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Metal-support interactions (MSls) play a pivotal role in boosting electrocatalytic performance by optimizing
the electronic state of metal active sites and stabilizing them in different supports, thereby optimizing
electron transfer kinetics and adsorption/desorption behavior of reaction intermediates. Hence, this
review systematically elaborates on the MSI regulatory mechanisms of diverse support types and their
microstates, along with its typical electrocatalytic applications. For support microstates: different crystal
phases tune MSI strength via lattice arrangement differences; specific exposed crystal facets strengthen
metal-support electronic coupling through lattice matching and surface coordination; vacancy defects
in supports serve as a key means for electronic state regulation to finely adjust MSI strength; atom
doping in supports significantly modulates MSI nature by altering interfacial electron transfer efficiency
and constructing stable coordination structures. In electrocatalytic applications, MSI exerts critical
regulatory effects and is widely applied in key reactions including catalytic water splitting (HER/OER), fuel
cell-related reactions (HOR/ORR), carbon dioxide reduction reaction (CO,RR), nitrogen reduction
reaction (NRR), and small organic molecule oxidation. Therefore, this review systematically clarifies the
multi-dimensional regulatory rules of support properties (type, crystal phase, facet, vacancies, doping) on
MSI, and provides theoretical and practical guidance for the design and performance optimization of
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1 Introduction

The progress of the chemical industry is inseparable from
catalytic technology, and the innovative achievements of
modern catalytic technology are an important driving force for
the rapid development of fields such as petroleum exploitation
and utilization, energy conversion, chemical production, and
environmental governance.'® Despite significant progress in
catalytic research, many challenges remain to be addressed.
Catalytic activity, selectivity, and stability affect the efficiency of
catalysts in industrial production. For chemical industry
production, low catalyst efficiency and high production costs
will directly hinder their large-scale industrial application.**
In catalytic reactions, catalysis relies on the contact between
reactants and catalyst surface active centers. Maximizing the
exposure of catalytic active sites on the surface significantly
enhances catalytic efficiency. Theoretical studies indicate that
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metal catalysts can achieve 100% surface atom coverage,
enabling all metal atoms to act as active sites.® Thus, regulating
metal components to the atomic level is a feasible and effective
strategy to improve metal atom utilization. Structurally, single
metal atoms and their surrounding coordination structures
form single-atom active centers, whose ordered distribution on
supports constitutes single-atom catalysts (SACs). The atomic
dispersion state and coordination environment of metal atoms
are decisive for regulating catalyst intrinsic activity, reaction
selectivity, and thermal stability.” However, zero-valent metal
single atoms are thermodynamically unstable and need stable
anchoring via chemical bonding with coordinating atoms (O/S/
P/C) in supports (e.g., oxides, sulfides, phosphides, carbon-
based materials) to form structurally stable active sites.*™* In
the design of atomically dispersed catalysts, metal-support
interaction (MSI) is the core mechanism for stabilizing active
sites and regulating catalytic performance.

In fact, from traditional metal-supported catalysts to
contemporary atomically dispersed catalysts, MSI has always
been a key approach for stabilizing active sites, regulating
electronic structures, and optimizing reaction kinetics. As
catalytic research has shifted from particle catalysis to single-
atom and cluster catalysis, the scope and dimensions of MSI
have undergone systematic expansion, marking a paradigm
shift from classical strong metal-support interaction (SMSI) to
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Fig. 1 Influencing factors of MSI in electrochemical applications.

modern generalized MSI. The classical SMSI concept was
proposed by Tauster et al."** in the 1970s and was initially used
to explain a unique phenomenon: when Group VIII metals were
supported on reducible oxides such as TiO,, the chemical
adsorption of CO and H, was significantly suppressed after
high-temperature reduction. Its core mechanism focuses on the
migration and coating of support reduction species onto the
surface of metal particles, forming an amorphous layer that
physically shields active sites and alters adsorption properties.
Research during this phase centered on structural coating and
migration-induced coverage, primarily addressing thermody-
namic and geometric structural effects, and provided founda-
tional insights into the metal-support interface.**"® With the
rise of nanocatalysis, single-atom catalysis, and electrocatalysis,
MSI has taken on a broader meaning, shifting the research
focus from “surface coating” to atomic/electronic-scale
phenomena such as interfacial electron transfer, orbital
hybridization, coordination restructuring, spin state regulation,
and strain effects."”'® In modern electrocatalytic systems, MSI is
no longer limited to oxide migration under high-temperature
reduction conditions.” Instead, it emphasizes that at the
electrochemical reaction interface, the support interacts with
the metal active center through deep electronic coupling, which
are mediated by microstructures such as crystal phase, crystal
facet, defects, and doping, thereby directionally regulating the
charge density, spin state, and intermediate adsorption energy
of active sites.
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MSI in modern electrocatalytic systems represents both
a continuation of and an evolution from classical SMSI. Both
approaches acknowledge the critical regulatory role of the
support on the metal active sites and emphasize that interfacial
interactions influence the intrinsic properties of the catalyst;
However, they differ fundamentally in terms of research scale,
core mechanisms, functional characteristics, and applicable
scenarios. Classical SMSI focuses on nanometal particles and
oxide supports, characterized primarily by support migration
and coating, as well as the suppression of active site adsorption
under high-temperature solid-state conditions; In contrast, MSI
in modern electrocatalytic systems addresses atomic-scale
active sites and multifunctional supports, operating within
electrocatalytic environments.>*? It relies on core mechanisms
such as directed interfacial charge transfer, orbital hybridiza-
tion coupling, and coordination structure reorganization,
enabling the synergistic optimization of catalytic activity,
selectivity, and stability, and better meeting the demands of key
electrocatalytic reactions.*** Based on this, this paper system-
atically reviews current research on MSI in various types of
support materials, as well as the effects of the support crystal
phase, crystal facet, vacancies, and atomic doping on MSIL.3*** It
then provides a detailed account of the application of MSI in
electrocatalytic reactions, including the HER, OER, HOR, ORR,
CO,RR, NRR, and the oxidation of small organic molecules

(Fig. 1).
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2 Classification of MSI

In the design and optimization of metal-supported catalysts,
MSI constitutes a key mechanism determining catalytic
performance. The support not only provides a physical
anchoring site for the metal active center but also profoundly
regulates the intensity and mode of MSI through its chemical
and structural properties. This, in turn, influences the elec-
tronic structure, coordination environment, and reaction
kinetics of the active site. The multidimensional regulation of
MSI by support properties are systematically reviewed, focusing
on the fine-tuning mechanisms from the perspectives of
support type, crystal phase, crystal facet, vacancy defects, and
atomic doping characteristics. Notably, variations in the
microscopic state of the support precisely modulate the elec-
tronic state and stability of the metallic active site by altering
interfacial electronic properties, lattice matching, coordination
bond order, and defect density.

The mechanisms underlying MSI between the support and
the supported metal are highly diverse, and we have provided
a general overview of them. Overall, the structural stability and
intrinsic activity of the catalyst are primarily regulated through
the synergistic effects of physical and chemical interactions
between the support and the metal (Fig. 2). At the physical level,
this interaction strongly depends on the geometric structure,
spatial arrangement, and interfacial physical fields of the
support. First, the crystal phase structure and lattice constant of
the support directly determine the lattice matching and strain
state at the interface. High lattice matching between the
support and the supported metal promotes epitaxial growth of
the metal, thereby effectively reducing interfacial energy and
significantly strengthening the bonding force. Second, the
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Fig. 2 Comprehensive classification of MSI mechanisms.
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unique structure of the support generates a strong spatial
confinement effect, physically isolating and anchoring the
supported metal atoms to suppress their agglomeration during
the reaction. Furthermore, the work function difference (AWg)
between the support and the metal, along with the localized
polar electric fields concentrated around individual atoms, not
only influences the accumulation of interfacial charges and the
spillover migration of active species but also directionally
guides the adsorption pathways of reactant molecules. At the
chemical level, MSI manifests as deep, substantial electron
transfer, orbital overlap, and chemical bonding processes. The
key to stabilizing metal active sites on the support lies in
forming strong coordinate or covalent bonds between the sup-
ported metal atoms and the coordinating elements of the
support (such as O, S, P, C, N, etc.), thereby preventing metal
migration. Notably, the microscopic state of the support directly
determines the coordination configuration of the metal-
supported active center. Building on this, directional electron
transfer and orbital hybridization, driven by interfacial elec-
tronegativity differences, can finely tune the electron density of
the supported metal and reshape the position of its d-band
center. This optimization enhances the thermodynamic
adsorption behavior toward reaction intermediates. Further-
more, precise design of the support type and coordination
environment can specifically induce spin state transitions in
metal single atoms. Such transitions significantly enhance the
delocalization of electrons in the central metal's d orbitals, as
well as their hybridization and activation capabilities with
reactants.

As discussed above, MSI influences catalytic behavior
through both physical and chemical effects. The stability of the
MSI interface under harsh operating conditions is still a real

Interaction (Chemical mechanisms)

High-spin (S=5/2,d5)  Low-spin (S=1/2,d5)

Energy
Energy

— o

d
L1

[

Spin state control

Metal Support

Electronic transfer

d-orbitals p-orbitals Coordinate restructuring
Fe N
d-p orbital overlap

Reaction mechanism conversion

Chem. Sci.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6sc02712a

Open Access Article. Published on 08 June 2026. Downloaded on 6/29/2026 7:00:28 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

Table 1 Leaching resistance and stability of MSI interfaces for different supports in polar electrolytes
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Stability in acid

Stability in alkali

Resistance mechanism

Support type Typical interface chemical bonds
Oxide support M,;-0-M,

Sulfide support M-S/M;-S-M,

Carbon support M-C

N-doped carbon support M-N/M-N-C

Nitride support
Phosphide support
LDH support

M-N/M;-N-M,
M-P/M,-P-M,
M-O/M-OH, M;-O-M,

concern. Even though MSI helps disperse and anchor metal
atoms through coordination bonds, covalent bonding, and
strong electronic coupling, the interface can still undergo major
structural changes in strongly acidic or strongly oxidizing
environments. In strong acids, high concentrations of H' can
protonate and erode polar interfacial bonds like M-Ny and M-
O. This leads to ligand breaking, support surface etching, and
eventually dissolution or agglomeration of the metal sites.
Under strong oxidizing potentials, metal centers tend to get
overoxidized into high valence species. These high-valence
metal ions have high charge density, small ionic radii, and
large hydration energy, so they thermodynamically prefer to stay
as dissolved ions in solution rather than remain in the solid
state. That greatly weakens the electronic coupling between the
metal and support, causing interfacial detachment and overall
structural instability. On top of that, strongly oxidizing condi-
tions often speed up support corrosion and create interfacial
defects, which further hurts MSI stability and durability.

To improve MSI stability under strongly acidic and oxidizing
conditions, the key is to build interfaces with strong covalent
bonding, high coordination saturation, and good corrosion
resistance. Strengthening the interfacial bonds and suppressing
proton attack and oxidative erosion can effectively reduce
interfacial dissociation and metal leaching, thus preserving
both the structure and the catalytic activity over long term
operation. To make it easier to compare the resist leaching and
maintain structural stability of different support materials by
MSI bonds in polar electrolytes (acidic or alkaline), we have
added a corresponding table (Table 1).

2.1 MSI on various supports

2.1.1 Oxide-supported catalysts. Oxides have been widely
utilized as both supports and catalysts in the design and
synthesis of heterogeneous catalysts. The performance and
stability of metal species supported on metal oxides primarily
depend on the multiple interactions between metal atoms and
the unique surface structures and electronic properties of the
supports. Furthermore, the coordination environment and
electronic structure of supported metals are significantly
influenced by the intrinsic properties of the supports.**3®
Specifically, the distinct physicochemical properties of different
oxide supports can modulate the electron distribution and band
structure of metals at the metal-support interface, thereby
affecting their adsorption strength toward reaction

Chem. Sci.

Good Excellent Ionic bonds/covalent bonds
Medium Good Covalent bonds
Medium Good Covalent bonds
Excellent Excellent Covalent bonds
Good Excellent Covalent bonds
Good Excellent Covalent bonds
Poor Excellent Ionic bonds/covalent bonds

intermediates and ultimately regulating the activity and selec-
tivity of catalytic reactions.*”

Manganese oxides attract extensive attention due to their
abundant reserves, low cost and structural diversity. Various
modification strategies have been explored, among which
single-atom modification is effective for achieving 100% atomic
utilization and high activity. Yang et al.’® prepared a high-valent
Ir single-atom bifunctional catalyst (Irss-MnO,) anchored on
phosphorylated MnO, hollow nanospheres via a simple wet
chemical adsorption method (Fig. 3a). Compared with the
recently reported single atomic Ir-crystalline MnO,-based cata-
lysts, its hollow and weakly crystalline structure provides more
anchoring sites and larger specific surface area. Transmission
electron microscopy (TEM) and selected area electron diffrac-
tion (SAED) confirm its hollow morphology and weak crystal-
linity, high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) verifies the atomic disper-
sion of Ir (Fig. 3b and c). X-ray absorption near edge structure
(XANES) and X-ray photoelectron spectroscopy (XPS) analyses
reveal its electronic structure: Mn K-edge XANES shows that Ir
incorporation does not alter Mn electronic state (average
oxidation state +3.2). Ir Lz-edge XANES and Ir 4f XPS spectra
confirm that Ir is in high valence (>+4) with positive-shifted and
symmetric peaks. Theoretical studies indicate that Mn®" centers
are bifunctionally active for the oxygen evolution reaction
(OER)/oxygen reduction reaction (ORR), while high-valent Ir
optimizes intermediate adsorption energy, and MSI provides
a theoretical basis for the catalyst's bifunctional performance.

For titanium oxide (TiO,), Sun et al.*® prepared a TiO,-sup-
ported copper SAC (Cu,/TiO,) via a simple hydrothermal
method for the electrocatalytic reduction of NO,  to NH;
(Fig. 3d). In situ Fourier transform infrared spectroscopy (in situ
FTIR) and density functional theory (DFT) studies demonstrate
that the TiO,-anchored Cu single atoms can narrow the band
gap of TiO, and promote electron transfer, thereby significantly
enhancing NH; selectivity and yield. HAADF-STEM confirms
uniform and high-density atomic dispersion of Cu on Cu,/TiO,
(Fig. 3e). Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) shows a Cu-O peak at 1.5 A (no Cu-Cu
peak), reconfirming atomic Cu dispersion on TiO,.

