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Since the excessive exploitation of fossil fuels will cause wars
for oil, developing sustainable and eco-friendly energy resour-
ces to solve the energy crisis and realize the carbon-neutrality
goal has been a hot issue. Water electrolysis has been acknow!-
edged as a promising technology for hydrogen (H,)/oxygen (O,)
evolution reaction (HER/OER) since the overall water splitting
reaction rates can be well controlled by applying appropriate
electrode voltage. Whereas the sluggish electrochemical reac-
tions kinetics on both the cathode and anode have greatly
restricted the energy conversion efficiency. Thus, developing
highly active electrocatalysts to reduce the overpotentials
required for electrolytic HER/OER is of great significance in

1. Introduction

Nowadays, the excessive exploitation and consumption of
conventional fossil fuels like petroleum, natural gas, as well as
coal, have brought about severe energy crises and environ-
mental risks." Thus, it is significant to explore renewable and
eco-friendly energy resources for the achieving of carbon-
neutrality goals. Hydrogen (H,) has a high calorific value of
282 kJ/mol, and the combustion product is only water (H,0),
causing zero pollution.” H, has been treated as a promising
energy carrier since zero carbon emission will be caused in the
energy cycle of water-splitting H, evolution and combustion."
In terms of environmental protection and carbon neutrality,
producing H, via the electrolysis of water exhibits its superiority
over industrialized technologies that are based on the cracking
of fossil fuels. However, caused by the large overpotential, a
relatively high voltage (1.80V-2.40V) is demanded to reach
enough current density (200 mA/cm?-400 mA/cm?), which is
much higher than the theoretical thermodynamic minimum
voltage of 1.23 V.®! Consequently, huge consumption in elec-
tricity power still cannot be avoided in the current water
electrolysis-based H, production industry. The overall water-
splitting efficiency depends on the cathodic hydrogen evolution
reaction (HER) and anodic oxygen (O,) evolution reaction (OER).
HER involves a two-electron process (2H,0 + 2e"—H, + 20H")
while OER involves a four-electron process (40OH™ — O, + 2H,0
+ 4e7). To reduce the overpotential and further accelerate the
corresponding electrode reaction rate, finding highly active
electrocatalysts to lower the energy barrier has become a
recent research hotspot.

For electrocatalytic HER, Pt-based materials are generally
regarded as the benchmark electrocatalysts, while for OER,
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increasing the utilization rates of electrical power and lowering
production costs. ABOs;-structured perovskite-oxides based
electrocatalysts possess the merits of low cost, high structural
stability, and lattice compatibility, and thus they have attracted
intense research attention in recent decays. To inspire both
theoretical and experimental researchers to design novel
perovskite-oxide electrocatalysts for efficient HER/OER, the
fundamental electrode reaction mechanisms, the effects of
synthetic methods on material morphologies, recently reported
perovskite-oxide electrocatalysts and effective tuning strategies
on enhancing the electrocatalytic activities of existing perov-
skite-oxides have been fully discussed in this review.

noble-metal based materials including Pt/C, RuO,, and IrO, are
the most popular catalysts.*” But in fact, limited by the high
cost and scarcity of resources, noble metals based electrode
materials have not been largely applied in industrial produc-
tions. It is imperative to exploit low-cost but high-efficiency
catalysts for the large-scale production of H,/O, through water
electrolysis. Simple non-noble transition metal (TM) oxides
based electrocatalysts have attracted much research attention
since they have high material durability and lattice compati-
bility. They have limited active TM sites on the material surface
for the efficient adsorption of reactants and intermediates, thus
resulting in a relatively low catalytic activity. With active
heteroatoms doped, both the electron transfer and molecular
adsorption can be improved at the catalytic centers.” Through
surface modification or interface engineering, non-noble TM
heterostructures based catalysts such as (Ni, Fe)S,@MoS,,"
Co,Sg/NisS,,” and Ni(OH),/Ni;S,® are also potential alternatives
for water splitting. TMs based single atom catalysts (SACs) also
exhibit their merits for surface reactions due to their high
atomic utilization rate and isolated active sites on catalytic
surfaces for efficient molecular adsorption,” but the structural
stability of SACs still needs to be further improved.

Compared to SACs, perovskite oxides based catalysts exhibit
their unique advantages of low cost, high structural stability
and lattice compatibility, easy to synthesize, as well as tunable
electronic properties.'” Perovskite oxides are commonly built
in the ABO; structure, in which the A-sites are generally formed
by rare-earth (RE), alkaline-earth, or alkali metals with twelve
coordinated O-atoms, while B-sites are constituted by TMs with
six coordinated O-atoms (Figure 1a-b"""). The A-/B- sites or O-
sites can be occupied by a series of selected elements from the
periodic table, resulting in a regulated electronic structure.
When partially doped/substituted by external atoms, their high
lattice stability can still be kept with controllable valence states
and O-vacancies created."” The broad regulation range of the
nonstoichiometric ratio at O sites is beneficial to the modu-
lation of electronic properties and thus facilitates the electron
transfer process."”” Though equipped with excellent adjust-
ability and durability, the electrocatalytic HER/OER activity of
single-phase perovskite oxides still cannot satisfy the require-
ments of large-scale industrial production because of their low
native conductivity and limited surface active sites."” Research-
ers hence attempt to improve the electrocatalytic activity of
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perovskite oxides through various methods including surface/
interface  engineering,™ heteroatoms doping,"™ defects
engineering"™ as  well as  morphological/dimension
controlling."”

The changeable oxidation states of transition metal ele-
ments in perovskite-oxide lattices are beneficial for electronic
structure regulations through external doping."® By defects
engineering, the mobility of charge carriers, the production of
redox couples, as well as the kinetics of O-exchange in
perovskite-oxide  electrocatalysts can be  remarkably
promoted.®' For instance, perovskite-oxide
BaysSrosCoysFey-,0;5 has already been reported as a potential
bifunctional electrocatalyst for both HER?” and OER?" The
adjustable electronic properties of perovskite-oxides enable the
investigations of the relationships between electronic structures
and catalytic activities in electrocatalytic reactions.”” The non-
stoichiometric structural characteristics of ABO; perovskites
largely affect the 3d-c* antibonding orbitals of transition
metals. The variations in electron occupation status can alter
the spin states and further affect the bonding between metals
and oxygens, leading to the shifting in d-band positions and O-
p orbitals.”??® The manufacturing of nanoscale perovskite-oxide
electrocatalysts is also a valid technique to improve the catalytic
activity for overall electrocatalytic water splitting.”” Especially,
the emerging electrospinning technique greatly facilitates the
large-scale synthesis of one-dimensional highly porous nano-
scale perovskite-oxides with high specific surface areas, includ-
ing nanotubes, nanorods, as well as nanofibers.****' Under
reducing ambiance, the exsolution of B-site metals will make
the metal atoms well dispersed on the material surface,
resulting in an improved surface exchange efficiency as well as
synergetic effects for bifunctional electrocatalysis.*

To provide a reference for the developments of novel
perovskite oxides based electrocatalysts for efficient HER/OER,
the mechanisms, synthetic methods, tuning strategies, and
explanations of material properties by density functional theory
(DFT) calculations are the main focuses in this review. In
addition, the challenges to the industrialization of perovskite
oxides based electrocatalysts will also be discussed in the work.
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2. Mechanisms of Water Splitting

The overall water splitting reaction is composed of two
simultaneous half-reactions, cathodic HER and anodic OER.?”
Having a deep insight into the fundamental reaction mecha-
nisms of HER and OER will direct the confirmation of the rate-
determining step (RDS) and give theoretical references for the
design and tuning of candidate electrocatalysts. Water electrol-
ysis can be conducted within a broad pH range by the following
overall reaction equation:

2H,0 — 2H, + O, (1)

With the reference to a standard hydrogen electrode (SHE),
when pH=0, with the combination of proton-electron (H*-e")
pairs, HER will proceed at the cathode by the following formula:

4H' + de” — 2H, EXM =0V %)

Simultaneously, O, will be generated by the oxidization of
H,O molecules at the anode via the formula indicated below:

2H,0 — 0, + 4H" + 4e”, A% =123V 3)

While pH=14, the two half-reactions (HER and OER) will
take place at the cathode and anode respectively as the two
formulas indicated as follows:

4H,0 + 4e~ — 40H™ 4 2H,, E@thde — 0,83V (4)

40H™ — 0, + 2H,0 + 4e , EA™% =0.40V (5)

The differences in the source of adsorbed hydrogen (H¥)
under acidic and alkaline conditions will give rise to the
differences in the RDS and surface reaction paths. Theoretically,
an electric potential of 1.23 V (298 K, 1 atm) is needed to induce
HER/OER, but in fact, additional overpotential is required to
guarantee the electrolytic reaction takes place at an adequate
reaction rate. Thus, exploring novel electrocatalysts to lower the
overpotential of HER/OER has always been a hot topic in the
field of new energy.

