies, improving the charge transfer between
oxygen and perovskite, and hence activate a semiconducting
activity over the surface of perovskite oxides. A systematic work
studied by Park and Joo et al. on the Nd1.5Ba1.5CoFeMnO9�d tri-
ple perovskite showed that the layered and ordered structure
caused structural distortion of the lattice and generated extra
361



TABLE 2

Summary of synthesis methods and morphologies of some reported perovskite electrocatalysts.

Perovskite Preparation
method

Morphology Temperature/
dwell time

Atmosphere Application Ref.

SrSc0.025Nb0.025Co0.95O3�d SSR Nanoparticles 1250 �C/20 h Air OER in water
splitting

[200]

Ba0.95Co0.8Nb0.1Ta0.1O3�d SSR Particles 1150 �C/10 h Air ORR in SOFCs [201]
LaMO3 (M = Cr, Mn, Fe, Co, Ni) Combustion Nanoparticles 300 �C Air ORR/OER in base [202]
LaCoO3 Pulsed laser

epitaxy
Thin film 700 �C O2 ORR/OER in base [66]

Ba0.5Sr0.5Co0.8Fe0.2O3�d PVD Nanofilm 800 �C/1h 10%
H2-Ar

OER in base [57]

SrIrO3 PLD Thin film 650 �C O2 OER in acid [203]
La0.2Nd0.8NiO3 PLD Thin film 675 �C O2 OER in base [204]
LaCo0.8Fe0.2O3 Electrodeposition Nanoparticles 700 �C/3h O2-saturated

aqueous solution
OER in base [205]

La1�xSrxCoO3�d Co-precipitation Nanoparticles 950 �C/5h Dehumidified air OER in water
splitting

[175]

BaTiO2.76 Sol-gel process Nanoparticles 1300 �C/2h Ar ORR/OER in base [103]
La0.7(Ba0.5Sr0.5)0.3Co0.8Fe0.2O3�d Sol-gel process Nanoparticles 700 �C/5h Air ORR/OER in base,

OER in fuel cell
[65]

LaCoO3 Sol-gel process Nanoparticles 700 �C/6h Air OER in base [206]
LaCo0.9Fe0.1O3 Sol-gel process Nanoparticles 600 �C/6h Air OER in base [207]
(La0.8Sr0.2)0.95Mn0.95Ir0.05O3 Polymer-assisted

synthesis
Nanoparticles 650 �C Air ORR/OER in base [208]

LaCo0.5Ni0.5O3 Polymer-assisted
synthesis

Nanoparticles 700 �C/3h Air ORR/OER in base [209]

La0.8Sr0.2Mn0.9Co0.1O3 Polymer-assisted
synthesis

Nanoparticles 650 �C/3h Air ORR/OER in base [210]

LaFe0.2Ni0.8O3 Hydrothermal
synthesis

Nanorods 180 �C/10 h,
650 �C/5h

Air OER in base [192]

La0.9Sr0.1CoO3 Hydrothermal
synthesis

Yolk-shell
microspheres

180 �C/8h,
800 �C/8h

Air ORR/OER in base [164]

LaCoO3 Hydrothermal
synthesis

Porous/hollow
nanospheres

180 �C/12 h,
650 �C/2h

Air OER in base [163]

LaNiO3 Hydrothermal
synthesis

Porous, hollow
structure

180 �C/12 h,
600 �C/4h

Ar ORR in base [193]

La(Co0.55Mn0.45)0.99O3�d Hydrothermal
synthesis

Nanorods 160 �C/24 h,
810 �C/3h

Air OER/HER in base [183]

PrBa0.5Sr0.5Co1.5Fe0.5O5+d Electrospinning Nanofibers 750 �C/3h Air OER in base [75]
SrNb0.1Co0.7Fe0.2O3–d Electrospinning Nanorods 900 �C/2h Air OER/HER in water

splitting
[54]

La0.5(Ba0.4Sr0.4Ca0.2)0.5Co0.8Fe0.2O3–

d

Electrospinning Nanorods 850 �C/3h Air OER/HER in base [211]

La0.6Sr0.4Co0.6Fe0.4O3�d Electrospinning Porous nanofibers 700 �C/3h Air OER in base [74]
La(Co0.71Ni0.25)0.96O3�d Electrospinning Porous nanofibers 600 �C/1h Air OER in base [172]
La0.6Sr0.4Co0.8Mn0.2O3 Electrospinning Porous nanofibers 650 �C/3h Air ORR/OER in base [182]
La0.6Sr0.4Co0.8Fe0.2O3 Electrospinning Hollow nanofibers 700 �C/1h Air OER in base [196]
PrBa0.5Sr0.5Co1.5Fe0.5O5+d Electrospinning Hollow and

mesoporous
nanofibers

900 �C/2h Air ORR/OER in base [166]
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oxygen vacancies [173]. This oxygen deficient perovskite showed
excellent activity and durability for ORR than single and double
perovskites, due to the high oxygen defect concentration and
small covalency between O 2p and Co 3d orbitals.

In perovskite-based catalysts, the most common way to create
oxygen defects is by partial substitution of the cation site with
aliovalent metal ions. For instance, the concentration of oxygen
vacancies in LaCoO3 was observed to increase when La was sub-
stituted by Sr (Fig. 7a) [175]. A good correlation between the OER
activities of La1�xSrxCoO3�d and the oxygen vacancy concentra-
tion was identified (Fig. 7b). As a result, the SrCoO2.7 was fore-
casted to the highest intrinsic OER activity, whereby La is fully
362
replaced by Sr. Afterwards, experimental results also demon-
strated the high performance of SrCoO3�d and SrCo1–ySiyO3–d

(Si-SCO) (Fig. 7c,d) [50,176]. Partial substitution of cation site
with an isovalent metal ion can also introduce extra oxygen
vacancies because the crystal structure may be distorted to gener-
ate strain [126]. Beside cation site tuning, regulation of anion
non-stoichiometry may introduce oxygen defects into per-
ovskites as well. This method is normally achieved by the post-
processing of perovskite oxides at elevated temperatures under
an inert or reducing atmosphere. The schematic diagram of the
mechanism is clarified in Fig. 7e [126]. When the perovskite is
under post-processing, such as quenching approach, post-



FIGURE 6

(a) SEM image of the hollow spherical La0.8Sr0.2MnO3 powders calcined at
600 �C for 3 h. Reproduced with permission from Ref. [199]. Copyright 2014,
Elsevier B.V. (b) SEM images of LaCoO3 porous spheres. Reproduced with
permission from Ref. [163]. Copyright 2016, American Chemical Society. (c)
TEM image of multi-shelled La0.9Sr0.1CoO3. Reproduced with permission
from Ref. [164]. Copyright 2015, Royal Society of Chemistry. (d) TEM image
of PrBa0.5Sr0.5Co2�xFexO5+d nanofiber. Reproduced with permission from
Ref. [166]. Copyright 2017, American Chemical Society.
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annealing or thermal reduction, oxygen on the lattice surface is
in a high-energy state. Owing to the oxygen concentration differ-
ence between the surface and the low oxygen partial pressure in a
reducing atmosphere, oxygen tends to escape into atmosphere
from the surface, resulting in the formation of oxygen vacancies
in the surface.

