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ABSTRACT

Developing highly efficient, inexpensive catalysts for oxygen electrocatalysis in alkaline electrolytes (i.e., the
oxygen reduction reaction (ORR) and the oxygen evolution reaction (OER)) is essential for constructing advanced
energy conversion techniques (such as electrolyzers, fuel cells, and metal-air batteries). Recent achievements in
efficient noble metal-free ORR and OER catalysts make the replacement of conventional noble metal counterparts
a realistic possibility. In particular, various electronic structure regulation strategies have been employed to
endow these oxygen catalysts with attractive physicochemical properties and strong synergistic effects, providing
significant fundamental understanding to advance in this direction. This review article summarizes recently
developed electronic structure regulation strategies for three types of noble metal-free oxygen catalysts: transition
metal compounds, single-atom catalysts, and metal-free catalysts. We begin by briefly presenting the basic ORR
and OER reaction mechanisms, following this with an analysis of the fundamental relationship between electronic
structure and intrinsic electrocatalytic activity for the three categories of catalysts. Subsequently, recent advances
in electronic structure regulation strategies for noble metal-free ORR and OER catalysts are systematically dis-
cussed. We conclude by summarizing the remaining challenges and presenting our outlook on the future for
designing and synthesizing noble metal-free oxygen electrocatalysts.

1. Introduction

The electrocatalytic oxygen reduction reaction (ORR) and oxygen
evolution reaction (OER) in alkaline electrolytes are two significant
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heterogeneous reactions for sustainable energy conversion technologies,
including electrolyzers, metal-air batteries, and fuel cells [1,2]. How-
ever, as both oxygen reactions involve multiple intermediates and
multi-electron processes, they undergo large overpotentials and sluggish
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kinetics [3]. Consequently, the corresponding energy conversion devices
deliver large voltage polarization, resulting in inferior energy efficiency
or low output power. As a vital part of such energy conversion devices,
oxygen electrocatalysts play a key role in addressing these issues. Many
compounds based on first- and second-row transition metals suffer from
instability in acidic media during the ORR and OER, and thus their ap-
plications in energy devices with acidic electrolytes are limited [4]. In
contrast, the ORR and OER in alkaline conditions are kinetically favored
and show less susceptibility to corrosion, enabling the stable use of
less-expensive materials [5,6]. Today, Pt-based materials are well known
as benchmark ORR catalysts in commercialization, while Ir-/Ru-based
catalysts are prominent for the OER. These noble metal-based catalysts
generally suffer from high cost, low crustal abundance, and inferior
durability [7]. Therefore, tremendous efforts have been made in recent
decades to search for cost-effective noble metal-free electrocatalysts as
alternatives.

Strategies used to improve the catalytic activity of noble metal-free
electrocatalysts can be roughly divided into two categories, namely
enhancing the intrinsic activity of the single site and improving the active
site density. The latter can be easily achieved by controlling the catalyst
morphology and porosity at the micro or nano level. By contrast, to
regulate the intrinsic activity of a single active site, structural engineering
of the catalyst must occur at the atomic level, which requires highly
precise structural control over the catalytic sites. On the basis of the
classic Sabatier principle, efficient catalysts bind reaction intermediates
with optimal strength, meaning neither too weak to activate the in-
termediates nor too strong to facilitate reactant desorption [8]. To this
end, several electronic structure parameters (e.g., d-band position, eg
filling, density of state (DOS), spin ordering) have been extracted as
important descriptors to evaluate the “bonding strength” between re-
actants and active sites [9]. Accordingly, various electronic structure
engineering strategies, such as heteroatom doping, vacancy creation,
strain induction, and interface construction, have been proposed to
optimize the intrinsic activity of the single catalytic site. Moreover, the
fundamental understanding acquired from electronic structure engi-
neering provides opportunities for advanced modelling techniques, such

Heteroatom doping
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as high-throughput DFT calculations, artificial intelligence, and machine
learning. By employing the electronic structure descriptors discussed
above [10], these advanced modelling tools are of significance in
establishing universal structure—catalytic performance relationships,
predicting the performance of new catalysts, and thus accelerating the
rational design of promising catalysts by bypassing time-consuming
trials.

To date, several excellent review articles have provided intensive
discussions on oxygen electrocatalysts with respect to the catalyst
structures developed to date, important descriptors for catalytic activity,
and applications in energy conversion devices [11-14]. To differentiate it
from the previous review efforts, this article particularly focuses on the
electronic structure regulation strategies employed to improve the
intrinsic activity for three types of noble metal-free oxygen catalysts (i.e.,
transition metal compounds, single-atom catalysts (SACs), and metal-free
catalysts) in alkaline electrolytes (Fig. 1). We begin by introducing ORR
and OER mechanisms. Then, the fundamental principles underlying
different electronic structure regulation strategies are comprehensively
analyzed. These strategies are categorized into heteroatom doping, va-
cancy creation, strain induction, and interface construction. Afterwards,
we discuss recently developed strategies for engineering electronic
structures in the three categories of noble metal-free catalysts. Finally, we
highlight the critical challenges in designing advanced oxygen electro-
catalysts for alkaline environments and offer our perspectives on possible
future efforts in this field.

2. ORR and OER fundamentals
2.1. ORR mechanism

Two reaction pathways for the ORR in alkaline electrolyte have been
identified. One is the four-electron (4e ™) path to produce OH™, while the
other is the two-electron (2e”) process to generate hydrogen peroxide
(H202).

The ORR pathway primarily relies on the nature of the catalyst [18].
For example, two O, adsorption configurations occur on the active sites,

Strain inducing
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Fig. 1. Schematic illustration showing the electronic structure regulation strategies for different noble metal-free electrocatalysts.
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namely, the side-on configurations (Fig. 2a, I-II) and the end-on config-
urations (Fig. 2a, III-IV) [19]. With two “in-paralle]” O atoms coordinated
with active sites, the side-on O, adsorption configurations favor Oy
dissociation, thus likely leading to the direct 4e~ pathway. Meanwhile,
the end-on configurations, with only a single O atom “perpendicularly”
coordinated to the active site, favor the indirect 2e™ transfer pathway.
The peroxide species formed during the 2e™ process are corrosive and
lower the stability of the corresponding metal-air batteries and fuel cells,
making the 4e” pathway preferable to generate high output power
density for these devices [20,21]. Therefore, this review particularly
discusses the associative mechanism for the 4e~ ORR pathway in alkaline
environments.

In the 4e” ORR pathway, different oxygen intermediates — i.e.,
OOH*, O*, and OH* — are adsorbed sequentially on the active sites.
Based on density functional theory (DFT) calculations, Ngrskov et al
found the scaling relationship between adsorption energies for OOH*
(AGOOH*) and OH*(AGOH*)Z AGOOH* = AGOH* + 3.2+ 0.2eV [22,23].
The reactivity of each step relies heavily on the oxygen intermediate
adsorption properties on the catalytic active site. For example, for
metal-based catalysts that bind OH* strongly, the last step, i.e., equation
(5) (OH* — OH"), is the rate-determining step (RDS), whereas the O3
activation in the first step, i.e., equation (2) (O, — OOH*), is the RDS for
active metal sites possessing weak bonding strength for O5. The corre-
lation between intermediates' adsorption energies and ORR activities can
be described by volcano plots (Fig. 2b) [15]. This criterion applies not
only to metal catalysts but also to the emerging SACs. Moreover, the peak
position of the volcano plot is usually occupied by Pt-based catalysts,
while Fe-based SACs are close to the optimum ORR activity, presenting
potential alternatives for Pt-based catalysts. Guided by the volcano plots,
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one needs to finely tune the electronic structure of the active site to
optimize the adsorption strength for the oxygen intermediates in order to
improve the catalysts' intrinsic activity.

Among all the electronic structure descriptors for ORR (e.g., €; filling,
d-band theory, p-band center of O, charge-transfer energy, Fermi soft-
ness, as well as average O 2p state energy) [13], e filling and d-band
theory are the most prevalent for predicting the activities of ORR cata-
lysts. For example, e; filling at octahedral sites was successfully used to
analyze the catalytic behavior of transition-metal oxides (spinels, pe-
rovskites) [16]. Specifically, one principle to improve the intrinsic ORR
activity of perovskites is to enable e filling to be close to 1 (Fig. 2¢). This
was investigated by employing a series of perovskite oxides as ORR
catalysts. A combination of characterization techniques can be used to
experimentally determine ey fillings, such as X-ray absorption (XAS)
[16], X-ray emission spectroscopy [24], thermogravimetric analysis
(TGA) [25], and magnetic measurement [25]. The RDS of the ORR is
affected by the energy obtained from delivering a single ¢*-antibonding
eg electron via the competitive displacement of a rate-limiting 0,2 /OH™
exchange, and surficial OH™ regeneration.

Ngrskov developed d-band theory [26]. When oxygen intermediates
react on active sites, the localized d-band center dominates the bonding
strengths between the adsorption species and active sites. Thus, the
volcano relationship of the d-band center is related to the Fermi level (Ep),
and the ORR activity is established. Generally, in metal-based catalysts,
the OH* and O* adsorption energies vary linearly with the d-band center
of the metal active sites. A higher d-state energy for a metal indicates a
more negative AGoy+ and higher catalyst reactivity. Pt, which has an
appropriate d-band center position, is so far considered the single
metallic ORR electrocatalyst with the highest efficiency. However, ORR
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Fig. 2. Illustration of different oxygen adsorbate configurations: (I) the on-top side-on, (II) the bridge side-on, (III) the on-top end-on, and (IV) the bridge end-on. (b)
ORR activity as a function of the oxygen binding energy. Reproduced with permission [15]. Copyright 2004, American Chemical Society. (c) ORR activity of perovskite
oxides. Reproduced with permission [16]. Copyright 2011, Nature Publishing Group. (d) Schematic images illustrating the pyridinic N formation originating from OH
attachment to the C atom next to pyridinic N. Reproduced with permission [17]. Copyright 2016, American Association for the Advancement of Science.
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electrocatalysts possessing metal-oxygen bond strength 0.0-0.4 eV
weaker than that of Pt can further enhance the activity [27]. Therefore,
strategies such as heteroatom doping, vacancy creation, strain induction,
and interface construction could push the ORR activity toward the vol-
cano peak by adjusting the metal-oxygen bonding and optimizing the
d-band center [11].

