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Electrocatalytic technologies, such as water electrolysis and metal-air batteries, enable a path to sustainable
energy storage and conversion into high-value chemicals. These systems rely on electrocatalysts to drive
redox reactions that define key performance metrics such as activity and selectivity. However, conventional
electrocatalysts face inherent trade-offs between activity, stability, and scalability particularly due to the
reliance on noble metals. Asymmetrically tailored electrocatalysts (ATEs) — systems that are being exploited
for non-symmetric designs in composition, size, shape, and coordination environments — offer a path to
overcome these barriers. Here, we summarize recent developments in ATEs, focusing on asymmetric cou-
pling strategies employed in designing these systems with non-precious transition metal catalysts (TMCs).
Received 14th December 2024 We explore tailored asymmetries in composition, size, and coordination environments, highlighting their
DOI: 10.1039/d4cs00710g impact on catalytic performance. We analyze the electrocatalytic mechanisms underlying ATEs with an
emphasis on their roles in water-splitting and metal—air batteries. Finally, we discuss the challenges and
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1. Introduction

The demand for renewable energy accelerates the need to
develop cost-effective and environmentally friendly energy con-
version and storage technologies.'™ Some strategies to this end
involve batteries, fuel cells, and water electrolyzers.”® This
work focuses on water electrolysis and rechargeable metal-air
batteries, highlighting how advances in catalyst design could
overcome existing technology bottlenecks.

Both water electrolysis and rechargeable metal-air batteries
face limitations related to their three critical supporting reactions:
the hydrogen evolution reaction (HER), the oxygen evolution
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opportunities in advancing the performance of these technologies through rational ATE designs.

reaction (OER), and the oxygen reduction reaction (ORR)
(Fig. 1).”° The HER and the OER are crucial in water electrolysis
and extended electrosynthesis systems,'® which may combine
alternative anodic oxidation reactions (e.g., alcohol and biomass
valorization), or direct cathodic conversion reactions such as CO,
and N, reduction.'*™3

The OER and the ORR are the primary polarization processes
in rechargeable metal-air batteries, fuel cells, and electrochemi-
cal carbon capture technologies based on electrocatalysis.**
These half reactions involve multi-electron transfer processes
and exhibit sluggish kinetics.">" Therefore, designing electro-
catalysts to speed up and improve energy conversion efficiency
in these processes is important.>* >

Noble metal catalysts are widely used to support these
reactions due to their activity and stability. However, their high
cost and scarcity pose barriers to large-scale deployment.*¢7°
In contrast, non-precious TMCs offer a promising alternative,
as they can be structurally modified through techniques such
as size control, heteroatom introduction, defect engineering,
and substrate effects.*® These modifications enhance the
conductivity and electronic states of TMCs, improving their
catalytic performance and positioning them as potential alter-
natives for noble metal materials.’”°

Asymmetricity is a common feature in natural systems,
offering functional advantages.*®*' For instance, asymmetrical

This journal is © The Royal Society of Chemistry 2025
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leaf arrangements in plants optimize sunlight absorption, while
the asymmetric shells of mollusks enhance self-protection and
buoyancy regulation. Inspired by these principles, introducing
asymmetry into material structures presents an attractive
approach to improving catalytic activity.*> Achieving this requires
precise control over component selection, size, coordination
environments, and the design of catalyst assembly units.*’

Several works have provided evidence regarding the potential
of asymmetric coupling designs in electrocatalysts.***> Examples
include the use of single-atom (SA) electrocatalysts featuring
asymmetric coordination,*® the use of metal-nitrogen—carbon
(M-N-C) supported SAs with asymmetric coordination,*” and the
use of axially coordinated SAs.*® These works have focused on
particular aspects of individual asymmetric coupling strategies.
The present work bridges the gaps between these individual
views, providing an in-depth overview of the entire field of
asymmetric coupling engineering.**~>"

First, we present an overview of the broader development of
asymmetric catalyst design strategies, categorizing them into
compositional, size, coordination, and multiple asymmetric
coupling approaches (Fig. 2). Next, we discuss their impact
on physicochemical properties and electronic structure, focus-
ing on how these factors regulate the adsorption-desorption
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processes of intermediates and enhance catalytic performance.
Finally, we identify key challenges and outline perspectives for
advancing ATEs toward improved functionality and scalability.

2. Development of asymmetric
coupling design strategies

Asymmetric coupling strategies provide versatile approaches to
enhancing electrocatalyst performance.’>>> Compositional-
asymmetric engineering involves integrating heterostructures
with distinct components to modulate the resulting electronic
structure.®® This, in turn, facilitates introducing novel function-
alities and optimizing catalytic intermediates, thereby boosting
their catalytic performance. One important advance in recent
years is the introduction of asymmetry in SA catalysts, which
are characterized by a planar symmetry metal (M)-nitrogen (N,)
sites where the metal center is tetra-coordinated with nitrogen
atoms.”” Breaking the coordination symmetry of M-N, sites
disrupts their charge distribution, offering an efficient method
to boost catalytic activity.>®>°

In catalytic systems featuring size asymmetry, integrating
clusters (particles) to regulate the electronic structure of SAs/
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Fig. 1 Overview of HER, OER, and ORR applications in electrochemical energy systems. The illustration highlights critical reaction pairings, like anodic
oxidation paired with the HER and cathodic CO, and N, reduction with the OER, showcasing their importance in diverse applications. These processes
usually rely on noble metals to achieve high performance, posing a major challenge for their large-scale deployment due to high cost and resource scarcity.

clusters presents a promising strategy to optimize electrochemi-
cal performance.®® This approach utilizes inherent disparities in
electronic states among SAs, clusters, and nanoparticles, result-
ing in multiscale nano-hybrids with size-asymmetric coupling.®*
Another example involves material systems with coexisting
forms of asymmetric couplings,®” such as size asymmetry com-
bined with coordination asymmetry, size asymmetry coupled
with composition asymmetry, or a tripartite integration of size
asymmetry, coordination asymmetry, and composition asymme-
try. These synergistic interactions between multiple asymmetry
mechanisms enhance catalytic performance.®*®* Fig. 3 overviews
the evolution and recent advancements in ATEs, highlighting
key milestones and offering a roadmap for future research and
innovation.

3. Regulation strategies of asymmetric
coupling
3.1 Compositional-asymmetric coupling

Materials are typically classified into conductors, semiconductors,
and insulators based on electrical conductivity.””””® When differ-
ent materials are coupled, they form diverse heterogeneous inter-
faces with unique physicochemical properties arising from
variations in electronic structures, band gaps, and other inherent
characteristics among constituent units.””** These interfaces
enable precise control over atomic configurations, allowing cata-
lytic reaction pathways to be fine-tuned, thereby enhancing
efficiency and selectivity.*'*® Here, we categorize heterointerfaces

5110 | Chem. Soc. Rev, 2025, 54, 5108-5145

into three main types: metal-metal heterojunctions, metal-semi-
conductor heterojunctions, and semiconductor-semiconductor
heterojunctions. Building on the assembly strategies discussed
earlier, we have organized and summarized recent advances and
their key performance metrics in these heterojunctions (Fig. 4).

The structural advantages of compositional-asymmetric cou-
pling electrocatalysts can be summarized as follows. (i) Tailored
material properties: the integration of diverse materials enables
precise modulation of properties such as conductivity, hydro-
philicity, chemical stability, and active site density, collectively
enhancing catalytic performance; (ii) lattice strain engineering:
distinct chemical compositions and crystal structures induce
lattice strain, which modifies the intermediate adsorption
energies at active sites, leading to improved catalytic selectivity;
(iii) enhanced charge transfer: variations in band alignments
across different phases facilitate efficient charge transfer at
interfaces, enabling precise modulation of surface electronic
states within heterogeneous structures; and (iv) material versa-
tility: the broad range of material types provides extensive
opportunities for optimizing and assembling catalytic building
units, fostering the design of advanced ATEs, and enriching the
“gene library”’ of electrocatalysts.

3.1.1 The coupling of a metal and a metal. Metal-metal
asymmetric coupling involves the integration of two or more
chemically distinct metal elements within a shared nanoscale or
atomic-scale framework. This deliberate symmetry breaking con-
trasts with homonuclear systems, where identical metal atoms
define the active site. By introducing asymmetry in valence
states, coordination environments, and spatial configurations,

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Asymmetric coupling design strategies for non-precious TMCs. Illustration of asymmetric coupling design strategies for non-precious TMCs:
size-asymmetric coupling among SAs, clusters, and particles, coordination-asymmetric coupling highlighting low-, lateral-, and axial-coordination,
compositional-asymmetric coupling achieved through heterojunction design, and multiple asymmetric couplings combining these.

metal-metal asymmetric coupling disrupts conventional bonding
symmetry, leading to emergent catalytic properties that are inac-
cessible in single-metal systems.

