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Abstract: Hydrogen is considered a promising clean energy vector with the features of high energy
capacity and zero-carbon emission. Water splitting is an environment-friendly and effective route
for producing high-purity hydrogen, which contains two important half-cell reactions, namely, the
anodic oxygen evolution reaction (OER) and the cathodic hydrogen evolution reaction (HER). At
the heart of water splitting is high-performance electrocatalysts that efficiently improve the rate
and selectivity of key chemical reactions. Recently, perovskite oxides have emerged as promising
candidates for efficient water splitting electrocatalysts owing to their low cost, high electrochemical
stability, and compositional and structural flexibility allowing for the achievement of high intrinsic
electrocatalytic activity. In this review, we summarize the present research progress in the design,
development, and application of perovskite oxides for electrocatalytic water splitting. The emphasis is
on the innovative synthesis strategies and a deeper understanding of structure-activity relationships
through a combination of systematic characterization and theoretical research. Finally, the main
challenges and prospects for the further development of more efficient electrocatalysts based on
perovskite oxides are proposed. It is expected to give guidance for the development of novel non-
noble metal catalysts in electrochemical water splitting.

Keywords: perovskite oxides; electrocatalytic water splitting; oxygen evolution reaction (OER);
hydrogen evolution reaction (HER); hydrogen

1. Introduction

With the depletion of fossil fuels and the increased concerns about environmental
pollution, considerable efforts have been made to search for renewable and clean energy
alternatives [1]. Hydrogen gas (H,) is a clean fuel that can be used without producing
pollutants or greenhouse gas and possesses a high specific energy of 122 kJ /g [2]. Vehicles
driven by hydrogen fuel cells can dramatically reduce the dependence on fossil fuels
and significantly bring down exhaust emissions [3]. Generating hydrogen gas through
non-renewable resources such as coal, oil, and natural gas is still dominant in the global
industry. For example, about 95% of hydrogen gas is produced from fossil-fuels-dependent
steam reforming [4,5].

In contrast, electrochemical water splitting is recognized as a highly promising tech-
nology for sustainably producing high purity hydrogen gas [6]. The electricity can be
derived from intermittent energy sources, such as solar, tidal, and wind energy [7]. As
shown in Figure 1a,b, the publication numbers of “water electrolysis” and “electrocatalytic
water splitting” have increased significantly in the past 10 years. The oxygen evolution
reaction (OER) at the anode and the hydrogen evolution reaction (HER) at the cathode
are a pair of essential electrochemical reactions for overall electrochemical water splitting.
However, due to the sluggish kinetics of OER and HER, large overpotentials are usually
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required to drive water splitting. It is imperative to develop efficient electrocatalysts for
OER and HER in order to dramatically reduce the overpotential and increase the efficiency.
Precious metal-based catalysts such as IrO, /RuO; and Pt/C have been recognized as the
state-of-the-art electrocatalysts for OER and HER, respectively, but they suffer from the
shortcomings of scarcity, high cost, and poor stability [8]. These limitations have largely
restricted the competitiveness of electrochemical water splitting, with less than 5% of global
hydrogen gas being generated through this technique. Substantial efforts have been de-
voted to exploiting the high-performance, cost-effective, and abundant electrocatalysts for
water splitting, including transition metal oxides, hydroxides, phosphides, chalcogenides,
selenides, nitrides, carbides, etc. [9-14].
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Figure 1. Roughly estimated numbers of publications during 20122021 from Web of Science, which
were obtained by searching the following keywords: (a) “water electrolysis” and (b) “electrocatalytic
water splitting”. Schematic illustration of an archetypal electrolysis cell for water splitting under
(c) acidic conditions and (d) alkaline solutions. (e) The OER mechanism for acid (black line) and alkaline
(red line) conditions. (f) The HER mechanism for acid (black line) and alkaline (red line) conditions.

Recently, perovskite oxides (i.e., ABO3, where A is the alkaline and/or rare earth metal
and B is the transition metal) have emerged as promising catalysts for water splitting due to
their structural and compositional flexibility, adjustable electronic structure, environmental
friendliness, and chemical durability [15]. Until now, perovskite oxides have emerged as ex-
cellent OER electrocatalysts. However, their HER performance is still unsatisfactory due to
the low intrinsic electrical conductivity and activity of most single-phase perovskite oxides,
thus impeding the practical application of perovskite oxides in overall water splitting. Lots
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of strategies, such as doping and defect engineering [16], surface modification [17], and
morphological control [18], have been utilized to regulate the surface properties, crystal
structure, and electronic structure of perovskite oxides, thus optimizing the electrocatalytic
behavior. Specifically, the structure and chemical composition of perovskite oxides are
highly tunable based on the specific catalytic reactions. Perovskite oxides with various
chemical elements and different crystal structures can possibly be achieved through doping
at the A-, B-, and/or O-site or through creating nonstoichiometry with a new formula of
AxA’1xByB’1yO;3 1 5. Further, due to the electrocatalytic reactions usually taking place
on the catalyst surface, their physicochemical properties can be altered through surface
modification, such as surface reconstruction [19], exsolution [20], solvent-induced surface
hydroxylation [21], and phosphate ion functionalization [22]. Thirdly, tailoring morpho-
logical structures is also a very effective way to improve the electrochemical surface area
of the catalysts and thus the extrinsic activity. Last but not least, the internal electronic
structure of perovskite oxides also strongly influences the OER/HER catalytic activity by
modifying the surface lattice oxygen, the metal-oxygen covalency, the oxidation state of the
B-site metals, the interaction between the B-site and O-site ions, the e, orbital occupancy,
the d-band center of the transition metal, and the p-band center of the oxygen relative to
the Fermi level [23].

At present, the review articles regarding perovskite oxides for electrocatalysis have
mainly focused on the following topics: perovskite oxides as oxygen electrocatalysts for
oxygen reduction reaction (ORR) and OER, photoelectrochemical water splitting, double
perovskites and derivatives, the nanostructuring methods of perovskite electrocatalysts,
etc. [24-28]. However, only a few reviews reported the preparation, design, improvement,
and application of the specific category of perovskite oxides in electrocatalytic water split-
ting. In this article, the recent development of perovskite oxides as OER/HER catalysts in
electrochemical water splitting has been carefully reviewed, with subsections on the general
mechanisms of water splitting, the superiority of perovskite oxides as electrocatalysts for
water splitting, and the performance improvement strategies for electrocatalytic water
splitting. The challenges in the synthesis of perovskites are also discussed.

2. General Mechanisms of Water Splitting

A deep understanding of the OER/HER mechanisms in water splitting is undoubtedly
necessary to gain insights into issues such as how to determine the reaction rates and how
to offer directions for the design and synthesis of electrocatalysts. As noted above, the
overall water splitting mechanism consists of two half-reactions (i.e., OER at the anode and
HER at the cathode) that take place simultaneously [29]. Typical water electrolysis cells
under acidic conditions and alkaline solutions are shown in Figure 1c,d, respectively. Water
splitting can proceed in a wide pH range via an overall reaction:

2H,0 — 2H, + O, (1)

Under acidic conditions (pH = 0), the water is oxidized at the anode according to the
following equation:

2H,0 — 4H" + Oy + 4~ (OER) E; = 1.23 V vs. NHE ()
Electrons and protons are combined at the cathode to generate H:
4H' + 4e~ — 2H, (HER) E. =0V vs. NHE 3)

Under alkaline conditions (pH = 14), the OER and HER processes proceed according
to the equations below, respectively.

