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Abstract

Perovskite oxides have gained significant attention in recent years due to their
superior catalytic activity in the oxygen evolution reaction (OER). However, the
identification of the active structure and corresponding catalytic mechanism for these
oxides still remains elusive, particularly for complex perovskite oxides. This is due to
the intricate surface reconstruction that may occur under working conditions and the
differing reaction mechanisms. This paper aims to address these issues by providing an
overview of OER, perovskite oxides, characterization methods, and factors affecting
surface reconstruction during OER. Specifically, the paper reviews in-situ and operando
characterization studies conducted over the last decade, focusing on the surface
dynamic structural evolution of simple and complex perovskite oxides such as SrlrO3
and Bao.sSr0.5Co0.8Fe0.203-5 (BSCF). The paper concludes by presenting an overview of
reported active structures on perovskite oxides so far, and providing guiding principles
for the design of highly active and stable catalysts. By addressing these issues, this
paper provides valuable insights into the design and development of effective catalysts

for OER.
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1. Introduction

The excessive use of fossil fuels, rapidly increasing energy demands, and severe
environmental concerns have stimulated a pressing need to develop energy conversion
systems that are cost-effective, efficient, and environmentally friendly[1]. Hydrogen,
with its high energy density (120-142 MJ/kg) and clean reaction products (H20), is a
promising energy carrier. It has the potential to not only alleviate current energy
shortages in a sustainable manner but also to promote environmental restoration and
economic growth[2]. As a result, hydrogen is increasingly being recognized as a key
component of future energy systems. However, there is no abundant and pure source of
hydrogen on Earth. Therefore, it is necessary to generate hydrogen from alternative
sources, such as natural gas, coal, oil, water, and biomass[3].

Water electrolysis for hydrogen production offers numerous benefits. The reaction
is thermodynamically spontaneous at a voltage of only 1.23 V (AG = 237.1 kJ/mol)
under standard conditions, and sustainable energy sources like wind, hydroelectric, and
nuclear power can provide the necessary electricity[4]. The process involves the
hydrogen evolution reaction (HER) at the cathode and the OER at the anode, with the
cathode requiring a two-proton-electron transfer process and the anode needing a four-
proton-electron transfer process[5]. However, the kinetics of the OER are sluggish,
prompting substantial research into finding efficient OER catalysts over the last few
decades. Interested readers can refer to the comprehensive reviews on OER catalysts,
such as those listed in references[6-16]. It's worth noting that IrO2 and RuO2 noble
metal oxides still remain the most active OER catalysts, often used as benchmark
catalysts to compare new ones.

Perovskite oxides have emerged as a promising family of non-noble
metal oxides for catalyzing the OER[17-19]. In 2012, Shao-Horn's research
group reported an exceptional OER activity of a perovskite oxide BSCF[20].
Its intrinsic OER activity was at least ten times higher than that of [rO2 nanoparticles
(average diameter ~6 nm). Subsequently, they discovered that perovskite oxides
undergo surface reconstruction accompanied by the dissolution of metal ions
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and improved catalytic activity under electrochemical conditions[21, 22]. This
suggests a correlation between the dynamic surface structural evolution of the catalyst
under working conditions and its activity. During the process of 'surface
reconstruction', the catalyst undergoes changes in its composition, phases,
and structures in response to external triggers, resulting in a variation in its
catalytic performance. The external triggers during the OER process include
operational conditions such as electrolyte pH, applied potential, cation of electrolyte,
and more[23]. Surface reconstruction ultimately modulates the intrinsic properties of
electrocatalysts, such as adsorption, activation, and desorption of intermediates, which
can lead to reversible or irreversible alterations in the surface structure and
performance[24-27]. The complexity of dynamic structural evolution under OER
limits the application of ex-situ characterization techniques[28-30]. Hence, using in-
situ and operando analytical techniques to observe the surface reconstruction
phenomenon of OER electrocatalysts and track the real active structure is crucial for
designing next-generation catalysts and clarifying the catalytic mechanism[31-33].
The purpose of this review is to examine the impacts of internal
composition and external triggers on the restructuring of perovskite oxides
under OER, and how this affects catalysis. While we will not provide a
comprehensive overview of surface reconstruction phenomenon, we will
focus on the examples of SrIrO3, BSCF, and other related perovskite oxides
over the past decade. In section 2, we will briefly introduce the OER
mechanism, including the conventional adsorbate evolution mechanism
(AEM) and lattice oxygen mechanism (LOM). Section 3 will summarize the
properties of perovskite oxides and their applications in catalyzing OER.
We will then highlight the importance of operando measurements in section
4, as we discuss the various characterization tools available for OER. In
section 5, we will review the effects of inherent compositions and external
triggers of surface reconstruction. Finally, we will summarize proposed
active structures in the literature. We will conclude with the limitations of

characterization methods on the OER mechanism in this field and an outlook
4
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on potential future directions.

2. Mechanism of OER

Currently, there exist two primary formulations of the OER reaction mechanism:
AEM[34, 35] and LOM][36, 37]. Fig. 1 (a) depicts the traditional AEM, which
comprises four proton-electron transfer processes with metal serving as the active
site[ 14, 38, 39]. The oxygen product is derived from absorbed water molecules. Initially,
a water molecule is adsorbed on the metal site (M) of the electrocatalyst through a one-
electron oxidation step, wherein it loses a proton simultaneously to form adsorbed *OH.
The adsorbed *OH species is then oxidized, transferring one proton and electron, to *O.
Another water molecule subsequently conducts a nucleophilic attack on the oxygen
species to produce the *OOH intermediate. Finally, the *OOH adsorbed on the metal
site 1s further oxidized, followed by desorption to release a dioxygen molecule. In
contrast, LOM (depicted in Fig. 1 (b)) involves lattice oxygen of the catalysts in the
oxygen evolution process and directly engages in O-O coupling[37, 39, 40]. The LOM
pathway provides a unique reaction pathway for O-O coupling, and its reaction energy
is not limited by the adsorption energy scaling relationship of the AEM pathway as will
be discussed later.

The AEM reaction scheme under acidic condition comprises four elementary steps,
as outlined below,

H2O +* > *OH+ H" + ¢ (1)
*OH 2> *O+H +¢e (2)
*O + H20 > *OOH+H" + ¢ (3)
*OOH > O2+*+H +¢ (4)

The reaction free energy change under electrode potential can be calculated and
formulated within the theoretical framework of computational hydrogen electrode
(CHE) model[41]. More importantly, the free energy of a proton-electron pair can be
equal to 1/2 Hz in the gas phase at standard conditions plus -eU, where U is the electrode
potential with respect to the reversible hydrogen electrode (RHE) which is widely used

by experimentalists. And the potential is reported with respect to RHE scale in the
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whole review unless otherwise stated. Using this framework, the Gibbs free energy
change of each step at standard conditions (pH = 0, T = 298.15 K) can be written as
follows by defining the adsorption free energy of intermediates (e.g., *OH) with respect
to H20 and Hz[34, 35, 42, 43]:
AG,(U) = AG,oy —eU  (5)
AG,(U) = AG,p — AG,oy —eU  (6)
AG3(U) = AG,poy — AG.o —eU  (7)
AG,(U) = AGyy — AG.ooy —eU  (8)
where AG,y represents adsorption free energy of a reaction intermediate *X and
AG,, represents free energy of an oxygen molecule in terms of the H2O and H:
energetics and equals 4.92 eV. Further analysis shows that the adsorption free energies
on metal oxides are inter-connected by a so called ‘scaling relationship’[35, 43]:
AG,oy = 0.61AG,, — 0.58 eV (9)
AG,oon = 0.64AG,, +2.40 eV (10)

By substituting the expression of Gibbs free energy changes with Egs. 9 and 10,
we obtain:

AG,(U) = 0.61AG,, — 0.58 eV —eU (11)

AG,(U) = 0.39AG,, + 0.58 eV —eU (12)

AG3;(U) = —0.36AG,, +2.40eV —eU (13)
AG,(U) = —0.64AG,, + 2.52eV —eU (14)

A thermodynamic limiting potential (UL) in each step can be defined as the least
potential applied to make the reaction free energy change negative by setting Eqgs. 11-
14 zero:

U1 = (0.61AG,, — 0.58 eV)/e (15)
U, = (0.39AG., + 0.58 eV)/e (16)
Uiz = (—0.36AG,, +2.40eV) /e (17)
Uy = (—0.64AG,, + 2.52eV) /e (18)

It is immediately seen that the step with the largest value of UL dictates the overall

reaction thermodynamically since this specific applied UL would make the overall

energy diagram downbhill, which is thus called ‘potential determining step’ (PDS). By
6
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plotting UL as a function of AG,,, a “volcano” shape plot can be constituted by solid
thick blue and green lines as shown in Fig. 1 (¢)[35, 43]. On the left leg of volcano,
strong *O binding side, the overall limiting potential is controlled by the energetics of
step 3 (PDS in this case). While on the right side of volcano, weak *O binding side, the
overall limiting potential is controlled by step 2. The optimal catalyst should be the one
locating at the top of volcano plot with a proper adsorption free energy of AG,,, which
is analogous to the famous Sabatier Principle[44]. It can be also envisioned from Fig.
1 (d) that even the optimal catalyst has a non-zero overpotential due to the restriction
of scaling relationships. And this overpotential is called the theoretical overpotential
(Ntheo). It is defined as:

Nineo = Max{U;1,U;2, U3, Upst — 1.23V = max{U,,, U3} —1.23V (19)
since we are only interested in the region near the top which is dictated by either the
energetics of step 2 or step 3. By closely checking Egs. 9 and 10, one may find that
there is approximately a constant difference of AG, oy — AG,oy Which equals around

3.2 eV. For this reason, Eq. 19 can be rewritten as

AG.o—AG.oy AG.oog—AG.0

Ntheo = Max{ Up,, U3} — 1.23 V = max{ . , . )} —1.23V =
maX{AG*O—eAG*OH ’ 3.2 eV—(AGe*()—AG*OH)} —1.23V (20)

As can be seen from Eq. 20, the minimum theoretical overpotential is 370 mV when
AG,o — AG,oy = 1.60€V.

Several points and assumptions must be addressed regarding this topic. Firstly, it
has been commonly assumed that each elementary step involves concerted proton-
electron transfer (CPET) [45, 46]. However, recent studies have shown that it is possible
to decouple or tune the proton-electron transfer[46, 47], as seen in the identification of
a key intermediate NiOO™ from deprotonation and the subsequent discovery of this
decoupled proton-electron transfer mode in perovskite[36]. Secondly, the active site
throughout this mechanism has been assumed to be a single metal site due to the
kinetically hindered direct recombination of oxygen atoms on a dual-metal site through
theoretical calcualtions[48], although some theoretical studies suggest a dual-metal site

involved OER mechanism[49, 50]. Recently, a spin transition mechanism was
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suggested to overcome the high activation barrier on a dual-iridium site model,
supported by DFT calculation and in-situ ultraviolet—visible (UV-Vis) spectroscopy[51].
Thirdly, the predicted minimum value of the theoretical overpotential according to the
AEM mechanism is 370 mV, which is not fully consistent with some experimental
results (n << 370 mV)[15, 52]. This discrepancy has prompted theoretical and
experimental scientists to seek new explanations.

