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Single-atom catalysts (SACs) offer exceptional potential for the oxygen evolution reaction (OER), yet their
practical application is hindered by an incomplete understanding of structure—activity relationships at the
atomic scale. Traditional descriptors fail to fully explain the adsorption behavior of key oxygen
intermediates, creating a fundamental gap in catalyst design. This review addresses this limitation by

introducing a “structure—adsorption” framework that clarifies how metal-support interactions (MSls) can
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distance. Our analysis demonstrates that optimal OER activity arises from a balance between orbital

DOI: 10.1039/d55c08100a hybridization and electrostatic effects, providing clear design principles for next-generation SACs aimed
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1. Introduction

Since Zhang et al.* reported an isolated Pt atom catalyst sup-
ported on FeO, nanocrystals, which exhibited high activity and
stability in the CO oxidation reaction, research on SACs has
been very active. SACs have broad prospects in both industrial
applications and fundamental scientific research. On the one
hand, in terms of application value, metal active sites are
atomically dispersed and anchored to a support, achieving full
utilization of all metal atoms. The single-atom dispersion
maximizes the utilization of active sites, enhancing the reac-
tivity while reducing the cost of precious metal catalysts. SACs
have been applied in industry, such as a three-way catalyst for
vehicle exhaust treatment** (Chinese Patent No.
CN114682256A, CN114682253A, and CN114939418A), dry
reforming of methane and CO,, and the synthesis of 1,3-cyclo-
hexanedimethylamine at the ten-thousand-ton scale.” On the
other hand, in theoretical research, understanding the rela-
tionship between the structure and performance of catalysts at
the atomic scale has always been an important goal in catalysis
research. SACs provide an opportunity for precise study of
structure-activity relationships. In contrast to conventional
heterogeneous catalysts with diverse active sites and unclear
structure-activity relationships, single-atom catalysts (SACs)
present a well-defined coordination structure around isolated
metal centers and tunable local environments,® providing an
ideal platform for rigorous, in-depth studies at the atomic scale.
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Currently, research on SACs is very extensive, with numerous
reviews and discussions exploring the precise synthesis,”®
structural characteristics,”'® catalytic performance and
mechanisms."** However, throughout the entire development
process of SACs, whether in the past or now, precisely under-
standing the structure-activity relationship remains a difficult
problem to be solved.

At the single-atom scale, the core of MSI undergoes
a fundamental transformation: it is no longer a macroscopic
phenomenon related to the physical encapsulation of nano-
particles or interfacial charge transfer, but rather transforms
into a direct and strong electronic coupling between a single
metal atom and its coordination shell. In SACs, MSI is the core
for regulating their microscopic coordination structure. By
controlling the microscopic coordination environment, the
electronic state and adsorption energy can be altered, thereby
changing the catalytic activity. Therefore, MSI has become the
primary factor determining the electronic structure, stability,
and catalytic performance of SACs.

Electrolytic water splitting for hydrogen production, as a core
component of the carbon-neutral energy system, is limited in
efficiency by the four-electron transfer kinetic barrier of the
OER, with high overpotential leading to significant energy
loss.™** The OER, as a key half-reaction in clean energy tech-
nologies such as electrolytic water splitting for hydrogen
production and metal-air batteries, has relatively clear and
standardized reaction pathways (AEM, LOM, and OPM) and
intermediate species (OH*, OOH*, and O¥), providing a clear
theoretical framework for studying the structure-performance
relationship of SACs. Because the reaction pathways and
intermediate species of the OER are relatively fixed, external
interference factors such as diversity of supports, complex mass
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transfer, or side reactions are greatly reduced, allowing
researchers to focus more on the properties and behaviors of
the catalytic sites themselves. This feature makes the OER very
suitable for studying the structure-activity relationship of SACs.
By precisely regulating the coordination environment, elec-
tronic structure of the metal center in SACs and their interac-
tion with the support, the influence on the adsorption energy of
specific intermediates can be directly correlated, thereby
revealing the intrinsic relationship between the microstructure
of SACs and their catalytic performance.'>'® At the technical
application level, the development of efficient OER catalysts is
crucial for enhancing the energy efficiency and economic
feasibility of the entire water splitting process. SACs with their
extremely high atomic utilization rate and tunable electronic
structure have emerged as a promising direction for OER cata-
lyst design. In particular, precious metal-based SACs (such as Ir,
Pt, etc.) can retain or even enhance the catalytic activity while
reducing the amount of precious metals,"”” which hold
significant practical application value.

In this review, we propose a “structure-adsorption” theo-
retical framework to systematically explain the regulation
mechanism of MSI in SACs. This framework demonstrates how
MSI can enhance OER activity by optimizing the adsorption
energy of oxygen intermediates. This is achieved by precisely
engineering the single-atom's frontier orbitals—tuning their
energy, symmetry, and electron occupancy—through modula-
tion of the local coordination environment. Such orbital engi-
neering governs the degree of hybridization between the single
atom and reaction intermediates. Crucially, the adsorption
between SACs and oxygen species involves both covalent
bonding and electrostatic adsorption. The covalent bond
formation is dictated by the three principles of molecular
orbital theory: energy alignment, symmetrical matching, and
maximum orbital overlap. The electrostatic adsorption arises
from the coulombic interaction between the lone pair electrons
of the oxygen species and the metal atom. This paper will deeply
explore how to finely regulate the orbitals of single-atom active
centers through diverse structural engineering strategies such
as spin regulation, atomic spacing, and atomic position,
thereby optimizing the adsorption energy of key reaction
intermediates and ultimately providing a clear roadmap for the
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development of the next generation of highly efficient and
selective SACs.

2. The development of metal—
support interaction

The research history of MSI is rooted in the exploration of the
fundamental principles of heterogeneous catalysis (Fig. 1). Its
concept has evolved along with the deepening of theory and the
innovation of characterization techniques. As early as the 1930s,
G. M. Schwab proposed the concept of “electronic factors”,
initially revealing the influence of electronic interactions on the
catalytic behavior of supported catalysts, and dividing them
into structural effects and synergistic effects.”® However, the
landmark breakthrough occurred in 1978 when Tauster et al.**
from ExxonMobil in the United States first used the term
“Strong Metal-Support Interaction” (SMSI) to describe a notable
phenomenon: after high-temperature reduction treatment
(from 200 °C to 500 °C), Group VIII noble metals supported on
reducible oxides such as TiO, exhibit a sharp decline in their
capacity to chemisorb small molecules like CO and H,. Initially,
this phenomenon was attributed to electronic perturbations
arising from the formation of Pt-Ti chemical bonds. With
advances in electron microscopy technology, it was revealed
that the essence of SMSI lies in the migration of support species
under high-temperature reduction conditions, which encapsu-
late the metal nanoparticles, forming an overlayer that reduces
the adsorption capacity. This encapsulation model gained
strong support in 1986 when Sakellson et al.,”* using extended
X-ray absorption fine structure (EXAFS) spectroscopy, provided
direct evidence of strong Rh-Ti interfacial bonds in a Rh-TiO,
system. It was conclusively established in 1989 following the
work of Braunschweig et al.,** who employed high-resolution
transmission electron microscopy (HRTEM) to directly observe
an amorphous support-derived overlayer. It is worth noting that
Tauster himself later emphasized that the nature of SMSI
should refer to the strong metal-support chemical bond formed
at the interface, rather than its subsequent physical and
chemical behavior such as encapsulation.” In the 21st century,
the concept of MSI has continued to expand. In 2012, Liu et al.>®
first reported the “oxidative strong metal-support interaction”
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Fig.1 Schematic diagram of the development timeline of MSI.
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(Oxidative SMSI, O-SMSI) formed between Au and ZnO under
oxidative conditions, breaking the traditional perception that
SMSI only forms in reducing atmospheres.

Subsequently, in 2017, Tang et al.*’ confirmed that Group IB
metals (Au, Ag, Cu, etc.) can also have classic SMSI with TiO,
under high-temperature reduction conditions. In 2011, Zhang
et al.* formally proposed the concept of “Single-Atom Catalysts”,
and the research on MSI entered a new era at the atomic scale.
In the same year, C. T. Campbell proposed the concept of
Electronic Metal-Support Interaction (EMSI) to more accurately
describe interfacial charge transfer between the metal and the
support.”® SACs offer an ideal platform for investigating EMSI,
as they eliminate complications arising from nanoparticle size
and geometric effects.” This model system enables precise
investigation of the electronic states of single metal atoms, such
as shifts in orbital energy levels induced by interfacial charge
transfer. At the atomic scale, engineering the micro-
coordination environment of SACs directly tailors the EMSI,
which governs catalytic activity and stability through precise
charge transfer and modulation of the metal atom's electronic
state. These insights provide a fundamental basis for under-
standing and tailoring catalytic performance through electronic
regulation. This development reflects the evolution of MSI
research: from initial phenomenological observations to
understanding physical origins (encapsulation and interfacial
bonding) and ultimately toward precise electronic control
(EMSI) at the atomic scale, establishing a coherent multiscale
understanding of MSI. Concurrently, the theoretical underpin-
nings of MSI have been progressively elucidated through
extensive research. Orbital hybridization is the fundamental
mechanism behind SAC activity, with adsorption free energy
representing a macroscopic consequence of these interac-
tions.*® By manipulating the micro-coordination environment,
it becomes possible to modulate the MSI, thereby tuning the
electronic orbital properties of the single metal atom. This in
turn affects the interaction between the single atom and
adsorbates, leading to tailored catalytic activity. From
a quantum chemical perspective, orbital hybridization and
frontier orbital interaction theory provide an explanation.
Specifically, the frontier orbitals of the metal atom not only
hybridize with the orbitals of coordinating atoms from the
support but also overlap with the orbitals of reactant or inter-
mediate molecules during catalysis, resulting in the formation
of new bonding and antibonding states. The resulting orbital
interplay dictates the adsorption configuration and free energy
of key species, ultimately controlling the reaction pathway and
activation barriers.

3. Descriptors for SACs

The performance of SACs is governed not only by the metal
center itself but also influenced by the support that surrounds
it. Zhang et al.® categorized the influence of the support into
first shell and outer shell: the first shell directly modulates the
electronic structure of the single atom, while the outer shell
influences it through electrostatic interactions and steric
effects. Thus, MSI is the key to tailor the catalytic properties of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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SACs. This section will discuss two types of descriptors: one
directly quantifying the strength of MSI and the other reflecting
how MSI affects the adsorption behavior of the active site.

3.1 Descriptors for the strength of MSI

MSI refers to the physicochemical interplay between the sup-
ported metal species and the substrate, the strength of which
directly governs the stability of single atoms. Only by forming
strong bonds with the support can the metal atom avoid
aggregation. In a 2024 study, Wang et al.** employed interpret-
able machine learning “sure independence screening and
sparsifying operator” (SISSO), theoretical derivation, and first-
principles calculations to demonstrate that MSI between
metal nanoparticles (or single atoms) and oxide supports
primarily consists of metal-metal (M-M’) and metal-oxygen
(M-O) interactions (Fig. 2a-c). Their model identified the
adsorption energy (E.qn) as a key descriptor:

Eqaan = 61 x O(MO) + 6> x Q(MM') + 6 (1)

where M denotes the element of supported metal and M’ refers
to the metal in oxide, where 8, = 16 meV A2
By =cy x yM x X;’I,/X;’I and ¢; = 9.85 x 1072 eV~ The ratio of
Pauling electronegativity xp' /x, shows the competitive
bonding affinity of the two metal elements with oxygen, and
systems with higher ratios are prone to having more interfacial
M-O bonds, where 8, = ¢, X IEM/AHfM,O, €, = —3.06 x 107 % A%
and AH}V‘,O is the formation enthalpy of oxide support.

This model was also applied to predict the contact angle of
metals on oxide surfaces. Results indicate that optimal thermal
stability is achieved when the MSI strength is moderate, corre-
sponding to a contact angle near 90°, consistent with the find-
ings of Liu et al** and Hu et al.** Notably, encapsulation of
nanoparticles within a support occurs when Q(MO) > Q(MM’).
For single atoms, adsorption modes include M-O (Fig. 2a), M-
M’ (Fig. 2b), and M'-M-0 bonding (Fig. 2c), all of which can be
quantified using the weighted combinations of Q(MO) and
oMM).

