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Abstract

Understanding and improving the sluggish oxygen evolution
reaction (OER) is critical for efficient water electrolysis. How-
ever, given that the OER is a multi-step, inner-sphere electro-
chemical reaction, understanding the OER at the atomic/
molecular scale is difficult due to its complex redox chemistry
and convoluted reaction mechanism. Moreover, recent dis-
coveries of new types of active site, active species, reaction
mechanism, and the driving force of the OER further compli-
cate our understanding of the OER. Herein, a review of the key
concepts of the OER at the atomic/molecular scale is given,
focusing on providing their clear definitions, principles, cate-
gories, and commonalities and differences. Also, the role of
each concept in determining the OER activity is discussed.
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Introduction

For efficient water electrolysis, enhancing the sluggish
kinetics of the oxygen evolution reaction (OER) is
crucial. While noble metal-based oxide electrocatalysts

(e.g., IrO4 and RuOy) show the benchmark OER activity
in acidic electrolytes, their high cost and scarcity hinder
their large-scale applications [1,2]. In this regard, alka-
line OER has gained great attention because low-cost
and earth-abundant materials, such as 3d-transition
metals (eg., Ni, Co, and Fe), can be employed as OER
electrocatalysts with promising activity and stabil-
ity [3—8].

"To improve the kinetics of OER electrocatalysis, an in-
depth understanding of the OER and the underlying
principle determining the activity of the OER electro-
catalyst is required. However, both are difficult to un-
derstand because the OER has complex redox chemistry
and convoluted reaction mechanisms at the atomic/
molecular scale due to its multi-step, inner-sphere
electrochemical reaction that involves a four-electron
transfer and the breaking/formation of chemical
bonds [9].

From the conventional viewpoint, the OER occurs on
the metal active site with cation redox chemistry, and
the reactant from the electrolyte is consumed to pro-
duce O; gas. Also, the OER is directly driven by
increasing the electrostatic potential with an applied
bias [9]. However, recent development of  situ or
operando  characterization techniques enables the
observation of the surface state of the electrocatalyst
during the OER. This leads to the discovery of new
types of active sites and redox chemistries (e.g., oxygen
active site with anion redox chemistry) [10], active
species (e.g., negatively charged oxygen species, elec-
trophilic oxygen, and electrophilic metal—oxygen spe-
cies) [11—13], reaction mechanisms (e.g, participation
of lattice oxygen for the OER) [10], and driving forces
(e.g., chemical potential) for the OER [12,14].

"This review aims to present an overall understanding of
the alkaline OER at the atomic/molecular scale. To this
end, several key concepts for the OER are discussed,
such as the active phase, active site, redox center,
electronic structure, active species, reaction mecha-
nism, rate-determining step (RDS), and driving force
for this electrochemical reaction. This review provides
clear definitions, principles, categories, and correlations
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of these key concepts. Also, the role of each concept in
determining the OER activity is discussed.

Active phase, active site, and active species

For alkaline OER, late 3d-transition metal (M, such as
Ni, Co, and Fe)-based materials have been mainly uti-
lized as OER electrocatalysts [3,4]. However, these
metals, metal oxides (e.g., rock salt, spinel, perovskite,
layered oxide, and layered (oxy)hydroxide), and metal-
loids (e.g., carbides, pnictides, chalcogenide, and ha-
lides) act as precatalysts that undergo irreversible
electrochemical oxidation and structure reconstruction
during the OER, forming a surface layer consisting of an
active phase of hydrous metal (oxy)hydroxides
(MOxHy), as depicted in Figure 1a [5,15—17]. Here, the
active phase is defined as the crystal phase or structure
(including amorphous structure) on the grain-size scale
that exists during the OER. The MOHy active phase
has an edge-sharing octahedral structure with each
metal and oxygen atom coordinated to six oxygen and
three metal atoms, respectively [18—21].