XPS spectra reveals a high-binding-energy shift of O 1s in
Cu,/TiO, vs. pure TiO,, indicating strong Cu-TiO, electronic
interaction that stabilizes Cu single atoms and modulates the
catalyst's electronic structure. For nickel oxide (NiO), Wei et al.*®

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 The effect of oxide-supports on MSI. (a) Scheme of the preparation procedure of Irsa-MnO;. (b) High-resolution TEM image of Irsa-MnO,.
(c) EDS elemental maps of Irsa-MnO,. Reproduced with permission.*® Copyright 2024, Wiley. (d) The synthesis procedures of Ir{/NiO, Ir;—NiO,
and Ir;@NiO. (e) HAADF-STEM image of Cu;/TiO5 (1.45 wt%). Reproduced with permission.*® Copyright 2025, Wiley. (f) The synthesis procedures
of Iri/NiO, Ir;—=NiO, and Ir;@NiO. Reproduced with permission.*® Copyright 2024, Wiley. (g) Synthesis and structure of the Mnss)/RuO, catalyst.
Reproduced with permission.** Copyright 2025, American Chemical Society.

synthesized three Ir SACs (Ir;/NiO, Ir;-NiO, and Ir@NiO) on NiO
via different anchoring methods (Fig. 3f): Ir;/NiO by calcining
IrCl;-loaded NiO nanosheets (Ni LDH-derived); Ir;-NiO by spin-
coating and calcining Ir-loaded Ni LDH; and Ir@NiO by
calcining Ir-doped Ni LDH (Ir in NiO lattice). X-ray Absorption
Spectroscopy (XAS) analyses confirm the atomic dispersion of Ir.
XPS spectra show that Ir 4f binding energies decrease with
increasing coordination number (Ir;/NiO < Ir;-NiO < Ir@NiO),
implying reduced Ir valence. Correspondingly, Ni**/Ni** ratio in
Ni 2p spectra increases, indicating enhanced Ni-Ir electron
transfer and elevated Ni valence. Ultimately, Ir;-NiO with
moderate Ir-O-Ni coordination number exhibits optimal OER
performance.

Ruthenium-based catalysts have attracted attention due to
excellent OER activity, but suffer from limited OER stability and
easy degradation in oxidizing environments. Xue et al*'
synthesized a single-atom Mn-modified RuO, catalyst (Mnga)/
RuO,) via simple impregnation (Fig. 3g). Single-atom Mn

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

modification tailors the electronic structure of RuO, and opti-
mizes MSI. Ru 3d XPS shows a 0.2 eV negative shift of Ru 3d5,
peak after Mn incorporation, with a similar shift in Ru 3p
spectrum; Mnss)/RuO, also has lower Ru K-edge energy and
white line peak than RuO,. These confirm a reduced Ru
oxidation state and MSI induced by electron transfer. In situ
Raman spectroscopy reveals the crystal structure features of
RuO,: 500 cm ' (O out-of-plane vibration E, mode), 614 cm ™!
and 690 cm™ ' sharp peaks (A;q and B,, modes of O vibration
around Ru). When overpotential increases from 1.23 Vto 1.53 V,
the A, peak of pure RuO, shifts ~23 cm !, while this peak of
Mnga)/RuO, shift reduces to ~13 cm ™. This indicates that Mn
incorporation inhibits Ru-O bond vibration/stretching during
the OER, significantly enhancing RuO, stability.

Apart from the aforementioned oxides, many transition
metal oxides have also been developed into various metal-
supported oxide catalysts. Although the oxide carriers are
different, MSI plays an important role in each of them. The
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properties of the oxide-support regulate the electronic structure
and coordination environment of the supported metals through
MSI, thereby modulating the catalytic activity, selectivity, and
stability.

2.1.2 Sulfide-supported catalysts. Two-dimensional (2D)
transition metal dichalcogenides (TMDs) exhibit significant
advantages in electrochemical energy applications due to their
unique electronic structures and tunable physicochemical
properties.*” These materials possess tunable conductivity,
abundant active sites, and excellent electron transport capa-
bilities, making them ideal electrochemical functional mate-
rials. The MSI in sulfide-supported catalysts significantly
influences catalytic performance, as sulfide supports can
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effectively regulate the dispersion, electronic state, and stability
of active metals. For instance, sulfur edge sites in molybdenum
disulfide (MoS,) serve as anchoring points for metal species,
suppressing metal migration and agglomeration to enhance
catalyst durability.**** Concurrently, electron transfer between
metals and chalcogenide supports optimizes the d-band centers
at metal active sites, boosting reactant adsorption and activa-
tion capabilities.*®

Similar to the 2D tungsten disulfide (WS,) support, Lv et al.*®
constructed a Ni-WS, catalyst (Fig. 4a). The MSI promotes *H
generation, accelerates interfacial charge transfer, and opti-
mizes intermediate adsorption. W 4f,, and W 4fs,, (W*") in Ni-
WS, positively shift by 0.3 eV vs. WS,; S 2p binding energy shows
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Fig. 4 The effect of sulfide-supports on MSI. (a) Schematic illustration of the preparation of Ni-WS, nanoflowers. Reproduced with permission.*®
Copyright 2025, American Chemical Society. (b) Schematic illustration of the synthesis of the FeMo-S/Ru catalyst. (c) HAADF-STEM image and
corresponding elemental mapping of FeMo-S/Ru. (d) The size distribution of Ru clusters. Reproduced with permission.* Copyright 2024, Wiley.
(e) Schematic diagram of the preparation of Ni/rGO-CTAB-MoS, composites by hydrothermal and photodeposition processes. Reproduced with

permission.*” Copyright 2025, Wiley.
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no significant shift, confirming electron transfer mainly
between Ni and W. Ni 2p3/, and Ni 2p,/, in Ni-WS, negatively
shift by 0.5 eV vs. standard Ni*", verifying MSI-induced charge
redistribution. FT-EXAFS reveals the first coordination peak at
1.61 A of Ni-WS,, with a shorter Ni-S bond length than NisS,
reflecting strong Ni-WS, interatomic coupling owing to MSI.
DFT calculations also confirm that Ni insertion enhances elec-
tron transport and conductivity, facilitating the nitrate reduc-
tion reaction (NO3RR) and improving catalytic performance.
Wang et al* synthesized ultrafine Ru nanoclusters sup-
ported on FeMo-S nanosheets, obtaining the FeMo-S/Ru hetero-
interface catalyst for both the hydrogen evolution reaction
(HER) and sulfion oxidation reaction (SOR) (Fig. 4b). Experi-
ments and DFT calculations confirm strong Ru-FeMo-S elec-
tron interaction, which optimizes H adsorption and promotes
sulfur intermediate formation/adsorption. HAADF-STEM
images show uniform Ru nanoclusters anchoring on FeMo-S,
providing structural basis for interfacial interaction (Fig. 4c).
HAADF-STEM reveals close contact between FeMo,S, and Ru
planes, enabling electron transfer. Ru nanoclusters have
uniform size distribution, indicating that MSI suppresses Ru

. W e
4
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migration/agglomeration (Fig. 4d). XPS confirms Ru-FeMo-S
binding: Fe 2p peaks negatively shift 0.6 eV vs. FeMo-S; Mo 3d
peaks negatively shift 0.5 eV; S 2p peaks show 0.4 eV negative
shift of $>7; Ru 3p peaks confirm Ru incorporation and minor
surface oxidation. DFT calculation shows the electron transfer
from Ru to FeMo-S, further confirming the existence of MSI in
Ru-FeMo-S.

MoS, is a promising cost-effective alternative support to
precious metal HER catalysts, but suffers from poor conduc-
tivity and limited active sites. Liu et al.*” synthesized Ni SA/rGO-
CTAB-MoS,, featuring single-atom Ni encapsulated in rGO-
CTAB-MoS, curled nanosheet nanoflowers (Fig. 4e). In the XPS
spectra of Mo 3d, the binding energy of Mo 3d in Ni SA/rGO-
CTAB-MoS, exhibits a significant shift toward lower energies
compared to rGO-CTAB-MoS,, indicating that Ni introduction
alters the electronic structure of Mo. The Ni 2p spectrum of Ni
SA/rGO-CTAB-MoS, decomposes into six peaks, the peaks at
856.2 eV and 873.5 eV correspond to Ni**, indicating the pres-
ence of coordination bonds between Ni and S, consistent with
FTIR results. Compared to rGO-CTAB-MoS,, the peaks in this
sample exhibit a shift toward higher energies, indicating strong

Second
hydrothermal

70°C 6h

Fig.5 The effect of carbon/nitride-supports on MSI. (a) Synthesis process diagram of the Co SAs/Co,N catalyst. (b) HAADF-STEM images of Co
SAs/Co,N. Reproduced with permission.>® Copyright 2025, Wiley. (c) Schematics of the synthesis process of the Au SAC CoN@NF. Reproduced
with permission.®® Copyright 2024, Wiley. (d) Schematic illustration showing the synthetic procedure to fabricate the T-Fe—N-C catalyst. (e)
HAADF-STEM image of T-Fe—N-C catalysts. Reproduced with permission.?” Copyright 2025, Wiley.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interactions between individual Ni atoms and rGO-CTAB-MoS,.
This significantly enhances the stability of Ni single atoms
during the electrocatalytic process.

TMDs are considered promising electrochemical functional
materials due to their unique 2D layered structures and tunable
conductivity. But they still have issues: low intrinsic conduc-
tivity and a tendency for supported metal species to aggregate.
MSI can help by stably anchoring metal active sites at defect
sites on the sulfide support, tuning the electronic structure of
the active sites through directional electron transfer, and
inducing surface reconstruction to expose more active sites.
This provides key support for rationally designing TMD-
supported catalysts.

2.1.3 Carbon/nitride-supported catalysts. Carbon-
supported SACs have been widely applied in industrially
important reactions such as electrocatalysis and photocatalysis
due to their unique metal-ligand synergistic effects.**°
Compared to oxide/sulfide supports, carbon supports have
three key advantages: high conductivity (facilitating electron
transfer), abundant pores (optimizing mass transfer), and low
cost (boosting industrial scalability).”* However, weak carbon-
metal interactions hinder metal single-atom anchoring.
Introducing N into carbon supports is critical to enhance MSI. N
enables unique M-N bond characteristics via orbital hybrid-
ization, distinct from M-C and M-O bonds.>**** Structurally, N
anchors metal species through two mechanisms: forming
coordinate bonds with metal vacant orbitals via lone pairs, and
forming strong covalent bonds to suppress metal migration.
Electronically, metal d-orbital and N p-orbital hybridization
enhances covalency, forms delocalized electron systems, fills
metal d bands and constructs efficient electron transport
pathways between active sites and supports.

In recent years, SACs with an M-N,-C configuration have
been widely used in the ORR. Sun et al.*® employed a simple
pyrolysis method to anchor cobalt single atoms to a carbon
support via chelation with adjacent Co,N nanoparticles (Co SAs/
Co,N) (Fig. 5a). Within the carbon support, individual cobalt
atoms are firmly anchored to the carbon support via Co-Co
covalent bonds. Simultaneously, Co,N nanoparticles serve as an
electron reservoir”, establishing efficient electron transfer
pathways for Co atoms through Co-Co covalent bonds. HAADF-
STEM images of Co SAs/Co,N confirms the Co single-atom form
(Fig. 5b). Co K-edge XANES reveals a significant negative shift of
the pre-edge peak for Co SAs/Co,N compared to CoPc, indi-
cating the reduced Co valence and confirming Co single-atom
sites as electron acceptors. Bader charge analysis shows that
the electron-rich Co,N transfers —0.44 e~ to Co single-atom
acceptors. Electron density difference maps of intermediate
adsorption states visually confirm efficient electron transfer
from Co,N to cobalt single atoms. Owing to the MSI, Co SAs/
Co,N exhibits excellent ORR performance.

N atoms on transition metal nitrides stabilize single atoms
via coordination and synergistically regulate active site
adsorption energy with metal atoms. Chen and Li*® prepared Au
SAC CoN@NF by loading Au atoms onto CoN nanorods sup-
ported on nickel foam, enabling strong MSI (Fig. 5c). The XRD
pattern of Au SAC CoN without Au characteristic peaks are
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observed, confirming stable single-atom Au anchoring via MSI.
XANES and EXAFS characterize the electronic state and local
coordination of single-atom sites. First-principles calculations
confirm significant interaction between Au single atoms and
CoN support, with pronounced orbital overlap near the Fermi
level among Au 5d, Co 3d and N 2p orbitals. This orbital
coupling driven by the MSI enhances the bonding between the
d orbitals of Co and the p orbitals of N, accelerating the kinetic
processes of the ORR and OER.

To address this stability challenge about Fe dissolution in
active FeN, sites, Wang et al.”” treated pre-synthesized Fe-N-C
catalysts in an Ar/H, atmosphere, cleaving C-N bonds around
FeN, sites and introducing Fe/N precursors to transform FeN,
single-atom sites into Fe,Ng diatomic sites on carbon supports
(Fig. 5d). HAADF-STEM observations verify the structural
transformation: uniform Fe single atoms in pristine Fe-N-C vs.
abundant Fe-Fe diatomic sites in T-Fe-N-C (Fig. 5¢). Fe K-edge
XANES shows a lower energy absorption edge for T-Fe-N-C,
indicating reduced Fe oxidation state. Time-of-flight secondary
ion mass spectrometry (TOF-SIMS) shows a distinct FeN, peak
in pristine Fe-N-C and a stronger Fe,Ns peak in T-Fe-N-C,
confirming the single-to-diatomic site transformation. Notably,
the proton exchange membrane fuel cell (PEMFC) assembled
with T-Fe-N-C operates stably for 300 hours with only 7%
current density decay.