Anode: 4OH™ — 2H,0 + O, + 4e~ (OER) E, = 0.40 V vs. NHE @)

Cathode: 4H,0 + 4e~ — 2H, + 4OH~ (HER) E, = —0.83 V vs. NHE (5)
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According to the Nernst Equations, the theoretical thermodynamic potential to drive
water electrolysis is 1.23 V at 25 °C and 1 atm. However, overpotential has to be applied to
make the reactions proceed at appreciable rates. The overpotential implies a potential bias
above 1.23 V, which can be significant, resulting in the low efficiency of water electrolysis.
Developing highly active water electrolysis catalysts with a low overpotential of OER and
HER has been an efficacious strategy to address the challenges [30,31].

2.1. General OER Mechanism

OER is a relatively complex reaction involving multielectron/proton transfer that
makes it more challenging to improve the overall reaction kinetics [32]. As shown in
Figure 1le, the possible OER mechanism can be divided into four steps regardless of whether
it is under acidic or alkaline conditions [33,34]:

Under acidic conditions:

step 1: M+ H,O — M-OH + H* + e~ (6)
step 2: M-OH - M-O + H" + e~ (7)
step 3: M-O + H;O — M-OOH + H" + e~ (8)
step 4: M-OOH - M + O, + H" + e~ 9)

Under alkaline conditions:

step: M+ OH™ — M-OH + e~ (10)

step 2: M-OH + OH™ — M-O + HO + e~ (11)
step 3: M-O + OH™ — M-OOH + e~ (12)

step 4: M-OOH + OH™ - M + O + HyO + e~ (13)

Typically, the oxidation of the HyO/OH™ species is initiated to form M-OH
(Equations (6) and (10)), followed by deprotonation and further oxidation to generate
M-O (Equations (7) and (11)) and M-OOH (Equations (8) and (12)) intermediates and ulti-
mately O, products (Equations (9) and (13)) under the electrochemical oxidation condition.
Under acidic conditions, HyO molecules serve as the oxygen source, while under alkaline
conditions, the oxygen is from OH™ ions.

The adsorption of these intermediates on the catalyst surface is a prerequisite for OER,
and ideal OER catalysts should have optimal binding energies towards these intermediates.
The multiple intermediates during OER pose difficulties for the rapid kinetics due to the
accumulative energy barriers.

2.2. General HER Mechanism

Compared with OER, HER, with two electron transfer steps, occurs relatively easy
(Figure 1f). The ‘Volmer—-Heyrovsky” and ‘Volmer—Tafel’ mechanisms have been widely
accepted as the general mechanisms of HER [35,36]:

Under acidic conditions:

step 1: M+ H" + e~ — M-H (Volmer) (14)

step 2: M-H+ H" + e~ — M + H; (Heyrovsky) (15)

or
2M-H — 2M + H, (Tafel) (16)



Catalysts 2022, 12, 601 5 of 26

Under alkaline conditions:

step 1: M + H)O + e~ — M-H + OH™ (Volmer) (17)
step 2: M-H + H,O + e~ — M + Hy + OH™ (Heyrovsky) (18)

or
2M-H — 2M + H, (Tafel) (19)

The first step is the combination of H* /H,O and an electron on the catalyst surface, which
results in an adsorbed hydrogen atom (also called the Volmer step, Equations (14) and (17)).
After producing an adsorbed hydrogen atom, there are two possible steps: combine H* /H,O
and an electron (Heyrovsky step, Equations (15) and (18)) or another adsorbed hydrogen atom
(Tafel step, Equations (16) and (19)) to produce a hydrogen molecule. The Volmer-Heyrovsky
steps occur preferentially when the coverage of the adsorbed hydrogen on the catalyst surface
is relatively low. On the contrary, the faster Volmer-Tafel steps take place under a high
adsorbed hydrogen coverage.

2.3. OER/HER Mechanisms for Perovskite Oxides

Understanding the OER/HER mechanisms occurring on the perovskite oxide surfaces
is of particular importance for the optimization of the catalyst performances. The process
of OER is complicated, with multiple steps, and the reaction pathways can vary depending
on the different catalysts utilized as well. Conventionally, the adsorbate evolution mech-
anism (AEM) is proposed to explain the OER reaction pathway occurring on perovskite
oxides in alkaline solutions [37] (Figure 2a). The AEM typically involves four consecutive
proton-coupled electron transfers (PCET) occurring solely on the B-site metal ion center.
Recent studies indicated that the lattice-oxygen participation mechanism (LOM) can take
place simultaneously in the OER process [38] (Figure 2b). This mechanism involves the par-
ticipation of lattice oxygen, which signifies that the surface metal atom is not the only active
center. Indeed, if only the AEM is assumed to occur, the optimization of the adsorption—
desorption strength for the surface transition metal ions that participate in bonding with
the surface adsorbates is the key strategy to improve the catalytic performance of OER. In
AEM, the e, occupancy of the surface transition metal ions and adsorbates is usually used
as a descriptor to evaluate the OER activity of catalysts [39]. However, if the LOM also
plays a role in the overall OER mechanism, the formation of lattice oxygen bypasses the
formation of the OOH,4; intermediate, which significantly promotes the OER activity. The
strengthening of the metal-oxygen covalency is an effective strategy to tailor the electronic
structure of the catalysts and switch the OER pathway from the AEM to the LOM, which
could be realized by defect engineering and elemental doping.

The probable HER mechanism for perovskite oxides in an alkaline medium is also
shown in Figure 2c. In this mechanism, the HER reactive site for perovskite oxides is
not metal but rather the negatively charged surface oxygen [40]. In the first step, the
H>0O molecule from the electrolyte interacts with a connecting oxygen site to form an
intermediate of adsorbed H; meanwhile, the adjacent metal site gets oxidized or reduced.
In the second step, it is hard to say whether this step proceeds via the Tafel reaction or the
Heyrovsky reaction. The reaction rate of HER is a strong function of the binding potential
of the adsorbed H intermediate, which is generally referred to as hydrogen adsorption
free energy (AGp) [41]. An ideal HER catalyst has a moderate ability to bind hydrogen,
providing a AGy value of nearly zero (e.g., Pt).
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Figure 2. Proposed OER/HER mechanism on perovskite oxide catalysts. (a) The adsorbate evolution
mechanism (AEM) for the OER on perovskite surfaces in alkaline solutions. (b) The lattice-oxygen par-
ticipation mechanism (LOM) for the OER on perovskite surfaces in alkaline solutions. (c) Mechanism
for HER on the surface of perovskite oxides in alkaline solutions.