The study of the LOM mechanism can be traced back to the study of
PtO catalysts reported by Damjanovic and Jovanovic in 1976[53], who
suggested that oxygen atoms in the surface oxide films is involved in the
OER. Bockris further proposed the involvement of lattice oxygen on
perovskites[18, 19]. With the advent of differential electrochemical mass
spectroscopy (DEMS) combined with isotope labelling experiment, the participation of
lattice oxygen in the product has been identified in RuOz[54, 55], IrO2[56, 57] and
perovskite oxides[36, 58]. In contrast to these studies, Stoerzinger et al. reported that
there is no lattice oxygen exchange during the OER on the surfaces of RuO:2 (100),
(110), (101), and (111) regardless of the pH of the electrolyte[59]. Additionally, Scott
et al. concluded that the lattice oxygen evolution mechanism into O2 is not the
dominating oxygen evolution mechanism (negligible contribution) on Ru- and Ir-based
oxides in acidic medium with the aid of a highly sensitive electrochemistry - mass
spectrometry (EC-MS) setup[60]. They highlighted the importance of distinguishing
between labelled oxygen evolution and lattice oxygen mediated catalytic mechanisms
when conducting isotopic OER experiments.

In perovskite oxide, Mefford et al. discovered a correlation between the oxygen
vacancy concentration and oxygen diffusion coefficient of LaixSrxCoO3-s and the
corresponding catalytic activity which follows their hypothesis on the role of lattice
oxygen on LaNiO3[61-63]. The study found that an increase in oxygen vacancy or
oxygen diffusion coefficient led to a linear increase in OER activity. Through DFT
calculations, they identified a key intermediate with adsorbed —OO and lattice O
vacancy that determines the LOM over AEM by its relative stability to conventional

adsorbed —O intermediate[61, 64]. They also linked the stability of the catalyst to the
8
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reaction mechanism, suggesting that catalysts with low stability tend to follow the LOM
reaction mechanism. Later, Binninger et al. speculated that the ABOs3
perovskite oxide would dissolve A and B cations into the electrolyte under
OER via LOM based on thermodynamics in which B cation would redeposite
with OH™ forming a hydrous amorphous layer[65]. As shown in Fig.1 (e),
Kolpak group found that for strongly bound lanthanide perovskite oxides,
the OER process following the LOM mechanism is thermodynamically
limited by OH* — Vo + OO* (Vo for oxygen vacancy, black line in Fig. 1
(e)), whereas for moderately bound perovskite oxides, limited by Vo + OO*
— Vo + O2(g) + OH* (red line in Fig. 1 (e)), while for weakly bound
perovskite oxides, limited by Ho-site* + OH* — OH* (green line in Fig. 1
(e))[37]. The theoretical minimum overpotential is estimated to be 0.17-0.41 eV for
LOM depending on whether the red line is included in the volcano plot or not due to
concern of DFT calculation uncertainty. Shao Horn and Koper's research group
subsequently confirmed that the O2 generated on some perovskite contains
lattice oxygen from oxides by isotope labeling and in-situ mass spectrometry[36].
Slightly different from aforementioned LOM, lattice oxygen was proposed to react with
adsorbed oxygen to form an Oads-Oratt bond which acts as an active site, and then
dioxygen is released through non-concerted proton-electron transfer as evidenced from

the pH-dependent OER activity on the RHE scale (Fig. 1 (¢)).
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Figure 1. Schematic illustration of the proposed traditional AEM (a) and two LOMs (b-c) for OER
mechanism. Equilibrium potentials or negative reaction free energies as a function of the adsorption free
energy of oxygen on metal oxides based on AEM[43] (d) and LOM[37] (e), respectively. (d) Reproduced
with permission[43]. Copyright 2011, Elsevier. (e) Reproduced with permission[37]. Copyright 2018,

American Chemical Society

3. Perovskite oxides

Effective OER catalysts conventionally were made of precious metals such as
ruthenium or iridium oxides. However, due to the limited reserves of these materials,
they are remarkably expensive. For this reason, there is a need to develop low-cost OER
catalysts that exhibit high activity and stability in order to move towards a carbon-
neutral society. Recently, perovskite oxides have gained attention. These materials were
originally discovered by Gustav Rose, a German mineralogist, in 1839. They have a
chemical formula of CaTiOs and were named after Lev Perovski, a Russian
mineralogist (1792-1856)[66]. Perovskite oxides are attractive due to their abundant
elemental composition, good catalytic activity, and low cost, which have fueled
intensive research in the catalysis field[67].

The perovskite oxide has a molecular formula of ABO3, where A cation
is in 12-fold coordination and B cation is in 6-fold coordination as shown
in Fig. 2 (a) in its ideal cubic phase[68, 69]. This oxide offers an extensive

chemical space due to its structural variation and component flexibility. The
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three primary distortion mechanisms, including octahedral distortion, B-site
displacement, and octahedral tilting, lead to the formation of various crystal
structures such as tetragonal, orthorhombic, hexagonal, monoclinic, and
triclinic phases[70]. One of the key descriptors used to characterize the
formation of perovskite oxide is called tolerance factor ¢, which is

calculated using the following equation,

_ (ratrx)
T \2(rp+rx) 2D

where r4, rs, rx are the ionic radii of the cation A, cation B and anion X. In
1926, Goldschmidt proposed a method to predict which crystal structure is
preferred based on the tolerance factor[71]. If the tolerance factor falls
between 0.9 and 1, the crystal structure is cubic, while lower values between
0.71 and 0.9 result in a rhombohedral or orthorhombic phase. A tolerance
factor between 1 and 1.13 favors a hexagonal or tetragonal structure, and
non-perovskite structures form when the tolerance factor exceeds 1.13 or
falls below 0.71[72]. Recently, a new tolerance factor, denoted as t, has
been proposed using a SISSO (sure independence screening and sparsifying
operator) based approach, which has been shown to correctly predict the
crystal structure of 92% of compounds as either perovskite or nonperovskite

[73]. It has the following form,

_Trx _ __TaltB _
= TB ma (M4 ln(TA/TB)) (22)

where n, is the oxidation state of element A.

In total, 2346 types of ABO3 perovskites can be formed when different
metals occupy the A and B sites. The A site cation can be an alkali metal
element, an alkaline earth metal element, or a rare-ecarth metal element,
while the B site cation is mainly a transition metal element[74, 75]. The A or
B site can also contain two different cations, forming a double perovskite
oxide A’A’B206 or A2B’B’O¢. More complex perovskites represented by
A’xA”1x B’yB”1.yO¢ are possible through cation mixing. In addition,

oxygen deficiency is quite common in preparing perovskite oxides further
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leading to the increase of complexity, such as BSCF[20], StCo0.sFe0.203-5[22],
LaixSrxCo003-5[61], and SrNbo.1Co00.7Fe0.2035[76]. Ordering of these oxygen
vacancies in extreme cases leads to the so called “brownmillerite” (A2M205)
structure formation[77]. The presence of oxygen vacancies was proved to affect
the OER activity via tuning the value of oxygen deficiency ¢ [78].

Several methods can be used to synthesize perovskite oxides, including
the solvothermal[79], sol-gel[80], Pechini[81], co-precipitation[20],
combustion[20, 82], solid-state reaction[83], and pulse laser deposition
methods[84]. Among these, the sol-gel method is frequently used, where
metal salts are dissolved in deionized water, chelating agents are added, and
the pH of the solution is adjusted to be weak alkaline before heating to form
a viscous gel. The gel is then heated and calcined at high temperature under
certain atmosphere to obtain the perovskite oxide. The calcination
temperature and atmosphere (inert or partial pressure of oxygen) are critical
in forming the perovskites[85-87]. In particular, thin film material can be
obtained through pulse laser deposition. The thickness of film can be
controlled by varying the counts of laser pulses. The usage of thin film
catalyst is especially useful for studying the surface properties which is

directly related to catalysis.
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Figure 2. (a) Representation of perovskite oxide crystal structure. (b) The volcano plot of OER activity
of perovskites (overpotentials achieved at 50 pA-cmo?) as a function of e, orbital filling[20]. (c) Cyclic
voltammograms (10 mV/s) of BSCF in oxygen-saturated 0.1 M KOH electrolyte[21]. (d) High-resolution
transmission electron microscopy (HRTEM) images and corresponding fast Fourier transforms (FFT) of
particle surfaces collected from BSCF as-prepared powder, BSCF electrodes after distinct
electrochemical treatments and SrCogsFeo203-5 electrode after 5 cycles. The corresponding structural
variations are shown in the right side[21]. (b) Reproduced with permission[20]. Copyright 2011, the
American Association for the Advancement of Science. (c-d) Reproduced with permission[21].

Copyright 2012, American Chemical Society.

In the 1970s, Meadowcroft pioneered the application of perovskite oxides as
oxygen electrode materials and identified LaCoOs as a promising oxygen
electrocatalyst[17]. The development of perovskite oxides in OER was accompanied
by the discovery of new descriptor. In 1980, Matsumoto et al. studied LaixSrxFei-
yCoyOs series oxides applied in alkaline electrolyte and found that the OER activity is
affected by the ¢” band of the oxide and the oxidation state of transition metal[88]. Later
in 1983 and 1984, Bockris et al. systematically studied the correlation of catalytic
activity with the electronic structure of perovskites[18, 19]. In a serials of studied

perovskite oxides (B site cation is V, Cr, Mn, Fe, Co and Ni), the current density from
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LaNiOs is the highest, much higher than LaCoOs. Furthermore, the occupancy of
antibonding orbitals of M*-OH (M is B site cation) determines the electrocatalytic
activity.

In 2002, Bursell et al. studied the catalytic activity of LaNi1Os3, Lao.1Cao.sMnO3 and
Lao.cCa04CoO0s in alkaline electrolytes for OER and ORR[89]. Then, in 2011, Yang
Shao-Horn group reported a perovskite oxide Bao.sSro.sCoo.sFe0203-s that achieved
significantly high activity with an overpotential of around 250 mV @ 50 uA/cm? at
least an order of magnitude higher than the benchmark iridium oxide catalyst[20]. The
authors proposed that the specific OER activity of perovskite oxides exhibits a volcano
shape dictated by the eg orbital filling of surface B-site cations. For single perovskite
oxides such as LaNiO3 and LaCoO3, which are located near the top of the volcano, they
have better OER activity. For complex perovskite oxides such as BSCF, which is almost
at the top of the volcano (eg=1.2, t2g°eg!?), it has the highest OER activity among the
oxides studied. This report has stimulated a new wave of studying perovskites in OER,
and some new catalysts have been synthesized with the guidance of the new descriptor.
For instance, Kim et al. synthesized an oxygen-deficient perovskite Ca2Mn20s by using
hydrogen as a reducing agent, which can catalyze the oxygen evolution current at
around 1.50 V[90]. The reduction treatment makes the electronic configuration of
manganese from Mn*" (t2g’e¢’) in CaMnO3 to Mn** (t2g’eg!) in Ca2Mn20s. The presence
of Mn*" facilitates the interaction of eg orbital with O-p, orbital of OH resulting in
moderate bonding strength and faster OER kinetics. A similar approach of regulating
spin state was achieved in LaCoO3 by preparing a thin film on differently oriented
LaAlO3 substrates[91]. The Co®" optimal spin state (t2¢’e."*’) grown on the (100)
substrate exhibits superior activity compared to those grown on the (110) and (111)
substrates, with estimated eg orbital fillings of 0.48 and 0.31, respectively.