Beyond the above, Shao et al®® synthesized PhenPtCl,
nanosheets with N,-Pt-Cl, coordination via an ultrasonic-
assisted solvothermal method using 1,10-phenanthroline and
H,PtCls as precursors. In situ Raman and XPS reveal dynamic
coordination evolution of N,-Pt-Cl, active sites during
electrocatalysis: Phen-Pt-Cl, — Phen-Pt-Cl — Phen-Pt. Phen-Pt
intermediates play a key role in the HER, dynamically coordi-
nating with Cl™ in the electrolyte; unsaturated bidentate Pt sites
in Phen-Pt provide additional space and electrons for H'
adsorption and H, evolution. Similarly, Han et al.>® constructed
a 2D organic complex precursor with predefined O,-Ru-N,
coordination. MSI forms between PDAH and Ru: it immobilizes
Ru via strong coordination bonds to prevent agglomeration and
ensure isolated Ru atoms, while predefining Ru-N/O coordi-
nation patterns to template asymmetric O,~Ru-N, active sites
during subsequent pyrolysis. This asymmetric SAC also ach-
ieves efficient HER activity across the entire pH range. To
address CO poisoning and transition metal (Ni/Co) dissolution
in direct methanol fuel cell (DMFC) anodes, Chen et al.®® tuned
the interfacial electron transfer between TiN and PtNiCo to
create an electron-rich state on PtNiCo. This strategy downshifts
the d-band center of Pt, weakening CO adsorption and
enhancing CO tolerance, while also strengthening Pt-Ni/Pt-Co
bonds and suppressing transition metal dissolution. Conse-
quently, the e-PtNiCo catalyst achieves high methanol oxidation
activity and exceptional long-term stability in DMFCs.

In summary, for carbon-based/nitride supports, the key
challenge in achieving high-performance and stability catalyst
lies in balancing high electrical conductivity with strong MSI
during electrocatalytic reactions, particularly under high
current density conditions. Highly graphitized carbon frame-
works provide excellent conductivity, ensuring rapid charge

© 2026 The Author(s). Published by the Royal Society of Chemistry
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transport, effectively reducing ohmic resistance, and main-
taining efficient catalysis under high current conditions.
However, highly conjugated, perfect carbon structures typically
lack sufficient metal anchoring sites, resulting in weak MSI. In
contrast, the introduction of nitrogen doping and the formation
of M-N, coordination structures can significantly enhance MSI
through orbital hybridization, interfacial electron coupling, and
chemical bonding, enabling the stable anchoring of metal
single atoms and optimizing the adsorption and desorption
behavior of reaction intermediates.

Therefore, rational structural design of carbon-based/nitride
supports holds promise for fundamentally resolving this
contradiction: utilizing a continuous graphitized carbon
framework to maintain high-conductivity pathways while
leveraging nitrogen sites to provide strong MSI. Through the
synergistic interaction between the carbon framework and
nitrogen sites, the trade-off between conductivity and interfacial
interactions is effectively regulated. This synergistic strategy not
only accelerates electron transport but also stabilizes atomically
dispersed metal active sites and suppresses metal migration
and dissolution, enabling the catalyst to maintain excellent
structural stability even under high current density conditions.
In short, the synergistic regulation of conductivity and MSI in
carbon-based/nitride support systems provides important
insights for the design of high-performance electrocatalysts.

2.1.4 Phosphide-supported catalysts. Metal phosphides,
important functional materials composed of metals and phos-
phorus, possess unique physicochemical properties and
distinct MSI characteristics, promising as supports or active
components. Significant charge redistribution between metal
species and phosphide supports modulates atomic oxidation
states, stabilizes Fermi-level electronic states, and delivers high
electron density and carrier mobility. Multiple MSI mechanisms
stabilize supported metals, facilitate charge transfer to enhance
catalytic activity and stability, and improve oxidation/acid
resistance for sustained performance under harsh condi-
tions.*»** With tunable chemical composition and microstruc-
ture, metal phosphides gain growing attention in
electrocatalysis.®*®*  Designing multi-metal phosphides,
advancing support interface engineering, and studying dynamic
reaction mechanisms will further promote their applications in
clean energy conversion and green synthesis.

For example, Luo et al.® fabricated the MoP@Mngsc-NC
electrocatalyst by combining ultrafine MoP with atomically
dispersed Mn-N, systems (Fig. 6a). The MoP-Mn-N, interface
forms strong electron phosphide-support interaction (EPSI) via
Mo-N and Mo-P bonds, inducing electron delocalization in
Mn-N, segments and low-spin to high-spin transition of Mn.
Electron transfer occurs from Mn 3d d,,/,, orbitals to d g,y
orbitals, enhancing Mn-O, interaction and optimizing *OOH
adsorption. MoOP@Mngac-NC exhibits 35.5% Mn>" (higher than
28.1% in Mng,c-NC), 47.9% Mo>" (higher than 17.3% in
MoP@NC) and lower Mo®" (52.1% vs. 82.7% in MoP@NC),
confirming electron transfer from Mn-N, to MoP. Collectively,
MOoP incorporation optimizes Mn electronic structure and spin
state, efficiently promoting the ORR.

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

View Article Online

Chemical Science

Additionally, metal-phosphide interaction optimizes active
site distribution, increasing their quantity/exposure to enhance
catalytic activity. He et al.®® prepared single-atom Ru-doped
NisP, via phosphating Ru-impregnated nickel vacancy-
enriched Ni(OH), (Fig. 6b). HAADF-STEM verifies atomically
dispersed Ru in NisP,-Ru. EXAFS reveals high-density atomic Ru
anchoring via Ru-P and Ru-O-Ni bonds, with no Ru-Ru bonds.
The Ru*' oxidation state is regulated by the support. This
coordination structure induces lattice distortion and electron
redistribution, increasing density of states (DOS) near the Fermi
level and boosting charge transport. Ru-site electron enrich-
ment reduces water dissociation energy barrier from 1.97 eV to
1.28 eV and optimizes hydrogen adsorption free energy.

As a transition metal phosphide, NiFeCo-P features excellent
conductivity, abundant active sites, and multi-metal composi-
tion enabling electronic structure modulation via synergistic
effects. Zhou et al.*” developed Pt nanocluster-loaded NiFeCo-P
with a 2D nanosheet array structure (Fig. 6c). HRTEM confirms
the uniform size distribution of Pt clusters (Fig. 6d and e). XPS
and electrochemical impedance spectroscopy (EIS) demonstrate
that MSI facilitates electron transfer from NiFeCo-P to Pt
nanoclusters, reduces -catalyst-electrolyte interface charge
transfer resistance and suppresses Pt agglomeration. Benefiting
from MSI-maintained structural integrity during reactions, the
catalyst displays excellent water-splitting performance in
simulated alkaline seawater.

NiCoP shows potential in alkaline water electrolysis but
suffers from sluggish kinetics and poor stability. Fan et al.®®
developed a robust bifunctional Ru SAs@NiCoP/NF catalyst by
anchoring Rug, on NiCoP-coated nickel foam (Fig. 6f). Ru ach-
ieves atomic dispersion via phosphorus-rich coordination and
forms MSI. Phosphorus-rich coordination induces Ru electron
redistribution, optimizes Ni/Co d-band centers, and lowers
water dissociation and O, desorption energy barriers. High-
resolution XPS shows that after Ru loading, Ni** 2p,,, and
2ps/2 peaks, Co*" 2psj, and 2p;,, peaks of NiCoP/NF all shift to
lower binding energies, indicating that Ru acts as an electron
donor to inject electrons to Ni/Co or O sites via MSI. MSI
enhances water activation for the HER and promotes P
leaching/surface reconstruction to regulate OER intermediate
adsorption-desorption via the lattice oxygen mechanism
(LOM).

In fact, most transition metal phosphides possess tunable
composition, high conductivity, structural stability, and corro-
sion resistance, making them excellent catalytic supports.
However, their practical application is hindered by several
limitations, including uneven distribution of active sites,
insufficient precision in electronic structure modulation, metal
agglomeration, and potential phosphorus leaching. MSI effec-
tively addresses these issues by anchoring metal sites via strong
metal-phosphorus interactions, thereby enabling uniform
dispersion of active sites. Moreover, MSI-mediated directional
electron transfer regulates the electron density and spin state of
metal sites, optimizes the adsorption of reaction intermediates,
and accelerates interfacial charge transfer. More importantly,
a rational balance between high electrical conductivity and
strong MSI in phosphide supports ensures rapid charge transfer
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under high current density conditions while simultaneously
suppressing metal dissolution and phosphorus leaching, thus
significantly enhancing catalytic activity, durability, and
industrial application potential.

2.1.5 LDH-supported catalysts. Layered double hydroxides
(LDHs) are inorganic functional materials with unique layered
structures, assembled by electrostatic interactions between
positive metal ions and interlayer anions. Tuning metal ions
and interlayer anions yields materials with varied electronic
structures and surface properties.®”> LDHs have large specific
surface area, abundant active sites and strong ion exchange
capacity, showing broad prospects in electrochemistry.”>”* The
advantages of single-atom metal-LDH interactions lie in elec-
tronic and geometric synergies: anchoring via coordination
bonding, interlayer confinement or defect trapping prevents
single-atom migration/agglomeration.”®”” LDHs modulate
active site electronic structures via charge transfer and orbital
hybridization to optimize catalysis.”® Key synergistic factors
include: stable anchoring sites from LDH layers, electronic

Chem. Sci.

interactions between LDHs and single atoms, and synergistic
networks of multiple active centers formed by LDH intrinsic
active sites and single atoms.

For instance, Shen et al.”® achieved quantitative control of
oxygen vacancy (Oy) concentration in Pt/NiFe-LDH vig tuning
H,0, etching amount, and synthesized Pt/D-NiFe-LDH (Fig. 7a).
Atomically dispersed Pt is anchored on oxygen-vacancy-rich
NiFe-LDH, forming a Pt-Ni electronic bridge for charge trans-
fer (Fig. 7b). Oxygen vacancies promote electron migration from
Ni to Pt, rendering Pt negatively charged, downshifting its d-
band center and enhancing hydrogen adsorption. XPS shows
that the Pt 4f;/, binding energy of Pt/D-NiFe-LDH shifts nega-
tively by 0.80 eV vs. metallic Pt/NiFe-LDH, confirming the
reduced valence of Pt. The Ni 2p;, peak shifts positively by
0.16 eV for Pt/NiFe-LDH and 0.91 eV for Pt/D-NiFe-LDH vs. NiFe-
LDH. PDOS analysis shows that the Pt d-band center of Pt/D-
NiFe-LDH downshifts significantly vs. Pt/NiFe-LDH, weak-
ening Pt-H bond strength. Charge density difference analysis
and Bader charge calculations confirm electron transfer from Ni

© 2026 The Author(s). Published by the Royal Society of Chemistry
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to Pt. Oxygen defects modulate Pt electronic structure via Pt-Ni
electron bridges, accelerating water dissociation kinetics and
optimizing hydrogen intermediate adsorption, enabling excel-
lent HER performance.

A “structure-enabled MSI” strategy for high-efficiency SACs
can be achieved by designing LDH supports with unique
structures. Isras et al.** engineered hollow nanocage-structured
NiFe LDH to efficiently anchor and stably disperse Ru single
atoms (Fig. 7c). The catalyst enhances MSI via spatial confine-
ment and electronic coupling dual effects. The hollow nanocage
structure combined with Ru modification increases exposed
active sites. The XPS of Ru-NiFe LDH shows Ru 3p binding
energy between Ru*" and Ru®, Ni 2p binding energy shifts
positively by 0.3 eV vs. NiFe-LDH, and Fe 2p binding energy
shifts negatively by 0.2 eV vs. NiFe-LDH. This demonstrates
charge redistribution via Ru-O-M bonds and synergistic elec-
tronic interactions. O 1s spectrum shows that M—-O-M bond
binding energy shifts positively by 0.1 eV, indicating enhanced
oxygen site and electron attraction by highly electronegative Ru

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

via Ru-O-M interactions. The NiFe LDH hollow nanocage
structure enhances Ru-NiFe LDH MSI by optimizing the coor-
dination environment and electronic coupling pathways,
stabilizing single-atom active sites and improving catalytic
performance via electronic structure regulation.

Wei et al.®* proposed an electrochemical deposition strategy
- anchoring Ir single atoms on Ni LDH. Cathodic electrodepo-
sition anchors Ir atoms to Ni LDH triple face-centered cubic
vacancies, forming Ir;/Ni LDH-T. Anodic deposition connects Ir
to oxygen vacancies through apical oxygen, yielding Ir;/Ni LDH-
V. Iry/Ni LDH-T exhibits stronger MSI due to additional Ir-O
covalent bonds with Ni LDH. Ir Lj;-edge XANES spectra
demonstrate stronger white line intensities than IrO, for both
catalysts, confirming Ir valence > +4 (Fig. 7d). The weaker white
line of Iry/Ni LDH-T indicates slightly lower Ir valence, implying
Ni LDH-to-Ir electron transfer and distinct MSI strengths. Ir L;-
edge EXAFS spectra exhibit a dominant ~1.98 A peak for Ir-O
bonds, confirming monodispersed Ir (Fig. 7e). Ni 2p XPS spectra
reveal a positive Ni 2p peak shift in Ir;/Ni LDH-T vs. pure Ni
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LDH, while Ir;/Ni LDH-V shows no shift. Ir 4d XPS of Ir,/Ni
LDH-T displays a slight negative shift vs. Ir;/Ni LDH-V, indi-
cating lower Ir valence. This confirms that stronger MSI in Ir,/Ni
LDH-T enhances Ni-to-Ir electron transfer, increasing Ni
valence. Strong MSI in Ir;/Ni LDH-T optimizes oxygen-
containing intermediate adsorption and shifts the active site
from Ni to Ir.

Furthermore, Xu et al.®* constructed a 3D RuZn/NiFeS-LDH
by introducing Zn clusters into Ru/NiFeS-LDH (Fig. 7f). Zn
cluster doping increases oxygen vacancies on the support
surface and enhances intermetallic interactions, which
promote electron rearrangement and suppress excessive
oxidation of Ni**” bonds. Ni 2p XPS results show that sulfur
shifts the Ni 2p peak to higher binding energy by 0.3 eV, altering
Ni's chemical state. Ru further shifts the peak by 0.4 eV, while
Zn induces a negative shift through electronic interactions. This
prevents Ni** from further oxidation and stabilizes the active
species Ni**” (0 < ¢ =< 1), providing a stable active center for 5-
hydroxymethylfurfural electrooxidation (HMFOR). Zn K-edge
EXAFS exhibits characteristic peaks of Zn-O, Zn-Zn and Zn-
Ni bonds. This confirms that Zn bonds with the support oxygen,
forms Zn clusters and interacts directly with Ni. Such multi-
bond cooperative interactions allow Zn clusters to regulate
support electron distribution and stabilize the active species
Ni**°, ultimately enhancing the overall HMFOR performance of
the catalyst.