A compelling realization of this concept is heteronuclear
dual-metal atom catalysts (DMACs), where two different metal
atoms form a dimer structure on a support material.®*'**
Homonuclear DMACs do not merely amplify intrinsic activity
through ensemble effects but also disrupt the local environ-
ment, leading to distinct electronic structures. Asymmetric
DMACs may induce localized atomic orbital distortions, which
impact n-orbital interactions and back-donation effects.'% This
can disrupt traditional linear scaling relationships, which often
impose fundamental activity-stability trade-offs in homoge-
neous catalytic systems.'®® DMACs may impact selectivity and
kinetics in multielectron transfer reactions, beyond SACs,*°’
making these sites effective in activating small molecules like
N,, CO,, and H,0.'*®

For instance, atomically dispersed Cu and Co bimetallic
sites anchored on a porous nitrogen-doped carbon (NC) frame-
work exhibit exceptional bifunctional oxygen catalytic activity
due to their optimal geometry and electronic structure (Fig. 5a
and b).?” Both experimental and theoretical findings indicated
that the synergistic effects between the metal-N, coordination
structures of Cu-Co bimetallic centers induced a charge asym-
metry distribution, contributing to moderate the adsorption-

This journal is © The Royal Society of Chemistry 2025

desorption ability of the catalytic centers with oxygen inter-
mediates. Under alkaline conditions, the electrocatalyst yielded
remarkable ORR/OER catalytic activities, with an ORR half-wave
potential of 0.920 V and an overpotential of just 0.335 V at
10 mA cm 2 (Fig. 5¢ and d). It also delivered outstanding
ORR activities under acidic (0.850 V) and neutral (0.740 V) condi-
tions. When applied in Zn-air batteries, this catalyst yielded
excellent performance and durability, with a longevity of 510 hours
and 1000 cycles. Following this, a “pre-constrained metal twins”
approach was introduced, effectively incorporating Fe and Co into
the NC skeleton.®® This approach led to the construction of a
bifunctional catalyst with high-quality Fe-Co heteronuclear pairs,
facilitating efficient oxygen electrocatalysis (Fig. 5e and f). Specifi-
cally, the Fe- and Co-containing binuclear phthalocyanine was
initially introduced into the ZIF-8 matrix. Subsequently, through
high-temperature carbonization, Zn species in ZIF-8 were volati-
lized, and ligands were transformed into NC materials. The
adjacent Fe and Co atoms form proximal active sites known as
Fe-N, and Co-N, complexes within this material. Electrochemical
investigations demonstrated the exceptional catalytic performance
of these heteronuclear pairs in both the OER/ORR. Theoretical
simulations indicated that the collaborative effects of neighboring
Fe and Co metals optimized the d-band center of metallic sites,
equilibrating the free energy of *O species and consequently
boosting the electrocatalytic performance towards oxygen.

Chem. Soc. Rev., 2025, 54, 5108-5145 | 5111
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Fig. 3 Timeline of evolution and breakthroughs in asymmetric coupling strategies for electrocatalysts. An overview of key milestones from 2013 to 2024
in the development of asymmetric coupling strategies, including coordination, composition, size, and multiple asymmetric designs. Examples showcase
advancements such as FePc-Py-CNT (2013), MoS,/CoSe; (2014), Co-Co304@NC (2015), Co SAs/N-C (2016), and Cu-S3N3z/Cu, (2023). Each entry
highlights pivotal innovations driving the progression of asymmetric tailored electrocatalysts (ATEs), offering insights into the field's evolution and future
directions. Copyright 2013,%° 2014.5¢ Reproduced with permission. Copyright 2013 and 2014, Springer Nature. 2015,” 2017.58 Reproduced with
permission. Copyright 2015 and 2017, American Chemical Society. 2016,%° 2018,7° 2020,”* 2021,72 2023,”* 2024.7* Reproduced with permission.
Copyright 2016, 2018, 2020, 2021, 2023 and 2024, John Wiley and Sons. 2019.”° Reproduced with permission. Copyright 2019, Royal Society of
Chemistry. 2022.7 Reproduced with permission. Copyright 2022, Elsevier.

As for water-splitting, compositional asymmetry through the
coupling of different metals offers substantial advantages. For
instance, a pioneering multistep templating method involving
atomic migration and capture processes was developed, lever-
aging atomic migration and capture processes to synthesize
atomically dispersed Ni and Co sites confined within a nitrogen-
doped carbon (NC) hollow prism (Fig. 5g-i).®° Theoretical calcula-
tions substantiated the enhanced electrocatalytic activity resulting
from the synergistic catalytic effects between dual-nuclear sites
(Fig. 5j). Through a similar synthesis approach, nanoscale asym-
metric ATEs can also be constructed. For example, a spatial

512 | Chem. Soc. Rev., 2025, 54, 5108-5145

segregation strategy was employed to produce an N/S doped
carbon nanobox hosting Fe-Co pair-sites with compositional
asymmetric coupling.*® This unique nanostructure displayed out-
standing electrocatalytic characteristics, delivering a half-wave
potential of 0.903 V for the ORR and an overpotential of 0.296 V
at 10 mA cm 2 for the OER. In summary, metal-metal asymmetric
coupling leverages the electronic and geometric disparity between
distinct metal centers to modulate adsorption energies and inter-
mediate stabilization beyond conventional SACs.

3.1.2 The coupling of a metal and a semiconductor. The
coupling of metals and semiconductors with distinct work

This journal is © The Royal Society of Chemistry 2025
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reported in ref. 43, 81 and 87-103.

functions (WFs) enables electron transfer across their interface,
inducing band bending and creating unique interfacial
properties.’®®''® These heterojunctions possess unique
mechanical, physical, and chemical properties compared to
single-component materials attributed to electronic interac-
tions, crystal defects, and lattice strain at the interface.'''
The electron density near the Fermi level of the interface plays a
positive role in regulating electrical conductivity.'™® By system-
atically tuning the electronic and structural properties of such
heterojunctions, researchers can unlock their potential to
dramatically enhance electrochemical performance in energy
conversion and storage applications.'**

This journal is © The Royal Society of Chemistry 2025

For example, a Mott-Schottky heterojunction composed of a
porous cobalt-nitrogen—-carbon (Co-N-C) polyhedron and
abundant CoP nanoparticles was successfully designed
(Fig. 6a and b).°® For the ORR, the half-wave potential of CoP/
Co-N-C was 0.860 V, along with an overpotential of 0.320 V at
10 mA em™> for the OER. Density functional theory (DFT)
calculations indicated that the Mott-Schottky heterojunction
formed an intrinsic electric field to facilitate interface charge
transfer. This led to the movement of the d-band, thereby
regulating the adsorption/desorption behavior of oxygen inter-
mediates and achieving enhanced dual functionality for rever-
sible oxygen electrocatalysis. Another metal-semiconductor

Chem. Soc. Rev,, 2025, 54, 5108-5145 | 5113


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00710g

Open Access Article. Published on 25 April 2025. Downloaded on 6/13/2026 11:53:51 PM.

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

(cc)

Chem Soc Rev

%& CoPc

Monomer

FePc %%5

Zn?*

Traditional
strategy

e
Organic linker

Dimer

Dimer pre-constrainted
. strategy

%=

FeCoPc

NiCo-precursor

0
7>

View Article Online

Review Article

o iea i AW/ N

AQAAYRRAYATRR, .-~
1 SSEN

e ( o AdAUVAVES
polly"menzafl?n ‘ vyrolys;s» : 7 ﬁ Y 5 "‘ VATAN “ }l N S\
r‘esorcin;vll 4 “A VI'EZ’W
formaldehyde 1000 S kh‘%‘% 7/ .
melamine A #{M 4
NaCo,  © : ® OER g
Zn-Co MOF/Cu@polymer Cu-Co/NC
©oC OoN ©0 o0Co oCu
C 1 __80
D —— Cu-Co/NC 8 Cu-CoINC
£ 04 ——co,NC g ———Co,INC
2 ——Cu,INC 60{ ——cu,NC
< -1 <
N = 1=
-~ d S u
> 2 PtIC 2 4] 2
‘D -34 7]
2 c
S 4] § 20
= =0
0.2 0.4 0.6 0.8 1.0 1.2 1.2 1.4 1.6 1.8
E (V vs RHE) E (V vs RHE)

1 nm

Free energy (eV) [ —

o

NiCo NPs/NC a-NiCo/NC
|——a-NicoNC 0,(g) +*
——a-NiNC "
——a-ColNC O0H
*0
1.65 eV—| [~—1.57 eV
1.72 eV—s
*OH
OH +*
OER
u=o0v —
OH *OH 'O  *0OH O,

Reaction coordinates

Fig. 5 Examples of metal-metal coupled catalysts. Cu-Co@NC catalyst: (a) synthetic scheme; (b) high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) image showcasing atomic dispersion; and (c) ORR and (d) OER polarization curves. Reproduced with permission from ref. 87. Copyright
2023, John Wiley and Sons. Fe—Co heteronuclear pairs catalyst: (e) schematic illustration comparing the traditional strategy and “pre-constrained metal twins”
strategy; (f) HAADF-STEM image and intensity profiles for metal pairs. Reproduced with permission from ref. 88. Copyright 2022, John Wiley and Sons. Ni—Co dual
sites catalyst: (g) Schematic illustration of the synthesis route; (h) transmission electron microscopy (TEM) image illustrating structural features and (i) HAADF-STEM
image indicating dual-site dispersion; (j) free energy diagram of OER. Reproduced with permission from ref. 89. Copyright 2022, John Wiley and Sons.
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TEM images showing the structural details; (g) OER polarization curves. Reproduced with permission from ref. 91. Copyright 2018, John Wiley and Sons.
Co@IC/MoC@PC catalyst: and (h) design idea and preparation path, as well as (i) linear sweep voltammetry (LSV) plots. Reproduced with permission from

ref. 92. Copyright 2021, American Chemical Society.