In 2013, Yang Shao-Horn's group discovered a new class of double perovskites,
namely (Lno.sBao.s)CoOs3.5 (Ln=Pr, Sm, Gd and Ho), that exhibit comparable activity
to BSCF[92]. Along with these findings, a new descriptor known as the O p-band center
relative to the Fermi level of the perovskite was proposed, showing a linear relationship

with the OER activity. As the identification of LOM in perovskite oxides emerged,
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attention was given to the role of lattice oxygen, which can also function as an active
site[36]. Therefore, the covalency of the metal-oxygen bond was recognized as a crucial
property when the eg orbital filling of the transition metal established on the ionic model,
which assumes only the metal site as the active site, ignores the sharing of electrons.
The O p-band center relative to the Fermi level can be used to quantify the covalency
of the metal-oxygen bond, which was later extended to a new descriptor called “charge
transfer energy” (energy difference between the unoccupied metal 3d- and occupied O
2p-band centers) [16, 93, 94]. Yamada et al. prepared a series of perovskite oxides
ABOs3 (A=Ca, Sr, Y, La; B=Ti, V, Cr, Mn, Fe, Co, Ni, Cu) and confirmed that the charge
transfer energy is the most appropriate descriptor among the descriptors proposed by
correlating experimental activity data with calculated descriptor values based on DFT
calculations[95].

While many perovskite oxides have shown high catalytic performance and new
descriptors have been developed, some reports have revealed that the surface structure
of some perovskite oxides is actually not stable under OER conditions. For instance,
the highly active BSCF was found to undergo a surface transformation during
electrochemical conditions, as reported by the same group that discovered its activity
in OER[20, 21]. They observed that as the number of cyclic voltammetry (CV) scans
increased, the current density also gradually increased (Fig. 2 (c)). As illustrated in Fig.
2 (d), the transformation of the initial crystalline surface region of BSCF into an
amorphous layer with a thickness of ~8 nm after five cycles was found, and the
amorphous region increased with further cycles. This amorphizaition was also found in
SrCoo.sFeo203-5. The formation of edge-sharing Co/Fe octahedra on the surface of the
cycled BSCF was also suggested by fast Fourier transform (FFT) analysis of high-
resolution transmission electron microscopy (HRTEM) images, in contrast to the
corner-shared octahedra present in the initial perovskite structure. Additionally, a
spinel-like structural pattern with octahedral and tetrahedral Co/Fe cation coordination
was indicated in the amorphized surface region of the BSCF electrode held at 1.7 V for
2h[21, 96]. This surface reconstruction phenomenon with increased activity occurring

on the surface of perovskite oxide during OER is crucial for identifying the real active
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site of perovskite oxides. Therefore, in-situ and operando characterizations are needed
to reveal this phenomenon. A brief introduction to characterization tools often used in
electrocatalysis is given in the next section before reviewing the surface reconstruction

literature under OER.

4. Characterization methods

This section provides an introduction of the most commonly used characterization
tools in OER studies, including electron microscopy, X-ray-based techniques, and
optical spectroscopy. Rather than delving into the principles of these techniques, we
focus on their technical aspects and their specific applications in OER research. While
ex-situ methods are useful, they cannot capture the dynamic structural changes and
intermediate species during the reaction, highlighting the need for in-situ
characterization methods[97]. Furthermore, to overcome the limitations of the
"materials gap" and "pressure gap" in catalysis research, operando methodology has
emerged as a powerful tool to directly correlate the dynamic structure of a catalyst with
its performance under realistic conditions[98, 99]. Originally developed in the field of
heterogeneous catalysis, operando techniques have been increasingly employed in OER

research, and their recent applications are discussed in this section.
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Figure 3. Schematic illustrations of in-situ/operando characterization tools. (a) In-situ electrochemical
TEM holder: WE, CE, and RE are the working, counter, and pseudoreference electrodes,
respectively[100]. (b) Electrochemical flow-cell setup for in-situ XAS[101]. (¢) NAP-XPS[102]. (d)
Raman spectroscopy[103]. (a) Reproduced with permission[100]. Copyright 2019, American Chemical
Society. (b) Adapted under CC BY license from ref. [101]. (¢) Adapted under CC BY license from ref.
[102]. (d) Adapted under CC BY license from ref. [103].

4.1 Electrochemical methods

CV is a commonly used method for testing the activity of OER catalysts. By
cycling the potential in a certain range and recording the current (activity)
simultaneously, the structural changes of the catalyst may be observed as the number
of CV scans increases as mentioned in section 3. The formation of redox peaks during
CV would be related to the formation of active structures, which is typically observed
in multi-valent metal oxides. For example, on an IrOx electrode, a reversible peak at 0.9
V is attributed to the Ir**/Ir*" redox couple prior to the water oxidation current, serving
as a precursor for the formation of an Ir’* species responsible for initiating oxygen
evolution[51]. In the case of LaixCexNiO3 perovskites, the oxidation peak occurs at
1.42 V for LaNiO3 and at a lower potential for the Ce-doped perovskites. This peak is
related to the formation of the NiOOH active layer[33]. Note that the redox peak

intensity is proportional to the square root of the scan rate assuming a reversible process.
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For this reason, the oxidation of metal ions may not be noticeable at slow scan rates.
By adopting rotating ring-disk electrode (RRDE), Faradaic efficiency is determined
from the ring and disk currents and collection efficiency to distinguish OER current
from side reactions[104].

Chronoamperometry (CA) and chronopotentiometry (CP) are commonly used
techniques to evaluate catalyst stability. In CA, current density is measured over time
at a constant potential, while in CP, potential variation is measured over a fixed current
density. A study conducted by You et al.[105] investigated the stability of three-
dimensional hierarchically porous urchin-like Ni2P microspheres on nickel foam
(Ni2P/Ni/NF) using CP test fixed at 10 mA/cm?. The results show a gradual increase in
required potential at the beginning of the test (~6 h), which is partly attributed to the
possible formation of active nickel oxides/hydroxides/(oxy)hydroxides formation, as
evidenced by the smoothness of the chronopotentiometric curve in contrast to the noise
of the curve when oxygen bubbles are observable.

By designing a pulse voltammetry protocol assisted by X-ray adsorption and X-
ray diffraction methods, one can steer and analyze the ensemble of coexisting copper
species on the copper electrode quantitatively correlating it with their performance on
the selectivity of CO: reduction[106]. In addition, electrochemical impedance
spectroscopy (EIS) can be used as a characterization tool in OER to identify relevant
kinetic parameters. However, it is important to choose an appropriate electronic
equivalent circuit and applied potential with care[107]. Several studies have utilized

EIS to investigate OER activity and identify rate-determining steps[108, 109].

4.2 Transmission Electron Microscopy (TEM)

The TEM is capable of providing atomic-resolution microstructure
images of materials due to the short wavelength of the electron beam. To
obtain chemical information at the atomic level, TEM can be assisted by
techniques such as energy-dispersive X-ray spectroscopy (EDS) and
electron energy loss spectroscopy (EELS)[110]. It is important to note that

a high vacuum is required for electrons to transmit coherently in traditional
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TEM. However, the development of liquid cell TEM, in which a liquid
medium is confined around the sample, enables the observation of physical
changes in electrocatalysts in an in-situ TEM fashion[111].

Fig. 3 (a) illustrates the setup of an "electrochemical chip," which
serves as the electrochemical cell and is located at the tip of a sample holder.
Within the electrochemical chip, a three-electrode system is present,
consisting of a working electrode made of glassy carbon and two Pt
electrodes serving as the pseudoreference electrode and counter electrode,
respectively. The particle material of interest is deposited on the glassy
carbon electrode between two electron-transparent silicon nitride windows.
The electrolyte flows through the electrochemical cell with a thickness of
0.5 pm.

Researchers, such as Ersen et al., have utilized this setup to study
Co0304 nanoparticles during the OER under operational conditions[100]. By
combining techniques such as CV or chronopotentiometry with scanning
transmission electron microscopy (STEM), they were able to directly
observe the growth of amorphization of Co3O4 nanoparticles during the OER
process. The amorphous regions, characterized by less dense contrast in
STEM images, were attributed to the formation of a cobalt (oxy)hydroxide-

like phase with an irreversible nature.

4.3 X-ray Absorption Spectroscopy (XAS)

XAS is a powerful technique used to investigate the electronic and
geometric structure of catalysts[112]. By tuning the x-ray energy to excite
the core level electrons of the absorbing atoms to unoccupied states, an
absorption edge is induced in the absorption spectrum. The features
observed near this edge are referred to as x-ray absorption near edge
structure (XANES). XANES provides valuable information about the
oxidation state and electronic structure of the absorbing atoms based on

their characteristic core level energetics. Beyond the absorption edge, the
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features are referred to as extended x-ray absorption fine structure (EXAFS),
which extends to a few thousands of electron volts above the edge. EXAFS
provides insights into the local environment of the absorber, including
bonding lengths and coordination numbers, by analyzing the interference
phenomenon between the outgoing photo-electron wave generated by x-ray
absorption and the backscattered wave.

XAS signals can be collected using transmission mode, fluorescence,
and total electron yield (TEY) modes. Monitoring the emission of Auger
electrons, which is a secondary process of X-ray absorption, allows for the
assessment of the absorption coefficient. Due to the short mean free path of
Auger electrons, this measurement is particularly sensitive to the surface
region (approximately 1-5 nm)[113, 114].

XAS is widely employed to study perovskite materials because of its
element-specific nature, which is suitable for examining variations in the
electronic structure of each element present in perovskites[115]. In order to
study OER in an IrO2-TiO: catalyst, a three-electrode cell design with
flowing electrolyte for XAS experiments is presented in Fig. 3 (b)[101].
The electrochemical chamber consists of two Kapton foils serving as X-ray
beam windows. The bottom Kapton foil can be coated with the studied
material, acting as the working electrode, while the top Kapton foil serves
as the counter electrode. The thin and flowing electrolyte enables
measurements in both transmission and fluorescence modes and helps
suppress the interference caused by bubble formation. In-situ XANES
results reveal that above the OER onset potential (approximately 1.4 V), a
continuous increase in the oxidation state of Ir is observed, as evidenced by
the intensification of the white line peak near the absorption edge. Below
the OER onset potential, a constant electronic structure of Ir is suggested.
The EXAFS data aligns well with the rutile IrO2 structure, indicating a

distorted Ir-centered octahedron coordinating six oxygen atoms.
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4.4 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a widely used analytical tool for
investigating the composition and electronic structure of solids. It relies on the
measurement of emitted photoelectrons' kinetic energy to determine their binding
energy, which is element-specific and provides information about the oxidation state of
the elements involved[116]. XPS has advantages in terms of probing depth due to the
short inelastic mean free path (IMFP) of photoelectrons in solids, which restricts the
analysis to only a few nanometers[117]. This feature renders XPS particularly valuable
for catalysis studies.