The strength of the M-O bond plays a critical role in stabilizing
nanoparticles or single atoms. For instance, Pt nanoparticles are
effectively stabilized on CeO, under reducing or oxidizing
conditions, whereas they sinter readily on SiO,—consistent with
the conventional view of CeO, as an active support and SiO, as an
inert one for Pt.** However, this trend reverses for CoO, nano-
particles: SiO, strongly interacts with CoO,, retaining it in a low
oxidation state (Co>*) even under CO, hydrogenation conditions,
while CeO, binds CoO, weakly, leading to its reduction to metallic
Co°. Thus, for CoO,, SiO, acts as an active support and CeO, as an
inert one. This behavior extends to other oxides such as MnO,
and NiO,, which are also more resistant to reduction on SiO, than
on CeO,. In contrast, Au follows the same trend as Pt, being more
stable on CeO, than on SiO,.

A general rule emerges: the stability of Pt correlates nega-
tively with the O 1s binding energy (M-O bond strength) of the
support, whereas that of CoO, correlates positively. Supports
with weak M-O bonds favor metal stabilization via strong MSI,
while those with strong M-O bonds stabilize oxide species
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(a) Correlation between the adsorption energy E.qs of metal atoms bonding only to oxygen atoms of rutile TiO,(110), ZrO,(110), and

SiO,(110) surfaces against Q(MO), with schematic structures shown in insets. (b) E,4s of metal atoms bonding only to metal atoms of oxide
surfaces against QMM’). (c) E.q4s of metal atoms bonding to both metal and oxygen atoms on oxide surfaces against Q(MO) and Q(MM').

Reproduced with permission.®* Copyright 2024, The American Associ

ation for the Advancement of Science. (d) Schematic of PMC and OR of

supported metal NPs. Reproduced with permission.®* Copyright 2021, The American Association for the Advancement of Science. (e) Schematic
of tailoring EMSIs in Pd;/MO, SACs by changing the energy band structures of oxide supports by size variation. Reproduced with permission.**
Copyright 2025, Springer Nature. (f) Schematic diagram showing the evolution of the d-orbital energy level from degeneracy to that in M—N-C

SACs' configuration. And the specific situation in Cu-N-C is given

with the consideration of Cu electronic configurations. (g) Schematic

representation illustrating the Cu d orbitals’ energy level evolution in H-Cu—-N-C from the interaction between d orbitals in Cu—-N-C and the
vacant s orbital of the proton. Reproduced with permission.*® Copyright 2025, American Chemical Society.

through strong oxide-support interactions. This work identified
a linear trend between M-O bond strength and metal stability;
however, the relationship was not quantitatively defined.
Subsequently, Hu et al.** developed a quantitative link between
MSI and degradation mechanisms such as Ostwald ripening
(OR) and particle migration and coalescence (PMC). The

Chem. Sci.

activation energy for OR was expressed in terms of binding
energy (Eps) and cohesive energy (E.), while that for PMC
involved Ep,¢ and adhesion energy (E,qn)- These were normalized
into a unified descriptor. Since OR and PMC occurred concur-
rently, and since E,q, and Ey are positively correlated on a given
support, the authors proposed a simplified relation:

© 2026 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 2d, if the MSI is too strong, the contact
angle becomes smaller. This improves the dispersion of metal
nanoparticles and strengthens their binding to the support,
which helps prevent migration and aggregation. However, it
also makes OR more likely to occur. On the other hand, if MSI is
too weak, the contact angle is large, and the nanoparticles form
spherical shapes. In this case, PMC through van der Waals
forces becomes easier, while atomic diffusion and OR are
suppressed.

The best balance between activity and stability is achieved
when MSI is moderate, which corresponds to a contact angle of
around 90°. This idea is similar to the Sabatier principle in
catalysis, which states that the interaction between a catalyst
and a reactant should be neither too strong nor too weak.
Similarly, MSI has an optimal range: if it is too strong, OR
causes deactivation; if it is too weak, PMC leads to degradation.
Both cases reduce the stability of the catalyst.

Shi et al.*® proposed the lowest unoccupied molecular orbital
(LUMO) energy level of the support as another descriptor for
SACs. Applying frontier orbital theory to MSI, they showed that
as the support size decreases, the LUMO level rises, strength-
ening the interaction with the highest occupied molecular
orbital (HOMO) of Pd single atoms and enhancing the stability
(Fig. 2e). Additional studies suggest that the overlap area of
density of states can also indicate MSI strength.

Notably, bonding between single atoms and support atoms
follows molecular orbital principles, including symmetry
matching and maximum overlap. In Cu-N-C structures, the o
bond formed between the Cu d,=_, orbital and the hybridized
sp® orbital of the N atoms shifts the energy of Cu d-orbitals.*
Two m bonds from d,,-p, and dp-p, interactions raise the
energy of orbitals with the z-axis component. Owing to the
symmetry structure of M-N-C, d,, behaves similarly to d.,
while non-z orbitals remain at a lower energy (Fig. 2f). The
unique d° electronic configuration of copper leads to the
occupation of the d,2_j» orbital at the Fermi level. This orbital
plays the primary role in M-N bonding. The electrode potential
will alter the Fermi level of the catalyst. Applying a more nega-
tive potential will raise the Fermi level. As the Fermi level
gradually rises with the negative shift of the potential, it will
align successively with the LUMO of the single atom sites and
other frontier orbitals. Once the Fermi level aligns with or is
higher than these orbitals, electrons will enter these orbitals
from the electrode, thereby changing their electron occupation
numbers. In the H-Cu-N-C system, particularly under reducing
potentials, the transfer of electrons from the d,: orbital to the
d,>_,» orbital induces a rearrangement of energy levels. Conse-
quently, the d,>_,> orbital forms a continuous energy band that

© 2026 The Author(s). Published by the Royal Society of Chemistry
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spans the Fermi level (Fig. 2g). The adsorbed proton further
enhances electron transfer into the antibonding component of
the d,._,. orbital. This increased antibonding population
weakens the Cu-N bond, resulting in displacement of the Cu
atom from the C-N surface and a corresponding decrease in the
stability of the SACs under reduction conditions.

In summary, molecular orbital theory offers a fundamental
framework for understanding interactions between single
atoms and their supports. Strong MSI requires energy level
alignment, together with maximum orbital overlap during
bonding. SAC stability follows a Sabatier-type principle,
achieving an optimum at intermediate MSI strength. Under
electrochemical conditions, electron transfer at varying poten-
tials alters the occupancy of frontier orbitals, thereby affecting
the SAC-support bond strength.

3.2 Descriptor governing the influence of MSI on the
adsorption capability of SACs

The Sabatier principle states that the adsorption of reactants on
a catalyst should be of moderate strength.®” Excessively weak
adsorption impedes initial activation, while too strong adsorp-
tion stabilizes intermediates and hinders product desorption.
Therefore, optimizing the adsorption energy is essential for
enhancing the activity of SACs.

Zhou et al.*® classified the bonding interactions in SACs
systems into three categories: (i) L-M; coordination bond,
between the single atom and the first-shell support atoms,
governing the stability and oxidation state of the M; site; (ii) A-
M; coordination bond, formed with adsorbates, enabling
substrate capture and activation; (iii) L-support bond, con-
necting the first shell support atoms to the outer support
framework, which constrains surface lattice atoms and modu-
lates their reactivity.

Numerous studies have revealed a correlation between the
valence state of metal atoms and their catalytic activity and
stability;***' however, a direct and consistent relationship
remains controversial. Molecular orbital theory, widely applied
in homogeneous catalysis,** attributes covalent bonding to the
overlap of atomic or molecular orbitals, resulting in the
formation of new molecular orbitals. Effective bonding requires
three key conditions: energy alignment, symmetry matching,
and maximum orbital overlap.**** In recent years, molecular
orbital theory has been increasingly adopted as a fundamental
descriptor in the study of SACs.*>*>*¢ A prevailing research focus
is to optimize the adsorption energy and enhance the catalytic
activity by modulating the MSI to influence the metal-adsorbate
interaction (MAI).

The following section reviews descriptors that reflect how
MSI influences the adsorption behavior of active sites,
including the bonding triad principle, support effects, and
electrostatic adsorption.

3.2.1 Descriptors based on frontier molecular orbital
theory

3.2.1.1 Energy alignment. Greiner et al.*’ proposed that
single atoms in single-atom alloys (SAAs) exhibit a free-atom-
like electronic structure. The Newns-Anderson-Grimley model
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was employed to describe the hybridization between adsorbate ~while interaction with a narrow band (e.g., d-orbital of Cu)
molecules and metal surface electrons. The model indicates causes splitting into bonding and antibonding states. Gener-
that hybridization with a broad metal valence band (e.g., s- ally, a narrower band enhances the interaction strength. By
orbital of Na) leads to broadening of the adsorbate state, performing a Hilbert transform of the d-band density of states
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AgssCuy versus the adsorbate electronegativity (relative to the electronegativity of copper) for adsorbates. The symbols are colored according to
the group and proceed from left to right in the order listed here. Red squares, group 1 (Cs, Rb, K, Na, and Li); green triangles, group 2 (Ba, Sr, Ca,
Mg, and Be); purple dots, group 4 (Sn, Ge, Si, and C); orange circles, group 5 (Sb, As, P, and N); grey crosses, group 6 (Te, Se, S, and O); blue
diamonds, group 7 (I, Br, Cl, and F). (g) A graphical solution to the Newns—Anderson model, illustrating how the orbital energy arises from the
interaction between adsorbate states and the Cu 3d-band. Reproduced with permission.*” Copyright 2018, Springer Nature. (h) Linear scaling
relationships between the activities of Pd;/MO, catalysts and the LUMO positions of n-type. (i) The correlation between the TOFs of Pd/MO,
catalysts and the 3ds,, binding energy of Pd; atoms, as determined by in situ XPS. Reproduced with permission.>® Copyright 2025, Springer
Nature.
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and identifying its intersections with the adsorption function,
one can distinguish between state splitting (multiple intersec-
tions) and broadening (single intersection).

For example, in the case of O adsorption on Cuse (bulk
catalyst), the adsorption line intersects the Hilbert transform
once. Due to significant spatial overlap between O 2p, and Cu
3d orbitals (with the z-axis normal to the surface), the O 2p,
orbital splits into bonding ¢ and antibonding c* states. The O
2py and O 2p, states do not bond with the Cu 3d band and
remain nonbonding, resulting in broadening (Fig. 3a and b). On
SAA, the narrow d-band couples strongly with oxygen states,
yielding three intersections (Fig. 3¢ and d), indicating that the O
p-orbitals and Cu d-orbitals satisfy both symmetry matching
and a maximum spatial overlap. This interaction occurs not
only between the O 2p, and Cu d,- orbitals but also involves the
overlap of the Cu d,, and d,, orbitals with the O 2p, and 2p,
orbitals (forming the o bond), forming = bonds and anti-
bonding * states (Fig. 3e).

For a broader range of adsorbates, adsorption energy was
found to correlate with the ionic and covalent character of the
bond. Specifically, the electronegativity difference between the
adsorbate and Cu serves as a key descriptor: adsorbates more
electronegative than Cu bind more strongly to Ag;sCu, than to
Cuze, while those less electronegative bind more weakly
(Fig. 3f). The adsorption behavior follows the principles of
molecular orbital theory: energy level alignment, symmetry
matching, and maximum orbital overlapping. Strong adsorp-
tion requires close energy proximity between interacting
orbitals. For Group IA and Group IIA elements, their orbital
energies lie far above the Fermi level of single atoms, leading to
weak adsorption. In contrast, for Groups IV-VII, orbital energies
are closer to the Fermi level, enabling stronger orbital splitting
and adsorption (Fig. 3g).