Once the active phase is formed, understanding the
identity of active sites on the atomic scale is critical for
comprehending the OER mechanism and activity. The
OER active site on the active phase of MOH, can be
either a metal site, oxygen site, or M—O motif [10,12]
and these active sites can participate in the OER vz
single site or dual (or multi) sites mechanism (Figure 1b)
[8,22—24]. These active sites are usually located on edge
or defect sites that have a coordination number of less
than six and three for the metal and oxygen site,
respectively, and thus have proper adsorption energies for
OER intermediates [25,26]. The identity of active sites
can be investigated by operando X-ray absorption spec-
troscopy (XAS) and density functional theory (DFT)
calculations [22,24,27]. Operando XAS analysis provides
the atomic and electronic structure information (e.g,
oxidation state, bond distance, and coordination) of cat-
alysts during the OER. Based on this structural infor-
mation, DFT can calculate the theoretical catalytic
activity of each candidate active site. Additionally, scan-
ning electrochemical microscopy can be used to identify
the active site by quantitatively correlating the density of
active sites and catalytic activity [28].

Each type of active site on the active phase undergoes
situ redox chemistry during the OER and dynamically
forms an active species that has a unique chemical
structure (eg, composition, spatial arrangement,
chemical bonds, and overall charge) and redox proper-
ties (e.g., redox centers and redox states) [11,12,14,25].
It is noted that OER active sites show redox activity, but
not all redox centers can be active sites. Active species is
defined as (1) the active site or (2) the active
site—reaction intermediate surface complex with a
certain redox nature or certain overall charge in the rate-

determining step (RDS) of the OER. Note that during
the OER process, every component of the active species
except for hydrogen must undergo redox reactions or
charge accumulation before or during the RDS. Active
species acts as the precursor for the OER, and its nature
and surface coverage (#) on the catalyst determine the
overall OER activity.

The detection of the active species and the identifica-
tion of their chemical structure can be performed by
employing i situ spectroscopies including i situ
ultraviolet-visible (UV-Vis) spectroscopy [3,19,29—31],
Raman spectroscopy [4,11,19,31—33], X-ray photoelec-
tron spectroscopy (XPS) [34,35], and X-ray absorption
near edge spectroscopy (XANES) [13,19,31,35]. Here,
selective detection of active species is possible for the
following reason.

In situ spectroscopy can detect the reaction in-
termediates that have a relatively long lifetime with
discernible accumulation, which corresponds to those of
preceding steps before the RDS in pre-equilibrium or of
the RDS, but not those of post-RDS according to the
steady-state approximation [25,36]. Moreover, # of the
reaction intermediate for the RDS (ze., active species)
increases with increasing OER overpotential and usually
becomes dominant over those of preceding steps under
OER operating potentials [37], enabling the selective
observation of the active species during the OER using
n situ spectroscopy analyses.

Nevertheless, there are also two limitations to observing
active species by  situ spectroscopy. First, if the OER
kinetics is too fast, relatively low-valence oxidized spe-
cies are generated before the onset of the OER (outside
the OER process) and can be detected instead of the
active species [20]. Second,  situ oxidized but cata-
lytically inactive species can be detected together with
or instead of active species [32]. In this regard, it is
necessary to confirm whether the observed oxidized
species is an active species or not by checking the
quantitative correlation between the amount of oxidized
species and OER activity [3,12,33,38], or conducting
control experiments to investigate the effects of
experimental variables, such as electrolyte pH
[11,19,29], isotope (e.g, 20, ?D)-labelling [4,11,14,32],
and chemical probes [21], regarding the characteristics
of the observed oxidized species as well as their corre-
lation with the OER activity.

The amount of active species can be quantified based on
the integrated area of their characteristic peaks from
situ spectroscopies. In addition, the amount of active
species can be estimated from (1) pseudo-capacitive
oxidative charge measured by pulse voltammetry [12],
or (2) faradaic efficiency of the OER measured by a
combination of differential electrochemical mass spec-
trometry (DEMS) and cyclic voltammetry [20,29].
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(a) Formation of the active phase on film/grain scale as a result of electrochemical oxidation and structure reconstruction of OER electrocatalysts. (b)
Identity of three different types of OER active sites and utilization of active sites depending on the number and identity of active sites that participate in the

OER. (c¢) Main types of active species for the OER.
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However, caution should be taken in using these two
methods as they can overestimate the amount of active
species by measuring the low-valence oxidized species
before the OER onset or the catalytically inactive
oxidized species together with active species.