Conventional XPS requires an ultrahigh vacuum environment to minimize
electron scattering in the gas phase. To address this issue, near ambient pressure XPS
(NAP-XPS) was developed, allowing analysis at pressures in the torr range[118] or
even several bars[119]. Fig. 3 (c) illustrates a typical setup for NAP-XPS[102] . It is
shown that the liquid diffuses from the inner reservoir through the membrane,
facilitated by the pressure difference between the reservoir and the evacuated
measurement chamber, as well as the porosity of the working electrode (WE) and
counter electrode (CE) films. This diffusion process opens the channels in the
membrane, allowing the liquid to enter the measurement chamber. As a result, a water
pressure in the millibar range is generated within the measurement chamber. In this
setup, the electron analyzer remains in a high vacuum while being separated from the
high-pressure sample chamber by a series of differentially pumped electrostatic lenses
and apertures. This differential pumping approach minimizes the path of photoelectrons
in the gas phase. By combining NAP-XPS with electrolysis reactions, it becomes
possible to investigate the surfaces of materials such as Pt or Ir during the OER[120,
121]. For instance, when applying OER conditions to an Ir film, a mixed-valent Ir"™'V
matrix was identified, while under open circuit potential, the main contribution was
from metallic Ir.

Furthermore, by implementing a protective sample transfer procedure, quasi-in-

situ ' XPS measurements can be easily conducted using a laboratory XPS
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instrument[122] . By this technique, during OER in a 1 M KOH solution, surface
restructuring into a cobalt hydroxide/oxide surface on CoP nanoparticles was observed.
Over time, the Co-P feature in the Co 2p spectra disappeared, accompanied by the
appearance of a Co-O feature. Additionally, the O 1s spectra revealed a significant OH
component at 531.5 eV and a minor lattice oxygen (O-Co) feature at 530.0 eV after 30
seconds of OER.

4.5 Vibrational spectroscopy and other tools

Vibrational spectroscopy encompasses two primary characterization
methods: infrared (IR) spectroscopy and Raman spectroscopy. These
techniques serve as complementary tools for monitoring the vibrational
properties of molecules or solids. Spectrum features are observed when
there is a change in the dipole moment (IR spectroscopy) or polarizability
(Raman spectroscopy) of the substrate during vibration.

There are several differences between these techniques in the context
of OER characterization. Firstly, Raman scattering effect is very weak,
requiring laser excitation to promote the detection. However, this can
potentially lead to the well-known issue of "laser damage" to catalysts[123].
On the other hand, IR spectroscopy is relatively stronger in signal collection
due to the absorption of light at specific frequencies corresponding to
vibrations. Secondly, Raman spectroscopy is less sensitive to water
molecules compared to IR spectroscopy. Therefore, Raman spectroscopy is
more suitable for water-involved reactions if the region of interest for
vibration overlaps with that of water. Thirdly, IR spectroscopy displays
high sensitivity to certain molecules in the gas phase, such as CO2. In
contrast, Raman scattering typically has negligible contributions from gas-
phase molecules[124].

Conventional IR and Raman spectroscopy are not inherently surface-
sensitive techniques. However, it is possible to detect adsorbed species or

probe the surface structure of solids by employing surface-enhanced
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techniques, such as surface-enhanced infrared reflection absorption
spectroscopy (SEIRAS)[125] and surface-enhanced Raman spectroscopy
(SERS)[126].

SEIRAS was utilized to confirm the presence of superoxide anion (O2")
in the oxygen reduction reaction (ORR) on a Pt film electrode under alkaline
conditions, where rapid protonation is inhibited (above the pKa 4.8 of
OOH:/027)[127]. The vibrational band corresponding to the superoxide

species appears at 1005-1016 cm™!

, coinciding with the onset of ORR
current at 0.2 V vs. Ag/AgCl. In acidic conditions, Kukunari et al. also
reported the detection of superoxide species (O27) at 1095 cm™! using
SEIRAS[128].

A typical setup for in-situ Raman spectroscopy is depicted in Fig. 3 (d)[129]. The
laser is focused onto the electrode surface using an objective lens, which also collects
the back-scattered light. The collected light is then directed to a monochromator and a
photon counting system for spectral generation. In the context of OER, Yeo et al.
utilized an in-situ Raman setup to observe the transformation of Co304 into CoO(OH)
(503 cm™) and CoOx species (579 cm™) on cobalt oxide films deposited on Au
surfaces[130]. The Koper group employed a similar in-situ Raman spectroscopy
approach to investigate a nickel-based catalyst deposited on a roughened Au
electrode[46, 131]. They observed the in-situ formation of active oxygen species
following the formation of y-NiOOH (~479 and 562 cm™'). These Raman peaks were
attributed to a superoxo-type intermediate called 'NiOO™', which is located in the 900-
1150 cm™ range.

There are several additional characterization methods that can be
useful in studying OER. One example is vibrational sum frequency (VSF)
spectroscopy, which is a surface-specific technique that can provide
insights into the intermediates involved in OER[132]. Another valuable
technique is UV-Vis spectroscopy, which is commonly used to characterize
the redox transitions of transition metals, such as Ni**/Ni** redox transition

in OER[131, 133].
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5. Surface Reconstruction under working conditions

Advancements in structural characterization techniques have
facilitated the exploration of surface reconstruction in a wide range of OER
catalysts, including metal alloys, transition metal
sulfides/selenides/nitrides/phosphides, and metal oxides[134-138]. This
section aims to provide an analysis and summary of the surface
reconstruction phenomenon specifically observed in perovskite oxides,
considering both internal and external triggers that contribute to the

structural changes.

5.1 Internal triggers

5.1.1 A-site elements

One common surface reconstruction phenomenon observed during OER is the
surface amorphization resulting from the leaching of A-site metals. An example of this
is the iridium oxide/strontium iridium oxide (IrOx/SrlrO3) catalyst studied by Thomas
F. Jaramillo's group (Fig. 4 (a))[84]. In their work, thin films of SrIrO3 were subjected
to OER under acidic conditions, and the surface of the catalyst was characterized using
XPS before and after the OER testing. The XPS analysis reveals that the Sr 3d peak
could be fitted with two doublets prior to the OER testing. However, after the OER
testing, only one doublet remains, accompanied by a decrease in signal intensity (Fig.
4 (b)). This observation indicates that the Sr metal in the A-site of SrlrO3 thin film has
leached out during the OER process. On the other hand, the Ir signals from XPS remain
constant. Subsequently, the remaining iridium oxide undergoes structural changes and
forms possible motifs such as IrOs or anatase [rO2, as suggested by DFT calculations.
This reconstructed surface exhibits remarkable activity, displaying an overpotential of
only 270-290 mV when tested in an acidic electrolyte for a duration of 30 hours.
However, the exact structure of the reconstructed surface during the reaction remains

unknown.
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Figure 4. (a) Calculated IrO3/SrlrOs surface structure model (green: Sr; blue: Ir; red: O) and (b) XPS
spectra of Sr 3d for SrlrO; films before and after OER testing[84]. (c) Cross section TEM images of
SrlrO; (001) films before and after potential cycling for 4 hours[139]. (d) GI-XANES (left) and GI-
EXAFS (right) of Ir L3 before and after OER cycling[139]. (e) Proposed model for Ir formal oxidation
sate evolution on SrIrOs film[139]. (a-b) Reproduced with permission[84]. Copyright 2016, the
American Association for the Advancement of Science. (c-¢) Adapted under CC BY-NC license from ref.
[139].

Later, Wan et al. used electron microscopy and XAS to further study the surface
reconstruction process of SrlrOs film during the OER process by taking lattice oxygen
activation into account[139]. In 0.1 M HCIlO4, the SrIrOs films were scanned by CV in
the voltage range of 1.05 and 1.75 V. It was observed by cross-sectional TEM that after
4 h of CV scanning, an amorphous layer with a thickness of ~2.4 nm was formed on
the crystalline SrlrO3 as shown in Fig. 4 (c). With the further increase of CV scanning
time, this amorphous layer provides protection against further amorphization of the
underlying SrlrOs. Analysis of the Sr L3-edge XANES data was conducted in both total
electron yield (TEY) mode (surface sensitive) and total fluorescence yield (TFY) mode
(bulk sensitive). The results demonstrate an approximate 80% decrease in Sr content in
the near surface and a 45% decrease in bulk Sr content after 4 hours of CV scanning.
Simultaneously, the oxidation state of the near surface Ir decreases to 3.1 after 0.25
hours and subsequently increases to 3.7 (Fig. 4 (d), grazing incidence (GI)-XANES).
Furthermore, the Ir-O coordination number reduces from the initial 6 to 4.5 after 0.25
hours, but then increases to 5.8 after 4 h (Fig. 4 (d), GI-EXAFS).

During the initial 2.5 h, the decrease of Ir-O coordination numbers indicates that

lattice oxygen will also be lost accompanying the leaching of Sr to maintain charge
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neutrality. The reduction of the oxidation state of Ir further indicates that lattice oxygen
is leaving the amorphous layer to a greater extent than Sr. DFT calculations corroborate
this observation by revealing a higher activation energy barrier (3.1 eV) for Sr migration
compared to oxygen (1.9 eV). The subsequent increase in Ir-O coordination numbers
and Ir oxidation state after 0.25 h suggests the refilling of oxygen vacancies to
counteract Sr leaching. Based on these findings, a surface amorphization mechanism
initiated by lattice oxygen activation was proposed (Fig. 4 (e)). The high oxidation
potential activates lattice oxygen to form dioxygen firstly, resulting in the loss of lattice
oxygen and the increase of oxygen vacancy. The newly formed oxygen vacancies then
facilitate the diffusion of both O and Sr within the lattice. Due to this highly unstable
structure, the crystalline SrlrO3 surface reconstruct into an amorphous structure with a
square-planar structure (0.25 h). The formation of this amorphous layer further induces
significant leaching of Sr, destabilizing the defect-rich structure and causing the
reoxidation of Ir through water oxidation. The coupled diffusion of Sr and O ultimately
results in the formation of highly disordered SrylrOx species with a mixture of Ir(II)
and Ir(IV) octahedral clusters, exhibiting high OER activity.

In contrast to the relatively stable bulk structure mentioned earlier, Ben-Naim et
al. proposed a layer-by-layer degradation model for SrlrOs3; films at high oxidizing
potentials (> 1.7 V)[140]. This model was supported by cross-sectional HR-TEM and
helium ion microscope with secondary ion mass spectrometry (HIM-SIMS) analysis.
As depicted in Fig. 5 (a), an initial SrO-rich surface was observed on the SrlrOs;
catalysts. During the OER treatment under acidic conditions, Sr leaches out from the
surface, leading to the formation of an IrOx-rich surface, while the bulk SrIrOs remains
unchanged. Over time, the SrIrOs films measurably thin, and the active and fresh IrOx-
rich surface is continuously exposed throughout the entire OER process while
maintaining its performance. Nanometer-resolution HIM-SIMS imaging displayed a
uniform distribution of Sr and Ir elements on the surface and bulk of the reacted and
thinned films, indicating that the IrOx-rich layer possesses a partially crystalline nature
(Fig. 5 (b)). HR-TEM images in Fig. 5 (a) further confirm the presence of crystalline

domains, which could potentially correspond to a Sr-deficient perovskite structure or
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IrO3 with the WOs structure.