2.1. HER Mechanisms

HER involves a two-electron transfer process while OER
proceeds with a four-electron transfer process. Theoretically,
electrocatalytic HER occurs more easily than OER. As illustrated
in Figure 2a,*® two different reaction paths have been generally
adopted to describe the HER mechanisms, that is, the Volmer-
Heyrovsky step or the Volmer-Tafel step.”” The surface cover-
age rate of H* decides which step serves as the dominant HER
mechanism. The reaction will dominantly proceed through the
Volmer - Heyrovsky path under a low H* coverage rate, while
under a high H* coverage, the HER will take place faster by the
Volmer - Tafel path.!™"
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Figure 1. (a) Schematic depiction for typical ABO,-structured perovskite oxides; (b) The frequently-applied metal elements at the A-sites or B-sites in

perovskite-oxide lattice.
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Figure 2. (a) Schematic HER mechanisms by Volmer-step (blue), Heyrovsky-step (yellow-green), as well as Tafel-step (Orange) in acidic (left) and alkaline media
(right), respectively.?® Copyright 2018, Springer Nature. (b) Schematic OER mechanisms in acidic (red) and alkaline (blue) media respectively with the reaction

routes by OOH* (black) or two O* combining together (green).®* Copyright 2
and LOM (right), respectively; (d) the competitive relationships between stabi

2.1.1. Under Acidic Conditions

In acidic conditions, with the introduction of one e~, the
intermediate products H* are mainly generated from the direct
adsorption of abundant H* in solution, see Equation (6). With
the continuous participation of H* and e~, H, will be created by
the Heyrovsky step, which is the RDS as Equation (7) indicated.

ChemeElectroChem 2025, 12, e202400648 (4 of 20)

017, Royal Society of Chemistry. (c) The illustration of OER routes by AEM (left)
lity and activity for AEM and LOM.?*' Copyright 2023, Wiley-VCH.

The evolution of H, will proceed faster by the direct combina-
tion of two adjacent H* by the Tafel step as Equation (8)
illustrated when the coverage rate of H* is high enough on the
catalytic surface.™”

Volmer reaction : H™ + * + e — H* ©)
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Heyrovsky reaction : H* + H* + e- —* 4+ H, 7) red color. In the first step, the H,O molecules are aggregated
and then adsorbed at the catalyst surface and followed by two
or Tafel reaction : 2H* — 2* + H, (8)  de-protonation reactions as indicated in formula (12-13),

2.1.2. Under Neutral/Alkaline Conditions

In neutral/alkaline conditions, as Equation (9) indicated, the
intermediates H* are mainly from the splitting of H,O molecules
since the quantity of H* at the solid-liquid interface is not
adequate to drive the direct adsorption reaction. Different from
the situations in acidic conditions, the Volmer step is the RDS,
and thus the H,0 adsorption (H,0,,) strength at active sites
together with the following water splitting rate will be the main
influence factors for the HER efficiency. To guarantee the
subsequent H, evolution rate, in the Heyrovsky step of
Equation (10), the faster desorption of OH* is also important for
the release of active sites. If the reaction rates of water splitting
and the removal of OH* are fast enough to create a catalytic
surface rich in H*, the following H, evolution process will occur
via the Tafel step, as indicated in Equation (11).

Volmer reaction: H,0 + * +e” — H* + OH™ )
Heyrovsky reaction :

10
H,O + H* + e —»* + OH + H, (10)
or Tafel reaction: 2H* — 2% + H, an

2.2. OER Mechanisms

Compared to two-electron transfer HER, the reaction mecha-
nisms of four-electron transfer OER are more complex. The slow
kinetics of OER limit the reaction rate of water electrolysis,
therefore it has been treated as the main obstacle to the
improvement of energy-conversion efficiency in overall water-
splitting reaction.”” In acidic solution, the occurrence of OER is
highly dependent on pH variation, and the O, molecules are
mainly produced from the oxidization of H,O, along with the
creation of H'-e™ pairs.®? In alkaline solution, the O, molecules
are generated from the oxidization of hydroxyl ions (OH7),
accompanied by the formation of H,O molecules and the
liberation of e . Based on the features of catalytic/adsorption
active sites revealed by DFT simulations, the OER mechanisms
can be explained by the adsorbate evolution mechanism (AEM,
proposed by Nerskov) or lattice oxygen mechanism (LOM).%**
The AEMs in both acidic and alkaline conditions have been
illustrated in Figure 2b.?*

2.2.1. AEM in Acidic Conditions

The general mechanism of OER in acidic conditions has been
demonstrated in Figure 2b®” by the catalytic cycle labeled in

ChemElectroChem 2025, 12, 202400648 (5 of 20)

intermediates O* are obtained at adsorption sites. Then, the
intermediate products OOH* will be formed by the nucleophilic
collisions of H,O molecules, see formula (14). In the last step,
the O, molecules are generated from OOH* through another
de-protonation reaction, and the desorption of O, will recover
the catalyst surfaces for the next catalytic reaction cycles, as
illustrated in formula (15).

* 4+ H,0 > H" + OH* 4+ e (12)
OH* = H™ + 0" + e~ (13)
0* + H,0 — H" + OOH* + e~ (14)
OOH* - H* +* +0, + e~ (15)

2.2.2. AEM in Neutral/Alkaline Conditions

In Figure 2b,** as the catalytic cycle labeled in blue color
indicated, the basic mechanism of OER in an alkaline solution
involves four-step oxidation processes, with the participation of
OH™. Firstly, OH™ are captured and adsorbed at active sites on
catalyst surfaces, and the adsorption intermediates OH* will
transformed into O* by the following de-protonation reaction,
see Equation (16-17). Subsequently, with the collision of
another OH™ to O%*, the crucial intermediates OOH* will be
created, see Equation (18). As indicated in Equation (19), by the
de-protonation of OOH¥*, the O,* structures will be produced
and finally the O, molecules will be released from the active
sites for the regeneration of the catalytic surface.

OH™ + * = OH* + e~ (16)
OH™ + OH* - H,0 + O* + e 17)
OH™ + 0" — OOH* + e (18)
OH™ + OOH* - H,0 +* +0, + e (19)
2.1.3. LOM

The LOM controlled OER involves the bonding of lattice oxygen
(0, to O* or the direct oxidation of two O, atoms (Figure 2cB*Y),
It has been verified in previous studies that both the
compositions and lattice structures of electrocatalysts suffer
obvious variations in OER.®® The results of the isotopic labeling
method and differential-electrochemical mass spectrometry
revealed that the origin of O, created by surface catalytic
reactions is partly from the O-atoms in the catalyst lattice.®”
Like AEM in acidic conditions, the crucial intermediates O* in
LOM can be obtained by two consecutive de-protonations of
H,0% see Equations (12)-(13). The bonding of intermediate
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adsorbates O* and O, atoms will cause the creation of O,
molecules and oxygen-vacancy (V) defects, see Equation (20),
or O, molecules can be produced from the direct bonding of
two O, atoms, see Equation (21).°¥ The V, defects that are
generated from the losses of O, atoms can be refilled by the O-
atoms from de-protonated H,O molecules, along with the
formation of H* and H™, see Equation (22).*% The surface active
sites will be recovered for the next catalytic cycle after the
desorption of H*, see Equation (23).