As for metal-free catalysts based on carbon materials, heteroatom
doping into the carbon framework can efficiently modulate the electronic
structure of the surrounding C atoms and simultaneously modify the local
charge density distribution, thus promoting the ORR activity [28]. For
instance, Nakamura et al. assigned the active sites and reaction pathways
for the ORR using a N-doped pyrolytic highly oriented graphite model
catalyst [17]. They clarified that the carbon atoms next to the pyridinic N
were ORR active sites in N-doped carbon materials (Fig. 2d). Besides
heteroatom doping, topological defects and edge sites also play signifi-
cant roles in tuning the charge distribution of carbon-based metal-free
materials and thereby regulating the catalytic performance [29].

2.2. OER mechanism

It remains challenging to determine the details of OER pathways. The
widely accepted OER mechanisms in alkaline electrolytes include two
possible pathways: the adsorbate evolution mechanism (AEM) and the
lattice-oxygen-mediated mechanism (LOM) (Figs. 3a and b) [30].

In the conventional AEM process, OER occurs on a single active site
(e.g., transition metal atom). The corresponding elementary steps can be
described as the reverse of the ORR process. Similar to the ORR, the
binding energy of OER intermediates (OH* and OOH*) follows the
scaling relationship [1]. Consequently, the minimum overpotential () of
a catalyst relies on the O* energy level between that of OH* and OOH*,
which means that these steps will be the RDS [31]. The overpotential of
the OER can be expressed by equation (1). Therefore, volcano plots of the
OER can be established for various metal oxide surfaces (perovskites,
rutile, rock salts, spinel, and bixbyite oxides, etc.) using AGo+* — AGoy+
(Fig. 3c and d) [31]. For the catalysts appearing on the left side of the
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volcano plots, the RDS is the generation of OOH*, whereas for the weak
oxygen-bonding branch on the right side of the volcano plots, the
deprotonation of OH* is the RDS.

1 = max[(AGo+ — AGop+), (AGoon+ — AGo#))/e — 1.23 V = max[(AGo+ —
AGOH*), 32eV - (AGo“r - AGOH*)]/C — 123V (1)

With OER volcano plots, one can expect to get an excellent electro-
catalyst with an optimized AGo+ — AGoy+ value via regulating the elec-
tronic structure. The electronic structure corresponding to the binding
energy of the OER intermediates on the active sites can be applied to
describe the structure-activity relationship of catalysts. Among all the
electronic structure descriptors for the OER, e; filling and metal-oxygen
covalency are the most widely used [34].

In e filling theory, the bonding strength with oxygen intermediates is
associated with eg orbital occupancy, i.e., a higher e; occupancy implies
weaker bonding with intermediates, and vice versa. Based on this prin-
ciple, Shao-Horn et al. systematically investigated the eg occupancy in
perovskites and found that the eg occupancy of the 3d electron could be a
descriptor for the activity [32]. They predicted that optimal perovskites
for the OER would have an e; occupancy value close to 1 (Fig. 3e).
Calculation of eg occupancy was achieved by using XAS to estimate the
oxidation state of the active site and TGA to quantify the oxygen vacancy
degree. Yet despite the success of the molecular orbital concept and the
establishment of e filling theory, it remains difficult to determine the eg
occupancy in some cases [10]. Moreover, the e filling theory fails to
explain why some perovskites (i.e., LaMnOs, LaCoOs, and LaNiO3)
possess the same e; occupancy (eg = 1) but exhibit different activities
[32]. The underlying reason is that the eg orbital occupancy is estimated
for the metal atom using the ionic model, which cannot capture the
sharing of electrons along the metal-oxygen bond. In this regard,
Shao-Horn et al. revealed that better OER performance could be achieved
by enhancing covalent mixing (denoted as holeeg + 1/4 hole;,) between
the B site octahedral coordinated metal cations and O anions with an eg
filling of 1 [32]. O K-edge XAS spectra were collected to estimate the
metal-oxygen covalency. Specifically, the normalized O XAS spectra
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Fig. 3. Schematic of the (a) AEM and (b) LOM OER mechanisms. Reproduced with permission [30]. Copyright 2016, Nature Publishing Group. OER activity volcano
plots for (c) perovskite oxides and (d) rutile, anatase, Co304, Mn,Oy, oxides, with the bonding strength of AGo+ — AGop+ as the activity descriptor. Reproduced with
permission [31]. Copyright 2011, Wiley-VCH. (e) Relationship between OER activity and e; occupancy for transition metals. Reproduced with permission [32].
Copyright 2011, American Association for the Advancement of Science. (f) Relationship between OER activity and oxygen p-band center in double perovskites. The
inset shows a schematic of the O p-band of transition metal oxides. Reproduced with permission [33]. Copyright 2013, Nature Publishing Group.
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reflected electron excitation from O 1s to B 3d - O 2p. The spectra probed
the u symmetry portion of the unoccupied state, which is intrinsic to the
2p orbital of the O atom. Absorbance is related to the unoccupied 2p
orbital (“ligand hole”). By using the dipole operator approximation, the
metal-oxygen hybridization was quantified [16]. A higher metal-oxygen
covalency implied the B-site cation at the active redox couple had a larger
O 2p character, which improved charge transfer between the adsorbates
during the RDS for the OER and active sites (Fig. 3f). Furthermore,
shifting the O p-band center closer to the E increased the OER activity,
while having the O p-band center too close to Erdecreased the stability of
oxides in the OER. Double and pseudo-cubic perovskite oxides whose O
p-band center is very near the Ef should show the highest OER activity in
an alkaline solution [33].

In the LOM mechanism, the lattice oxygen from the catalyst takes part
in the reaction (Fig. 3b). Specifically, two OH* first adsorb at the dual
metal active sites and then deprotonate to obtain two metal-oxo in-
termediates. Subsequently, the two-neighboring metal-oxo intermediates
bind directly to generate an O-O bond rather than OOH*. Next, O is
released via coupling with the lattice oxygen and forming an oxygen
vacancy in the catalyst lattice. Finally, the two vacant metal centers are
refilled by OH™ in the electrolyte [35]. Since the LOM process bypasses
the generation of OOH*, the scaling relationship between OOH* and OH*
is no longer applicable. Indeed, in many metal oxide catalysts, the LOM
process presents higher OER performance than the traditional AEM
process. For example, Shao et al. distinguished the contribution of lattice
oxygen participation in the OER process by the LOM mechanism in
Si-doped strontium cobaltite perovskites (Si-SCO) [36]. The Si-SCO
exhibited a 12.8-fold improvement in oxygen diffusivity, which was well
matched with the 10-fold enhancement of its intrinsic OER activity
compared to pristine SCO. Although the OER through the AEM and LOM
mechanisms occurs simultaneously, the boosted electrocatalytic activity
via Si doping is predominantly due to the participation of lattice oxygen
in the LOM.

How the LOM competes with the AEM in the OER remains elusive. It
has been proven that with increased metal-oxygen covalency, the OER
mechanism will switch from the AEM to the LOM [10,30]. For instance,
when the metal d-band position is above the O p band, the metal center
serves as the redox center, enabling the OER process to follow the AEM.
Conversely, when the occupied metal d-band has a lower energy level
compared with the O p-band, electrons transfer from the O p-band to the
metal d-band, producing ligand holes. The ligand holes facilitate the
generation of oxygenated (O,)™ species by structural arrangement,
reducing energy to reach a stable state. This observation implies that the
OER redox center should provide or accept electrons with energy close to
the thermodynamic potential of oxygen in water, i.e., 1.23 V vs. the
reversible hydrogen electrode (RHE). Eventually, when the metal-
-oxygen covalency is enlarged, the OER mechanism generally switches
from AEM to LOM.

3. Noble metal-free catalysts
3.1. Transition metal compounds

Non-noble transition metal compounds (including transition metal
oxides, carbides, nitrides, phosphides, (oxy)hydroxides, and chalcogen-
ides) are an important category of ORR and OER catalysts. In transition
metal compound materials, crystalline nature, crystal plane, and
composition all play an important part in the intrinsic catalytic activity.
In this section, we will analyze the crystal structure of different transition
metal compounds and the relationship correlating their electronic
structures to their intrinsic ORR/OER activities.

3.1.1. Transition metal oxides

Oxygen electrocatalysts based on transition metal oxides (TMOs)
feature high abundance, low price, environmental friendliness, desirable
activity, as well as sufficient stability under alkaline conditions. Amongst
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them, perovskite oxides are especially attractive due to their high
composition flexibility and tunable electronic structures. Advanced
perovskite catalysts show ORR catalytic activity comparable to or even
higher than noble metal-based electrocatalysts. They have a general
formula of ABO3, where A is an alkaline- or rare-earth element (e.g., Ba,
La, Pr, Sr, Ca), while B is a transition metal (e.g., Ni, Co, Fe, Mn, Cr, Cu)
[37]. A perfect cubic perovskite structure is assigned to space group
Pm3m-Oh 1, where the B site has 6-fold and the A site has 12-fold co-
ordination with O anions (Fig. 4a). The substitution of A and/or B sites
confers high flexibility for modifying the electronic structure, thus
providing huge room to tune their catalytic properties. Moreover, the
numerous substitutions possible at both A and B sites also lead to ready
control over the metal valence states, together with the generation of
oxygen vacancies, making perovskites a good material library for un-
derstanding the structure—catalytic property relationship [38].

Spinel oxides are another group of TMO-based catalysts, represented
by the formula AyB3 4 O4 (Where A is a divalent transition metal ion, e.g.,
Zn?*, cu®t, Mg?t, Fe?t, Ni%t, Co?*, Mn?"; and B is a trivalent metal ion,
e.g., ARt Fedt, Co®t, Cr®t, Mn®"). The presence of multivalent cations
provides donor-acceptor chemisorption positions that can adsorb oxygen
reversibly, giving spinel oxides activity for both the ORR and the OER. In
spinel oxides, the two tetrahedral and octahedral metal sites are
respectively occupied by A and B cations with different atom ratios
(Fig. 4b) [42]. The eq orbitals of octahedrally coordinated metal cations
point directly to intermediates, thus giving rise to strong spatial overlap
with O 2p orbitals and leading to high chemical interaction with oxygen
species. In this sense, the metal ions in octahedral sites have been widely
considered as active sites in spinel oxides. The ORR/OER performance of
spinel oxides greatly depends on the diverse electronic structure of
octahedrally coordinated metal cations, e.g., e; filling, spin state, and
metal-oxygen bond covalency [43]. Engineering the electronic structure
of spinel oxides can be done by heteroatom doping, creating lattice de-
fects, and tuning relative ions in the composition to obtain desirable
active sites [44]. Coupling with various substrates and inducing strain are
also efficient strategies to modify the electronic structures of spinel ox-
ides, thus adjusting their ORR and OER activities [45].