LDH supports can achieve preliminary dispersion of metal
species through coordination bonding and interlayer confine-
ment, making them excellent supports for metal-supported
catalysts. However, certain challenges remain such as diffi-
culty in regulating the electronic structure, limited conductivity,
the monotonous coordination environment around active sites,
and insufficient structural stability during reactions. The charge
transfer and orbital hybridization can be precisely modulated
through coordination environments of active sites, enhancing
charge transport efficiency between the support and active
components. Additionally, MSI induces surface reconstruction
and defect formation on LDHs, optimizing the adsorption
energy barriers for intermediates while strengthening interfa-
cial bonding. This approach significantly boosts both the cata-
lytic activity and long-term stability of the catalyst.

2.2 Crystal phase regulation for MSI

As an MSI regulation strategy, the support crystal phase exhibits
inherent differences in atomic arrangement, lattice constants
and surface electronic states. These differences significantly
affect MSI intensity and pathways via multiple physicochemical
mechanisms, thereby precisely controlling the electronic
structure and reaction efficiency of catalytic active sites.*®
Theoretically, lattice symmetry and atomic packing density
variations among support crystal phases directly influence the
MSI between the support and the metal-loaded components.
Higher matching enables epitaxial growth or coherent inter-
faces, reducing interfacial energy and strengthening bonding.
Significant lattice mismatch induces interfacial strain. The
support crystal phase also modulates metal site nucleation and
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growth kinetics. Crystal phases with higher surface energy or
unique atomic arrangements provide more anchoring sites,
promoting metal precursor reduction and dispersion.

WO; is promising for boosting catalytic performance
through phase regulation due to its diverse crystal structures
and unique chemical properties. Composed of WO, octahedra
connected via shared corners/edges, WO; has multiple phases
(hexagonal H-WO3, orthorhombic O-WO3;, monoclinic M-WO;)
with distinct characteristics.*® The WO; support can stabilize
active centers and regulate reactant adsorption-desorption for
improved electrocatalytic activity.*® The crystalline features of
WO; rely on WOg octahedral arrangement. In H-WOj;, the
octahedra link via apical oxygen to form horizontal hexagonal
ring networks and vertical 3D stacking, creating multi-channel
porous structures for rapid ion transport (Fig. 8a). O-WO;
forms distorted octahedral coordination; octahedra interlink
within layers via shared edges/vertices, with weak interlayer
intermolecular forces, retaining only vertical square channels
and restricting ion transport (Fig. 8b). M-WO; adopts a twisted
ReO;-type structure, with WOg octahedra linked via apical
oxygen into a highly twisted 3D network, forming twisted cubic
channels and increasing ion migration resistance (Fig. 8c).
These structural variations result in distinct electrochemical
properties.

Based on the above discussion, Xu et al.®® investigated the
effect of WO; crystal phases (WO;-H, WO;-O, WO;-M) as
supports on Ru nanoparticle performance in the HER. TEM
images showed bulk structures for all samples, with Ru
uniformly distributed on WO3;-H but concentrated at edges of
WO3-0O and WO;-M. Uniform Ru distribution enhances activity
and utilization. Work function difference (AWg) analysis reveal
significant variations between Ru and different WO; phases
(Fig. 8d). Ru/WOs3-H has the smallest AWy, followed by Ru/WOj;-
O, with Ru/WO;-M showing the largest. Smaller AWr reduces
interfacial charge accumulation, lowers hydrogen spillover
energy barrier, and promotes H* migration/desorption from Ru
to WO3;, accelerating HER kinetics. Larger AWy increases spill-
over resistance and diminishes performance. Benefiting from
the smallest AWz and stronger Ru anchoring/dispersion ability,
Ru/WO;-H exhibits the best HER activity. First-principles DFT
calculations confirmed these observations. Ru exhibits the
lowest binding energy on WO;-H (both W and O sites), ensuring
superior stability and uniform dispersion. Higher formation
energies and site-dependent differences in WO;-O and WO;-M
hindered stable distribution (Fig. 8e). A 13-Ru cluster model
further verified the lowest formation energy of Ru/WO;-H,
confirming its advantage in anchoring and dispersing Ru
(Fig. 8f), which enhances active site stability and utilization.

She et al.¥” regulated MSI by adjusting MnO, tunnel size to
solve kinetic delays and Ru site instability. Crystal engineering
of -MnO,, B-MnO,, and y-MnO, reveal that reduced tunnel size
increases planar oxygen (Opy,) content, strengthening Ru-Opj,—
Mn bonds and MSI. However, overly small tunnels of B-MnO,
cause surface amorphization upon Ru doping, weakening MSI.
Thus, Ru-y-MnO, shows superior catalytic activity and stability.
The three MnO, polymorphs share [MnOg] octahedra but differ
in stacking, with tunnel structures of 2 x 2(«-MnO,), hybrid 2 x

© 2026 The Author(s). Published by the Royal Society of Chemistry
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represent Mn, O, and Oy, atoms, respectively. Reproduced with permission.®” Copyright 2025, American Chemical Society. (h) Schematic
illustrations of the atomic structures of 1T'-MoS,. (i) Schematic illustrations of the atomic structures of 2H-MoS,. (j—1) Simulated atomic
structures and the corresponding simulated STEM images of Pty Ptags-S and Ptags-Mo. Reproduced with permission.®® Copyright 2023,

Springer Nature.

1/1 x 1 (y-MnO,) and 1 x 1 (B-MnO,) as shown in Fig. 8g. XRD
and EXAFS confirmed increased Oy, proportion with smaller
tunnels, and Opj,-formed Mn-O bonds are stronger, validated
by H, temperature-programmed reduction (H,-TPR). Higher
Op1a inhibits Ru incorporation, leading to Ru content in the
order a-MnO,>y-MnO,>B-MnO,. Mn K-edge XANES shows that
Ru-y-MnO, has abundant Mn®*" and oxygen vacancies. Ru K-
edge EXAFS confirms Ru-O coordination, with shorter Ru-O
bonds in Ru-y-MnO, enhancing MSI and Ru oxidation state. Ru
K-edge XANES indicates the strongest MSI in Ru-y-MnO, due
to moderate Oy, inducing strong Ru-Op;,-Mn bonds. y-MnO,
also induces lattice strain and low-valent Mn sites, endowing
Ru-y-MnO, with outstanding activity.

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

2D TMDs are key template materials for supported catalysts.
Using Pt on MoS, for hydrogen evolution as an example, mixed-
phase MoS, leads to only partial epitaxial Pt nanoparticle
growth. To address this issue, Shi et al.*® developed a method to
obtain high-purity phase MoS, nanosheets. 2H-MoS, promotes
epitaxial Pt nanoparticle growth (Fig. 8i), while 1T’-MoS,
supports atomically dispersed Pt (s-Pt) with loadings up to
10 wt% (Fig. 8h). DFT calculations and a multi-step validation
approach identified three distinct sites for single-atom Pt on
1T'-Mo0S,: a Pt-substituted Mo site (Ptgyp, Fig. 8), a Pt atom atop
a sulfur atom (Pt,q,-S, Fig. 8k), and a Pt atom atop a Mo atom
(PtaasMo, Fig. 8l). Pt at the Mo apical site shows near-zero
hydrogen adsorption free energy, correlating with excellent
HER performance.
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Thus, the crystal phase of the support is the key structural
parameter for regulating MSI. By governing lattice matching,
interfacial electron transfer, and metal dispersion, the crystal
phase determines both the strength and mechanism of MSI at
the atomic and electronic levels, thereby directly defining the
intrinsic activity, number, and selectivity of active sites.

2.3 Crystal facet regulation for MSI

The crystal facets of the catalyst support critically regulate the
geometric and electronic environment of active sites. For
example, TiO, facet nanotraps can shift Co single atoms from

View Article Online
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four-coordination to three-coordination, markedly boosting
catalytic performance.*® Similarly, exposed facets on CdSe
nanoplates directly dictate single-atom positioning and
activity.” By precisely selecting facets, coordination structures
can be tailored to influence reaction pathways and barriers.
Furthermore, facets can generate localized electric fields that
modify the electronic state of active sites and intermediate
adsorption. High-curvature nanostructures, for instance, create
strong electric fields that promote proton-coupled electron
transfer, significantly enhancing oxygen reduction efficiency.”

Zheng et al.**> used a lattice-matched melt co-growth method
to epitaxially grow Ir on the (111) facet of vanadium nitride (VN)
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Fig. 9 The effect of crystal facet on MSI. (a) The molten co-growth of Ir-VN. (b) The theoretical formation process of Ir (111) on VN during the
molten co-growth process. (c) HAADF-STEM image of the structural representation of Ir layers along the VN support. (d) The side view of the
corresponding model of the lattice-matched interface in the Ir-VN catalyst. Reproduced with permission.®? Copyright 2025, Wiley. (e) XRD
pattern of CuCo; sheets. (f) Aberration-corrected STEM images on the inside. (g) Fourier transform EXAFS spectra of CuCo; sheets, Cu foil, and
Cu,0. (h) Fourier transform EXAFS spectra of CuCo, sheets, Co foil, and CoO. Reproduced with permission.®®* Copyright 2025, Royal Society of
Chemistry. (i) Schematic illustrations displaying how varying the prevalence of 001 and 101 surface facets of Co-TiO, nanocrystals results in
nanobipyramid and nanoplate shapes. (j) HAADF-STEM image of a Co-TiO, nanobipyramid. (k) TEM image of Co-TiO, nanobipyramids (inset: the
SAED patterns). () TEM image of Co-TiO, nanoplates (inset: the SAED pattern). (m) HAADF-STEM image of a Co-TiO, nanoplate. Reproduced
with permission under CC-BY 4.0.%* Copyright 2025, American Chemical Society.
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(Fig. 9a). This process involves Ir** reduction to metallic Ir and
epitaxial growth due to lattice continuity. At the interface, Ir-V
bonds induce electron transfer from V to Ir, which suppresses Ir
oxidation and enhances stability. The strong interfacial
coupling, along with compressive strain in the Ir atomic layer,
weakens CO adsorption and improves poisoning resistance.
The growth proceeds in two stages: initial single-atom/cluster
deposition and subsequent epitaxial expansion into an
ordered atomic Ir layer (Fig. 9b). HRTEM analysis confirms [111]
zone axis alignment and interplanar spacings of 2.51 A and 2.22
A (Fig. 8c), demonstrating near-perfect epitaxy. The side-view
structure further shows aligned (111) facet orientations
(Fig. 9d). PDOS analysis shows the Ir d-band center shifting
below the Fermi level, confirming electronic rearrangement
through strong MSI, which ultimately enhances catalyst
stability and tolerance.
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The exposed crystal facet of a support critically determines
the atomic arrangement and coordination environment of
active sites. For example, the Cu (111) facet uniquely promotes
C-C coupling, forming the structural basis for efficient CO,
electrolysis. Based on this mechanism, Liu et al.** designed Co
single-atom-modified Cu (111) triangular nanosheets (CuCoy).
By controlling the Cu support to expose the (111) facet, they
achieved directional anchoring of Co single atoms, creating
a strongly interacting Co-Cu (111) interface. The Cu (111)
provides stable anchoring sites and modulates Co's electronic
state, while Co in turn optimizes *CO adsorption on Cu (111),
lowering the C-C coupling barrier. XRD confirms that CuCo,
matches metallic Cu, with dominant Cu (111) diffraction
(Fig. 9¢). HAADF-STEM shows clear lattice fringes (0.13 nm, Cu
(220)) without structural distortion (Fig. 9f). XAS shows that Cu
is primarily metallic, with a Cu-Cu peak at 2.22 A and a minor
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Fig. 10 The effect of vacancy on MSI. (a) Synthetic schematic of Ru-Co,O4. (b—d) HRTEM, HAADF-STEM and corresponding elemental maps of
Ru-Co,04. Reproduced with permission.®® Copyright 2025, Elsevier. (e) Synthetic process schematic for W-V3S, catalysts. (f) HRTEM images of
W-V3S,. (g) HAADF-STEM image and EDS elemental mapping of W, V, and S elements for W-VsS,4. Reproduced with permission.®” Copyright
2024, Wiley-VCH GmbH. (h) Schematic illustration of the microwave induced plasma assisted synthesis of SACs. (i) HAADF-STEM image of SA-

NiNG-NV. Reproduced with permission.®® Copyright 2021, Wiley.
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Cu-O peak (Fig. 9g). Co XANES indicates an average oxidation
state near +2, and EXAFS reveals a Co-O-Cu scattering path at
2.70 A, confirming atomic level Co-Cu bonding (Fig. 9h).
Overall, CuCo; successfully combines a metallic Cu support
exposing the (111) facet with atomically dispersed Co via Co-O-
Cu bonds. In situ studies and calculations show that Co tunes
CO adsorption and promotes the OCCOH intermediate, while
Cu (111) stabilizes the hydrogenation step.

To address the challenge of poorly defined catalyst struc-
tures, Liu et al.** combined facet engineering of TiO, nano-
crystals with Co single-atom doping to clarify the active surface
and catalytic center. By adjusting the TiCl,/TiF, precursor ratio
during colloidal pyrolysis, they synthesized two distinct
morphologies: bipyramidal nanocrystals with dominant (101)
facets were obtained at a 4 : 1 ratio, while a 1 : 4 ratio produced
nanoplates primarily exposing (001) facets (Fig. 9i-m). Co atoms
are doped as single atoms, substituting Ti in the lattice. Grand
canonical quantum mechanics calculations revealed that Co
preferentially substitutes five-coordinated Ti sites (Tis.) on the
(001) surface, forming a stable five-coordinated Co site during
the OER. In contrast, Co on the (101) surface remains six-
coordinated. This structural difference dictates activity: the
(001) facet facilitates dissociative water adsorption and main-
tains a low-coordination Co site.