Main types of active species

"The active species observed in MOxHy can be catego-
rized into four different types according to their chem-
ical structures and redox properties: (1) high-valence
metal species (M"1), (2) negatively charged active
oxygen species (MOO™), (3) electrophlllc oxygen spe-
cies or oxyl radical ((1112 0% ) and (4) electro-
philic M—O motif (M”07 —0%9~) where 0 < x, d
<1, and p;—0 and p;—O indicate terminal oxygen with
one coordination and bridge oxygen with two coordina-
tion, respectively (Figure 1c).

First, the high-valence metal species are formed by
oxidative deprotonation vz proton-coupled electron
transfer (PCET) with oxidation on the metal site. High-
valence metal species have been detected by  situ X-ray
absorption spectroscopy [14,24,27,39,40], i situ UV-Vis
spectroscopy [41], and DEMS [20]. The RDS of the
OER using high valence metal species is O—O
bond formation.

Second, the negatively charged active oxygen species
are further specified into two types: M—[;—O]~ and
M—[O—-0O] . Note that the formal charge is used to
assign the negative charge on the oxygen atom for
negatively charged active oxygen species and both M—
[Li—O] and M—[O—O] " have eight electrons in total
around each oxygen atom. M—[t;—O]~ can be formed
by (1) chemical deprotonation of MOOH to MOO™
(M—[pu;—OH] + OH™ — M—[w;—0]" + H,0) when
the pH of the electrolyte is higher than the pK, of
MOOH [11,25,42], or (2) the super—Nernstlan anodic
redox reaction of M(OH), (M?%) to MOO™ (M3*+/4%)
via decoupled proton/electron transfer (PT/ET) for Fe-
doped MOOH (M = Ni and Co) [21,29], or hydrous
MOH, [43]. The presence of M—[;—O]™ as the
active species has been confirmed by selectively block-
ing the negatively charged M—[l1—O]~ with a posi-
tively charged polyatomic ion [21]. Its RDS during the
OER is presumed to be the O—O bond formation step
[11,21,29]. On the other hand, M—[O—-0O]~ can be
formed by PCET oxidation of M—[1{—0O] ™ or deproto-
nation of M—[OOH] [11,19]. M—[O—-O]  has been
observed by # situ Raman spectroscopic analysis and the
RDS of the OER using M—[O—0O]™ as the active spe-
cies is expected to be the O; release step [4,11,19]. It is
noted that M—[O—0O]""—M (where 1 < 7 < 2) can
be formed by direct coupling of two L,—O species and
be observed before the onset of the OER as a result of
oxygen anion redox reaction or during the OER if RDS is
an O, release step [4,10,44,45]. However, its negative

charge is expressed based on the oxidation number
instead of the formal charge as well as even its formal
charge does not have a negative value. Hence, M—
[O—0]""—M (where 1 < » < 2) cannot be classified as
a negatively charged active oxygen species.

Third, the electrophilic oxygen species is formed by
oxidative deprotonation of the oxygen ligand of the
MOH, with no apparent oxidation of the metal site,
and thus hole accumulation occurs on the oxygen ligand
[13,26,38,46]. Fourth, the electrophilic M—O motif is
formed by oxidative deprotonation with oxidation on
both the metal and oxygen ligand [12,47]. Both elec-
trophilic oxygen and M—O motif species have been
identified by analyzing the oxidation state of the metal
and oxygen employing  situ XANES (metal L-edge and
oxygen K-edge) [12,47,48]. Also, their electrophilic
character can improve the OER by facilitating the O—0O
bond formation step, which acts as the RDS [12,49]. It
is noted that oxidation number is used to express the
charge on oxygen for electrophilic oxygen and M—O
motif species and the electrophilic oxygen species has
less than eight electrons in total around the
oxygen atom.

Electronic structure and redox center

Given that the identity of the active site and active
species are closely related to the type of redox center
(e.g., metal, oxygen, and M—O motif), it is crucial to
understand the origin of redox activity based on the
electronic structure of the OER electrocatalyst. For the
molecular orbital of edge-sharing octahedra of the
MOyHy active phase, the (*M—O0) anti-bonding orbital
is filled with electrons from metal d orbitals and shows
metallic character, while the (M—O) bonding orbital is
filled with electrons from oxygen 2p orbitals and shows
oxygen character [45,50]. When a conduction band
made of (*M—QO) anti-bonding orbital is partially filled
with electrons, it splits into an empty upper Hubbard
band (UHB) above the Fermi level (£ and a filled
lower Hubbard band (LHB) below Ef according to
Mott-Hubbard splitting [45,51].