0, +0" "=V, + 0, (20)
20, —- 2V, + O, (21)
H,O + Vo —H" + H* + O, + e~ (22)
H*—H" +% +e (23)

Actually, the AEM and LOM occur simultaneously with a
competitive relationship, see Figure 2d.**! Because of the direct
coupling between O-atoms in the host lattice to the O-atoms
contained in adsorbed intermediates such as OH* and OO*, the
kinetic barriers and theoretical voltages of LOM are relatively
lower than those of AEM, and hence the LOM dominated OER
usually exhibits a higher electrocatalytic activity.""*” The
intrinsic lattice structures in AEM will remain stable since
reactions mainly involve the surface adsorbed intermediates
(OH*, O*, OOH*, 00%*), while the depletion of lattice O-atoms in
LOM will cause dynamic structure changes in perovskite-oxides
lattices.*” LOM not only causes the creation of V, defects but
also speeds up the dissolution rate of metal atoms, inducing
lattice collapse and thus bringing about fast de-activation of
perovskite-oxide catalysts."?

3. Synthesis of Perovskite Oxides

A series of synthetic methods have been employed for the
fabrication of perovskite-oxides based electrocatalysts, such as
traditional solid-state methods,”*? precipitation methods,“!
combustion,™® and hydrothermal/solvothermal synthesis,

electrospinning,”*” sol-gel*® and polymer-assisted deposition
(PAD)." Some conventional approaches, like solid-sate syn-
thesis, precipitation methods, as well as combustion synthesis,
must be conducted with specific devices under high-temper-
ature/high-pressure condition. The reaction products as pre-
pared under harsh conditions are usually on the micrometer
scale, resulting in a limited specific surface area for electro-
catalytic reactions. By hydrothermal/solvothermal approach, the
product morphology can be well controlled, but limited by the
volume of autoclave reactors, large-scale production cannot be
achieved. With simple treatments like calcination and heat
treatment, an improved productivity of perovskite oxides can
be obtained by sol-gel and polymer-assisted synthesis.”” Be-
sides, with subsequent de-alloying treatment, a novel synthetic
strategy by directly transforming bulk pristine alloy materials
into a series of nanoscale porous perovskite LaMO; (M=Cr, Mn,

[46]
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Co, or Ni) has been reported.®” Through this facile synthesis
protocol, a nanoporous perovskite LaMO; can be generated
with a high surface-to-bulk ratio and high stability, exhibiting
bifunctional catalytic activities toward both OER and oxygen
reduction reaction (ORR) in alkaline media with methanol-
resistance property.””

3.1. Conventional Solid-State Synthesis

Perovskite oxides can be conventionally prepared by trans-
forming more than two kinds of metal-oxide reactants into one
compound product via calcination processing. The solid-state
reaction synthesis has a simple flow, and it is eco-friendly
without the emission of poisonous gaseous products. Nonethe-
less, harsh conditions especially high-temperature condition are
essential for the proceeding of solid-state reaction, and the as-
obtained final products usually suffer from large particle size,
resulting in a relatively limited specific surface area that
restrains the efficient utilization of surface active sites.”” In
addition, impurities/defects will appear in the perovskite-oxide
lattice owing to the inadequate mixing of metal-oxide precur-
sors, causing a decline in electrocatalytic activity. Thus, the
perovskite oxides prepared by solid-state reactions have been
previously applied in the investigations of charge transport
mechanisms, electronic properties, or magnetic properties.**?
A typical perovskite-oxide compound LaCo, ,Ni,O; has been
fabricated by combining three simple types of metal oxides
(La,0;, Co,0,, as well as NiO) at a specific stoichiometric ratio by
heat treatment at a high temperature of 900°C and then
1200°C under air ambiance® As indicated in Figure 3a,%
RuNiO; is another recent example of solid-state method
prepared perovskite oxides. Two metal oxides (RuO, and NiO)
were grinded into powder at a certain stoichiometric ratio, and
then heated to 850°C with a temperature gradient of 3.0°C/
min. After heating for 4 hours, the fine-powder RuNiO; can be
obtained by a natural cooling-down treatment to 25°C as well
as a subsequent grinding process. The RuNiO; nanoparticles
modified Ni-foam electrocatalyst has high activity at high
electric current densities and a relatively low potential of 0.8V
with reference to Hg|HgO electrode.”

3.2. Hydrothermal/Solvothermal Methods

Harsh reaction conditions such as High-temperature and high-
pressure are usually required in hydrothermal/solvothermal
crystallization, and for the preparation of perovskite oxides, an
additional post-annealing process is needed. However, in
comparison with the high calcining temperature in the sol-gel
technique, the temperature required in the annealing process
has been remarkably diminished by hundreds of degrees
centigrade.®” A novel porous-hollow LaNiO,/N,S-graphene
compound has been prepared by hydrothermal method.“® The
graphene-oxide precursor has been prepared by a modified
Hummer's approach, and the N, S-modified product can be
obtained by the following sonicating and dispersing treatments

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 3. (a) The diagram of typical solid-state synthesis for perovskite-oxide RuNiO,.** Copyright 2023, Royal Society of Chemistry. (b) The schematic
depiction of a novel LaNiO;/N,S-graphene nano-material assembled by hydrothermal synthesis.“* Copyright 2017, Wiley-VCH. (c) Schematic fabrication of a

novel LaFe,,sNigsO5: Se nanofiber by electrospinning.”’

I Copyright 2020, American Chemical Society. (d) Schematic illustration of the main steps involved in

sol-gel technique: from precursors to aerogel and final solid-sate products.*® Copyright 2021, Wiley-VCH. (e) The illustration of the main stages involved in

PAD.®" Copyright 2018, Royal Society of Chemistry.

with thiourea in ultra-pure water. Subsequently, the as-obtained
solution will be mixed with precursors La(NOs); and Ni(NO;),,
glycine, as well as poly-vinylpyrrolidone. The homogeneous
aqueous solution will be further transferred into an autoclave to
conduct the following hydrothermal reaction (180°C, 12 hours).
The as-prepared mixture will be thoroughly washed, dried, and
finally annealed at a temperature of 600°C in Ar-gas environ-
ment to get the perovskite-oxides/N,S-graphene composite
material (Figure 3b“¢?),

3.3. Electrospinning

Though many perovskite-oxides have bifunctional electrocata-
lytic activities (OER and ORR) under alkaline condition, the
limited surface-volume ratio of the perovskite-oxides produced
via conventional high-temperature approaches will reduce the
material utilization rate. The electrospinning technique is mild
and low-cost, and it has been widely used for the synthesis of
nanoscale perovskite oxides based electrocatalysts in diverse
morphologies, including nanotubes,®” nanorods,*® as well as
nanofibers®” (Figure 3c®’®). With subsequent annealing treat-
ment, a mesoporous perovskite-oxide LaysSrysCoO;, nanotube
has been prepared by electrospinning, and it still maintains
bifunctional electrocatalytic activities with high cycling durabil-
ity under a testing current density of 0.1 mA/cm>®* By electro-
spinning and composition/morphology rationalization, a nano-
hybrid formed by perovskite-oxide

ChemElectroChem 2025, 12, 202400648 (7 of 20)

Lag 5(Bag.4Sro4Cag2)osCopsFe,055 nanorod and reduced gra-
phene-oxides (rGOs) nanosheet has been developed to serve as
a bifunctional electrode under alkaline condition.”® Integrated
with calcination processing, a lanthanum-based perovskite-
oxide nanofiber LaNiygsMg,;50; that exhibits bifunctional cata-
lytic activities has been synthesized via electrospinning
technology.®”? In comparison with precursor LaNiO; nanofibers,
the half-wave potential of the electro-spun LaNiyg;Mg, ;505 has
been increased to 0.69V and the overpotential has been
diminished to 0.45V under the electric current density of
10 mA/cm?.F7

3.4. Sol-Gel Synthesis

The sol-gel synthesis is a versatile approach for the fabrication
of perovskite oxides by the inorganic polymerization reaction of
metal precursors such as metal-nitrates/acetates. In comparison
with solid-state synthesis, it exhibits the advantages of a purer
phase-structure and milder reaction conditions. The main
processes in general sol-gel synthesis have been indicated in
Figure 3d.”® The key point of the sol-gel method is the precise
composition control of the molecular precursors with optimized
reaction conditions kept for the transformation from a colloidal
solution to a solid-state product via a transitional gel state.”
The material morphology, composition, and phase-structure
can be precisely controlled through the sol-gel method to
satisfy the requirements in different application scenarios.