Song et al. conducted a study using STEM to investigate the dissolution-induced
surface reconstruction of AlrOs (A = Sr or Ba) in an acidic electrolyte[141]. During
anodic cycling, they observed leaching of Sr and Ba, along with surface roughening, in
both SrlrO3 and BalrOs. In Fig. 5 (c), the authors demonstrated that the current,
normalized by the geometric area of the electrode, increases initially for the first 40
cycles and then decreases until reaching 130 cycles on SrlrOs films. Furthermore, in
Fig. 5 (d), they found that the amorphous region expands with an increase in the number
of scan cycles, consistent with the findings of Ben-Naim et al.[140]. After 130 scan
cycles, the surface became almost entirely amorphous. Within the first 60 scan cycles,
nanocrystals of rutile-type IrO2 were observed near the surface region, as indicated by
the measured interplanar spacing (refer to the enlarged images in Fig. 5 (d)).
Remarkably, the surface roughening is associated with a significant increase in
electrochemical active surface area (ECSA), which is believed to primarily contribute
to the enhanced activity during the initial 40 scan cycles in SrlrOs. However, the Tafel
slopes remain unchanged, indicating no variation in the OER kinetics. Importantly, it
should be noted that the normalized current by ECSA decreases with the increasing
number of scan cycles for both SrIrOs and BalrOs, emphasizing the significance of
surface roughening. The decline in activity and ECSA after 90 cycles is attributed to
the slower loss of Ir compared to Sr. Specifically, the loss of Ir in SrlrOs is more

pronounced than in BalrOs due to the different IrO¢ connecting structures.
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Figure 5. Surface reconstruction of SrlrOs film. (a) Degradation model of SrIrO; catalyst and the HR-
TEM images before and after electrochemical reaction[ 140]. The red arrows in the inset FFT indicate the
crystalline structure circled in red. (b) HIM-SIMS characterization of SrIrO;|Nb:STO after high-potential
testing. The upper images denote surface sensitive case while the bottom images denote bulk sensitive
case[140]. The OER current densities (c) of thin SrIrOj; film after different cycles and the corresponding
HAADF-STEM images (d)[141]. The interplanar spacing values obtained are the same as those of the
(120) and (111) planes in rutile IrO». (a-b) Reproduced with permission[140]. Copyright 2021, Wiley. (c-
d) Reproduced with permission[141]. Copyright 2019, Elsevier.

In addition to SrlrOs catalyst, Sun et al. examined the phenomenon of surface
reconstruction influenced by the doping of Ce into the A-site of LaNiO3 catalysts[33].
Through in-situ Raman spectroscopy, they observed changes in the Raman peaks
associated with LaNiOs3 as the applied potential increased from 1.0 to 1.4 V. The Raman
peaks at approximately 211 and 426 cm’!, attributed to LaNiO3, gradually decrease in
intensity. Upon further increasing the potential to 1.45 V, new Raman peaks emerge at
around 475 and 551 cm’!, corresponding to NiOOH, and their intensities increase with
the applied potential. The introduction of Ce doping into LaNiOs3 results in a decrease

in the surface reconstruction potential required for NiOOH formation. Specifically, at a
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Ce doping ratio of 0.1, the surface reconstruction potential decreases from 1.45 V to
1.35 V. This A-site doping effect can be explained by the induction of oxygen vacancies
caused by Ce doping, which enhances the structural flexibility and facilitates the
formation of active (oxy)hydroxide species during surface reconstruction.

Samira et al. concluded that the extent of A-site cations leaching is correlated with
the oxide crystal phase, oxide reducibility and the lattice strain induced by the
differences in A-site cation size[142].

Another aspect related to surface reconstruction that can influence the
OER is the preferential segregation of bivalent A-site cations in perovskite
oxides to the surface, such as Sr-enriched layer on SrTii-xFexOs3-s
electrodes[143] and Ba on BaxSri1-xCoo.8Fe0.203-5[ 144]. Zhu et al. discovered
that on BaxSri1-xCoo.8Fe0.203-5, BaO and BaO:2 segregate on the surface under
Oz-rich conditions at high temperatures, and these segregated species serve

as active sites for the OER[144].

5.1.2 B-site elements

Although the octahedral structure of B-Os in comparison to A-site elements is
generally stable during the OER process, there are circumstances in which leaching can
occur. Notably, Ir[145], Sc[146], Co[146, 147], and Fe[147] have been observed to
leach under certain conditions. Geiger et al. conducted an experiment in which they
found that Ir dissolves in the range of 30-40 w% from the double perovskite oxide
powder A:BIrO6 (A=Ba, Sr; B=Nd, Pr, Y) in 0.1 M HCIO4 at open-circuit
potential[ 145]. They proposed that non-noble metals dissolve initially, followed by the
formation of isolated IrO¢ octahedra, which are prone to dissolution in the electrolyte.
Consequently, the remaining structure collapses and transforms into amorphous iridium
oxide. The dissolution of iridium in the perovskite structure is comparable to that of
metallic iridium and hydrous iridium oxide, all of which exhibit orders of magnitude
higher leaching rates than crystalline iridium oxide.

Chen et al. developed a pseudo-cubic perovskite material, SrCoo.9lro.103-5, with

corner-shared IrOs octahedrons[148]. Through XPS analysis, they observed the absence
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of Sr 3d and Co 2p signals after electrochemical cycling, indicating their leaching from
the material. HRTEM revealed the presence of an approximately 10 nm amorphous
region on the surface, indicating surface reconstruction likely due to the leaching of Sr
and Co. Later the same group extensively examined the influence of B-site cations on
surface reconstruction, including metal leaching and the resulting structural
rearrangement, using two model perovskites: SrSco.sIro.s03 and SrCoo.s5Iro.503[146].
Theoretical calculations initially predicted that the stability of the B-site cages, which
consist of densely packed B-site octahedra, greatly affects the dissolution of A-site
cations. Then experimental findings demonstrated that in the presence of 0.1 M HClO4,
Sr leaching in SrCoo.sIro.503 was found to be higher than in SrSco.sIro.s03, and Co is
almost entirely leached out. Additionally, the reconstructed amorphous region of
SrCo0.5Ir0.503 was observed to be deeper compared to SrSco.sIro.503, further supporting
the role of B-site cations in influencing surface reconstruction. Furthermore, a
comparison of intrinsic activity reveals that leaching of B-site cations initiates the
formation of active IrOxHy, which exhibits a honeycomb-like structure, while Sr
leaching in A-site primarily contributes to increase the ECSA for the reaction.

The surface reconstruction of BSCF under alkaline conditions during the OER was
investigated using operando XAS, revealing dynamic characteristics[147]. Fig. 6 (a)
illustrates the results obtained. When the applied potential increased from 1.2 to 1.425
V, no significant changes in the Co K-edge were observed, indicating a stable Co
oxidation state. However, as the potential further increased to 1.55 'V, a shift of the Co
K-edge towards higher energy was observed, indicating an increase in the oxidation
state. Simultaneously, an onset of OER current was detected within the same potential
range. Interestingly, when the applied potential was returned to 1.2 V, no shift back of
the Co K-edge was observed, suggesting that the oxidation of Co cations is an
irreversible process. On the other hand, the valence state of Fe remained unchanged
after the OER reaction. Fig. 6 (b) presents the results of operando Co-edge EXAFS.
The first peak, associated with Co-O bonds and located at 1.8-2.0 A, does not show
significant changes with the applied potential. However, a splitting of the peak around

2.9 A, corresponding to Co-Co/Fe coordination in the edge-sharing polyhedron, is
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observed at 1.55 V. Additionally, an intensity increase in the split peak near 2.6 A is
attributed to the formation of CoOOH. Analysis of Fe K-edge EXAFS indicates the
formation of FeOOH. Subsequent measurements at 1.2 V demonstrate that the split
peaks do not revert back, further confirming its irreversible nature. Based on these
results, a dissolution/re-deposition mechanism was proposed, leading to the formation
of a self-assembled active surface layer consisting of CoOOH and FeOOH (Fig. 6 (¢)).

Similar to the study of SrIrO3[139], it was suggested that lattice oxygen evolution
reaction (LOER) or LOM triggers the surface reconstruction in this case, as depicted
by the following equation:

ABOy_s + OH™ & BOOH + A%} + 220, + 3e™ (23)

According to the proposed equation, the Ba and Sr cations are dissolved in the
electrolyte, whereas the low solubility of Co and Fe cations in an alkaline solution
facilitates their re-deposition on the catalyst surface once they are dissolved. In this
process, the released oxygen from the lattice can be replenished through the presence
of OH" ions in the electrolyte. These observations are supported by ICP results, which
confirm that the leaching of Co and Fe is minimal, while the dissolution of Ba and Sr
occurs to a significant extent.

Kim et al. conducted an analysis on the role of Fe in Co-based perovskites for the
OER by comparing samples with and without Fe doping[149]. The inclusion of Fe in
the perovskite structure was found to enhance both the activity and stability of the OER.
Specifically, Fe doping contributes to stabilizing Co in a lower oxidation state,
increasing the accessible surface area for the formation of the active (oxy)hydroxide
layer, and expanding the potential range with improved thermodynamic metastability.
The stabilization of Co in a lower oxidation state helps prevent the formation of
undesired side oxides, minimizing their coverage on the surface. A perovskite with
enhanced stability and coverage can serve as an effective substrate for the generation
of the active layer. Fig. 6 (d) presents the results, where the two peaks around 2.8 A and
3.0 A correspond to the Co-Co coordination shells of CoOOOH and the Co edge-sharing

polyhedron, respectively, in line with previous assignments[ 147]. The plots of operando
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difference spectra (dashed lines in Fig. 6 (d)) reveal a more pronounced increase in
CoOOH formation (peaks around 2.8 A) in BSCF compared to Bao.sSro.sCo03-5 (BSC)
as the applied potential increases. These results indicate that the potential-induced
formation of the active (oxy)hydroxide layer is more prominent in BSCF than in BSC,
particularly around the OER onset potential of approximately 1.4 V, which aligns with
their respective OER activities. Importantly, it should be noted that Fe itself does not
undergo significant changes during this study.

In an earlier study conducted by Risch et al., the investigation of LaCoOs3,
SrCoo.sFeo203-5, and BSCF using XAS revealed that the edge-sharing feature, with a
distance of approximately 2.5 A in EXAFS, can be introduced through ball milling and
ink-casting in the synthesized BSCF material[22]. Fig. 6 (¢) demonstrates that during
electrochemical cycling between 1.1 and 1.7 V in 0.1 M KOH, the intensity of the
corresponding peak around 2.5 A increases with the number of cycles for
SrCoo.8Fe0.203-5 and BSCF, while no change is observed for LaCoOs. This increased
peak is similar to that obtained for electrodeposited CoOx, which serves as a model for
the edge-sharing structure. Moreover, a decrease in the peaks at approximately 3.2 A
and 3.7 A is noticeably observed for SrCoo.sFe0.203-5, indicating a change in the Co-A-
site cation and Co-Co coordination in the corner-sharing octahedral, respectively, which
is typical in perovskite structures. These findings suggest that electrochemical cycling
induces a local structural transformation from corner-sharing octahedra to edge-sharing
octahedra, accompanied by an increase in OER activity. The edge-sharing octahedra
are envisioned as clusters with molecular dimensions, similar to electrodeposited metal
oxides, and the formation of oxy(hydroxide) species is hinted as well. However, it is
worth noting that the peak splitting phenomenon observed in BSCF in the
aforementioned works was not observed in the work of Risch et al.[22].