A strong correlation exists between adsorption energy and
electronegativity. For adsorbates within the same group, the
adsorption energy difference scales with electronegativity (ionic
character), while covalent interactions fine-tune the adsorption
strength. Fundamentally, for elements in the same period (e.g.,
B to F in period 2), the outermost p-orbitals have similar ener-
gies initially, but increasing nuclear charge and electron count
along the period introduce shielding and penetration effects,
progressively lowering the p-orbital energy and increasing the
electronegativity. Thus, electronegativity partly reflects p-orbital
energy. As p-orbital energy decreases from Group IV to VII, the
energy gap with metal d-orbitals narrows, strengthening
adsorption in accordance with the energy alignment principle
(Fig. 3f).

This work offers important insights: parameters such as the
charge on single atoms and the electronegativity of adsorbates,
often associated with ionic or electrostatic effects, may funda-
mentally influence orbital energies. This suggests that a purely
covalent model is insufficient. Therefore, the roles of electro-
static interactions and charge transfer in adsorption on single
atoms warrant a deeper and more systematic investigation. In
a subsequent study, Shi et al** examined how the support
affects the frontier orbitals of single atoms and established
a linear relationship between the frontier orbital energy levels of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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SACs and their catalytic activity (Fig. 3h). As the support size
decreases, the LUMO energy of the support increases linearly
with the turnover frequency (TOF) for acetylene semi-
hydrogenation. In situ DRIFTS CO chemisorption showed
a blue shift in the CO peak with decreasing support size, indi-
cating a weakened Pd(4d)-CO(27*) bond and increased elec-
tron deficiency of Pd atoms. This contradicts the classical
charge theory, which associates the higher electron density with
higher activity. The study revealed that charge-based descrip-
tors are valid only within one type of support and fail across
different supports (Fig. 3i). This limitation arises because the
ionicity of the Pd-O bond is support-dependent but not size-
sensitive, making charge an unreliable universal descriptor.
DFT calculations showed that stronger Pd-support interaction
increases electron transfer from Pd to the support, lowering the
Pd LUMO energy and improving energy alignment with the
HOMOs of acetylene and hydrogen, thereby promoting
adsorption and H, activation.

3.2.1.2 Symmetrical matching. In a 2024 study, Schumann
et al.*® proposed the “10-electron count rule” for adsorption on
SAAs from a molecular orbital perspective (Fig. 4a). This rule
applies when adsorption is dominated by electron sharing
(covalent contributions), and it accurately describes the
adsorption energies of molecules such as CO and NO. Symmetry
matching plays a critical role in the bonding between metal d-
orbitals and adsorbate orbitals. The irreducible representa-
tions of metal d-orbitals are: a;(dz), e(dy, d), e,(dy, and
d,>_y2). The valence orbitals of p-type adsorbates correspond to
a4(s, p;) and e;(py, py)- The metal d,- orbital interacts with the

a : b m=n:
0 (1) =
! . 1o coes
# A = 3 el
% [1] i e
[T i =
i} S
1L 678 90 2n n o8 cee
S— Valence electrons
c d
T

O-modified Antibonding

C-deficient C;N C,N orbital of O,

Fig. 4 (a) Schematic diagram for the ten-electron count rule for the
binding of adsorbates on AgzsCus (SAA). (b) Molecular orbital diagrams
for the dinuclear complexes MN. Reproduced with permission.*®
Copyright 2024, Springer Nature. Different adsorption configurations
on single-atom Au with two different frontier orbitals (c), for the
adsorption of O (d), and the antibonding orbital of O, (e). Reproduced
with permission.*® Copyright 2020, American Physical Society.
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adsorbate ss and p, orbitals, generating three molecular
orbitals: ¢ bond, ¢* antibonding, and nc nonbonding states.
Similarly, the d,, and d,, orbitals combine in a linear combi-
nation manner with p, and p, orbitals to form two bonding 7
and two antibonding w* states (Fig. 4b).

In contrast, the d,, and d,,» orbitals lack matching
symmetry with any adsorbate orbitals and thus remain
nonbonding nd.** Electrons fill the five bonding and
nonbonding orbitals before populating antibonding states.
Adsorption strength is maximized when 10 electrons are occu-
pied; beyond this point, further filling of antibonding orbitals
weakens adsorption and facilitates adsorbate activation.

3.2.1.3 Maximum orbital overlapping. The split orbital states
of single-atom sites often lead to unconventional adsorption
behavior, necessitating detailed investigation into their unique
adsorption mechanisms.

In 2020, Fu et al.*® designed and computationally studied an
Au' atom supported on a carbon-defective substrate (Fig. 4c and
d). They observed that the Au” site exhibited higher activity than
its Au~ counterpart, a finding that contradicts conventional
charge-based interpretations. Compared to Au~ and Au’, the
Au' species exhibits stronger adsorption energy and a longer O-
O bond length. Theoretical calculations revealed a maximal
overlap between the d,, orbital (HOMO) of Au’ and the 27*
orbital of O,, consistent with the three principles of molecular
orbital theory: energy proximity, symmetry matching, and
maximum overlap (Fig. 4c). The 27t* orbital extends into the
Fermi level, enabling electron acquisition even when Au atom is
in a positive oxidation state. This suggests that the ability to
hybridize with the 27* orbital, rather than the negative charge
state, governs O, activation and desorption. The authors further
emphasized that the d-orbitals of Au split into discrete energy
levels, the ordering of which is strongly influenced by the
support. These findings underscore the critical role of the
support in modulating the orbital characteristics of single
atoms, indicating that variations in support properties can
multi-dimensionally alter the orbital energy levels of the
anchored metal species.

3.2.2 Electrostatic adsorption. While frontier molecular
orbital theory serves as a potential descriptor for SACs, alter-
native perspectives emphasize the significant role of electro-
static interactions. The 10-electron count rule having limits in
describing the adsorption of molecules with lone pair electrons
indicates that adsorption involves not only covalent bonding
between adsorbates and SAC d-orbitals but also electrostatic
attraction between lone pairs and metal sites.*® The essential
distinction between covalent and electrostatic adsorption lies in
the extent of electron transfer: covalent adsorption involves
substantial electron sharing, while electrostatic adsorption,
dominated by lone-pair interactions, entails minimal charge
transfer.

Kakekhani et al®> investigated electrostatic adsorption in
species with lone pairs, highlighting the coexistence of covalent
and noncovalent electrostatic effects during adsorption. Mole-
cules such as H,0 and NH; possess dipole moments that induce
image charges in the metal surface. The resulting induced
dipoles further polarize the adsorbate and stabilize the lone-
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pair surface bond. In projected density of states (PDOS), this
stabilization manifests as a gradual downward shift in the
HOMO energy of H,O as it approaches the surface.

On clean transition metal surfaces, the main contribution to
bonding is covalent interaction (orbital hybridization and
charge transfer). In contrast, adsorption on SACs exhibits
a distinct mechanism where simple covalent models are
limited. Intrinsic surface electrostatics (ISE), a noncovalent
interaction, plays a dominant role. Due to electronegativity
differences and low coordination numbers, Cu single atoms
often carry a positive charge. Electron transfer from the less
electronegative metal atom to more electronegative atoms (e.g.,
O or N in adsorbates) results in a positive charge center sur-
rounded by negative charges, generating a deep local electro-
static potential (ESP) well and a strong inhomogeneous surface
electric field. This field stabilizes the HOMO of H,O along the z-
direction, leading to the formation of an electrostatic bond. The
fact that H,O can redistribute its electrons on the side facing the
ESP well further stabilizes its bonding. The gradual energy
downshift of the HOMO of H,O is evident in Fig. 5a. The study
also confirmed that MSI modulates the charge on single atoms
across different supports, thereby altering their electrostatic
adsorption properties.

These findings collectively indicate that the coulombic force
significantly influences the adsorption of oxygen species on
SACs, with the charge of the metal playing a critical role. For
example, Zhao et al.>* designed a curved Fe/N-C catalyst with
a multilayer structure, in which electrostatic repulsion between
nitrogen atoms in the outer layer and adsorbed oxygen inter-
mediates in the inner layer weakened the binding strength of all
oxygenated species, thereby enhancing oxygen reduction reac-
tion (ORR) activity.

Nevertheless, research on electrostatic interactions in oxygen
electrocatalysis remains limited. Further studies are essential to
elucidate the relationship between the micro-environment of
single atoms and their electrostatic adsorption properties,
which may provide a viable pathway to break linear scaling
relations. The adsorption of oxygen intermediates in the OER is
fundamentally a synergistic process governed by electrostatic
and covalent interactions. Initially, the intrinsically high
oxidation state of the SACs generates a strong local ESP well.
This ESP utilizes long-range coulombic attraction to interact
with the lone pair electrons of the adsorbate molecule,
achieving initial stabilization of the intermediate. This elec-
trostatic contribution is quantified by descriptors like the Bader
charge. After stabilization, the metal d-orbitals can engage in
orbital hybridization with the adsorbate's orbitals, thereby
forming the covalent bond. The essential role of MSI is to
precisely tune the electronic occupancy of the d-orbitals, which
in turn fine-tunes the strength of the covalent interaction. This
fine-tuning is crucial as it allows adsorption energy to be opti-
mally adjusted to the peak of the Sabatier curve, thus circum-
venting the limitations imposed by linear scaling relationships.
The local electric fields on high-curvature carriers or nano-
needles can help to understand this theory. Wang et al.>
synthesized Mn single atom doped CoP nanoneedles; the strong
local electric field at the nanoscale can cause more OH™ to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 (a) PDOS of different distances of H,O from Cu@Au(111). Reproduced with permission.>* Copyright 2018, American Chemical Society. (b)

The conceptual diagrams of electronic interaction between the O, orbital, d orbital of SACs, and the support band for chemisorption. The black
arrows indicate the electrons. Reproduced with permission.?” Copyright 2024, American Chemical Society.

accumulate near the electrode surface, while the electronic
interaction at Mn sites promotes the desorption of O*. The local
electric field on the high-curvature surface can also optimize the
adsorption configuration of water molecules and increase the
concentration of the reactant near the surface.>*>¢

3.2.3 Support effect. During adsorption, EMSI enables
electrons from the support to participate in bonding, mini-
mizing the total electronic energy of the adsorbate-single atom-
support system.>” Notably, even Sc**, with its entirely empty d-
orbitals, can induce a negatively charged O, species, indi-
cating that electron donation originates from the support. This
electron transfer from the support to adsorbed O, is likely
mediated by EMSI during chemisorption. The electron filling
behavior is summarized as Fig. 5b:

(i) If the adsorbate molecular orbital is occupied and the
interacting SAC orbital is unoccupied, electrons from the
adsorbate fill bonding orbitals, lowering the system energy.

(i) If the SAC orbital is occupied and the adsorbate orbital is
unoccupied, electrons from the SAC fill bonding orbitals,
stabilizing the adsorbate.

(iii) If both the adsorbate and SAC orbitals are occupied with
parallel spins, electrons from the adsorbate occupy bonding
orbitals, while electrons from the SAC enter antibonding
orbitals and are further transferred via the single atom to lower-
energy states in the support.

(iv) If both orbitals are unoccupied, electrons would still be
transferred from the support into the bonding orbitals through
the single atom, reducing the total energy and stabilizing the
adsorbate.

Through EMS]I, this process alters the electron distribution
between the SAC and the adsorbate. The support acts as an
electron sea, accepting or donating electrons to reduce the overall
electronic energy, thereby modulating adsorption strength.

© 2026 The Author(s). Published by the Royal Society of Chemistry

4. Mechanism

Understanding the strength of MSI is crucial for predicting the
adsorption behavior of the active sites in SACs, which we now
explore through specific descriptors. These descriptors help to
connect the fundamental interactions with the observed catalytic
behaviors, guiding the identification of rate-determining steps and
reaction pathways. In the electrochemical process, the applied
potential can shift the Fermi level of the catalyst. At the reaction
potential, electrons transfer between the frontier orbitals of the
catalyst and the external circuit.”® Therefore, frontier molecular
orbital theory remains applicable in single-atom electrocatalysis.

The reaction rate P, governed by such localized interactions,
is proportional to the overlap integral of the two orbitals and
inversely proportional to their energy difference. This relation-

ship can be expressed as P —iqbipzz, where (¢a|¢y) is the overlap
a

integral and &, — ¢ is the energy difference between the inter-

acting orbitals.