Mott-Schottky hybrid, featuring CuCo nanoalloys on arrays of
defective CuCoOy semiconductor nanowires, was also recently
fabricated.”® To establish an uninterrupted electron transport
route between a metal and a semiconductor, an NC matrix has
been incorporated into the nanowire array of the metal-semi-
conductor, forming an integrated core-shell architecture
(Fig. 6¢c—f). This innovative NC/CuCo/CuCoOy core-shell array
demonstrated exceptional electrocatalytic OER-HER perfor-
mances in a 1 M KOH medium (Fig. 6g). It achieved a note-
worthy oxygen evolution current density of 10 mA cm ™ > with a

This journal is © The Royal Society of Chemistry 2025

mere 0.190 V overpotential and a hydrogen evolution current
density of 10 mA cm > with a 0.112 V overpotential. When
employed as both an anode and cathode for the overall water
splitting, the core-shell composite array electrodes exhibited a
remarkable current density of 10 mA em™? at an impressively
low voltage of only 1.53 V, demonstrating their exceptional
electrochemical performance. These electrodes demonstrated
excellent stability during continuous operation for 100 hours
under high current density conditions. Experimental findings
indicated that the three-dimensional hierarchical structure
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provided an extensive electrochemical active surface area,
abundant active sites, and rapid gas transport. The in situ
formation of metal-semiconductor Mott-Schottky catalysts
generated rich oxygen vacancies, enhancing conductivity and
promoting electron transfer. The NC skeleton promoted the
adsorption of intermediates and constructed optimized path-
ways for electron transfer between the semiconductor, metal,
and carbon layers by redistributing electron density. Recently,
an ORR/OER/HER tri-functional electrocatalyst, comprising
distinct Co nanoparticles and MoC components on hollow
carbon structure inner and outer layers, has been reported
(Fig. 6h).°> Due to the electronic polarization interface between
these two components, charge redistribution at the interface
was facilitated. Subsequent investigations demonstrated that
Zn-air batteries and water splitting assembled with this catalyst
exhibited outstanding catalytic performance and stability
(Fig. 6i). Therefore, the coupling strategy between a metal and
a semiconductor affords a feasible avenue for designing and
developing multifunctional catalysts for the next generation of
reversible energy conversion systems.

3.1.3 The coupling of a semiconductor and a semiconduc-
tor. In solid-state physics, semiconductor-semiconductor junc-
tions are categorized into homo-type (p-p and n-n types) and
hetero-type (n—p type)."*® In homo-type heterojunctions, charge
carriers - electrons (n-n type) or holes (p-p type) - flow
unidirectionally from lower WF to higher WF components until
Fermi levels equilibrate."'® The connection of p-type and n-type
semiconductors results in electron flow from the n-type to
p-type, creating positive charge regions near n-type semiconductor
junctions. Conversely, carrier holes move from p-type to n-type
semiconductors, forming hostile space charge regions near p-type
semiconductor junctions.''” Consequently, a strong electric field
develops at the interface, inducing band bending through Fermi-
level rearrangement."*® This band bending facilitates electronic
structure redistribution, impacting local coordination and the
electronic density of states. This can be engineered to lower the
activation energy of reactants and reaction intermediates, thus
enhancing electrocatalytic activity.

An n-n heterojunction was successfully fabricated at the
biphasic interface by coupling oxygen-vacancy-rich Fe,O; and
ZnCo,0, using a cation-exchange method as an example
(Fig. 7a and b).”® This heterojunction exhibited exceptional
performance with a minimal overpotential of 0.261 V to achieve
a current density of 10 mA cm > It displayed remarkable
stability at high current densities, exceeding that of the major-
ity of Co/Fe-based OER catalysts reported to date (50 hours).
DFT calculations validated that the formation of the nanojunc-
tion fine-tuned the d-band center, improving the adsorption of
oxygen intermediates at the active sites and consequently
optimizing the Gibbs free energy of the OER reaction
(Fig. 7c). Another illustrative example involves the construction
of a NiSe,/FeSe, p-p junction prepared through a solid-state
selenization method (Fig. 7d-g).* The intrinsic electric field
formed at the NiSe,/FeSe, heterointerface enhanced charge
transfer, leading to localized charge redistribution. This
increased the conductivity and facilitated the adsorption of
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relevant reactants driven by electrostatic interactions. Integrat-
ing hetero-type semiconductors with p-n heterojunctions can
provide highly efficient catalytic active sites, thereby accelerating
the kinetics of electrochemical reaction processes. Taking the
FePc/GaS p—n junction as a model, atomic geometric characteriza-
tion revealed a distortion of the Fe-N, moiety, thus disrupting the
Fe-N coordination configuration and modulating the local charge
density and spin configuration of the Fe center (Fig. 7h-k).*> As
a result, the p—n junction catalyst exhibited a comparative ORR
activity at 0.850 V, more than twofold that of the original FePc
and over twelvefold that of commercial Pt/C catalysts. This
strategy could be extended to other n-type sulfide carriers with
different WFs, revealing a linear relationship between the ORR
activity of loaded Fe-N, and the rectification degree. This
suggested the continuous tunability of SACs by altering n-type
carriers.

3.2 Coordination-asymmetric coupling

Asymmetric coordination offers a promising approach to
enhance catalytic activity, distinct from the traditional metal-
N, active site model.""® Incorporating asymmetric ligands or
varied coordination environments provides a novel means to
precisely regulate the electronic structure and charge distribution
of active sites.” Based on the coordination attributes, asymme-
trical atomic sites can be categorized into three types: low
coordination, lateral coordination, and axial coordination.'*
These classifications clearly demonstrate the diverse structural
arrangements inherent in coordination-asymmetric coupling.
Fig. 8 presents recent research findings using these strategies,
offering a concise visual summary of advancements in the field.
The advantages of asymmetric coordination structures over con-
ventional M-N, sites in electrocatalysis primarily include lower
overpotential, higher selectivity, and more excellent catalytic
performance. SA centers with low coordination display enhanced
intrinsic electrocatalytic activity attributed to the optimized elec-
tron structure, which lowers the adsorption of oxygen intermedi-
ates, consequently improving the activity of metal sites."”
Structural distortions can induce charge transfer and asymmetric
charge distribution in lateral coordination SA systems, optimizing
adsorption and desorption behaviors towards oxygen intermedi-
ates and reducing energy barriers for the ORR and OER."® Axial
coordination can also disrupt the symmetry of catalytic centers,
optimizing the local coordination environment of active metals,
boosting the charge polarization effects, and facilitating charge
transfer between metal centers and adsorbed intermediates, thus
decreasing the Gibbs free energy of the rate-limiting steps in
catalytic reactions.

3.2.1 Low coordination of metal-N, sites. The coordination
environment of the central metal site in SACs
electrocatalytic performance. By carefully controlling experimental
parameters during catalyst synthesis, diverse coordination
numbers in M-N,C, (x, y = 1-4) catalysts can be achieved.*® This
strategy offers precise control over the local structures of the
catalyst, thus promoting catalytic efficiency and selectivity."*® As a
demonstration, a surfactant-assisted method was introduced for
synthesizing Ni SACs immobilized on a porous NC support (Ni-SA/
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Fig. 7 Examples of semiconductor—semiconductor coupled electrocatalysts. Fe,Oz/ZnCo,0, catalyst: (a) schematic illustration for the synthetic
process; (b) HRTEM images showing the well-defined heterojunction interface; (c) the energetic pathway of the OER, highlighting the reduced energy
barriers enabled by the heterojunction design. Reproduced with permission from ref. 93. Copyright 2023, Elsevier. NiSe,/FeSe, heterojunction catalyst:
(d) SEM, (e) TEM, and (f) HRTEM images showing distinct lattice planes of NiSe; (210) and FeSe, (012); (g) LSV curves comparing the electrocatalytic
performance of NiSe,/FeSe, against benchmark catalysts for the OER. Reproduced with permission from ref. 94. Copyright 2021, Elsevier. FePc/GaS
catalyst: (hand i) HAADF-STEM image; and (j) LSV curves illustrating the enhanced ORR performance of FePc/GaS over individual components and (k) free
energy diagrams for ORR showing optimized intermediate adsorption energies, confirming the role of electronic coupling in boosting catalytic efficiency.
Reproduced with permission from ref. 95. Copyright 2023, John Wiley and Sons.