3. The Key Aspects of Perovskite Oxides as Electrocatalysts for Water Splitting

Based on the general mechanisms of electrochemical water splitting discussed above,
the ideal electrocatalysts should possess a series of advantages, including: (i) a composition
with inexpensive earth-abundant material, (ii) improved intrinsic activity and long-term
stability, and (iii) an efficient large-scale synthesis strategy.

3.1. Structural and Compositional Flexibility

A major superiority of perovskite oxides is the structural and compositional flexibility
for tuning their physical, chemical, and catalytic properties. As shown in Figure 3a, in
an ideal cubic cell without oxygen vacancies, the perovskite oxide (ABOs) has a high
symmetry of Pmm3 comprised of a highly flexible framework built up from chains of
corner-sharing [BOg] octahedra, with the larger A-site occupying the 12-fold coordinated
sites within the cavity of eight octahedra. More than 90% of metal elements within the
“Periodic Table of Elements” can form perovskite-type oxides by doping/substituting
elements at the A- or/and B-site [42]. Figure 3b highlights the elements that have appeared
on the A- or B-site in perovskite oxides available in the experimental data. Additionally,
the oxygen nonstoichiometry value can also vary over a wide range. Due to the diversity
of the constituent elements, a variety of perovskite oxides can be obtained with the for-
mula AxA"1_xByB’1_yO3.5. Moreover, a variety of perovskite derivatives are added to the
perovskite family, such as the double perovskite [43], layered perovskite [44], quadruple
perovskite [45], and so on. The great flexibility of the composition and crystal structure
gives rise to the tunable electronic structure of perovskite oxides and their diverse physico-
chemical properties [8].
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Figure 3. (a) Schematic illustration of an ideal perovskite oxide unit cell. (b) The elements that
appeared on the A- or B-site in perovskite oxides available in the experimental data. The blue label
represents the A-site, the red label represents the B-site, and the yellow label represents either the A-
or B-site.

3.1.1. Structural Flexibility

In addition to single perovskites, double perovskites have attracted widespread interest
in recent years. In the double perovskites, the A- or B-site is occupied by two different types
of cations, giving the formulas of AA'B,Oy (double A-site) or A;BB’Og (double B-site). Even
though A" and A (B’ and B) are sulfficiently different in size and/or charge, the ordering of the
A-site (or B-site) cation could also occur (Figure 4a) [25]. In general, the vast majority of double
perovskites refer to A;BB’Og due to the physicochemical properties of perovskites being highly
dependent on the B-site cations, while the A-site cations usually act as the electron donor to
the [BOg] framework. Firstly, the double perovskites can accommodate elements that are not
present in the single perovskites (e.g., high-valence elements such as 6* or 7*) [46]. Secondly,
the atomic environment of double perovskites is more complex than that of single perovskites,
resulting in an uncommon electronic structure. Thirdly, the stabilities of double perovskites
under electrocatalytic conditions are obviously improved. Therefore, constructing the double
perovskite structure is highly efficient for improving the catalytic performance for OER
and HER. For instance, Sun et al. prepared double perovskite SroFeygCop2Mog 6C004O6—5
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through smart composition control, which exhibits significantly enhanced OER activity in
alkaline media, requiring an overpotential of 345 mV to reach a 10 mA cm~2 and a cell voltage
of 1.57 V to afford the same current density for the overall water splitting when coupled with
a Pt/C cathode [47]. Emerging as a family of outstanding alternatives in perovskites, layered
perovskites have attracted considerable attention because of their high oxygen ionic-transport
property [48]. With the formula A;BO,. 5, layered perovskite oxides can be described as a
stacked cubic perovskite (ABO;) layer alternating with a rock-salt (AO) layer along the ¢
direction (Figure 4b) [49,50]. Due to the difference in the A-O and B-O bond lengths, there is
stress in the ApBOy, s structure. To eliminate this stress and maintain structural stability, a lot
of interstitial oxygen is present in the ABOj layers and the AO layers, leading to fast oxygen
transport, which is conducive to accelerating electrocatalytic reaction. For instance, Jung et al.
reported a layered perovskite LayNiO4 with high ORR and OER activities [50]. Rechargeable
lithium-air and zinc-air batteries assembled with these catalysts exhibit remarkably reduced
discharge—charge voltage gaps (improved round-trip efficiency) as well as high stability
during cycling.

@ 88 ase £:8:2 O 00080
NINe "N
Ny Fadad;

A,_A’BX, AA'BX,
Single Double
Perovskite Perovskite

4

B-Site
Ordering

3

 AB_B'X, A,BBX,
Figure 4. (a) Single perovskite (left) and double perovskite (right) with the A-site or B-site order-
ing. Reproduced with permission from ref. [25], Copyright 2019, Elsevier. (b) Crystal structure of
LayNiOy layered perovskite. Reproduced with permission from ref. [50], Copyright 2013, American
Chemical Society.

3.1.2. Compositional Flexibility

The substitution of elements at the A-, B-, and/or O-site and the introduction of oxygen
ion vacancies have large characteristic effects on the electronic structure and coordination
chemistry [51]. As a result, the OER/HER electrocatalytic performances of perovskites
are closely associated with measurable parameters, including the ey electron (¢ orbital
occupation), the B-O bond strength, the spin state, the d-band center of the transition metal,
and the p-band center of the oxygen relative to the Fermi level (Figure 5) [52].

The B-sites of the perovskite oxides are usually served as the active sites and have
an evident impact on their electrocatalytic activities. Improving the electrocatalytic prop-
erties of perovskites can be achieved by doping/substituting the B transition metal ion.
Transforming the valence state of B-site cations is conducive for the formation of B-OH
and the transmission of electron/oxygen [53]. Further, B-site doping may cause synergistic
effects among the mixed metal cations, which are responsible for the electrocatalytic per-
formance [54]. Recently, Wang et al. reported a new type of perovskite oxide-halide solid
solution which had highly mixed elements and valences, uniform element distributions,
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and single-phase crystalline structures. (Figure 6a—c) [55]. The perovskite oxide-halide
solid solutions exhibit enhanced catalytic performance in the oxygen evolution reaction.

Energy (eV)

_6 ) eg ZFZ;ZI

t2ga’—!ﬁ '

B+t Bt -8 b B
3210123 3210123 3210123 -3-2-10123
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Figure 5. From left to right, intermediate spin states (IS) of Co**, IS of Co>*, a crossover of Co?*
between intermediate- and low-spin states (IS/LS), and LS of Co%*. Positive values indicate majority
spin states, while negative values indicate minority spin states. The black dashed line represents
the e, orbital, and the solid black line represents the f,, orbital of the Co 3d orbital. The solid blue
line indicates the calculated d-band center (M;) position. The dashed horizontal line appears at the
Fermi level, with occupied states at negative energies and unoccupied states at positive energies.
Reproduced with permission from ref. [52], Copyright 2020, American Chemical Society.

