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Regulation engineering of the surface and
structure of perovskite-based electrocatalysts for
the oxygen evolution reaction
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Perovskite oxides of low cost and with an adjustable structure have been widely used as electrocatalysts
for the oxygen evolution reaction (OER). However, most perovskite oxides have inherent barriers of low
catalytic activity and poor electrical conductivity. The reaction at the active site and the adsorption/
desorption of the reactants are carried out more efficiently on the catalyst surface. In order to regulate
the surface and structure of a catalyst to improve the catalytic activity of perovskite oxides in the OER,
many strategies have been explored. In this paper, the descriptor of catalytic activity of perovskite oxides
is described. The oxygen evolution mechanisms (the adsorbate evolution mechanism, AEM, and lattice
oxygen evolution mechanism, LOM) and the regulation mode between AEM and LOM have been deeply
analyzed to guide the design of high performing catalysts for the OER. The research progress of
perovskite oxide catalysts in recent years in terms of surface composition, design morphology control
and defect engineering is reviewed systematically. In particular, the Ir/Ru perovskite in acidic media that
can be used in a proton exchange membrane water electrolyser (PEMWE) is discussed in detail. Finally,
the existing problems of perovskite oxide based electrocatalysts and their prospects for practical

rsc.li/frontiers-materials

1. Introduction

Clean and renewable energy technologies have been rapidly
developed to address serious environmental problems caused
by excessive consumption of non-renewable resources such as
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applications in the OER are presented.

natural gas, oil and coal.”? Hydrogen is an ideal renewable

energy source with zero pollution. Electrochemical water
decomposition hydrogen production (H,O — H, + 1/20,) is
widely regarded as one of the most attractive sustainable energy
conversion and storage technologies.> Essentially, the exis-
tence of slow multistep proton-coupled electron transfer in the
oxygen evolution reaction (OER) prevents the realization of
hydrogen production for efficient water electrolysis. Noble
metal catalysts, such as RuO, and IrO,, show excellent OER
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Fig. 1 The timeline-based accomplishments in the exploration of perovskite oxides for the OER. All the data were searched for in the Web of Science

Core Collection.

performance, but their high cost in practical applications ser-
iously hinders their widespread application.*” This challenge has
ignited a surge of research to find cost-effective and durable non-
precious transition metal oxides as electrocatalysts for OERs.

In 1839, a mineral composed of calcium titanate (CaTiO;)
was first discovered from skarn by the Prussian mineralogist
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Gustav Rose, who named it after the mineralogist L. A. Perovski.
To date, significant progress has been made in the in-depth
understanding of the reaction mechanism of perovskite-based
catalysts and in the design of efficient catalysts (Fig. 1). The
typical single perovskite Ba, 5Sry5C0¢ sFeo 205 s (BSCF) exhi-
bits higher intrinsic activity in alkaline electrolytes than the
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IrO, reference in some cases.® A series of compelling dual
perovskites with outstanding OER activity have been predicted
and further evaluated by developing activity descriptor data-driven
machine learning methods that can accelerate the design of highly
active and low-cost electrocatalysts.” Perovskite oxides usually
represent a class of materials with the general formula ABO;
(A = alkaline, alkaline earth or rare earth metal, B = transition
metal, and O = oxygen). Recently, perovskite oxides with ABO; rich
in earth elements have attracted great interest in OER catalysis
due to their high intrinsic activity and large composition/structure
adjustability.">" In the basic perovskite oxide structure, the B-site
cations coordinate with the oxygen atom octahedron (BOg), whose
shared angles in the three directions of the crystal are located in
the center of the cube (Fig. 2a). The A-site cations exhibit 12-fold
coordination in the octahedral interspace. The perovskite crystal
structure shows incomparable flexibility, which can incorporate
almost all metal ions in the periodic table (about 90% of the
elements in the periodic table) into the perovskite structure
(Fig. 2b). Many studies have developed catalysts with double
perovskites (A,B,05)," triple perovskites (A;B;0,),"* quadruple
perovskites (A;B401,),"> and Ruddlesden-Popper perovskites
(An+1BnOsns1 (n = 1, 2, and 3)).'® The special structure and
properties of perovskite offer several advantages in the OER: (1)
Perovskite oxides have a robust crystalline structure that is
highly stable under harsh reaction conditions, such as high
temperatures and corrosive environments, making them suita-
ble for use in the OER. (2) The electronic properties of per-
ovskite oxides can be tuned by varying the composition of the
A and B-site cations, allowing for the optimization of the
electronic structure for OER catalysis. (3) The unique combi-
nation of metal cations in the perovskite structure can lead to
synergistic effects that enhance the catalytic activity of the
material, leading to improved OER performance. (4) Perovskite
oxides can achieve high catalytic activity for the OER at low
overpotentials, which is the extra energy needed to drive the
reaction forward.

The special structure allows perovskite to exhibit properties
comparable to those of Ir/Ru base standards.'” Noble-metal base
perovskite oxides in polymer electrolyte membrane (PEM) water
electrolyzers have the advantages of a more stable structure and a
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lower noble metal content when running at a higher current
density.">'® However, pure perovskite oxides (for example, LaNiO;,
LaCoOj3, LaFeOs;, etc.) as OER catalysts still have the disadvantages
of poor conductivity and few active sites limiting their development
in this field. Reducing the overpotential of the OER, or the energy
level of the catalyst should be closer to the equilibrium potential of
1.23 V (2H,0(1) — 0,(g) + 4H'(aq) + 4, E° = 1.23 V), is frequently
one of the criteria for measuring the catalytic activity in the design
of catalysts."*° The reaction can be initiated thermodynamically
because the electron exchange between the electrocatalyst and the
reactants is more favorable. Many effective strategies, such as
hybridization, crystal facet control, morphology control, and defect
engineering, have been applied to improve the intrinsic activity and
stability of perovskite oxides for the OER. Perovskite oxides are
widely used in catalysis, electrocatalysis and photocatalysis. They
are also employed as components of devices that facilitate new
energy innovations, such as catalytic metal-air cells,”® water
splitting,>* and solid oxide fuel cells.*

Herein, the descriptor of catalytic activity of perovskite oxides is
introduced. The recent strategy for adjusting the physical and
chemical characteristics of perovskite oxides is described for appli-
cation in OER. The catalytic mechanisms of the OER, including
AEM and LOM, are deeply understood, and the regulation of the
oxygen evolution mechanism is summarized. Strategies for improv-
ing the catalytic activity and stability of OER perovskite oxides are
systematically studied, including composition engineering, mor-
phology modulation, defect engineering, etc. In particular, the
development of Ir/Ru-based perovskite oxide catalysts for PEMWESs
under acidic environments is discussed. Finally, the challenges
with employing perovskite oxides in practical applications as OER
electrocatalysts are prospected.

2. Reaction mechanisms of
perovskite-based electrocatalysts
2.1. AEM

The OER on the anode is one of the half reactions in the water
cracking process, which is a 4-electron process. There are two
widely accepted OER mechanisms, identified as the adsorbate

Fig. 2 (a) Schematic illustration of the structure for perovskites (ABOsz). (b) The commonly used element in perovskite oxides. Green is the A-site

element, blue is the B-site element, and red is oxygen.
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evolution mechanism (AEM) and lattice oxygen evolution
mechanism (LOM). OER behaves differently under acidic and
alkaline conditions.

The AEM process occurs through multiple oxygen intermediates
including OH*, O*, OOH*, and O,, in which a series of consistent
electron-proton transfer steps occur between the metal band and
the adsorbent oxygen intermediate.”*>® Because of this process,
AEM is considered to be a metal redox catalytic reaction. For AEM,
the OER is caused by water adsorption on the catalyst surface and
subsequent hydrolytic dissociation. The important intermediates
are M-O and M-OOH, which eventually produce oxygen.

Exploring the real active site in the catalytic process of OER
catalysts is the focus of many researchers. In AEM, it is widely
believed that the active site is a transition metal ion, at which
water molecules are adsorbed and oxidation occurs (Fig. 3a).
Many reports have shown that the presence of B-site metal ions
in the octahedral structure of BOg in perovskite-type OER
catalysts plays an important role in the catalytic process.>”*®
For example, Fe ions in perovskite oxides have been shown to
be highly catalytic elements of the OER, and can be doped with
Co to achieve higher catalytic performance.”® According to Man
et al. ’s theoretical analysis, the activity of perovskite oxides
presents volcanic maps in the following order: SrCoO; >
LaNiO; > SrNiO; > SrFeO; > LaCoO; > LaFeO; > LaMnO,.%°
This trend was also verified through experiments by Bockris
et al. and Y. Matsumoto et al.>*>*' The perovskite oxide at the
top of the volcano showed a better catalytic performance.
Perovskite oxides on the left half of the volcano suggest a
binding force that is too strong with the adsorbent, whereas
perovskite oxides on the right half represent a binding force
that is too weak. The best OER performance can only be
attained at the active site with the appropriate adsorption
intensity. In AEM, OER activity is independent of pH at the
reversible hydrogen electrode (RHE) scale. Despite this pro-
gress, a number of issues remain to be resolved.