NC) with Ni-N; and Ni-N, coordination (Fig. 9a-c)."** The HER
catalytic performance of these catalysts was investigated using
alkaline solution and seawater electrolytes. These findings showed
that Ni-SA/NC, featuring a tri-nitrogen coordination structure (Ni-
N;), displayed efficient HER activity (Fig. 9d). X-ray absorption fine
structure (XAFS) characterization analysis and DFT calculations
demonstrated that the Ni-N; coordination, characterized by a
reduced coordination number compared to the Ni-N, site, facili-
tated water dissociation and hydrogen adsorption, thus boosting
HER activity (Fig. 9e).

This journal is © The Royal Society of Chemistry 2025

In recent years, attention has been directed towards the
rational design of Fe SACs with asymmetrical coordination.
Taking the Fe-N, active site as an example, it was observed that
the interaction of OH species occurred with Fe atoms character-
ized by unsaturated coordination structures (Fig. 9f and g).'**
This led to the creation of the OH-Fe-N, site, which facilitated
0, adsorption, promoted the rapid formation of *XOOH species at
low operating potentials, and contributed to the cleavage of the
0O-O bond with a lower barrier, thus enhancing the kinetics of
the multi-electron transfer reaction. As a result, the resulting
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N-C and Co-SAs@N-CNFs for their remarkable activity across multiple coordination designs. This diagram provides a summary of the performance

metrics reported in ref. 10, 51, 70 and 122-139.

catalyst demonstrated excellent ORR activity, exhibiting a high
kinetic current density (/i) of 81.3 mA cm™ > and an elevated high
turnover frequency (TOF) value of 5804 h™" (Fig. 9h). In addition
to Fe and Ni, Cu-based SAC has also shown remarkable ORR
activity (Fig. 9i-k)."** Extended X-ray absorption fine structure
(EXAFS) and electron energy loss spectra (EELS) verified that Cu
SA closely resembled Cu-N,. Electrochemical in situ XANES
identified the unsaturated Cu’-N; as the active site for the
ORR, with Cu®>*-N, functioning primarily as its precursor. Under

5118 | Chem. Soc. Rev, 2025, 54, 5108-5145

reducing potential, water dissociated into OH and protons,
facilitating the hydrogenation of pyridinic nitrogen, which in
turn drove the transition from Cu®*-N, to Cu'-Nj. These Cu'-N;
SA sites activated O, by donating electrons to its antibonding
orbitals, thereby weakening the O-O bond and promoting its
cleavage, ultimately leading to the formation of OH ™. During the
ORR, Cu-Nj; further evolved into Cu-N,, likely due to ligand
reorganization under reducing conditions. However, upon
removal of the applied potential, the system reverted to its stable

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 Examples of metal—N, sites with low coordination. Ni-SA/NC catalyst: (a) schematic illustration of the fabrication process; (b and c) HAADF-STEM
images showcasing atomic dispersion; (d) HER polarization curves illustrating catalytic performance and (e) the Gibbs free energy diagram highlighting the
thermodynamic favorability of HER. Reproduced with permission from ref. 122. Copyright 2021, John Wiley and Sons. Fe SAs/NC catalyst: (f) schematic
drawing of the operando synchrotron radiation characterizations; (g) HAADF-STEM image capturing isolated Fe sites and (h) LSV curves demonstrating
excellent catalytic activity. Reproduced with permission from ref. 123. Copyright 2021, American Chemical Society. Cu-N-C SAC catalyst: (i) Schematic
illustration of the two-step synthesis strategy; (j) HAADF-STEM image; (k) ORR polarization curves showing enhanced catalytic behavior and (l) free energy
diagram for the ORR indicating reduced reaction barriers. Reproduced with permission from ref. 124. Copyright 2021, American Chemical Society.
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Cu-N, configuration, suggesting a reversible structural evolution
(Fig. 91). Therefore, the SACs with low coordination configu-
ration have demonstrated their potential for practical applica-
tions in electrochemical systems.

3.2.2 Lateral coordination of metal-N,A, sites. Integrating
non-metallic constituents into NC frameworks to enhance the
performance of SA catalysts has emerged as an efficient
approach.' Various dopants have been examined, including
S, P, B, I, Cl, and others, resulting in metal-N,A, (where A = N,
S, P, B, I, and Cl) sites, characterized by a distinctive lateral
coordination configuration."*? Incorporating a metal-P bond,
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established through the coordination of phosphorus atoms,
can alter the electronic configuration of the metal core, thereby
improving catalytic efficiency by facilitating electron transfer
between the central metal and the carbon substrate.’** Moti-
vated by this concept, an atomic Co-P;N; structure was
designed, stabilizing the Co SA with one P atom and three N
atoms (Fig. 10a and b)."*® In acidic environments, the resulted
catalyst, featuring the Co-P;Nj structure, exhibited outstanding
activity and durability for the HER, with a low overpotential of
0.098 V at 10 mA cm ™ > and a slight Tafel slope of 47 mV dec ™,
outperforming electrocatalysts with the Co-N, site. The extended
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Fig. 10 Examples of metal-N,A, sites with lateral coordination. Co-SA/P-in situ catalyst: (a) scheme of the formation and (b) HAADF-STEM images of
the sample showing atomic dispersion of Co sites. Reproduced with permission from ref. 125. Copyright 2020, American Chemical Society. Ni-B/N-C
catalyst: (c) schematic diagram of the preparation process, (d and e) HAADF-STEM images confirming the presence of Ni—B sites, and (f) ORR polarization
curves highlighting catalytic performance improvements due to lateral coordination. Reproduced with permission from ref. 127. Copyright 2023, John
Wiley and Sons. Mn/C—-NO catalyst: (g) schematic illustration of the synthetic process for Mn Sas and (h) HAADF-STEM images of Mn SAs visualizing Mn
atomic sites; and (i) free-energy diagram of the ORR on Mn-N;O3;, Mn-N,O,, and Mn-NzO; surfaces demonstrating their catalytic advantages.
Reproduced with permission from ref. 65. Copyright 2018, John Wiley and Sons.
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bond length in the high-valence Co,-P;N; atomic structure was
identified as a critical factor in enhancing the HER performance.
Many investigations have indicated that introducing S atoms
into the M-N, configuration can also enhance the charge
delocalization surrounding carbon atoms, improving the ORR
performance. As an illustration, a supramolecular self-assembly
pyrolysis method was utilized to fabricate an N/S/Fe co-doped
carbon material.'*® These asymmetrically coordinated Fe-N,S;
SA sites demonstrated high TOF values of 18.5 and 2.87 s~ * and
mass activities of 56.2 and 15.9 A mg ' at 0.87 and 0.74 V in
0.1 M KOH and 0.5 M H,SO,, respectively. Experimental results
revealed that Fe-N,S; sites favored the production of OH™
species, exhibiting distinct kinetic mechanisms in acidic and
alkaline solutions. The ORR activity of this catalyst in different
electrolytes could be ascribed to the expected coordination
structure. In 0.1 M KOH, the coordinated Fe-N functioned as
the primary site for activating O, adsorption, whereas in 0.5 M
H,S0,, Fe-S coordination emerged as the primary center for the
ORR. DFT calculations further verified that the upward adjust-
ment of the d-band center of Fe-N;S; active sites facilitated O,
adsorption, expediting the kinetic process of reducing *OH. The
vacancy defects surrounding the Fe-N;S; sites balanced the
generation of *OOH and the reduction of *OH, thus collabora-
tively enhancing the ORR process.

Apart from S and P, incorporating B into the carbon skeleton
decreases the d-band center of the metal atom and the adjacent
position of the initial peak concerning the Fermi level."** This
alteration improves the adsorption and desorption of inter-
mediates, thereby promoting the catalytic reaction. Inspired by
this, a B-doped Ni-N-C catalyst was developed for efficient ORR
(Fig. 10c-e)."*” This catalyst featured atomically dispersed Ni
atoms anchored on a carbon support, coordinated with one B
atom and three N atoms, forming a Ni-B;N; configuration. The
prepared Ni-B/N-C catalyst demonstrated enhanced ORR per-
formance (Fig. 10f), with a half-wave potential (E;,,) of 0.870 V,
surpassing that of the original Ni-N-C (0.760 V). Even after
30000 cycles, E;/, only degraded by 21 mV, outperforming most
reported Fe-N-C and Co-N-C catalysts, indicating remarkable
stability. DFT calculations verified that, compared to Ni-N,, the
Ni-B;N; configuration increased the electron density at the Ni
site, improving the adsorption of ORR intermediates and low-
ering the thermodynamic barrier, thus expediting ORR
kinetics. As an illustrative example, O and N atoms were
coordinated with Mn sites to fabricate a metal-N;O; configu-
ration, employing conductive 3D graphene frameworks as the
substrate.”® Inspired by enzyme coordination effects, Mn d-
electron energy levels were adjusted optimally (Fig. 10g and h).
Computational results revealed that Mn-N;0;, Mn-N,O,, and
Mn-N;O,; emerged as active sites for the ORR (Fig. 10i). The
deliberate downward shift of the d-band center and the proxi-
mity of the initial peak to the Fermi level within the Mn-N;0,
site promoted the desorption of reaction intermediates. This, in
turn, optimized the kinetics for the ORR.