Different from B-site cations, A-site cations have no effect on the electronic structure
near the Fermi level, so they usually do not function as the active sites in the perovskite
oxides but still play an important role in tailoring the valence state of B-site ions and thus
tuning the strength of the B-O bond for OER and HER [56,57]. For instance, Wang et al.
demonstrated a set of A-site substituted RNiO3 (R = La, Lags5Nd s, Lag,Ndgyg, Nd, and
Nd55my 5) perovskite oxides as OER/ORR electrocatalysts and found that the OER activity
initially increases upon substituting La with Nd and is maximal at Lag,NdgNiO3 [56].
Recently, Li et al. reviewed the latest advances of A-site perovskite oxides as an emerging
functional material in electrocatalysis and photocatalysis. In particular, the performance
of A-site perovskite oxides (bimetallic, ternary metal, multimetallic, and oxynitride) in
electrocatalysis and photocatalysis was systematically discussed in this review article
(Figure 6d) [58].

Furthermore, due to the A-O bond being longer than the B-O bond, the A-site cations
in the ABOj3 framework can be selectively removed under special treatment conditions
(i.e., acid solution), thus improving the electrocatalytic performance of perovskites. This
strategy has been previously adopted for CO oxidation [59] and NOy reduction [60] and
has recently been extended into the electrocatalysts for OER/HER. For instance, Seitz et al.
reported an IrOy /SrIrOj; catalyst formed during electrochemical testing by Sr leaching from
the surface layers of SrIrOj3 thin films, which is highly active and stable for OER, with only
270 to 290 millivolts of overpotential for 30 h of continuous testing in acidic electrolytes,
and substantially outperforms known IrOy catalysts [61]. Although the exact structure of
the surface formed during the reaction is still unknown, DFT calculations have identified
possible structures that could be kinetically or epitaxially stabilized by the interface with
SrIrOs and could contribute to the very high observed activity. Similarly, Zhang et al.
recently prepared a perovskite/spinel heterostructure, V-LCO/Co304 (V-LCO refers to
LaCoOj3 with La and Co vacancies), through a double-cation gradient etching technique
(Figure 7a) [19]. The V-LCO/Co304 demonstrated significantly enhanced activity for OER,
with an overpotential of 354 mV at 10 mA cm ™2, due to the heterogeneous interface effect
and abundant vacancies (Figure 7b). Furthermore, the DFT calculation unveiled that the
accelerated kinetics rate and superior catalytic activity are endowed by the suitable d-band
center and the moderate adsorption strength for the OH species (Figure 7c,d).



Catalysts 2022, 12, 601 10 of 26

(a) (c)10.13

[LaM(lINO,]

10.03% 9.86%

9.96%

3/4[KM(")F3]1/4 ‘
10.00%

%

KM(II)F,

10.34%

Intensity (a.u.)

12.41% 0.03%
LaM(lO, ‘8.63%
a - - 5 8.79%

10 20 30 40 50 60 70 80
KM(II)Fs

49.82%

7.74% 10.04% 10.08%

2.65%
9.56%
12.24%’ 9.79%

38.75%
[LaM(I")03]3/4[KM(")F3]1I4
mm La mm K mm Mg mm Cr

B Mn mm Fe mm Co mm Ni

(d)

Figure 6. (a) XRD diffraction patterns of LaM(III)O3, KM(II)F3, and [LaM(II1)O3]3 /4 [KM(II)F3]; /4.
(b) SEM EDX elemental mappings of La, O, K, F, Mg, Cr, Mn, Fe, Co, and Ni for K(MgMnFeCoNi)F;.
(c) Metal compositions (molar ratio) of LaM(III)O3, KM(I)F3, and [LaM(III)O3]s3,4[KM(II)F3]; /4
calculated from the ICP-AES results. Reproduced with permission from ref. [55], Copyright 2021,
Wiley. (d) Crystal structures of different A-site perovskite oxides: (I) structure of the rhombo-
hedral cell in perovskite-type BiFeOs; (II) schematic illustration of the rhombohedral structured
LaCoOj perovskite; (III) hexagonal BaTiOs; (IV) crystal structure of porous CaMnOs; (V) or-
thorhombic structure; (VI) unit-cell polyhedral structure of BaBig 1Scg2Co1 704« at room temperature;
(VII) crystal structure with CuOy tetrahedra and CoOg octahedra. Reproduced with permission from
ref. [58], Copyright 2021, Royal Society of Chemistry.
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Figure 7. (a) Preparation process for the V-LCO/Co30, heterostructure. (b) Polarization curves of
LCO, V-LCO, V-LCO/Co030y4, and pure CozOy4 for OER in 1.0 M KOH. (c¢) A comparison of the over-
potential and the Co d-band centers of LCO, V-LCO, and V-LCO/Co30;. (d) The surface adsorption
energy difference (AE) for the OH of pristine LCO, V-LCO, and V-LCO/Co0304. Reproduced with
permission from ref. [19], Copyright 2021, American Chemical Society.

Traditionally, the transition metal ions are considered as active sites in the perovskites
to catalyze the electrochemical surface reactions [62]. Recently, using the in situ 8O isotope
labeling mass spectrometry, Grimaud et al. provided direct experimental evidence of O,
generated during the OER process on some highly active oxides that can come from lattice
oxygen [63]. They also showed that increasing the covalency of metal-oxygen bonds is
critical to triggering lattice oxygen oxidation and enabling non-concerted proton—electron
transfers during OER. More and more studies indicated that the O-site in perovskites plays
an important role in catalyzing OER and/or HER for water splitting [8,64]. The oxygen
vacancies could be introduced into transition metal oxides by various techniques, such as
thermal decomposition [65], the quenching approach [66], and post-annealing [67]. They
greatly influence the electronic structure, transport properties, and absorption/desorption
processes of the reactant and intermediates. The lattice oxygen could also be obtained
by exchanging lattice oxygen species, and this process is strongly related to the oxygen
vacancies. For instance, Bu et al. reported a new catalyst, P-3G, consisting of a cation-
ordered perovskite (PrBag551¢5)0.95C015Fep 505+ 5 and 3D porous N-doped graphene,
which exhibits outstanding multi-functional catalytic activities and excellent stabilities for
OER and HER [68]. The water-splitting device using P-3G efficiently produced H, and
O, gases at rates of 0.859 uL s~ and 0.417 pL s~ !, respectively. They proposed that the
improved OER activity is attributed to the increased covalency between the transition
metals and lattice oxygen. Furthermore, the negative AGy on the lattice oxygen and the
increased bond length (H*-O) between H* and the lattice oxygen enhance the HER activity.

3.2. Varied Synthesis Strategy

The microstructure, morphology, physicochemical property, specific surface area, and
transport property of perovskite oxides are closely related to the synthesis strategy and
further influence the electrocatalytic activity. Recently, several approaches have been de-
veloped to synthesize perovskite oxides, including conventional synthetic methods (i.e.,
the solid-state method, combustion synthesis, and high-pressure synthesis) [69,70], wet
chemistry methods (i.e., the sol-gel process, co-precipitation method, and hydrothermal
synthesis) [71-73], deposition approaches (i.e., physical vapor deposition, chemical va-
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por deposition, and electrodeposition) [74-76], electrospinning [77], the polymer-assisted
approach [78], and so on.