3.1.2. Transition metal carbides and nitrides

Generally, transition metal carbides (TMCs) and transition metal ni-
trides (TMNs) are made up of metal elements from groups IVB to VIIIB
and can have several formulas, such as MC/MN, M,C/MyN, M3C, and
MyN [46]. They show the same crystal structure as their parent metals, as
the small C/N atoms are prone to locate at the interstitial sites in their
parent metal lattices. TMCs and TMNs feature close-packed hexagonal,
face-centered cubic (fcc), or simple hexagonal structures. For example,
monocarbides/nitrides (e.g., TiC/TiN, ZrC/ZrN, and TaC/TaN) usually
display a fcc structure, while MoC/MsN, M3C, and M4N possess compli-
cated atomic arrangements with hexagonal and orthorhombic structures.
The electronic structure of TMCs and TMNs can be modified by doping C
and N into the metal lattice, which in turn alters the surface chemical
properties of TMCs and TMNs. Moreover, the doping of C/N atoms ex-
pands the parental lattice, resulting in a contraction of the metal d-band
and causing enhanced DOS near Ey. The DOS redistribution is believed to
induce comparable catalytic properties to noble metal-based catalysts
[47]. Consequently, metallic TMCs/TMNs not only demonstrate the good
electronic conductivity of the parent metals but also deliver comparable
electrocatalytic performance as noble metal-based catalysts [48].

Recently, emerging two-dimensional (2D) TMCs/TMNs, so-called
“MXenes”, have been intensively investigated and applied in energy
conversion applications. MXenes possess close-packed hexagonal struc-
tures featuring P63/mmc group symmetry, in which the M sites (transi-
tion metal atoms like Ti, Nb, Mo, V, and W) are close-packed in a 2D
honeycomb-like lattice, while the X atoms (C and/or N) take up the
octahedral positions in between M atomic planes [49]. MXenes follow a
general formula of My, X, Ty (n = 1-3) (e.g., TiaCTy [501, TisCoTy [49],
and Nb4C3Ty [51]), where Ty are the surface terminations (e.g., —O, -F,
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e

Fig. 4. (a) Schematic of an ideal perovskite oxide unit cell, where A is a rare- or alkaline-earth metal element, while B is a transition metal. Reproduced with
permission [16]. Copyright 2011, Nature Publishing Group. (b) Schematic for the spinel crystal structure. Reproduced with permission [39]. Copyright 2011,
Wiley-VCH. (c) Triangular prism (left) and tetrakaidekahedral (right) structures in phosphides. (d) Schematic of Bode's diagram of the Ni (II)/Ni (III) redox transition
in Ni hydroxide layers. Reproduced with permission [40,41]. Copyright 2013, Royal Society of Chemistry. (e) Geometric structure for SACs, where orange spheres,
blue spheres, yellow spheres, red spheres, and grey spheres represent the center metal atoms, local coordination atoms, environmental atoms, guest groups, and carbon

atoms, respectively.

and -OH functional groups) [52]. The interplay of M with C, N, and
surface terminations modulates the electronic structure of MXenes,
making them promising candidates for oxygen electrocatalysis [53].
However, the utilization of MXenes as ORR and OER electrocatalysts is
still in its infancy. Extended research on diverse MXenes is expected to
confirm their suitability as a novel group of efficient and affordable ORR
and OER electrocatalysts.

3.1.3. Transition metal phosphides

Transition metal phosphides (TMPs) have many merits, such as good
electronic conductivity, abundance, as well as excellent physicochemical
properties, thus generating substantial interest as oxygen electro-
catalysts. Unlike TMCs/TMNs with interstitial structures, TMPs normally
have P atoms positioned at a triangular prism center consisting of tran-
sition metal atoms, because P is 1.5 times larger in diameter (0.109 nm)
than C (0.065 nm) and N (0.071 nm) (Fig. 4c, left) [54]. In metal-rich
compositions, the nearest neighbors number rises to form a 9-fold tet-
rakaidekahedral structure with more metal atoms positioned near the
vertical face centers of the prism. Such a structure offers good accessi-
bility to the edge sites and active corners of the TMPs' surfaces (Fig. 4c¢
right) [55].

TMPs can be considered phosphorus-metal “alloys.” It has been
revealed that the Erand d-band center of a metal can be shifted after the
introduction of P atoms, resulting in different catalytic activities [56].
Therefore, the good catalytic activity of TMPs is possibly because they
have distinct electronic structures caused by the presence of P. Two
methods have been utilized to modify the intrinsic activity of TMPs:
tuning the stoichiometric P/M ratio and elemental alloying/doping. For
example, Qiu et al. controlled the Ni/Co ratio in Ni-Co phosphide
nanocages. It was suggested that an appropriate Co doping concentration
increased the DOS at the Ey and shifted the metal d-states close to the Ey,
enabling higher charge carrier density and lower adsorption energy for
intermediates compared with NisP and CoP [57]. Therefore, the
as-developed Ni-Co bimetal phosphide nanocages showed considerably
better OER activity than NipP and CoP.

3.1.4. Transition metal (oxy)hydroxides

First-row transition metal (oxy)hydroxides (particularly Ni- or Co-
containing 2D layered double hydroxides (LDH)) are the earliest-
identified OER catalysts and have been a hot subject for the past
decade [58]. Taking Ni(OH); as an example, the surface structure during
the OER in an alkaline solution evolves according to Equation (15),
where Ni%* from Ni(OH), is oxidized into Ni®* in NiOOH. The specific
phase transformation is illustrated in Bode's diagram (Fig. 4d) and in-
cludes four phases [40,41]. All four consist of Ni metal centered
edge-sharing octahedral layers as well as O/OH groups at vertices,
pointing at both layer sides along the stacking direction (i.e., c-axis).
Specifically, the a-Ni(OH), phase (Ni oxidation state of ~2) exhibits a
disordered phase, while the y-NiOOH phase (Ni oxidation state of
3.5-3.7) can incorporate charge-balancing cations between layers. The
B-Ni(OH), (Ni oxidation state of ~2) and p-NiOOH phases (Ni oxidation
state of ~3) are not hydrated and do not accommodate ions between
layers. The layer distance changes significantly among the four phases.
Besides these four, other crystal structures with various interlayer dis-
tances have also been regarded as interstratified mixed a- and p-phases,
in which partial water intercalation leads to the variable interlayer dis-
tance [59].

Ni(OH), +OH™ — NiOOH + H,0 + ¢~ 15)

The OER activity can be substantially improved by incorporating Fe
into NiOOH. For instance, when the Fe content reached 25%, the OER
overpotential of Ni; _yFeyOOH was decreased by 0.2 V [60]. Fe ions tend
to be doped on the edge, surface, or defect sites of NIOOH, influencing
the Ni redox behavior to a remarkable extent. But controversial state-
ments have been made about the real active site in Fe-incorporated
NiOOH. One view states that Fe species act as the main catalytic cen-
ters, while the other claims that the improved activity of Ni sites origi-
nates from the electronic structure regulation induced by Fe
incorporation. Recently, Dionigi et al. proposed that Fe-M sites (M = Ni or
Co) surpassed both M-M sites and Fe sites by stabilizing OER in-
termediates via an O-bridged configuration [61].



X. Wang et al.

Similar to TMOs, various electronic structure regulation strategies
have been proposed for metal (oxy)hydroxide catalysts, including
cationic/anionic regulation, defect engineering, and surface modification
[62]. For example, Sargent et al. reported a room-temperature synthetic
method to develop gelled Fe-Co-W oxyhydroxides [63]. DFT suggested
that non-3d high-valence W doping modulated pristine Fe-Co oxy-
hydroxides generated near-ideal OER intermediate adsorption energies.
Among all the pure phases, gelled Fe-Co-W oxyhydroxides exhibited the
lowest Ej _ 19 (1.421 V) in 1 M KOH electrolyte. In addition, Zhang et al.
demonstrated an anionic regulation method to regulate the covalency
and ionicity of cation-anion interactions in Ni-Fe (oxy)sulfides and
promote their OER performance [64]. The polarized S and non-polarized
O synergistically regulated the electronic structure of active metal sites
through electronic interaction with Ni and Fe ions. Dispersive electrons
from polarized anions were shared with adjacent cations, thus affecting
the ionicity and covalency of the cation-anion interaction. Moreover,
Wang's group used Ar plasma to etch bulk Co-Fe LDHs and obtained
ultrathin LDH nanosheets as an excellent electrocatalyst for the OER
[65]. Multiple vacancies (V,, Vco, and Vge) formed in the ultrathin Co-Fe
LDHs led to multifarious orbital and electron distributions, a lower Co
coordination number, and improved structural disorder. Impressively,
the as-prepared electrocatalyst showed a low OER E; _ 19 of 1.496 V.
Wang et al. grew Ni-Fe LDH nanoarrays on electronegative Au-loaded Ni
foam (Ni-Fe LDH@Au/Ni) for the OER [66]. Working as an electron
adsorbate, the highly electronegative Au stabilized and generated Ni
cations with a high oxidation state (N13+), which facilitated the forma-
tion of the intermediate hydroperoxyl species (OOH*). Consequently,
Ni-Fe LDH@Au/Ni exhibited superior OER performance with an Ej — 799
as low as 1.473 V.