The above discussion focused on the lateral coordination of
single metal centers. However, the efficiency of these strategies
is often constrained by limited electron transfer pathways,

This journal is © The Royal Society of Chemistry 2025

View Article Online

Chem Soc Rev

particularly in multi-electron transfer processes, where a
single-site configuration may struggle to efficiently accommo-
date reaction intermediates with varying electronic structures
and binding affinities. While homonuclear dual-atom catalysts
have been proposed to enhance multi-electron reactions, such as
the ORR and OER, they still face similar limitations—two
identical metal atoms may not fundamentally overcome the
constraints of single-site configurations. Instead, alternative
approaches involving out-of-plane architectures or DMACs may
provide a more effective means to modulate electronic struc-
tures, facilitate charge delocalization, and optimize intermediate
stabilization, ultimately improving catalytic activity and stability.

For example, a high-density asymmetric dual-iron atom
catalyst, A-Fe,S;N;@N/S co-doped carbon, was synthesized
using a multilayer stabilization strategy involving defect cap-
ture and coordination riveting.'** The asymmetric nitrogen—
sulfur coordination around the dual-iron sites modulated the
electronic structure, leading to enhanced adsorption and acti-
vation of oxygen intermediates. Specifically, this asymmetric
coordination strengthened Fe-O interactions, promoting more
efficient reactant conversion, lowering energy barriers, and
accelerating reaction kinetics. These findings highlight the
potential of asymmetric coupling strategies to further advance
single-atom and dual-atom catalysts, offering new pathways for
designing efficient electrocatalysts.

Coordination asymmetry strategies also play a crucial role in
the design of molecular ORR catalysts. For example, metal
porphyrins consist of a central metal ion coordinated to a ring
of four nitrogen atoms."**'*® This coordination enables strong
catalytic activity for oxygen reduction. Specifically, iron and cobalt
porphyrins promote oxygen molecule adsorption and reduction,
demonstrating catalytic activity comparable to that of platinum-
based catalysts."*” However, the catalytic performance and stabi-
lity of metal porphyrins are highly sensitive to the electronic
structure of the metal center, the ligand environment, and inter-
actions with reactants. Optimizing their coordination structure is
thus important to enhance ORR activity. For instance, introducing
substituents at the side coordination sites of the porphyrin
structure can tune the electronic properties of the catalyst,
improving both its activity and selectivity."*® Notably, the asym-
metric Pacman-type dinuclear cobalt porphyrin catalyst exhibited
higher activity compared to its symmetric counterpart,'*>*>® high-
lighting the advantages of asymmetric design in promoting the
ORR and further underscored the potential of asymmetric struc-
tures in molecular catalysis. This research provides valuable
insights for the future development of small-molecule activation
catalysts, particularly in improving catalytic performance, selectiv-
ity, and stability.

3.2.3 Axial heteroatom coordination. Over the past two
years, considerable attention has been directed towards Fe-
N;-C SACs, characterized by their distinctive penta-coordinated
configuration.’®® The axial placement of the fifth nitrogen
ligand plays a crucial role, causing an electron pull-push effect
and imposing steric effects on individual atom sites. This
interaction influences the binding affinity between active sites
and reaction intermediates, enhancing activity for the axially

Chem. Soc. Rev,, 2025, 54, 5108-5145 | 5121


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00710g

Open Access Article. Published on 25 April 2025. Downloaded on 6/13/2026 11:53:51 PM.

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

(cc)

Chem Soc Rev

modified SACs.'** In contrast to conventional metal-N, SACs,
the strategic introduction of one or multiple additional ligands
in the axial position, either perpendicular or non-coplanar to
the planar metal-N, sites in SACs, is expected to disrupt
electron distribution symmetry.'>® This alteration in the elec-
tronic structure of the central SA active sites optimizes adsorp-
tion behavior and reduces energy barriers for intermediate
adsorption. The axial ligand incorporated over the central SA
sites serves as an additional adsorption site, synergizing with
the metal-N, site for electrocatalysis, ultimately reshaping
reaction pathways to be more energetically favorable.'>*

Typically, a porous FeN,-O-NCR electrocatalyst, rich in
catalytically accessible FeN,-O sites (wherein the Fe SAs are
coordinated to four in-plane N atoms and one subsurface axial
O atom), supported on N-doped carbon nanorods (NCR), has
been reported (Fig. 11a and b).'*® The resulting FeN,~O-NCR
electrocatalyst exhibited a hierarchically porous architecture,
featuring a substantial specific surface area (1159 m* g~ ') and
an abundance of FeN,-O active sites conducive to optimal
oxygen adsorption and activation. In Fig. 11c, the FeN,-O-
NCR catalyst displayed remarkable ORR activity and stability in
alkaline media (E;, = 0.942 V). DFT calculations unveiled a
precise tailoring of the d-orbital electronic structure of Fe
cations, effectively reducing the thermodynamic barrier for
the ORR (Fig. 11d). Considering the impact of OH doping on
axial coordination and electron transfer, a self-sacrificial strat-
egy was proposed for synthesizing asymmetrically N and S-
coordinated Feg, sites."” This strategy embeds an axial fifth
hydroxy (OH) coordination (Fe-N;S;OH) within N, S co-doped
porous carbon nanospheres (Fe-N/S-C) (Fig. 11e). The distinc-
tive structure of Fe-N3;S,OH, characterized by inherent high
activity and a large specific surface area (2539 m”> g™ ), ensured
sufficient exposure to active sites. Coupled with an intercon-
nected layered porous structure facilitating rapid ion/mass
transfer, the fabricated Fe-N/S-C exhibited outstanding ORR
catalytic activity.

In a recent study, metal phthalocyanine (M-Pc) was used as a
model for M-N, electrocatalysts to explore the positive impact
of axial ligands on catalytic activity. M—Pc complexes consist of
metal ions coordinated with phthalocyanine ligands, forming
distinct M-N, active centers that exhibit unique electronic
structures and stability, making them valuable molecular cat-
alysts for the ORR.'>® However, their planar, symmetric struc-
ture weakens O, adsorption and activation, resulting in low
ORR catalytic efficiency. Breaking this symmetry is an effective
strategy to enhance performance. For example, modifying the
axial direction of the metal center by coordinating it with a
single metal atom on graphene via a bridging oxygen atom
induces symmetry-breaking, promoting out-of-plane polariza-
tion, and facilitating O, adsorption, thereby improving ORR
catalytic efficiency.’>® In parallel, axial PO, coordination was
introduced at the Co;N, site in CoPc@CNT (CNT stands for
carbon nanotube, Fig. 11f-h)."*® This regulation of reaction
pathways demonstrated the capability to enhance intrinsic OER
activity (Fig. 11i). A similar phenomenon has been observed in
metal porphyrin systems. By introducing imidazole groups
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axially to the metal center, the original square-planar coordina-
tion was disrupted. This axial ligand induced a “push-electron
effect”, which increased the electron density at the metal site,
thereby facilitating the binding and activation of O, at the
metal center."”” Comparable to heteroatoms coordinated later-
ally, axially coordinated heteroatoms impact the catalytic effi-
cacy of central metal sites via the regulation of the electronic
structure. The axial coordination of heteroatoms may also
initiate the displacement of metal atoms along the axial direc-
tion, consequently altering the length of coordination bonds
and influencing the behavior of adsorption/desorption for
intermediates.