Among these methods, the conventional synthetic methods usually require a high
reaction temperature and harsh reaction conditions such as high pressure and a special
apparatus, leading to the formation of coarse perovskite particles with low specific surface
areas (~1-2 m? g~!) and porosity. The sol-gel process is often used to prepare perovskite-
type composite oxides because this method may provide a high purity phase structure,
a precise control of the composition, and the reduced temperature required for material
synthesis. The co-precipitation method could also be used to synthesize well-defined
perovskites such as Sr,MIrOg (M = Fe, Co), which is explored as an excellent OER catalyst
in acidic media [72]. Hydrothermal synthesis acts as one of the most attractive techniques
for fabricating perovskites with various morphologies such as nanosheets [79], rod-like per-
ovskites [80], nanoflakes [81], cubic perovskites [82], and nanoparticles [83]. However, the
formation of perovskite oxides from hydrothermal synthesis usually involves subsequent
annealing treatment, which requires a relatively high temperature.

In recent years, more and more attention has been paid to the preparation of perovskite
oxides by deposition-based approaches. Physical vapor deposition (PVD) is a physical
process including sputtering, laser ablation, and evaporation which has often been used to
fabricate nanofilms. For instance, Risch et al. employed pulsed laser deposition to fabricate
well-defined surfaces composed of Bag 55rp 5Cog gFeg205_s on thin-film Lag §Srg ,MnO3_s
grown on (001)-oriented Nb-doped SrTiO3 (BSCF | LSMO | NSTO), which comprise a two-
component surface with bifunctionality for oxygen electrocatalysis [84]. The combined
overpotentials from both OER and ORR kinetics on BSCF | LSMO | NSTO can be as low as
0.7 V, which rivals the intrinsic activities of the state-of-the-art catalysts in the literature.
The chemical vapor deposition (CVD) method is more versatile in the control of the film
composition and has been applied for the growth of various functional oxide materials,
including perovskite oxides. For instance, Murauskas et al. prepared undoped BaSnO; and
La-doped BaSnOj thin films through low-pressure pulsed injection liquid CVD modifica-
tion (PI-MOCVD) based on the flash evaporation principle and precise precursor dosing
into the reactor, providing easier control of the thin-film composition [75]. Electrodeposi-
tion is an electrochemical process that could precisely control the nucleation and growth
of reactants as well as the structure, morphology, and purity of the target deposits. This
method is a versatile synthetic approach to preparing abundant sediments on different
substrates that only requires simple equipment. As a consequence, various morphologies
such as LaMnO3;/MnO nano-arrays [85], nanoporous LaFeO; [86], and LaCoq gFey 203
nanoparticles [87] could be obtained through this approach.

Electrospinning is a simple, low-cost, and versatile technique for fabricating 1D nanos-
tructure (e.g., nanofibers [88], nanotubes [89], and nanorods [8,90]) perovskite oxides. For
example, Bian et al. prepared Mg-doped perovskite LaNiO3 nanofibers by the electrospin-
ning method combined with subsequent calcination, which exhibit durable bifunctional
OER/ORR electrocatalytic activity, with a lower overpotential of 0.45 V at a current density
of 10 mA cm~2 and a more positive half-wave potential of 0.69 V compared to those of the
pristine LaNiOj3; nanofibers [88]. The polymer-assisted method has recently been proven
to be one of the most suitable processes to produce high-quality epitaxial complexes and
multilayer-structured films in a very thin range below 100 nm. For instance, Wang et al.
prepared double perovskite La,CoMnOg and Lay;NiMnOy epitaxial thin films through
polymer-assisted deposition and subsequent crystallization by rapid thermal annealing. In
addition to the above methods, our research group recently reported a new design concept
and synthesis protocol for the direct transformation of bulk alloys into the nanoporous
lanthanum-based perovskite oxide LaMOj3 (M = Co, Mn, Ni, or Cr) via a facile dealloying
strategy [91]. The obtained LaMQOj3 perovskites display ultrahigh specific surface areas,
exceptionally high ORR and OER activities, methanol resistance, and high operational
durability under alkaline conditions.
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4. Performance Improvement Strategies of Perovskite Oxides for Electrocatalytic
Water Splitting

4.1. Doping/Substituting and Defect Engineering
4.1.1. Doping/Substituting

The flexible perovskite structure allows for the incorporation of numerous dopants,
and the electrocatalytic performances of perovskites are strongly dependent on their prop-
erty, valence state, and doping position. The selective and functional doping/substituting
in the A-, B-, and/or O-site of perovskite oxides is an effective strategy to obtain high
OER/HER performance for water splitting.

As mentioned above, the A-site cations of perovskite oxides play a vital role in electro-
catalytic activities. Firstly, the different cation radii and electronegativity of A-sites would
lead to a change in the crystal structure, which results in different electronic properties.
A-site cations can affect redox properties by adjusting the B-O interaction. For instance,
Dai et al. synthesized a series of AFeO3 (A = La, Nd, Eu) perovskite oxides [92]. This
work confirmed that the Fe-O bond strength is related to the catalytic performance and
the chemical structure of AFeOs. The interplanar distance enlarges with the increase in
the A3* ionic radii (La=1.36 A,Nd =127 A, and Eu=1.21 A), increasing the Fe-O bond
distance, which is related to the electronic structure of A-site cations. Therefore, the Fe-O
bond is slightly longer in LaFeOs than that in NdFeO3; and EuFeOj3. Secondly, the elec-
tronic conductivity can also be affected by A-site cations, because the 4f electrons of the
A-site cations contribute to the density of the states around the Fermi level. Thirdly, the
appropriate doping/substituting of A-site cations will directly cause an increase in the
oxygen vacancy and the optimization of the e, occupation of B-site cations, resulting in the
expansion of the lattice, which greatly improves the OER electrocatalytic activity. Finally,
the valence state of B-site cations and the vacancy concentration of the O anion are also
closely related to the adjustment of A-site stoichiometry.

Among the perovskite oxides, Bags55rg5CogsFep203_5 (BSCF) is one of the most
attractive compounds; it exhibits extremely high OER/HER activities due to its optimal eg
orbital filling [93]. By modifying its surface electronic structures and properties through
simple A-site doping, a highly efficient OER/HER electrocatalyst that is both active and
stable in basic electrolytes could be obtained. For example, the Pr-doped BSCFs, such as
Pry 5(Bag 5510.5)0.5C00.8Fep 2035 (Pro5BSCF), exhibit significantly improved HER catalytic
performance and durability compared to BSCF [57]. Nevertheless, surface amorphous
phases in Pr-doped BSCF are still found after the durability test. It is reported that a smaller
size mismatch between the host and dopant cations in the A-sites has a remarkable effect on
rationalizing the stabilities and activities of cubic BSCF. For example, Hua et al. presented
excellent catalytic performance and stability toward overall water splitting via La/Ca
co-doping into the A-site of BSCF to form Lag5(Bag4Srg4Cag2)o5CoggFep 2055 (L-0.5)
perovskite oxides [90]. The operating voltage of the integrated L-0.5/rGO electrolyzer is
tested to be 1.76 V at 50 mA cm 2, which is close to that of the commercially available
IrO, /C-Pt/C couple (1.76 V @ 50 mA cm~2) Specifically, small amounts of Ca-doping
can bring a significant increase in the corrosion resistance of perovskite oxides because
Ca(OH), and CaCOs are easier to decompose than Ba (Sr) compounds.