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Firstly, controlled in appropriate stoichiometric ratios, the
precursors will be dissolved, thoroughly mixed, and then added
with chelating agents like ethylene-diamine-tetraacetic-acid
(EDTA), and binding agents like ethylene-glycol if needed. With
the addition of NH,OH solution, the pH can be regulated in the
range of 6-8 to guarantee the thorough chelation of metal
precursors and chelating agents. After a thorough stirring and
then an evaporating treatment at 100°C, the as-prepared
mixture will transform into a gel state. A fluffy product can be
obtained after heating at 300°C, and after calcination in a
specific gaseous environment such as the Ar-atmosphere, the
solid-state product that can serve as an electrocatalyst will be
obtained.®”

3.5. Polymer-Assisted Deposition

The physical/chemical properties of as-prepared metal-polymer
complex solutions have great impacts on the film-growth
quality of precursors. Like the typical chemical solution
deposition (CSD) technique, the growth of precursor thin films
has also been treated as the key procedure of PAD, including
solution preparation, coating, as well as heat treatment (Fig-
ure 3e®"). Nevertheless, the chemicals applied in the prepara-
tion of metal-polymer complex precursor solutions in PAD are
different from those in typical CSD techniques.”® Since the
viscosity of solutions affects the coating quality of thin films to
a great extent, high stability and high homogeneity are
essential to the as-prepared precursor solutions. Hence, water-
soluble polymers are added to coordinate with the metal ions
and further stabilize them by hydrogen/covalent bonding or
electrostatic-attraction effects.**? Since it was first reported in
2004, the polymer-assisted approach has been widely applied
for the manufacturing of functional epitaxial composite materi-
als and multi-layer thin perovskite films with a thickness of less

than 100 nm. Combined with crystallization treatment via rapid
thermal annealing (RTA), highly active epitaxial double-perov-
skite thin-film materials, La,CoMnOg as well as La,NiMnO,, have
been successfully fabricated by PAD processing.*” To demon-
strate the key characteristics of the synthetic methods discussed
above, their main advantages and limitations have been
summarized in Table 1.

4. Perovskite Oxides Based Electrocatalysts
4.1. Perovskite Oxides for HER

For single-active site catalysts-based HER, the H.,y and H-
desorption will occur at the same adsorption site, and hence it
passes through a short-distance/non-interface reaction route for
in-situ catalytic reaction but usually suffers a high energy barrier
for H-desorption (Figure 4a””). Multi-phase catalysts have
synergetic catalytic centers to reduce the reaction energy
barriers, but they suffer huge interfacial resistance due to the
mismatching lattice space in heterostructures and need to pass
through a long reaction route (Figure 4b"").”" HER via a short-
distance reaction pathway without multi-phase interface cross-
ing is kinetically beneficial for both H,; and H, evolution,
especially in acidic conditions (Figure 4c7%)."? Perovskite oxides
possess multiple TM sites and their high structural compatibility
also enables flexible doping/defects engineering for electronic
properties control.?*’® Single-phase perovskite-oxide catalysts
can form multiple atomic-level active centers on catalytic
surfaces to regulate the electron-transfer behaviors of adsorp-
tion intermediates as well as balance the reaction barriers for
H,4 and H-desorption. By atomic-scale doping, the transporta-
tion barriers of H* can be lowered, and the work function can
be well tuned to reduce charge accumulation, hence improving
the synergistic effects for acidic HER."

Table 1. Brief summaries of the key characteristics, advantages, and limitations of different synthetic methods.

Synthetic Methods Temperatures/ Purity Features and Advantages Challenges and Drawbacks References
Diameters Grade
Conventional Solid- 900-1200°C Low Conventional simple and fast flow, Harsh reaction conditions, [65]
state Synthesis >1000 nm and eco-friendly without poisonous gas- large and non-uniform particle
eous emitted. sizes,
and limited specific surface area.
Hydrothermal/ 100-240°C High Relatively shorter reaction time, High-temperature and high-pres- [46b,54,
Solvothermal Meth- (subcritical) and easily controlled crystallinity/ mor- sure, 66]
ods 1000°C phologies. post-annealing process is needed.
(supercritical)
>100 nm
Electrospinning - Relatively Mild and low-cost, nanoscale particles, Uncontrollable porous sizes and [57d,67]
<100 nm High and large length-diameter ratio. limited specific surface area.
Sol-gel Synthesis 600-1000°C Very high Pure phase-structure, mild reaction con- Additional depositions/ purifica- [58-60,68]
>10 nm ditions, tions are usually needed.
and cost-effective.
PAD 25/50-500°C High Low cost, Relatively low coating-efficiency [61,69]
800°C/900°C widely used for epitaxial composite for a single operation.
RTA materials and multi-layer thin films.
Thickness
<100 nm

ChemElectroChem 2025, 12, 202400648 (8 of 20)
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Figure 4. Schematic illustrations of (a) the HER route through in-situ H,4 and H,-evolution on a single active site, (b) the long-pathway HER mechanisms
involved H,4 and H,-evolution on different active sites across heterojunction interface, (c) the fabrication and reaction pathway of the novel single-phase
electrocatalyst in atomic-scale configuration with multiple active sites; (d) comparisons of overpotential and Tafel slope; (e) HER activity and (f) durability tests;
(g) the four slabs constructed for DFT calculations; (h) schematic mechanisms of H*-migration across atomic-scale bi-metallic sites on single-phase

SrHf,,Ru, ;055 surface; (i) PDOS results; (j) reaction energy barriers for acidic HER at Ru-sites and Hf-sites of the proposed SrHf,,Ru, 0, catalyst.”” Copyright

2023, Wiley-VCH.

Recently, a highly active single-component perovskite-oxide
catalyst SrHf,,Ru, ;055 has been manufactured with the atomic-
scale surface configuration induced synergistic effects by sol-gel
synthesis.”™ Due to the synergistic effects between Hf and Ru
sites as well as the non-interface reaction route, the single-
phase SrHfy;Ruy;0,; exhibits high electrocatalytic activity with
a lowered overpotential (n,,=48 mV) and smaller Tafel slope
(26 mV dec™) in acidic media, see Figure 4d.”” The HER activity
of SrHfy;,Ruy;05;5 is —0.18 V vs reversible hydrogen electrode
(RHE), superior to that of Pt/C counterpart (—0.40 V) under a
high electric current density of 500 mA/cm? with a high
durability over 100 hours (Figure 4e—f"%). Based on DFT simu-
lations, electrons will be donated from Ru** to Hf*", and the
charge redistribution in Ru“*®* and Hf* " will strengthen the
interactions between Hf and Ru in Hf-O—Ru structures (Fig-
ure 4g-h"). The Hf cations act as adsorption sites for the
capture of protons and the H* will migrate to adjacent Ru
cations through bridge-O atoms and then desorbed for H,
generation. During this process, the Hf—-O—Ru intermediates
serve as synergistic reaction sites for electron transfer from Ru
to Hf and H*-migration from Hf to Ru. The d-band center of Hf
locates much closer to the Fermi level (E;), which narrows the
electron transition gap and thus contributes to the strong
adsorption of H* at Hf sites (Figure 4i"”). The reaction energy
barrier of H-desorption at Ru sites (0.14 eV) is much lower than
that at Hf sites (0.97 eV), see Figure 4j."" Consequently, the

ChemElectroChem 2025, 12, 202400648 (9 of 20)

corporations between Hf-adsorption sites and Ru-desorption
sites will lead to a minimized barrier for HER.