3.1.5. Transition metal chalcogenides

Transition metal chalcogenides (TMChs) have a general formula of
MyX, in which M is the metal element and X is the chalcogen element (X
=S, Se, Te). Monochalcogenide MX, dichalcogenide MX5, heazlewoodite
M3Xs, and pentlandite MgXg are the most common stoichiometries of
TMChs. The large structural diversity renders TMChs highly interesting
for oxygen electrocatalysis [67]. Different electronic engineering strate-
gies have been adopted to illustrate the relationship between TMCh
structure and intrinsic activity, which could serve as significant guidance
for optimal catalyst design. Exposing the edge sites and introducing lat-
tice defects are two efficient approaches to improve TMChs' catalytic
activities. For example, Song et al. explored V-doped pyrite NiS; nano-
sheets as an OER catalyst [66]. After V-displacement defects were engi-
neered, the reconfigured electronic structure enabled pyrite NiS; to
change from semiconductive to metallic characteristics, due to electron
transfer from doped V to Ni sites. The metallic V-doped NiS; nanosheets
exhibited outstanding OER performance, with a small overpotential of
290 mV and long-term stability (20 h) in 1 M KOH electrolyte. As another
promising route, strain engineering can efficiently manipulate the elec-
tronic structure of TMChs. For example, Deng et al. reported a series of
lattice-strained NiSSe; _x nanosheets@nanorods [68]. Experimental and
calculation results revealed that the lattice strain led to a narrowed
d-band width and a shift of the d-band center toward the Ey. As a result,
NiSo.5Sep.s with around 2.7% lattice strain exhibited a high OER per-
formance (overpotential of 257 mV at 10 mA cm™2) and ultra-long sta-
bility (more than 300 h). Chalcogenide materials beyond transition
metals and layered metal oxyhydroxides, such as GaSe, GeS, and
NiO(OH), have also been studied for both the ORR and the OER due to
their inherent electrochemical activities [58,67].

3.2. Single-atom catalysts

As emerging oxygen catalysts, SACs have the merits of low cost,
maximum metal utilization, superior catalytic selectivity/activity, and
structural flexibility. Typically, SACs consist of atomically dispersed
transition metal centers (e.g., Ni, Co, Fe, and Mn) and several in-plane
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coordinated atoms (C, N, or O) immobilized in the carbon matrix [14].
In addition, heteroatoms (B, O, S, and P), known as environmental atoms,
can also be incorporated into the carbon matrix. In unsaturated coordi-
nation conditions, the center metal generally acts as the active site and is
able to interact with guest species (Fig. 4e) [69]. The antibonding states
produced from coupling between the metal d-orbitals and the O 2p-or-
bitals in oxygen intermediates downshift the energy, weakening the
M-—0 bonding. Hence, the lower the metal d-band center, the weaker will
be the bonding strength of oxygen species to the metal atom.

During the ORR process, the metal d-orbitals interact with the oxygen
p electrons, enabling the adsorption of O, and the subsequent electron
transfer [70]. The d-band structure for the center metal atoms is one of
the most important descriptors for indicating the intrinsic activities of
SACs. Recently, Zeng et al. comprehensively calculated the intrinsic ORR
activities of SACs made of 28 kinds of center metal atoms [71]. Plots of
theoretical onset potential (Eypser) VS. AGop= for different SACs exhibit an
interesting volcano shape, in which Fe lies on the volcano top with
different N coordination configurations (i.e., pyrrole-4N or pyridine-4N
coordination) (Fig. 5a). The plots provide a universal design principle
to select the center metal atoms for highly efficient electrocatalysts.
Moreover, Liao et al. experimentally studied the ORR performance of
SACs based on Fe, Co, Ni, Mn, and Cu [72]. Their results indicated that
the ORR activities followed the sequence Fe > Co > Cu > Mn > Ni
(Fig. 5b). Huang and Duan et al. demonstrated a general method to
embed various atomically dispersed transition metal atoms (e.g., Fe, Co,
and Ni) into nitrogen-doped graphene for the OER [73]. The MN4C4
moieties were recognized as active sites with an OER activity trend of Ni
> Co > Fe.

Apart from the metal center, the local coordination structure is also
important for determining the catalytic properties. The center metal
atoms are normally coordinated by several non-metal atoms via d-p
o-bonds as well as possible back-donating p-bonds. In this regard, the
electronic structure, especially the d electrons, of the center metal atoms
in SACs can be regulated by changing the surrounding environment of
the metal atoms using different approaches, including heteroatom
doping, coordination number control, and heterostructure construction
[69]. Moreover, SACs on various 2D materials, such as MXenes, layered
oxides, and LDHs, have aroused increasing interest recently due to the
tunable electron density and bandgap of 2D supports and uniform ge-
ometry of the supported SACs' active sites [74]. Several other manipu-
lation approaches have also emerged to enhance SAC -catalytic
performance, such as creating edge-hosted MNo, - sites (M = Fe, Co)
[75], and controlling morphology and active site distribution [76].

3.3. Metal-free catalysts

Carbon-based metal-free materials, including carbon nanotubes,
graphene, graphitic carbon nitride (g-C3Ny4), and their analogues, are
intensively investigated for electrochemical applications due to their
high conductivity and huge surface area [80,81]. The catalytic activity of
carbon-based metal-free materials originates from the electron redistri-
bution induced by either dopants or intrinsic carbon defects (e.g., va-
cancies, non-hexagonal carbon rings, edges, and adsorbed molecules).
Therefore, to obtain superior electrocatalytic performance, heteroatom
doping or defect creation are generally employed to modify the elec-
tronic structure and trigger charge redistribution in the carbon matrix
[82].

3.3.1. Heteroatom-doped carbon materials

Doping increases the catalytic activity of carbon electrocatalysts by
forming defects, enhancing electronic conductivity, and optimizing the
intrinsic electronic properties of the carbon network. N-doped carbon
materials are the most widely investigated metal-free electrocatalysts,
with the doping of N into the carbon matrix efficiently modifying the
electron distribution of the surrounding C atoms [83,84]. Pioneering
work on the study of N-doped coaxial carbon nanocables (denoted as
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Fig. 5. (a) ORR theoretical Eyy; vs. adsorption free energies AGon+ of SACs based on different transition metal atoms. Reproduced with permission [71]. Copyright
2018, Springer Nature. (b) Halfwave potential (E;,;) of SACs based on various metal elements, obtained from linear sweep voltammetry in the presence of
Oy-saturated 0.1 M KOH electrolyte. Reproduced with permission [72]. Copyright 2014, American Chemical Society. (c) Different doped N configurations in
N-functionalized carbon. Reproduced with permission [28]. Copyright 2016, American Association for the Advancement of Science. (d) Schematic of the ORR and
OER at various active sites on the n- and p-type domains of the NGRW catalyst. Reproduced with permission [77]. (e) Schematic of the preparation process for NPMC
foams. Reproduced with permission [78]. Copyright 2015, Nature Publishing Group. (f) Charge density distribution of different defects on carbon material. Repro-

duced with permission [79]. Copyright 2017, Wiley-VCH.

CNT@NCNT) was reported by Wei et al. [85]. The CNT@NCNT was
equipped with rich surficial N atoms acting as the active sites and
well-preserved inner CNTs promoting the electron transfer. Compared
with pristine CNTs, CNT@NCNT delivered much larger ORR current
densities, about 51 mV positively shifted ORR onset potential, and lower
peroxide formation, together with smaller OER overpotential and larger
OER current densities.

Several N configurations were proposed in an N-doped graphite
plane, including pyridinic, graphitic, and pyrrolic N (Fig. 5c) [28].
Different N configurations can influence the electronic structure of
adjacent C atoms to varying degrees, resulting in different catalytic
performance. However, whether the graphitic or pyridinic N works as the
main OER active site is still under debate. In this regard, identifying the
detailed mechanism whereby different N configurations promote the
catalytic activities of carbon materials would be very useful [17]. As a
representative example, Liu et al. fabricated N-doped three-dimensional
graphene nanoribbon as an oxygen bifunctional electrocatalyst [77]. The
electron-donating quaternary N was experimentally proven to dominate

the ORR activity, while the electron-withdrawing pyridinic N moieties
acted as OER active sites (Fig. 5d).

Other kinds of heteroatoms (e.g., B, P, and S) have also been adopted
to improve the catalytic activities of carbon nanomaterials. With respect
to B doping, the introduction of B increased the quantity of hole-type
charge carriers because the electropositive B atoms facilitated chemi-
sorption with electronegative oxygen species [86]. P doping created
defect-derived surfaces for oxygen adsorption because P has a lower
electronegativity and larger atomic size than C [87,88]. The large size of
the S atom makes it much more challenging to dope than N. The
improved catalytic activity with S doping was ascribed to the spin dis-
tributions, since the charge polarization originating from the electro-
negativity difference between S (y = 2.58) and C (y = 2.55) was
negligible [89,90].

Doping carbon materials with multiple types of heteroatoms has also
been verified as an efficient strategy to facilitate electrocatalytic activity
[78,91-93]. For instance, N, P co-doped porous carbon foam was
demonstrated to be an effective oxygen bifunctional electrocatalyst
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(Fig. 5e), exhibiting an ORR Ej/» of 0.85 V vs. RHE together with a
smaller OER onset potential than RuO, [78]. Theoretical calculations
confirmed the co-doping role of N and P at the graphene edge in boosting
both ORR and OER activities by lowering the reaction energy barrier.

3.3.2. Defect-rich carbon materials

In carbon materials, defects, including topological (e.g., pentagonal,
heptagonal carbon ring) and edge defects, have been confirmed as
significantly involved in the oxygen electrocatalytic reactions [79,94].
Defects optimized the charge/spin distribution of the carbon materials
with sp?-conjugation, facilitating the chemisorption of intermediates,
promoting electron transfer, and enhancing catalytic activity (Fig. 5f)
[79]. However, in real cases, doping and edge sites always coexist with
other types of crystalline disorder. The local electron density of carbon
can be redistributed by both heteroatom dopants and edge-induced to-
pological defects, and this redistribution benefits the adsorption of O
intermediates. It has also been demonstrated that doping carbon mate-
rials at the edge or defect sites is an efficient approach to boost oxygen
electrocatalytic activities. A syncretic understanding is highly desired to
guide metal-free carbon catalyst design. Thus, carbon materials with rich
defects have been extensively studied as oxygen catalysts over the de-
cades [95-97]. However, the large OER overpotentials of metal-free
catalysts remain critical restrictions for commercial applications.

4. Electronic structure regulation strategies
4.1. Heteroatom doping

Heteroatom doping into pristine materials tends to induce local
structural distortion and electron redistribution owing to differences
between the atomic size and electronegativity of the substituted atoms
and the receiving materials. Local structural changes make the doping
atoms or neighboring atoms superior catalytic sites and facilitate charge
transfer from the active sites to the adsorbed reactants [23,98]. Based on
the doped elements, doping is classified into cationic and anionic. Since
transition metal atoms usually possess empty d orbitals and act as elec-
trophilic sites, cationic doping has been widely used to optimize the
energy levels of active sites and adjust their key oxygen intermediate
adsorption strength. Conversely, anionic doping (e.g., C, N, O, P, and S)
has been applied to regulate the local electron distribution and enhance
electrocatalytic activity toward the OER [99].