3.3 Size-asymmetric coupling

Electrocatalysts are classified into three groups based on size:
SA-type (0.1-0.2 nm), cluster-type (0.2-1 nm), and particle-type
(>1 nm)."® Earlier research on hydrogen and oxygen electro-
catalysis focused on particle-type TMCs as alternatives to pre-
cious metal benchmarks.'®® However, clusters and SAs have
recently gained attention due to their unique physicochemical
properties. Size reduction can enhance the electrocatalyst
surface area and atomic utilization efficiency. Smaller particles
will alter the electronic structure, surface morphology, and
metal-support interactions, impacting catalytic selectivity.
Reduced cluster size can increase coordinatively unsaturated
atoms, enhancing reactivity, while sub-nanometer catalysts
generate diverse crystal facets and defects.”® Despite recent
progress, SAs and clusters exhibit limitations in providing
multiple active sites for complex multi-step catalytic reactions,
impeding their practical application. Recent studies highlight
the synergistic interaction among SAs, clusters, and particles in
interface regulation to enhance electrocatalytic performance.>”
Incorporating metal clusters or particles near SA centers can
modify the rate-determining step of catalytic reactions, low-
ering the energy barrier associated with these steps. Simulta-
neously, the non-coherent vibrations induced by these clusters
or particles can reduce the bond length of the SA, thereby
boosting its stability (Fig. 12).”°

For example, a Fe-N-C electrocatalyst exhibiting size asym-
metry was developed. N-coordinated Fe clusters were posi-
tioned adjacent to closely surrounding Fe-N, sites, utilizing
two-dimensional N-doped porous carbon as a substrate
(2DNPC) (Fig. 13a-f)."*® The rapid electron transfer pathway
and short interaction distance facilitated robust electronic
interactions between the Fe clusters and adjacent Fe-N, moi-
eties (Fig. 13g and h). The incorporation of Fe clusters serves a
dual purpose: restructuring rate-determining steps and fortify-
ing stability in SAs through reduced bond lengths. Conse-
quently, this composite catalyst exhibited strong adsorption
of OH, leading to the permanent grafting of the OH ligand onto
the Fe-N, site. This OH ligand optimized the binding strength
of the Fe-N, site with the ORR intermediates on the opposite
side, lowering the limiting energy barrier. In contrast, nano-
particles also play a pivotal role in adjusting the local structures
of SA sites, refining intermediate adsorption/activation, and
enhancing electrocatalytic performance. For example, a

This journal is © The Royal Society of Chemistry 2025
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Fig. 11 Examples of axial heteroatom coordination catalysts. FeN4—O—-NCR catalyst: (a) schematic synthesis illustration and (b) HAADF-STEM image
showing atomic dispersion; (c) LSV curves in 0.1 M KOH highlighting catalytic activity and (d) free energy diagram comparing various FeN,4-based models.
Reproduced with permission from ref. 128. Copyright 2022, John Wiley and Sons. Fe—N/S—C catalyst: (e) Schematic illustration of the synthetic
procedure of the Fe—N/S—C catalyst. Reproduced with permission from ref. 129. Copyright 2022, John Wiley and Sons. 6.6%P—-CoPc@CNT catalyst: (f)
the schematic illustration of the preparation process and (g) the TEM image depicting the overall structure; (h) the HAADF-STEM image showing atomic
resolution of active sites; and (i) polarization curves of various catalysts in 0.1 M KOH, demonstrating performance enhancement through axial
coordination. Reproduced with permission from ref. 130. Copyright 2023, John Wiley and Sons.
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Fig. 12 Performance summary of catalysts designed with size-asymmetric coupling strategies. The figure categorizes catalysts based on coupling
configurations such as single-atom + particle and single-atom + cluster. Performance metrics include half-wave potential (Ey/,) for the ORR in 0.1 M
KOH, overpotential (730) at 10 mA cm™2 for the OER in 1 M KOH, and the HER in 1 M KOH. It highlights the impact of size-asymmetric coupling on
catalytic activity and efficiency across various reaction types. This diagram provides a summary of the performance metrics reported in ref. 30, 75 and

160-175.

binuclear site consisting of Co SAs in the configuration of
Co-N, moieties and Co nanoparticles (SNPs) was co-anchored
on a porous NC nanocage (denoted as Co-SAs/SNPsS@NC,
Fig. 13i-k).'®" Taking advantage of the combined effects of Co
SAs and Co particles, along with the improved anti-corrosion
ability of the carbon matrix, this product exhibited remarkable
ORR activity (Ey, = 0.898 V) and exceptional stability in alkaline
environments, as illustrated in Fig. 13l. DFT calculations
revealed that the strong interaction between Co particles and
Co-N, sites increased the valence state of active Co atoms and
mitigated the adsorption-free energy of intermediates in the
ORR, thereby promoting the reduction of O, (Fig. 13m and n).
The assembled Zn-air battery showed a maximum power

5124 | Chem. Soc. Rev., 2025, 54, 5108-5145

density of 223.5 mW cm 2, a substantial specific capacity of
742 W h kg~ * at 50 mA em 2, and great cycling stability.

In another illustration, a facile synthetic strategy was pre-
sented to co-anchor FeN,, and Fe-nanoclusters/nanoparticles
on a multichannel carbon nanofiber (FeN,-Feyncp@MCF).”*
This configuration led to the development of a highly efficient
and robust ORR catalyst. The exceptional ORR activity and
stability demonstrated by the synthesized FeN,-Fexcp@MCF
catalyst could be ascribed to the synergistic effects between the
FeN, sites and Fe nanoclusters/nanoparticles, along with
the high-porosity structure of the carbon substrate. Indeed,
employing the size-asymmetric coupling strategy to integrate
individual atoms and clusters/nanoparticles within a unified

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Examples of size-asymmetric coupling catalysts. Fesa/Feac—2DNPC catalyst: (a) SEM and (b and c) TEM images; (d and e) HAADF-STEM images
with zoom-in image showing an iron cluster (cyan circle) and its satellite iron atoms (red circles); (f) energy-dispersive spectroscopy mapping image
illustrating elemental distribution; (g) ORR polarization curves comparing catalytic performance and (h) free energy diagrams over three types of active
sites. Reproduced with permission from ref. 160. Copyright 2022, Springer Nature. Co-SAs/SNPs@NC catalyst: (i) schematic illustration of the synthetic
process, (j and k) HAADF-STEM images displaying cobalt single atoms and nanoparticles and (1) ORR polarization curves highlighting enhanced activity;
(m) calculated projected density of states of Co d band in Co—N4, Co-N4@Co,,, and Co-N4@Co; layers; and (n) the charge density difference for Co—
N4@Cos,, Where yellow and blue regions represent electron accumulation and depletion, respectively. Reproduced with permission from ref. 161.
Copyright 2021, John Wiley and Sons.

system affords a promising avenue for achieving synergistic cou-
pling. This approach optimizes the electronic structure and enriches
oxygen catalytic sites, thus enhancing catalytic performance.

3.4 Multiple asymmetric coupling

Multiple asymmetric coupling refers to two or more asymmetric
configurations within material structures, offering a versatile
approach for fabricating highly efficient electrocatalytic
materials.'”® The recent development described in Fig. 14 shows
the performance summary of this strategy in catalyst design, as

This journal is © The Royal Society of Chemistry 2025

evidenced by its enhanced performance. The utilization of this
multiple asymmetric coupling can enhance both the activity and
stability of catalysts. By applying this method to the design of
bifunctional catalysts, active sites with different compositions
and catalytic functionalities can be initially coupled. Moreover,
introducing concepts of size or coordination asymmetry can
further optimize the local electronic structure of active metals,
thereby promoting charge delocalization. This optimization
provides operational space for accelerating the kinetics of elec-
trocatalytic reactions.
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Fig. 14 Performance summary of catalysts designed using multiple asymmetric coupling strategies. The chart categorizes catalysts based on
combinations of composition, size, and coordination asymmetries, illustrating their electrocatalytic performance. The metrics include half-wave
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achieved through strategic coupling approaches. This diagram provides a summary of the performance metrics reported in ref. 49, 73, 76 and 176-190.

For instance, a dual-metal NiFe-N-C SA catalyst coupling
with Fe nanoclusters was prepared by simply pyrolyzing metal
phthalocyanine and NC precursors (Fig. 15a and b).'”” This
catalyst demonstrated size asymmetry, featuring Fe nanoclus-
ters and Fe SAs and heteroatomic coupling involving Ni SAs. As
a result, NiFe-N-C delivered notable ORR/OER catalytic activity
and durability (Fig. 15¢ and d). After 50 000 and 90 000 potential
cycles, minimal AE was merely 0.680 V, with negligible degra-
dation observed for E,, and Ej;,. In-depth characterization and
DFT calculations suggest the presence of Ni-N, and Fe-N,
coordination structures, along with electron synergistic effects
from adjacent Fe nanoclusters (Fig. 15e). The key active sites
were Fe-N,, Ni-N,, and Fe nanoclusters, with Fe, at the Ni-N,
site exhibiting the lowest overpotential. The synergy between
Fe-N, and Ni-N, optimized the electronic structure, improving
oxygen intermediate adsorption/desorption and enhancing

5126 | Chem. Soc. Rev, 2025, 54, 5108-5145

OER/ORR activity. Fe nanoclusters further accelerated reaction
kinetics, while spin-state modulation refined the reaction path-
way. This synergy efficiently optimized oxygen intermediate
formation and dissociation, boosting catalytic efficiency.
Employing this dual asymmetry in the component and size,
analogous electrocatalytic materials, such as Fe,O3/Fesa@NC,
NigaFega—NisoFe@carbon nanotube, and Wg,-W;3;N,@NC, have
been successively synthesized and applied in electrolysis for
water electrolysis and Zn-air batteries.'”®'*"'°* Similarly, the
simultaneous exploitation of asymmetry in both component
and coordination emerges as a viable strategy for developing
robust electrocatalysts. For example, a two-dimensional metal-
organic framework (MOF) nanosheet containing Fe and Cu
components was initially prepared, followed by calcination to
produce a distinctive asymmetric FeN;O-CuN, dual-atomic
coordination configuration (Fig. 15f and g)."”° Introducing

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00710g

Open Access Article. Published on 25 April 2025. Downloaded on 6/13/2026 11:53:51 PM.