In the bulk perovskite ABOj structure, the d-orbital of the B-site transition metal
and the p-orbital of the O-site would be hybridized or mixed to form ¢ and 7t orbitals
(Figure 8a). The ¢ and 7t antibonding (¢* and 77¥) orbitals are known as the eg and £, orbitals
in perovskites, respectively, with the ¢* orbital being more destabilized, or higher, in terms
of energy. At the surface layer, the exposed B-sites have the coordination environment BOs,
with the apical (vertical) oxygen removed (Figure 8b). The e; orbitals of the active B-site
transition metal ions in the BO5 coordination capture surface-adsorbate bonding well, and
the filling of the eo-like states depends on the number of d-electrons and the spin state of the
transition metal ions. The e, occupancy approximates the strength of the adsorbate binding
to the surface, with decreased e; filling corresponding to increased adsorbate binding.
For OER, the intrinsic activity of perovskites exhibits a volcano-shaped dependence on
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the occupancy of the 3d-electron with an e, symmetry of the surface transition metal
cations [93]. Therefore, it is important to develop a perovskite oxide with a surface cation
with an e; occupancy close to unity and high B-site oxygen covalency for enhancing the
OER catalytic activity. As mentioned above, many investigations indicated that the BSCF
perovskites with an optimal e; ~ 1.2 display a landmark intrinsic OER activity, which is at
least an order of magnitude higher than the state-of-the-art IrO, catalyst [93-95], while the
deteriorated stability due to the surface amorphization during the OER process remains
a serious challenge [96]. Recently, the modified hexagonal BasSr4(CoggFe(2)4O15 (hex
BSCF) perovskite with Co/Fe ions occupying two different tetrahedral and octahedral
sites (Figure 8c) shows a remarkable OER activity, an extremely low overpotential of only
340 mV (and a small Tafel slope of 47 mV dec™!) in 0.1 M KOH, and excellent durability
(Figure 8d,e) [97]. The O 2p-band center has also been regarded as an effective descriptor
for the OER catalytic activity of oxides. As seen from Figure 8f, the O 2p-band center of
hex BSCF is much higher than that of the pristine SrgCo040;5, BagC040;5, and hex BSC,
implying that hex BSCF exhibits higher OER catalytic activity.
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Figure 8. (a) Electronic structure of perovskites. (b) BOs configuration. (c) Perspective view of the
crystal structure of the hex-BSCF. (d) Capacitance- and ohmic resistance-corrected polarization curves
of hex-BSC, hex-BSCF, BSCF, and RuO; catalysts in an O,-saturated 0.1 M KOH solution at a scan rate
of 10mV s~ () Chronopotentiometric (CP) curves of the hex-BSCF, hex-BSC, and RuO; catalysts at
10 mA ecm 2. The inset in (e) is the polarization curves of the hex-BSCF before and after the CP
test. (f) Calculated O 2p-band center relative to the Fermi level. Reproduced with permission from
ref. [97], Copyright 2019, Wiley.
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Recently, a number of 34 transition metals (e.g., Mn, Fe, Co, Ni, and Cu), 44 transition
metals (e.g., Mo, Nb, and Pd), and 54 transition metals (e.g., Hf, Ta, and W) have been
doped into perovskite oxides, which are active toward OER/HER for water splitting [98].
For instance, the StNbg 1 Cog 7Fep203_5 (SNCF) perovskite exhibits excellent OER intrinsic
activity which is higher than that of the IrO, catalyst and the well-known BSCF perovskite
in an alkaline solution [99]. From a practical point of view, Fe-based materials are appeal-
ing in the family of perovskites considering that Fe metal is earth-abundant, inexpensive,
and less toxic than Co and Ni metals, but Fe-based perovskite oxides traditionally have
poor activity and unfavorable durability for OER/HER [32,100]. However, recent research
showed that the OER/HER activity of Fe-based perovskites could be improved by proper
B-site ion doping, such as Zr, Cu, Co, Ni, Mo, and Sn [98,101-103]. For instance, by a small
amount of cobalt doping, both the catalytic activity and stability of LaFeO3 are further im-
proved, with activity comparing favorably to or even outperforming Co-/Ni-rich perovskite
catalysts [101]. Mo doping in perovskites was also beneficial for the OER/HER catalytic
activity [104], such as for SrCog 7Fep 25M0 05035 [105], SroFeq 5-x—yCoxNiyMog 5065 [98],
and Sl‘zFe].5M00‘506,§ [106].

The doping of non-metallic elements such as phosphorus (P), sulfur (S), boron (B),
and silicon (Si) signifies a departure from the conventional doping route which can be
used to stabilize the structure of perovskite oxides and significantly enhance the oxygen
ionic conductivity [107-109]. For instance, metalloid Si, the second most abundant ele-
ment in the earth’s crust, is doped into a Fe-based perovskite oxide (SrFeO3_;5) to obtain
SrFeq9Sip103_s as a highly efficient OER catalyst. SrFe¢Sip103_s exhibits an approxi-
mately threefold growth in OER activity relative to SrFeO3_g [109]. This enhancement can
be ascribed to a structural transition from tetragonal to cubic symmetry upon Si-doping,
which brings about an optimized Fe oxidation state, rich oxygen vacancies, and a fast
charge transfer, which are beneficial to the OER catalysis. Analogously, Slater’s group also
performed a series of studies to demonstrate the successful incorporation of non-metal
elements into the B-site cations of the perovskite oxides [107,110,111]. For example, the sili-
con doping into BayInyO5 leads to a significant enhancement in the oxide ion conductivity,
which indicates that silicon is incorporated into the structure, leading to the conversion
from an ordered brownmillerite-type structure to a disordered perovskite-type structure,
with the disordering oxygen vacancy benefiting the conductivity enhancement [107].

Despite considerable efforts, the OER/HER electrocatalytic performances of most
perovskite oxides are still inferior to those of commercial IrO; /RuO, or Pt/C catalysts.
Recent studies have shown that doping a small number of precious metals (i.e., Pt, Ru,
and Ir) in perovskites can significantly improve their activity and stability [61,112-115].
For instance, Wang et al. prepared a series of LaCo1.4PtxO3_5 (x =0, 0.02, 0.04, 0.06, and
0.08) perovskite oxides. Among them, the LaCog 94Ptp 06O3-5 (LCP6) catalyst exhibits good
stability and presents more activity at a lower overpotential of 454 mV (at 10 mA cm~2), a
lower Tafel slope value of 86 mV dec™!, and a higher mass activity of 44.4 A g~ ! for OER;
it also displays a lower overpotential of 294 mV (at —10 mA cm’z), a lower Tafel slope
value of 148 mV dec!, and a higher mass activity of —34.5 A g~! for HER in alkaline
media. [112]. The e, orbital filling of LCP6 is calculated to be 1.29, which is the closest
to 1.2. Similarly, Yan et al. synthesized perovskite (Lag gSrg2)0.95Mng.g51r 0503 (LSMI)
nanoparticles, which exhibit a significant enhancement in the OER electrocatalytic activity
and durability compared to Lag §Srg ,MnOs (LSM) [113]. The LSMI with the B-site Ir-doping
has a larger lattice, a lower valence state of the transition metal, and weaker metal-OH
bonding compared with LSM; therefore, it increases the concentration of oxygen vacancy
and enhances OER activity.