Figure 2 shows three different types of electronic struc-
tures that determine the types of redox centers, which
can potentially act as active sites. Figure 2a shows that
when the LHB is located near Ef the metal site can
undergo an oxidative redox reaction from M”* to M”*+ D+
[45,52,53]. This is the case when only the metal acts as a
redox center for the OER. However, excessive oxidation
can make the LHB downshift and overlap with the band
of the (M—O) bonding orbital, removing electrons from
M—O bonding and destabilizing the MOsHy structure.
Figure 2b shows that when the non-bonding oxygen band
(Onp) is formed and exists near the £y alone, the oxygen
ligand can show reversible redox behavior before the OER
onset potential (Egnser), but irreversible oxidation
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Schematic representation of the electronic band structure of 3d transition metal (oxy)hydroxides and its variation with oxidation for three different types of
redox centers: (a) metal as redox center, (b) oxygen as redox center, and (c) M—-O motif as redox center. The redox states of the redox centers and their
redox reversibility are described below each electronic structure schematic. Here, E(eV) is the energy level, E; is the Fermi level, N(e) is the density of
states, Eappiied(V) is the applied potential, Eqnset (O2/OHT) is the OER onset potential, Ong is the oxygen non-bonding states, (M—O) is the M—O bonding
orbital band, (O-0)z, is the O-O hybridized band, and 0 < x, 8 < 1.
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(O; release) after Eopse: [10,45]. Note, however, that the
MOyHy structure can remain stable because the O Zp for
M-0O bondmg does not participate in irreversible
oxidation and O; release. Figure 2¢ shows that not only do
LLHB and Oyp overlap but also LHB exists (1) above the
Ongp or (2) near the Ef even when the LHB is down-
shifted below Ong after further oxidation [45,52,53]. In
this case, both the metal and oxygen ligands can undergo
reversible redox reactions sequentially vz a reductive
coupling mechanism or simultaneously [44,45], and the
M—O0O motif as a whole is a redox center. Note that the
M—O motif does not experience irreversible O, release
even under OER potentials as opposed to the case in
Figure 2b. This reversibility is due to the presence of the
LHB near the FEf together with Onp, which provides
strong covalency between the metal and oxygen ligand so
that the oxidized oxygen ligand can be maintained in the
lattice even under OER potentials [44,45]. Moreover, for
the same electronic structure of the M—O motif, only the
reversible oxygen redox reaction without oxidation of the
metal site can occur depending on the Fukui function
[45,54]. Lastly, it is recommended to employ molecular
orbital diagrams instead of atomic orbitals when studying
the electronic structure of redox centers because mo-
lecular orbitals can exhibit Mott-Hubbard splitting and
the presence of Onp, which are critical factors deter-
mining the catalyst redox activity.

Driving force and reaction mechanism

Generally, an electrochemical reaction is accelerated
by promoting the required electron transfer and the
formation/breaking of chemical bonds. For a hetero-
geneous, inner-sphere electrochemical reaction, the
applied potential can accelerate the rate of electro-
chemical reaction by (1) increasing § of the active
species on the catalyst or (2) changing the electro-
chemical potential of the catalyst or catalyst-reaction
intermediates compared to that of products, thereby
lowerlng the standard Gibbs free energy of activation
(AGH according to Eq. (1) [25,36,37]:

_AGE
r = kOQZ’(dO//f)eXp[ } (1)

RT

Here, 7 is the rate of electrochemical reaction, #° is the
standard rate constant, 6, is the potential-dependent sur-
face coverage of active species on the total number of active
sites, 7 is the reaction order of the active species, agy- is
the activity of reactant OH™ and («#¢g-) indicates that the
apyg- term can be included or not depending on the pres-
ence of OH™
is the temperature. The electrochemical potential of spe-
cies ; is defined as Eq. (2) [49]:

= W+ Fe* )

in the RDS, R is the ideal gas constant, and 7’

where ﬁjx, I ng’ and ¢” are the electrochemical, chemical,
and electrostatic potentials of species / in phase «, 2; is
the charge number, and F is the Faraday constant.
Equation (2) implies that not just electrostatic potential
but also chemical potential can act as a driving force for
the electrochemical reaction. Also, the driving force for
multi-step (electro)chemical reactions like the OER is
determined by the driving force for the RDS. When the
RDS is an electrochemical reaction with charge transfer
through an electrode or double layer vzz ion transfer (e.g.,
proton), electrostatic potential is the main driving force,
whereas the chemical potential is the driving force when
the RDS is a chemical reaction [49].