4.2, Perovskite Oxides for OER

The occurrence of four-electron OER involves both the O—H
bond-breaking and O—O bond-forming processes, resulting in a
more complex reaction mechanism than that of two-electron
HER. Generally, higher overpotentials are required to be applied
in OER since the energy barriers in the bond-breaking/forming
reactions are relatively higher.” A strong correlation that
accords with a volcano-like trend has been discovered between
OER activity and the surface metal cations at B-sites (Fig-
ure 5a"%). Besides, the stability of intermediate adsorbates OH*
and plentiful occupied electronic states near/at the E; also have
great impacts on OER activity.” For AEM, since TMs act as the
catalytic sites, OER is mainly decided by the binding energy
between TMs and adsorbed intermediates with a thermody-
namic limitation on overpotential.”” While for LOM, since O,
atoms serve as adsorption sites, during catalytic reactions the
charge-transfer process happens between the O, -orbitals of O,
atoms and O-containing intermediates, hence, making it
possible to break through the theoretical limit in AEM.H4*78

For the deep understanding of OER mechanisms, a Sr-doped
Ruddlesden-Popper (RP) phase cobaltite oxide thin-film (RP-SrX,
X=25, 50, or 75) has been manufactured to act as the model

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 5. (a) The volcano-like relationship between OER activities and B-site cations, is described by the correlations between the overpotentials@50 pA/cm?
and the eg-electron occupancies of TMs." Copyright 2011, American Association for the Advancement of Science. (b) Schematic fabrication of the proposed
RP-SrX thin-film electrode; reaction coordinates of (c) RP—5r25, (d) RP—Sr50, and (e) RP—Sr75 by AEM (upper) and LOM (down), respectively; (f) PDOS of O,,-
bands (red) and Cosq4-bands (blue) for the three slabs; (g) the split d-band positions of unoccupied upper Hubbard-band and electron-occupied lower
Hubbard-band (UHB and LHB); (h) V-migration barriers E,, (eV).” Copyright 2023, Wiley-VCH.

electrode through pulsed-laser deposition (PLD) technique
(Figure 5b"). It has been verified from DFT calculations that
switching the reaction path from AEM to LOM will potentially
decrease the reaction energy barriers for OER (Figure 5c—e").
With the increase of Sr-dopant concentration, the O,,-orbitals of
RP-SrX move up toward the E; (Figure 5f-g”). The upshifting of
O,-center to E; will promote the electron-transfer process
between O, and adsorbate O atoms. With anodic voltage
applied, the O,,-band will further upshift to cross over E,
causing the position alignment between the energy-level
positions of O,, and the standard potential of the O,/H,0-
couple. Consequently, holes (h*) will be produced in ligand-O
atoms after the electron transfer process, which induces the
oxidation of O, atoms.***78%% Seen from Figure 5h,"? the V-
migration barrier of RP-Sr75 (E,,=0.402 eV) is much smaller
than that of RP—Sr25 (E,,=0.754 eV), suggesting that the V-
migration rates can be accelerated with the increasing of Sr-
dopant concentrations.

ChemElectroChem 2025, 12, 202400648 (10 of 20)

4.3. Bifunctional Perovskite Oxides for Overall Water Splitting

There are two elementary half-reactions involved in water
splitting, cathodic HER in Equation (2)/(4) and anodic OER in
Equation (3)/(5), however, the slow kinetic in water dissociation
particularly in complicated four-electron OER, restricts the
overall reaction rate.”®" The catalysts will be easily corroded/
dissolved in strongly acidic media, leading to reduced energy
efficiency.® Hence, precious-metal materials such as Pt/C®
and RuO,/Ir0,®" are respectively treated as candidate catalysts
for electrocatalytic HER and OER in highly acidic conditions.
Perovskite-oxide materials such as SrRuO; and SrlrO; are
acknowledged as potential alternatives to noble-metal oxides
for acidic OER because the synergistic effects of non-noble
metal components will greatly increase the utilization rate of
noble metals.®™ Heterostructures are also promising candidates
for the establishment of multi-functional electrocatalysts since
the multi-layered materials not only retain the native properties
of monolayer but also induce synergistic effects between the

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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two joint layers.®® Janus-metal@semiconductor constituted

heterointerfaces, like Ru@Vy-enriched Ru0,®” and Ru@Rus,,®
have already been developed to act as highly active bi-
functional electrocatalysts for overall water splitting. Due to the
Mott-Schottky effects adjusted electronic properties in hetero-
interface, a novel Ir@SrirO; composite material has been
fabricated successfully with high bi-functional electrocatalytic
activities for acidic HER and OER by a top-down exsolution
route (Figure 6a—-b"®”).

The Ir@SrlrO;—175 (annealing at 175°C) exhibits high bi-
functional activities and high operational stability, with low
overpotentials of 1,,=28 mV and 1,,=229 mV obtained for
HER and OER, respectively. According to DFT simulation results,
the accumulation of electrons and charge redistributions at the
Ir-SrirQ; interface (see Figure 6c®*®) will promote electron-trans-
fer process and hence lower the reaction barriers in HER and
OER. From the changes in H,4 Gibbs free energy (Figure 6d®”),
the Ir-SrlrO; configuration (0.34 eV) has the smallest reaction
barrier for HER among the four objects studied in this work,
including SrlrO;, pure-Ir, SrirO5-Ir (SrlrO;-layer at top), as well as
Ir-SrlrO5 (Ir-layer at top). Based on the calculated reaction

coordinates in Figure 6e,® the transformation from O* to OOH*
exhibits the largest energy gap for all four models, therefore it
has been regarded as the RDS in four-electron OER. The SrirO;-Ir
model indicates great merits in OER kinetics among the four
counterparts since it possesses the lowest theoretical OER
overpotential (0.72 eV), see Figure 6f.%7 Theoretically, Ir-SrlrO,
possesses high HER activity while SrlrOs-Ir is highly active for
OER, which reveals that the novel metal/perovskite-oxide
heterostructures Ir@SrirQ, are a promising bi-functional electro-
catalyst for overall water splitting. It has been verified in
experimental results that the Ir@SrlrO;-175] | Ir@SrirO;-175 ex-
hibits a relatively lower voltage (1.49 V@10 mA/cm?) than that
of Ir0,| | Pt/C benchmark (1.63 V@10 mA/cm?), see Figure 69.*
From the comparisons between theoretical and experimental
generation amounts of H,/O,, the Ir@SrlrO;-175] | Ir@SrlrO;-175
device has an extremely high Faradaic efficiency of approx-
imately 100%, and it also has a high durability of over
100 hours in the acidic electrolyte (see Figure 6h-i®"). The
comparisons of both the HER and OER performances of recently
reported bi-functional perovskite-oxide electrocatalysts have
been summarized in Table 2.
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Figure 6. Schematic illustrations of (a) overall water splitting by bi-functional Ir@SrlrO;-175 electrocatalysts; (b) partial exsolution process; (c) charge density
difference (CDD) analysis on the interface of Ir-SrirO; heterostructure; (d) HER barriers of SrlrOs, pure-Ir, SrirOs-Ir, and Ir-SrilrO;; () reaction coordinates for each
OER step; (f) comparisons of theoretical OER overpotentials; (g) polarization plots of IrO,| | Pt/C benchmark and Ir@SrirO;-175 | | Ir@SrlrO5-175; (h) theoretical
and experimental generation amounts of H,/O,; (i) stability tests between the benchmark and Ir@SrlrO,-175 electrodes in 0.5 H,SO, via chronopotentiometry
curves.™ Copyright 2024, Wiley-VCH.
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Table 2. The comparisons on both the HER and OER performances of recently reported bi-functional perovskite-oxide electrocatalysts.
Perovskite-oxide Electrocatalysts Electrolytes HER OER Ref.