Recently, the exposed surface metals (A or B site metals) in perovskite have been
shown to dictate surface structure evolution by adopting operando UV-Vis
spectroelectrochemistry[150]. Notably, in atomically flat LaNiOs thin films, the Ni-
terminated surface exhibits a distinct optical density jump, coinciding with the potential

where a redox feature is observed in CV. Conversely, such optical density changes are
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absent on the La-terminated surface. Furthermore, this structural modification is
associated with the evolution of a stable Ni hydroxide-like surface. The corresponding
reconstructed surface reduces the overpotential of OER by up to 150 mV when

compared to the La-terminated surface.
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Figure 6. Surface reconstruction of BSCF. Operando XANES (a) and EXAFS (b) of BSCF in 0.1 M KOH
[147]. During an anodic polarization, current and Co K-edge shift were recorded simultaneously. Co K-
edge EXAFS spectra were analyzed by using Fourier transformed (FT) A*-weighted method[147]. (c)
Proposed dynamic surface self-reconstruction model via OER/LOER and dissolution/re-deposition
mechanism[147]. (d) Operando FT &*-weighted Co K-edge EXAFS spectra of BSC and BSCF[149]. ()
The FT EXAFS of LaCoOs, SrCoogFeo2035 and BSCF before and after 100 (or 500) cycles. The
electrodeposited CoOy film was used as a reference. EY denotes electron yield signals which are surface
sensitive[22]. (a-c) Reproduced with permission[147]. Copyright 2017, Springer Nature. (d) Reproduced
with permission[149]. Copyright 2019, American Chemical Society. (¢) Reproduced with permission[22].
Copyright 2013, American Chemical Society.

5.1.3 Lattice oxygen and oxygen vacancies

Lattice oxygen activation in the OER is a crucial factor in initiating the surface
reconstruction process, as demonstrated by SrlrOs and BSCF. Theoretical studies have
proposed the O-2p band center as a descriptor for determining surface stability and
OER activity in perovskites[92]. Fig. 7 (a) illustrates the estimation of the O-2p band
center by calculating the centroid of the projected density of states (PDOS) relative to
the Fermi level. An overlap of transition metal nd and O-2p bands indicates the degree

of hybridization of two bands and M-O bond covalency as well. This covalency has
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been found to correlate well with OER activity in perovskite and other oxide
materials[151-154]. In Fig. 7 (b), the upshift of the O-2p band center towards the Fermi
level in double perovskites (Lno.sBao.s)CoOs-5 leads to a decrease in the onset potential
for OER, resulting from enhanced Co-O hybridization. However, further upshifting the
O-2p band center does not result in a corresponding increase in activity. Instead, it leads
to the amorphization of the catalyst surface in BSCF, Bao.sSro.5Co04Fe0.6035 and
SrCoo.8Fe020s3-5. Consequently, an optimal covalency, as suggested by the O-2p band
center, leads to the development of the best OER catalyst (Pro.sBao.sCo0Os3-5) in terms of
both activity and stability and defines the boundary for surface reconstruction[92].
The covalency of the M-O bond is closely associated with the formation of oxygen
vacancies, suggesting that a more covalent system indicates higher vacancy
concentrations[155]. In a series of La1-xSrxCoO3-s catalysts, the substitution of Sr** ions
leads to an increase in the Co oxidation state from 3.0 to approximately 3.4, thereby
enhancing the overlap between the Co 3d and O 2p bands, as well as increasing the
covalency of the M-O bond. Consequently, the Fermi level decreases into the Co 3d/O
2p m* band, facilitating the creation of oxygen vacancies[155]. Fig. 7 (c-d) further
illustrates a linear correlation between the concentrations of oxygen vacancies (or the
rate of oxygen diffusion) and the intrinsic OER activities in the Lai-xSrxCoOs3-5 catalysts,
further emphasizing the significance of M-O bond covalency and supporting the
mechanism of LOM. In this context, oxygen vacancy concentrations dictate the OER
activity. However, if the lattice oxygen and water molecules are unable to replenish the
surface oxygen vacancies in a timely manner (please see LOM in Fig. 1 (b)), the surface
region may become unstable, leading to amorphization. Another study on
LaCoo.sFe0.203-5 revealed that Sr doping induces the formation of oxygen vacancies and
an amorphous layer, with the thickness of the layer increasing with higher Sr
content[ 156]. This amorphous layer on the surface is considered the source of OER

activity.
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Figure 7. Effects of lattice oxygen and oxygen vacancies on OER activity and surface reconstruction. (a)
Schematic drawing of the O p-band for transition metal oxides[92]. (b) The plot of the potential achieved
at 0.5 mA cmoxige> as a function of the O p-band center relative to fermi level Er for (LngsBags)CoOs.5
(Ln = Pr, Sm, Gd and Ho), LaCoO3 (LCO), Lag 4SrycC003.5 (LSC46), Bay sSrysCoosFeo203.5 (denoted
as BSCFS82 in the figure), BaosSrosCoosFeos0s5 (BSCF46) and SrCoosFeo203.5 (SCF82)[92].
Correlation of OER activity with oxygen vacancies 6 (c¢) and oxygen ion diffusion rate (d) in a serials of
La;«SrxCo03.5[61]. (a-b) Reproduced with permission[92]. Copyright 2013, Springer Nature. (c-d)
Adapted under CC BY license from ref. [61].

5.2 External triggers

The surface of a catalyst can be significantly influenced by the applied test
conditions, which can generally be categorized into two factors: electrochemical impact
and chemical impact. The chemical impact primarily involves the influence of the
electrolyte, including factors such as pH levels, electrolyte cations and impurities. On
the other hand, the electrochemical impact pertains to the potential applied, which
governs the thermodynamics and kinetics of electrochemical reactions, ultimately

leading to surface reconstruction under specific pH conditions.

5.2.1 Applied potential

Pourbaix diagrams are useful tools that illustrate the

thermodynamically stable phases of elements with different redox states in
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aqueous solutions. These diagrams provide valuable insights into the stable
species based on applied potential and pH. In a study by Raman et al.[157],
surface Pourbaix diagrams were computed for SrlrOs3, StRuOs3, and SrTiOs3
using a first principles approach. The computational findings revealed that
under acidic conditions, the surface of SrIrOs transitions from a
hydroxylated state to a fully oxidized state with a monolayer of adsorbed
oxygen as the potential becomes more positive. Furthermore, the study
demonstrated the formation of significant levels of Sr vacancies during the
OER, leading to a reconstructed IrOx-terminated surface, which is
consistent with previous experimental observations|[84].

In addition to computational approaches, experimental methods can
also be employed to construct iridium Pourbaix diagrams[158]. Under
acidic conditions, the precipitation of active IrOx-mH:20 is indicated
following the dissolution of metals, which has been observed in the
investigation of SroMIr(V)Os (M=Fe, Co) and Sr2Feo.sIro.s(V)O4. More
specifically, the open circuit potentials of Sr2FelrOs and Sr2Feo.51r0.504 are
found to be lower than the precipitation potential of IrOx-mH20. As a result,
these compounds initially exhibit low activity for the OER due to their
intrinsic perovskite activity. However, over time, their OER activity
increases as electrodeposited IrOx-mH20 forms on the surface. Under
alkaline conditions, soluble iridium species such as Ir(OH)s> or
Ir(OH)2(Cl104)4?" are favored during OER.

Fig. 8 (a-b) depicts Pourbaix diagrams of StTRuO3 and LaRuOs3 assisted
by DFT calculations[159]. When considering the working conditions
(represented by vertical lines in Fig. 8(a-b)), the diagrams clearly show the
dissolution of Sr?>" and La*" ions, as well as La-containing aqueous species.
This indicates that the surface of these perovskites is generally unstable
under most investigated conditions. Notably, a phase transition from RuO2
to RuO4 occurs alongside the dissolution of Ru species at around 1.3 V,

which is close to the onset potential of the OER. This highlights the
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significance of this phase transition in influencing OER. In Fig. 8 (c), the
Pourbaix diagram of BSCF is depicted[160]. Similar to SrRuO3 and LaRuOs3,
dissolutions of Ba?" and Sr?" species were observed under working
conditions (E=1.0-1.7 V; pH=13), while the overall perovskite structure
remains intact. Moreover, another thermodynamic calculation, which
considers the lattice oxygen evolution reaction, reveals that metal oxides
cannot remain stable under OER conditions regardless of the electrolyte's
pH[65]. This instability arises from the thermodynamic properties of the
oxygen anion within the metal oxide lattice. It is important to note that this
finding does not contradict the Pourbaix diagram, as the diagram typically
does not account for the evolution of oxygen from the lattice.

Different applied potentials induce distinct structural evolution
processes[161]. As mentioned previously, electrochemical cycling leads to
surface reconstruction of BSCF[21]. The as-prepared BSCF demonstrates a
broad peak at approximately 675 cm™!, attributed to the internal motion of
oxygen within the CoOs and FeOs octahedra[21, 162]. Upon reaching 50
cycles, the Raman feature shows minimal changes within the cycling
potential range of 0.7 to 1.0 V, as well as 1.1 to 1.5 V. However, when
cycling between 1.5 and 1.7 V, triggering the OER process, a drastic
reduction in Raman intensity is observed. This suggests that surface
amorphization rapidly occurs when the potential exceeds 1.5 V.

Moreover, operando liquid phase TEM analysis has provided insights
into the potential-dependent structural evolution of BSCF[163]. Fig. 9 (a)
illustrates the reversible phenomenon observed during electrochemical
cycling, where a dense cloud surrounding the particles initially appears and
then diminishes over time. The variations in cloud length are attributed to
fluctuations in the liquid that wets the BSCF particles. Essentially, the
different applied potentials induce dynamic movement of the liquid,
resulting in contrasting images in TEM.

To depict the relationship between applied potential and cloud length,
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a plot of the one-dimensional cloud length normalized by its initial value is
presented in Fig. 9 (b). Based on the curve characteristics, three distinct
potential regions can be identified: a low potentials region (<1.2 V),
intermediate potentials region (1.2-1.65 V), and high potentials region
(>1.65 V). In each region, the evolved structure differs, influencing the
wettability of BSCF particles and subsequently altering the liquid
movement on the surface, ultimately leading to changes in liquid thickness
and contrast in the TEM image.

In the low application potential region, a thin layer of OH™ accumulates at the
interface, causing the surface to transition from a hydrophobic to a hydrophilic state. At
1.2 V, an (oxy)hydroxide phase forms, further enhancing the hydrophilic wetting
behavior. Additionally, the hydrophilicity of BSCF remains relatively stable until 1.65
V, where oxygen gas evolution occurs. The evolved gas reduces the thickness of the
liquid layer. It is worth noting that the potential for (oxy)hydroxide formation on BSCF

is estimated to be 1.2 V in this study, below which the OER current is initiated.
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Figure 8. Pourbaix diagrams of (a) SrRuOs[159]; (b) LaRuO;[159]; and (¢) BSCF[160]. (a-b)

Reproduced with permission[159]. Copyright 2017, American Chemical Society. (d) Reproduced with

permission[160]. Copyright 2018, Wiley.
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Figure 9. Effects of applied potential on surface reconstruction. (a) Real-time TEM images of BSCF
particle during CV test[163]. (b) Plot of normalized cloud length as a function of applied potential in the
first three cycles. The cloud length was normalized to its value at initial state (1.0 V)[163]. (a-b) Adapted
under CC BY license from ref. [163].