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

(cc)

Review Article

View Article Online

Chem Soc Rev

36 ——Fe,lFeN,
= | L2 Ni/NiN,,
—Ir0, 2 aly=ov SOH - Fe/NiNFeN,
——N-C - —
——Ni-N-C =133V M \
3 N,
——Fe-N-C @ 2{7=053V " T
——NiFe-N-C W |n=028V o ==y
g o —ac— - ~ \ OH"
-E "——'\5 - -—’/ 7
Z () 2u=1.23v N P
0.4 0.6 0.8 1.0 1.4 1.5 1.6 1.7 Reaction Coordinate
Potential (V vs. RHE) Potential (V vs. RHE)
QFe @Cu @0
en €c

Anchoring

@ Cu?

Q Fe*

IISERP-MOF27
h C,N,, phytic acid
glucose, Zn*, Fe**
Evaporative drying
L] o]
Carbonization 950 °C

5nm

FeCu-NC

Etching HCI
[ ] o ] et
Carbonization 900 °C

TS P k05
el Snewsny seaiiiiiey —— Fe,-FeN,
— Fe,P -FeN, _—
—FeNC S 00— _ranp, F
—FePNC 2 % — Fep FeNp, &
—FePNC-N 505{ % —
— P 2 — 8 102
o -1.04 N &f
o XA
& R 0.94
" 05 MHSO, 5] u=123v
04 06 08 1.0 *+0, *OOH *O *OH *+H,0
Potential (V vs.RHE)

Fig. 15 Examples of multiple asymmetric coupling catalysts. NiFe—N—-C catalyst: (a) preparation strategy and (b) HAADF-STEM images (the inset in (b)

shows the interplanar spacing of the metal nanoclusters); (c) ORR polarizati

on curves and (d) OER polarization curves of various catalysts; and (e) Gibbs

free energy diagrams of the ORR on Fej@Fe—Ng4, Niz@Ni—-N4 and Fes@Ni/Fe—N,4 (Fe4 on the Ni—Ny site). Reproduced with permission from ref. 177.
Copyright 2023, Royal Society of Chemistry. FeCu—NC catalyst: (f) synthetic procedure and (g) HAADF-STEM image highlighting SAs (green dashed

circles) and dual atoms (red dashed circles). Reproduced with permission fro

m ref. 179. Copyright 2023, John Wiley and Sons. FeNsP;—Fe,P@NC catalyst:

(h) schematic of the preparation and () HAADF-STEM image; (j) ORR polarization curves of various catalysts and (k) free energy diagram for Fe,.—FeNg4,
FeoP,c—FeNy, FeNsPy, and Fe,P,c—FeNsP; at 1.23 V. Reproduced with permission from ref. 182. Copyright 2023, John Wiley and Sons.

non-metallic oxygen atoms into the carbon substrate disrupted
the electronic/geometric symmetry of M-N,, inducing charge
distribution polarization. This enabled the adjustment of the
d-band centers of the catalyst, thereby lowering the binding

This journal is © The Royal Society of Chemistry 2025

energy of the ORR intermediates. Cu-N, disrupted the localiza-
tion of Fe-3d orbital electrons, speeding up electron transfer
and optimizing the adsorption of OH* intermediates, thus
promoting the ORR process. Similar operative mechanisms
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have also been validated at asymmetric Cu-N-S/Co-N-S and
Fe-B-Co/NC sites.'®*'®!

Using the synergistic coordination of asymmetry- and size-
asymmetric coupling, the local microenvironment of catalysts
can also be precisely modulated in two dimensions. For example,
an atomic catalyst with adjustable coordination environments,
featuring single copper sites (CuN, or CuS;N;) and adaptable
copper clusters (Cu,), was developed for efficient electrocatalytic
ORR.” Theoretical analyses indicated that the asymmetric coor-
dination environment and charge redistribution induced by Cu,
effectively enhanced the *OOH intermediate adsorption. The
regulation of intermediate adsorption rendered CuS;N;/Cu,
great in the ORR process compared to catalysts lacking S atoms
or Cu,. The adsorption energy of *OOH on the single Cu site,
regulated by the coordination environment and interface inter-
actions, exhibited a linear relationship with the d-band center.
This suggests that intermediate adsorption strength and d-band
center are robust indicators of catalytic performance. This study
provides a comprehensive regulatory strategy for electron
configuration and intermediate adsorption behavior, potentially
applicable to other proton-coupled electron transfer reactions.

The multiple asymmetric coupling strategy was recently
employed to fabricate a FeN;P;-Fe,P@NC nanohybrid."®* This
material comprised Fe,P nanoclusters, nanoparticles, and an
NC substrate for accommodating the asymmetric N, P coordi-
nation of Feg, centers, thus exhibiting a tripartite asymmetric
coupling structure in component, size, and coordination
environment (Fig. 15h and i). Owing to its unique asymmetric
electronic/geometric configuration, the synthesized catalyst
demonstrated outstanding ORR activity, with decent E;,, values
of 0.76 V (0.5 M H,SO,) and 0.90 V (0.1 M KOH) and great
performance in Zn-air batteries. Theoretical analysis showed
that the synergistic interaction between P-coordination and
Fe,P nanoclusters lowered the adsorption energy and over-
potential of *O hydrogenation, optimized OH adsorption, and
facilitated the reaction. Furthermore, the introduction of Fe,P
induced electron redistribution, breaking the localized electro-
nic structure of the Fe sites, thereby accelerating electron
transfer and improving reaction kinetics (Fig. 15j and k).
Therefore, employing a multiple asymmetric coupling strategy
offers convenience and various dimensions for effectively mod-
ulating the phase, component, structure, morphology, and
defects of catalysts. This approach provides advantages in
developing high-performance and stable electrode materials.

4. Enhancement mechanism of
performance in the asymmetric
coupling

4.1 Charge transfer

Charge transfer involves the redistribution and directed charge
transport between a “donor” and an “acceptor”. A prevalent
strategy in electrocatalysis is optimizing components and struc-
ture, facilitating electron transfer to promote catalytic activity and
stability. Electrocatalysts characterized by compound structures

5128 | Chem. Soc. Rev., 2025, 54, 5108-5145

View Article Online

Review Article

incorporating heterojunctions may exhibit behavior associated
with charge transfer, thus boosting catalytic activity.">* Construct-
ing heterojunctions is an efficient method for modifying the
electron structure to modulate catalytic activity, employing
the inherent diversity in electron structures among individual
components within the composite catalyst.">* A compositionally
asymmetric W,N/WC heterogeneous catalyst was prepared
through simultaneous nitridation and carbonization processes
(Fig. 16a)."® The resulting W,N/WC catalyst demonstrated highly
efficient and durable catalytic ability for the ORR, OER, and HER.
Notably, the ORR half-wave potential reached 0.810 V, with OER
overpotential at a mere 0.320 V, and HER overpotential at only
0.149 V. When employed as the air electrode in Zn-air batteries,
the W,N/WC catalyst enabled the battery to achieve a high-power
density of 172 mW cm 2. DFT calculations elucidated that the
well-regulated W,N/WC heterointerface facilitated the charge
transfer and separation (Fig. 16b and c), enhancing ORR, OER,
and HER activities.

In recent times, extensive research has focused on the
asymmetric coupling of heterogeneous components. These
instances exploited variations in physicochemical properties,
including electronegativity and WF, to prompt interface charge
redistribution, effectively influencing electrochemical perfor-
mance. Relevant examples include Er,03-Co, Mos;Ng-MoS,, Co/
Co,M, (M = P, N), Ni/CeO,, and other similar cases.''>*17 1819
Utilizing the coupling of homogeneous metal SAs and clusters
provides an avenue for achieving interface charge transfer. For
example, a multi-step synthesis strategy involving coating,
thermal decomposition, and etching was designed to prepare
Fe cluster-modified Fe-N-C atomic centers characterized by a
distinctive size-asymmetric feature (Fig. 16d)."”> The inter-
action between Fe-N-C and the Fe clusters induced charge
redistribution, with electrons from the Fe center transferring to
the adjacent carbon substrate. This increased the positive
charge density on the Fe center, weakening the adsorption
strength of *OH (Fig. 16e and f). As a result, the desorption
energy barrier of the *OH intermediate on the Fe active sites
was lowered, accelerating ORR kinetics. Additionally, the
presence of both atomic Fe-N-C and metallic Fe clusters
caused elongation of the Fe-N bond, altering the coordination
environment of Fe-N-C. This structural adjustment facilitated
electron transfer (Fig. 16g), promoting the 4-electron transfer
pathway and enhancing overall catalytic efficiency.