When the orbitals of the SAC and the reactant are energy-
aligned and symmetry-matched, electron transfer occurs effi-
ciently. Thus, frontier molecular orbital theory provides a useful
framework for evaluating the feasibility of electron transfer in
electrocatalytic systems.

The OER is a fundamental electrochemical process central to
many clean energy technologies. As the anodic half-reaction in
water splitting, the OER suffers from slow kinetics and high
overpotential, representing a major bottleneck for the overall
efficiency. In SACs, MSI can modulate the electronic structure of
both the single atom and the support, thereby tuning the
adsorption energy of reaction intermediates, enhancing the
OER activity, and even altering the reaction mechanism.
Current OER mechanisms include the conventional adsorbate
evolution mechanism (AEM), as well as alternative pathways
that circumvent the scaling relations limiting the AEM, such as
the oxide path mechanism (OPM) and the lattice oxygen
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mechanism (LOM). A deeper understanding of these pathways
is essential for designing highly efficient and stable SACs.

4.1 Adsorbate evolution mechanism (AEM)

The AEM is a typical OER pathway. In this mechanism, the
reaction proceeds entirely through adsorbed oxygen interme-
diates (OH*, O*, and OOH*) formed sequentially on the active
site.*® In alkaline media, the steps are as shown in Fig. 6a:

OH +* - OH* +e”
OH*+ OH™ — O*+ H,O + e~

O*+ OH™ — OOH* +e”

OOH* + OH —O0, + H,0 + e~

0,-0, + *
In acidic media, the reaction begins with water adsorption
and proceeds through deprotonation steps.
H,O+* - OH*+ H" +¢”
OH* —» O*+ H" + e~
O* + H,O0 — OOH* + H" + ¢~
OOH* - O, + H " + ¢ + *
A key limitation of AEM is the linear scaling relation between

the adsorption energies of OH* and OOH*, which imposes
a minimum theoretical overpotential.*

4.2 Oxide path mechanism (OPM)

The OPM can occur at single or dual sites. For the dual-site
pathway, a suitable M-M distance is critical to facilitate
oxygen bond formation.®* In the OPM, two OH* species
deprotonate to form O* intermediates, which then couple to

Chem. Sci.

form O,, bypassing the unstable OOH* intermediate and
oxygen vacancy formation (Fig. 6b). This pathway often
enhances catalyst stability.

20H™ + 2* — 20H* + 2¢~
20H* + 20H™ — 20* + 2H,0 + 2¢~

20* - O* — O*

O* — 0% — O, + 2*

4.3 Lattice oxygen mechanism (LOM)

The LOM is a novel pathway increasingly identified in high-
performance oxide-supported SACs (e.g., on IrO,, MnO,,
RuO,, etc.).* In Fig. 6¢, the O* intermediate formed from OH*
deprotonation directly couples with a lattice oxygen (Oy,) to form
an O-O bond, releasing O,. This mechanism involves the
participation and subsequent regeneration of lattice oxygen.

OH + O » OLOH* + e~
OLOH* +OH™ — 02 + Vo + Hzo +e
Vo+OH — O H+e”

OLH +OH™ — OL + Hzo +e

Studies have shown that during the OER process, the “z-axis”
orbitals of SACs play a primary role. In an octahedral ligand
field, the e, orbitals consist of the d,: and d,=_, orbitals.®® As
previously discussed, the d,: orbital primarily interacts with
adsorbates, while the d,._,» orbital engages mainly with the
support.®® Thus, the e, orbitals collectively govern both the MSI
and the MAL Consequently, the electron occupancy of the e; or
“z-axis” orbitals may serve as a key descriptor for OER activity.
Suntivich et al® identified a volcano-shaped -correlation
between OER activity and the number of electrons in the e,
orbitals across various perovskite oxide electrocatalysts, with
peak activity predicted at an occupancy of one. This emphasizes
the significance of the spin configuration in relation to the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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adsorption energy, rather than barely on the oxidation state or
charge-based models.

In the OER, oxygen species also adsorb via electrostatic
interactions with lone-pair electrons, which limits the molec-
ular orbital theory to fully and accurately describe the adsorp-
tion of oxygen species on SACs. Therefore, current descriptors
for oxygen adsorption in the OER are adopted from both fron-
tier molecular orbital theory and charge-based models. A more
accurate descriptor should integrate the symmetry matching,
maximum orbital overlap, and energy alignment from molec-
ular orbital theory, together with electrostatic contributions
from charge theory, with appropriate weighting.

Recently, Xu et al.*” employed a progressive learning model
to predict the OER overpotential (nogr) for 261 Mga-MO,
systems and applied subgroup discovery (SGD) to identify key
descriptors. They found that high OER activity is associated
with surface metal Bader charge qSMs = —1.32¢, surface oxygen
p-band center pOs = —2.83 eV, and doped metal HOMO energy
Hm = —3.22 eV.

A qSMs value =—1.32¢ suggests a highly oxidized support,
facilitating charge transfer and improving electrostatic
adsorption capability. A pOs = —2.83 eV indicates strong
hybridization between the oxygen p-band and metal d-states,
reflecting strong MSI. Hm = —3.22 eV corresponds to low
HOMO energy and strong MAL This work highlights the critical
role of both the frontier orbital energies and electrostatic
adsorption properties of SACs in determining the adsorption
energies of OER intermediates.

This study serves as an example for OER descriptor devel-
opment, incorporating both the oxidation state of the catalyst
and the frontier orbital energy of the single atom while high-
lighting the critical role of the support in tuning the adsorption
properties of SACs.

Descriptors of MSI also reflect the selectivity of the OER
pathway by quantifying the electronic properties of SACs. A high
oxidation state of the metal center weakens the metal-oxygen
covalency, reduces the adsorption strength of the O* interme-
diate, and thereby promotes the AEM while suppressing Oy,
participation.®” In contrast, strong metal-oxygen covalency and
adsorption facilitate the LOM. MSI can elevate the p-band
center of adjacent oxygen atoms closer to the Fermi level,
thereby facilitating Oy, participation. The OPM becomes acces-
sible when two metal active sites are positioned at a suitable
distance (3 A) and both contribute to the HOMO of the cata-
lyst.®*** From a chemical perspective, coordination ligands
modulate the splitting of d-orbitals, influencing intermediate
stability and electron transfer pathways, which collectively
govern the mechanistic selectivity.

5. Design strategies and applications
of MSI in SACs for the OER

The catalytic performance of SACs can be effectively predicted
using a series of descriptors, which reveal that the adsorption
behavior at the active site is a complex process governed by both
covalent and electrostatic interactions. On one hand, the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interaction between the catalyst and reactants follows frontier
molecular orbital theory, where chemical bonds form through
effective overlap between the metal d-orbitals and the molecular
orbitals of adsorbates, thereby activating the reactants. On the
other hand, electrostatic attraction (coulombic interaction)
plays a critical role in the adsorption of oxygen species con-
taining lone-pair electrons, which are common in the OER.
Therefore, an ideal active site requires synergistic optimization
of its electronic structure (e.g., d-band center, frontier orbital
energy, etc.) and charge state (e.g., Bader charge, oxidation state,
etc.) to achieve moderate adsorption strength. This section
introduces catalyst design strategies based on spin configura-
tion, axial coordination, atomic distance, spatial position, and
support defects. These methods modulate the local coordina-
tion environment of the single atom through MSI, thereby
enhancing catalytic activity.

5.1 Spin configuration

Guided by molecular orbital theory, researchers have utilized
MSI to tune the electronic state of SACs, optimizing the
adsorption energy of reaction intermediates and improving
OER activity. During this process, adsorbates typically form
bonds through hybridization with the d orbitals of the active
metal site. The electron occupancy and spin orientation in these
d orbitals directly influence the bond strength, which in turn
governs molecular adsorption/desorption behavior and electron
transfer kinetics. Spin direction modulation can also lower
reaction energy barriers. In the OER, reactants such as OH™ and
H,O0 are singlet species, while the product oxygen has a triplet
ground state with parallel spin alignment (1O = Oft). The
transition from singlet intermediates to triplet oxygen is spin-
forbidden. It has been reported that the energy of triplet
oxygen is approximately 1 eV lower than the singlet state.”
When the active sites exhibit highly polarized parallel spins, the
electrons they provide can more readily form spin-parallel O-O
bonds, converting the reaction pathway from “spin-forbidden”
to “spin-allowed” and reducing the energy barrier. This explains
why external magnetic fields can enhance OER activity. Thus,
spin regulation in SACs is an important consideration in cata-
lyst design.”"”> Elements such as Fe, Co, and Ni, which are
inherently ferromagnetic, have attracted significant attention in
this context.””

The rearrangement of d-orbitals may cause a change in the
relative values between the crystal field splitting energy and the
spin pairing energy, thereby leading to a change in the spin
state. In the local structure surrounding the central metal atom,
the substitution of heteroatoms can regulate the adjacent
coordination environment of the metal, causing the coordina-
tion field distortion and changing the spin state. Zhang et al.”®
synthesized a dual-atom Mg/Fe-N-C catalyst via a one-step wet
chemical method. The introduction of the main-group Mg atom
enhanced crystal field distortion and modified the spin state of
the Fe atom (Fig. 7a). Aberration-corrected high-angle annular
dark-field scanning TEM (HAADF-STEM) images clearly
revealed dual-atom sites (Fig. 7b). X-ray absorption near-edge
spectroscopy (XANES) spectra in Fig. 7c at the Fe K-edge
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Fig. 7

(a) Schematic for improving electrocatalytic oxygen evolution through local field distortion in Mg/Fe dual-site catalysts. (b) HAADF-STEM

image (dual-sites are highlighted by dotted lines). (c) Fe K-edge XANES spectra. (d) Fe K-edge Fourier transform of the EXAFS spectra in R space.
(e) Fe K-edge EXAFS fitting curves of Mg/Fe—N-C; (inset) proposed architecture of Mg—Fe—Ns-C;. (f) Mg K-edge XANES spectra. Reproduced
with permission.” Copyright 2023, Wiley-VCH. (g) Fe K-edge XANES spectra. (h) Fe K-edge FT-EXAFS during the OER process with different
potentials (vs. RHE) of OCV, 1.245V, and 1.445 V in 1 M KOH, respectively. (i) The orbital interactions between cations and the OER intermediates
of Fe and Co during the OER process according to the bond order theorem. The red region represents more favorable metal spin—orbit coupling
interactions. (j) The schematic diagram of dual-site adsorbate evolution mechanisms for coupled O—-O bonding during the OER (blue for Co
atoms, red for Fe atoms, and yellow for S atoms). Reproduced with permission.”® Copyright 2024, Springer Nature.

indicated an average oxidation state close to +2 for Fe in Mg/Fe—
N-C, similar to FePc but distinct from Fe foil, and a deviation
from the ideal D,, symmetry. FT-EXAFS analysis showed
a dominant peak at 1.50 A, corresponding to Fe-N/Fe-C inter-
actions, with a slightly lower intensity than FePc, suggesting
a reduced coordination number (Fig. 7d). Wavelet transform
analysis and fitting results confirmed coordination numbers of
3.2 for N and 0.9 for C (Fig. 7e). Mg K-edge XANES spectra in
Fig. 7f further verified the atomic dispersion of both Fe and Mg.
In OER performance, Mg/Fe-N-C exhibited a low onset poten-
tial of 1.40 V, superior to commercial RuO, (1.47 V), Fe-N-C
(1.52 V), and Mg-N-C (1.54 V).

The large ionic radii mismatch between Mg>" and Fe®" can
cause a FeN, in-plane square local field deformation, raising the
energy of the d,- orbital and causing electrons to redistribute to
d,y/d,, which triggers a favorable spin transition of Fe*" from
intermediate spin (IS) (dy,*d;”dy;"d 2", 2.96uz) to low spin (LS)
(dy’dy,’dy,”, 0.95u5) and enabling overlap between the “z-axis”
frontier orbitals of Fe and the O 2p,/2p, and 7* orbitals of O*/
OH* and OOH* along the z-direction. The subsequent depop-
ulation of the d,: orbital reduces orbital overlap along the z-axis,
weakening adsorption strength and optimizing -catalytic
activity. At a current density of 10 mA cm 2, Mg/Fe-N-C
exhibited an overpotential of 224 mV, which was 123 mV and
163 mV lower than that of Fe-N-C and Mg-N-C, respectively
(Fig. 7a).