Depending on the source of oxygen used for O—O bond
formation, the OER mechanisms can be classified as
either an adsorbate evolution mechanism (AEM) or
lattice oxidation mechanism (LOM) [55—57]. For the
AEM, the reactant from electrolyte (e.g., OH™ or H,0O)
is the only source of oxygen for O—O bond formation.
On the other hand, for the LOM, one or two lattice
oxygen atom(s) is the source of oxygen for O—O bond
formation and released as O, gas. Therefore, according
to the driving force and oxygen source for the OER, the
reaction mechanism can be categorized into three
different types: electrostatic potential-driven AEM
(AEM-E), chemical potential-driven AEM (AEM-C),
and LOM. Note that the LOM has electrostatic po-
tential as the only driving force given its reported RDS
(‘Table 1) [4,32,51,58—060]. Distinct characteristics of
each mechanism will be addressed in terms of redox
center, active site, active species, and RDS.

Conventionally, the OER has been believed to occur
only via AEM-E [9]. In general, AEM-E occurs on a
single active site and its RDS is an electrochemical
O—0 bond formation. AEM-E can have a redox center,
such as metal or M—O motif, and active species, such as
high-valence metal (M"") [24,27], negatively charged
active oxygen species (M—[pn;—0O]" or M—[O-0]")
[11,19,21,29], and  electrophilic M—-O  motif
(M(”+x)+ 0(2_ )=.) [49], as summarized in Table 1.

The AEM-C has the following four key characteristics.
First, the RDS is a chemical reaction. Given that O—0O
bond formation is the only reported RDS for AEM-C,
AEM-C should have dual (or multiple) active sites for
an O—O bond formation step to be a chemical reaction
(Table 2) [12,14,26,47]. Second, O—O bond formation
should occur on the p1;—O site, not the p,—O site.

except for the triple active site case [12,14,26,38,46,47].
Third, the redox centers for AEM-C are identified as
metal and M—O motif and possible active species are
highly oxidized species including high-valence metal

(M’”) [1 ]5 electrophilic M-0O motif
M+ _0@=9=) 112,47], or reversible electrophilic
oxygen species (lj2— O<2 0)-. ) [26,38,46]. Thus,
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Table 1

Summary of the correlations between redox centers, active species, number of reaction sites, formation and consumption steps of active species, reaction mechanisms, and driving
forces. Here, 0<x,6<1. NA, DC, and OV denote nucleophilic attack, direct coupling, and oxygen vacancy, respectively. (M) implies that the metal site does not show redox activity
during the OER and is not a component of active species.

Redox Active Species Preceding Step (Formation of Active Species) Number of RDS (Consumption of Active Reaction Ref
Center Reaction Sites Species) Mechanism-
Driving Force
M M PCET oxidation Single O-O formation (NA) AEM-E [24,27]
Dual (at RDS) O-0O formation (DC) AEM-C [14]
=0+ =0
M-[p4-O]~ PT/ET oxidation of M(OH), to MOO™ Single O-O formation (presumed) AEM-E [11,21,29]
Deprotonation of MOOH to MOO™
M-[O-0O] PCET oxidation of M—[u11—Q]~ Single O, release AEM-E [11,19]
Deprotonation of M-[OOH]
(@) - Regeneration of p,—-OV Single/Dual Oxidative deprotonation of j1,—OH LOM-E [68—-60]
(after RDS) to uo—0-
jip—OQH (Presumed) O-0 formation (NA) Single Deprotonation of j1,—~OOH LOM-E [51]
I 1o—O- + OH™
lp—[0—Q]~ (Presumed) Deprotonation of po—OOH Single O, release LOM-E [51]
(M)-[O--O] —(M) O-0 formation (DC) Dual (before RDS) O, release LOM-E [4,32]
tpe—O- + p -0
M-O M(P+0+_@-0)-. Oxidative deprotonation of j1;—OH Single O-0 formation (NA) AEM-E [49]
with reversible oxidation on M and O
Dual (at RDS) O-0 formation (NA) AEM-C [12,47]
‘y=O- +1o—0O + reactant
(M™)—po— 0@~ Oxidative deprotonation of 11 ,—OH Triple (at RDS) O-0 formation (NA) AEM-C [38,46]
with reversible oxidation on O
(M™)—p;—0@-9-. Dual (at RDS) O-0 formation (DC) AEM-C [26]