2.2. LOM

With the development of a large number of OER catalysts, it has
been found that the OER catalytic activity of some materials does
not follow the volcanic relationship. The active oxygen evolution
activity of some catalysts depends on the pH in the electrolyte.*>**
One explanation for the discrepancy is that these catalysts do not
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actually follow the reaction mechanism described above. Inspired
by this, the lattice oxygen oxidation mechanism (LOM) has been
widely studied. Through theoretical calculation, Mefford et al
found that lattice oxygen was also involved in the OER process of
La; ,Sr,CoO;_;5, which may explain the reason for its high
activity. This mechanism has also been verified by experi-
ments.** Shao-Horn et al. found that the oxygen produced in
the OER process came from lattice oxygen on SrCoO;_s, Prys-
Bay 5C00;_s and Lag sSto5C00;_s by in situ 0 isotope-labeled
mass spectrometry.>” In the LOM, the metal-lattice oxygen oxida-
tion mechanism (M-LOM) and oxygen-lattice oxygen oxidation
mechanism (O-LOM) are divided according to whether the active
site is metal or lattice oxygen (Fig. 3b and c).*® In the first step of
M-LOM, -0OO0 is formed by dehydrogenation at the transition
metal site where -OH is adsorbed. On dehydrogenation, the O of
the adsorbed -OH binds to the lattice O. In the third step of M-
LOM, OO evolves into O,, forming an oxygen vacancy. The oxygen
vacancy is then filled by OH™. Finally, deprotonation occurs and
the initial surface is restored. There is decoupling of the proton-
electron transfer step in the LOM due to oxygen vacancy genera-
tion, resulting in the pH-dependent OER properties previously
observed. Shao-Horn et al. also proposed a new reaction mecha-
nism (O-LOM, Fig. 3c), which is similar to M-LOM.?*” The main
difference between M~-LOM and O-LOM is that M~-LOM assumes
that the active site of perovskite is the metal site, whereas O-LOM
assumes that it is the lattice-oxygen site.*® Gao-Ren Li et al.
established the relationship between lattice oxygen evolution
reaction and dynamic surface structure.’”” Through theoretical
calculations and in situ characterization, such as in situ X-ray
absorption near edge structures (XANES) and in situ Raman, it has
been demonstrated that surface Fe sites are catalytic centers of
LOM, and Sr vacancies can promote the LOM by raising the 2p
level of oxygen. To verify whether LOM is dominant in the OER:
first, it is possible to test whether the catalyst performance is
strongly dependent on pH; Secondly, the performance of catalysts
with LOM is generally improved after the CV test. Third, direct
isotope labeling is used to observe whether the O in the produc-
tion of O, comes from lattice oxygen.

2.3. Regulation of the reaction mechanism

In LOM, O-O radical coupling is achieved directly without the
involvement of M-OOH intermediates.* The process avoids the

OH H,O + e OH-
H,O + e OH- 2
a Orhore) o O b O-M-0 c 0-M-0
OH%‘ Ste\p1¥ e OH%‘ Ste\p1\, H,0 + e OH- Step 4 Step 1 e
OH 00 H OH
o I\(?Ac:)H AEM oc;hHo omorn M-LOM  oyip omo O-LOM 45
- OH-
e Step 3 Stej OH- e Step 3 Step 2 OH- e Step 3 Step 2
0 a Oo-M-J
y 0-M-O . .
OH- oMo H,O + e OH 00 +e OH OO0 +H,0O+e
2

Fig. 3 Schematic OER mechanisms on perovskite oxides: (a) AEM, (b) M—LOM, and (c) O-LOM.
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limitation of the adsorption energy scale, resulting in the
catalyst working in LOM showing higher apparent activity than
one working in AEM.**™** However, the catalyst is usually
accompanied by a large amount of surface reconstruction
during the LOM process due to the redox and overflow of
lattice oxygen, which is very unfavorable to the stability of the
catalyst.*® Therefore, how to regulate the reaction path between
AEM and LOM to achieve a coordinated symbiosis of catalyst
activity and stability is a problem that needs to be considered
for catalyst design.

The way InIch the OER mechalism is regulated can be
differentiated according to whether or not the chemical com-
position of the catalyst is changed. In general, people can
optimize the reaction mechanism by changing the material of
catalyst to regulate the distribution state of electrons or the
adsorption energy of reaction intermediates. In the Mott-
Hubbard cationic redox environment, when U (the energy
difference between the empty upper Hubbard band (UHB)
and the full lower Hubbard band (LHB)) is much smaller than
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A (the charge-transfer gap), it causes the oxygen non-bonding
2p band to be located in the metal LHB, allowing electrons to
only come from LHB during the OER process (Fig. 4a).*?
Transition metal cations of perovskite oxidized species act as
active sites and redox centers for intermediates in the adsorption
reaction, thus following AEM in the OER process. Wlen U is
much larger than 4, the gap is going to be a charge transfer type.
The 2p band of oxygen provides electrons, and under applied
potential conditions, the non-bonded 2p band of oxygen crosses
the Fermi level. The oxygen site will act as a redox center and an
LOM-based electron transport pathway may be triggered. For
example, by doping with some foreign ion, either the transition
metal ion at the B-site or an ion at the A-site.*>***> On the other
hand, AEM and LOM can be realized in a class of materials by
adjusting defect content or introducing lattice stress while
keeping the chemical composition of materials unchanged.
Perovskite oxides have high structural tolerance, resulting in a
wide range of adjustment of metal 3d and oxygen 2p band
structure. Shao-Horn, Stevenson and Xu and colleagues have
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Fig. 4 (a) Schematic descriptions of two possible band structures of perovskite oxides under different oxygen evolution reaction mechanisms. (b) CV

measurements from pH = 12.5 to 14 recorded at 10 mV s~*

. (c) Effect of ball milling time on different oxygen evolution mechanisms. (d) The dependence

of the dominant peak of the p band and the orbital center of the p band on V5 concentration. (e) Transformation of the OER mechanism of oxygen
deficiency control and explanation of the structure—activity relationship. Reproduced with permission.>® Copyright 2022, American Association for the

Advancement of Science.
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successfully implemented AEM or LOM in different perovskite
oxides. The disordered structure can be introduced into
perovskite-type catalysts by ball milling and electrical activation to
control oxygen defects (Fig. 4b).*>***® This process is usually
accompanied by dynamic reconfiguration, and the operation of
the LOM mechanism can be judged by whether it depends on the
pH of the electrolyte. By cleverly controlling oxygen defect content,
Chun-Hua Ya et al. found that the dominant OER mechanism on
La,Sr;_,CoOj; can be arbitrarily converted between AEM-LOM-AEM,
accompanied by the changing trend of volcanic activity (Fig. 4c-€).*®
By doping other metal ions at the A-site, ball milling, electrical
activation and other ways to activate lattice oxygen to adjust oxygen
hole concentration, so as to achieve the purpose of mechanism
conversion. The synergistic optimization of catalyst activity and
stability can be realized by changing the mechanism. In conclusion,
the difficulty of cationic and anionic redox reactions in the OER
potential region determines which catalytic mechanism is used,
thus affecting the performance and behavior of OER catalysts.

3. Catalytic activity descriptors for
perovskite oxides

Several OER activity descriptors have been developed over the
past few decades, including free energy of adsorbent, e, occu-
pancy, and metal-oxygen covalence which have the effects of
the d-band center and O 2p-band center.
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The free energy of adsorbent (AG,4s-) obtained by theoretical
calculation is also a very important descriptor. The catalytic
activity of perovskite oxides is strongly influenced by their
surface properties, which are determined by their AGuqq+ In
the context of catalysis, it determines the ability of a material to
bind and activate reactant molecules, such as H,O, and facil-
itate their transformation into product molecules, such as O,.
In general, perovskite oxides with a higher AG,q¢s of water
molecules have been found to exhibit higher catalytic activity
for the OER (Fig. 5a).*® However, excessively high AG,qs can
also result in strong binding of water molecules to the surface,
leading to kinetic limitations and decreased catalytic activity.
Man et al. considers 18 classes of perovskite and plots 1ogr as a
function of AGo+—AGoy+, thus obtaining the universal volcanic
relationship.?® In summary, AG,gs- of water molecules on the
surface of perovskite oxides is an important factor that deter-
mines their catalytic activity in the OER, with an optimal range
that balances binding strength and kinetic accessibility for
efficient conversion of water into oxygen.

OER activity generally depends on oxygen binding strength.
The Shao-Horn group proposed that e, filling of surface transi-
tion metal cations (B-site cations) can greatly affect the binding
of the OER intermediate and oxide surface, thus affecting the
activity of OER. The 3d orbital of the B-site ion in perovskite is
hybridized with the 2p orbital of the O. There is a high spatial
overlap between the d, and d,, , orbitals in the transition
metal and the 2p of oxygen to form ¢ orbitals. The d,,, d,, and
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Fig. 5 (a) Two-dimensional OER activity plot of theoretical overpotentials (7ogr) for all the materials explored in this study as a function of AGox—AGop~

and AGoy». Reproduced with permission.*® Copyright 2020, American Chemical Society. (b) The electronic configuration of some transition metals and
related metal orbitals. Reproduced with permission.” Copyright 2017, American Association for the Advancement of Science. (c) The relationship

between the OER catalytic activity and the occupancy of the eg-symmetry electron of the transition metal (B in ABOs3). Reproduced with permission.