As replacements for noble metal elements in oxygen catalysts, tran-
sition metal compounds have aroused tremendous interest because of
their good stability and catalytic activity. Nevertheless, most transition
metal compounds are semiconductors with low conductivity, which
hampers their practical catalytic performance. In this regard, doping has
been intensively explored for transition metal compounds to tailor their
electronic structures and catalytic activities [100]. In a representative
example, Gao et al. synthesized Co-doped NiO nanoflakes (denoted as
Co-NiO) as an efficient ORR catalyst in an alkaline solution [101]. The
conductivity of Co-NiO was apparently increased owing to the occupied
electronic state at the Erinduced by the Co dopant. Therefore, compared
to pristine NiO, Co-NiO exhibited obviously enhanced ORR perfor-
mance, with an E,neer of 0.92 V vs. RHE and an E; 2 of 0.79 V vs. RHE.
Similarly, the ORR activities of many other transition metal
compound-based electrocatalysts (e.g., TMNs, TMPs, and TMSs) could
also be substantially improved by the cationic doping strategy [99].

Doping with heteroatoms is also a powerful approach to regulate the
electronic structures of OER catalysts. For instance, Huang et al. studied
site-selective Fe doping in NiCoy04 tetrahedral sites (denoted as NiC-
oFe0) [102]. The c-bonds originating from TM-3d-e; and O-2p orbital
hybridization determined the electronic structure of the catalyst with the
O intermediates during the OER process. As revealed by the total DOSs of
NiCoFeO and NiCoO (Fig. 6a), Fe doping enhanced the electronic states
near the Ej, indicating the boosted driving force of oxygen exchange
between surface cations and 0%~ /0% adsorbates during the OER. This
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observation implied that Fe doping increased the carrier density and
improved the intrinsic conductivity of the catalyst. Moreover, Fe was
preferentially doped into the tetrahedral sites of NiCoO, which induced
dense OER-active Ni®" and Co?" at the octahedral sites. In addition, the
eg electron number was 1.53 for NiCoFeO, which was closer to 1 than
1.62 for NiCoO. As a consequence, NiCoFeO exhibited significantly
enhanced OER activity, with an ultralow E;j _ ;9 of 1.431 V and a small
Tafel slope of 39 mV dec™?.

In addition to cationic doping, anionic doping (e.g., C, N, O, P, and S)
has also been utilized to intrinsically enhance the conductivity of tran-
sition metal compounds and optimize the adsorption capability of O in-
termediates [107-109]. As the ionic radii of anions are generally bigger
than those of metal cations, anionic doping can generate significant al-
terations in local structure, thus inducing obvious changes in O-inter-
mediate adsorption/desorption. For example, Song et al. demonstrated
that the doping of low-electronegative P atoms in MoSy nanosheets
generated significantly improved ORR activity, with a 7-fold current
density increase and a large positive shift of 160 mV for both E,pser and
Ei1/3 [110].

When it comes to SACs, the active site generally consists of an
isolated metal atom coordinated with non-metal atoms (C or N) via d-p
orbital hybrid c-bonds and back-donating p-bonds. The unique coor-
dination structures of SACs dominate their catalytic performance and
efficiency [111]. Importantly, the electronic structure of SACs (espe-
cially the d-orbital electrons of center metal atoms) can be regulated by
doping metal or non-metal elements into the surrounding environment
adjacent to the center metal atoms [69]. Metal-doped SACs can be
viewed as derivative structures of SACs, featuring dual metal atoms
coordinated adjacently with strong intermetallic interaction and
charge polarization. The d-d orbital hybridization between metal
atoms, as distinct from the d—p orbital hybridization between metal
atoms and non-metal atoms, offers a new mechanism to optimize the
electronic structure of SACs [112]. The active sites are the dual metal
atoms, which not only maximize the atomic utilization efficiency but
also enable fast reaction kinetics with optimal reaction pathways
[113]. For instance, SACs containing dual-metal Fe-Co sites coordi-
nated by six N atoms in carbon nanotubes (denoted as (Fe, Co)/CNT)
reached a high ORR activity, with an E,ns¢ of 1.15 V and an Ej/ of
0.954 V [114]. Compared with single Co atoms (denoted as Co/CNT-C)
and single Fe atoms (denoted as Fe/CNT-C), (Fe, Co)/CNT promoted
the activation of O through weakening the oxygen-oxygen double
bonds Bifunctional oxygen catalytic activities were also demonstrated
for other bimetallic SACs, such as Ni-Co SAC [115], Ni-Fe SAC [116],
and Zn-N-Co SAC [117].

Non-metal atom doping (e.g., B, P, and S) in SACs can trigger high
activity by affecting the electron density over the metal centers. Among
all the non-metal elements, S has been revealed as a highly effective
dopant [118-120]. Because S has a lower electronegativity (2.58) than N
(3.04), electrons tend to transfer from S to N atoms once the S-N bond is
formed [70]. Zhang et al. synthesized S-doped Fe-, Co-, and Ni-based
SACs and explored their ORR activities [121], finding that S doping in
Fe-based SAC resulted in well-dispersed FeN4S, center sites, while
S-doped Co-based and Ni-based SACs generated CoN3S; and NiN3S; sites
due to the direct replacement of S by N. Electrochemical measurements
indicated that FeN4S; had the best ORR performance in alkaline solution,
showing an E,pg of 1.00 V vs. RHE and an Ej 2 of 0.87 V vs. RHE, which
were much higher than for CoN3S; (Egpser of 0.95 V and E; /2 of 0.86 V vs.
RHE) and NiN3S; (Epnser of 0.96 V and E;/2 of 0.82 V vs. RHE). The
prominent effect of S coordination in FeN4S; came from the electron
transfer from S to N, enabling positively charged S and negatively
charged N. Consequently, the electron density of the center Fe increased,
which in turn enhanced the ORR activity. Moreover, compared with
CoN3S; and NiN3S;, FeNyS, possessed the highest DOSs near the Ep,
expediting the ORR RDS (i.e., the reduction of OH* to OH™). This phe-
nomenon indicated the greatly improved electron transfer of FeNySo,
which further accounted for the enhanced conductivity and catalytic
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Fig. 6. (a) Calculated partial density of states (PDOSs) of bulk NiCoO and NiCoFeO. Reproduced with permission [102]. Copyright 2019 American Chemical Society.
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Society. (d) Schematic structure of pentacoordinated-Zr catalyst with axial O ligand for the ORR. Reproduced with permission [105]. Copyright 2022, Wiley-VCH. (e)
Schematic of the X-doped graphene nanoribbons, demonstrating the possible positions of dopants. Reproduced with permission [106]. Copyright 2015, Wiley-VCH. (f)
The minimum ORR/OER overpotentials vs. the descriptor ® for X-doped graphene. Reproduced with permission [106]. Copyright 2015, Wiley-VCH.

performance. Additionally, the calculated PDOS of Fe, Co, or Ni atoms in
SACs revealed that metal d-orbitals contributed to the enhanced DOS in
FeN4S,, CoN3Sy, and NiN3S;. Recently, Feng et al. developed an S-doped
Ni SAC as an OER catalyst [103]. Theoretical investigation showed that S
atoms in the Ni-N3S model acted as electron donors and decreased the
electron donation of Ni atoms to the neighboring N atoms. Thereby, the S
dopant effectively tuned the hybridization states between Ni atoms and
the neighboring N atoms, which improved the local electronic states of
the single-atom Ni site and boosted the OER activity (Fig. 6b). As a
consequence, the S-doped Ni SAC electrocatalyst exhibited a low OER
overpotential of 0.28 V at 10 mA cm ™2 and a small Tafel slope of 45
mV dec! in 1 M KOH.

In addition to S, B and P dopants have also been adopted to tune the
electronic structures of SACs. For instance, Chen et al. developed P-
coordinated Fe-based SAC (FeN3P) for the ORR and OER. Interestingly,
FeN3P showed better catalytic performance than FeN4 due to the
reduced RDS energy barrier (i.e., from OH* to OH™) [122]. As a result,
FeN3P demonstrated a larger limited current diffusion density (J; =
5.66 mA cm ™ 2) and a more positive Eypger f 0.941 V and E7 /2 = 0.867 V
vs. RHE compared with other counterparts. Moreover, FeN3P displayed
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a low OER potential of 1.66 V vs. RHE at 10 mA cm ™2 (Ej - 10), which
was close to that of RuO2 (1.61 V vs. RHE). The potential gap (AE)
between Ej _— ;9o and Ej/; normally is an important indicator of
bifunctional activity. Importantly, FeNsP showcased a small AE of 0.79
V, comparable to that of Pt/C + RuO5 (0.76 V). The enhanced per-
formance arose from asymmetric N/P coupling on Fe active sites,
which resulted in the optimal charge distribution and electronegativity
of these sites.

A bifunctional oxygen electrocatalyst was proposed using B-doped
Co-based SAC [104]. The AE of the B-doped Co-based SAC in 0.1 M KOH
was only 0.83 V (Ej — 9 of 1.66 V vs. RHE and Ej /2 of 0.83 V vs. RHE). B
doping was found to induce unbalanced charge distribution in Co-N-C,
N-C, and C-B moieties, which favored the adsorption of oxygen in-
termediates with the side-on mode and thus accelerated the 4e™ reaction
kinetics for the ORR and OER (Fig. 6¢). Recently, introducing O atoms
into SACs has also been adopted to regulate the electronic structure and
improve the electrocatalytic performance of SACs [123]. For instance,
our group demonstrated that after introducing nontrivial axial O ligands
into Zr-based SAC (O-Zr-N-C) (Fig. 6d), the d-band center of Zr was
obviously downshifted, conferring upon Zr single atom sites a stable
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coordination structure and suitable adsorption strength for O species
[105]. Therefore, the ORR performance of O-Zr-N-C significantly sur-
passed that of commercial Pt/C, with an Ej/2 of 0.91 V vs. RHE and
excellent durability for 130 h of operation. Furthermore, due to the axial
O ligand on the Zr site, O-Zr-N-C was highly resistant to aggregation,
enabling the fabrication of O-Zr-N-C with high single-atom Zr loading
(9.1 wt%).