Therefore, the exposed crystal facets of a support material
uniquely modulate the surface atomic arrangement, local
coordination environment, and geometric configuration of
metal active sites. Through facet engineering, the interfacial
coordination structure is tailored, and the electronic structure
of active sites is regulated via MSI, effectively optimizing the
adsorption behavior of reaction intermediates and lowering the
energy barriers of electrocatalytic reactions. Thus, facet engi-
neering offers a unique and effective means to precisely
manipulate the strength and nature of MSI.

2.4 Vacancy regulation for MSI

Vacancies in the support are critical defects that regulate MSI by
modifying the local atomic and electronic environment.*
Electronically, vacancy types (e.g., oxygen vacancies in oxides)
influence electron transfer between the support and metal
species, and modulate the oxidation states and d-band struc-
tures of metal active sites. Structurally, vacancies act as
anchoring sites that stabilize highly dispersed metal species,
preventing aggregation. The resulting lattice distortion and
modified coordination environment can further tune orbital
hybridization, activating otherwise inert metal centers. Collec-
tively, these effects influence reactant adsorption, activation
pathways, and overall catalytic performance.

Regarding the cation vacancies, Zhang et al.*® designed Ru-
Co,0, by engineering Co vacancies in Co;0, (Fig. 10a). Cation
vacancies enhance electronic coupling between Ru and Co,
promoting orbital hybridization in the Ru-O-Co structure. The
d-spacing of the (111) facet is clearly expanded from 0.468 nm in
Co,0, to 0.475 nm in Ru-Co,0, due to the Ru atoms with
a larger atomic radius (Fig. 10b). HAADF-STEM and EDS
confirm that Ru exists as isolated single atoms (Fig. 10c and d).
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This increases the Co®>*/Co®" ratio and shifts binding energies,
indicating stronger electron transfer in Ru-Co,O,. EPR signals
intensify with vacancies, confirming enhanced unpaired elec-
trons and orbital hybridization. Collectively, cation vacancies
shift the OER mechanism toward a more efficient pathway by
strengthening Ru-Co synergy, lowering the O, desorption
barrier, and significantly boosting acidic OER performance.

For anion vacancies, Xi et al.*” anchored tungsten (W) single
atoms onto sulfur vacancies in ultrathin V;S, nanosheets (W-
V;S,) (Fig. 10e). No distinct W nanoparticles or clusters are
detected by HRTEM, confirming the presence of isolated W
single atoms and S vacancies dispersed within the V;S,
(Fig. 10f). Furthermore, HAADF-STEM images, together with
corresponding EDS maps, jointly validate the uniform distri-
bution of W, V, and S elements within the V;S, nanosheets
(Fig. 10g). XPS reveals that the anchoring of W shifts the V 2p
peak positively and the S 2p peak negatively, indicating charge
redistribution that enhances intermediate adsorption/
desorption. DFT calculations verify that W SAs optimize the
electronic structure, lower the energy barrier for water dissoci-
ation, and improve H* adsorption. As a result, W-V;S, exhibits
low overpotential and high stability in the alkaline HER,
demonstrating the effectiveness of vacancy-anchored single-
atom design.

N vacancies can enhance MSI by reconfiguring the coordi-
nation environment of the active metal center. Jia et al®®
demonstrated a nitrogen vacancy (NV) induced coordinative
reconstruction strategy to build a highly defective Ni-pyridinic
N, moiety catalyst (SA-NiNG-NV) (Fig. 10h). HAADF-STEM
images suggest the homogeneous distribution of Ni atoms
across the entire graphene framework in SA-NiNG-NV (Fig. 10i).
Plasma-induced N removal restructure coordination: Ni coor-
dinated two pyridinic N with two vacancies, forming unsatu-
rated Ni-N,V,. XPS and inductively coupled plasma optical
emission spectroscopy (ICP-OES) show that plasma-generated
vacancies increased pyridinic N but reduced total N and Ni-N
bonds in SA-NiNG-NV, confirming Ni coordination reconfigu-
ration. DFT and XAS indicate that this “semi-loose” Ni-N,V, (vs.
original Ni-N3;) reduces Ni binding constraints, facilitates CO,
adsorption/activation, and lowers reduction barriers. SA-NiNG-
NV exhibits high intrinsic activity and stability in electro-
chemical CO, reduction. Conversely, Duan et al® achieved
precise tuning by introducing Fe atoms into MoS,. They
designed a bifunctional monolayer with a zoned structure:
a core region rich in Mo/S vacancies for superior HER activity,
and a surrounding ring region doped with Fe (in 1FeMo and
3FeMo-VS configurations) for excellent OER activity.

From the discussion above, cation vacancies (e.g., Co
vacancies) and anion vacancies (such as O, S, and N vacancies)
affect the electronic band structure of supported catalysts in
different ways. Cation vacancies mainly break the regular peri-
odicity of the cation lattice, which reshapes the local orbital
distribution and charge density. This in turn adjusts the valence
band position and d-band center of the metal active sites. Anion
vacancies, on the other hand, introduce defect levels inside the
bandgap. That allows tuning of the Fermi level and the
conduction band's electronic structure. The resulting

© 2026 The Author(s). Published by the Royal Society of Chemistry
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redistribution of electrons also strengthens interfacial elec-
tronic coupling, improves charge transfer kinetics, and helps
stabilize atomically dispersed metal sites. So even though the
two types of vacancies work through different mechanisms,
both can reconfigure the electronic band structure, enhance
MSI, and together boost the intrinsic activity and structural
stability of electrocatalysts.

2.5 Atomic doping regulation for MSI

Atomic doping is crucial for regulating MSI. First, electronega-
tivity differences between dopants and metal active sites drive
directional interfacial electron transfer,’* altering metal elec-
tron density and d-band center to modulate intermediate
adsorption strength, balancing reactant activation and product
desorption.’ Second, heteroatoms (e.g., N, S, P) form stable
coordination bonds with metal vacant orbitals via lone pairs,
anchoring metals to suppress migration/agglomeration and
constructing stable active sites.'> Furthermore, atomic doping
promotes phase transformations,'” modulates lattice parame-
ters, enhances crystal stability, and improves catalyst durability
under harsh conditions.***'%>

For anion doping, precise control of N doping species
enables targeted regulation of the spin states of metal single
atoms, which subsequently influences catalytic electronic
effects. Chen et al.'* synthesized two kinds of Ni SACs with
distinct pyridinic-N and pyrrolic-N coordination via rapid Joule
heating (Fig. 11a). Magnetic characterization shows that
pyridinic-N induces a high-spin state in the Ni center, while
pyrrolic-N stabilizes a low-spin state. This is confirmed by EPR
spectra, where Ni-Npyridinic-C exhibits a strong signal, indi-
cating more unpaired electrons, while the Ni-Npyrrolic-C signal
is weaker. PDOS analysis reveals that the high-spin Ni center
exhibits more dispersed d-orbital electrons, enhancing orbital
delocalization and facilitating stronger hybridization with CO,
molecules. Crystal orbital Hamiltonian population (COHP)
analysis further indicates a stronger bonding interaction
between the high-spin Ni site and the *COOH intermediate
compared to the low-spin counterpart, favoring intermediate
adsorption and activation. Consequently, the high-spin catalyst
demonstrates superior CO, reduction performance. Guo et al.*”’
used defect engineering to anchor Ru single atoms on MoS,
doped with non-metal atoms (X = N, O, F) (Fig. 11b). This non-
metal coordination effectively tunes the electronic structure of
Ru, optimizes the HER pathway, and results in Ru-X-MoS,
catalysts with significantly enhanced hydrogen evolution
performance across all pH levels.

Regarding cation doping, Zhang et al.*®® anchored atomically
dispersed Co-Cu diatomic pairs onto CeO, hollow nano-
structures to investigate the effect of introducing another metal
on catalyst performance (Fig. 11c). In the CoCu@CeO, bime-
tallic catalyst, long-range electronic synergy exists between the
Cu and Co sites. Leveraging the appropriate interatomic
distance between them, Cu sites induce a directed charge
rearrangement, raising the oxidation state of Co sites from
+1.86 to +2.25 and shifting the d-band center to —2.37 eV,

thereby enhancing the OER activity of the Co sites.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Simultaneously, Cu sites act as ORR active sites, achieving
functional differentiation and synergy between the two sites,
enabling the catalyst to exhibit an ultra-low OER-ORR potential
difference while maintaining both high activity and high
stability.

In conclusion, atomic doping enhances catalytic perfor-
mance by modulating MSI. Key mechanisms include: regulating
electron transfer to optimize the oxidation state and electron
density of active sites; constructing stable coordination struc-
tures that anchor metal species and suppress sintering;
improving the stability of the support; and inducing favorable
transitions in reaction mechanisms.

2.6 Quantitative descriptors for MSI strength

In electrocatalytic systems, MSI plays a central role, but how to
accurately quantify its strength remains a key challenge.
Therefore, it is important to systematically review and discuss
the current computational descriptors for MSI strength.

Binding energy is a fundamental thermodynamic parameter
that describes the interfacial interaction between metal active
centers and the support. It is defined as the energy difference
between the metal-support composite and the sum of the iso-
lated support and isolated metal. Physically, it is the minimum
energy needed to completely detach a metal unit from the
support surface, reflecting contributions from physical
adsorption, chemical bonding, interfacial strain, and spatial
confinement. Generally, the more negative the binding energy
(i.e., the larger its absolute value), the more stable the metal-
support combination and the stronger the MSI. However, this
descriptor only captures the static ground state and fails to
account for dynamic effects such as applied potential, solvation,
or reaction intermediates. Also, for complex supports like
amorphous or highly defective materials, model construction
can introduce significant errors.

Integrated Crystal Orbital Hamilton Population (ICOHP) is
a key indicator for quantifying interfacial chemical bond
strength at the electronic level. It is obtained by integrating the
bonding and antibonding states of orbital interactions between
the metal and support atoms at the interface. Physically, it
reflects the filling of interfacial bonding orbitals and the
strength of covalent interactions, allowing distinction between
ionic, covalent, and mixed bonding. A more negative ICOHP
value indicates stronger bonding and orbital coupling between
the metal and support, hence stronger MSI. It works particularly
well for typical interfacial bonds such as M-O, M-S, M-N, and
M-C. The main drawbacks are its high dependence on precise
electronic structure calculations (leading to high computational
cost for complex interfaces) and the difficulty of capturing the
dynamic evolution of MSI during reactions.

Bader charge transfer is calculated by integrating the spatial
charge density around atoms, giving the net electron transfer
between the metal and support. Physically, it represents the
extent of interfacial electron redistribution, directly reflecting
the electronic coupling strength in MSI. The larger the absolute
charge transfer, the stronger the electronic regulation of the
metal center by the support, and the stronger the MSI. This
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descriptor is intuitive for electronically dominated MSI and
applies to various systems including single atoms, clusters, and
nanoparticles. Its main limitation is that it cannot easily sepa-
rate the contributions of electron transfer from long-range
electrostatic interactions.

The d-band center shift referenced to the Fermi level quan-
tifies the displacement of the d-band center of metal active sites
induced by the support. Physically, d-band center shift
measures the modulation of the metal's electronic structure by
the support, and serves as a key link between MSI and the
adsorption behavior of reaction intermediates. A larger absolute
shift means the electronic structure of the metal sites is more
strongly affected by the support, indicating a stronger MSI effect
on the electronic state. This descriptor can directly establish
structure-activity relationships between MSI and catalytic
performance, but it is only valid for transition metal active
centers. Moreover, the shift is not strictly linear with MSI

Chem. Sci.

strength and can be influenced by factors such as coordination
environment and spin state.

Metal atom diffusion barrier refers to the energy barrier that
a single metal atom must overcome to migrate or aggregate on
the support surface. Physically, it represents the anchoring
ability and spatial confinement effect of the support, directly
linking MSI to catalyst stability. A higher diffusion barrier
means metal atoms are less likely to migrate and aggregate,
indicating a stronger anchoring effect and a more pronounced
stabilization role of MSI. This descriptor measures the ability of
MSI to maintain dispersion of active sites from a kinetic
perspective. However, it only reflects geometric confinement
and kinetic stabilization, not chemical interactions like elec-
tronic coupling or orbital hybridization. Also, the calculated
values depend heavily on the choice of crystal facets, defects,
and adsorption sites, making it difficult to represent the average
behavior of the whole catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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3 Various catalytic applications of MSI
3.1 Application of MSI in catalytic water splitting

Water-splitting hydrogen production technology has garnered
significant attention for enabling sustainable hydrogen
generation.'**** Electrocatalytic HER commonly employs metal
elements categorized into precious metals and non-precious
metals."**"* Current research trends focus on reducing
precious metal usage and enhancing non-precious metal
performance. Through precise design of MSI, researchers aim
to simultaneously decrease precious metal consumption while
improving the catalytic activity and stability of non-precious
metal systems. This approach offers novel insights for devel-
oping highly efficient HER catalysts.

Meng et al."* successfully synthesized a novel single-atom Pt
catalyst (Pt SACs-NiCrO3/NF) by anchoring Pt atoms onto
a NiCrO; support to achieve high-density uniform dispersion.
The MSI in this catalyst induces electron transfer from Ni/Cr to
Pt, optimizing the interfacial electronic structure and regulating
the catalytic microenvironment: the NiCrO; support promotes
water dissociation (Volmer step), while the near-acidic micro-
environment formed by Pt single atoms accelerates the proton-
involved Tafel step (Fig. 12a). This synergistic effect significantly
enhances alkaline HER performance, achieving overpotentials
as low as 23 and 122 mV at 10 and 100 mA cm > current
densities, respectively, with a mass activity of 382.77 mA mgp, '
and excellent stability over 100 h.