Apart from oxygen defects, cation nonstoichiometry is also an
effective approach to boost catalytic performance. As we know,
the crystal structure of perovskite can still be stable where there
are A-site cation deficiencies due to the stability of the BO3 array.
More importantly, A-site deficiencies in perovskite materials can
decrease the oxygen migration energy, increase the surface oxy-
gen vacancies thus expose more active sites, boosting catalytic
performance [213–216]. For example, Ding and co-workers
reported the A-site deficiency design for promoting OER activity
in Sr1�xCo0.7Fe0.2Nb0.1O3�d perovskites [178]. According to the
results of XRD and XPS, a shrinkage of crystal structure and a
change of element oxidation state were found. The OER activity
of this perovskite was also highly enhanced by adopting a small
Sr cation deficiency. This improvement was attributed to the
increased oxygen vacancies on surface and increased electro-
chemical surface area. Recently, a series of highly deficient A-
site La0.7Fe1�xCuxO3 perovskites were reported by Granger et al.
[217]. They found that La0.7Fe0.8Cu0.2O3 was associated with
the best activity and fastest reaction rate for CO and propene oxi-
dation due to the compromise between valence and anionic
vacancies. When the content of Cu increased, there was obvious
segregation of copper on the surface, leading to performance
degradation.
Not only A-site deficiencies, there are fewer reports on related
B-site cation deficiencies due to the thermodynamic instability
[149]. Recently, a small number of B-site defects have been pro-
ven to maintain the phase and improve catalytic performance.
Shao and Yang reported the ORR activity of BaCo0.4Fe0.4Zr0.1Y0.1-
O3�d (BCFZY), which can be improved by introducing a slight B-
site defect (2.5 or 5 at%) [218]. They attributed the improvement
to an increase in oxygen mobility that brings enhancement in
both surface exchange and bulk diffusion kinetics. When
increasing B-site cation deficiencies, formation of an impurity
phase was observed, which has adverse effect on the charge
transfer process. Apart from the direct synthesis of B-site defi-
cient perovskite oxides, this deficiency may also be obtained
from an evolution mechanism during electrocatalytic processes.
Shul and Han reported a structural transformation from the sim-
ple perovskite (BaNiO3), to a B-site defect perovskite (BaNi0.83-
O2.5) over the OER cycling process [219]. Combined
experimental results and DFT calculations found that the eg
occupancy of the BaNiO3 was changed from near zero to near
unity when the B-site defect perovskite was present. In addition,
the formation of Ni vacancies and the decrease of Ni oxidation
state led to a change in B-site cation local structure. Due to the
change in eg electron occupancy, lower Ni oxidation state and
added oxygen defects, BaNi0.83O2.5 showed a smaller overpoten-
tial and higher OER activity than commercial IrO2.

Strain engineering
Strain in perovskite films and heterostructures can modify metal–
oxygen bonding, octahedral rotation and electronic structure,
leading to ingenious design of electrocatalysts (Fig. 8a) [67]. In
most cases, tensile strain is favorable to boost performance and
compressive strain should be avoided in the electrochemical pro-
cess [66,181,220]. However, recent researches have showed the
importance of compressive strain in improving catalytic reac-
tions [70,221]. For example, an intuitive experiment is that
LaNiO3 thin films prepared by epitaxial growth was shown to
enhance both ORR and OER in alkaline solution under compres-
sive strain [180]. In contrast to unstrained and relaxed films, the
compressively strained LaNiO3 film showed superior bifunc-
tional performance, which even surpassed noble metal catalysts
(Fig. 8b and c). The outstanding performance was related to the
compressive strain that filled the out-of-plane dz2 orbitals, with
asymmetric occupancy of the eg-derived orbitals in BO6 octahe-
dron [67]. This additional filling of the dz2 orbitals weakened
the Ni–O covalent bonding and hence boosted the filling of
the symmetrically eg-parentage orbitals, resulting in higher
OER activity.

In addition to structural change, strain can also vary the for-
mation and migration energies of oxygen defects. Epitaxial strain
may be introduced into perovskite when the lattice constants
between the substrate and epitaxial perovskite thin film are dif-
ferent. When the lattice parameters of substrate are larger than
those of perovskite, tensile strain could be formed in the surface
of perovskite. The formation energy of oxygen vacancy in per-
ovskite can be notably reduced and oxygen vacancy concentra-
tion is markedly increased, leading to improved performances.
This phenomenon has been widely observed in perovskite nick-
elates and cobaltites [220,222]. Except for the formation energy
363



FIGURE 7

(a) Relationship between oxygen vacancy concentration and Co-O bond covalency. (b) Correlation of oxygen evolution activity with the vacancy parameter d.
Reproduced with permission from Ref. [175]. Copyright 2016, Springer Nature. (c) OER kinetic currents (in mA�cm�2

geo) of SCO and Si-SCO in O2-saturated KOH
electrolytes with varying pH. (d) OER specific activity (in mA�cm�2

geo) of SCO and Si-SCO at 1.60 V vs. RHE as a function of pH. Reproduced with permission from Ref.
[50]. Copyright 2020, Springer Nature. (e) Schematic representation of the formation of oxygen vacancies due to post-processing methods. Reproduced with
permission from Ref. [126]. Copyright 2020, Royal Society of Chemistry.
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of oxygen vacancies, the oxygen exchange kinetics are also
affected by moderate strain. When La1�xSrxCoO3�d epitaxial thin
films grown on two different single crystalline substrates, tensile
and compressive strain was introduced in the planar surface of
thin films [223]. Compared to compressive strain, tensile strain
not only promoted faster oxygen surface exchange (�4 times),
but also accelerated oxygen diffusion kinetics (�10 times).

Charge transfer kinetics at the catalyst surface can be affected
by strain as well. In contrast to deposited on SrTiO3 and LaAlO3

substrates, the LaCoO3 (LCO) thin films epitaxial grown on the
(LaAlO3)0.3(Sr2AlTaO6)0.7 (LSAT) substrate showed the highest
catalytic activities in alkaline medium, due to the substrate and
film thickness induced moderately tensile strain [66]. The
enhancement was due to the decline of charge transfer resistance
in the surface of LCO, which was measured by the facile redox
couple ferri/ferrocyanide, [Fe(CN)6]

3�/4�, and impedance spec-
troscopy (Fig. 8d). According to previous reports, electron trans-
fer acts as an important role in the electrocatalysis process on
oxide catalysts. The tensile strain which can lead to charge trans-
fer provides an additional approach to improve ORR/OER [66].

Surface modification
Catalytic reaction mainly takes place at the surface of catalyst;
therefore, surface modification is pivotal to boost catalytic per-
364
formance. In general, surface decoration with carbon-based
materials is a facile way to enhance electrical conductivity and
acquire excellent catalytic properties in perovskite-based electro-
catalysts [51,94,127,156,224]. By simple physical mixing or
chemical (in situ) synthesis, various carbon decorated perovskite
catalysts with excellent electrocatalytic properties, such as
LaNi0.8Fe0.2O3/Vulcan XC-72, La0.95FeO3�d/Super P, PrBa0.25-
Sr0.75Co2O5.95/acetylene black, SrFe0.8Cu0.1Nb0.1O3�d/black car-
bon, La(Co0.55Mn0.45)0.99O3�d/reduced graphene oxide, were
synthesized [47,76,80,183,184]. The enhancement of catalytic
activity is always explained by the synergetic effect between per-
ovskite and carbon: the electrochemically active center of per-
ovskite oxide surfaces are sufficiently activated when carbon
acts as a vehicle for electron conductivity. Based on numerous lit-
erature, there may be three possible synergistic effects between
perovskite and carbon in alkaline medium, that is, the formation
of interfacial heterostructures, ligand effect and the spillover
effect (Fig. 9a) [94]. In some cases, covalent bonds (C–O–M)
may be formed at the surface of perovskites/carbon heterostruc-
ture [225]. New covalent bonds and a high electron transfer
number may result in excellent electrocatalytic activity. Interest-
ing results have shown that the addition of carbon can act as a
co-catalyst in ORR and OER [226,227]. The ligand effect exists
in some reducing carbon-based materials, such as acetylene