Xu et al.” synthesized a Fe, Co dual-atom catalyst (CFS-ACs/
CNT) via an adsorption-reduction hydrothermal method.
XANES confirmed the atomic dispersion of Fe and Co. Magnetic

Chem. Sci.

characterization, >’Fe Mossbauer spectroscopy, and XANES
analysis revealed distinct magnetic states: Fe*" existed in an
intermediate-spin state (t3,eg), while Co®>" was in a low-spin
state (t5gep). CFS-ACs/CNT demonstrated exceptional OER
activity, with an overpotential of 270 mV at 20 mA cm ™2, out-
performing commercial IrO, and FeS,/CNTs by 100 mV and
80 mV, respectively. In situ XANES spectra showed that Fe*" was
gradually oxidized to Fe*" during the OER (Fig. 7g). As the
applied potential increased from 1.245 V to 1.445 V, the main
peak shifted toward lower energy, indicating changes in MSI
and the Fe-S coordination environment (Fig. 7h). Both Fe and
Co undergo spin state changes during the reaction process
(Fig. 7i). Fe®" in an intermediate-spin (t;4e4) exhibited strong O*
adsorption energy, lowering the O-O coupling barrier. OH™
preferentially adsorbed on the Fe site, followed by deprotona-
tion to form O%* triggering a dual-site OPM (Fig. 7j). The
different spin states of the two atoms in the dual-atom catalyst
facilitate the adsorption of distinct intermediates, breaking
linear scaling relations. Li et al.”” prepared a catalyst with
atomically dispersed Ce on CoO. The Ce-O-Co bond created an
electronic energy gradient, enhancing the Co-O covalency and
catalytic stability. PDOS analysis revealed that the electrons in
Co d orbitals changed from e to spin-down ey. The interaction
between spin-down d,, and d,._,> orbitals of Co and spin-up
electrons of oxygen species facilitated the formation of triplet
0, ¢ and 7 bonds. Sun et al.”® prepared a Ni SAC on MoS, (Ni,/
MoS,) with a distorted quadrilateral structure, inducing ferro-
magnetic coupling with adjacent S atoms and neighboring Ni
sites. In situ characterization and theoretical calculations

© 2026 The Author(s). Published by the Royal Society of Chemistry
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identified the non-bonded S; atom adjacent to the Ni site as the
true active site for the OER. This ferromagnetic coupling
favored spin-selective charge transfer, enabling triplet O,
generation. This also illustrates that SACs are not always single-
site catalysts, and the support plays a vital role, demonstrating
the significant influence of MSIL.

Modulating the spin state of SACs via MSI is a powerful
strategy to enhance the catalytic performance. For the OER, this
approach overcomes the spin barrier between singlet reactants
and the triplet oxygen product. Engineering dual-atom sites or
specific supports alters the active metal's electronic structure,
which lowers the energy barrier for this spin-forbidden step.
This directly accelerates the reaction rate and boosts the overall
efficiency.

5.2 Axial coordination

The electronic state of a single atom is directly influenced by its
first-shell coordination environment, and axial coordination is
an effective strategy for modulating the spin state of the metal
center.”” Atoms on the support (e.g.,, O, N, C, etc.) provide
anchoring sites for the metal center.* The type and electronic
state of the coordinating atoms determine the charge transfer
between the single atom and the support, directly affecting the
splitting pattern and magnitude of the d-orbital energy levels,
thereby altering the spin state of the single atom (HS S IS S
LS). In an octahedral crystal field, the d-electrons of the central
atom occupy the tyg (dyy, dys, d.;) and e;(dxz,yz, d,2) orbital sets.
The relative magnitudes of the electron pairing energy (P) and
the splitting energy (4,) determine the spin state: weak field
ligands (P > 4,) favor high spin (HS) complexes with maximum
unpaired electrons, while strong field ligands (P < 4,) favor LS
complexes with paired electrons in the lower-energy t,, orbitals.

Spin-state-dependent ionic radius changes are significant in
biochemistry. For example, in hemoglobin, the Fe** in the heme
cofactor reversibly binds oxygen. In the oxygenated state, Fe*" is
low-spin with a smaller radius, allowing it to fit into the
porphyrin plane as a six-coordinate complex. Upon deoxygen-
ation, Fe** becomes high-spin with a larger radius, resulting in
a five-coordinate structure where the metal is displaced from
the porphyrin plane. Numerous studies have explored the
design and application of the axial coordination ligand for
SACs. Pan et al.®" developed a Co-Nj; catalyst with axial N
coordination as a robust electrocatalyst for CO, reduction,
exhibiting nearly 100% CO selectivity and remarkable stability.

Qiao et al.® reported a Fe-N-C SAC featuring axial nitrogen
coordination. By modulating the axial ligand from the weak-
field chlorine to the strong-field nitrogen, the spin state of Fe
was tuned from HS to IS. This spin-state transition optimized
the binding strength of OH*, thereby enhancing the bifunc-
tional activity of the N-FeNj site for both the OER and ORR. DFT
calculations revealed that the spin-state transition strengthened
the interaction between the Fe site and OH¥*, significantly
lowering the OER energy barrier.

Because seawater contains abundant chloride ions, SACs
with axial coordination of chlorine have been widely reported in
seawater electrolysis. Duan et al® developed an Ir SAC

© 2026 The Author(s). Published by the Royal Society of Chemistry
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supported on CoFe-layered double hydroxide (Ir/CoFe-LDH) to
modulate chloride adsorption and regulate the electronic
structure of the Ir active center. The HAADF-STEM image (Fig.
8a and b) and XANES and EXAFS spectra confirmed the atomic
dispersion of Ir on the surface. In 6 M NaOH + 2.8 M NaCl
electrolyte, Ir/CoFe-LDH exhibited superior OER performance
with an overpotential of 202 mV and a TOF of 7.46 O, s ',
outperforming the system without Cl~ (overpotential 236 mV;
TOF = 1.05 O, s '). In the operando EXAFS spectra, only Ir-O
could be observed in NaOH (Fig. 8c), while both Ir-Cl and Ir-O
were present simultaneously in the NaOH + NaCl electrolyte
(Fig. 8d). In situ Raman analysis consistently showed Ir-Cl at
333 cm ™ in Cl -containing electrolyte, while only a weak signal
was observed at open-circuit voltage in Cl -free electrolyte
(Fig. 8e-g), indicating competitive adsorption between Cl™ and
OH  at high OH ™ concentrations. DFT identified the formation
of OOH* as the rate-determining step. Crystal orbital Hamilto-
nian population (COHP) analysis revealed stronger bonding
interactions between the molecular orbitals of OOH* and the Ir
site in the Ir-Cl-OH configuration compared to Ir-Cl-Cl or Ir-
OH-OH, suggesting enhanced OOH adsorption on Ir-Cl-OH
and a lower energy barrier for the rate-determining step.
Furthermore, the hybridization between Ir and Cl bands was
significantly enhanced. The strong Ir-Cl coordination stabilized
Co and Fe sites, suppressed Cl~ coordination to these metal
centers, and ensured stability during seawater electrolysis,
retaining operation for over 1000 hours at high current densi-
ties. Sha et al.** synthesized an Ir SAC with axial Cl™ coordina-
tion (Ir/NiOOH-Se@Cl). The strong electron-withdrawing effect
of CI” established a CI-Ir-O-Ni electron-withdrawing chain
(Fig. 8h), which enhanced Ni-O covalency and promoted lattice
oxygen participation, shifting the reaction mechanism from the
AEM to the LOM. In situ Raman spectroscopy confirmed the
stability of the Ir-Cl coordination structure in seawater elec-
trolyte, along with a significantly higher Ni** content compared
to that under alkaline conditions. Isotope labeling and differ-
ential electrochemical mass spectrometry (DEMS) jointly veri-
fied the involvement of lattice oxygen. In 20 wt% NaOH +
saturated NaCl, the Ir/NiOOH-Se@Cl catalyst required an over-
potential of only 313 mV at 0.5 A cm ™2, 147 mV lower than that
in alkaline electrolyte and remained stable for over 500 hours.

Axial Cl™ coordination has also been applied to enhance
ORR activity. For instance, the relatively inert main-group
element Sb exhibited exceptional ORR performance when
axially coordinated by Cl~, achieving a half-wave potential of
0.92 V with only an 11 mV decay after 5000 cycles. Mechanistic
studies indicated that C1~ coordination precisely modulates the
p-orbital electron density of the central Sb atom, lowering the
OH* adsorption energy and improving the ORR activity.*
Similarly, C1™ effectively regulates noble metal single atoms;
a Pt;Co4/NC-Cl dual-atom catalyst with axial CI~ coordination
achieved a half-wave potential of 0.84 V, with only a 12 mV loss
after 5000 cycles. DFT calculations revealed that axial Cl coor-
dination modulates the electronic structure of Pt, reducing the
OOH* adsorption energy barrier and enhancing the ORR
performance.®®
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(a) HAADF-STEM image of Ir/CoFe-LDH showing single atomic Ir dispersion on CoFe-LDH. (b) Dark-field TEM image of Ir/CoFe-LDH and

the corresponding elemental mappings showing the distribution of Fe, Co, Cl, and Ir elements. (c) In situ Fourier-transformed EXAFS spectra of Ir/
CoFe-LDH in (c) NaOH + NaCl and (d) NaOH. In situ Raman spectra of Ir/CoFe-LDH recorded in (e) NaOH + NaCl and (g) NaOH. (f) Enlarged
views of (e) and (g); the blue-highlighted portions correspond to the Ir—Cl coordination. Reproduced with permission.®* Copyright 2024, Springer
Nature. (h) Schematic of the lattice oxygen mechanism induced on nickel sites by Cl™ adsorption for an efficient seawater oxidation reaction.
Reproduced with permission.®* Copyright 2025, American Chemical Society. (i) Proposed 4e™ mechanism of the OER at the Co site adjacent to Ir
in Iry/(Co,Fe)-OH/MI. (j) LSV curves in 1 M KOH at a scanning rate of 5 mV s, (k) Overpotentials at 10 mA cm™2, 100 mA cm™2, 300 mA cm~2 and
600 mA cm™2. Reproduced with permission.t8 Copyright 2024, Springer Nature.

Chlorine, with its high electronegativity and large ionic
radius, optimizes the orbital energy distribution of metal
centers, leading to optimal adsorption energy for oxygenated
intermediates. Moreover, the p-orbitals of Cl can form m-back-
bonding with metal d-orbitals, resulting in strong interactions
that stabilize single atoms. This unique regulation makes Cl~
a promising axial ligand, successfully applied in the ORR, OER,
and CO, reduction reaction (CO,RR).*

Organic molecules have also been employed as axial ligands
in SACs. For example, introducing axial ligands (CH3/CN) into
pyrrole-type CoN, sites was shown to enhance the OER/ORR
activity.®” Larger organic axial ligands have also been reported;

Chem. Sci.

Zhao et al®® prepared an Ir SAC coordinated with di-
methylimidazole (MI) on CoFe hydroxide nanosheets. The Ir,/
(Co,Fe)-OH/MI catalyst exhibited an ultralow overpotential of
179 mV at 10 mA em ™2 (Fig. 8j and k). First-principles calcula-
tion attributed this exceptional OER performance to the unique
coordination between the Ir single atom and MI. Axial MI
coordination induced effective charge redistribution around the
Ir site, influencing not only the Ir atom but also adjacent Co
atoms, resulting in favorable shifts in the d-band centers of
both Ir and Co. The neighboring Co site exhibited an overall
energy barrier of only 0.78 eV, identifying Co as the actual active
site (Fig. 8i).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Chen et al.* reported a CoNj site by axial coordination of Co-
S (Co;1N,-S,) for the ORR. The optimal Co;N,-S; exhibits excel-
lent alkaline ORR activity, according to the half-wave potential
(0.897 V) and Tafel slope (24.67 mV dec ‘). Moreover, the
Co;N,-S; based Zn-air battery displays a high power density of
187.55 mW cm™ 2 and an outstanding cycling stability for 160 h.
DFT calculations indicated more occupied 7* orbitals of oxygen
species on OOH@Co,N,-S; and thus make it easier to break the
0-0O bond. This indicates that there is a great research potential
for the development of axial ligands.