In the case of metal-free carbon-based materials, non-metal doping
provides extra p-orbital electrons to carbon atoms and creates electron-
donating/accepting sites according to the electronegativity of carbon
and doping atoms. The redistribution of p-orbital electrons caused by
heteroatom doping facilitates the adsorption of O species and electron
transfer between the active sites and O intermediates. Hence, heteroatom
doping (including single-element doping and multi-element doping) has
been intensively employed to modify the electronic structures of carbon
materials for catalytic oxygen reactions. For instance, Xia et al. used DFT
calculations to systematically investigate the effect of doping various
heteroatoms into carbon-based catalysts [106]. The doping positions of
different dopants —i.e., X (X=B, N, F, Si, P, S, Cl, Se, Br, Sb, [, POH, PO,
SOH, SO,, and SeQy) — are illustrated in Fig. 6e. The electronegativity
multiplied by the electrical affinity of dopants was used as the intrinsic
descriptor (®) to correlate with the oxygen intermediates’ (e.g., OH* and
OOH*) adsorption energy. This study revealed that the active sites
generated through doping carbon materials with p-block elements were
the C atoms close to the dopants. Carbon materials doped by elements
with ® < 1 (e.g., B, Si, P, and Sb) were the ORR active catalysts. When it
came to X-O5 and X—OH doping (X = S, P), the catalytic active sites were
the dopants themselves. The results also indicated that edge-site doping
of graphene nanoribbons was a highly efficient method for developing
metal-free carbon-based bifunctional oxygen catalysts (Fig. 6f).

4.2. Vacancy creation

Vacancies are typical lattice defects in crystalline materials, meaning
lattice positions that are vacant due to the absence of atoms. Vacancies
can cause the redistribution of the local electron density and increase the
DOS near the Ef [124-126]. Consequently, the presence of vacancies in
catalysts enables researchers to regulate electron configuration, change
element valence, improve charge transfer properties, and thus optimize
intrinsic electrocatalytic activity [127,128].

With respect to transition metal compounds, anion vacancies can
change the intrinsic stoichiometric ratio and cause a distorted local
electric field, affecting the electronic properties of metal atoms adjacent
to the vacancy sites in terms of valence state and eg electrons [134]. O
vacancies are the most common anion vacancies in TMOs due to their low
formation barrier. The physicochemical properties of TMOs can be
significantly altered as a result of O vacancies. For instance, Qiao et al.
synthesized 1D single-crystal CoO with O vacancies (SC CoO NRs) as an
efficient ORR catalyst (Fig. 7a) [129]. O Is XPS and O-K edge XAS
spectra suggested enrichment of the O vacancies on the surface of SC CoO
NRs. This structural feature of SC CoO NRs was further verified by the
noticeable peak shift in the Co-L; 3 edge towards low photon energy and
in the Co 2p XPS spectrum towards low binding energy, which originated
from electron transfer from the O vacancies to the Co d band. Thus, a
combination of the XPS and XAS results provided solid evidence for the
abundant O vacancies on the surface of CoO. Moreover, DFT calculation
revealed that the O vacancies on the CoO (111) facets induced new
electronic states in the bandgap by the hybridization of O-2p, Co-3d, and
Co-3s orbitals (Fig. 7b), which, in turn, improved the electronic con-
ductivity and electrocatalytic activity of the fabricated CoO catalyst.
Therefore, SC CoO NRs showed an Eper 0f 0.96 V vs. RHE, an Ej /5 of 0.85
vs. RHE, and a Tafel slope of 47 mV dec ™!, which approached the values
of Pt.

Many studies have reported that defects in transition metal com-
pounds greatly improved OER performance [135]. For example, Zheng's
group synthesized mesoporous CosO4 nanowires with abundant O
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vacancies by using NaBHy4 as the reductant [125]. Compared with pris-
tine Co304, the oxygen-deficient Co3O4 exhibited a higher current den-
sity of 13.1 mA em ™2 at 1.65 V vs. RHE and a lower Egpge of 1.52 V vs.
RHE for the OER. DFT calculations suggested that O vacancies caused the
generation of new gap states, in which the electrons previously related to
the Co-O bonds were delocalized, leading to enhanced electrical con-
ductivity and electrocatalytic performance. In addition to TMOs, anion
vacancies were also demonstrated to be effective for boosting the ORR
and OER performance of other metal compounds (e.g., TMDs, TMNs,
TMChs, and TMPs) [136,137].

Apart from anion vacancies, cation vacancies have also been shown to
significantly affect the physicochemical properties of transition metal
compounds. Nevertheless, the huge formation energy of cation vacancies
makes it challenging to create an abundance of them. A few approaches
have been developed to prepare metal compounds with cation vacancies.
For example, Shao and co-workers created A-site cation deficiency in
LaFeOs perovskite oxides (denoted as La; _yFeOs_s) by a sol-gel process to
improve the ORR/OER activities (Fig. 7c) [130]. Their results disclosed that
A-site cation deficiency helped to form a small amount of Fe** with an
optimal ey orbital filling (tz,%e,"), which contributed to promoting the
electrocatalytic processes based on Shao-Horn's principle [32].
La; _xFeOs_g showed outstanding ORR and OER activities, with a AE of
1.06 V. This finding provided a new method to enhance the catalytic ac-
tivity of perovskites and guide future studies to design efficient
electrocatalysts.

Cation vacancies can easily be generated on the surface of ultrathin
nanosheets because of the low atom-escape energy at the surface sites.
Recently, Xie et al. controlled cobalt vacancies in ultrathin CoSe; nano-
sheets [138]. Specifically, diethylenetriamine (DETA) was used to coor-
dinate with Co complexes. After ultrasonication treatment, DETA
triggered Co atoms to detach from the CoSe; lattice, inducing the for-
mation of cobalt vacancies in the ultrathin CoSes nanosheets. Theoretical
calculations revealed that the HoO adsorption energy on the cobalt va-
cancy sites of CoSe; was substantially higher than on the Co sites in bulk
CoSey. The calculation results suggested that cobalt vacancies in the ul-
trathin CoSe; served as active sites to efficiently catalyze the OER, which
displayed a low E;j — 1o of 1.55 V in a pH = 13 electrolyte.

The metal center of SACs is normally considered to be coordinated with
four N atoms. However, such a coordination configuration may not exhibit
optimal bonding strength for O species during oxygen electrocatalysis.
Creating a nontrivial type of “vacancy” for SACs via removing the coordi-
nation atoms of the metal center offers a viable way to optimize the ORR/
OER performance of SACs. For example, Zhuang et al. synthesized a Fe-
based SAC through the HNO3 treatment of carbon black in the presence
of Fe [139]. The local structure-activity relationship of various active sites
was assessed both experimentally and theoretically, showing ORR activity
decreasing in the order Fe-N-C > Fe-N4~C > Fe4~N-C > N-C > Fe4—C >
C. Compared to the typical Fe-N4—C structure, Fe—N,—C located at the edge
site offered a more favorable O, adsorption energy and higher ORR activity.

Defect engineering was also used to render a group of ORR-inactive
SACs active [131]. Specifically, Chen and co-workers calculated the
OH* adsorption energy barrier on the main group metal-based SACs (i.e.,
MgN4C, AIN4C, and CaN4C) and found that ORR activity was severely
hampered by the tight bonding of the metal centers. However, the
Mg-based SAC with reduced N coordination (i.e., MgN>C) enabled
near-optimal adsorption strength for O intermediates (Fig. 7d). Impres-
sively, MgN2C showed superb ORR activity, with an E; /2 of 0.91 V RHE,
an E,pger of 1.03 V vs. RHE, and a Tafel slope of 62 mV dec™.

Besides coordination vacancies, carbon vacancies created by
removing C atoms near the M-Ny site can also improve the intrinsic
electrocatalytic activities of SACs. For instance, Xu et al. fabricated an
edge-rich Fe-based SAC (Fe/OES) for ORR catalysis [140]. Fe/OES
exhibited abundant meso/micropores with dense three-phase interfaces
for rapid reactant transportation to Fe sites, enabling the ultrahigh uti-
lization of active sites. As expected, Fe/OES promoted the ORR process,
yielding a higher E,pgr (1.0 V vs. RHE) and E7 /2 (0.85 V vs. RHE) than the
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Fig. 7. (a) Schematic illustration showing the fabrication of vacancy-rich O-terminated CoO nanorods. (b) PDOS of pristine CoO and oxygen-deficient CoO.
Reproduced with permission [129]. (¢) Schematic illustration showing the formation of O vacancy and Fe*" in A-site-deficient La;_4FeO3_s and comparing its
ORR/OER activity with that of LaFeO3. Reproduced with permission [130]. Copyright 2016, American Chemical Society. (d) The Mg cofactors' geometries in different
N-coordinated environments that tune the &, of Mg atoms, and the corresponding DOS of OH after interaction with the p-state of Mg. Reproduced with permission
[131]. (e) Schematic illustration of the fabrication of edge-hosted Fe-N4 moieties with C vacancies. Reproduced with permission [132]. Copyright 2018, American
Chemical Society. (f) ORR/OER volcano plots showing the overpotential vs. adsorption energy of OH*. Reproduced with permission [133]. Copyright

2016, Wiley-VCH.

control samples. Wang's group investigated the effect of various C va-
cancies on the ORR over a series of Fe-N4 models (FeN4, FeN4-6r-c1,
FeNy-5r-c1, FeNy-6r-c2, and FeN4-5r-c2; 6r or 5r refers to six- or
five-membered heterocycle ring, and cl or c2 refers to the cleavage of
one or two C-N bonds next to Fe-Ny) (Fig. 7e) [132]. Among the five
models, FeNy-6r-c2 exhibited the lowest energy barrier for the overall
ORR reaction, superior to FeNy sites without C vacancies.

The OER performance of SACs can also be affected by C vacancies. For
example, Lee et al. developed a series of edge-hosted SACs based on
different transition metals (Fe, Co, Ni, Cu) [141]. Impressively, the
Fe-based catalyst provided superior ORR (E;,2 of 0.91 V vs. RHE) and
OER activity (Ej-j0 of 1.6 V) and stability (12 h of operation). DFT cal-
culations proved that the edge-hosted Fe-N model greatly promoted the
desorption of OH* in the ORR, enabling a more favorable ORR pathway
than the bulk-hosted Fe-N4. In the OER process, the edge Fe-N2 model
allowed a RDS (O* + OH™ — OOH* + e™) with a close ideal adsorption
energy barrier of 3.15 eV and a theoretical OER overpotential of 0.579 V.