Overpotential (1,4, mV)/ Overpotential (1o, mV)/

Tafel Slope (mV dec™") Tafel Slope (mV dec™")
Ir@Srir0;-175 0.5 M H,50, 28/27.6 229/61.8 (891
SrCoysFe,4sM0og,0;5 1.0 M KOH 200/72 310/46.7 1901
SrNby;C0g,F€0,055 1.0 M KOH 262/134 390/61 24
LagsST04C00,F 05055 1.0 M KOH 261/- 360/56.4 nel
LagsSro2CroeoNio3105.5 0.1 M KOH 410/72.1 339/105 2eal
Pry,5r03C0;.RUO; 1.0 M KOH 319/87.32 321/118.1 e
BaNiO, 1.0 M KOH 427/216 250/64 ©2
Sr,Ir0, modified SrirO, Acidic Media 18.2/30.6 245/47.4 3
Ce-doped LaCoO, 1.0 M KOH 305/144 380/80 o4

5. Tuning Strategies

The reaction activities can be improved by manipulating the
native lattice structures/electronic configurations of catalysts,
including altering the oxidation states of site-B metals, the
bonding of O, and site-B metals, the occupation status of e,-
orbitals, and the O-p orbital/d-orbital positions with respect to
the E..”"**! Especially, the e -orbital occupation status of surface
cations will greatly affect the OER activities, and the adsorption/
activation of O-containing intermediate adsorbates like O*, OH¥,
and OOH* can be further facilitated by rapid electron transfer.”
Therefore, effective lattice/electronic structure controls such as
doping/substitution engineering, defects engineering, morpho-
logical structure tuning, and nanotechnologies have been
widely employed to increase the catalytic activity of perovskite-
oxides based electrocatalysts." Since HER and OER occur on
electrocatalyst surfaces, the electrocatalytic performance of
perovskite-oxides based electrodes also can be well tuned via
surface-modification techniques, including surface
reconstruction® and hydroxylation.””

5.1. Doping/Substitution Engineering

Composition engineering can be realized by external doping
with different metal atoms at A-sites/B-sites, transforming the
classical ABO; perovskite composition into a non-stoichiometry
composition of A A’y B,B';,0; . ,."" The electronic structures of
A-site cations greatly affect OER activities, and hence, A-site
doping will effectively alter the OER tendency of target
perovskite oxides.”™ Doping at the A-sites of perovskite oxides
will cause tilt, rotation, as well as distortion in octahedral BO,-
structure, leading to variations of physicochemical properties
and electronic structures.” In addition, the electric conductivity
of catalysts will be improved by doping with low-valenced
cations at A-sites.”® Due to the inductive effect, the acid-base
catalysis of material surface (the ability to donate or accept a
H™) will also be altered by selecting specific site-A dopants."™
While the B-site TMs in perovskite oxides usually act as the
catalytic active sites for HER 18474101

ChemElectroChem 2025, 12, 202400648 (12 of 20)

5.1.1. A-Site Doping

The cation-size mismatching will cause a strong charge
imbalance between external metal dopants and intrinsic A-site
atoms, leading to an improved electric conductivity, optimized
electronic states for B-site TMs, as well as a secondary phase
created for the further improvement of catalytic activities."*”
For example, the alkaline-earth metals strontium (Sr) have been
doped into the A-sites of double-perovskite Ca,,Sr,ScRuOq
through solid-phase synthesis, with the formation of Ca,ScRuOq
(x=0) and CaSrScRuO, (x=1) respectively, see Figure 7a.'™
Under alkaline conditions, both the intrinsic Ca,ScRuO, and A-
site Sr doped counterpart CaSrScRuQg can serve as efficient tri-
functional electrocatalysts to conduct ORR, HER and OER
Figure 7b."%® Triggered by A-site Sr-doping, the synergistic
effect between the distortion of octahedral lattice and the
electronic-state optimization of Ru’" will contribute to the
improvement of both HER and OER catalytic efficiency. Under
the electric current density of 10 mA/cm? the overpotential
required for HER by intrinsic Ca,ScRuO4 has been measured as
313 mV, while by CaSrScRuQ,, the overpotential has been
reduced to 275 mV, Figure 7c."® Both the energy changes in
H.q (Volmer-step) and H, generation (Heyrovsky-step) processes
will affect the HER barriers. According to DFT calculations, the
H,q reaction is the potential determining step (PDS). The doping
of Sr atoms has reduced the adsorption strength between H
and catalyst surface, thus resulting in a reduced overpotential
Figure 7d-e."® Consequently, the overpotential of A-site termi-
nated CaSrScRuQq is 0.31 V, much lower than that of non-doped
Ca,ScRuOq (0.43 V). As for OER, the overpotential required by A-
site doped Ca,ScRuQ¢ (323 mV) is also much lower than that of
the intrinsic counterpart (353 mV), see Figure 7f."® Compared
to Ca,ScRuQ; (1.03V), the overpotential of A-site terminated
CaSrScRuOq (1.01V) has been lowered by 0.02V due to the
synergistic effects of Sr-dopants and the enhanced OOH*
binding in the potential determining step, see Figure 7g-h.'*®
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Figure 7. (a) Slabs of Ca,Sc,Ru,0,, and Ca,Sr,Sc,Ru,0,,; (b) Schematic illustrations of Ca,ScRuOg (CSR) and CaSrScRuOg (CSSR) electrolyser for tri-functional
electrocatalytic reactions. (c) LSVs of HER in alkaline conditions; reaction coordinates in HER for (d) CSR and (e) CSSR respectively; (f) LSVs of alkaline OER;
reaction coordinates in OER for (g) CSR and (h) CSSR respectively."® Copyright 2022, American Chemical Society.

5.1.2. B-Site Doping

The catalytic activities can be increased remarkably with the
doping of noble metals due to the synergistic effect between
noble metals and non-noble TMs.™® For instance, through
conventional solid-state reaction, a single-phase SrTiy;Ruy;0;
electrocatalyst has been synthesized by partially substituting
the B-Site Ti*™ cations with Ru>" cations in typical SrTiO, (STO)
lattice. The charge redistribution induced super-exchange
effects will cause 180° Ru**-O-Ti*" interactions between doped
4d°-Ru’" and intrinsic 3d'-Ti** cations (known as Goodenough-
Karamori-Anderson’s law), resulting in an improved electric
conductivity. The synergistic effects among diverse active
centers on the SrTiy,Ru,;0,; surface have been studied based
on DFT simulation results (Figure 8a—e). The Ti-sites help
reduce the kinetic energy barrier for water dissociation H,0*—
OH* + H* (Figure 8b—c"), Ru-sites facilitate the OH*-desorption
(Figure 8d"), and O-sites such as V, and O, will optimize the
bi-directional energy barriers for H-adsorption (H,) and H,
evolution (Figure 8e"”). The alkaline HER activity of the as-
prepared SrTiy;Ruy30;; has been remarkably improved due to
the enhanced electric conductivity and synergistic catalytic sites
(Figure 8f7), with a relatively lower overpotential (46 mV at
10 mA/cm?) and smaller Tafel slope (40 mV/dec) obtained

ChemElectroChem 2025, 12, 202400648 (13 of 20)

(Figure 8g"). Furthermore, the material stability has also been
verified by the chronopotentiometry response of 200 hours.
Another example of B-site doping enhanced alkaline OER (1=
280 mV) is the atomic-scale Ir-doping in LaNiO; (LaNigeslrg0403),
based on the accelerating of charge-carrier migration to
catalytic surface and electron transfer to reaction intermediates
via Ni—O-Ir configuration (Figure 8h-i"*"). The limited partic-
ipation of O, will restrain the structural transformation in Ir-
doped LaNiO; lattice during OER, resulting in a prompted
material operational durability. The addition of external B-site
doping atoms will bring about modifications in the native
electric structures of pristine LaNiO; and give rise to the up-
shifting of d-band to E; as well as offer additional active centers
to increase the OFR activity (Figure 8j—k""®).