Recently, in addition to the A- and/or B-site doping/substituting, the partial possession of
O-site anions by another element, such as H™ [116], S2~ [117], N3~ [118], C1~ [119], or F~ [120],
has been reported to exhibit many interesting properties. For instance, Yamamoto et al. pre-
pared the oxyhydride perovskite EuTiO;_yHy (x < 0.3) by a low temperature CaH, reduction
of the pyrochlore Eu,TipO7 and the perovskite EuTiO3 (Figure 9a) [116]. There may be certain
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conduction mechanisms manifested best by hydrogen, such as quantum tunneling at low
temperatures or coordinated proton/electron movement at high temperatures. Many new elec-
tronic/magnetic properties may also be conceived given the strong superexchange interaction
found in LaSrCoO3Hy 7 [121]. Wang et al. prepared a stable cubic perovskite SrCoO; g5.5F 15
with excellent OER electrochemical performance, with a 380 mV overpotential at 10 mA cm—2
and six-times-higher mass activity at 420 mV through a simple F-doping (Figure 9b) [120].
The conspicuous enhancement of the OER performance for the SrCoO; g5.5F 15 catalyst may
be attributed to the improvement of the electronic conductivity on account of the structure
change from a 2H- to a 3C-perovskite after F-doping. Another factor may be the increased
number of reactive oxygen species (0,2~ /O~ species), which contributes to its enhanced
OER activity. So far, studies on the anion doping of perovskite oxides for electrocatalysis are
relatively scarce, so this is a topic of research value.
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Figure 9. (a) The oxyhydride perovskite EuTiOs_,Hy (x < 0.3) prepared by a low temperature
CaHj; reduction of pyrochlore Eu,Ti;O7 and perovskite EuTiOs. Reproduced with permission from
ref. [116], Copyright 2015, American Chemical Society. (b) Schematic presentation of the structural
transition from the hexagonal structure to the cubic structure. Reproduced with permission from
ref. [120], Copyright 2019, Royal Society of Chemistry.

4.1.2. Defect Engineering

Great research efforts have been devoted to optimizing the performance of perovskite
oxides, among which the defect engineering approach has proven its effectiveness in
improving the intrinsic activity by regulating the electronic structure and inducing vacancy
formation [16,122]. For ABO; perovskite oxides, the A /B cation ratio deviates from 1 within
a certain range (0.9~1.1), and the structure can remain stable due to the high structural
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tolerance of the perovskite lattice [123]. The surface defect engineering of perovskites can
be realized by the selective dissolution of A-site cations. Exsolutions emerge preferentially
on the surface when highly A-site-deficient perovskites (A/B < 1) are employed. A-site
deficiency could serve as a general driving force to trigger B-site exsolution; therefore,
A-site deficiency is the natural choice for designing systems that exsolve the B-sites [124].
For example, Islam et al. prepared the Srp95Nbg1Cog9_xNixOs_s perovskite oxide, which
exhibits improved ORR, OER, and HER activity at lower overpotentials [125].

The oxygen vacancy defect is another crucial parameter in improving the electro-
catalysis of oxygen on the metal oxide surfaces, whereby they may control the physical
parameters of ionic diffusion rates and reflect the underlying electronic structure [126]. The
degree of vacancy formation reflects the relative position of the transition metal 3d-band
and the oxygen 2p-band in the lattice, the more covalent system generating the higher
vacancy concentration. After careful adjustment of the oxygen defects, the performances
of the perovskite catalysts have been improved—e.g., greater conductivity, better thermal
expansion, and higher battery performance. Plenty of perovskite oxides containing oxy-
gen vacancies are synthesized by different methods and used for electrocatalytic water
splitting [58,64,90,106,112,125,127]. The content of oxygen vacancy is closely correlated
with the catalytic activity. For example, NdBaMn,Os5 exhibits a better overall water
splitting performance than NdBaMn,Os5_5 and NdBaMn;Os 5,5 [127].

4.2. Surface Modification

Regulating the nature and number of surface-active sites on perovskite oxides is
a proven promising strategy to improve catalytic activity. Many surface modification
methods have been developed to adjust the surface chemical properties of catalyst materials,
such as mussel-inspired chemistry [128], acid /base treatment [129], and so on, which show
promising potential for the manufacture of catalysts. For example, Yang et al. modified
the surface of the Lag gSrg,CoOj3 perovskite by diluted oxalic etching to generate more
surface Lewis acid sites, and it features a low-valence state with reactive dangling bonds
and simultaneously enables more active oxygen species and favorable reactant adsorption
and dissociation, consequently improving propane oxidation activity [130].

Recently, surface hetero-phase modification has been introduced to improve the elec-
trocatalysis performance of the matrix phase by effectively utilizing the activity of the
additive phase and the modified electronic structure at the heterointerface of the hybrid
catalysts [131]. Numerous studies have dramatically proven the beneficial effect of surface
modification. For instance, recent work by Li verified the enhancement of the oxygen
evolution activity of a perovskite (LaggSrp2)095MnQOs.s electrode by Co phase surface
modification [132]. The surface modification of (La,Sr)MnO3; with CoO(OH) or Co304
by the hydrothermal method exhibits synergistically improved OER mass and specific
activity over the individual phase. Perovskite Srp9Y(1Co00O3_s nanorods modified with
CoO nanoparticles provide an improved electrochemical performance toward OER/ORR
for lithium—oxygen batteries [133]. Furthermore, a mixed Co/Fe oxyhydroxide onto the
surface of BSCF was obtained by a chemical precipitation/coprecipitation method and also
exhibits enhanced OER activity [134].