39

Copyright 2011, Science. (d) The difference between the Co 3d band center and O 2p band center and O 2p relative to the Fermi level in ACoOs
perovskites with different A-site cations. (e) Schematic representation of M 3d-O 2p overlap. Reproduced with permission.*? Copyright 2017, Nature
Publishing Group.
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d,. metal orbitals have low spatial overlap with oxygen to form
orbitals. The anti-bonding orbitals c* and n* are called e, and
tye orbitals of the octahedral coordination field, respectively.
The number and spin state of d-electrons of B-site metal ions
affect the filling state of e,. For example, the filling state of e,
for Cr**, Mn**, Fe**, Co*', and Ni** correspond to 0, 1, 2, 1, and 1,
respectively (Fig. 5b)."” Electron transfer between surface cations
and adsorption intermediates can be facilitated more directly
because the e, orbital overlaps more strongly with the oxygen-
associated adsorbent than the t,, orbital. Therefore, a Shao-Horn
(SH) principle with e, track filling as the activity descriptor is
proposed.®® According to the principle of Shao-Horn (SH), the
performance of an oxygen evolution catalyst can be optimized by
adjusting the e, orbital filling of the metal site. They found that
the e, orbitals of Ba, 5Sr,5C0p sFe 3,05 (BSCF) surface transition
metal ions will participate in bonding with surface adsorbed
anions via ¢ bond, resulting in significantly higher OER intrinsic
activity than IrO,. This strategy of doping other metal cations
at the B-site to regulate e, orbital filling has been applied by
others to achieve better oxygen evolution performance, including
Ca,Mn,05, CaCuzFe, 0,,, SrNb,;Coq,Fe,,0;5_s, and CagoYbg ;-
MnO;_;. This descriptor captures the energy variation of the
electrochemical OER from the perspective of molecular orbital
theory, leading to the formulation of unique OER activity design
principles (Fig. 5¢). In other words, when surface transition metal
ions such as e, orbital filling ~1, the perovskite oxide catalyst has
better catalytic performance.

The relative distance between the band center of the metal
3d (M 3d) and oxygen 2p (O 2p), the covalency of M-O, can be
used as a descriptor of catalytic activity. The covalence of M-O
bonds in perovskite-type oxides containing various metal ions
has an important effect on their catalytic activity and stability.*”
The smaller the relative distance between the M d-band center
and O 2p-band center, the stronger the covalent bond of
perovskite oxide. Suitable covalent strength can accelerate the
charge transfer barrier between metal and oxygen, thus pro-
moting OER properties. But too high covalence will lead to the
instability of the catalyst.*® For AEM, first of all, the increase of
covalence leads to an increase in electron density at the metal

View Article Online

Review

site and the decrease of binding energy between the metal site
and the oxygen intermediate species.*® Moreover, the binding
energy is adjusted by doping and the length of the M-O bond
is changed. The covalency is enhanced and the bond length
is reduced, which promotes the formation of oxygenophilic
intermediates. In addition, the enhanced M-O covalence
will increase the efficiency of charge transfer and reduce the
electron charge transfer impedance of perovskite oxide cata-
lysts in the OER process.’® For LOM, the intensity M-O cova-
lency may cause the O 2p center to shift towards higher
energies relative to the Fermi level (Fig. 5d). The location of
the center of the O 2p band affects the energy required to form
oxygen vacancies.*”> Perovskite oxides with a higher O 2p band
center are more likely to form oxygen holes and activate lattice
oxygen, which is conducive to improving OER performance.
It has also been proved that when M-O bond covalence is
enhanced, the contribution of O 2p at the Fermi level is
enhanced as a new catalytic center. Yang Shao-Horn et al. also
proved by DFT that when La®" is replaced by Sr*" at the A-site,
the Fermi level is closer to the calculated O 2p band center,
which is accompanied by a decrease in the energy gap between
the metal 3d and O 2p band center (Fig. 5¢).>> Compared to
LaCoO;, the O 2p state of the Fermi level of SrCoO; is higher
than the redox energy of the O,/H,0, making the oxidation of
lattice oxygen in perovskite more thermodynamically favorable.

4. Engineering of the surface and
structure of perovskite oxides

Due to the low conductivity, small number of active sites and
slow reaction kinetics, the electrocatalytic activity of the origi-
nal pure perovskite oxides is not ideal. Therefore, various
strategies have been used to improve the electrocatalytic per-
formance of perovskite oxide systems (Table 1). In order to
compare the relative activity of the catalyst, the overpotential
required to produce a current density of 10 mA cm ™2 is usually
used as the evaluation index (the current density of the solar
water splitting device with an efficiency of 12.3%). When the

Table 1 Summary of OER overpotentials at 10 mA cm™2 for perovskite oxide-based electrocatalysts

Overpotential Tafel slope

Electrocatalyst [mV vs. RHE] [mV dec™] Electrolyte Loading [mg cm™?] Electrode Ref.
La;_,Ce,NiO; 270 45 1 M KOH 0.4 Carbon paper 22
Ce doped LaCoO; 390 112 1 M KOH 0.25 Glassy carbon 55
La;_,Sn,NiO;_s 345 74 1 M KOH 0.367 Glassy carbon 59
La;_,SryCoO; 85 1M KOH 0.25 Glassy carbon 51
La,NiMnOg 350 58 1 M KOH Glassy carbon 53
La,_,FeO;_; 410 54 0.1 M KOH 0.232 Glassy carbon 65
PrBa, 5Sro.5C0, _,FexOs. s 290 69 1 M KOH 0.192 Glassy carbon 66
SrCoq.4Feq Wy 405_5 300 1 M KOH 0.232 Glassy carbon 67
LaFe,Ni;_,O; 302 50 1 M KOH Glassy carbon 52
F-Bag 5S10.5C00 gFe 2035 280 101.67 1 M KOH 0.255 Rotating disk 68
S-doped LaCoOj3 364 126.7 1 M KOH Glassy carbon 69
LaFeO;_,_sCl, 59 0.1 M KOH Rotating disk 70
Sr;NiFeMoO,_; 260 42.3 1 M KOH 3 Ni-foam 44
(Lag.6Sro.4) (Copo[FeMnNiMg]y )O3 320 45 1 M KOH 0.196 Glassy carbon 71
La(CrMnFeCo,Ni)O; 325 51.2 1 M KOH 2.35 Ni-foam 72
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current density is greater than or equal to 10 mA cm™ >, the
catalyst is considered to have the potential of industrialization.>*

4.1. Composition design

Due to the unique structural advantages of perovskite, compo-
nent regulation can be conducted at the A, B, and O site
respectively. Doping of elements generally optimizes the crystal
structure parameters and adjusts the electronic structure to
achieve the best performance of the OER.

4.1.1. Assite substitution. A-site element doping can promote
the B-site transition metal reconstruction in perovskite OER
catalysts. The electronic structure of perovskite oxide can be
optimized by using the A-site management method of element
substitution engineering. Based on in situ electrochemical Raman
techniques, Yue Zhang et al. found that precise A-site Ce doping
in LaNiO; promotes faster dynamic reconfiguration of the self-
assembled NiOOH active layer in the OER process (Fig. 6a).>* The
Co®" spin state in LaCoO; changes from a low spin state (LS) to
medium spin state (IS) after Ce doping at the A-site, thus enhan-
cing the covalence of Co 3d-O 2p.>® In order to maintain the
charge balance, the valence state of the metal at the B-site will be
increased and more oxygen vacancies will be generated. For
example, the introduction of a lower oxidation state in perovskite
by doping the LaCoO; with Sr** effectively promotes the move-
ment of crystal oxygen on the active surface of LaCo0;.”® Wei
Huang et al. designed various alkali earth metals (Be, Mg, Ca, Sr
and Ba) to be doped in LaCoOj;, proving that Ca dopants can
change the electronic structure and conductivity of LaCoOs;, thus
significantly improving the electrocatalytic performance.”” In

a A-site management
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addition to the change of valence state, doping of the A-site
also optimizes the crystal phase. As the doping amount of Sr
increases, the lattice parameters of a, b and ¢ decrease and the
crystal phase changes from the rhomboid to cubic phase
(Fig. 6b). At the same time, the length of the Co-O bond
decreases from 1.933 A to 1.913 A. The optimized structure
has better OER properties when x = 0.8 (Fig. 6¢).”" Moreover,
the amount of doped ions at the A-site is also related to the OER
performance of the catalyst. Ag in LaCoO; has the maximum
solubility at the A-site of perovskite, and too much Ag will
produce other impurity phases, which is not conducive to
catalytic reactions. According to DRIFTS studies, A-site doped
catalysts have two active centers, including a transition metal at
the B-site and oxygen vacancy.’® However, with the Sn substitu-
tion (x = 0.15), the oxygen concentration will decrease slightly
due to excessive Sn—O bonds preventing the formation of
oxygen vacancies. The introduction of Sn at the A-site will
distort the structure and facilitate surface reconstruction in
favor of the OER.*