In carbon-based metal-free materials, topological defects (e.g.,
pentagon (C5), heptagon (C7), and octagon (C8)), which can be viewed
as results of carbon vacancies in the perfect graphitic structure, also play
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significant roles in oxygen reactions [79,94]. Wei et al. fabricated
nitrogen-doped edge-rich graphene mesh (denoted as NGM) to study the
origin of ORR and OER electrocatalytic activity in carbon materials
[133]. The NGM catalyst demonstrated excellent electrocatalytic per-
formance for both the ORR and the OER, with an ORR E,;;s: of 0.89 V vs.
RHE, an Ej/; of 0.77 V vs. RHE, and an OER E;_j¢ of 1.67 V vs. RHE. In
addition, experimental and first-principles simulations revealed the
critical role of topological defects in determining the activity of
metal-free carbon-based electrocatalysts. A nitrogen-free configuration
with adjacent C5 and C7 carbon rings exhibited the lowest overpotential,
i.e., 0.14 V for the ORR and 0.21 V for the OER (Fig. 7f). In addition, a
defective carbon catalyst doped with B and N (B, N-carbon) was con-
structed as an excellent metal-free bifunctional electrocatalyst for the
ORR and OER [142]. Due to rich carbon defects, B, N-carbon exhibited
superb bifunctional activity, with a AE of 0.712 V.

4.3. Strain induction

Strain is caused by the crystal lattice deformation associated with an
external force. Strain induction is a powerful way to regulate the
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metal-oxygen bonding strength by tuning the energy level of the d-band.
Fig. 8a illustrates the correlation between the metal d-band structure and
surface strain [143]. Compared with the late transition metals, early
transition metals with less than half-filled d-bands show weaker inter-
action with adsorbates upon lattice expansion. This apparent phenome-
non can be clarified by the classical d-band model. In detail, an expanded
strain reduces the wave function overlap, which further narrows the
d-band of the metal. For late transition metals, narrowing the d-band
increases its population, so the d-band center is lifted to preserve d-band
filling. For early transition metals, the expanded strain downshifts the
metal d-band center. This observation suggests that the catalytic activity
can be adjusted by tuning the surface strain of the catalyst according to
the above d-band model. Based on the theory, the electrochemical Li*
intercalation/extraction method was used to continuously control the
lattice strain of a platinum (Pt) catalyst from compressive to tensile in
order to readily tune the catalyst's ORR activity (Fig. 8b) [144].
Besides shifting the metal d-band center, strain induction can finely
regulate the ey orbital splitting and polarization in perovskites and other
TMOs. Lee and co-workers synthesized strained LaNiOs (LNO) for
bifunctional ORR/OER catalysts by adjusting the strain from —2.2% to
2.7% through applying different lattice-mismatched substrates (Fig. 8c)
[145]. When LaAlOg substrate was used, a compressive strain from —1.2
to 0% was obtained by changing the thickness of LNO on LaAlOs. The
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bifunctional activity of LNO was found to increase drastically with the
compressive strain. They weighted the center of each orbital state to its
orbital occupancy to calculate the ey center (E,). Interestingly, due to
disparate polarization to the d,. orbital, the M—O strength was dispro-
portionate to that of d,»—d,», which was in agreement with a geometric
argument postulating greater overlap between O 2p orbitals and the d,»
states. By examining both orbital splitting and polarization at the surface
of LNO, the authors established E, as a new descriptor to predict
strain-induced effects for the ORR and OER activities of perovskites and
related TMOs.

The catalytic performance of SACs has also been tailored by strain
regulation. Recently, Shen et al. used DFT calculations to evaluate how
the strain in Co, N co-decorated graphyne (denoted as Co@N;-GY)
affected the OER activity (Fig. 8d) [146]. The result suggested that from
compressive strain to tensile strain, the C-Co bond length was increased
linearly, and the d-band center of Co and the p-band center of C were
upshifted linearly (Fig. 8e). In addition, the compressive strain would
result in large interaction between the O species and the active sites,
partially because of the structural distortion caused by the surface
compressive strain during O-intermediate adsorption. In this regard,
adsorption—desorption energetics toward the O intermediate could be
finely tuned under the applied tensile strain. Consequently, the adsorp-
tion of oxygen species in the OER became weaker and weaker from
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Fig. 8. (a) Energy diagrams explaining the influence of tensile strain on the position of the d-band for early transition metals and late transition metals. Reproduced
with permission [143]. Copyright 2017, Springer Nature. (b) Schematic of the lattice constant change in LiCoO, substrates and how lattice strains are induced in Pt
nanoparticles. Reproduced with permission [144]. Copyright 2016, American Association for the Advancement of Science. (c) Lattice parameters and associated
biaxial strain for LNO on various substrates. Reproduced with permission [145]. Copyright 2016, American Chemical Society. (d) Structure of Co@N;-GY. Biaxial
strain means the simultaneous occurrence of both a and b uniaxial strains. Reproduced with permission [146]. Copyright 2020, Royal Society of Chemistry. (e) The
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compressive strain to tensile strain, reaching the lowest overpotential of
0.33 V with 3% biaxial tensile strain (Fig. 8f).

Additionally, strain induction was reported to tune the band structure
of single-walled carbon nanotubes [147]. Theoretical studies predicted
that band gap changes could range between +100 meV per 1% stretch,
according to carbon nanotube chirality, and this prediction agreed well
with experimental measurements. For graphene, theoretical calculation
revealed that a uniform uniaxial strain shifted the Dirac cones at K and K’
points in opposite directions, thus inducing a pseudo-magnetic field and
altering the electronic structure of graphene [148]. Additionally, the G
band and 2D band of graphene in the Raman spectrum tended to split
into two subpeaks by strain. Therefore, the introduction of strain in
carbon-based materials can optimize the adsorption energy of O in-
termediates so as to increase the electrocatalytic performance. Moreover,
early studies reported the introduction of heteroatoms or functional
groups would generate strain in carbon materials [149]. For example,
Huang et al. determined that the doping of large Se atoms into
CNT-graphene caused high strain at the edge sites, which facilitated
charge localization and promoted the associated chemisorption of oxy-
gen [150]. As a result, Se-doped CNT-graphene exhibited good ORR ac-
tivity, long stability, and high resistance to methanol compared with
commercial Pt/C. This study suggested that developing carbon materials
doped with Se or other large dopants offers a new strategy to induce
strain and improve catalytic activity.

4.4. Interface construction

Interface refers to the boundary between two different phases.
Interface engineering (e.g., physical stacking or chemical interfacial
bonding) can induce intriguing physicochemical properties at the inter-
face area and strong synergistic effects for oxygen electrocatalysis [151].

The synergistic effects include the following: 1) mismatched lattices
induce structural disorder, defects, and multiple phases, providing rich
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active sites; 2) the interface offers desirable channels for charge and mass
transport, enabling favorable contact between the electrolyte and the
active sites; 3) a robust interface allows enhanced electronic conductivity
and mechanical stability; 4) electron redistribution optimizes the
adsorption/desorption of intermediates [152]. Various interfaces have
been constructed with transition metal compounds, SACs, and metal-free
materials.

Defects and structural disorder at the heterointerface of different
transition metal compounds relieve induced strain and stabilize the
interfacial structure. In addition, abundant unsaturated sites caused by
the generated defects and structural mismatch can serve as atomic traps
to enhance the adsorption ability of O intermediates, thus promoting
catalytic activity. The significant effect of interface-induced defects in
tuning catalytic activity has been extensively proven in previous studies
[153]. For example, Chen and co-workers reported porous graphitized
carbon-supported metallic Co and spinel oxide Co304 “Janus” nano-
particles (Co/Co304@PGS) for bifunctional oxygen catalysts (Fig. 9a)
[154]. The defect-rich interface between Co and Co304 acted as an
atomic trap that enabled exceptional O-intermediate adsorption capa-
bility. Consequently, Co/Co304@PGS displayed a high ORR Ej,2 of 0.89
V vs. RHE and a low OER Ej_jo of 1.58 V vs. RHE. Moreover, the con-
structed heterointerface was found to promote charge transfer, optimize
electronic structure, and thus improve electrocatalytic activity. Recently,
Kanatzidis et al. reported a nano-assembled hierarchical heterostructure
consisting of CogSg and MoS; nanosheets on NigS; nanorod arrays [155].
The assembled structure exhibited synergistic effects due to charge
transfer through the constructed interfaces, delivering a high OER ac-
tivity with an Ej_zo of 1.396 V.

Interface construction has also been applied between different SACs
to yield improved ORR/OER performance. For example, Ma's group
assembled Ni- and Fe-based SACs on the inner and outer surfaces of
hollow graphene nanospheres, respectively (denoted as Ni-N4/GHSs/
Fe-N4) [156]. Ni-N4/GHSs/Fe-N4 exhibited good bifunctional oxygen
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Fig. 9. (a) Mlustration of Co and Co304 “Janus” nanoparticles. The red part represents metallic Co, and the green part represents Co304. Reproduced with permission
[154]. Copyright 2018, Wiley-VCH. (b) Schematic of Janus Ni-N4/GHSs/Fe-N, interfaces. Reproduced with permission [156]. Copyright 2020, Wiley-VCH. (c)
Ilustration of BP-CN-c heterostructure and the electron-density difference at the P-N bonded isosurfaces. The purple, brown, and light-blue spheres represent P, C, and
N atoms, respectively. The yellow and cyan regions correspond to electron accumulation and depletion, respectively (isosurface of 0.00185 e A~3). Reproduced with

permission [3]. Copyright 2021, Wiley-VCH.
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activities due to the unique Janus-structured dual SACs architecture
(Fig. 9b). In detail, the outer Fe-based SACs were responsible for the high
ORR activity, while the inner Ni-based SACs predominantly contributed
to the excellent activity towards the OER. As a result of the synergistic
effect, Ni-N4/GHSs/Fe-N4 demonstrated high ORR activity, with an
Eonset of 0.93 V, an Ej /2 of 0.83 V, and a small Tafel slope of 55 mV dec’l,
as well as good OER activity, with an Ej_;o of 1.62 V and a low Tafel slope
of 81 mV dec .
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Based on the heterointerface construction strategy, our group recently
developed an efficient metal-free bifunctional oxygen catalyst by cova-
lently bonding 2D black phosphorus (BP) with g-C3Ny4 (denoted as BP-
CN-c) [3]. The polarized P-N bond significantly directed the electron
transfer at the BP/g-C3Ny interface, which produced electron-deficient
BP planes and thus greatly promoted OOH* adsorption on P sites in the
OER process (Fig. 9¢). Moreover, BP-CN-c also delivered excellent ORR
activity, which was attributed to electron-rich C sites at the interfaces and