Recent studies have reported a Pt SAC synergistically stabi-
lized by chlorine Cl and Ru-NPs (Pt;Cl, s/Ru-NPs@RuO,)."*® The
strong electronegativity of Cl synergistically regulates coordi-
nation environment and electronic structure of Pt with electron-
donating properties of Ru, forming a dynamically stable Pt-Cl-
Pt framework while enhancing Pt stability and optimizing d-
band electronic states. This catalyst demonstrated stable oper-
ation for 1000 h in PEMWE (Fig. 12b). Wang et al.*"” synthesized
low-crystalline Ru-LC-Ni(OH), and high-crystalline Ru-HC-
Ni(OH), with single-atom Ru by controlling the crystallinity of
nickel hydroxide supports (Fig. 12c). The Ru-LC-Ni(OH), cata-
lyst exhibits disordered atomic arrangement, abundant defects,
and metallic vacant bonds, enhancing MSI and facilitating
electron transfer from the carrier to Ru to form low-oxidation-
state Ru active sites. Simultaneously, it optimizes the local
microenvironment, promoting H;O" aggregation at the inter-
face to create a localized acidic environment, thereby enhancing
water dissociation capacity and HER kinetics. Zhang et al.'*®
synthesized a single-atom Ru-doped cobalt oxide (Ru SA/C030,).
The spinel structure of Co;0, enables uniform dispersion of Ru
single atoms, forming atomically dispersed Ru—-Co synergistic
active sites. SMSI suppresses Ru agglomeration while regulating
the electronic structure and coordination environment of
Co30,4. Ru sites promote water adsorption/dissociation and
OH" desorption, while Co sites optimize H* adsorption and H,
evolution (Fig. 12d). Kim et al.** synthesized Ni;-NOMHC SACs
via a dual-template approach, using N/O co-doped ultrathin
mesoporous hollow carbon as the support (Fig. 12e). The uni-
que N,O, coordination environment optimizes the electronic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structure of Ni, enhancing dispersion, stability, and mass
transfer efficiency, resulting in outstanding HER performance.

The hydrogen spillover effect offers a strategy to circumvent
the thermodynamic constraints of conventional volcano plots.
Zhao et al.*** developed an in situ electrochemical reconstruc-
tion method to tailor hydrogen spillover pathways, as demon-
strated on a Ru/WOx catalyst with intrinsic spillover behavior. In
situ characterization and control experiments reveal that Ru
species undergo dynamic oxidation during the HER. Concur-
rently, the MSI between Ru and WOy accelerates proton
conversion and intercalation into the WOy lattice. Theoretical
calculations further show that in situ reconstruction modulates
interfacial charge density via MSI, lowering the thermodynamic
barrier for hydrogen migration and creating thermoneutral
RuO,/WO, interfacial sites. Benefiting from the optimized
electronic coupling and an unobstructed spillover pathway, the
catalyst delivers an overpotential of 317 mV at 1000 mA cm ™2 in
alkaline media, alongside outstanding long-term stability
exceeding 500 h.

For OER, SACs are categorized into precious metals (repre-
sented by Ir and Ru, with inherently high activity) and non-
precious metals (transition metals such as Fe, Co, Ni, with Co/
Ni-based systems being the most extensively studied). In their
research on noble metal SACs, Kumar et al.*** modulated the
coordination environment of Ir single atoms on NiO surfaces to
enhance MSI. Embedded Ir (Iren,,-NiO) exhibits stronger Ir-Ni
secondary coordination layer interactions than adsorbed Ir
(Ir,qs-NiO), stabilizing Ir single atoms and promoting LOM
(Fig. 13a). Under alkaline conditions, the overpotential is 256
mV@10 mA cm~> and the degradation rate is 1 mV h™', out-
performing commercial IrO, and Ir,qs-NiO (Fig. 13b). Wang
et al.'” prepared Ru@d-NiFe LDH via coprecipitation, forming
OO-Ru-OH coordination on the surface while constructing
a Ru-O-Ni/Fe network in the bulk; MSI reduces LOM and
adsorbate evolution mechanism (AEM) energy barriers,
enabling pathway synergy with a 230 mV overpotential at 10 mA
cm 2 and a 78 uV h™* decay rate at 250 mA cm ™ > (Fig. 13¢ and
d).

Hou et al.** constructed a Ni SAC on oxygen-doped Mo,C
(Niga-O/Mo0,C). The Ni-O-Mo bridging structure enables MSI to
regulate Ni electronic structure and optimize intermediate
adsorption energy. During the HER, Ni remains atomically
dispersed, while Ni-O-Mo bonds break and reconfigure into
Ni-O-Ni clusters during the OER, further lowering the energy
barrier. This reveals the regulatory role of MSI dynamic evolu-
tion, demonstrating outstanding bifunctional activity (HER and
OER) under alkaline conditions (Fig. 13e and f). Transition
metal single-atom doping of precious metal oxides represents
an efficient design strategy, centered on regulating performance
through MSI. Reports indicate that the single-atom Mn-doped
Ru/RuO, heterostructure catalyst (Mn(SAs)-Ru/RuO,)***
enables charge redistribution between Ru and RuO,, bringing
AGy~ close to ideal values (partially surpassing Pt benchmarks)
(Fig. 13g), precisely controlling hydrogen intermediate adsorp-
tion energy, while simultaneously optimizing Ru site adsorp-
tion of OOH*, comprehensively enhancing HER/OER Kkinetics.
At 10 mA cm 2, the overpotentials for the HER and OER are
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1000 h of PEM water electrolysis. Reproduced with permission.*¢ Copyright 2025, Wiley. (c) Schematic diagram of microenvironmental changes
on Ru-LC-Ni(OH), and Ru-HC-Ni(OH),. Reproduced with permission.**” Copyright 2024, Wiley. (d) Ru sites can effectively accelerate water
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permission.**® Copyright 2025, American Chemical Society. (e) The N,O, coordination fine-tunes the electronic structure of Ni, promoting
efficient hydrogen adsorption and evolution. Reproduced with permission.*** Copyright 2025, American Chemical Society.

reduced to 39 mV and 158 mV, respectively, with stability
exceeding 500 h in 0.5 M H,SO, (Fig. 13h). Xiao et al'*®
employed an electrochemical disproportionation strategy to in
situ fill MnO, cation vacancies with Ru atoms, forming stable
Ru-O/Ru-Mn coordination. This enhances MSI to optimize Ru
electronic structure and suppress aggregation. The catalyst
exhibits 44-fold higher mass activity than commercial RuO, and
excellent high-current-density stability.

Li et al.**® used an atomic-level Fe doping strategy to precisely
control the in situ crystalline phase reconstruction of 3-MnO,
during the OER. They found that pristine 3-MnO, transforms
into the poorly active y-MnOOH phase under an applied
potential. In contrast, single-atom Fe introduces asymmetric

Chem. Sci.

Fe-O-Mn bonds, establishing MSI that induces lattice distor-
tion in MnO, and facilitates electron transfer from Fe to Mn.
This increases the Mn®* content and enhances oxygen spillover,
steering the reconstruction toward the highly active o-MnOOH
phase. During the OER, the MSI effect progressively reinforces
with ongoing surface reconstruction, continuously optimizing
the interfacial electronic structure and intermediate adsorption
energies, and substantially lowering the energy barrier of the
rate-determining step (RDS). Consequently, the catalyst exhibits
far superior OER activity in alkaline media compared to pristine
MnO, and commercial RuO,.

In water splitting, MSI is a key strategy for boosting HER and
OER performance by fine-tuning active sites. For the HER, MSI

© 2026 The Author(s). Published by the Royal Society of Chemistry
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tration of the synthesis of Mn(SAs)-Ru/RuO,. (h) LSV curves of electrocatalysts. Reproduced with permission.* Copyright 2024, Wiley.

tunes the electron density and d-band center of metal sites
through directed charge transfer at the interface. This speeds
up water dissociation in alkaline media, balances the adsorp-
tion and desorption of H*, and cuts down the overpotential. For
then OER, MSI adjusts the valence state and coordination
environment of metal centers to improve the binding of key
intermediates, and also allows flexible switching between
different OER pathways. Under operando conditions, MSI
evolves dynamically driven by the applied potential or structural
reconstruction, which continuously improves interfacial charge
transfer, stabilizes active sites, and preserves high intrinsic
activity. This is the reason that MSI is essential for achieving
both high-performance and long-term stability.

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

3.2 Application of MSI in fuel cells

The hydrogen oxidation reaction (HOR) at the anode and the
oxygen reduction reaction (ORR) at the cathode, as the core
reactions of fuel cells, are the key elementary reactions gov-
erning energy conversion. While the HOR proceeds at a rela-
tively fast rate, it is still regulated by catalyst surface adsorption
and charge transfer efficiency.’”'*® In contrast, the ORR is
inherently limited by multi-step reaction intermediates and
slow electron transfer, making it the rate-limiting step for the
overall performance of fuel cells."**> MSI as a strategy for
regulating the electronic and geometric structures of catalysts,
plays a crucial role in HOR and ORR catalysis. By precisely
controlling the electronic states of metal active sites, the charge
transfer efficiency at the metal-support interface, and the
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coordination environment and exposure of active sites, MSI can
optimize the H adsorption/desorption equilibrium during the
HOR and precisely regulate the binding energies of key inter-
mediates such as OOH, *O, and *OH during the ORR, thereby
simultaneously enhancing the charge transfer rate of the HOR
and the reaction kinetic efficiency of the ORR."**3*

In the alkaline HOR, SACs have garnered significant atten-
tion due to their high activity and tunable MSI. Zhang et al.**®
employed a salt-assisted coordination symmetry regulation
strategy to transform ZIF-8 tetrahedral coordination into planar
square coordination, yielding 2D Pt SACs (Fig. 14a). Multidi-
mensional enhancement of MSI: increasing pyridine nitrogen
content to 90% provides uniform anchoring sites, while high-
temperature carbonization-induced hexagonal ring defects
increase active site density and optimize Pt d-band centers. This
catalyst exhibits enhanced stability and electron transfer effi-
ciency, achieving an alkaline HOR mass activity of 2396 A gp; .
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Wang et al.*® synthesized a Pd single-atom embedded in Ni;N
catalyst (Pd;/Ni3N), forming Pd;-Nis hexagonal coordination
and Pd;Ni, trimer sites. Pd replaces Ni atoms on the Niz;N
surface to create atomically dispersed sites (Fig. 14b). The
introduction of Pd induces electron transfer from Ni and N to
Pd, modulating the d-band center. A unique adsorption pattern
(*H adsorbed at Pd;Ni,-Hy sites and *OH adsorbed at Pd;Ni,-
Hy sites) mitigates the overly strong *H/*OH adsorption
inherent to pristine NizN, thereby enhancing catalytic perfor-
mance. It exhibits outstanding intrinsic activity and mass
activity, achieving a high power density of 31.7 W mgpq " at an
ultra-low Pd loading. Han et al.**” prepared Ir cluster/a-MoC; _x
catalysts (Ir/a-MoC; _x), where Ir clusters and the support form
SMSI via Ir-Mo bonds (Fig. 14c and d). Electron transfer from
the support to Ir reduces the Ir oxidation state, weakens *H
adsorption energy at Ir sites, and enhances *OH adsorption
capacity at Mo sites, optimizing HOR kinetics. Its mass-
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Fig. 14 Application of MSI in the HOR. (a) Schematic diagram of the mechanism of 3D-2D evolution and the corresponding carbonization
process. Reproduced with permission.** Copyright 2024, Wiley. (b) Schematic illustration of the synthesis of Pd;/NizN. Reproduced with
permission.**¢ Copyright 2025, American Chemical Society. (c) Predicted schematic diagram of the alkaline HOR process on synergistic Ir/a.-
MoC;_. (d) Predicted schematic diagram of the alkaline HOR process on synergistic Ir/p-Mo,C. Reproduced with permission.**” Copyright 2024,
Wiley. (e) HOR polarization curves of Ru-SA-ZrO,_,/C, Pt/C, Ru/C, and ZrO,_,/C. Reproduced with permission.**® Copyright 2025, Wiley-VCH
GmbH. (f) Schematic illustration of the alkaline HOR mechanism on NiPtsp@NC. Reproduced with permission.*** Copyright 2024, Wiley. (g)
Geometric area-normalized polarization curves in H,-saturated 0.1 M KOH solutions. Reproduced with permission.**® Copyright 2025, Wiley.
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normalized exchange current density reaches 320 mA mg *,
outperforming conventional Ir/f-Mo,C and commercial Pt/C
catalysts. Zhang et al**® anchored Ru single atoms onto
oxygen-rich vacancy-doped ZrO, x/C supports (Ru-SA-ZrO, x/
C). The MSI suppresses Ru agglomeration, optimizes hydrogen/
hydroxyl binding energies to lower the HOR energy barrier, and
modulates the d-band center to weaken CO adsorption,
conferring exceptional CO tolerance. Ru-SA-ZrO,_,/C exhibits
the highest HOR activity across the entire potential range
(Fig. 14e).

Ren et al.**® employed a single-atom alloy (SAA) with carbon
encapsulation dual-modulation strategy to prepare a core-shell
NiPtgn@NC catalyst. Pt acquires electrons from Ni to form an
electron-rich center, driving electron transfer to the carbon
shell and shifting the Ni d-band center downward. This catalyst
exhibits an alkaline HOR specific activity of 82.0 pA cm > and
maintains 92% stability after 3000 cycles (Fig. 14f). Many high-
performance catalysts achieve their activity through the syner-
gistic interplay of multiple interactions. For SAA systems, it is
important to distinguish between the electronic synergy within
the active site itself and that between the active site and the
support. In NiPts4@NC, for example, charge polarization occurs
between the isolated Pt atoms and the surrounding Ni host: Pt
gains electrons from Ni, resulting in an electron-rich Pt center
and an electron-deficient Ni surface. This electronic modulation
shifts the Ni d-band center moderately downward, weakening
its overly strong hydrogen adsorption and optimizing the
hydrogen binding energy, which in turn leads to more favorable
hydrogen oxidation reaction kinetics. Between the active site
and the support, electrons are transferred from the metal core
to the carbon shell, further stabilizing the electronic state of the
Ni sites. At the same time, the porous carbon shell acts as
a protective layer, suppressing Ni oxidation and structural
degradation, while also enhancing interfacial water adsorption
and facilitating water dissociation.

He et al.** constructed a PtIr-Co, osNC catalyst anchored at
Co-N, sites on a nitrogen-doped carbon substrate. Co-N, acts
as an “electronic bridge” to promote electron transfer between
PtIr clusters and the support, enhancing electronic coupling,
optimizing *H adsorption free energy (—0.16 eV), and reducing
the Volmer energy barrier for the basic HOR rate-determining
step from 0.26 eV to 0.06 eV. This catalyst achieves a current
density of 2.59 mA cm ™2 at a potential of 50 mV, much higher
than that of Co-free PtIr-NC (Fig. 14g).