The doping of other elements at the A-site also affects the
reaction mechanism of the perovskite catalyst during the OER.
For example, the mechanism of catalytic OER has been shown
recently to shift from AEM to LOM, through adjusting the Sr in
the La;_,Sr,CoO;_5 system of doping.**?**® Zong-ping Shao
et al. have provided direct evidence of lattice oxygen in the OER
by design of the Si-incorporated SrCo,_,Si,0; s system.?” This
strategy of regulating the reaction mechanism through A-site
doping provides a new perspective for constructing high per-
formance catalysts of the OER.
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GmbH. (b) The lattice parameters of La; _,Sr,CoOs evolve and the length of the Co—-O bond changes with the increase of Sr doped in the A-site. (c) LSV
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A-site doping also plays a role in improving the stability of
catalysts, especially the OER under acidic conditions. Under
acidic conditions, the cation in perovskite oxide can easily
dissolve into the electrolyte during the OER process, leading
to the collapse of the structure.®®®" The introduction of external
cations at the A-site has been reported to improve the activity
and stability of ruthenium oxides by preventing or delaying the
dissolution of cations. It is found that doping Na" in SrRuO;
improves the durability of SrTRuO; perovskite, and maintains
85% of the initial activity after 20 cycles.®” Higher activity and
durability of Sr; ,K,RuO; (x = 0.00, 0.05, 0.10 and 0.20) can be
obtained by partially doped monovalent K* cations.®® The
distortion degree of RuO, octahedron in perovskite is reduced
by doping Na'/K" in SrRuO;. After Na'/K" doping, some Ru
cations are oxidized to Ru®*, which reduces the Jahn-Teller
effect of Ru*" cations in RuOg octahedron.®* By partially doping
Na'/K" at the Sr*" site, STRuOj; results in an oxide of Ru atoms
with higher oxidation states and higher symmetry, thus improving
stability. In other words, doping of A-site elements optimizes
lattice parameters, leading to improved stability. Moreover, it
can adjust the electron distribution state of B-site ions and adjust
the covalence of metal - oxygen, thus enhancing the activity for
the OER.

4.1.2. B-site substitution. In general, the electrocatalytic
activity of perovskites is correlated to B-site doping with transi-
tion metals (e.g., Mn,”® Co,”*”> Ni,”®”” and Fe”>”®) to adopt
different valence states and d electron number, which are
conducive to the formation of redox couples for the OER
process. By doping different metal ions at the B-site and
optimizing the corresponding proportion, the electron filling
state of e, for metal was adjusted between the B-O-B’ bond to
form more favorable active species for the OER. The doped
SrCoO; perovskites with B-site Fe substitution exhibit a higher
catalytic activity than that of pristine BSCF, arising from the
surface self-reconstruction to generate more highly-active sur-
face oxyhydroxide species. In spite of this, it is still impalpable to
accurately understand the surface self-reconstruction mecha-
nism for more active sites by B-site transition metal substitution
in perovskite catalysts.”® By introducing controlled doping at the
B-site to optimize the electron filling state of e,, excellent OER
catalytic performance was obtained in SrCog ¢5Pg0505_s.>%5"5
The adjustment of electronic structure and the strong hybridiza-
tion between O and Ni is achieved by optimizing the Ni/Fe ratio
to 8:2 in LaFe,Ni;_,0;.%” It is confirmed by in situ testing that
Ni**, Ni**, Fe*" and Fe'" exist in single crystal samples of
LaFe,Ni; 03, and when Fe replaces Ni, the price of Ni (Fe) will
decrease (increase). It can be seen from XPS that the strength of
Ni** is reduced, indicating that the introduction of Fe into
LaNiO; can increase the oxidation state of Ni (Fig. 6d).>> DFT
simulations show the introduction of an additional Fe 3d state
near the Fermi level by B-site doping. Electron rearrangement in
the Ni-O-Fe bridge strengthens the d-orbital coupling and
increases the transition metal (TM) 3d bandwidth, thereby
increasing the activity of the OER. In addition, the introduction
of other metal ions into the B-site will also affect the lattice
structure of the perovskite catalyst. It has been reported that Fe
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replaces Ni in epitaxial LaFe,Ni; ,0; films (x = 0, 0.125, 0.25,
0.33, 0.375, 0.5, and 1.0), resulting in a monotone increase in the
out-of-plane lattice parameter (c) with increasing x.

Double perovskites (A,BB’Og) can also be synthesized by
introducing metal ions at the B-site (where the B-site is occu-
pied alternately by different cations B and B’), with the presence
of oxygen bridges connecting each B and B’ atom pair.””*>%
The coupling effect can be enhanced by adjusting the B-O-B/,
providing a basis for tailoring their electronic structure. The
ordered arrangement of B-site ions results in a superior physi-
cal correlation effect in double perovskites. The e, electron
filling state of metal can be adjusted by optimizing B-site ions.
On the other hand, theoretical and experimental studies have
proved that doping other ions at the B-site of perovskite oxides
can regulate the electron distribution of metal-oxygen bonds and
accelerate the formation of active components. For example, the
electron super-exchange of Ni**~O-Mn®" in La,NiMnOg nano-
particles causes the electron filling states of e, of Mn and Ni ions
to become uniform (Fig. 6e).>® In addition, the electron super-
exchange interaction of Ni**~O-Mn*" induces strong Jahn-Teller
distortion of MnOg and NiOg octahedrons, elongating M-O bonds
and contributing to the formation of Mn/Ni hydroxide/oxide active
components on the surface of La,NiMnOg.**

In particular, the electrocatalytic performance of perovskite
materials can be improved by adding nonmetallic elements at
the B-site. By adding the corresponding salt to the synthesis, P or
B can be introduced at the B-site of the lattice.®® P. R. Slater and
co-workers found that the conductivity of CaMng 95P, 5055 and
CaMny 95Bg.0505_s Was significantly improved compared with
the original catalysts, which is attributed to the addition of
0,”7/0 and the optimization of electron filling in e,.*® Another
phosphor-doped perovskite SrCopgsFeg1Py0505_s (SCFP) has
been reported to stabilize the crystal structure of the oxide by
introducing P. In addition, it has been reported that silicon-
doped perovskite can stabilize the cubic structure and enhance
the ionic conductivity of perovskite, such as StM;_,Si, O3 (M = Fe,
Mn, Co), Ba,In,_,Si, 054y (X = 0,0.1, 0.2, 0.3).277%° Therefore, the
addition of nonmetallic elements to the B-site of perovskite
oxides opens up a new field for the design of high-
performance and stable oxygen evolution catalysts.

4.1.3. Oxygen-site substitution. The introduction of other
ions at the O-site can modify the O 2p-band center (valence
electrons in the p orbital), providing new opportunities to
adjust the properties of perovskite oxides. From the point of
view of charge compensation, the partial substitution of 0>~ by
a negatively charged anion (F~, Cl7) may produce O* /O,
which can enhance the activity of the OER. When F~ is
introduced into LagsBagsCo0;3;_s5, the upper bound of the
bonding orbital is close to the Fermi level, which reduces the
charge transfer energy barrier of electrocatalysis (Fig. 7a). It is
calculated that the energy barrier of LaysBaysC00;9 sFo 1
(0.270 eV) is even lower than that of active B-CoOOH (0.48 eV)
due to the trapping of electrons by F~ in neighboring atoms. F~
is highly electronegative, allowing OO* to be released more
easily, resulting in a more efficient OER performance.’® In
Bay 58T 5C00 sFe 2055, 0% is partially replaced by F~ to form
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the M-F-M (M = Co or Fe) ligand. The current density of
Bay 5510 5C0g sFe 2055 with 1% F atomic ratio is 68 mA cm >
about 3.5 times that of IrO, at 1.63 V for the OER. Appropriate
F~ substitution can improve the performance for the OER.
When the concentration of F-is excessive, O*"/O~ species will
be consumed because the Me-O-M bond will be replaced by
two M-F bonds, which is not conducive to the reduction of
B-site cations and the production of O* /O~ (Fig. 7b and c).*®
Through first-principles calculations, D. Gao et al. first proved
that s doping in perovskite oxides can introduce oxygen defects
and promote the conductivity of Co**. At the potential determi-
nation step (O* + H,O (I) - HOO* + H' + ¢7), S-doped LaCoO;
with an oxygen defect had the lowest overpotential (7 = 1.00 V),
indicating that S doping was the main factor for activating the
catalytic behavior of adjacent Co sites (Fig. 7d and e).° At the
same time, the electron filling of the e, state of Co®* was adjusted
to improve the catalytic performance.®® The electronegativity of
Cl is lower than that of O. The doping of Cl in LaFeO, o sCly 1
enhances the covalence of metal-oxygen, which is conducive to
the charge transfer in the electrocatalytic process. Surface-
sensitive soft X-ray absorption spectroscopy (sXAS) showed that
the energy of the Fe L-edge peak of LaFeO, 4 ;Cly; decreased
slightly relative to the parent LaFeO;_; indicating that the
valence state of Fe was reduced by CI doping (Fig. 7f).”°
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4.2. Morphology engineering