{110+ + 11-O-
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Table 2

Classification of the O-O bond formation step depending on the reaction mechanism (AEM vs. LOM), the number of reaction sites
(single site vs. dual sites), reaction pathways (nucleophilic attack vs. direct coupling), and the type of reaction for the O-O bond forma-
tion step (electrochemical vs. chemical). Here, |11-O and p»-O represent the reaction sites where the OER occurs, which can be different
from the active site. Also, for simplicity, the notation of |11-O and ;1,-O do not contain information on the number of electrons (e.g., formal
charge or oxidation number), the (de)protonation, and the chemical bond property of the reaction site.

O-0 bond formation step

Reaction Mechanism Reaction

Number of Reaction Sites

Pathway Reaction Type Ref

AEM

O «—

< /,o\?/,

M M
v o7 Y

n1—O + Reactant

\ o

NN
" ~o” "~

!
o
.

w1—O + n—O + Reactant
LOM

!

M M M
A Kg

w—O + Reactant

M M
Yo Y7

p2—0 + -0

Single Nucleophilic Attack Electrochemical [24,27]

Dual Direct Coupling Chemical [14,26]

Dual Nucleophilic Attack Chemical [12,47]

Single Nucleophilic Attack Electrochemical [42,51]

Dual Direct Coupling Chemical [4,10,32]

Dual Direct Coupling Chemical [58,61]

electrocatalysts for AEM—C have the electronic struc-
ture of either Figure 2a or c. Table 1 summarizes various
cases of AEM—C for different types of redox centers,
active species, and pathways of formation and con-
sumption of active species. Fourth, the 6; should in-
crease with increasing applied potential so that the
activity of the OER with chemical RDS can be enhanced
by increasing the applied potential.

AEM-C has two types depending on whether the 6,
affects AG* for the RDS or not. For semiconducting
OER (photo)electrocatalysts like Fe,O3, 6, barely af-
fects AG* due to electronic localization [62,63]. Because

each active species for inner-sphere, heterogeneous
electrocatalysis is formed at different locations on the
catalyst surface, these spatially separated active species
have negligible interaction with each other (ze, no
change of the enthalpy with 6,). Therefore, the chem-
ical potential of the active species (U,gs) on the catalyst
surface is independent of the 6,. On the other hand, for
conductive OER electrocatalysts like metallic IrOy,
spatially separated active species on the solvated cata-
lyst surface can interact with each other due to Frumkin
behavior and delocalize their redox states through the
electrode. Therefore, the value of 6, can change .45 as
shown in Eq. (3) [12,63].
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Mads = N;ds + v, (3)

Here, u’,qs is the standard adsorption energy and 7 is the
Frumkin parameter. Note that ,4s can be approximated as
the enthalpy due to the negligible entropy term for het-
erogeneous, inner-sphere electrocatalysis [64], meaning
that 6, can change the enthalpy of reaction (AH L)
[12,63]. In addition, AH ., can modulate the Arrhenius
activation energy (F%,) of the RDS according to the Brgn-
sted—Evans—Polanyi (BEP) relation as shown in Egq.
(4) [12,38]:

Ed: Eo + OCAern (4)

where FE, is the BEP intercept, and « is the BEP slope.
Therefore, by combining Egs. (3) and (4), the relationship
between E, and 6, can be written as Eq. (5) [12]:

E, =%0,+« (5)

where ¢ and k are constant coefficients. Note that £, is
approximately equal to the standard enthalpy of activation
and the standard entropy of activation term often has a
smaller magnitude compared to that of the standard
enthalpy of activation [64,65]. This leads to the approxi-
mate relationship of £, = AG* for the RDS of heteroge-
neous, inner-sphere electrocatalysis.