5.2.2 Electrolyte pH

In general, electrolyte pH can affect the electrocatalytic process via
modulating the proton donor (H30" or H20), adsorbate dipole-filed
interaction, solution phase reactions with OH[164]. Consequently, the
electrolyte pH can induce a shift in the reaction mechanism, either towards
a proton-coupled electron transfer reaction or a decoupled one, depending
on the specific conditions[36, 45, 93, 165, 166]. Moreover, the pH of the
electrolyte also has an influence on the catalyst side, such as surface
reconstruction during the OER.

Kim et al. studied the OER performance of six different perovskite oxides,
namely Bao.sSr0.5C003-5 (BSC), BSCF, Lao.5Sr0.5C003-5 (LSC), Lao2Sro.sCoo0.8Fe0.203-5
(LSCF), PrBaCo20¢-5 (PBC), and PrBaCoi.cFe040Os-5 (PBCF) in neutral to alkaline
media[ 167]. The results depicted in Fig. 10 (a) demonstrate that all tested perovskites,
except for BSCF at pH 13, experience a decline in activity at the tested pH levels. This
suggests that BSCF at pH 13 is the only metastable structure among the investigated
materials. Interestingly, the logarithm of activity exhibits distinct trends with respect to

pH, differentiating between the near-neutral region (pH 7-9) and alkaline conditions
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(pH 12-14). This distinction implies that the dominant reaction mechanism may vary at
different pH levels. Additionally, the study revealed that the potential-induced increase
in the oxidation state of Co only occurs under alkaline conditions (pH 13) for BSC and
BSCF. This observation is supported by the shift in the Co K-edge position in operando
XANES spectra, as illustrated in Fig. 10 (b). The increase in Co oxidation state beyond
the OER onset potential (1.4 V) is attributed to the formation of active (oxy)hydroxides,
as indicated by EXAFS data, aligning with previous findings[147]. These findings
suggest that the pH environment influences the preference for either the LOM or the
conventional AEM mechanism. Specifically, under alkaline conditions, LOM is favored,
leading to the formation of active (oxy)hydroxides and enhanced OER activity.
However, at neutral pH, the formation of an oxy(hydroxide) layer is less pronounced,
as evidenced from negligible changes in the Co K-edge position and EXAFS spectra.
Crystalline and amorphous metal oxides have been shown to respond differently
at distinct electrolyte pH levels. In a study by Yang et al.[168], two types of nickel-
based crystalline oxides, LaNiOs-s and LazLi0.5sNio.sO4+5 (LLNO), were compared with
amorphous Ni-Fe (oxy)hydroxide to investigate the influence of pH on OER activity
and surface stability of nickel-based catalysts. The OER activity of the two crystalline
nickel-based oxides was found to increase with increasing electrolyte pH, while it
remained relatively constant for the amorphous catalyst. Fig. 10 (c) illustrates that as
the electrolyte pH increased from 12.5 to 14, the thickness of the amorphous layer of
LLNO grows from approximately 2 to 6 nm after 30 CV cycles. This growth can be
attributed to the leaching of Li, La, and Ni cations. The mass loss of LLNO, as
determined by electrochemical quartz crystal microbalance (EQCM), was observed to
be significant and increased with higher electrolyte pH, which aligns with electron
microscopy observations. In comparison, the mass losses of LaNiO3-s and Ni(Fe)OOH
are relatively limited. Fig. 10 (d) presents the collection efficiencies (1 = iring/idisk)
obtained from RRDE measurements for the three catalysts as a function of scan cycles
at different pH levels. It was observed that the collection efficiency for both LLNO and
LaNiOs-s decreased with increasing electrolyte pH, while the collection efficiency for

Ni(Fe)OOH remained relatively stable at the tested pH values, reaching approximately
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10%. These results indicate that the crystalline nickel-based perovskites exhibit an
enhanced degradation process (low collection efficiency) at high pH levels compared
to the amorphous catalyst. This difference has a significant impact on the activity

behaviors of the catalysts at different pH levels.
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Figure 10. Effects of electrolyte pH on surface reconstruction. (a) Comparison of current changes
measured at 1.6 V after 500 CV cycles from 1.0 to 1.6 Vat pH =7, 9, and 13[167]. (b) Operando XAS
measurements of BSC and BSCF at different pH levels. The Co K-edge shift at specific potential was
measured with respect to the edge position at 1.2 V [167]. (c) HAADF-STEM images of the CV cycled
LLNO catalyst at different pH levels[168]. (d) The collection efficiencies (n = iring/ldisk)
obtained at various pH levels as a function of cycling number for the three nickel-based
catalysts: LLNO, LaNiO3-5, and Ni(Fe)OOH[168]. (a-b) Adapted under CC BY-NC 3.0 license
from ref. [167]. (c-d) Reproduced with permission[168]. Copyright 2018, American

Chemical Society.

5.2.3 Electrolyte cation

One of the most well-known cation effects observed in electrolytes is the "Fe
effect” in OER research, which is often difficult to avoid when using commercially
supplied materials[169]. The Boettcher group identified the Fe effect in enhancing OER
activity on a Ni(OH)2 electrode by developing a method to absorb all Fe impurities in
the electrolyte through the use of precipitated Ni(OH)2 powder[170]. The Bell group
further confirmed that the active site for OER is actually the Fe site within the NIOOH

structure, which can be formed through the oxidation of Ni(OH)2[171, 172]. These
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findings suggest that previous reports attributing the high activity of Ni(OH):2 catalysts
to intrinsic properties are likely influenced by the presence of Fe impurities. Recently,
a dynamic active site generated from the dissolution and redeposition of Fe over a
MOxHy host has been proposed, emphasizing the importance of the Fe-M adsorption
energy. This dynamic perspective provides a deeper understanding of the Fe effect on
the formation of active sites, in contrast to static models[173].

In a subsequent study, the same research group extended their investigation of
dynamic active site formation to La1xSrxCoO3 perovskite oxides in the presence of
aqueous Fe ions[174]. Surprisingly, they found that the OER activity of LaixSrxCoO3
after 50 potential cycles was significantly higher in the presence of only 0.1 ppm Fe
ions compared to purified KOH electrolyte (Fig. 11 (a)). In the purified KOH solution,
the OER activity of LaixSrxCoOs is independent of the potential cycle and Sr content.
While the OER activity increase gains more for samples with higher Sr content in the
presence of Fe ions after a certain number of potential cycles. When the scan cycles are
increased to 2000, all samples eventually exhibit similar OER activity. This suggests
that a higher Sr content in perovskites leads to faster activation with the assistance of
Fe impurities. These findings indicate that the surface reconstruction to form an active
site 1s influenced by Fe impurities and Sr dissolution. Additional information from
electron microscopy and ICP-MS analysis support the proposal of a dynamically stable
active site containing Fe, which evolves through the interaction of aqueous Fe ions and
a CoOOH shell supported on perovskites ((Fig. 11 (b)). The preference for Fe
interaction with CoOOH over perovskite is also supported by DFT calculations (-1.4
eV vs. -0.55 eV). According to this model, the observed activity-pH relationship
mentioned earlier is simply a result of Fe dilution at lower pH levels. As shown in Fig.
11 (c), the OER activity of Lao.7Sr03C00s3 is independent of pH in the absence or
presence of Fe (with controlled concentration). However, the activity varied in
commercial KOH with different pH values due to the dilution effect of Fe in the
prepared electrolyte.

The presence of the Fe effect was also demonstrated in SrCoQO3-5 by comparing it

with SrCoo.sFeo0203-5[175]. The similar OER activity observed for SrCoOs-s with
42

https://doi.org/10.26434/chemrxiv-2023-d1bhk ORCID: https://orcid.org/0000-0002-1332-7956 Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0


https://doi.org/10.26434/chemrxiv-2023-d1bhk
https://orcid.org/0000-0002-1332-7956
https://creativecommons.org/licenses/by-nc/4.0/

spiked Fe** and SrCoo.sFe0203-5 suggests that the remaining bulk structure has a limited
effect on the formation of the active structure. This may imply that the Fe effect in
enhancing OER activity is primarily influenced by surface interactions rather than the
bulk structure.

Furthermore, another electrolyte cation effect has been recently revealed in
SrCo0s.5, known as backfilling of electrolyte cations with smaller size (e.g., Na‘),
which occurs within the cationic vacancy on the catalyst's surface. This process
stabilizes the reconstructed framework of the catalyst, leading to greatly improved OER

performance[176].
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Figure 11. Effects of Fe impurities on surface reconstruction. (a) Comparison of OER current density
(50" cycle) measured at 1.7 V as a function of the Sr-doping levels in La;SrxCoO; in the
absence/presence of 0.1 ppm aqueous Fe ion. Inset shows the O, production rate enhancement with and
without Fe[174]. (b) Schematic illustration of the core—shell interface structure formed
over La;4SryCoOsin the presence of Fe[174]. (¢) OER polarization curves of Lag 7Sry.3C003
measured at different pH levels after activation in purified KOH, purified KOH with
controlled Fe content, and commercial KOH[174]. (a-c) Reproduced with permission[174].

Copyright 2021, American Chemical Society .
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5.2.4 Chemical immersion

The electrochemical study sometimes overlooks the effects of pure chemical
reactions. Recent research has highlighted that the immersion of electrode catalysts in
acidic or alkaline electrolytes alone can have impacts on surface reconstruction. An
example of this phenomenon can be observed when Ir¥-based perovskite oxides are
soaked in a 0.1 M HClO4 solution, resulting in a distinctive purple-pink coloration[158].
This change in color corresponds to the presence of a soluble iridium species, as
indicated by a broad absorption peak observed at approximately 520 nm in the UV-Vis
spectra. To further investigate the impact of chemical and electrochemical factors, the
authors conducted a comparison by immersing iridium-based catalysts in an acidic
electrolyte, both with and without the application of potentials. Thus, in certain catalysts,
the dissolution experienced in the chemical environment was found to be more severe
compared to that in the electrochemical environment.

In a study by Shen et al., it was reported that the surface of as-synthesized BSCF
is surrounded by a secondary phase rich in Ba and Sr[177]. This secondary phase can
be observed in the indicated region by white arrows in Fig. 12 (a). However, after
immersing BSCF in a 0.1 M KOH solution for 3 hours, the secondary phase is removed,
revealing a spinel-like Co/Fe-rich shell (Fig. 12 (a)). The assignment of this spinel-like
structure is supported by key results from O-K edge and Co-L3 edge spectra, as well as
FFT analysis of TEM images on the surface. In contrast to previous proposed
mechanism of (oxy)hydroxide formation from BSCEF itself, the spinel-like structure
with Co®" is thought to be the precursor to transform into the active CoOOH (Fig. 12
(b)). Additionally, the study found that the Co**/Co®" redox transition is reversible,
which differs from the finding of irreversible oxidation of Co in another report[147].
On the other hand, Jung et al. discovered that heat treatment in an oxygen environment
can remove the inherent surface spinel phase layer on BSCF, leading to increased
crystallinity and improved catalytic activity for the OER[178].