The morphology of perovskite oxide has an important effect on
the OER performance. Structures with a larger electrochemically
active surface area (ECSA) tend to have more catalytic active sites,
which is conducive to enhancing the transport of substances.
Morphological engineering has more influence on the catalytic
surface. In recent years, perovskite oxides have been developed
by researchers with a variety of nanostructures, such as: nano-
particles, nanowires, nanotubes, nanorods, nanospheres and so
on. Meso-porous and macro-porous structures were found in
SrNb, 1Co, ;Fey ,05_s perovskite nanorods prepared by electro-
spinning (Fig. 8a). Compared with the bulk structure, the large
pore size distribution range and the increase of pore number are
conducive to the exposure of the catalytic active site and the
mass transport associated with electrocatalysis, thus showing
high efficiency OER activity in alkaline solution.’* The yolk-shell
Lay oSry.1C00; perovskite microspheres were synthesized using a
one pot method. The unique Yolk-Shell La, ¢Sty ,C00O3 perovs-
kite microspheres showed strong catalytic activity for the OER
(Fig. 8b).%% Its structure has advantages: (1) larger ECSA on the
unit scale of coarse nanocrystals provides more active sites for
the OER; (2) the shorter length is conducive to the diffusion of
electrons and oxygen ions, thus speeding up the electrochemical
kinetics; (3) the thin hollow structure on the three-dimensional
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Fig. 8 (a) Scanning electron microscopy (SEM) image of nanorods SrNbg1Cog 7Feq 03 5 prepared by electrospinning technology. Reproduced with
permission.®! Copyright 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei. (b) TEM image of Yolk—Shell LagoSro;CoOs. Reproduced with
permission.®> Copyright 2015, The Royal Society of Chemistry. (c) SEM images of hollow spheres LaCoOs. (d) CV curves of LaCoOs with different
morphologies for the OER. Reproduced with permission.®® Copyright 2017, American Chemical Society. (e) Schematic diagram of the advantages of 3D
ordered macro-porous electrocatalysts for the OER. (f) LSV curves of various catalysts for the OER. (g) TEM image for 3D ordered macro-porous
electrocatalysts. Reproduced with permission.®* Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) Mass and special activities for
nanoparticle catalysts of different sizes at an overpotential = 0.49 V. Reproduced with permission.>> Copyright 2016, Springer Nature.

(3D) space is conducive to maintaining the integrity of the
structure and preventing aggregation or sintering, which is con-
ducive to maintaining a stable structure during the long catalytic
process. Hong Yang et al. prepared LaCoO; with porous particles
and hollow nanospheres using a hydrothermal method (Fig. 8c).
By adding the organic substance glycine to the synthesis as a pore-
forming agent, it will spill out in the structure due to high
temperature calcination. This makes LaCoO; with the amorphous
surface structure exhibit a low initial potential in OERs (Fig. 8d).
The OER performance of LaCoO; hollow nanospheres (~1.50 V)
is the best compared with that of dense (~1.55 V) and porous
particles (~1.51 V).** Zong-ping Shao et al. impregnated a neatly
arranged colloidal crystal template of polymethyl methacrylate
(PMMA) with a mixed metallic solution (Fig. 8e).”* Perovskite
oxide with a 3D ordered macro-porous structure was obtained by
removing the tightly packed spherical template by calcination.
Open interconnected 3D ordered macro-porous structures have
uniformly distributed pores with an average diameter of about
200 nm, resulting in a high specific surface area, which is
conducive to O,/OH ™ transport channels and electron migration

(Fig. 8f, g). Yang’s group also prepared sea urchin-like nanostruc-
tures with high specific surface area (48 m> g~ "), which followed
the “nucleation-growth-assembly” route.’® Regulating the nano-
structure of perovskite oxides can also affect the electron configu-
ration of active sites. For example, by reducing the particle size,
the regulation successfully increased the fill of e, of Co®" in
LaCoO; from about 1.0 to an optimized configuration close to
1.2.%° The orbital hybridization of Co 3d-O 2p and the weakening
of the Co-O bond favor the formation of -OOH species, thus
increasing the intrinsic activity of LaC005.°”%® In addition, by
normalized specific activity comparison in the Brunauer—
Emmett-Teller (BET) region, the activity of the 80 nm sample is
still 1.8 times that of the bulk sample, indicating that the
significant enhancement of OER activity is mainly due to the
increase of reactivity at the active site, that is, due to the spin state
transition of Co®" on the surface (Fig. 8h).”® The surface regulation
of perovskite oxides is more complicated. It can not only increase
the exposure of more active sites, but also regulate the internal
electron distribution. The influence on oxygen evolution perfor-
mance has many aspects that need to be further studied and
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explored, to provide more basis for the design of catalysts with
high performance.

4.3. Defect engineering

The introduction of anion or cation defects in the perovskite
structure may regulate the electron distribution and optimize the
reaction path, which contributes to the electrocatalytic capacity.

4.3.1. Oxygen vacancy. The concentration of oxygen
vacancy affects the electronic structure and valence state of
B-site metal cations, thus regulating the M-O covalent bond. In
addition, oxygen-deficient perovskite oxides have a large num-
ber of oxygen vacancies as a new active adsorption/reaction site,
which helps to improve the catalytic activity of the OER. Hong
Yang et al. synthesized anoxic Ca,Mn,05 by annealing at low
temperature in a gas containing 5% H,/Ar."®" Anoxic perovskite
Ca,Mn,05 has an orthogonal crystal structure in which oxygen
atoms are bonded to adjacent subunits (MnOs) by angular
oxygen atoms. Therefore, Ca,Mn,0s has inherent porosity at
the anoxic site at the molecular level, which facilitates ion
transport through oxygen vacancies in the OER. The presence of
oxygen vacancy in the anoxic structure leads to the large Jahn-
Teller effect of Ca,Mn,0s, which distorts the anoxic perovskite
structure. The introduction of oxygen vacancy changes the elec-
tron configuration of Mn*" (3d°, t,,°) into Mn®* (3d*, t,,’e,"). One
electron in manganese with a high spin orbital can form a
bonding structure with OH™, which results in the high OER
activity of the anoxic perovskite Ca,Mn,0s. The combination
strategy of Sr doping and Ar plasma treatment generates
more oxygen vacancies as new active sites in LaCoO; perovskite,
thus obtaining excellent OER performance.'” The perovskite
LaMn, ;5C0.,50;5_5 was prepared by a two-step calcination pro-
cess, with abundant oxygen vacancies in its structure. The OER
performance of the obtained anoxic LaMng;5C002503_5 was
27.3 times that of the untreated LaMn, ;5C0, 2503 and comparable
to that of the commercial RuO,.'® The increase of tensile strain
also leads to the increase of oxygen vacancy content in NdNiO;
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films. Oxygen vacancy can reduce Ni** to Ni** with adjustment of
the average occupancy of eg, thus increasing the activity for the
OER. The transformation of strain state induces lattice distortion
and defects, which is conducive to the activity of the OER.'®*
In the highly oxidized water environment, the anoxia in SrCoO;_s
film was artificially adjusted from § < 0.1to é ~ 0.25 by changing
the epitaxial strain of the SrCoO;_; film, which significantly
enhanced the OER activity.'® Moreover, lattice distortion can be
generated by substituting the B-site with valence exchange ele-
ment gradient and constructing different interfaces, so as to
optimize the surface oxygen vacancy concentration of rare-earth
base perovskite oxides, thus improving the catalytic activity.'°*'%”
Sean C. Smith et al. believed that excessive oxygen vacancy near Co
as the active site would reduce its catalytic activity. The reason
may be that the oxygen vacancy in SrCoO; donates two electrons
in the form of a local charge to the adjacent Co site. The first-
principles calculation shows that the formation energy and
migration energy of a single vacancy are about 1.26 eV and
0.5 eV. Under the premise of ensuring the OER activity of the
material, the surface oxygen vacancy formation energy can be
increased by about 30% by adjusting the moderate biaxial com-
pression strain (2%), thus reducing the surface vacancy concen-
tration (Fig. 9a).°° The energy of perovskite surface reduction (and
oxidation) is different from that of the bulk, resulting in the
formation of an oxygen vacancy on the perovskite surface more
easily than the bulk. William C. Chue et al. found that surface
lattice oxygen anions are also key partners in the redox of oxygen
molecules, in addition to the redox of transition ions.'%®

Among the several mechanisms proposed for the LOER is
the involvement of active sites for oxygen evolution by oxygen,
resulting in the creation of surface oxygen vacancies. In other
words, there is a perovskite catalyst with a high oxygen vacancy
content and oxygen may occur through the LOM. The ability of
PrBaCo,0Os.s to accommodate a wide range of oxygen vacancies
makes it an excellent candidate for studying oxygen vacancies.
Emiliana Fabbri et al. systematically studied the increase of
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Fig. 9 (a) Schematic diagram of the effect of compressive strain and tension strain on OER overpotential and oxygen vacancy formation energy.
Reproduced with permission.®® Copyright 2016, American Chemical Society. (b) OER activity of PrBaCo,0s, in different oxidation stoichiometry. The

structure diagrams below show the distribution of oxygen vacancy in the structure of PBCO with § = 0, 0.5 and 1. Reproduced with permission.