Regarding the role of MSI in the ORR reaction. Zhou et al.™**
prepared a dynamically tunable Pt single-atom ORR catalyst
(Pt;-CuOx/Cu) via an in situ partial oxidation strategy, anchoring
Pt atoms onto a CuOx/Cu hybrid support with adjustable
oxidation states to achieve MSI dynamic optimization (Fig. 15a).
CuOy4/Cu functions as an “oxidation-reduction electron reser-
voir,” reversibly modulating the Cu’/Cu®" oxidation state during
the ORR. It dynamically donates electrons to the Pt 5d orbital
(elevating Pt electrons by 0.53) and induces the formation of
a low-coordination structure, precisely regulating *OOH
adsorption energy. This catalyst exhibits over 97% four-electron
selectivity with a mass activity of 6.1 A mg ™" (three times that of
commercial Pt/C) and maintains stable performance over 100 h

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

View Article Online

Chemical Science

of stability testing (Fig. 15b and c). Yang et al.*® synthesized
a high-valent Ir SAC (Irg4-MnOx) via room-temperature
impregnation-adsorption. Ir atoms are highly dispersed on
MnOy hollow nanospheres bearing Mn cation vacancies. The
Mn vacancies provide anchoring sites for Ir and enhance MSI,
enabling Ir to adopt a highly oxidized state and form a stable
IrO¢-Mn vacancy coordination structure (Fig. 15d). This catalyst
efficiently catalyzes ORR via a four-electron pathway, exhibiting
outstanding half-wave potential and ultra-high stability,
surpassing commercial Pt/C in performance (Fig. 15e).

Zhang et al.'** synthesized first-coordination-shell sulfur-
doped FeSN-C and second-coordination-shell sulfur-doped
FeN-SC catalysts, regulating MSI through coordination envi-
ronment control. FeN-SC, featuring second-coordination-shell
sulfur doping, more effectively modulates the electronic struc-
ture of the Fe center and reduces the *OH desorption energy
barrier, resulting in outstanding ORR performance. A liquid
ZAB was assembled using FeN-SC as the cathode catalyst,
achieving an open circuit potential (OCP) of 1.46 V, out-
performing Pt/C-based zinc-air batteries. Voltage-current
polarization curves and corresponding power density curves
demonstrate that FeN-SC exhibits outstanding performance as
a cathode catalyst (Fig. 15f-h). Luo et al.'** prepared single-atom
manganese catalysts MoP@Mngac-NC, regulating Mn spin
states by embedding MoP nanocrystals within nitrogen-doped
carbon frameworks. MSI facilitates electron transfer from Mn
to MoP, where strong interactions between MoP and Mn-N,
sites convert Mn spin states from low-spin (S = 1/2) to high-spin
(S =5/2), optimizing O, adsorption and *OOH/*OH adsorption/
desorption processes. It exhibits outstanding alkaline ORR
activity, achieves a nearly complete 4e” pathway, and demon-
strates exceptional stability, which are attributed to MoP-
induced electronic regulation (Fig. 15i-Kk).

During the ORR, single atom sites often undergo structural
reconstruction. Tong et al.*** designed a Mn-SAS catalyst with
a well-defined Mn-N, configuration and wused operando
synchrotron radiation to track the evolution process of the Mn
sites on the support under ORR conditions. As the potential is
applied, the Mn-N, structure first turns into Mn-N;C and then
into Mn-N,C,. Meanwhile, the Mn valence state rises from +3.0
to +3.8 and later drops to +3.2. When the potential is removed,
the catalyst returns to its original Mn**-N, configuration. This
stepwise evolution improves both the electronic and geometric
structures of the active centers. The generated Mn**"-N,C
configuration favors O, adsorption, while the Mn*?*-N,C,
structure reduces the energy barrier of the rate-determining
step. As a result, the catalyst delivers an onset potential of
0.99 V and exhibits remarkable stability over 10 000 cycles.

In fuel cells, the HOR and ORR are key processes deter-
mining overall performance. The MSI has emerged as a core
strategy for enhancing catalyst performance by precisely regu-
lating the electronic structure, coordination environment, and
interfacial properties of active sites. For the HOR, MSI optimizes
the d-band center and surface electron density of metal sites,
thereby balancing the adsorption and desorption energy
barriers of reaction intermediates and enhancing resistance to
poisoning by impurities such as CO. For the ORR, MSI can
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for the catalysts involved. Reproduced with permission.*** Copyright 2024, Springer Nature. (d) The scheme of the possible independent
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Irsa-MnOy. Reproduced with permission.®® Copyright 2024, Wiley. (f) Schematic of ZABs. (g) LSV curves of FeN-SC. (h) OCP of FeN-SC and Pt/C.
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adjust the valence state and local coordination structure of
active sites, promoting the four-electron reaction pathway while
suppressing H,0, formation. It also reduces reaction energy
barriers by optimizing the adsorption strength of key interme-
diates such as *OOH and *OH. Concurrently, MSI strengthens
electronic coupling between supported metal species and the
support, effectively enhancing the half-wave potential, kinetic
current density, and cycling durability, providing crucial guid-
ance for designing high-performance fuel cell catalysts.

3.3 Application of MSI in the CO,RR

The electrochemical CO,RR has emerged as a research hotspot
due to the mild conditions, controllable pathways, and high
energy efficiency.'***®* However, the chemical inertness of CO,,

Chem. Sci.

slow proton-electron transfer kinetics, and interference from
the competitive hydrogen evolution reaction severely limit its
efficiency and selectivity.***** Therefore, designing highly effi-
cient electrocatalysts to reduce overpotentials, suppress the
HER, and direct the formation of target products is central to
scaling CO,RR applications. In recent years, SACs have emerged
as a new research focus due to their maximized atomic utili-
zation and unique electronic properties."*>**> MSI is pivotal in
regulating the CO,RR performance of SACs. Concurrently, MSI
modulates the electronic state and coordination environment of
the metal center, optimizing the adsorption strength of inter-
mediates such as CO,, *COOH, and *CO while lowering reac-
tion energy barriers.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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To investigate the regulatory mechanism of MSI in the
electrocatalytic CO, reduction reaction, Sun et al.**® prepared an
Au-CeO,-DP catalyst with a unique interfacial structure via
deposition-precipitation combined with electrochemical
pretreatment. The core innovation is that electron spillover
from Au®" electrochemical reduction induces CeO, support
reduction, constructing an active interface of partially encap-
sulated Au nanoparticles and oxygen-vacancy-rich CeO,
(Fig. 16a). XPS results reveal a positive shift of 0.28 eV in the Au
4f orbital binding energy, confirming the formation of Au’*
species. Ce 3d XPS quantitative analysis reveals an increase in
Ce®" content from 15.18% to 26.36%, coupled with enhanced
oxygen vacancy characteristic peaks in the O 1 s spectrum,
confirming oxygen vacancy enrichment on the support surface.
MSI-induced interfacial charge rearrangement constructs an
efficient electron transport pathway, enabling the catalyst to
achieve a mass current density of 233 mA mg™ ' while main-
taining high selectivity with a CO Faraday efficiency (FE) > 90%
(Fig. 16b). Chen et al.'* synthesized Ni-Npyridinic-C and Ni-
Npyrrolic-C via rapid Joule heating. Pyridine nitrogen coordi-
nation induces a high-spin state that optimizes MSI, promotes
CO, activation, and stabilizes *COOH, whereas pyrrole nitrogen
coordination exhibits weaker effects in the low-spin state. Ni-

Excess electrons

Au** reduction
Ce @ 0 © Av* O Av** © Oxygen vacancy

O removal

Electrochemical Pre-treatment b
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Npyridinic-C achieved 98.8% CO, reduction efficiency in an
H-type cell, with >99% selectivity at industrial current densities
and across a wide pH range. In zinc-CO, batteries, it demon-
strated a maximum power density of 1.89 mW cm 2, show-
casing practical application potential (Fig. 16c and d). Pan
et al'® synthesized Co-Ns/HNPCSs via coordination engi-
neering, stabilizing Co sites and modulating electronic struc-
ture through MSI, which optimize CO, adsorption and *COOH
formation and achieve CO FE of 99.2% and 99.4% at —0.73 V
and —0.79 V (vs. RHE), respectively, with high selectivity and
stability across a broad potential range. Wei et al.*** converted
Zn-N, sites to Zn-Nj sites via planar chlorination engineering,
optimizing the coordination environment and electronic
structure induced by C-Cl bonds to enhance *COOH adsorption
and lower the reaction energy barrier. Zn-SA/CNCI-1000 ach-
ieved a CO partial current density of 271.7 mA cm 2 at —0.93 V
with 97% FE and stable operation at 200 mA cm > for 50 h
(Fig. 16e and f).

Conventional carbon supports make it difficult to create
highly accessible active sites and CO,-rich interfacial environ-
ments. On top of that, how single-atom metals evolve struc-
turally and catalytically under real operating conditions is still
poorly understood. Li et al**® designed an interconnected
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Fig. 16 Application of MSI in the CO,RR. (a) Illustration of the CO,RR mechanism over Au-CeO,-DP. (b) CO FE of Au-C-FR and Au-C-DP
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mesoporous carbon nanofiber/carbon nanosheet hybrid
network (IPCF@CS) as a catalyst support. During acidic CO,
electroreduction, the MSI drives the dynamic synergy between
Ni single-atom sites and the bicontinuous porous carbon
network. Initially, Ni sits stably in the N-doped carbon matrix as
a planar Ni-N, configuration, with MSI ensuring strong elec-
tronic coupling and well-dispersed sites. When a potential is
applied, MSI induces an in-plane to out-of-plane distortion of
the Ni sites: the planar Ni-N, warps into a non-planar config-
uration with elongated Ni-N bonds, and Ni gets reduced to
a lower valence state. This MSI-mediated structural recon-
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That not only boosts the intrinsic kinetics of CO, reduction but
also suppresses hydrogen evolution.

In CO, electroreduction, MSI does more than just improve
CO, activation and the binding of key intermediates like
*COOH and *CO. It also lowers the reaction barriers,
suppresses hydrogen evolution, and boosts selectivity toward
valuable products. Under operando conditions, applying
a potential drives MSI to reshape the active sites in situ, giving
rise to configurations that better support intrinsic catalytic
activity. MSI also helps keep atomically dispersed metal sites
stable and makes the catalyst more robust during long-term
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Fig. 17 Application of MSI in the NRR. (a) Schematic diagram of FeMoNC catalysis. (b) Polarization curves of various samples in Ar/N,-saturated
0.1 M KOH solution. (c) NHs yield rate and FE values of various samples at given potentials. Reproduced with permission.*** Copyright 2025,
American Chemical Society. (d) A proposed reaction mechanism for accelerated proton-feeding NRR kinetics. (e) Polarization curves of D-FeN/C
conducted in Nj-saturated (red line) and Ar-saturated (black line) 0.1 m KOH solution; inset: corresponding UV-vis absorption spectra of the

electrolytes stained with an indophenol indicator after NRR electrolysis.

(f) NH3 yields (purple) and FE values (blue) of D-FeN/C at different applied

potentials. Reproduced with permission.*®? Copyright 2022, Wiley. (g) LSV curves of Mo/VO, in 0.05 M H,SO, saturated with Ar and N, at a scan
rate of 10 mV s~% (h) NHj yield and (i) FE of Mo/VO, and VO, at different potentials. Reproduced with permission.’s3 Copyright 2023, Wiley. (j)
Simplified structures of reaction intermediates on the Ni-BTA model along the distal and alternating pathways of NRR catalysis. Reproduced with

permission.®* Copyright 2025, Wiley.
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3.4 Application of MSI in the NRR

Developing catalytic materials with highly efficient NRR func-
tionality has become a significant research focus. SACs exhibit
unique catalytic advantages due to their atomically dispersed
active sites and tunable coordination environments.'’
However, these catalysts generally suffer from low metal
loading, which directly limits the number of active sites and
makes it difficult to meet industrial-scale ammonia yield and FE
requirements.”®'*® Recently, MSI regulation strategies have
offered novel approaches to overcoming technical bottlenecks
of the NRR. This strategy optimizes catalytic performance
through three dimensions: First, in regulating the reaction
microenvironment, the support not only prevents metal atom
agglomeration via spatial confinement but also increases the
number of active sites; Second, in HER suppression, MSI-
induced electronic defect states effectively modulate AG«.
Finally, for nitrogen activation, selecting Lewis acid-containing
supports reduces the N, dissociation energy barrier via c-m
cooperative mechanisms."*

Li et al.*** successfully synthesized a nitrogen-doped carbon-
supported Fe-Mo bimetallic catalyst (FeMoNC) using ZIF-8 as
a template (Fig. 17a). Its structural core comprises atomically
dispersed, adjacent Fe-N; and Mo-N; sites. The low-spin Fe site
adsorbs and activates N, via its abundant empty d orbitals, while
the adjacent Mo site efficiently promotes H,O dissociation,
continuously supplying protons to nitrogen-containing interme-
diates at the Fe site, thereby significantly accelerating proton-
ation. A nitrogen-doped carbon support stabilizes the bimetallic
atoms via Fe-N and Mo-N coordination bonds, preventing
agglomeration, while electronic coupling induces the low-spin
state at the Fe site. Additionally, the porous structure of the
support significantly enhances mass transfer efficiency between
N, and the electrolyte. FeMoNC achieves a maximum FE of
37.42% in an H-type electrolyzer with an ammonia yield of 39.35
ng h™" mg., " (Fig. 17b and c). Kong et al.*** prepared D-FeN/C
catalysts via electrospinning combined with pyrolysis. Syner-
gistic effects between Fe-N, sites and carbon defects accelerate
species supply and optimize intermediate interactions. Under
alkaline electrolyte conditions at —0.4 V, ammonia yield reached
24.8 ug h™" mg., " with an FE of 15.8% (Fig. 17d-f).