Additionally, surface reconstruction is an efficient and simple method to further
improve the catalytic activity by building specific surfaces. For example, Zhao et al.
reported that the surface reconstruction of LSCF-2 could be completed by immersing as-
synthesized Lag gSrp2Cog gFep203_5 (LSCF-0) in an aqueous solution of reductive NaBH4
for 1.0 h (Figure 10a) [135]. During the surface reconstruction, the smooth crystalline
surface of as-synthesized LSCF-0 (Figure 10b) is converted into a rough amorphous layer
consisting of nanosized particles of 20 nm (Figure 10c), and Co®*" was reduced to Co?*.
Benefiting from this conversion, the surface-reconstructed LSCF-2 exhibits excellent OER
catalytic activity, with an overpotential of 248 mV (10 mA cm~2) and a Tafel slope of
51 mV dec™! in alkaline media. A recent study by Sun et al. proposed a refined A-site
management strategy for perovskite oxides which facilitates the surface reconstruction of
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the B-site element-based active phase to enhance OER performance (Figure 10d) [136]. The
electrocatalyst LaNiO;3 displays a dynamic reconstruction feature during OER, with the
growth of a self-assembled NiOOH active layer. Such reconstructed surface region likely
contains a high number of structural domains with corner-shared and under-coordinated
IrOx octahedrons, and it is responsible for the high activity. Moreover, Grimaud et al.
observed drastic surface reconstruction and iridium migration from the bulk to the surface
with the help of transmission electron microscopy [137].
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Figure 10. (a) A schematic that illustrates the surface reconstruction over the LSCF-0 surface. SEM
images of (b) LSCF-0 and (c) LSCF-2. Reproduced with permission from ref. [135], Copyright 2019,
American Chemical Society. (d) The surface reconstruction process of La;_CexNiOj to the active
structure of NiOOH by the A-site management of the Ce substitution strategy. Reproduced with
permission from ref. [136], Copyright 2021, Wiley.
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Exsolution represents another strategy for the surface modification of perovskite
nanoparticles. For instance, Lee et al. explored the Ni-exsolved CaTiO; after the replace-
ment of Ca by Ni, which showed large active site areas and a strong metal-support interac-
tion (SMSI) leading to higher geometric activity and stability for OER [138]. Furthermore, a
great deal of effort has been made to construct noble metal/perovskite oxide composites
through the control of the exsolution to obtain excellent thermal stability and transport
properties [139-141]. For example, the RuO, /Lag 9Feg 92Rug 0gO3 (LFRO) composites were
prepared by the exsolution of a low Ru-substituted A-site-deficient perovskite [141]. In
this process, pure Ru NPs are in situ exsolved from the LFRO via a relatively low heat
treatment temperature in 5% H;/ Ar, and then the exsolved Ru NPs are oxidized to RuO,
for OER applications.

Additionally, other approaches such as solvent-induced surface hydroxylation are
proposed to optimize the absorption energy of the intermediates on the active sites of
perovskites. For example, the layered perovskite Sr3FeCoO7_5 was presented through a
facile approach of a solvent treatment to hydroxylate the surface, which exhibits signifi-
cantly improved OER activity [21]. Furthermore, Yang et al. proposed a “dual strategy”
in which tuning the electronic properties of the oxides, such as Laj_4SrxCoOs_g, can be
dissociated from the use of surface functionalization with the phosphate ion groups (Pi)
that enhances the interfacial proton transfer [22]. This work also demonstrated that the
Pi surface functionalization selectivity enhances the activity when the OER kinetics are
limited by the proton transfer.

4.3. Nanostructure and Morphology Control

Because of the high crystallization temperature, perovskite oxides typically present
large particle sizes, resulting in a small surface-to-bulk ratio. Nanostructure engineering
has been widely adapted to improve the catalytic activity of perovskite-type electrocata-
lysts. The high surface area (surface/volume ratio) and adequate active sites in nanosized
perovskite materials are favorable to improving the catalytic activity by building nano-
sized surfaces, such as SrNbg1Cog7Fe;,03_5 nanorods [8], PrBagsSry5Co1 5Fep50s5. 5
nanofiber [142], and nanoporous LaMO3 (M = Co, Mn, Nj, or Cr) [91]. Apart from that,
Lee et al. reported La;_«SrxCogFeggO3_5 perovskite oxide catalysts with a unique three-
dimensional (3D) fiber web structure that increases the high-contact area by trapping soot
in the unique pore structure for effective catalytic activity [143]. However, these unique
nanostructures may be coarsened and blocked during electrocatalytic reactions, especially
under high-temperature conditions, causing catalyst degradation. Therefore, it is very
important to find a suitable nanometric size that can balance the electrocatalytic activity
and stability. The partial properties and electrocatalytic activities of different perovskite
materials reported in the literature are summarized in Table 1.

Table 1. Summary of the properties and electrocatalytic activities of different perovskite materials
reported in the literature.

Perovskite Overpotential at Tafel Slope for

Materials Morphology 10 mA cm—2 for OER (mV) OER (mV dec™1) Ref.
nanosheets

V-LCO/Co304 with holes 354 73 [19]

SrpFe §C0p2Mog C00.406_5 particles 345 60 [47]

IrOy /SrIrO; thin films 270 — [61]
(PrBag 5510.5)0.95C01.5Feq 5

Os.s/3DNG mesoporous 320 74 [68]

BSCF | LSMO INSTO thin films 330 50 [84]

Mg-doped LaNiO3 nanofibers 450 95 [88]

hexagonal
— 340 47 97

BaySry(CopgFep2)1015 571

LaCog.94Pt00603_5 particles 454 86 [1 1 2]

SrCo02.85-5Fo.15 — 380 60 [120]

LSCF-2 nanoparticles 248 51 [135]
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5. Conclusions and Outlook

Recent years have witnessed a growing interest in the research of catalysts for electro-
chemical water splitting. The primary goal is to exploit the high-performance, cost-effective,
and abundant electrocatalysts for water splitting. In this article, we have reviewed the
general mechanisms of electrochemical water splitting, the superiority of perovskite oxides
as electrocatalysts for water splitting, and the performance improvement strategies for per-
ovskite oxides. Despite the obvious improvement, the development of perovskite catalysts
for electrochemical water splitting is still at an early stage, and many challenges remain.

Given the compositional and structural flexibility of perovskite oxides, great opportu-
nities lie ahead in the pursuit of improved electrocatalysts. Here, we list possible research
directions to achieve this goal. Firstly, the relationship between the composition, crystal
structure (especially the electronic structure of perovskite oxides), and catalytic perfor-
mance needs to be researched deeply to obtain an adequate understanding. The A-, B-,
and/or O-site doping/substituting and deficiency creation in ABOj; perovskite oxides
have large characteristic effects on the electronic structure and coordination chemistry.
Several related parameters are used to evaluate the properties of materials, including the e;
electron (c* orbital occupation), the B-O bond strength, the spin state, the d-band center
of the transition metal, and the p-band center of the oxygen relative to the Fermi level.
Based on this, a better understanding can be facilitated by combining experimental tools
with theoretical methods (e.g., DFT calculations). Secondly, long-term stability cannot
be ignored in terms of its application in practical production. Of special interest is the
elements leaching from the surface layers in operation. This phenomenon may improve the
electrocatalytic activity or deactivate the catalysts. In situ testing may be a viable option
during the reaction processes. Thirdly, novel design strategies are very important for the
morphology improvement and performance enhancement of perovskite oxide. As every-
one knows, the high specific surface area is one of the key factors in obtaining excellent
electrocatalytic performance, which is closely related to the synthesis method. Further, the
large-scale synthesis of perovskites is also a great challenge for researchers, since most
studies are still limited to the lab scale.

With the rapid development of perovskite oxides in the field of electrocatalytic water
splitting, there is still a large number of perovskite oxides and derivatives that are theoreti-
cally predicted to exist but have not been explored experimentally. Therefore, perovskite
oxides still have a very broad research space and even extend to a wider range of chemical
reactions. This is extremely challenging.
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