100

Copyright 2021, Wiley-VCHGmbH. (c) Schematic diagram of the formation of oxygen vacancy and Fe** in La,_,FeOs_; perovskite with A-site deficiency.

Reproduced with permission.®> Copyright 2016, American Chemical Society.
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OER activity in PrBaCo,0s.s materials with the increase of lattice
oxygen vacancy. However, the relationship between OER activity
and oxidation stoichiometry is not linear (Fig. 9b). When 6 =
0.5, PrBaCo,0s,s forms alternating [CoOs] octahedrons and
[CoOs] square pyramids in the plane of Pr. This arrangement
of oxygen vacancies causes significant changes in Co-O coordi-
nation and Co-O plane buckling, which is detrimental to the
OER activity of perovskite.'® In general, the reduction atmo-
sphere can be maintained during synthesis, physical treatment
(Ar plasma treatment, biaxial compression/tension strain), or
A/B site elements can be doped to form oxygen vacancies in
perovskite oxides. The presence of an appropriate amount of
oxygen vacancy regulates crystallographic characteristics, rear-
ranges electron distribution and optimizes adsorption energy,
thus achieving excellent performance for the OER.

4.3.2. Cation vacancy. The A-site cationic vacancies can
cause oxygen vacancies and regulate the B-site filled e, orbitals
to further improve the catalytic activity of the OER. Zong-ping
Shao et al. constructed the first highly efficient bifunctional
catalyst La; ,FeO3;_ ;s (x=0.02, 0.05, 0.1) by simply introducing a
cationic deficiency at the A-site. Lay 9sFeO; s showed the best
activity for the ORR and OER. The high activity of Lay 9sFeO;_;
can be attributed to the formation of many oxygen vacancies
and few Fe*" species on the surface of perovskites due to
cationic vacancies (Fig. 9¢).®> The crystallography parameters
of perovskite oxides can be changed by A-site vacancy. The
absence of A-site for (Lag gSro.»); _xMn; _,Ir,O5 will generate oxy-
gen vacancies and reduce the valence state of B-site metal ions,
leading to lattice expansion. Compared with La, gSr,,MnO; (a =
5.453 A, b = 5.504 A, ¢ = 7.761 A), the lattice parameters of
(Lag.gSro.0)1—_xMn;_,Ir,0; (a = 5.460 A, b = 5.501 A, ¢ = 7.769 A)
are larger. Partial reduction of the valence state of the B-site
metal cation (Mn) makes the metal-OH bond weaker, while
more oxygen vacancies enhance the electrochemical perfor-
mance for the OER."® The percentage of Mn** increased in
(La;_»S1ry)0.0sMnO; (x = 0.2, 0.3, 0.4 and 0.5) compared to
La; ,Sr,MnO;. At the Fermi level, the spectral region of about
3.61 eV shows a large increase in intensity, indicating enhanced
Mn 3d-O 2p hybridization. This indicates that the addition
of A-site cation vacancies can not only regulate the valence
state of Mn, but also optimize the oxygen adsorption capacity of
catalyst.''® The current density of A-site cation-deprived
(Bay.5Sro.5)1_xC0p sFep 035 s is about 56% higher than that of
fully oxidized Ba, 5Sry 5C00 gFey 03 s at 1.7 V (vs. RHE). Experi-
mental studies have shown that the higher surface oxygen
vacancy associated 0, /O~ content of (BagsStos);—COo.s
Fe,,03;_s oxide leads to a faster charge transfer rate, thus
enhancing the OER activity. DFT results show that the O 2p
band center of perovskite with an A-site cation defect is closer to
the Fermi level.""" Perovskite oxide with a double cationic defect
at the A-site was prepared by an improved molten salt method.
The introduction of double-cationic defects at the A-site can
coordinate the production of oxygen vacancies in Lag St 4C0g g
Fe,,0;_s and the oxidation state of elements at the B-site. In
order to maintain charge neutrality, the oxidation state of
cations at the B-site increases and oxygen vacancies exist.
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However, excessive double-cation vacancies at the A-site are
not conducive to maintaining the crystal structure of perovskite.
This can be attributed to the fact that when there are too many
cationic vacancies at the A-site to be sufficient for the coordina-
tion to form impurity phases from dissolved B-site metals.
Therefore, it is the key to construct efficient perovskite oxides
for the OER without damaging the structure of perovskites by
introducing cationic defects.'*>

5. Noble-perovskites for the OER in
acidic media

Recently, a proton exchange membrane water electrolyser
(PEMWE) with high current density (maximum 2-3 A cm™?)
and ultrahigh gas purities has become a commercial or near-
commercial electrochemical water cracking technology.'***?
However, PEMWES require the use of noble metal based electro-
catalysts in the anode, such as iridium (Ir), ruthenium (Ru) or
their oxide forms. The high cost and scarcity of Ir and Ru limit
the large-scale application of PEMWE, but the instability of some
non-noble metal catalysts in strongly acidic solutions makes
their electrocatalytic OER activity lower than that of noble-metal
based materials. Therefore, it is necessary to develop noble metal
OER electrocatalysts with high electrocatalytic activity and good
stability in acidic solutions. One of the more direct approaches is
to develop catalysts with lower noble metal content while ensur-
ing high performance. Perovskite oxide is a candidate for acid
catalysts because it can be doped with multiple metal elements
at the A/B-site (Table 2). The OER process of Ir/Ru-based per-
ovskite oxide is often accompanied by the dissolution of ele-
ments, which not only affects the structure, but also forms a new
catalytic surface.

5.1. Ir-based perovskites

Jaramillo and co-workers prepared a catalyst composed of
SrirO; epitaxial thin films by pulsed laser deposition.’'® Sr
was leach from the surface layer of SrIrO; film to form a highly
active surface layer IrO,, which improved the activity of the
catalyst in the stability test held at 10 mA cmge, > (current
normalization to the geometric surface area of the electrode) in
0.5 M H,SO,. An overpotential of 340 mV is required for the
initial SrIrO; to reach 10 mA cmgeofz. After the current density
of 10 mA cmge{2 was maintained for 10 minutes, the over-
potential decreased to 320 mV. After 2 hour constant-current
tests, IrO,/SrIrO; only required 270 mV of overpotential to reach
10 mA cmgeo’z. DFT calculations were performed to further
understand the production of active species on the surface of
SrIrO; (Fig. 10a and b). The theoretical overpotential is calcu-
lated for the possible generation of various overburden struc-
tures, IrO,-anatase, anatase IrO,(001), IrO,-sheets, IrOj;, rutile
IrO,(110), rutile IrO,(100), on IrO,/SrIrO; surfaces with Sr
defects (Fig. 10b). Studies have shown that the formation of
IrO; or anatase IrO, sites may be stable and active overlay
structures, but the presence of other more active species cannot
be excluded. In other words, dissolution of IR-based perovskite
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Table 2 OER performance (activity and durability) in acid electrolyte for state-of-the-art Ir/Ru-based perovskite oxide catalysts

Electrocatalyst Overpotential [mV vs. RHE] Durability tests Electrolyte Loading [mg cm 2] Ref.
Ba,YIrO, 340 1h @j =10 mA cm™2 0.1 M HCIO, 0.015 12

IrO,/SrIr0; 270-290 30 h @j = 10 mA cm ™2 0.5 M H,SO, 116
IrO,/9R-BalrOs 230 48 h @j = 10 mA cm 2 0.5 M H,SO, 0.283 118
6H-SrIrO; 248 30 h @ =10 mA cm™? 0.5 M H,SO, 0.90 117
Sro.oNag.1RUO; 170 0.1 M HCIO, 0.51 62

CaCu;Ru,0;, 171 24 h @ = 10 mA cm™? 0.5 M H,SO, 0.25 121
Cro.6RU, 40, 175 10 h @j = 10 mA ecm 2 0.5 M H,SO, 0.283 122
Wo.Ero 1RUg 0, 167 500 h @j = 10 mA cm 2 0.5 M H,SO, 0.33 18