5.2. Defects Engineering

Defects engineering has been acknowledged as an effective
way to realize accurate regulations on the electronic properties
of crystalline materials at the atomic scale."® Induced by partial
substitutions of acceptor dopants at site-A/site-B cations,"® V,
defects in perovskite oxides, usually represented as ABO,;, can
serve as efficient catalytic active sites, especially for the

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 8. (a) The schematic diagram of catalytic reaction mechanisms and alkaline HER pathways at single-phase SrTi,,Ru, 305 5 surface; (b) the adsorption
configurations of initial states H,0* and final states H* + OH* in H,O-dissociation stage; (c) the reaction energy barriers calculated for the breaking of H-OH
bonds in the transition states of H,O-dissociation stage (from H,0* to H* +OH*); (d) the correlation analysis between the calculated results (E,, AGgy», and
AGy) and the experimental HER-activity indicators; (e) the calculated reaction coordinates in alkaline HER; (f) the long reaction path dominated traditional
hybrid system built by combining precious-metal substrates with metal-oxides (left), and the short reaction path dominated mechanism by novel single-phase
system with native atomic-level synergistic catalytic sites (right); (g) comparisons on electrocatalytic HER efficiency in terms of overpotentials (n,,) and Tafel
slopes under alkaline media.” Copyright 2020, Springer Nature. (h) Schematic crystalline structure of Ir-LaNiO5; (i) the schematic illustration of the electron
transfer process in Ni-O—Ir configuration; (j) the calculated PDOS results; (k) the site-dependent PDOS analysis from bulk to surface on La, Ni, and O atoms in

Ir-doped LaNiO; lattice."* Copyright 2022, Wiley-VCH

adsorption and dissociation of water.***'% B-site deficient
perovskite oxides (AB,,O;) are generally not energetically
favorable without additional compensatory factors like B—B
interactions."” The A-site deficient perovskite structures usually
induce V, defects that benefit the migration of O-ions in ABO,
structures, and thus enhance the alkaline OER activity of
electrocatalysts."*

For example, the substitution of Sn-dopants at A-sites in
pristine-LaNiO;  will induce abundant V, defects, with
LayoSny;NiO,; obtained, and the doping of Sn will cause
modifications in the electronic structures of O, and greatly
strengthen the covalency between O,, and Niy, orbitals (Fig-
ure 9a—c®). As indicated in Figure 9d—e,”*¥ La,4Sn,;NiO;; has
a faster charge-extraction rate (t,,) and smaller attenuation

ChemElectroChem 2025, 12, €202400648 (14 of 20)

constant (1) than those of pristine-LaNiO,, which verifies that
the charge-transfer rate of Vy-defects rich LageSng;NiOs; is
faster at the interface. Under alkaline conditions, the over-
potential (n,0=318 mV) of Lay,Sny;NiO;5 is much lower than
that of perfect-LaNiO; (n,,=449 mV), exhibiting a higher
electrocatalytic activity for OER (Figure 9f**®). Another case of
A-site deficiency induced Vy-rich perovskite oxide Big;5Sr,ssCO;.
Fe,05;5 has also explained the V, defects accelerated charge
transfer and O-ions migration mechanisms for alkaline OER.!"*”
There are three main OER steps that simultaneously proceed at
the solid-liquid interface composed of alkaline-electrolyte and
amorphous-layer (Figure 9g"*). At the first stage, OH* will be
oxidated by site-B cations/O_ with the formation of highly active
intermediates (Co/Fe)-O—(OH). Subsequently, an increasing

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Figure 9. (a) Calculated PDOS results; (b) the lattice structure of La,,Sn,NiO;; (c) schematic illustrations of the overlapping between Ni;4 and O,, orbitals for
LaNiO; (left) and LSN-0.1 (right); the comparisons on (d) .., as well as (e) T in charge recombination step; (f) the comparisons on overpotentials (n,,) and Tafel
slopes.”® Copyright 2022, Royal Society of Chemistry. (g) Schematic depictions of the V,-defects assisted OER mechanisms in Big5Sr,gsC0;Fe 055"
Copyright 2023, Elsevier. (h) The lattice structures of H-adsorption on the surfaces of perfect LaCoO; (left) and LaCoO,; with V-defects (right); (i) the calculated
PDOS results of perfect LaCoO; (left) and LaCoO; with 8.3 % V-defects (right), respectively."'*! Copyright 2023, Elsevier.

number of site-B (Co/Fe) cations will be exposed along with the
dissolution of site-A (Sr/Bi) cations, particularly Sr-cations. At the
final step, the Fe-cations in the electrolyte will be re-deposited
to Big15Sreg5C0,Fe, 055 surface, contributing to the recovery of
adsorption/catalytic sites for the next OER cycles. With the
assistance of Vy-defects, O, atoms can transport more quickly
from bulk-phase to catalytic interface.”’” Due to the fast
migration rate of O-ions in Biy5Sr,sC0,5Fe,,05.5 the catalytic
surface will be recovered quickly, hence with an enhanced OER
performance and material stability obtained.""

Though many perovskite oxides have been reported as
promising electrocatalysts for OER, the HER activities of most

ChemeElectroChem 2025, 12, e202400648 (15 of 20)

perovskite-oxides are relatively limited especially in alkaline
solutions because of the extremely unbalanced H-adsorption
and the barriers in H,O-dissociation step.''? The H-adsorption
strength is too strong on O-sites but too weak on cation-sites.
With V-defects generated by electrochemical activation in a
novel perovskite-oxide epitaxial thin-film LaCoO,, the catalytic
activity for HER can be dramatically increased. The experimental
characterization result suggests that the concentration of in-situ
created V,-defects on the LaCoO; surface has been raised
remarkably after the electrochemical activation treatment. The
correlations between the V,-defects triggered variations in
electronic structures and the increases in HER performance

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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have also been verified by DFT calculations, see Figure 9h-i."'*

The increase of surface V,-defects concentration will induce a
slight up-shifting of E; to the conduction band (CB) during
electrocatalytic HER process, leading to an enhanced overall H-
adsorption on LaCoO; surface. The enhanced H-adsorption on
Co-sites can solve the unbalanced H-adsorption strengths on O-
sites and metal-sites. In addition, Vo-defects accelerate the rate
of H,O-dissociation process which is the RDS for HER, thus
facilitating the alkaline HER electrocatalytic kinetics. Under an
electric current density of 0.36 mAcm™2, an overpotential of
238 mV can be obtained from the electrochemical activated V-
rich thin-film LaCoQ,, about 200 mV lower than that of pristine
LaCoO; counterpart.