FIGURE 8

(a) Structural modification caused by strain splits previously degenerate energy levels due to symmetry-breaking, while alteration of metal–oxygen orbital
overlap affects broadening of d-states in the electronic density of states. Reproduced with permission from Ref. [67]. Copyright 2019, Elsevier B.V. (b) Current
densities (J) of ORR and OER at overpotentials of g = 400 mV. (c) Bifunctional g to attain 30 lA/cm2 for both reactions show compressed LaNiO3 surpassing Pt
and IrO2. Reproduced with permission from Ref. [180]. Copyright 2016, American Chemical Society. (d) The overpotential correlates with the charge transfer
resistance, RCT, measured at open circuit via [Fe(CN)6]

3�/4�, plotted on a log scale to encompass the spread. Reproduced with permission from Ref. [66].
Copyright 2015, American Chemical Society.
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black. Experiments showed that the carbon can reduce Co
cations and increase of the electron density of cobalt in per-
ovskites [228]. In addition, X-ray absorption near edge structure
spectroscopy showed the change of Co oxidation state increased
intrinsic conductivity and led to a more favorable adsorption
energy of oxygen–containing intermediates, which improved
catalytic activities. Though the addition of carbon-based materi-
als can effectively improve the catalytic performance, carbon
tends to undergo corrosion/oxidation at the high potentials,
especially for OER. These side reactions can destroy the conduc-
tive network of the perovskite and impact performance of cata-
lysts. In order to solve the problem of carbon oxidation, more
research needs to be conducted in the future.

It has been reported that an active material coating on the cat-
alyst can significantly reduce the barrier of surface oxygen
exchange and strengthen the durability of catalyst against pollu-
tants. A systematic work based on a PrBa0.8Ca0.2Co2O5+d (PBCC)
catalyst suggested that the electrode surface underwent structural
reorganization by the surface modification in the alkaline solu-
tion [71]. Before cell testing, a small amount of Ba(NO3)2 precur-
sor solution was coated on the surface of the catalyst and then
fired at high temperature. At realistic operating conditions of
�565 �C, the Ba(NO3)2 was found to in situ evolve to BaCoO3�d

on the surface of the PBCC catalyst, leading to a 35% enhance-
ment of peak power density by surface modification (Fig. 9b
and c). The TEM, EDX and electron energy loss spectroscopy
unequivocally demonstrated that the Co diffused and reacted
with the surface precursor to form Ba(NO3)2. DFT calculations
proved that the oxygen vacancy formation energy of PBCC was
higher than that of BaCoO3�d. This signifies that the process of
oxygen adsorption should occur at the BaCoO3�d surface and
the dissociated oxygen species diffuse into host lattice through
the synergetic effect. The in situ surface modification phe-
nomenon was also found in other reports, such as La2LiIrO6,
Ba2PrIrO6.

In situ exsolution of B-site cations is another strategy to mod-
ify the perovskite surface and was first observed in LaFe0.57-
Co0.38Pd0.05O3 by Nishihata [229]. Irvine et al. subsequently
conducted tremendous research on in situ growth of nanoparti-
cles over the perovskite surface [37–40]. By this method, the B-
site cation was planted at the surface under acid, base or heating
treatments, leading to the formation of nanoparticle-modified
perovskite nanohybrids [60,203,230–232]. The metal-
perovskite heterostructure offers an additional catalytic compo-
nent. More importantly, it provides more active sites and
increases oxygen vacancy concentration at TPB. For instance,
when La0.8Sr0.2MnO3�d (LSMO) was placed in dilute acid solu-
tion at room temperature (RT), MnOx could be formed on the
surface of LSMO due to the selective removal of La and Sr
cations and the exsolution of Mn cations (Fig. 9e and f) [60].
The existence of MnOx promoted Mn rich terminations, which
in turn changed the ratio of Mn4+/Mn3+, concentration of
oxidative oxygen species, electron transfer numbers and
improved ORR activity (Fig. 9d). By heating treatment in reduc-
ing atmosphere, the Ag nanoparticles exsoluted from the Pr0.475-
Ba0.475Ag0.05MnO3�d host lattice, leading to form the
heterostructure Ag–(PrBa)0.95Mn2O5+d (Ag-PBMO5) (Fig. 9g)
[233]. The exsolved Ag nanoparticles were firmly adhered on
the surface of the perovskite, while the crystal reconstruction
led to abundant oxygen defects in PBMO5. The additional oxy-
gen vacancies and active sites proved to exhibit high activity
and durability as electrocatalysis (Fig. 9h).
365



FIGURE 9

(a) Schematic illustration of ligand effect and formation of interfacial heterostructures possible origins of the synergistic effect between the perovskite and
carbon. (b) Schematic of electrode reaction processes by forming in situ nanostructured BaCoO3 on PrBa0.8Ca0.2Co2O5+d (PBCC). (c) Typical I–V–P curves for
bare PBCC and “BaO”-coated PBCC. Reproduced with permission from Ref. [71]. Copyright 2019, American Chemical Society. (d) The half-wave potential and
onset potential of the LSMO, MnOx/LSMO-3, MnOx/LSMO-5, and MnOx/LSMO-8 electrodes. (e, f) TEM images of MnOx/LSMO-8. Reproduced with permission
from Ref. [60]. Copyright 2018, John Wiley & Sons, Inc. (g) Schematic illustration of the systematic engineering of perovskite into highly efficient ORR catalyst.
(h) ORR LSV curves at 1600 rpm for Pr0.5Ba0.5MnO3�d, PBMO5, Ag-PBMO5, and 40 wt% Pt/C. Reproduced with permission from Ref. [233]. Copyright 2017,
Elsevier B.V.
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Controlling A-Site cation segregation
As the surface of the bulk is built by cutting the lattice structure
in a certain direction, the arrangement of surface atoms is differ-
ent to that of the bulk. This unique surface environment causes
A-site cations selectively accumulate at the surface. Different
from the exsolution of B-site cations, it is well known that the
A-site cation (e.g. Sr2+, Ba2+, Pb2+) segregation is observed fre-
quently near the surface in strong oxidizing atmospheres at ele-
vated temperatures and is generally unfavorable for catalytic
performance. The schematic images of the surface A-cation segre-
gation or even formation of secondary phase as shown in Fig. 10.
First, gathering of A-site cations appears on the external surface.
In this step, the outermost surface atoms may be completely
occupied by single A-site cations or by competition between dif-
ferent A-site cations. Afterwards, phase separation can be
observed when the concentration of surface A-site cations
exceeds the solubility limit. Abundant area of the secondary
phase can be formed if the driving force of the segregation is
strong enough.

The driving forces for atomic rearrangement mainly comes
from electrostatic and elastic interactions [187]. On one hand,
the surface of the bulk is naturally charged because of the prefer-
366
ential adsorption of some gases and the rearrangement of cations
on the surface. This surface charge can be sort to the electrostatic
driving force for cationic segregation. On the other hand, as the
ionic radius mismatch between the original A-site cation and
doped cation, elastic strain would be created in the perovskite.
In order to deplete this strain in the surface, cation rearrange-
ment occurs near the surface.

The phenomenon of cation segregation at the surface is often
observed in fuel cells or chemical reactors because these devices
commonly operate at elevated temperatures. Specifically, A-site
cation segregation is thought to be harmful to various electro-
chemical process (including surface dissociative adsorption/
desorption, electron/ion migration), leading to decline in the
catalytic activity. For instance, although the thickness of
the Sr enriched layer is about several nanometers in the
La0.6Sr0.4(Co1�yFey)O3�d thin film, the rate of oxygen exchange
reaction reduced by more than one order of magnitude
[11,189,190]. Some researchers attributed the performance drop
to the blocking effect of the charge transfer process due to the
secondary phase, while others considered the cation segregation
induced harmful side reactions [188]. It is also found that certain
small molecules, such as H2O or CO2, are attracted by secondary



FIGURE 10

Schematic images of the surface cation segregation processes.
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particles, further contributing to the generation of new insula-
tion phases and efficiency degradation [188].