SrTi;_,Ir,0; 247 20 h @ = 10 mA cm~? 0.1 M HCIO, 0.21 123
ST,Ir0, 286 6 h @ =10 mA cm—2 0.1 M HCIO, 0.08 124
Sr,IrOg 287 6h @ =10 mA cm™> 0.1 M HCIO, 0.08 124

oxides tends to occur in acidic OERs. How to expose more active the key question. Xiao-xin Zou et al. studied Sr,IrO, of the
sites in a way that minimizes dissolution and reconstitution is Ruddlesden-Popper phase, which has unique structural
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Fig. 10 (a) The theoretical overpotential of IrO, with different structures exists on the surface with O* and OH* binding energies as the descriptor. (b) The model
of the surface of IrO, with different structures. Reproduced with permission.*® Copyright 2016, American Association for the Advancement of Science. (c) Crystal
structure of 6H-SrirOz and different connection modes of IrOg octahedron. Reproduced with permission.*” Copyright 2018, Sprinter Nature. (d) LSV curves of
IrO,/9R-BalrOs, IrO,, and 6H-SrlrOz in 0.5 M H,SO4. (€) HAADF-STEM image of the IrO,/9R-BalrOs surface after a CV test with different times. Reproduced with
permission.'® Copyright 2021, American Chemical Society. (f) The proposed OER catalytic mechanism in Ir-based perovskite oxidation species involves iridium
dissolution-electrodeposition. (g) Iridium Ey—pH diagram. Reproduced with permission.**> Copyright 2019, Wiley-VCH.
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advantages: (1) the interlayer Sr** can be exchanged with
protons in a controlled manner while keeping the perovskite
structure unchanged; (2) protonated layered perovskite can be
stripped into nanosheets with a higher surface area and more
active sites. Iridium nanosheet structures were obtained by
liquid phase stripping with interlayer channels that prevented
electron transfer between the inner and outer Ir atoms, thus
reducing the charge density around the Ir sites outside the
surface."? It regulates the ability of the Ir site to bind oxygen
intermediates and improves OER activity. Xiao-xin Zou et al.
found that 6H-SrIrO; had 27.1 wt% less iridium than IrO,, but
6H-SrIrO; had almost 4 times the OER activity of IrO, at
1.525 V. The crystal structure of 6H-SrIrO; was still maintained
after 48 days of exposure in strong acidic medium (0.5 M
H,S0,4).""” Moreover, Ir species were not detected in acidic
solution, indicating that 6H-SrIrO; has good durability in acidic
environments. The results of DFT simulations show that the
surface of 6H-SrIrO; with Ir atoms in a face-sharing octahedral
dimer has better catalytic activity than the surface of 6H-SrIrO;
with Ir atoms in an isolated horn-sharing IrOs octahedron for
the OER (Fig. 10c). Yan and co-workers studied 9R-BalrO; with
1nm surface IrO, nanoparticles (IrO,/9R-BalrO;)."*® Its iridium
mass activity (168 A g, ') is about 16 times higher than that of
IrO, (10 A g, ") in acidic OERs (Fig. 10d). The structure of the
active layer on the surface of IrO,/9R-BalrO; evolved during the
acidic OER process. During the acidic OER process, the valence
state of Ir changes, in which the final surface contains a high
content of the high valence state Ir’*0,. The crystal morphology
of the catalyst also evolved from the initial nanoparticle crystal
to amorphous octahedron (Fig. 10e). The willingness of IrO,/
9R-BalrO; to have excellent acidic activity of the OER can be
attributed to the formation of a large amount of high-valence
amorphous iridium oxide on the surface and strong metal
conductivity."*®

According to the research, a small amount of Ir will be
dissolved in a strongly acidic environment, and then deposited
on the surface of the catalyst in the form of oxides (IrO,-mH,0).
The behavior of Ir-based perovskite oxides in the OER can be
summarized as solution-electrodeposition of iridium species
(Fig. 10f). The behavior of Sr,Felr(v)Os and Sr,Feq 5Iry 5(v)O,4 in
acidic OER was studied using CV. The estimated precipitation
potential is Ej, 1,0, = 0.92 V (vs. RHE). In other words, electro-
deposition occurs when the applied external potential exceeds
the precipitating potential of IrO,-mH,0. This re-deposition of Ir
species from the perovskite structure onto the catalyst surface to
form IrO,-mH,0 is correlated with the applied potential, which
follows the Pourbaix diagram of iridium.'*® Moreover, the OER
activity of Ir-based perovskite oxides is also constrained by a
stable potential/pH domain.

Alexis Grimaud et al. reconstructed Ex-pH maps of iridium
based on their experimental results and the equation established
by Pourbaix, thus further discussing the existence forms of Ir
species in different potential and electrolyte environments
(Fig. 10g).""* Ep_1ox was used as the critical potential for distin-
guishing soluble iridium in solids IrO,-mH,0 and IrO,. Ir-based
perovskites, such as Sr,Colr(v)Os, La,Lilr(v)Os, Ba,Prir(v)Os and
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Ba,Lalr(v)Os, have higher open circuit potentials than Ej_joy.
When exposed to low pH, these perovskite iridium species pre-
cipitate to IrO,-mH,0 as OER active species under their open-
circuit voltage.

5.2. Ru-based perovskites

Like Ir-based perovskite oxides, Ru-based perovskite oxides also
dissolve or are more easily dissolved in acidic environments,
which is the reason why Ru-based perovskite oxides have been
less studied in acidic OER. Schmidt et al. prepared SrRuOj;
nanoparticles using a simple flame spray synthesis method.®*
The thermodynamically stable phases of Sr,Ru;0;0, SryRu,Oo,
Sr,RuO, and SrRuO; were explored by adjusting the different
proportions of Sr and Ru during synthesis. In acidic environ-
ments, perovskite oxides undergo an OER process accompa-
nied by dissolution at an oxidation potential (ABO; + 2H' «>
A*" + BO, + H,0). RuO, easily forms RuO,(OH), and further
RuO,. Therefore, the high current response of Ru-based per-
ovskite oxide materials in an acidic environment may be due to
the OER and Ru corrosion. Studies of SrRuO; films using a
rotating ring disk electrode with ruthenium platinum rings,
where the measured currents were attributed to the OER (90%)
and Ru corrosion (10%). In the Pourbaix diagram of SrRuOj, it
is found that SrRuO; is easily decomposed by chemical dis-
solution in any aqueous solution (Fig. 11a)." As a result,
SrRuO; has difficulty maintaining the perovskite structure in
applications involving contact with water-based solutions
(mainly involving the OER). The instability of the SrRuOj;
structure is due to the dissolution of Sr** in most pH domains
within the operating potential range of the acidic electrolyte.®!
Even at its open circuit potential, Sr material is immediately
released into the water phase. The second cause of instability is
that Ru, which is the active substance of the OER, also dissolves
during the whole oxidation process (Fig. 11b). The phase
transition from RuO, to RuO, occurred only at about 1.3 (vs.
RHE) of Ru dissolved in acidic medium.

In order to further improve the catalytic OER durability of
Ru-based perovskite oxides in acid, Na was doped at the A-site.
When Na' replaces Sr**, the surface oxygen p-band center and
Ru d-band center in SrRuO; are positively shifted (Fig. 11c). The
binding strength between SrRuO; and the intermediate was
optimized to make the activity of the OER close to the optimum.
After the 20th cycle of CV, SrRuO; lost more than 85% of its
initial activity, while Na,Sr;_,RuO; lost only about 15% of its
initial activity in 0.1 M HCIO,.** According to DFT, Na-doping
reduces the dissolution rate of Sr and Ru, resulting in higher
structural stability (Fig. 11d). On the one hand, Ru is known to
oxidize to the unstable Ru™*" at a potential above ~1.4 V
(vs. RHE). The incorporation of Na* makes Ru”*" stable in the
lattice of SrRuO;, which can be used as the catalytic center to
adjust its charge according to the different adsorbent. In addi-
tion, the addition of Na' reduces the deformability of RuOg
octahedron, thus improving the structural stability in the OER.
In general, the method of Na-doping can adjust the electron
distribution state of Ru, improve the dissolution potential, and
slow down the distortion of RuOg octahedron, so as to achieve
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Fig. 11 (a) Pourbaix diagrams of SrRuOs. (b) The CV diagram of 10 mV s~ was performed at 0, 2, 4, 6, 8, 12, and 24 hours after initial contact of the
SrRuO3 with the synthetic air saturated electrolyte in HCIO,. Reproduced with permission.®* Copyright 2017, American Chemical Society (c) Diagram of
the inhibition of octahedral distortion of SrRUOz doped with Na™. (d) The plot of OER Volcano-type activity. Reproduced with permission.®? Copyright
2019, Sprinter Nature. (e) A graph showing the relationship between the length of the Ru—O bond and the ratio of current density i1g0/iy at the 100th and
1st cycles. Reproduced with permission.'?> Copyright 2022, Wiley-VCH GmbH.