Chemical immersion has been demonstrated to be able to increase the

OER activity of BSCF[179]. The increase ratio, defined as the OER current
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enhancement at 1.7 V during the second CV cycle compared to the first
cycle, was used to evaluate the activity improvement. Between the two
cycles, there are chemical immersion for different time in 1.0 M KOH. Fig.
12 (c¢) shows that as the immersion time in 1.0 M KOH increases, the
increase ratio also increases, indicating that chemical immersion effectively
enhances the OER activity of BSCF. However, it is worth noting that the
OER enhancement achieved through chemical immersion was still lower
compared to that obtained through electrochemical cycling for the same
duration (100 min, as shown in Fig. 12 (c¢)). Additionally, the Raman peak
at approximately 675 cm™!, which nearly disappears under electrochemical
conditions, remained but became broader after immersing BSCF in 1.0 M
KOH for 120 min (Fig. 12 (d))[21]. This result suggests that the degree of
surface amorphization resulting from chemical immersion is lower
compared to that from electrochemical treatment, which aligns with the
pattern observed in the increase ratio. Interestingly, the degrees of metal
dissolution from the A and B-sites of BSCF were comparable after chemical
immersion or OER cycling, indicating that the dissolution of metals from
BSCF is primarily influenced by chemical effects rather than

electrochemical processes (Fig. 12 (e)).
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Figure 12. Effects of chemical immersion on surface reconstruction. (a) HAADF-STEM images of
original BSCF particles (upper-left) and images (lower-left and right) after soaking in KOH for 3 hours.
The right figure in the green square denotes the enlarged one of the lower left figure[177]. (b) Surface
reconstruction model for reversible formation of Co/Fe (oxy)hydroxide on the spinel-
like surface of BSCF[177]. (c¢) Increase ratio of OER currents for different chemical
immersion time. The result from continuous CV cycles, which corresponds to 100 min,
is shown for comparison (column in the right end)[179]. (d) In-situ Raman spectra of BSCF
before and after immersion in 1 M KOH solution[179]. (e) Dissolution ratios of metal elements
of BSCF in the electrolyte as determined from ICP-OES after immersion and OER
cycling[179]. (a-b) Adapted under an ACS AuthorChoice license from ref. [177]. (c-e)
Reproduced with permission[179]. Copyright 2022, IOP.

5.3 Proposed reconstructed structures

The studies mentioned above have highlighted the dynamic surface
reconstructions that perovskite oxides undergo under reaction conditions, which are
closely related to the formation of active sites. Several research studies have
investigated and identified the evolved surface structures using various characterization
techniques, including in-situ and operando methods. Table 1 summarizes the findings
from the literature regarding the identification of evolved surface structures in
perovskite systems. For example, in the case of SrlrOs, a simple perovskite system,
leaching of A-site metals under acidic conditions typically leads to the formation of an
active layer consisting of amorphous IrOx on the surface. On the other hand, for Co/Fe-

based perovskites, the surface reconstruction process involves both the leaching of A-
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site metals and the re-deposition of dissolved B-site cations under alkaline conditions.
This reconstruction process results in the formation of a dynamically stable Co/Fe
(oxy)hydroxide active layer, as proposed in the majority of the literature. Overall, these

findings suggest that the as-synthesized perovskite itself should be regarded as a "pre-

" catalyst, and the active surface structure evolves during the catalytic process.

Table 1. Literature summary of proposed reconstructed surface structures from perovskite oxides

during OER process
Pre-catalysts Reconstructed Overpotential Electrolyte Characteri  Reference
surface zation tools
structure
SrlrOs3 IrOx 270-290 mV 0.5 M H2S04 XPS [84]
(@10 mA-cmox?)
SrlrOs SrylrOx / 0.1 M HCIO4 TEM; XAS [139]
SrlrOs3 IrOx / 0.5 M H2SO4 HR-TEM; [140]
HIM-SIM;
XAS
A:BIrO¢ (A=Ba, Isolated IrOs / 0.1 M HCIO4 XPS [145]
Sr; B=Nd, Pr, Y) octahedra
AIrOs (A=Sr, Ba) Rutile-like IrOx / 0.5 M H2S04 HAADF- [141]
STEM
SrCo0.91Ir0.103-5 IrOx octahedra 270 mV 0.1 M HCIO4 XPS; XAS [148]
(@2.8 mA-cm™)
SrSco.sIro.s03 Honeycomb- HCIO4: 250-263 0.1 M HCIO4; XAS; EELS [146]
like IrOxHy mV 0.1 M KOH
(@TOF=0.03 s
SrCoo.5Ir0.503 Honeycomb- HCIO4: 250-263 0.1 M HCIOg4; XAS; EELS [146]
like IrOxHy mV ; KOH: 308— 0.1 M KOH
315 mV
(@TOF=0.03 s
SrCoo.sFeo.203-5 Edge sharing / 0.1 M KOH EXAFS [22]
CoOs
BSCF Edge sharing / 0.1 M KOH EXAFS [22]
CoOs
BSCF (Co/Fe)OOH / 0.1 M KOH operando [180]
XAS
BSCF (Co/Fe)OOH / 0.1 M KOH operando [147]
XAS
BSCF Co(Fe)OOH / 0.1 M KOH operando [163]
liquid TEM,;
BSCF Co(Fe)OOH / 0.1 M KOH in-situ TEM [177]
LaCoo.8Fe0.203-5 (Co/Fe)OOH 293 mV 0.1 M KOH operando [32]
(@10 mA-cm™) XAS
LaixCexNiO3 NiOOH Lao.9oCe0.1NiO3: 1 M KOH in-situ [33]
270 mV Raman
(@10 mA-cm™)
Lao.2Sro.8Coo.sFeo. ~6 nm 350 mV 0.1 M KOH XAS; [156]
(01 amorphous (@10 mA-cm?) HRTEM
layer
LaLio.sNio.s04 Amorphous / pH=12.5,13, 14 HAADF- [168]
KOH STEM;
XAS
LaixSrxCoOs-5 CoOxHy / pH=12, 13, 14 SERS; [174]
KOH in-situ ICP-
MS;
LaNiOs NiOOH type 0.5-0.6 V(@1 0.1 M KOH operando [150]
surface layer mA-cm?) UV-Vis
BaxSrix BaO, BaO2 / / In-situ [144]
Coo.8Fe0203-5 TEM; UV-
Raman
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6. Concluding remarks and outlook

In this review, we critically examine the results of the past decade related to the
surface reconstruction of perovskite oxides during the OER. Through the integration of
advanced characterization tools and theoretical methods, particularly focusing on DFT
calculations, substantial insights have been gained. These insights highlight the crucial
influence of factors such as composition, surface structure, and potentially bulk
structure, as well as test conditions, on the surface reconstruction of perovskites during
the OER process. Yet the correlation between evolved structure and OER performance,
including activity and stability, is far from complete understanding, which poses a
significant challenge in the rational design of catalysts. The detailed OER mechanism
and quantification on the contribution of both proposed mechanisms over the
reconstructed surface is still elusive.

6.1 Exploring the vast chemical space of perovskites aided by machine learning
methods. It is a challenging task due to the diverse range of A and B-site metals
available and the complex structural arrangements they can form. As a result, many
properties of hypothetical perovskites remain unknown. The catalyst library studied
thus far has primarily focused on B-site metals such as Ir, Ru, Fe, Co, and Ni. However,
it is highly desirable to expand the range of compositional elements, particularly by
incorporating abundant and cost-effective alternatives to Ir and Ru. Nonetheless,
preparing and testing all possible perovskite compositions and structures would be
prohibitively expensive and time-consuming. Fortunately, machine learning methods
have emerged as powerful tools in catalyst research over the past decade. They offer a
means of conducting high-throughput screening of perovskite catalysts effectively[ 181,
182]. By utilizing machine learning algorithms, researchers can select the most
promising ones for further testing and characterization. This approach significantly
accelerates the exploration of the perovskite chemical space and enhances our
understanding of the structure-performance relationship in a wider context.

6.2 Utilizing combinational operando characterization tools for active
structure determination. Despite extensive research on BSCF, there are
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still uncertainties regarding the exact structure of the active Co/FeOOH
layer, the potential synergy between Co and Fe, and the involvement of Co
and/or Fe in the active site. Furthermore, it remains unclear whether this
active layer forms on the BSCF support or the spinel phase. Combinational
operando characterization methods offer a powerful solution by overcoming
the limitations of single characterization techniques, providing a full
picture of the active site. For instance, XAS is mostly adopted to determine
the active Co/FeOOH layer in BSCF based on oxidation state and
coordination environment. However, to establish a more convincing case,
additional characterization techniques such as Raman or IR spectroscopy
can be simultaneously adopted to capture the vibrational information of
active site in an operando fashion.

6.3 Simulating the evolution of surface structure. Conventional
computational methods, primarily DFT calculations, have been traditionally
employed to calculate reaction free energies and determine the most
thermodynamically favorable pathway based on a static model. The
calculated surface Pourbaix diagram adds credibility to the proposed
surface model. However, as discussed in section 5, the perovskite surface
can undergo dynamic structural changes during operation when exposed to
electrode potential and specific electrolytes, which is not included in these
calculations. To address this limitation, ab initio molecular dynamics
(AIMD) simulations offer a promising solution to simulate the surface
structure evolution under a more practical condition (explicit solvent). The
importance of interfacial structure (electric double-layer) between electrode
and electrolyte on the reactivity can be discussed in this context[183, 184].
Recent advances in computational methods[185] allow for the simulation
over significant time scales, offering valuable insights into the dynamic
behavior of the perovskite surface under working conditions, though
modeling complex perovskite surface needs substantial computational

resources.
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6.4 Establishing the activity-stability relationship. The stability of OER
catalysts is a crucial aspect for industrial applications. While significant
efforts have been directed previously towards enhancing the activity of
catalysts by reducing overpotential, the stability of the evolved structure
under working conditions, such as (oxy)hydroxide phases, remains an area
requiring comprehensive research. It was observed that there is often a
tradeoff between the activity and stability of OER catalysts, indicating a
fundamental correlation between these two aspects[186, 187]. The surface
reconstruction of perovskite oxides, induced by lattice oxygen activation,
contributes to structural instability inherently through the generation of
oxygen vacancies. This highlights the importance of finding unified
descriptors that can dictate both the activity and stability of OER catalysts,

enabling the development of balanced catalysts.

6.5 Conducting transient electrochemical measurements with
spectroscopic characterization. Conventional in-situ/operando
characterization conducted in steady state may inadvertently conceal crucial
kinetic information or result in low coverage of active species, making it
challenging to detect and analyze those using spectroscopic methods.
However, transient methods such as pulse voltammetry offer a promising
approach to quantitatively manipulate active species during electrochemical
processes[106]. Considering the high dependence of perovskite surface
reconstruction on test conditions, transient electrochemical measurements
can offer an additional opportunity to quantitatively tune the evolution of
surface structures using pulse excitation and directly correlate them with
OER performance. Indeed, the successful integration of transient
electrochemical measurements with spectroscopic characterization requires

advancements in time-resolved spectroscopy techniques.

6.6 Developing surface sensitive spectroscopic techniques. Catalysis and
surface reconstruction predominantly takes place on the surface of materials.
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However, conventional optical spectroscopic tools like IR and Raman
spectroscopy often lack surface sensitivity, providing overwhelming bulk
information in most cases. While certain surface-sensitive spectroscopic
techniques exist, they may be limited by the substrate used or introduce
foreign materials into the system under investigation, both of which are
crucial considerations in catalysis research. Additionally, some of these
techniques suffer from low signal intensity or high requirement of
instrumental setup. Therefore, it is imperative to develop surface-sensitive

spectroscopic techniques specifically tailored for catalysis research.
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