The LLOM is evidenced by the detection of lattice
oxygen from released O, gas during the OER using
isotope ('*0) labeling [10,66]. Compared to AEM, the
LLOM has the following distinct characteristics. First, at
least one WN;—O site should undergo irreversible
oxidation and participate in O—O bond formation. For
this process to occur, the oxygen redox center with the
electronic structure shown in Figure 2b is involved in
the LOM [10,45]. Note that electrophilic oxygen (or
oxyl radical) that is formed and used for O—O bond
formation during the LOM is different from the
reversible electrophilic oxygen active species for the
AEM-E/C in terms of its electronic structure and
reversibility. Concerning the RDS and active species,
the RDS of the LLOM has been reported to be either
the deprotonation of OH or OOH, or the O; release
step, not the O—O bond formation step (Table 1).
Thus, irreversible electrophilic oxygen that is used for
O—0 bond formation cannot be classified as an active
species. Other catalyst—reaction intermediate surface
complexes of the RDS, such as p,—[OOH],
n—[O0] 7, and (M)—[O-—0O] —(M) that do not
belong to the main types of active species, can be
classified as active species (Table 1). However, when
the RDS is the deprotonation of lattice hydroxide
(u,—OH), n,—OH is not termed an active species
because 1,—OH has not experienced any redox reac-
tion or charge accumulation during the OER and 6 for
L,—OH does not have any impact on the resultant OER
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activity. The only driving force for the LOM is the
clectrostatic potential according to its RDS (Table 1)
[4,32,51,58—60]. Also, though not an RDS for the
LOM, O-O bond formation is still important
because it determines the LOM  pathways
(Table 2) [4,10,32,42,51,58,61].

Role of applied potential and utilization of active
species

Understanding the role of applied potential and utiliza-
tion of active species in the OER process with reaction
mechanisms involving different driving forces is critical in
comprehending the origin of its kinetics. In this regard,
how applied potential determines the rate of the OER is
examined based on Eq. (1) consisting of the pre-
exponential term including 6, and the exponential term
including AG.

Regarding the pre-exponential term, 6, is potential
dependent regardless of the reaction mechanism and in-
creases linearly or non-linearly with the applied potential
depending on the density of states of the OER electro-
catalyst [3,12,37]. This trend is observed because 8, is
determined by the formation and consumption of active
species and the formation of active species is usually an
electrochemical reaction regardless of the OER mecha-
nism. For the exponential term, however, the role of
applied potential changes with the driving force for
the OER.

When the driving force for the OER is the electrostatic
potential (ze., AEM-E and LOM), the applied potential
can act on the reaction coordinate of the electro-
chemical RDS and change AG* in the exponential term
directly as shown in Eq. (6) [25,36,37].

ioER = nFAR°O) (apy-)exp {% n] (6)

Here, 70gRr is the steady-state OER current, # is the
number of electrons transferred during the OER, which
is four, 4 is the total number of active sites, § is the
symmetry factor for the RDS, and 7 is the overpotential,
which is the difference between applied and OER
equilibrium potentials. Thus, the applied potential can
enhance the OER by affecting both pre-exponential and
exponential terms directly.

For the AEM-C, the applied potential cannot directly
act on the reaction coordinate of the RDS and thus has
no direct effect on AG*. However, depending on the
type of AEM-C, AGH (or FE,) can have a potential
dependence. For AEM-C without Frumkin behavior, the
chemical potential driving force and AG* for AEM-C
have fixed values, which are determined by character-
istics of a given chemical reaction, electrocatalyst, and
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electrolyte. Hence, the applied potential enhances the
OER by affecting 6, in the pre-exponential term ac-
cording to Eq. (7) [25,36,37].

' FAK 0" —AG

IOER = 7 7 (@on-)exp {ﬁ] (7)
In contrast, 8, can affect E, in AEM-C viz Frumkin
behavior, according to Eq. (5). Thus, the applied potential
can enhance the OER by affecting not just the pre-
exponential term but also the exponential term indirectly
via the effect of 8, on E, as shown in Eq. (8) [12,25,36,37].