the purpose of enhancing the durability of Ru-based perovskite
oxide in acidic media. Garcia et al optimized the doping of
different contents of K' in Sr;_,K,RuO; (x = 0, 0.05, 0.10, 0.20) to
improve the activity of the OER in O,-saturated 0.1 M HCIO,.*?
When the current density reaches 10 mA cm™ 2, the required
voltage of SrRuO; is about 1.4 V, while the voltage of
Sto.95Ko.0sRUO; drops to about 1.35 V. After K" doping, the B-
site Ru cation is oxidized to the higher oxidation state Ru®", thus
alleviating the Jahn-Teller effect in the RuOs octahedron. The
influence of cations on the distortion degree of the perovskite
structure is further discussed by introducing the Goldschmidt
(A -0)
V2(B - 0)
the main distances of ABO; molecular perovskite.'”®* When ¢ = 1,
perovskite oxide has great symmetry. The value of ¢, 0.994, 0.999,
1.004 and 1.013, increases with the increase of K' content,
indicating that the doping of K could adjust the distortion
degree of the perovskite structure and improve the durability.
CaCu;zRu,0;, was reported to show an ultra-low overpoten-
tial of 171 mV at 10 mA cmg, ~ in 0.5 M H,S0,."*" In addition,
its mass activity (1942 A gg, ") is 170 times that of commercial
RuO, at 1.50 V. In terms of crystal structure, the refined Ru-O
bond length of CaCuzRu,0;, (1.9808(7) A) is longer than the
average Ru-O bond length of RuO2 (~1.97 A). This indicates
that the Ru-O bond strength of CaCuz;Ru,0,, is weaker than
that of RuO,. The theoretical OER overpotential was further

tolerance factor (¢): t = . Where (A-O) and (B-O) are

evaluated from DFT calculations. Free energy calculated on
relatively stable RuO,(110) and CaCu3Ru,0;,(001) surfaces. The
free energy difference between AGuoo+ and AGo- in the rate-
determining step of RuO, is 2.08 €V, resulting in a high OER
overpotential of 0.85V. For CaCus;Ru,O;;, AGhoo—AGo« is
significantly reduced to 1.89 eV, corresponding to a theoretical
overpotential of 0.66 V. This suggests that the unique quad-
ruple structure of CaCuzRu,0O,, is associated with superior
activity of the OER. Shunsuke Yagi et al. further investigated
the effect of A-site cations on the catalytic activity and stability
of ACuzRu,0,, (A= Ca, Sr, La, Nd, Ce) in acidic aqueous
solution."?® The different cations at A-sites change the average
valence states of Cu and Ru and the bond length of Ru-O. The
relationship between the activity of the OER and average Cu
valence shows a volcanic type relationship (Fig. 11e). In addi-
tion, it is further proved that the stability of perovskite oxide in
the OER increases with the increase of Ru-O covalence with the
increase of Ru-O bond length. The adjustment of different ions
in quadruple perovskite oxides provides a new idea for design-
ing OER catalysts with high activity and stability in strongly
acidic aqueous solutions.

6. Conclusions and perspectives

In this review, descriptors widely accepted for the catalytic
activity of perovskite oxides are first discussed. The widely
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Fig. 12 A schematic representation of the strategies on the design of
perovskite oxide electrocatalysts for the OER.

studied oxygen evolution mechanisms (AEM and LOM) were
discussed and their differences were analyzed in terms of active
sites and reaction pathways (Fig. 12). In particular, the method of
regulating the mutual conversion of the AEM-LOM mechanism
to obtain the best performance of the OER was introduced.
On the basis of understanding these theories, the design and
development of high performance OER catalysts are guided.
Then, the design strategies of high efficiency perovskite oxide
electrocatalysts adjusting the structure and surface in recent
years, including component design, morphology control and
defect engineering, were introduced. Finally, the research pro-
gress of Ir/Ru-based perovskite oxide catalysts in an acidic
environment is introduced. Although perovskite oxides have
made great progress in the field of the OER, there are still several
directions that need further consideration in the future.

6.1. Mechanism of perovskite oxide for the OER

In the proposed oxygen evolution reaction mechanism (AEM
and LOM), metals or oxygen is mainly used for the adsorption of
OH and oxygen production sites. The mechanism of the OER,
especially lattice oxygen, should be better understood. For example,
the catalyst performance depending on the pH value is used as one
of the criteria to determine the occurrence of LOM. However, the
adsorption process of intermediates is poorly matched with the
catalyst in the interpretation of LOM. Another, as the LOM has a
lower overpotential than the AEM, has been confirmed by the DFT
calculation. But its physical origin has not been explored. In
particular, perovskite oxides in acidic media are often associated
with dissolution and structural collapse, where the extent of LOM
contribution to the OER in acidity remains to be determined.
A deep understanding of the oxygen evolution mechanism
of perovskite oxide is of guiding significance for the design of
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high-performance catalysis, so we should further study the catalytic
mechanism.

Improvements can be made in two ways. On the one hand,
more efficient and accurate in situ characterization techniques,
such as in situ Raman spectroscopy, in situ X-ray diffraction
and synchrotron radiation X-ray absorption spectroscopy, are
developed to realize real-time monitoring of surface changes
of perovskite oxides. On the other hand, the application of
complex theoretical computing techniques, machine learning
and artificial intelligence can more accurately and effectively
study the intermediate steps in the catalytic process, so as to
guide the design of OER electrocatalysts and their further
optimization. In particular, machine learning can recombine
information from published experimental data and open-
source databases by obtaining large amounts of material infor-
mation, as opposed to high-throughput DFT approaches that
rely heavily on time-consuming and expensive computational
simulations.

6.2. Interface engineering of perovskite oxides

The catalytic reaction occurs on the surface of the electrocatalyst.
The reactants are first adsorbed on the surface of the catalyst, then
converted to products, and finally the products are desorbed from
the surface of the catalyst to the electrolyte.’*” The OER reaction rate
is determined by the chemical bond between the substrate molecule
and the catalyst."*® Therefore, interface engineering is very critical to
the catalytic activity of perovskite oxides. On the one hand, the
interface between the catalyst and electrolyte can be adjusted.
Introducing foreign ions into the electrolyte to achieve dynamic
equilibrium on the catalyst surface is a fast and effective way.””*’
Alternatively, ultra-thin amorphous FeOOH nanosheets are con-
structed on the catalyst surface to decorate perovskite
structures.”® On the other hand, the interface is constructed in
the catalyst. Integration of metals and metal compounds has
received increasing attention because the Mott-Schottky effect
allows the transfer of electrons between metals and metal
compounds.™*® The surface of perovskite oxide can be modified to
form an interface structure and achieve a strong synergistic effect.

On the whole, interfacial regulation can efficiently control
the atomic and electronic structures of perovskite oxides in
order to optimize chemical bond strength, electronic inter-
action, or achieve a synergistic impact, as well as enhance the
charge transfer ability.

6.3. Practical electrolyzer test and application

Currently, most tests of OER in research are performed on
rotating disk electrodes in beakers, where catalyst tests have a
small area and low voltage. Laboratory testing conditions do
not meet industrial requirements. Moreover, there are more
uncontrollable factors in industrial application, which leads to
the existing evaluation system of catalysts not being complete
and accurate. For industrial applications, electrocatalysis require
better performance and stability under industry-related condi-
tions such as high current density, long working hours, high
pressure and temperature.'*”"** The joint European Fuel Cell
and Hydrogen Project has set a target for the industrialization of

4252 | Mater. Chem. Front., 2023, 7, 4236-4258 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2023


https://doi.org/10.1039/d3qm00438d

Published on 13 June 2023. Downloaded on 3/16/2026 7:57:25 PM.

Review

electrolytic water, with an alkaline hydrolysis current density
of 800 mA cm > and a PEM hydrolysis current density of
2500 mA cm > by 2030."** Therefore, the test phase in the
laboratory should be carried out under simple simulation of
industrial conditions (current density greater than 200 mA cm ™2,
temperature at 50-80 °C). It is necessary to design and study
more stable and efficient electrolytic water perovskite oxides.

The perovskite oxide catalyst assembled in proton exchange
membrane water PEMWE for testing is also one of the keys to
large-scale application. Although many transition metals have
good oxygen evolution activity in acidic environments, it is
tough to achieve the unity of high activity and stable structure.
In order to reduce the cost, in addition to reducing the content
of precious metals by utilizing the advantages of perovskite
oxide structure which can accommodate a variety of elements
mentioned above, it is also an effective way to maximize the
catalytic efficiency of precious metals. Such as building single-
atoms materials, heterogeneous structures, etc. single-atoms
catalysts have been widely studied for their high catalytic
efficiency. But it still faces obstacles to reuniting and shedding.
So there is still a long way to go to develop perovskite oxide
catalysts for practical application. In addition, PEMWE con-
tains a number of membrane electrode components, including
an electrocatalyst layer, a membrane/polymer and a porous
transport layer."*>'*® The assembly of these membranes also
has a great influence on the catalytic performance. It is also
important to develop membrane electrode assemblies with
high corrosion resistance and high-quality transmission rates.
It is inferred that the industrialization of water electrolysis
based on perovskite oxide electrocatalyst can be realized faster
and more accurately by combining the testing and the invest-
ment of electrolytic cell under industrial conditions.

6.4. Economic considerations of perovskite oxides

Economic considerations are also important conditions for the
development of perovskite oxide catalysts in the future. In order
to realize the large-scale application of perovskite oxide catalysts,
the technical cost should be considered. The cost, on the one
hand, comes from the cost of raw materials. On the other hand,
the costs are those incurred in the actual production, assembly
and application processes. More economical membrane elec-
trode components should be developed to reduce the energy
consumption in the electrochemical reaction and so on.

In recent years, inorganic perovskite solar cells with excel-
lent photoelectronic properties used as the active layer of
inorganic perovskite solar cells in the field of new energy have
been rapidly developed.”*”*° Decommissioned inorganic per-
ovskite materials are rich in transition metal resources and their
high value recovery is beneficial to the metal resource cycle and
environmental protection. Solid wastes containing transition
metals can be used as potential raw materials. Transforming
them into advanced functional materials through etching and
other means is more in line with the requirements of a green
economy. We believe that combined efforts to develop efficient
electrochemical water decomposition catalysts will accelerate
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perovskite oxide catalysts to become participants in the realiza-
tion of the ideal hydrogen energy society.
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