5.3. Nanostructure and Morphology Control

Prepared from conventional combustion and solid-state reac-
tions, the particle sizes of the as-obtained perovskite-oxide
crystals are relatively large owing to the high temperature
applied in the crystallization process, leading to a small specific
surface area that limits the catalytic efficiency. Surface morphol-
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ogy control has been acknowledged as another useful method
to increase the electrochemical active areas of perovskite
oxides. In recent decades, nanotechnologies have been broadly
used to improve the surface-to-volume ratio of perovskite-oxide
catalysts thus offering more surface-active sites to enhance their
catalytic activities."" A series of nanoscale perovskite-oxide
catalysts have been developed in various structural morpholo-
gies, such as nanoporous (Figure 10a"'"), nanorods (Fig-
ure 10b"*), and nanofibers (Figure 10c®™). Whereas the struc-
tures of nanomaterials are very likely to be coarsened or
destroyed, particularly at a high catalytic reaction temperature.
Thus, the balance between operational stability and catalytic
activities should be taken into consideration during material
development."" The optimized particle sizes and stabilized
nanostructures are required to restrain electrocatalyst degrada-
tion. To increase the alkaline HER activity and material opera-
tional stability of pristine BaCoOs; a heterostructure has been
developed by assembling Ba;(VO,), nanoparticles on V-doped
BaCoO,; (Figure 10d™*). B-site Co** cations on BaCoO,; sur-
face act as the catalytic centers for HER. The in-situ exsolved
Ba,(VO,), nanoparticles will facilitate the accumulation of Co**
cations on catalyst surface, thus contributing to an improved
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Figure 10. (a) Schematic mechanisms of de-alloyed nanoporous electrocatalysts for water splitting HER and OER, involved alloy effect, strain effect, synergistic
ability, and the under-saturated coordination sites."'” Copyright 2023, Royal Society of Chemistry. (b) Schematic illustrations of FeEOOH nanoflake-decorated
PrBaysSresC0,05 . 8 Nanorods.”® Copyright 2018, American Chemical Society. (c) Phosphatizing engineering of perovskite-oxide nanofibers (P-doped
PrysLagsBaCo,0s , ;) for enhanced electrocatalytic HER.*” Copyright 2022, Wiley-VCH. (d) Schematic illustrations of alkaline HER mechanisms by V-BaCoO, .
decorated Ba;(VO,), nanocomposite; (e) operational durability tests; (f) comparisons of overpotentials and Tafel slopes between the V-BaCoO; ; decorated
Ba,(VO,), nanocomposite and other highly-active perovskites.'**® Copyright 2023, American Chemical Society.

ChemElectroChem 2025, 12, 202400648 (16 of 20)

© 2025 The Authors. ChemElectroChem published by Wiley-VCH GmbH

85UB017 SUOLIWIOD SAERID 3|0l dde 3Ly Aq pausecd e Sope YO ‘98N JO S9N 10} AR 17 8UIIUO AB]IA UO (SUORIPUOD-PUR-SLLLBY WD A8 |IW ARed]1)BUJUO//SARY) SUORIPUOD PUe Swie L U} 89S *[520¢/S0/2T] uo Ariqiauluo A81IM ‘INOH ON NH ALISYIAINN JINHOFLATOd ONOX ONOH AQ 879007202 2B9/200T 0T/10p/w00 A3 1m AReiqiputjuoadoine-Anis iusyo//sduy wo.y papeojumod ‘v ‘420z ‘91209612



Chemistry
Europe

European Chemical
Societies Publishing

Review

ChemElectroChem doi.org/10.1002/celc.202400648

HER activity. The formation of V,, favors the first two HER stages,
water adsorption and subsequent dissociation. Through the
valency control on Co and V cations, the number of V, can be
increased to realize the charge balance. The synergistic effect
between Co** cations and V,, defects has greatly improved the
alkaline HER activity of V-doped BaCoO,; with lower over-
potential (n;0=194 mV) and higher stability (at least 100 hours
under chronoamperometric testing), obtained, surpassing most

of the non-noble perovskite-oxide counterparts (Figure 10e-
f[48d]).

6. Summary and Outlook

This review covers the basic mechanisms involved in HER and
OER, the effects of various synthetic methods on perovskite-
oxide morphologies, recently reported perovskite-oxide electro-
catalysts, and frequently-used tuning strategies on enhancing
the electrocatalytic HER/OER activities of existing perovskite-
oxides. In terms of material utilization rate and energy
efficiency, mild synthetic methods such as electrospinning and
sol-gel synthesis are superior to typical approaches under harsh
conditions for nano-scale morphology controls. The degrada-
tion of perovskite-oxide electrocatalysts in highly acidic media
still hinders their applications in water splitting. The noble-
metal based electrocatalysts, such as HER benchmark Pt/C and
typical OER catalysts RuO,/IrO,, exhibit strong resistant capacity
to acid corrosion but the high-cost of noble metal components
has limited their industrialized applications. Multi-metal perov-
skite oxides are promising alternatives to noble-metal oxides for
acidic HER/OER since the synergic effects of assistant non-noble
metals will remarkably enhance the energy efficiency of noble
metal components and thus lower the material costs. The multi-
metal active sites on single-phase perovskite oxides surface
enable a kinetic favorable short reaction route for H* migration
and electron transfer. The cooperation between multi-metal
sites in perovskite oxides can potentially minimize reaction
energy barriers, especially in HER, and thus reduce the over-
potential required for the conducting of electrocatalytic water
splitting reactions. Furthermore, due to the interfacial charge
redistributions induced electronic structure modulation, the
construction of metal/perovskite-oxide heterojunctions is an-
other useful strategy for improving electrocatalytic perform-
ance. As for existing perovskite-oxide electrocatalysts, heteroa-
tomic doping, defects engineering, and morphology control
have been acknowledged as effective methods for electronic
property regulations. In particular, the doping of cations usually
triggers the creation of V,-defects that can cooperate with O,
atoms to facilitate the LOM dominated OER.

Experimental HER and OER are usually conducted upon
rotating-disk electrodes with a very fast rotation rate, as a result,
the evaluated area is very limited. Besides, the reaction
conditions set for the laboratory durability testing cannot satisfy
the criteria in large-scale industrial production. In industrial
applications, higher electric current density (0.5 A/cm*-2.0 A/
cm?) as well as higher temperature ambience (80°C) are usually
required. Though perovskite-oxide materials can be manufac-
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tured in different forms and sizes by specific synthetic methods,
the mass production of perovskite-oxide electrocatalysts with
controllable and uniform diameters is relatively hard to achieve
at this moment."™” Especially for the large-scale preparations of
perovskite-oxide core-shell nanoparticles with high specific
surface areas and highly porous structures. In laboratory studies,
to achieve a high mass-activity ratio, the loading amount of
perovskite-oxides on carbon substrates is usually very small.
However, to realize high electrolytic efficiency and satisfactory
material stability, the high loading and uniform distribution of
electrocatalysts on electrodes are also necessary in practical
applications. Thus, besides the combination with membrane
electrodes, investigations under industrialization conditions are
required to be implemented together with DFT calculations
based on machine learning predictions for the directionally
developing of promising perovskite-oxide nanofiber electro-
catalysts that satisfy large-scale industrial applications.'"®

Many perovskite-oxides exhibit limited stability in acidic
media."™ Thus, finding stable perovskite-oxide electrocatalysts
within a broad pH range is an important issue from the
perspectives of costs and efficiency. The electric conduction
channels can be magnified by carbon-based supports. Hence,
the electrochemical activity can be enhanced due to the
construction of perovskite-oxide/carbon composite materials.
Whereas with relatively high applied potential, electrochemical
oxidation is very likely to occur especially in OER, causing the
decrease of catalytic centers. Restraining the electrochemical
oxidation in the electrocatalytic processes and exploring novel
corrosion-resistant substrates are very significant. Generally, the
laboratory stability evaluation of candidate perovskite-oxide
electrocatalysts last for 100 hours. However, for industrial
productions, the electrocatalysts will function under an electric
current density much higher than that in laboratory testing for
hundreds of hours. Thus, developing a wide pH range
applicable and durable perovskite-oxide electrocatalysts to
satisfy the long-term stability criteria of industries is very likely
to be the recent research hotspot.

To sum up, the electrocatalytic HER/OER mechanisms and
regulating strategies that this work focused on will offer a
comprehensive reference for both theoretical and experimental
researchers to develop novel perovskite-oxide electrocatalysts
for efficient water splitting.
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