(8)

0
ioER = nlAR° 0 (aon-)exp [: ;j_ K}

According to Eq. (6)—(8), the relationship between
i0oER and 7, or between /opr and 6, can be used to
discern the OER mechanisms with different driving
forces. For example, when /ggpr has an exponential
dependence on 7 (ze., a linear Tafel slope of n against
log[zogrl), it is presumed that OER occurs vz elec-
trostatic potential-driven mechanisms like the AEM-E
and the LOM [49]. For the AEM-C, the relationship
between /ogr and 6, is used instead of that between
i0ER and 7. If iogr has a power-law relationship with 6,
(z.e., a linear relationship between log[iogr] and log
[6,]1), the OER occurs viz the AEM-C without Frumkin
behavior [3,38,46]. On the other hand, if 7ogr has an
exponential dependence on 6, it is suggested that the
OER occurs via AEM-C with Frumkin behavior [12,14].
Note, however, that the interpretation of this rela-
tionship has limitations; if 6, in the pre-exponential
term has a significant value compared to the expo-
nential term, the relationship of /grr and n for AEM-E
and LOM, and that of ioggr and 6, for AEM-C with the
Frumkin behavior can deviate from exponential
dependence. Also, if 6, increases linearly with the
applied potential as in the case for IrOy, and if it has
only one type of active species, the AEM-C with
Frumkin behavior can also show exponential depen-
dence for iggr on 7 (z.¢., linear Tafel slope) even though
the driving force is not the electrostatic potential.

Conclusion and outlook

In this review, the key concepts for understanding the
OER at the atomic/molecular scale are reviewed,
including the active phase, active site, active species,
redox center, electronic structure, reaction mechanism
and pathway, driving force, and RDS. These concepts
were categorized according to their unique character-
istics and the correlation between each concept was
systematically discussed. This review aims to provide
an overall picture of the OER at the atomic/molecular
scale that will help understand the complexity of
the OER.

"To address the remaining ambiguities and improve the
understanding of these concepts, some critical research
questions are raised below. First, it is necessary to
develop a better understanding of the different types of
active oxygen species in terms of their identity, forma-
tion, and consumption. In terms of identity, for example,
three different types of active oxygen species (z.e., M—
[1—O], M—[O-0]~, puy2—0O"-) were reported for
NiFe-based (oxy)hydroxide electrocatalysts depending
on the experimental methods, such as iz situ XAFS, in situ
Raman spectroscopy, # situ UV-Vis, pH effect, and
chemical probe [13,19,21,29,32,33]. The reason for the
observation of different active species should be clari-
fied whether it is due to different material properties
with different reaction mechanisms and RDS, or the
limitation of each experimental method. In terms of the
formation of active species, three different types of
active species have common characteristics in that they
all appear at pre-catalytic potential, especially near the
anodic redox potential for M** in MOyH,, implying the
possibility that they have similar formation principles or
are related to each other. In terms of consumption of
active species, given that the electrophilic oxygen spe-
cies is favorable for O—O bond formation, it is unclear
how M—[p;—O]~ with an eight electron configuration
and nucleophilic character can act as the active species
for the same RDS (z.e., O—O bond formation).

Second, given that there are few reports on AEM-C for
alkaline OER electrocatalysts, further investigation is
needed to determine which electrocatalysts promote the
OER vz AEM-C and to understand whether they show
Frumkin behavior or not in terms of their material prop-
erties, such as electrical conductivity and the resulting
degree of (de)localization of redox states of active spe-
cies. For example, NiFeOOH and a—Fe;O3 OER (photo)
electrocatalysts have shown AEM-C without significant
change in the value of £, [3,38,46], whereas NiFe layered
double hydroxide from another study, whose active phase
is the same as NiFeOOH, has shown AEM-C with a
notable change in the value of £, [12].

Third, different reaction mechanisms can be observed
for one electrocatalyst at the same time. This phe-
nomenon needs to be clarified by investigating (1) if
complicated electronic structures can induce two reac-
tion mechanisms at the same time (which is presumably
related to the defects formed during the synthesis of the
electrocatalyst or the OER), or (2) if the potential-
dependent modulation of the chemical and electronic
structure through the oxidation or the ion exchange with
the electrolyte results in the reaction mechanism
change [36,47].
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