Since the exposed surface breaks the structural symmetry and
coordination environment, the surface redistribution inevitably
involves some degree of cation segregation compared to the
matrix. Recently, many researchers have focused on how to con-
trol the type of accumulated cation or weaken the degree of
cation segregation. As the driving forces for cation segregation
are electrostatic and elastic interactions, the key is to eliminate
these energies near the surface. Liu and co-workers outlined the
possible strategies to weaken these two energies and suppress
the A-site cation segregation. This included the nature of per-
ovskite itself (such as more A-site deficiency, low crystallinity,
suitable doping ion radius, small tensile strain) and environmen-
tal conditions (such as reducing atmosphere, low operation tem-
perature, strong cathodic polarization or weak anodic
polarization) [188]. For example, A-site deficiency means more
free interspace within the lattice, which can reduce elastic energy
and suppress the A-site cations segregation. A small mismatch in
ionic radii and valence of the host and dopant cations increases
the surface segregation enthalpy and inhibits the formation of
the secondary phase. Perovskites with low crystallinity, or even
in amorphous state, exhibit a more disorderly arrangement with
abundant free spaces in the lattice. This leads to less cationic
gathering. For tensile strain, it offers more surface space to accept
larger doped cations, leading to serious surface segregation. Small
tensile strain is therefore crucial to restrain cation rearrangement
at the surface.

It is worth noting that, though these design ideas on per-
ovskites are positive to control cation segregation, some strate-
gies themselves are detrimental to catalytic performance. As
mentioned before, a perovskite with high symmetry, hetero-
valent A-site doping and tensile strain tend to expose more active
sites and drive a faster electrochemical reaction. However, these
characteristics also accelerate the accumulation of cations near
the surface. Consequently, it is hard to balance these effects. As
the phenomenon of segregation occurs more dynamically at ele-
vated temperatures, the development of low temperature electro-
chemical devices is the key to inhibit cation segregation while
maintaining high performance.

Eletrocatalysis-based energy applications
Up to now, numerous perovskite-based catalysts have been
reported as electrocatalysts for various energy applications. In
this section, we focus on some common applications operating
at low to intermediate temperatures (<600 �C), such as electrolyz-
ers (e.g. water splitting) and intermediate temperature fuel cells
(cathode and anode).

Water splitting
Electrochemical water splitting is regarded as a vital means for
ESC technologies because it can directly convert the electricity
generated from sustainable and renewable energy sources into
clean, reliable hydrogen and oxygen [138,234]. Depending on
the electrolytes, the water splitting reaction can be classified
below.

In neutral or alkaline medium,

Cathode; HER 2H2Oþ 2e� ! H2 þ 2OH� ð18Þ

Anode; OER 2OH� ! H2Oþ 1=2O2 þ 2e� ð19Þ

In acidic medium,

Cathode; HER 2Hþ þ 2e� ! H2 ð20Þ

Anode;OER H2O ! 2Hþ þ 1=2O2 þ 2e� ð21Þ

Total reaction,

H2O ! H2 þ 1=2O2 ð22Þ
In order to overcome the intrinsic activation barriers such as

solution resistance and contact resistance at room temperature,
a DC voltage above the theoretical value of 1.23 V for water split-
ting has to be applied due to the overpotential at the negative
and positive electrodes. To lower the overpotential and optimize
the water splitting technology, introducing highly active and
durable electrocatalysts is an effective and popular method.

Shao and Liu manifested the effectiveness of perovskites as
candidates for HER in base solution for the first time [31]. Pr
doped Ba0.5Sr0.5Co0.8Fe0.2O3�d (Pr0.5BSCF) was prepared using
an EDTA–citrate complexing method. The overpotential of
Pr0.5BSCF was over 0.1 V which is lower than that of un-doped
BSCF at 10 mA�cm�2. Note that, by modifying surface electronic
structures, the Pr0.5BSCF electrode could maintain 25 h of H2

production without noticeable decline in performance. The
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oxygen deficient SrSc0.025Nb0.025Co0.95O3�d (SSNC) is a highly
efficient and stable catalyst for OER in alkaline medium [200].
Experimental results indicated that the catalytic activity of SSNC
was 50 times higher than that of commercial RuO2. The superior
OER activity was attributed to the higher affinity for surface
hydroxide adsorption and more abundant electron states near
the Fermi level.

Prior to rational design, the development of perovskite cata-
lysts for water splitting had been based on trial-and error meth-
ods [138]. In order to rationally design excellent OER and HER
catalysts, appropriate descriptors were developed, some of which
has been introduced before [28,46,69,131,138].

Recently, the potential of perovskite-based oxides as bifunc-
tional electrocatalysts for water splitting have attracted extensive
attention. The general key requirements to define bifunctional
catalysts is that they should have excellent catalytic activity
and stability for simultaneously HER and OER in the samemedia.
S-adsorbed (Nd0.6Sr0.4)3((Co,Fe)0.85Nb0.15)2O7 (S-NSCFNb) parti-
cles were adhered to S-doped carbon fibers to prepared the hybrid
materials as a bifunctional catalyst, highlighting good perfor-
mances for OER and HER concurrently in base solution
(Fig. 11a) [144]. Compared to the untreated perovskite matrix,
the composite catalyst showed an improvement of catalytically
active and remarkable stability, resulting in more than 400 h
without inactivation (Fig. 11b and c). This work emphasized
the positive effect of fabricating hetero architecture on the sur-
face of perovskite catalysts. In addition to the traditional
approaches, (e.g. tuning cation sites or oxygen defects), another
effective method is the substitution of lattice oxygen by fluorine
to tune the p-blocking centers for water splitting electrocatalysts.
Using this strategy, a bifunctional La0.5Ba0.25Sr0.25CoO2.9–dF0.1
(LBSCOF) perovskite oxyfluoride was successfully prepared
through the SSR for water splitting [145]. Though the F substitu-
tion reduced oxygen vacancy concentration, the structure
FIGURE 11

(a) Schematic illustration and (b) OER of S-NSCFNb, R-NSCFNb and C-NSCFNb. (c
anode and cathode at a constant current density of 10 mA�cm�2 in 1 M KOH. Rep
Inc. (d) Octahedral distortion in SrRuO3 compared to Na-doped samples. (e) O
Copyright 2019, Springer Nature.

368
induced the activation of the oxygen site, accelerated the diffu-
sion rates of the proton and electron and further reduced the des-
orption energy associated with Co–OO* bond. As a result,
excellent OER and HER activities were achieved in this
oxyfluoride.