Traditional SACs design has largely focused on the two-
dimensional plane of the coordination environment. Axial
coordination engineering introduces a three-dimensional
perspective into catalyst design. This strategy allows precise
installation of specific functional ligands at the atomic scale,
regulating MSI and bringing about significant changes to the
electronic and catalytic properties of single atoms.

5.3 Atomic distance

Traditional models of SACs typically emphasize the isolated
nature of metal sites, where active centers are sufficiently
separated to prevent aggregation. Recent advances have
revealed that precisely controlling the distance between single-
atom sites, or tuning their surface density, offers a promising
strategy for enhancing catalytic performance.”*® When the
interatomic distance is regulated within a specific range, it gives
rise to distinct single atom-support interactions or single atom-
single atom interactions. These effects subsequently modify
orbital hybridization and spin coupling between adjacent sites,
thereby enabling cooperative adsorption and evolution of
intermediates.

Tang et al.”®* demonstrated that the density of single atoms
influences their OER activity by modulating the adsorption
energy of OH*. The OER activity followed the increasing order:
1-CuNj; < 2-CuNj; < 3-CuNj; < C3N;Cu. Notably, isolated or low-
density Cu SACs exhibited minimal OER activity, confirming
that the performance enhancement is governed by electronic
structure modifications resulting from higher atomic density
rather than simply from an increased number of active sites.
Kumar et al.®* proposed a high-density Co SAC (10.6 wt%) in
a pyridine-rich graphene network. Operando XANES analysis
identified the formation of an electron-deficient Co-O inter-
mediate, enhancing the OER activity. Similarly, Song et al.*®
combined theoretical and experimental approaches to show
that the catalytic activity for benzene hydroxylation is propor-
tional to the density of Cu single atoms (0.1-2.4 atoms per nm?).
Studies revealed that interactions between adjacent SACs also
modify their electronic structures, indicating that increased
SAC density not only raises the number of active sites but also
significantly modifies the electronic properties of metal
centers.”®

Increasing the density of single atoms will break the elec-
tronic symmetry of the support, and in this case the traditional
d-band center theory is no longer applicable. Harrath et al.*®
systematically investigated the effect of SAC density on OER
overpotentials. For Co, Ni, and Cu SACs, the higher density

© 2026 The Author(s). Published by the Royal Society of Chemistry
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lowered the overpotential by reducing the energy barrier for
oxygen intermediate formation (Fig. 9a and b). In contrast, Fe
SACs showed increased overpotential due to the rate-limiting
OOH to O, step. This divergence originates from support elec-
tronic restructuring under high SAC loading. DFT calculations
revealed an anomalous d-band center behavior: although the d-
band center shifted downward relative to the Fermi level, the
OER activity improved. Charge density difference, spin density,
and electron localization function analyses indicated that high-
density SACs disrupt the symmetry of N-doped graphene,
impede m-electron delocalization, and significantly raise the
Fermi level, facilitating electron transfer from the support to
metal sites (Fig. 9¢). This accumulation of electrons on metal
and adjacent N/C atoms suggests limitations of the conven-
tional d-band theory in describing extreme electronic environ-
ments in SACs, underscoring the importance of spin state
modulation.

Notably, spin states of Fe/Co SACs evolved with increasing
density: the spin density of Co increased from Oug in 1Co@N,-g
to 1.03up in 4Co@N,-g, indicating the LS to IS transition via
long-range interactions, which optimized intermediate
adsorption. At high densities, the OER mechanism for Co/Ni/Cu
SACs shifted from the AEM to an intramolecular oxygen
coupling (IMOC) pathway, ie., the OPM. This allows direct
coupling of O intermediates on adjacent sites, significantly
lowering the energy barrier for O, generation.

Numerous studies have shown that the regulation of atomic
density (atomic spacing) will significantly enhance the catalytic
activity. Cao et al.”” synthesized high-density Ir single atoms (32
atoms per nm?) anchored on Co(OH), via one-step electrode-
position. EXAFS indicated an initial Ir-Clg coordination envi-
ronment. Co K-edge XANES showed a positive shift in the
absorption edge after the OER, indicating increased oxidation
of Co species, while Raman spectroscopy confirmed the oxida-
tion of Co(OH), to CoOOH. The Ir active center transformed
into an Ir-O4 configuration. Only high-density single atoms
(=32 atoms per nm?®) can induce this support reconstruction,
exposing Ir-Og sites. This high-density induced Ir-Og structure
enhanced bonding orbital occupancy. COHP analysis showed
a stronger Ir-O bond (ICOHP = —3.24 eV) compared to Co-O
(—2.58 eV), confirming higher bonding orbital occupancy under
high density, which reduced the energy barrier for the rate-
determining step O* to OOH* and improved the OER activity,
requiring only 173 mV overpotential to reach 10 mA cm ™2 Ma
et al.®® introduced Ga into CoOOH to increase the oxygen
vacancy concentration and loaded high-density Ir SACs (81.5 =
4.6 per 10 nm?) on CoGaOOH (Fig. 9d and e). Neighboring Ir
atoms exhibited synergistic interactions superior to isolated Ir
atoms. Nei-Ir;/CoGaOOH achieved a low overpotential of
170 mV at 10 mA cm 2 in pH = 11 electrolyte and remained
stable for over 2000 hours (Fig. 9f). The mass activity reached 6.6
Amg;, " at 300 mV overpotential, 1.43 times higher than that of
Iso-Ir;/CoOOH (4.6 A mg;, ). Reaction pathway studies indi-
cated that the proximal synergy between high-density Ir atoms
stabilizes the OOH* intermediate via additional hydrogen
bonding, significantly lowering the reaction barrier.
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(a) Optimized structure of Co@Ny4-g at different densities. (b) OER energy profile on Co@N4-g at different densities calculated at 1.23 V vs.

SHE. (c) pDOS of Co 3d orbitals at different densities. Reproduced with permission.?®¢ Copyright 2025, American Chemical Society. HAADF-STEM
images of Ir;/CoOOH (d) and Ir;/CoGaOOH (e). (f) Polarization curves of catalysts towards oxygen evolution in 1.0 M KOH electrolyte (top).
Overpotentials of COOOH, CoGaOOH, Iso-Ir;/CoOOH, and Nei-Ir;/CoGaOOH at a current density of 10 mA cm~2 (down). Reproduced with
permission.?® Copyright 2024, Wiley VCH. (g) HAADF-STEM images of Ir1/Cug 3C0, 704 with different Ir—Ir distances. (h) Polarization curves of
catalysts at different scan cycles in 0.1 M HCLO, electrolyte. The displayed polarization curves are of the 1st, 200th, 400th, 600th, 800th, and
1000th cycle, respectively. Reproduced with permission.®* Copyright 2024, Springer Nature.

The interatomic distance also influences reaction selectivity.
Pt dimers (2Pt) with a Pt-Pt distance of 2.6 A carry a positive
charge due to strong MSI, favoring H* adsorption and
enhancing hydrogen evolution reaction (HER) activity. In
contrast, Pt pairs (Pt,) with a shorter distance of 0.9 A are more
negatively charged and favor OOH* desorption, making them
more selective toward the OER.”®

The regulation of atomic density can also enhance the
stability of the catalyst. High-density SACs can alter the local
charge distribution and enhance the MSI to anchor the SACs.
The highly active surface can reduce the concentration of OH™
in the microenvironment, preventing the dissolution and

Chem. Sci.

inactivation of SACs and supports. Zhang et al.** synthesized Ir
SACs with different Ir-Ir distances (Fig. 9g) and observed that Ir
heteroatom-induced stabilization strongly depends on the
distance between adjacent Ir single atoms. Shorter Ir-Ir
distances enhanced the OER stability of cobalt oxides, with
optimal stabilization at 0.6 nm. The catalyst retained stability at
pH 1, with only a ~20 mV increase in potential after 60 hours at
10 mA cm™? (Fig. 9h). Theoretical calculations showed that
shorter Ir-Ir distances increase migration energy, stabilizing
surface Co atoms and effectively protecting the entire spinel
oxide under acidic conditions. Cao et al®* found that intro-
ducing highly active Ir single atoms suppressed Fe dissolution

© 2026 The Author(s). Published by the Royal Society of Chemistry
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from the support, improving stability. The system remained
stable for over 1000 hours at 200 mA cm > in pH 14 electrolyte,
a phenomenon also observed in other Fe-based LDH systems.
DFT indicated that Ir sites reduce the activity and enhance the
stability of nearby Fe sites, while finite element simulations
suggested that OH™ depletion around Ir sites due to rapid
consumption also stabilizes distant Fe sites.

Quan et al.*® proposed an atomic-scale self-rearrangement
strategy, converting unstable Ir precursors during electrolysis
into stable high-density Ir single atoms (52 per 10 nm?)
embedded in symmetry-broken CoCeOOH ultrathin nano-
sheets, forming CoCe-O-Irs,. This material exhibited excellent
OER activity, requiring only 187 mV to drive 100 mA cm ™2, and
operated stably in seawater electrolysis for 150 hours. Breaking
support symmetry is key to achieving strong MSI and synthe-
sizing high-density SACs, as it promotes electron accumulation
on coordination atoms or generates oxygen vacancies for
anchoring single atoms.

In summary, increasing the density of SACs not only raises
the number of active sites per unit area but also significantly
alters the electronic properties of metal centers and the
adsorption/activation behavior of reaction intermediates
through MSI and synergistic effects between neighboring metal
sites. This can shift the reaction mechanism, thereby breaking
the linear scaling relationships inherent in conventional AEM
and providing an effective strategy for substantially improving
the catalytic performance.

5.4 Spatial positioning

Recent investigations into the spatial positioning of single
atoms have revealed that the observed differences in catalytic
activity primarily originate from variations in their local coor-
dination structures. The specific atomic position directly
determines the coordination environment, which in turn
governs the MSI. These interactions critically influence the
energy levels and electronic configurations of metal atom
orbitals, thereby affecting their ability to achieve optimal
matching and bonding with molecular orbitals of specific
reactants. Wei et al.'® systematically investigated Ir SACs with
varying coordination numbers on NiO supports, synthesizing
three distinct structures identified through EXAFS and X-ray
Photoelectron Spectroscopy (XPS) analyses: Ir;/NiO(3) (3-coor-
dinate), Ir;-NiO(4) (4-coordinate), and Ir;@NiO(5) (5-coordi-
nate). Among these, the 4-coordinate Ir;-NiO exhibited optimal
OER activity with only 225 mV overpotential at 10 mA cm™>
(Fig. 10a). With increasing Ir-O-Ni coordination number, the Ni
oxidation state is elevated, while the Ir oxidation state is
decreased, indicating enhanced electron transfer from Ni to Ir.
Computational analysis revealed higher d,» orbital occupation
in Ir;@NiO (1.01 electrons) compared to Ir;/NiO (0.95 elec-
trons), consistent with the e, orbital filling descriptor principle
where values closer to 1 correspond to peak OER activity. The
increased d,» orbital population in optimal configurations
facilitates antibonding orbital filling in OOH* intermediates,
thereby weakening the adsorption strength and improving the
OER performance.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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In complementary work, Kumar et al'®* reported that
partially embedded Ir atoms (Irem,-NiO) exhibited superior OER
performance (7,90 = 320 = 10 mV overpotential) compared to
surface-adsorbed Ir atoms (Ir,gs-NiO, 1190 = 342 + 8 mV) in
alkaline media. Operando X-ray absorption spectroscopy
attributed this enhancement to stronger MSI in Ireyp-NiO,
which promoted the formation of active NiOOH species. The
embedded configuration showed doubled Ir-Ni second-shell
coordination compared to surface-adsorbed ones, with the
strong MSI effectively stabilizing Ir atoms against dissolution
during 20 hour operation at 20 mA cm 2.