Table 1
Performance of state-of-the-art ORR and OER catalysts.
Catalyst Catalyst type Regulation Electronic structure criteria ORR performance (V vs. RHE) OER performance (V vs. Ref.
strategy RHE)
Co-NiO Transition metal Heteroatom Occupied electronic state at E¢ Eonser = 0.92; E;/2 = 0.79 Eji_j0=1.53 [101]
compounds doping
NiCo-FeO Transition metal Heteroatom Electronic states near the E¢ / Eji_10 = 1.431; [102]
compounds doping Tafel slope = 39 mV dec ™!
P-MoS, Transition metal Heteroatom Oxygen-intermediate adsorption/ Eonser and E;,2 = 160 mV / [110]
compounds doping desorption change positive shift;
7-fold current density increase
Zn/CoN-C SACs Heteroatom Enhanced binding ability of O, E;/2 = 0.861 / [113]
doping
(Fe, Co) SACs Heteroatom Activation of Oy Eonset = 1.15; / [114]
/CNT doping E;/2 = 0.954
CoNi-SAs/NC SACs Heteroatom Optimize O-intermediate adsorption/ Eonser = 0.88; / [115]
doping desorption E1/2 = 0.76;
Jk=232mAcm 2at 0.5V
FeNi SAs/NC SACs Heteroatom Reduce the energy barrier of RDS Eonser = 0.98; Ej_10 = 1.5; Tafel slope = [116]
doping E;2 = 0.84 54.68 mV dec !
Zn,Co-Nx-C-Sy SACs Heteroatom Charges around Zn,Co active centers; E;/2 = 0.893 / [117]
doping Facilitate O-O activation
Fe-SAs SACs Heteroatom Increased electron density; High DOSs Eonser = 1.00; / [121]
/NSC doping near the E¢ E;/2=0.87
S|NiNx SACs Heteroatom Improved local electronic states / Ej_10 = 1.51; Tafel slope = [103]
doping 45 mV dec™!
Fe-N/P-C SACs Heteroatom Favored oxygen intermediate adsorption/  Egpser = 0.941; E;,2 = 0.867 Ei_j0=1.61 [122]
doping desorption
Co-N,B-CSs SACs Heteroatom Activate electron transfer; Strengthen E1/2 = 0.83; limiting current Eji_10 = 1.66 [104]
doping interaction with the oxygen intermediate density = 5.66 mA cm 2
O-Zr-N-C SACs Heteroatom d-band center E;2 =0.91 / [105]
doping
SC CoO NRs Transition metal Vacancy Induce new electronic states in the band Eonser = 0.96; / [129]
compounds creation gap E;/2=0.85
Co304 Transition metal Vacancy Generation of new gap states / Eonser = 1.52 [125]
compounds creation
Laj_y Transition metal Vacancy Optimal e, orbital filling E12=0.6 Eonser = 1.64 [130]
FeO3_5 compounds creation
Ultrathin CoSe, Transition metal Vacancy Facilitate H>O adsorption / Ej_j0 = 1.55 [138]
compounds creation
Fe-N,/C SACs Vacancy Favorable O, adsorption energy Eonser = 0.88 / [139]
creation
MgN,C SACs Vacancy Optimal adsorption for O intermediates Eonser = 1.03; / [131]
creation E;2=0.91;
Tafel slope = 62 mV dec ™’
Fe/OES SACs Vacancy Favorable ORR pathway Eonser = 1.0; / [140]
creation E;/2=0.85
FeNy-6r-c2 SACs Vacancy Decreased overall ORR barriers E;/2 =0.95 / [132]
creation
Fe-N/S- SACs Vacancy Favorable ORR pathway E;2 =091 Ei_10=1.6 [141]
CNT-GR creation
NGM Metal-free Vacancy Regulate the binding energy Eonser = 0.89; Ei_j0=1.67 [133]
catalysts creation Ei2=0.77
LaNiO3 Transition metal Strain induction ~ Weight the center of each orbital state to 0.823 V at overpotentialsof n =  1.623 V at overpotentials [145]
compounds its orbital occupancy 400 mV of n = 400 mV
Co@N;-GY SACs Strain induction d-band center / Ej_10 = 1.56 [146]
Co/Co304@PGS Transition metal Interface O intermediates adsorption Ez/2 =0.89 Ei_j0=1.58 [154]
compounds construction
MoS,/CogSg/ Transition metal Interface Charge transfer / Ej_10 = 1.396 [155]
Ni3Sy/Ni compounds construction
Ni-N4/GHSs/ SACs Interface Synergistic effect between Ni and Fe Eonset = 0.93; Ej_j0 = 1.62; Tafel slope = [156]
Fe-Ny4 construction E;/2 = 0.83; 81 mV dec™!
Tafel slope = 55 mV dec™*
BP-CN-c Metal-free Interface Electron transfer and OOH* adsorption E1/2 = 0.84 Ei_j0=1.58 [3]
catalysts construction promotion
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reduced energy barriers for the RDS of ORR. Impressively, BP-CN-c
yielded state-of-the-art OER performance, with an Ej_;p of 1.58 V and a
good stability of 90% retention after 10 h of operation, compared to other
reported BP-based metal-free catalysts. In addition, BP-CN-c exhibited a
high ORR Ej/z of 0.84 V, making it the first BP-based metal-free
bifunctional oxygen catalyst.

Apart from heterostructures based on double transition metal com-
pounds, double SACs, or double metal-free materials, interfaces have also
been constructed between different types of catalysts to modify the
electronic structure of various components and improve the oxygen
electrocatalytic performance [152,157]. For example, Lou's group syn-
thesized MnO/Co in porous graphitic carbon polyhedrons (MnO/-
Co/PGC) with abundant heterointerfaces for both the ORR and the OER
[158]. The OER activity was improved by increased conductivity
deriving from well-defined heterointerfaces generated in situ via Co
nanocrystals and the formation of robust graphitic carbon. Due to the
constructed heterostructures, the assembled MnO/Co/PGC exhibited
excellent activity and stability towards both the ORR (Eyys: 0f 0.95 V vs.
RHE, E; /2 of 0.78 V vs. RHE, and limited current density of 6.0 mA cm™?)
and the OER (Ej_;p of 1.537 V vs. RHE and Tafel slope of 77 mV dec™).

5. Conclusions and outlook

Improving the sluggish kinetics of oxygen electrocatalysis remains a
critical task for achieving enhanced energy conversion and storage effi-
ciency. Studies on the regulation of electrocatalyst electronic structure,
which is closely related to the adsorption of O intermediates, can provide
important design criteria for tuning the intrinsic activity of oxygen cat-
alysts. With the design principle established, one can bypass routine trial
and error and accelerate the search process for high-performance cata-
lysts. In this review article, we have summarized the strategies employed
thus far to regulate the intrinsic activity of noble metal-free electro-
catalysts for alkaline oxygen electrocatalysis, including diverse transition
metal compounds, SACs, and metal-free catalysts (Table 1). We have also
discussed the relationship between electronic structure and oxygen
electrocatalytic activities. Despite the fact that substantial efforts have
been made, some key obstacles remain and should be addressed by future
efforts. Perspectives and challenges in these areas are discussed below.

1) Controllable synthesis of catalysts with defined structures. Pre-
cise quantification of heteroatom doping, vacancy creation, strain
induction, or interface construction requires identifying with high
accuracy the spatial positions of active sites in the catalyst. Catalysts
with well-defined structures are expected to provide effective models
to investigate structure—catalytic performance relationships, which
would, in turn, support the design of advanced oxygen catalytic
materials.

2) Establishing universal and comprehensive principles for com-
plex electronic structure regulation. In realistic cases, electronic
structural engineering strategies could trigger multiple effects. For
example, both strain and defects can be identified when catalysts are
promoted by constructing interfaces. It is therefore challenging to
distinguish the contribution of an individual effect. Figuring out the
exact origin of different effects is of great significance for rationally
designing electrocatalysts in the future.

3) Finding reliable electronic structure descriptors for catalytic
properties. The current descriptors, including ey filling, d-band the-
ory, oxygen p-band center, charge-transfer energy, Fermi softness, as
well as the average O 2p state energy, are not universal descriptors.
For example, the popular d-band theory fails to explain the changes in
adsorption strength and electrocatalytic activity induced by strain.
This fact calls for the exploration of more accurate electronic structure
descriptors for catalytic properties. To this end, it is essential to
combine experimental and theoretical approaches to establish a uni-
versal relationship between electronic structure and electrocatalytic
activity, which could in turn be used to direct new catalyst design.
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4) Building accurate theoretical models for the catalytic process.
Discrepancies between theoretical and realistic catalyst models
should be taken seriously, in particular for catalysts that undergo
surface reconstruction during the catalytic reactions. For example,
transition metal compounds, like TMCs, TMPs, and TMNs, undergo
surface reconstruction in the OER process. Likely, self-adjusting was
previously observed for SACs during the catalytic process. Therefore,
theoretical calculations should track the complete catalytic process
and use rational modelling to demonstrate the evolution of active
sites.

Developing advanced characterization techniques. Advanced
characterization techniques, in particular atomic-resolution and in
situ characterization methods, are still much needed to elucidate
catalyst structure and catalytic mechanisms. Ideally, these charac-
terization techniques provide direct evidence of active site structural
evolution during practical reaction conditions, help to build accurate
structural models for theoretical simulation, and provide strong evi-
dence for understanding catalytic mechanisms. In this regard, the
correlation between electronic structure and catalyst performance
should be derived at a deep level to accelerate the rational develop-
ment of new catalysts.

Developing catalysts with long-term stability. Compared with
catalytic activity, the stability issue has often been overlooked. The
application of electrocatalysts in various devices requires the devel-
opment of long-term stable materials. For transition metal com-
pounds, the doping strategy is generally applied to improve stability,
especially under the harsh corrosion and high anodic potential of the
OER. In the case of metal-free carbon-based catalysts, their stability
can be enhanced by increasing the carbon graphitization degree.
Moreover, it is necessary to establish a standard test protocol for
assessing stability. The current lack of standardization for both testing
and reporting catalyst stability makes it difficult to fairly compare
results generated from different laboratories.
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