It is noteworthy that a large number of water splitting cata-
lysts based on perovskites have been reported to work well under
alkaline media during the past decade, but very few examples of
perovskite-based electrocatalysts are found to be effective in
acidic or neutral medium, especially for OER. Recently, a growing
number of researchers have focused on electrocatalytic activity in
non-alkaline conditions [90]. For example, by doping monova-
lent cation into perovskite oxide, the Sr0.90Na0.10RuO3 perovskite
showed remarkable OER activity and chemical stability in the
acid solution (Fig. 11e) [235]. Na incorporation in the lattice
increased the oxidation state of Ru, thus modifying the positively
O p-band and Ru d-band centers, weakening Ru–adsorbate bond.
The improved stability of Sr0.90Na0.10RuO3 is related to the higher
oxidation state of Ru which reduce distortion of the coordination
octahedral at B-sites and lower surface energy (Fig. 11d). In acid
condition, iridium based oxide shows the best compromise
between catalytic activity and durability, however Ir is costly
and scarce, resulting in difficulties for large-scale applications.
Making use of perovskite-based catalysts with a small amount
of active Ir is a potential strategy to overcome this economical
restriction. SrCo0.9Ir0.1O3�d, 6H-phase SrIrO3 and Ba2MIrO6

(M = Y, La, Ce, Pr, Nd, Tb) perovskites have proved to be highly
active catalysts with good stability in acid media [236–238].
Fuel cell
Perovskite oxides have been widely used as electrolytes, anodes
and cathodes for high temperature solid oxide fuel cells (SOFCs)
[32,90,239,240]. Perovskite oxide acts as an important compo-
nent in the development of low temperature fuel cell. So far,
) Chronopotentiometry curve of water electrolysis using C-NSCFNb as both
roduced with permission from Ref. [144]. Copyright 2019, John Wiley & Sons,
ER Volcano-type activity plot. Reproduced with permission from Ref. [235].
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there are several reviews that summarize the perovskite catalysts
in fuel cells [33,36,92,241]. Unlike these reviews, this section
mainly covers the perovskite cathode or anode materials that
were developed from 2015 onwards in the applications of low
to intermediate temperature fuel cells.

Perovskite oxides as cathode
As highly efficient cathode materials for fuel cells, the perovskite
oxides have high ionic and electronic conductivities, excellent
catalytic active, chemical and thermal stability and compatibility
with electrolyte in the oxidizing atmosphere. The application of
mixed conducting cathodes could significantly enlarge the
length of the TPB and increase the active sites, leading to a reduc-
tion in the operating temperature. In the past, numerous
researches were focused on the progress of MIEC perovskite oxi-
des, containing Mn, Fe, Co, or Ni, that introduces oxygen non-
stoichiometry and oxygen vacancies [242].

In contrast to ABO3 disordered structures, layered perovskite
ordered structures, i.e. ABaB2O6�d, have been investigated
recently, due to the faster ionic and electronic transport proper-
ties. By experimental and theoretical analyses, a stacking struc-
ture of [BO2]–[AO]–[BO2]–[A0O] along the c-axis can be
confirmed in these layered perovskites [243]. Layered-type order-
ing of A and B sites highly affects the properties of oxide materi-
als since oxygen vacancies are mainly located within the [AO]
layers [244,245]. Moreover, these ordered structures reduce the
covalent bond strength in the [AO] layer and offer a fast conduc-
tion pathway for ionic transfer, which in turn facilitate the
migration of the oxygen ions. By simple doping in PrBa0.5Sr0.5-
Co2O5+d layered oxide, the electrical conductivity of PrBa0.5Sr0.25-
Ca0.25Co2O5+d was higher than that of un-doped counterpart
[243]. When based on the same Gd0.1Ce0.9O2�d electrolyte, the
area specific resistance of PrBa0.5Sr0.25Ca0.25Co2O5+d–Gd0.1Ce0.9-
O2�d was lower than that of PrBa0.5Sr0.5Co2O5+d–Gd0.1Ce0.9O2�d.
More importantly, the redox behavior and operational stability
were improved in the Ca doping perovskite.

The rate-determining step in fuel cells operated at low temper-
ature is widely considered to the ORR and the kinetics of per-
ovskite cathodes may be enhanced by the composite structure.
A composite perovskite cathode was formed by incorporating a
small amount of W into SrCo0.7Fe0.2W0.1O3�d (SCFW), leading
to a composite composed of a W-doped single-perovskite phase
and a double-perovskite phase (Fig. 12a) [56]. The content of
double-perovskite SCFWO phase was approximately 80 wt%.
The composite structure released the suppressed oxygen from
the lattice, and then enhanced the phase stability (Fig. 12b and
c). More significantly, a synergistic effect was established
between the single-perovskite and double-perovskite phases, giv-
ing rise to an increase in ORR active sites compared to the indi-
vidual phases. Anion doping, (Cl�, F�, N3�, S2�) is another
approach to develop cathodes for high-performance fuel cells
[55,246–248]. The F doped perovskite oxyfluorides, SrFe0.9Ti0.1-
O2.95�dF0.05, showed enhanced electrocatalytic activity compared
to anion un-doped perovskite, reaching area specific resistance
values of 0.393 X�cm2 at 600 �C (Fig. 12d) [55]. The strategy of
F doping improved bulk diffusion and surface exchange proper-
ties, and hence endowed the improved performance and excel-
lent stability of cathode material (Fig. 12e).
Although many high performance perovskite-based cathodes
have been discovered and studied, the large thermal expansion
coefficients (TEC) and carbon surface deposition limit their prac-
tical applications. Co-free perovskite cathodes have attracted
attention in the last few years due to the favorable mechanical
behavior and stability [93]. Sunarso et al. reported the thermal
expansion behavior of Co-free SrNb0.2�xTaxFe0.8O3�d perovskites,
which were lower than those reported for Co-containing per-
ovskite cathodes [249]. With the change of Ta doping content,
the TECs varied from 12.8 � 10�6 to 16.3 � 10�6 K�1 at different
temperatures. Appropriate regulation of TEC could reduce the
stress at the interface of electrode and electrolyte, resulting in
reduced area-specific resistance and high peak power density in
fuel cells. Other cobalt-free perovskite oxides, such as PrLa0.4-
Ba0.6Fe0.8Zn0.2O5+d, PrBa0.8Ca0.2Co2O5+d, Nd0.5Sr0.5Fe0.8Cu0.2-
O3�d, exhibited excellent catalytic activity and CO2 tolerance
[72,77].

Perovskite oxides as anode
There are some specific criteria that must be met for anodic mate-
rials in fuel cells, such as high MIEC, catalytic activity for fuel
oxidation, stability on successive redox cycles and matched
TEC to electrolyte. Ni/YSZ cermet served as the conventional
anode in fuel cells for a long time due to its high electrochemical
activity and electrical conductivity. However, disadvantages of
the Ni/YSZ catalyst have included Ni agglomeration, coarsening
during a long-term operation, carbon deposition and sulfur poi-
soning leading to performance degradation at elevate tempera-
tures [33]. Since Tao and Irvine first reported a nickel free
redox stable perovskite oxide, La0.75Sr0.25Cr0.5Mn0.5O3 (LSCM)
has been a prominent anode in hydrocarbon-fueled fuel cells,
with equal performance to the state-of-the-art Ni/YSZ anode
[32]. This work has encouraged further work on the development
of nickel-free perovskite anode materials, such as La4Sr8Ti11-
Mn0.5Ga0.5O37.5, Sr2FeNbO6, Sr2MgMoO6�d and Sr2Fe1.5Mo0.5-
O6–d, PrBaMn2O5+d etc [32,68,250–253].

Owing to the fuel flexibility in fuel cell systems, multiple fuels
can be fed into the perovskite-based anode, such as hydrogen,
hydrocarbons, etc. The direct production of electricity from
renewable hydrogen with no unwanted products makes the
hydrogen fuel cell applicable for stationary and portable small-
to-medium energy systems.

Perovskite oxides are attractive next-generation high-
performance, low-cost anodes in fuel cells since they mitigate
carbon coking and contain active sites to activate the C–H bonds
and oxidize hydrocarbons, which can be optimized by tuning
the composition thus of oxygen vacancy concentration
[33,254]. Hydrocarbon fuels, e.g. methanol and alcohol, are
attractive, because they can be easily handled, stored and trans-
ported compared to hydrogen [255]. In a recent study, Pt deco-
rated SrFeO3 nanoparticles were used as an active anode in
direct methanol fuel cells [256]. The results showed that the
SrFeO3 perovskite helped in improving the fuel cell performance
with low Pt loading (Fig. 13a and b).