The spatial position determines the coordination saturation
and exposure degree of the metal centers. This section will
discuss representative studies on controlling single-atom posi-
tioning and present synthetic methodologies for SACs.

In CoOOH, there are oxygen vacancies and triple-hollow
sites, which facilitate the study of the sources of the activity
differences of single atoms at different positions. In a repre-
sentative work by Liu et al.,'** the coordination numbers of Ir-O
for both Ir;/F-CoOOH and Ir,/E-CoOOH were fitted to be about
6.0, suggesting that the Ir centers in both samples were coor-
dinated with six O atoms, forming an IrO4 octahedral structure
(Fig. 10Db). Ir single atoms were anchored at distinct sites on
CoOOH supports: boundary positions (Ir;/E-CoOOH) and
surface positions (Ir;/F-CoOOH) (Fig. 10c and d). The superior
OER activity of Ir;/E-COOOH was attributed to hydrogen
bonding interactions that optimize adsorption energetics. The
anchoring mechanism was explained through -electrostatic
interactions during electrodeposition: under anodic conditions,
Ir(OH)¢*~ species are attracted to positively charged oxygen
vacancies, while under cathodic conditions, IrCI*" cations are
drawn to negatively charged triple-hollow sites, forming IrCl;0;
configurations that subsequently transform into IrO, coordi-
nation structures under oxidizing potentials. This fundamental
understanding has enabled precise site-selective anchoring of
single atoms. Based on the above theories, a series of methods
for anchoring Ir on CoOOH have been reported. Zhang et al.'*
employed targeted electrochemical deposition to create Iry/To-
CoOOH (triple-hollow sites) and Ir,/Vo-CoOOH (oxygen vacancy
sites). While both configurations enhanced OER performance
compared to pure CoOOH (340 mV at 10 mA cm %), Ir,/Vo
CoOOH exhibited the most significant improvement (200 mV)
(Fig. 10e). In Iry/To-CoOOH, strong Ir-Co charge interaction
reduced the Co 3d band gap, increasing electrophilicity for
intermediate adsorption. In Ir;/Vo-CoOOH, the charge effect
between Ir and Co is relatively weak (Fig. 10f), and the Ir-
coordinated hydroxyl group (Ir-OH) formed hydrogen bonds
with OER intermediates, stabilizing transition states through
conformational effects (Fig. 10g).

Feng et al.'* further compared lattice-incorporated (Iry/
CoOOH,,,) and surface-adsorbed (Ir;/CoOOHy,;) Ir SACs. XANES
and EXAFS analyses revealed significant Ir to Co electron
transfer in the lattice-incorporated system, resulting in higher Ir
oxidation states. Despite both systems primarily utilizing Co
sites for the OER, the Ir;/CoOOHg,, configuration demonstrated
superior activity, with Ir atoms stabilizing OOH* species
through hydrogen bonding.
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Fig. 10 (a) Abstract diagram for optimizing the adsorption of intermediates by manipulating the second coordination shell of Ir single atoms for
efficient water oxidation. Reproduced with permission.*®® Copyright 2024, Wiley VCH. (b) Abstract diagram for modulating spatial distributions of
single atoms on supports for enhanced oxygen evolution. (c) HAADF-STEM image of Ir;/E-CoOOH (left). (right) Localized magnified HAADF-
STEM image of the pink rectangle in the left image. (d) HAADF-STEM image of Ir;/F-CoOOH (left). (right) Localized magnified HAADF-STEM
image of the blue rectangle in the left image. Reproduced with permission.*®? Copyright 2025, American Chemical Society. (e) Schematic

structure model of Ir{/To-CoOOH from top (left) and side (right) views. (

f) Co 3d PDOS in CoOOH, Ir{/To-CoOOH, and Ir1/Vo-CoOOH. (g) Free

energy diagrams. Reproduced with permission.’*®* Copyright 2022, Springer Nature. (h) HAADF-STEM images of the basal plane of a Co,/TaS,-1
monolayer and a Co;/TaS,-3 monolayer, respectively. (i) Free energy diagrams of the OER on the Coys site with neighboring Cor, and Cops
atoms. The marked and enlarged parts: the pivotal step in the transformation from *OH to *O on the Cops—Cor, and Cops—Cops sites along with
spin density distributions. Reproduced with permission.*®¢ Copyright 2021, American Chemical Society. (j) Scheme of the OER mechanism and
Gibbs free energy. (top) Planar-Fe—Co DSC and (down) stereo-Fe—Co DSC (blue: Co; yellow: Fe; red: O; white: H). Reproduced with permis-

sion.” Copyright 2024, National Academy of Sciences.

Different metal atoms can also be loaded on the three-
dimensional vacancies and oxygen vacancies. For example, Ma
et al.'* developed a Rurlry/CoOOH catalyst through a wet-
chemical method that selectively anchors Ru single atoms at
triple hollow sites, combined with electrodeposition of Ir atoms

Chem. Sci.

at oxygen vacancy sites. Compared to IrrRuy,/CoOOH, the Rur-
Iry/CoOOH configuration demonstrated superior OER perfor-
mance. The d-band center of COOOH was measured at —1.24 eV,
which shifted to —1.88 eV in Ruy/CoOOH after Ru loading,
while the introduction of Ir in Rurlry/CoOOH caused negligible

© 2026 The Author(s). Published by the Royal Society of Chemistry
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further shift. This electronic behavior confirms the stronger
MSI between Ru and CoOOH than between Ir and CoOOH.
Specifically, Ru atoms at triple hollow sites interact with three
oxygen atoms from the CoOOH lattice, whereas Ir atoms at
oxygen vacancy sites coordinate with only one oxygen atom. The
increased number of bridging oxygen atoms enhances the MSI
for Ru compared to Ir. In situ spectroscopic characterization and
mechanistic studies revealed that Ru atoms serve as the primary
active centers for adsorbing key reaction intermediates, while Ir
atoms at oxygen vacancy sites stabilize OOH* species through
hydrogen bonding interactions, thereby facilitating the oxygen
evolution process. The aforementioned studies consistently
demonstrate that Ir single atoms anchored at oxygen vacancy
sites, despite exhibiting relatively weaker MSI, display superior
catalytic activity for the OER. This enhanced performance is
attributed to their ability to stabilize intermediates through
hydrogen bonding between their coordinated OH ligands and
adsorbed species on adjacent Co sites. This stabilization
mechanism effectively optimizes the adsorption energetics of
reaction intermediates, thereby significantly improving the
overall OER activity of the CoOOH support.

In their investigation of Ir single atoms on CoOOH, Yang
et al.*” similarly observed higher OER activity for Ir;/CoOOHg,,
(453 mV@10 mA cm™>) compared to Ir;/CoOOHy,, (461 mV).
However, their synthesis employed a distinct low-temperature
photochemical strategy: CoOOH was dispersed in an IrCl;
aqueous solution under ultrasonication, rapidly frozen in
a liquid nitrogen bath, and subsequently irradiated with UV
light at cryogenic temperatures. Notably, the active site in Iry/
CoOOHg,, was identified as a surface [IrOs] configuration,
contrasting with the Co sites in CoOOOH and Ir;/CoOOHj,;. This
structural difference originates from enhanced electron transfer
between the [IrOs] and adjacent oxygen atoms, resulting in
a higher positive charge on Ir atoms compared to the [IrOg]
octahedra in Ir;/CoOOH,,. This observation appears contra-
dictory to previous reports where catalysts with weaker MSI
generally exhibited superior OER activity. Such seemingly con-
flicting conclusions highlight the intricate complexity under-
lying the spatial control of single-atom positioning in catalytic
systems. When Ir is the main active center, the moderate MSI
optimizes the d-orbital electron occupancy of Ir, thereby
balancing the adsorption and desorption of reaction interme-
diates to achieve the highest intrinsic activity; when Ir acts as
a promoter, the weaker MSI can retain Ir in a specific electronic
state, thereby maximizing hydrogen bonding stabilization and
promoting Co as the primary active center.

In dual-atom systems, spatial arrangement creates unique
synergistic effects. Li et al.'* synthesized ferromagnetic single
Co atom catalysts on TaS, monolayers (Co,/TaS,). A single Co
atom adsorbed at the hollow site (Coyg) with spin-polarized
electronic states serves as the active site for the OER, whose
spin density can be regulated by its neighboring single Co site at
Ta substitution sites (Cor,) via tuning the Co loading. The Co
loadings of Co,/TaS,-1 and Co,/TaS,-3 were measured to be
2.2% and 5.7%, respectively (Fig. 10h). An optimized spin
density of Coyg results in optimized O* binding energy
(Fig. 10i). Similarly, Zhang et al.'® synthesized two distinct Fe

© 2026 The Author(s). Published by the Royal Society of Chemistry
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single-atom configurations on a CoOOH support: a planar Fe-
Co dual-site catalyst (planar-Fe-Co DSC) and a stereoscopic Fe-
Co structure (stereo-Fe-Co DSC). Electrochemical measure-
ments revealed that the planar configuration achieved a lower
overpotential of 190 mV at 10 mA cm ™%, compared to 210 mV for
the stereoscopic analogue. The PDOS analysis demonstrated
that in the planar-Fe-Co DSC, the d,: orbital of the Fe atom and
the d,./d,, orbitals of the adjacent Co atom synergistically
contribute to the HOMO. This orbital synergy facilitates the
steps of oxygen molecule dissociation. In contrast, the stereo-
scopic configuration exhibits dominant involvement of the d,,/
d,, orbitals in the evolution of reaction intermediates, resulting
in a primary active center localized at the Fe atom with limited
cooperative effects.

These findings are well explained by frontier molecular
orbital theory. As shown in Fig. 10j, in the planar Fe-Co DSC,
both Fe and Co atoms expose accessible orbitals for adsorbate
interaction, leading to a dual-atom OPM. Conversely, the stereo-
Fe-Co DSC relies solely on Fe as the active center, where the d,,/
d,, orbitals independently adsorb two oxygenated intermedi-
ates, following a single-atom OPM.

Collectively, these studies establish that the spatial position
of single atoms precisely controls their coordination environ-
ment, which subsequently tunes the MSI. These interactions
optimize adsorption behavior through electronic modulation,
create synergistic effects that enhance intermediate stabiliza-
tion, and in some cases trigger novel reaction pathways, ulti-
mately leading to improved OER activity and stability.

5.5 Defect engineering

Defect engineering plays a crucial role in adjusting MSI in SACs.
The strategic introduction of vacancies and defects enables
precise control over the local coordination environment in both
the first and second coordination shells of metal active centers.
This microenvironment engineering significantly influences
electron transfer and spatial interactions between metal centers
and supports, consequently altering the energy levels and
distribution of frontier orbitals.

These electronic modifications directly affect the interaction
between SACs and adsorbates, ultimately optimizing adsorp-
tion energies and enhancing catalytic activity. Liu et al*
investigated the stability of Au nanoclusters on CeO, supports,
demonstrating that clusters anchored at step edges exhibited
superior stability compared to those on the planar surface,
which tended to aggregate.

This stabilization mechanism originates from the dynamic
formation of oxygen vacancies at step edges, which create new
adsorption sites and deep potential wells for Au nanoparticles.
Studies have shown that defect engineering can enhance the
loading stability of SACs and alter the adsorption configuration
by changing the coordination structure of the first shell layer
and breaking the charge symmetry of supports. Wang et al.*®
anchored Pt single atoms at in situ generated iron cation
vacancies in layered «-Ni,3Fe;/;35(OH), through H,PtCls oxida-
tion of Fe>*. Mechanistic studies revealed that Pt atoms at iron
cation vacancies activate adjacent Ni atoms as OER active sites,
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optimizing intermediate adsorption energies and enhancing
OER performance.