Xie et al.**® hydrothermally synthesized a Mo/VO, catalyst by
leveraging the strong N, adsorption/weak H, adsorption prop-
erties of VO, to suppress the HER. MSI between Mo and VO,
creates electron-deficient regions on Mo, further inhibiting the
HER while promoting N, activation and protonation. Charge
density difference analysis reveals Mo transferring 0.3 electrons
to N,, activating the N=N bond and preparing the substrate for
subsequent reactions. This catalyst exhibits distinct NRR
activity, achieving an NH; yield of 190.1 pg mge. ' h™' and
faradaic efficiency of 32.4% at —0.5 V (Fig. 17g-i). Zhang et al.***
synthesized Ni-BTA (NiN, coordination) and Ni-THB (NiO,
coordination). NiN, coordination brought the Ni 3d band center
closer to the Fermi level, enhancing charge transfer and N=N
bond activation while lowering the rate-limiting step energy
barrier. At —0.2 V vs. RHE, Ni-BTA achieved a FE of 56.3% and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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ammoniayield of 37.3 pg mg ™' h ™', significantly outperforming
Ni-THB (Fig. 17j).

Electrocatalytic reduction of nitrite to ammonia has been
held back by two main issues: slow water dissociation and weak
adsorption of nitrite intermediates. Zhang et al.'®® came up with
an in situ electrochemical reconstruction method that turns Ni-
doped bismuth oxide (NiBiO,_yx) into a Bi/NiBiO,_x composite.
Operando characterization shows that NiBiO,_yx undergoes
structural changes under an applied potential, forming Bi/
NiBiO,_y with Ni*" and Bi® working together as dual active sites.
The Ni** sites lower the energy barrier for water dissociation,
while Bi® helps adsorb NO, ™ more strongly and promotes the
formation and further conversion of the key *NO,H interme-
diate. Thanks to this synergy, the in-situ-formed Bi/NiBiO,_x
catalyst delivers efficient conversion of nitrite to ammonia.

In the electrochemical NRR, MSI plays an indispensable role
in enhancing the practical performance of ammonia synthesis.
MSI optimizes the electronic state and coordination environ-
ment of active sites through electron transfer between the
support and metal, enhancing N, adsorption and N=N bond
activation. It also modulates the adsorption energy barrier of
hydrogen intermediates, effectively suppressing the competing
HER and significantly improving the FE of ammonia synthesis.
In summary, MSI simultaneously elevates the catalytic activity,
selectivity, and long-term stability of the NRR. This provides
critical support for developing green ammonia synthesis tech-
nologies under ambient conditions.

3.5 Application of MSI in the oxidation of organic small
molecules

“Alternative anode reactions”, replacing the OER with the
oxidation of organic small molecules, offer a solution:'**'¢”
Small molecules like 5-hydroxymethylfurfural (HMF) and glyc-
erol have oxidation potentials lower than that of the OER,
enabling reduced cell voltage and enhanced hydrogen produc-
tion efficiency.’® Simultaneously, high-value-added products
are produced, achieving synergistic “hydrogen production-value
enhancement.” In fuel cells, liquid organic hydrogen carriers
(LOHCs) like methanol and formic acid serve as vital hydrogen
supplements due to their convenient storage/transport and
high energy density.'*"°

For example, HMF is a key biomass platform compound that
can be converted into various high-value chemicals. Among
these, 2,5-furan dicarboxylic acid (FDCA) serves as a crucial
monomer for synthesizing bio-based polyesters such as poly-
ethylene furfural, offering a promising alternative to petroleum-
based terephthalic acid. Xu et al.’”* synthesized Ru, 3/NiFe LDH
SACs. Leveraging MSI to form Ru’" and induce Ni/Fe electron
rearrangement, they enhanced HMF hydroxyl adsorption and
NiOOH phase formation while lowering the energy barrier of
the rate-limiting step. The catalyst achieves 99.2% HMF
conversion, 98.7% FDCA selectivity, and excellent stability
(Fig. 18a and b). Formaldehyde, a low-cost chemical feedstock,
exhibits an extremely low theoretical potential for oxidation
(FOR), while its product formic acid holds significant economic
value. Qiu and Gao'”? achieved a highly efficient FOR using Ptgx-
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Fig. 18 Application of MSI in the oxidation of organic small molecules.
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(a) Schematic illustration of the two possible HMF oxidation pathways to

FDCA. (b) Diagram of HMF conversion, FDCA selectivity and FDCA yield versus substrate concentration during the electrochemical oxidation of
HMF on Rug 3/NiFe. Reproduced with permission.*”* Copyright 2023, Elsevier. (c) Optimization of the crystal structures of different intermediates
onCu(111)and Cu (111)-Ptsa. (d) LSV of CF, Cu, and Ptsa-Cu NWsin 1.0 M KOH and 200 mM HCHO. Reproduced with permission.*”> Copyright
2025, Elsevier. (e) Schematic diagram of Ru atoms regulating the adsorption configuration of Ca-OH and enhancing OH™ adsorption enrich-
ment. (f) LSV curves of the potential at different current densities. Reproduced with permission.?”® Copyright 2025, Wiley. (g) Schematic illus-
tration of the COR pathway in Ir;/CozQO4. (h) LSV curves of the comprehensive electrochemical performance of Ir;/Coz04, Coz04, and IrO,. (i)
Chronopotentiometry curves of Ir;/Co3z04, Coz0y4, and IrO; at 15 mA cm~2. Reproduced with permission.t”* Copyright 2024, Wiley.

Cu NW SACs. Due to the high electronegativity of Pt regulating
the electronic structure of Cu, Pt-Cu interactions reduce the
coupling free energy of H* (Fig. 18¢c). The Ptsy-Cu NW catalyst
exhibits outstanding intrinsic activity and a large electro-
chemical active surface area, effectively promoting the FOR. A
current density of 100 mA cm™? is achieved at a voltage of 0.09
V. The FOR-HER bipolar system attained an industrial-grade
current density of 0.12 V, with H, FE stably maintained for
30 h (Fig. 18d).

The electrocatalytic oxidation of glycerol (GOR) to produce
high-value glycerol aldehyde (GAD) suffers from numerous
alkaline side reactions and slow neutral kinetics. Luo et al.'”
developed a Ru-Co3;0,/NF catalyst that activates Co;0, lattice
restructuring through Ru doping, thereby regulating the
adsorption configuration of glycerol, a primary alcohol
(Fig. 18e). This approach simultaneously enhances GOR activity
and selectivity in near-neutral media. It achieved 10 mA cm > at

Chem. Sci.

1.16 V (vs. RHE) in 1 M KHCO3, with wide potential window GAD
selectivity =~60% and total C; product selectivity =90%,
demonstrating excellent stability (Fig. 18f). Cai et al'™
successfully constructed an Ir single-atom substituted Coz0,
catalyst (Ir;/Co30,) by precisely replacing octahedral Co sites in
Co30, with Ir atoms, forming an atomically precise asymmetric
Ir-O-Co coordination structure. Within this structure, electron
transfer occurs between the Ir site and the Co;0, via Ir-O-Co
bonds. Mechanistically, the Ir site strongly adsorbs and acti-
vates Cl~. By moderately binding the *Cl intermediate, it
significantly lowers the energy barrier of the rate-determining
step - chlorine evolution reaction (COR) - and promotes elec-
tron transfer, thereby enhancing overall reaction kinetics
(Fig. 18g). In constant-current stability testing, Ir,;/Coz0,
demonstrates outstanding catalytic performance, maintaining
essentially stable activity for up to 100 h (Fig. 18h and i).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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The electrochemical urea oxidation reaction (UOR) offers
a less energy-intensive route than the oxygen evolution reaction
for producing hydrogen through water electrolysis. Gong et al.*”
prepared a Ni-based catalyst with an amorphous/crystalline
heterojunction, labeled A/C-Ni@G. Due to its unsaturated
coordination and efficient interfacial charge transfer, this
structure rapidly reconstructs during electrolysis into vacancy-
rich NiOOH, which acts as the real active species. This unique
active form helps break the C-N bonds in urea and lowers the
energy barrier of the rate-determining step. As a result, the
catalyst delivers excellent UOR performance.

In the electrooxidation of small organic molecules, MSI
affects the catalytic performance in several ways. MSI can tune
the electronic structure or induce coordination changes at
metal active sites, which helps activate C-H, O-H, and C-N
bonds in the organic molecules. It also steers the adsorption
and conversion of intermediates. On top of that, MSI holds the
metal species firmly on the support through coordination
bonding, which keeps metal particles from aggregating or
leaching out. This in turn makes the catalyst more resistant to
poisoning and more stable over long-term cycling.

4 Conclusion

This review systematically summarizes the regulation of/by
support types, crystal phases, crystal facets, and atomic doping.
The regulatory mechanisms of MSI based on different support
materials and their microstructural characteristics are system-
atically revealed. Among them, oxide supports leverage unique
surface structures and electronic properties to regulate metal
electron distribution and band structure; sulfide supports
optimize MSI configurations through geometric anchoring and
electronic interactions; nitride supports stabilize single-atom
active sites and adjust their electron density and coordination
environment via electronic coupling effects of metal-nitrogen
bonds; carbon supports provide favorable electron transport
and mass transfer environments for active metals through
superior conductivity and specific chemical structures; phos-
phide supports enhance MSI by inducing metal spin state
transitions via electronic structure modulation; LDH utilizes its
layered structure to precisely regulate the electronic structure of
active sites through coordination bonding and electron trans-
fer. At the microstructural level: crystal phases influence strain
effects and interfacial electron transfer through lattice match-
ing, regulating MSI intensity and mechanisms at atomic and
electronic scales; crystal facets modulate MSI by altering coor-
dination environments and geometric configurations of active
sites via surface exposure differences; vacancy defects system-
atically adjust MSI mechanisms to precisely control the struc-
ture, electronic states, and catalytic behavior of metal active
components; atomic doping significantly impacts MSI and
enhances catalytic performance through multiple mechanisms.
Consequently, the strong MSI endows the catalyst with excep-
tional performance in key electrochemical reactions, including
the HER, OER, ORR, HOR, CO,RR, NRR, and organic molecule
oxidation.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Although the unique catalytic mechanism of MSI plays
a central role in catalytic applications, there are still many
difficulties in its current research. Looking ahead, addressing
current research gaps, MSI studies should focus on:

(1) Uncovering dynamic mechanisms through in situ char-
acterization techniques: current understanding is largely based
on ex situ or post-mortem characterization, which fails to
capture the transient electronic and structural states of the
metal-support interface during catalysis. Advanced in situ/
operando techniques - such as ambient-pressure X-ray photo-
electron spectroscopy (AP-XPS), electrochemical scanning
transmission electron microscopy (EC-STEM), and time-
resolved X-ray absorption spectroscopy (XAS) - are critical to
probe the real-time dynamics of charge transfer, adsorbate-
induced restructuring, and the stability of single-atom sites
under an applied potential and in reactive environments. This
knowledge is fundamental for deciphering true active centers
and deactivation pathways.

(2) Pioneering the rational design of next-generation support
matrices: moving beyond conventional oxides and carbons, the
synthesis of supports with programmable defects, strain fields,
and atomic-scale architecture is essential. This includes the
development of conductive metal-organic frameworks (MOFs),
covalent organic frameworks (COFs), high-entropy compounds,
and tailored 2D materials. The goal is to precisely engineer
supports that not only anchor metals atomically but also
actively participate in the reaction through optimized ligand
fields, concerted proton-electron transfer, or spillover effects,
thereby breaking traditional scaling relationships.

(3) Establishing descriptors for quantifying MSI intensity:
the direct quantitative characterization of the strength of MSI
remains a key challenge in the field of heterogeneous catalysis.
At its core, MSI is essentially the result of the coupling of
multiple physicochemical effects, including electron transfer,
lattice geometric matching, interfacial chemical bonding, and
dynamic structural reorganization. Moreover, its characteristics
are highly dependent on the reaction microenvironment, the
composition and morphology of the supported metal and the
support, as well as the interfacial microstructure, making it
difficult to achieve precise and universal quantification using
a single physical or chemical parameter. Regarding quantitative
research on MSI, a promising direction is the development of
a multi-parameter, synergistically coupled quantitative charac-
terization system and quantitative analysis of the evolution of
MSI intensity under the reaction conditions. Concurrently,
leveraging big data and machine learning technologies, quan-
titative MSI data from different catalytic systems should be
integrated to establish standardized, universal MSI intensity
evaluation models.

(4) Machine learning and high-throughput computation for
predicting and screening novel MSI interfaces: traditional
theoretical calculations often rely on specific model systems
and perform point by point analyses. Key parameters like
binding energy, charge transfer, and diffusion barriers are
calculated to describe MSI strength. This approach is not only
computationally inefficient but also struggles to systematically
cover combinations of multiple variables such as metal type,
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support facet, defect configuration, and coordination environ-
ment. In contrast, high-throughput computation can
programmatically adjust interface structural parameters to
efficiently generate large-scale, standardized MSI-related data-
sets, providing a solid foundation for data-driven research. On
this basis, machine learning algorithms can extract hidden
structure-activity relationships from massive datasets, enabling
rapid prediction of MSI strength, structural stability, and cata-
lytic activity trends for unknown interfaces. Overall, coupling
machine learning with high-throughput computation for MSI
research not only speeds up the development of high-
performance interfaces and promotes rational catalyst design,
but also offers new approaches and theoretical support for
linking quantitative MSI descriptors to actual catalytic
performance.

(5) Precise structure-function relationship between MSI and
catalyst-specific structures: by combining in situ characteriza-
tion techniques with multiscale theoretical calculations, we
need to systematically quantify the influencing mechanisms of
support microstructural features. The goal is to elucidate how
MSI directionally modulates the electronic structure and coor-
dination environment of active sites, thereby establishing
a quantitative correlation model linking “support microstruc-
ture-MSI characteristics—catalytic performance.” Based on this
theoretical framework, precise design of support structures and
optimization of MSI enable rational control over metal active
sites, leading to the development of highly efficient and stable
catalytic systems that transcend the limitations of traditional
linear energy relationships.

This review establishes MSI as a fundamental design para-
digm for atomically dispersed electrocatalysts, systematically
elucidating how support types, crystal phases, crystal facets,
vacancy defects, and atomic doping modulate the electronic
structure and coordination geometry of active sites. Further-
more, with MSI as the core regulatory strategy, this approach
systematically enhances catalyst activity, selectivity, and dura-
bility. It drives performance breakthroughs in electrocatalytic
reactions for critical fields like energy conversion, providing
robust theoretical support and design guidance for developing
highly efficient, low-cost catalysts for industrial applications.
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