In contrast to hydrogen and hydrocarbon fuel, ammonia has
recently been increasingly recognized as an important carbon-
free fuel for global use due to its low operation temperature,
low storage pressure, high energy density and low cost
369



FIGURE 12

(a) Refined XRD pattern of as-prepared SCFW. (b) ASR change for SCF and SCFW electrodes at 600 �C during a prolonged test period of 225 h. (c) initial and
final electrochemical impedance spectra for SCF and SCFW electrodes. Reproduced with permission from Ref. [56]. Copyright 2017, Royal Society of
Chemistry. (d) Typical STEM image and EDS elemental distributions in the SFF0.05 oxide. (e) Nyquist impedance plots and the fitted lines for the SFFr|SDC|
SFFr symmetric cells measured at 600 �C. Reproduced with permission from Ref. [55]. Copyright 2017, John Wiley & Sons, Inc.
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[257–260]. Perovskite oxides SrCo0.8Cu0.1Nb0.1O3�d and SrFe0.8-
Cu0.1Nb0.1O3�d have been identified as good cathodes for low
temperature direct ammonia fuel cells [79,80]. Direct ammonia
fuel cells are an emerging technology with potential applications
including wastewater treatment, life cycle analysis and trans-
portation [259]. Zhang and co-workers used a perovskite SrxLa1�-

xMnyCo1�yO3�d (SLMCO) coated on Ti plate as an anode for
electrocatalytic oxidizing ammonia in wastewater (Fig. 13c)
[261]. By properly doping Sr at the A-site and Mn at the B-site,
the concentration of oxygen vacancies, conductivity and cat-
alytic performance of SLMCO was greatly improved. The highest
removal ratio of ammonia was up to 98.23% by means of inhibit-
ing the recombination of e�-h+ pairs to produce more –OH
(Fig. 13d). This perovskite oxide showed good activity towards
electrochemical oxidation of ammonia and can therefore be con-
sidered a potential anode for direct ammonia fuel cells.
Chemical reactor-related applications
Due to their superior oxygen storage and donation properties,
flexible in composition and defect engineering, perovskite oxides
represent a large family of functional materials which can be
used as catalysts in chemical reactors.

Chemical looping technology
The original idea of chemical looping technology was proposed
by Lewis and Gilliland, who published an epochal patent in
1954 that described a concept similar to the current known
chemical looping process. Following this time, the technology
370
has been greatly developed, especially since the CO2 Capture
Project (CCP) funded research programs in the European Union
to promote numerous researches.

Chemical looping combustion (CLC)
Chemical looping combustion is a very important process in
chemical engineering. In contrast to the conventional combus-
tion process, there are several advantages of CLC technology
which are as follows: (1) it is possible to obtain pure carbon diox-
ide without the need of extra steps; (2) the release of oxynitride is
reduced or eliminated; (3) high thermal efficiency can be
obtained. Ishida and co-workers were the first to introduce the
name of CLC in their thermodynamic study [151,262]. The sche-
matic diagram is shown in Fig. 14(a). The configuration of CLC
composes of two interconnected reactors, one of them being
the reduction reactor and the other the oxidation reactor. In
the reduction reactor, the oxide (MxOy) is reduced by the fuel
to MxOy�1 and the fuel (CnH2m) is oxidized to CO2 and H2O.

ð2nþmÞMxOy þ CnH2m ! 2nþmð ÞMxOy�1 þmH2Oþ nCO2

ð23Þ
In the oxidation reactor, the reduced form MxOy�1 is oxidized to
its initial state with O2.

MxOy�1 þ 1=2O2! MxOy ð24Þ
A key challenge for the development of CLC is the selection of

a suitable oxygen carrier with excellent properties. The basic
requirement of an oxygen carrier is the certain redox activity
and sufficient oxygen ionic conductivity. Perovskite oxides have



FIGURE 13

(a) Electrical performancesof a 5 cm2 DMFC at different temperatures (square) 60, (diamond) 70, (triangle) 80, and (circle) 90 �C. (b) Electrical performances of
a 5 cm2 DMFC with different methanol concentrations (circle) 1, (triangle) 2, and (square) 3 M. Reproduced with permission from Ref. [256]. Copyright 2016,
Springer Nature. (c) The configuration and possible reactions of the electrochemical reactor. (d) A proposed mechanism for the electrocatalytic oxidation
process. Reproduced with permission from Ref. [261]. Copyright 2020, Elsevier B.V.
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proven to be highly effective for chemical looping processes, in
which the B-site cations serve as both oxygen carriers and cata-
lysts for activating carbonaceous fuel [34]. In addition, the suit-
able synthesis method and excellent long-term stability of
perovskite oxides at elevated temperatures make them good can-
didates for oxygen carriers. Tremendous work on perovskite oxi-
des has been studied recently and an overview of the reported
perovskite oxides using low to intermediate temperature chemi-
cal looping technology is summarized in Table 3.

Perovskite oxides containing first row transition metals, such
as Fe, Co, Ni, Cu, usually show excellent CLC performance. In
2017, Scott and Grey used existing theoretical databases to find
novel and excellent perovskite materials for CLC by applying a
large scale in silico screening methodology [269]. Four prelimi-
nary candidates, i.e. SrFeO3, BaFeO3, BaBiO3, BaCoO3, were
found by the screening owed to their predicted thermodynamic
properties (Fig. 14b and c). Amongst them, SrFeO3�d was further
proven to have superb cycling stability and resistance to carbon-
ation under different environments. Subsequently, Marek et al.
prepared an SrFeO3�d oxygen carrier by solid state synthesis
and observed that this perovskite was able stay in a nonstoichio-
metric form over a wide range of O2 partial pressures [263]. By in-
situ XRD and TGA analysis, they found a deep reduction phe-
nomenon, from SrFeO3�d to SrO and Fe, which is reversible dur-
ing the redox process. This perovskite showed great potential in
CLC due to the release of oxygen at a suitable chemical potential
for hydrogen production.
Chemical looping reforming (CLR)
The concept of CLR was originally proposed by Mattisson [270].
Different from CLC, CLR is a chemical looping partial oxidation
process rather than a full oxidation process and the desired pro-
duct is not heat, but H2 and/or CO (Fig. 14d). Compared to the
conventional steam reforming process, CLR has some significant
superiorities, such as high carbon dioxide capture efficiency,
high heat-transfer coefficient and no oxynitride formed
[271,272].

Similar to CLC, the choice of oxygen carrier material is crucial
for industrial applications. Therefore, current research is focused
on developing a suitable oxygen carrier with good redox stability
and high activity at low cost. Li and co-workers prepared a series
of La2�xSrxNiO4�k perovskites by a co-precipitation technique,
which were to then be used as oxygen carriers in CLR [273].
The intelligent self-regeneration ability of these perovskites was
confirmed by the movement of Ni that regularly immersed into
and out of the perovskite lattice during the chemical looping
process. In addition, the aggregation of Ni particles was repressed
by the movement. As a result, the reduced Ni maintained uni-
form dispersion as an oxygen carrier and the perovskite showed
excellent cyclic activity. La1.4Sr0.6NiO4�k showed highest hydro-
gen selectivity among the La2�xSrxNiO4�k perovskites at 650 �C,
due to the superior activity and admirable stability (Fig. 14e)
[273].