Advancing beyond simple vacancy creation, Zhang et al.'”®
created tetrahedral Co cation defects while selectively
anchoring Ru SACs at octahedral cobalt sites in Co;0,(Ru-
Co0,0,). The cation defects act as electron acceptors, promoting
electron transfer from Ru to Co and enhancing density of states
overlap. This electronic interaction strengthens orbital hybrid-
ization and MSI. As shown in Fig. 11b, the increased absolute
ICOHP values for Co-O bonds (from 3.65 in Co;0, to 4.42 in Ru-
Co;0,) indicate enhanced bond formation through electron
filling of bonding orbitals. The optimized electronic structure
reduces the energy barrier for O* intermediate coupling in the
OPM (Fig. 11a), achieving an exceptionally low overpotential of
150 mV at 10 mA cm 2, significantly outperforming both Co;0,
(510 mV) and conventional Ru-Co;0, (200 mV), while retaining
outstanding stability with only 0.35 mV h™" degradation at
10 mA cm >,

Zhang et al."*° proposed a novel catalytic center theory where
specific coordination configurations formed by single-atom
metal species and carbon defects exhibit distinct electronic
states and electrochemical activities for different reactions.
Nickel atoms trapped in graphene defects show variable coor-
dination environments: aNi@D5775 with seven carbon coordi-
nations demonstrates excellent HER activity, while aNi@Di-

Chem. Sci.

vacancy with four carbon coordinations exhibits superior OER
performance. Similarly, Pt diatomic active sites on cation-
vacancy-rich NiFeCo-LDH show configuration-dependent
selectivity, with Pt dimers favoring the HER and Pt pairs
preferring the OER (Fig. 11c). As shown in Fig. 11d, electrolytic
cells composed of Pt SACs with different spacings can electro-
lyze seawater for 50 hours with stability.*®

Chen et al.*** constructed Ir SACs on Co;0, substrates via
thermal decomposition as Ir, 33@C030,. It substitution at Co®*
sites weakens Co-O bonds and promotes oxygen vacancy
formation, creating unique electronic and geometric structures.
DFT calculations revealed that the synergistic effect between
oxygen vacancies and Ir single atoms shifts both metal d-band
and O 2p-band centers toward the Fermi level, inducing elec-
tron transfer from Co active sites to adjacent Ir single atoms.
The MSI between Ir SACs and Co;0, not only suppresses Co;0,
structural transformation but also stabilizes Ir single atoms,
achieving an overpotential of 296 mV at 10 mA cm > with
significantly enhanced stability compared to pure Co030,
(Fig. 11e and f). As shown in Fig. 11g, in situ Raman spectros-
copy demonstrated that while [CoOg] octahedra in Co;0,
undergo significant structural transformation during the OER
(evidenced by negative shifts of A;, modes at 0.1-0.5 V over-
potentials), Ir,33@C030, retained stable peak positions and
intensities.

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08100a

Open Access Article. Published on 12 January 2026. Downloaded on 1/13/2026 3:13:43 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Single Atom

>O

Coordination O -
Environment

View Article Online

Chemical Science

Black Box

Orbital

) *’ O AGOH'
~ 0 4Gy
0 a6oon

Electrostatics

Fig. 12 Schematic for the black box from coordination shell regulation to adsorption energy in SAC design.

Synergistic MSIs between SACs and nanoparticles have also
been reported. For instance, TiO, nanowires decorated with
both Ir nanoparticles and Sr single atoms require only 250 mV
and 32 mV overpotentials to reach 10 mA cm™? for the OER and
HER in acidic media, respectively."*> DFT calculations indicate
that oxygen vacancies and Sr adsorption promote charge
transfer from TiO, to Ir nanoparticles, optimizing the adsorp-
tion of OER and HER intermediates while enhancing Ir nano-
particle stability through MSI.

In summary, defect engineering enables precise manipula-
tion of SAC performance through controlled modification of
coordination environments. By engineering vacancies and
defects, researchers can effectively tune electron transfer
behavior and spatial interactions between metal centers and
supports, thereby regulating frontier orbital characteristics to
optimize adsorbate interactions and ultimately enhance cata-
lytic activity.

6. Conclusion and perspectives

In this review, we have systematically evaluated the develop-
ment of descriptors for the MSI. We have examined descriptors
for assessing the stability of SACs, revealing that optimal
stability is achieved at intermediate MSI strength, following
a Sabatier-type principle. The strength of these interactions can
be significantly modulated by reaction potentials. Regarding
adsorption capability descriptors, we have discussed the limi-
tations of universal parameters such as the d-band center and
Bader charge. While valuable within specific systems, these
parameters often fail to accurately describe the electronic
orbitals of SACs that exhibit free-atom-like characteristics.
Alternatively, descriptors derived from molecular orbital theory,
particularly the occupancy and energy of specific orbitals (e.g., z-
axis orbitals governing axial adsorption or e, orbitals showing
volcano-type relationships with OER activity) that demonstrate

© 2026 The Author(s). Published by the Royal Society of Chemistry

enhanced predictive capability. Furthermore, we have high-
lighted the significant contribution of electrostatic adsorption
for oxygen species containing lone-pair electrons during the
OER. Consequently, effective descriptors inherently form
composite models that integrate the two fundamental compo-
nents of chemical bonding: covalent interactions (comprising
orbital overlap, energy matching, and symmetry alignment) and
electrostatic interactions (coulombic forces).

Regardless of whether it is through spin configuration, axial
coordination, or defect engineering, the essence is to precisely
control the crystal field through supports, thereby altering the
energy level splitting, energy levels, and electron occupation of
the metal d orbitals. The goal of this orbital engineering is to
fine-tune the adsorption energies of OER intermediates (OH, O,
and OOH*) by tailoring the MSIL.

This enables breaking of the linear scaling relationships that
constrain catalytic activity in the AEM, directing reactions along
alternative pathways like the LOM or OPM that exhibit lower
overpotentials. These insights provide a robust foundation for
the rational design of high-performance SACs.

The intermediate adsorption energy of the catalyst directly
affects the reaction activity. In situ and ex situ characterization
studies help us understand the real structure of the catalyst.
However, how the support environment of SACs specifically
influences the intermediate adsorption energy remains a black
box in the design theory of SACs. The support regulates the
microscopic coordination environment of single atoms, and the
change in the coordination environment affects the energy level
and shape of the frontier molecular orbitals (FMOs) of SACs.
The alteration of FMOs determines the strength of the adsorp-
tion energy. The influence of the electronic orbitals of single
atoms regulated by the MSI on the adsorption energy provides
an analytical approach for the black box. However, there are still
problems such as the unclear microscopic mechanism of the
interaction between single atoms and the support surface and
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the incomplete regulation and characterization of the micro-
scopic environment of single atoms. Therefore, we need more
advanced synthesis methods, characterization techniques, and
theoretical simulation technologies to quantitatively analyze
how the MSI affects the electronic orbital state of single atoms
and thereby optimize the adsorption energy of SACs (Fig. 12).

6.1 Advanced synthesis method

While a variety of synthetic methods have been established,
such as the pyrolysis of metal-organic frameworks (MOFs),
“host-guest” strategies, “top-down” strategies, zeolite confine-
ment, etc.," the next frontier is achieving atomic-level preci-
sion. To truly test and apply the principles discussed in this
review, we need to develop efficient and precise synthesis
methods that can deliberately control the local coordination
environment. These methods should allow for the precise
synthesis of SACs with targeted spin configurations, specific
axial ligands, tunable interatomic distances, or selective
anchoring at desired defect sites. For example, the cubic
Co(CN); (Co(CN);-Cub) with five-coordinated Co sites exhibit an
outstanding ORR half-wave potential (E,/,) of 0.90 V vs. RHE,
considerably exceeding the values of three-coordinated octa-
hedral Co(CN); (Co(CN);-Oct). For Co(CN);-Cub, its d-band
center principle Fermi level is conducive to OH* desorption,
showing higher activity."** By combining high spatial-temporal
resolution characterization and simulation, and answering
these problems, we can gradually understand the influence of
MSI on SACs and thereby fill the cognitive black box from the
real structure to the adsorption energy.

6.2 Precise characterization and simulation

To directly validate and refine the “structure-adsorption”
framework proposed in this review, it is essential to develop in
situ characterization techniques with high spatiotemporal
resolution. The goal is not only to achieve precise detection of
atomic structures but also, more importantly, to visualize the
dynamic evolution of the electronic states that govern adsorp-
tion."** Specifically, quantitative electron microscopy imaging of
single atoms and in situ observations of their dynamic behavior
on supports are required to fundamentally understand the MSI
under realistic reaction conditions. During catalytic processes,
the support often undergoes dynamic restructuring, which
subsequently alters the local coordination environment and
orbital states of the single atoms. Advanced characterization
enables real-time, atomic-level tracking of key parameters such
as coordination number, oxidation state, and bond length
during the reaction. For instance, SACs may undergo dynamic
anchoring or form clusters under OER conditions.'> Through
interpretation of in situ spectroscopic data, the dynamic coor-
dination changes in single-atom sites and the evolution of MSI
can be elucidated, contributing to a more definitive structure—
activity relationship.

Furthermore, a deeper understanding of molecular orbital
coupling in SACs is needed. UV-vis and Mott-Schottky analyses
provide band-edge information on semiconductor supports;
frontier orbital positions of molecules/complexes should be
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obtained via UPS or DFT. Molecular adsorption experiments
can further assist in analyzing the frontier orbitals and their
charge distribution. Beyond orbital energetics, electron spin
states play a critical role in catalysis. While in situ >’Fe Moss-
bauer spectroscopy can analyze the spin state of Fe-based SACs
under working conditions, analogous techniques for probing
local spin states in other metal single-atom systems under
working conditions are currently lacking and represent an
important direction for future research.

In addition to advanced experimental techniques, theoret-
ical simulations that more closely reflect realistic reaction
conditions are necessary. Unlike thermocatalysis, electro-
chemical reactions involve charge accumulation at electrode
surfaces, leading to differences between in situ and ex situ
electronic structures. Calculating the electronic states (frontier
orbitals, orbital energy levels, orbital occupancy, etc.) of SACs
under different reaction potentials is very helpful for under-
standing the influence of orbital overlap and bonding on
adsorption energy during the reaction process. Moreover, high
time-resolution simulations can provide detailed insights into
the dynamic processes of MSI.

6.3 Data-assisted design

MSI has a direct and quantifiable influence on the electronic
structure of SACs. Through precise modulation of key coordi-
nation parameters, including the electronegativity of coordi-
nating atoms, bond lengths, and spatial configuration, MSI
effectively tunes the energy levels, occupancy, and symmetry of
the metal center's d orbitals. These electronic modifications
subsequently alter the adsorption strength of reaction inter-
mediates on the active site, further determining the catalytic
activity and selectivity.

This well-defined tunability provides an ideal source of
accurately labeled data for constructing high-quality databases.
Such a database enables machine learning methods to establish
robust quantitative structure-activity relationships based on
chemical meaningful descriptors. A comprehensive SAC
research not only deepens the fundamental understanding of
MSI but also, combined with precise synthetic methodologies,
facilitates the rational design of catalysts with optimized
adsorption energies, significantly accelerating catalyst devel-
opment. Furthermore, the database can be utilized to predict
phase diagrams and Pourbaix diagrams, thereby identifying the
most stable structures of SACs under synthesis or operational
conditions. This capability provides critical support for inter-
preting experimental characterization results.

Currently, the research priority is to systematically accumu-
late in situ spectroscopic data and theoretical adsorption ener-
gies across diverse metal centers, coordination environments,
and reaction conditions. These efforts aim to build reliable
training sets for predictive models. The ultimate goal is to
establish a universal design theory that integrates electronic,
thermodynamic, and kinetic parameters for SACs.

This review consolidates key descriptors of MSI that govern
the stability and activity of SACs. It establishes a structure-
adsorption framework highlighting two primary adsorption

© 2026 The Author(s). Published by the Royal Society of Chemistry
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modes in SACs: covalent bonding through orbital hybridization
and electrostatic interactions. Subsequently, examples of how
MSI can regulate the adsorption energy of single atomic sites
are presented. This highlights the significant role of the
microscopic coordination structure directly influenced by MSI
in regulating the electronic structure of SACs. To gain
a comprehensive understanding of MSI and design efficient
OER catalysts with optimized active site structures, it is crucial
to focus on how MSI influences frontier orbital energy/geometry
and charge distribution. This requires advanced synthetic
methodologies to obtain SACs with clear coordination struc-
tures and through precise characterization and simulation to
understand the changes during the OER process.
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