A low operation temperature of CLR cycles was reported by
Uddi et al. [267]. Based on the fact that La0.9Ce0.1NiO3 is an
371



FIGURE 14

(a) The schematic diagram of a CLC system. (b) Calculated equilibrium pO2 of shortlisted materials at various temperatures. (c) Comparison between
theoretical equilibrium temperatures from the screening, and those obtained from TGA experiments. Reproduced with permission from Ref. [269]. Copyright
2017, Royal Society of Chemistry. (d) The schematic diagram of a CLR system. (e) Stability test of La1.4Sr0.6NiO4�k. Reproduced with permission from Ref. [273].
Copyright 2017, Elsevier B.V. (f) Measured percentage H2 flow in the exhaust in temperature range 150–400 �C. Reproduced with permission from Ref. [267].
Copyright 2019, Elsevier B.V. (g) The schematic diagram of a Three-way Catalysis system. (h) CO conversion as a function of temperature in CO + O2 reaction.
�: LaCo0.5Cu0.5O3, ▲: LaCo0.7Cu0.3O3, j: LaCo0.9Cu0.1O3, r: LaCoO3. (i) Concentrations of CO (red balls), NO (black squares), CO2 (green crosses), N2 (light blue
triangles), and N2O (orange rhombs) measured, for LaCo0.5Cu0.5O3 at different temperatures in the reaction NO + CO. Reproduced with permission from Ref.
[276]. Copyright 2016, Elsevier B.V.

TABLE 3

Summary of perovskite oxides used as oxygen carriers.

Oxygen carrier Preparation method Reacting agent Test temperature Application Ref.

SrFeO3�d SSR CH4 550 �C CLC [263]
SrFe1�xCuxO3�d SSR H2 600 �C CLC [35]
La0.1Ca0.9Cu0.1Ni0.9O3 Combustion CH4 400 �C CLC [264]
La2�xCaxNiO4�k Co-precipitation Ethanol 600 �C CLR [265]
LaNi0.8Fe0.2O3 Sol-gel method Acetic acid 600 �C CLR [266]
La0.9Ce0.1NiO3/CeO2 Sol-gel method CH4/H2O 400 �C CLR [267]
La0.8Ce0.1Ni0.4Ti0.6O3 SSR CH4 600 �C CLR [268]
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excellent methane reforming catalyst and ceria is known for high
oxygen ionic conductivity, they prepared a composite oxygen
carrier, La0.9Ce0.1NiO3/CeO2, by a sol–gel method. Taking advan-
tage of these two oxides for CLR and plasma-catalysis synergy
372
substantial reactions, CH4 reforming was observed at a low tem-
perature region of 150–400 �C (Fig. 14f). Though the conversion
of CO2 is not high compared to result in other literature, this
work provided a novel idea for realizing CLR at low temperature.
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Three-way catalysis (TWC)
Similar to chemical looping technology, TWC also depends on
the cyclic redox reactions of catalysts for cleaning exhaust gas
in internal combustion engines [34,274]. Whilst the catalyst in
TWC shares a few similarities with that in the chemical looping
process, a crucial difference is that the catalysts in TWC act
mainly as multifunctional catalysts (MxOy) to active carbon
monoxide (CO) oxidation, hydrocarbon (CnH2m) oxidation and
nitrogen oxides (NOx) reduction simultaneously (Fig. 14g). There
are different routes for TWC that have been proposed. The route
followed depends on the reaction temperature, gas composition,
the type of catalyst and so on. The primary catalytic mechanisms
for oxidation and reduction reactions in the TWC system are:

Oxidation reactions:

CnH2m þO2 ! CO2 þH2O ð25Þ

COþO2 ! CO2 ð26Þ

MxOy�1 þO2 ! MxOy ð27Þ

Reduction reactions:

NOx þ CnH2m ! N2 þH2Oþ CO2 ð28Þ

MxOy þ COþ CnH2m ! MxOy�1 þ CO2 þH2O ð29Þ
Perovskite-based catalysts, with tunable compositions, exhibit

great activity for TWC application and the catalytic properties are
mainly affected by the nature of B-site cation, oxygen vacancy
concentration and oxygen migration capacity [34,275]. For
example, in oxidation reactions, tremendous literature reported
that lattice oxygen and vacancies in the perovskite oxides play
vital roles in the carbon monoxide oxidation process though
rapid exchange/evolution of oxygen from surface [276,277]. This
result is consistent with the Mars van Krevelen mechanism [278].
In the reduction reaction, the nitrogen oxides are first absorbed
on the oxygen vacancies and then reduced to N2.

Though perovskite oxides have been proposed as TWC cata-
lysts for decades, most work only focused on the model reactions
and researching new materials. Recently, more studies have been
devoted on reaction mechanism in various catalysts and the per-
formance under simulated or real exhaust conditions [217,279–
281]. Grünert et al. reported that oxidation and reduction in
TWC are active by different sites in noble metal integrated per-
ovskites [282]. A series of La(FexCo1�x)O3 perovskites with and
without precious metals incorporated were prepared. Unmodi-
fied perovskites outperformed perovskites modified by noble
metals in CO oxidation but were less active in NO reduction.
This phenomenon proved that the oxidation and reduction reac-
tions are activated by different sites. Glisenti and co-workers
studied the structural transformation of CuO/La0.5Sr0.5CoO3 in
the TWC process in detail by operando high energy XRD [283].
In the reducing environment, CuO was converted into Cu in
two steps: Cu(Ⅱ) to Cu(Ⅰ) and then to Cu(0), while La0.5Sr0.5CoO3

evolved to an oxygen deficient brownmillerite phase. The in-situ
reduced Cu and oxygen deficient perovskite both benefit TWC,
which is active for reduction processes at only 300 �C and reach
90% NO conversion at 450 �C. The new platinum group metal
(PGM)-free Cu-doped LaCo1�xCuxO3 perovskites were synthe-
sized by the same group [276]. They found that the Cu doping
added the reduction functionality of lanthanum cobaltates due
to the formation of vacancies and increased oxygen mobility.
The perovskite with the highest Cu content, LaCo0.5Cu0.5O3,
exhibited an interesting compromise of both oxidation and NO
reduction operating at low temperatures (Fig. 14h and i).

Nowadays, study of TWC remains a very hot topic. Perovskite
catalysts have been considered as potential candidates for this
field due to their excellent catalytic activity, thermal stability
and significantly lower costs in comparison to noble metals.
Although there are various challenges remaining in perovskites,
such as the improvement of NOx conversion efficiency, selectiv-
ity and suitable operating temperature, the development of
PGM-free perovskite TWCs would be the ultimate goal in terms
of cost and emissions control.
Conclusions and challenges
Conclusions
In summary, low-cost, high efficient and stable non-noble metal
electrocatalysts are highly demanded for ESC systems. Perovskite
oxides with tunable composition and electronic structures are a
promising alternative as a large group of functional materials
for assorted electrochemical kinetics, i.e. ORR, OER, HER and
redox reaction. Though the four electrochemical kinetics on per-
ovskites have different mechanisms and processes, there are two
general strategies used to design superior perovskite based elec-
trocatalysts. One way is to improve the intrinsic activity
(through tuning crystal structure, defect engineering and strain
engineering), while the other is to enhance the number of acces-
sible active sites (through regulating high electrical conductivity,
synthesis method, morphology, defect engineering, surface mod-
ification and A-site cation segregation).

High electrical conductivity of catalysts themselves is benefi-
cial to improve overall performance, due to the minimization
of ohmic losses and the increase of active sites. Adding electri-
cally or ion conductive medium, such as carbon based materials
or ionomers, is a common method to improve electronic or ionic
conductivity. In addition, A/B-site cations act a pivotal part in
controlling the electronic structure, hence affecting their electri-
cal conductivity and enhancing catalytic activity.

By controlling the synthetic methods and operational param-
eters, perovskite electrocatalysts with various particle sizes and
morphologies can be synthesized. While the particle size is
reduced from micrometer to nanometer, the shape is always var-
ied from solid particles to various featured nanostructures, such
as porous, hollow and yolk-shell. Nanostructured materials with
higher surface area and more accessible reactive sites usually
show superior performance.

Oxygen defects have a prominent effect on electronic struc-
ture and the surface construction of perovskite oxides. On one
hand, electronic structure change results in electron holes and
redox couples, boosting the reactions involving oxygen by pro-
moting charge transfer in electrochemical processes. On the
other hand, oxygen vacancies can affect oxygen diffusion rates
373
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and boost the catalytic reactions containing oxygen. The most
common ways to create oxygen defects are by doping aliovalent
metal ions, annealing processing and strain induction. A-site
deficiencies in perovskite materials can increase the surface oxy-
gen vacancies, decrease the oxygen migration energy and expose
more active sites. B-site vacancies are not thermodynamically
favored and usually result in impurity phases. However, a small
number of B-site defects may maintain the pure phase and
improve ORR activity.

As catalytic reactions mainly take place at the surface of cata-
lysts, surface chemistry is crucial to catalytic performance of per-
ovskite oxides. In most cases, surface tensile strain is used to
boost performance because of the regulation of metal–oxygen
bonding, the formation and migration energies of oxygen defect
and charge transfer kinetics. In situ exsolution of B-site active
cations on the surface always increases the conductivity and pro-
vides more active sites in the perovskite oxides. On the contrary,
A-site cation segregation is harmful to catalytic performance due
to the blocking effects of the charge transfer process or harmful
side reactions. The driving forces for this phenomenon mainly
come from electrostatic and elastic interactions. By designing
rational perovskite structures and tuning environmental condi-
tions, the A-site cations segregation can be suppressed.
Challenges
In this review, we highlight the design strategies to improve the
performance of perovskite catalysts for electrochemical relevant
technologies. In spite of the flexible compositions and adjustable
properties of perovskites, there are still some challenges that
researchers have to solve in order to apply perovskite oxides with
excellent electrocatalytic performance to practical applications
(Fig. 15).

(1) Designing new perovskite electrocatalyst.
Despite the great potential of perovskite oxides for various cat-
alytic reactions, the catalytic activity is still not sufficient and
few of them can exhibit comparable activity to noble-metal cat-
alysts. Therefore, the discovery of new perovskite electrocatalysts
with superior performance remains a big challenge. Suitable
descriptors, which reveal the link between crystal structure and
activity, are vital and decisive for rationally designing highly
FIGURE 15

The gap and solutions between the advantages and challenges in perovskite b
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active catalysts. Up to now, various activity descriptors for oxy-
gen electrocatalytic processes (ORR, OER) have been reported,
but a universal and feasible reactivity descriptor is still lacking.
In addition, descriptors for HER and redox reactions are newly
emerging and need extensive attention in the future. In this
exploration process, reasonable utilization of high-throughput
calculations, machine learning and artificial intelligence can
help utilize efficient time and expenses for catalyst design and
discovery.

(2) Catalytic reaction mechanism. Although abun-
dant work has been conducted towards exploring the application
of perovskite materials as efficient catalysts for ORR and OER, fur-
ther investigation is required, especially in the case of HER and
redox catalytic reaction.

When perovskite catalysts are immersed in an inert or reduc-
ing atmosphere, an amorphous layer may be formed, covering
the surface of the perovskite. The mechanism of the amor-
phous phase on various catalytic process is still not clear yet.
Some results demonstrate negative effects of the amorphous
phase on the electrocatalytic activity while others emphasize
positive effects on ORR/OER. Advanced experimental tools
along with a deep and comprehensive understanding of amor-
phous phase perovskites may require investigation in the near
future.

(3) Utilizing synergistic effect. For a fixed electrocata-
lyst, the overall catalytic property commonly depends on several
aspects, such as conductivity, particle size, morphology, surface
structure etc. A single design strategy only leads to limited perfor-
mance improvement in most cases. In order to improve perfor-
mance to a greater extent, it is necessary to optimize catalytic
efficiency by utilizing synergistic effects from multiple design
strategies. The common synergy strategy is combined morphol-
ogy design (increasing the number of active sites) with tuning
cation ions (improving the intrinsic activity). Except for this
strategy, taking advantage of strain engineering, surface modifi-
cation and defect engineering is the direction of future develop-
ment. For example, the phenomenon of cation segregation is
always accompanied by the tensile strain in perovskite film. Con-
trolling the type and degree of cation segregation can further
increase the performance caused by strain.
ased electrocatalysts.
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(4) Dedicating practical applications. Although
there have been some significant methods to prepare perovskite
oxides with various morphologies and particle size, large-scale
production of perovskite oxides with uniform particle size and
high specific surface area is still difficult to achieve in industrial
application. The lack of reliable and controllable methods makes
it hard to apply the remarkable perovskite nanoparticles with
various structures at present, such as hollow and core–shell. In
addition, it has been demonstrated that the electrode prepara-
tion technology has a significant influence on the perovskite
electronic structure. Large-scale preparation of precision elec-
trode materials should also be taken into account in the future.

In order to obtain a higher mass activity, the loading of per-
ovskite catalysts on carbon support is quite low in most reports.
From the perspective of realistic operating conditions, a high cat-
alyst loading is required in pursuance of acceptable performance
and stability. A highly loading and uniform distribution per-
ovskite catalyst has great potential in further electrochemical
devices.

At present, most electrocatalysts with a perovskite structure
are unstable in acidic environment and can only active in alka-
line medium. Search of an efficient and durable perovskite cata-
lysts under a wide pH range is of great significance due to the
consideration of safety and cost. Though carbon can enlarge con-
duction channels and improve performance in perovskite/car-
bon composite, it may undergo electrochemical oxidation
under high potentials (especially for OER), which leads to the
reduction of active sites. How to suppress this process during
the electrochemical reactions is an important issue for research-
ers. Besides carbon based supports, new corrosive resistant cata-
lysts with high MIEC are also promising alternatives.

Testing of perovskite catalysts in the laboratory commonly
involves short-term electrochemical testing, reducing its reliabil-
ity to represent long-term stability. For practical applications,
catalysts operating at higher current densities for at least hun-
dreds of hours will be needed. Therefore, more stable perovskite
catalyst must be explored to satisfy durability requirements and
extended service life.

Twenty years ago, perovskite oxides used in most fuel cell and
chemical reactor-related devices could only be operated at high
temperatures (>600 �C). In recent years, perovskite oxides have
also found use as electrode materials in low temperature fuel
cells. For example, our group first reported the use of a perovskite
oxide as the cathode for a room temperature direct ammonia fuel
cell in 2019 [80]. Wang and co-workers demonstrated that
LaNiO3 can be applied as anode for SOFCs operating only at
470 �C [284]. These works prove the potential of high efficient
perovskites at low temperature applications that may have only
been considered for high temperature electrochemical devices
previously. In the future, more researches on perovskite oxide
catalysts for low temperature or RT applications should be
conducted.
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Appendix 1. Glossary of Abbreviations

3D: Three Dimensional
CCP: CO2 Capture Project
CLC: Chemical Looping Combustion
CLR: Chemical Looping Reforming
DFT: Density Functional Theory
ESC: Energy Storage and Conversion
HER: Hydrogen Evolution Reaction
MIEC: Mixed Ionic-Electronic Conducting
NRR: Nitrogen Reduction Reaction
OCV: Open Circuit Voltage
OER: Oxygen Evolution Reaction
ORR: Oxygen Reduction Reaction
PGM: Platinum Group Metal
RE: Rare Earth
RT: Room Temperature
SEM: Scanning Electron Microscope
SOECs: Solid Oxide Electrolyzer Cells
SOFCs: Solid Oxide Fuel Cells
SSR: Solid State Reaction
TEC: Thermal Expansion Coefficients
TEM: Transmission Electron Microscope
TPB: Triple Phase Boundary
TWC: Three-Way Catalysis
XPS: X-ray Photoelectron Spectroscopy
XRD: X-ray Diffraction
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