Recent investigations have broadened the scope of inter-
action dynamics between SAs and clusters, including homo-
nuclear and heteronuclear systems. By employing a multi-
asymmetric strategy, Co atomic clusters were strategically
incorporated to finely tune the electronic structure of Fe-N,,
enhancing ORR activity (Fig. 16h and i)."°® These findings
revealed that, in the Co,/Fe;@NC and Fe,/Fe;@NC systems,
the O-O bond stretching was more pronounced than in the
FeN, system, facilitating O, dissociation at the FeN, active sites.
This improvement was largely driven by electron transfer
induced by the coupling of Co, clusters with FeN, sites, which
redistributed charge and altered the electronic structure
of the FeN, sites, ultimately enhancing their catalytic activity.

This journal is © The Royal Society of Chemistry 2025
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Fig. 16 Four typical examples of asymmetric coupling catalysts regulated by charge transfer. W,N/WC catalyst: (a) HRTEM image; (b) density of states
and (c) electronic local function of the (010) surface of the W,N (111)/WC (100) heterostructure. Reproduced with permission from ref. 195. Copyright
2019, John Wiley and Sons. Fe-ACSA@NC catalyst: (d) synthesis procedure, (e) X-ray photoelectron spectroscopy (XPS) of C 1s, (f) normalized Fe K-edge
XANES, and (g) free energy diagrams of the ORR. Reproduced with permission from ref. 172. Copyright 2022, John Wiley and Sons. Co4/Fe;@NC catalyst:
(h) HAADF-STEM image with active sites marked, (i) ORR polarization curves, and (j) Gibbs free energy diagrams. Reproduced with permission from ref.
196. Copyright 2023, John Wiley and Sons. S—Cu—ISA/SNC catalyst: (k) SEM image showing the hierarchical morphology, (1) polarization curves for the
ORR, and (m) free-energy diagrams for different Cu-centered moieties. Reproduced with permission from ref. 197. Copyright 2020, Springer Nature.

This journal is © The Royal Society of Chemistry 2025 Chem. Soc. Rev,, 2025, 54, 5108-5145 | 5129


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4cs00710g

Open Access Article. Published on 25 April 2025. Downloaded on 6/13/2026 11:53:51 PM.

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

(cc)

Chem Soc Rev

Specifically, the downward shift of the d-band center of the Fe 3d
orbitals in Co,/Fe;@NC compared to Fe; @NC reduced the binding
strength of *O, promoting easier desorption and accelerating the
ORR process. Additionally, the conversion from O* to OH* was
identified as the rate-determining step, where the Co,/Fe;@NC
system exhibited a smaller free energy change than Fe,/Fe;@NC
and Fe;@NC, indicating that Co,/Fe;@NC effectively weakened O
adsorption, optimizing the ORR pathway (Fig. 16j). Interestingly, a
Cug, ORR catalyst comprised of asymmetric Cu-S;N; coordination
moieties anchored within a hierarchically porous carbon frame-
work was fabricated through atomic interface engineering.'”” In
this configuration, copper is directly coordinated with sulfur and
nitrogen atoms, designated as S-Cu-ISA/SNC (Fig. 16k). Due to the
rational construction of active sites, the S-Cu-ISA/SNC sample
exhibited notable ORR performance in alkaline media (Fig. 16l).
Both experimental and theoretical analyses revealed that the
introduction of sulfur altered the electronic structure of Cu atoms
in the Cu-S;N; site, particularly increasing electron occupancy in
the d,»_, orbitals. After O* adsorption, the Cu-S;Nj site exhibited
stronger m-bonding contributions, which enhanced the weak
binding of ORR intermediates, thus improving the catalytic per-
formance of the Cu center (Fig. 16m). This localized structural
regulation strategy shows potential for catalyzing advanced
O-containing reactions and other electrochemical processes.

4.2 Strain engineering

Strain effects are induced by altering atom-atom bond lengths or
inducing lattice mismatches, resulting in diverse electronic struc-
tures and modified adsorption capabilities towards reactants,
intermediates, and products.”**>** This tunability facilitates the
ability of the strain-rich electrocatalysts to catalyze the HER, ORR,
and OER processes.>*> % For instance, a heterostructure involving
NiFe layered double hydroxides (LDH) and Co, ,S in a sandwich-
like configuration was fabricated (Fig. 17a-d). This design showed
synergistic catalytic effects from compositionally asymmetric cou-
pling, leading to efficient OER performance.”*® The surface lattice
mismatch within NiFe LDH induced substantial strain interfaces
in the electrodeposited Co,_,S, rearranging local electron struc-
tures. This restructuring enhanced charge transfer efficiency and
the chemisorption of intermediates containing oxygen (Fig. 17e).
In another investigation, a facile hydrothermal method was intro-
duced for synthesizing asymmetric heterostructure nanomaterials
involving Co(OH), and Ni(OH),, effectively activating the basal
plane of Co(OH),.>*® The heterogeneous interfaces introduced
lattice strains, leading to a downward shift in the d-band center
of the Co site within the Co(OH), structure. This facilitated the
efficient desorption of oxygen during the OER process, accelerating
reaction kinetics and improving catalytic activity.

Recently, a host-guest chemical approach was also employed to
anchor FePc onto carbon nanotubes incorporating polyoxometalate,
successfully fabricating an asymmetrical heterostructure designed
for the ORR electrocatalyst (FePc-{PW,,}@nanotube).*"* The result
unveiled that polyoxometalate induced localized tensile strain in
single-walled nanotubes, strengthening their interaction with FePc
(Fig. 17f-h). Thus, the strain and curvature effects stemming from
the {PW,,}@nanotube substrate adeptly regulated the geometric
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configuration of the Fe-N, center and the dynamics of local
electrons, ultimately enhancing the ORR catalytic performance
(Fig. 17i and j). As expected, this heterostructure exhibited excep-
tional durability, methanol tolerance, and ORR activity in an alkaline
environment. Thus, these findings contribute to a comprehensive
understanding of the strain-adsorption-activity relationships and
offer novel insights into the rational design of multifunctional
catalysts tailored for various energy conversion applications.

4.3 Spin-state regulation

The importance of spin states or magnetic moments in cata-
lysis is increasingly evident, especially given the prevalence of
active sites on surfaces, edges, or defects where unsaturated
bonding can induce local spins and magnetic moments.*'?
Transition metals with local magnetic moments can enhance
electrocatalytic performances. These phenomena have been
observed across various reactions, including the HER, CO,
reduction, N, reduction, and other catalytic processes. However,
the most extensively studied reactions involve O,, specifically the
OER and ORR.”" Transition metal oxides and hydroxides like
Fe,Ni; ,OOH, FeOOH, and NiOOH are prominent examples that
improve their efficacy in the OER process.”'*>'® Additionally,
intermediates in catalytic reactions may be associated with spin
states.>'” For instance, the O, molecule exhibits a ground para-
magnetic triplet state, while oxygenated compounds and inter-
mediates often assume a singlet state during the OER process.*'®
Given the spin selection rule, spin-involved electron transfer
plays a crucial role in reaction kinetics, particularly in the
presence of the O, molecule.”'® Manipulating spin arrangement
and magnetic moments is beneficial for reducing energy barriers
or overcoming spin suppression, known as spin catalysis,
which has been widely recognized in various reactions. Notably,
spin-related catalysis has garnered increased attention for
influencing adsorption, reactant and intermediate formation,
rate-determining steps, electron transfer, and catalytic activity.
Hence, catalyst design should prioritize guiding spin-selective
regulation to enhance catalytic performance.

For example, a spin state regulation strategy was proposed by
introducing axial Fe-O-Ti ligands to enhance the ORR activity of
coordinatively asymmetric Fe centers (Fig. 18a and b).>** Experi-
mental and theoretical calculations indicated that Fe-O-Ti
ligands induced a transition of the Fe center from a low-spin
to a medium-spin state. This transition facilitated the appro-
priate filling of the e, orbitals of the Fe center, optimizing the O,
adsorption energy, which promoted the activation of oxygen
molecules and enhanced the ORR activity (Fig. 18c-e). An
asymmetric structure of Fe-Mn/NC bimetal SACs was also
recently investigated.>?" The proximity of atomically dispersed
Mn-N sites effectively activated Fe'™ centers within the FeN,
moiety, leading to single-electron filling (t,"e,") and promoting
electron transfer into the antibonding orbitals of oxygen
(Fig. 18f-i). Both magnetization measurements and theoretical
calculations revealed that these adjacent Mn-N species induced
spin-state transitions and modulated the electronic structure of
Fe', resulting in ORR activity and stability under both alkaline
and acidic conditions. Furthermore, when O, was adsorbed by

This journal is © The Royal Society of Chemistry 2025
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Fe/Mn atom pairs, the optimized bond lengths and binding
energies reduced the dissociation energy barrier. This configu-
ration facilitated the capture of oxygen-containing intermediates
and rapidly cleaved M-OH bonds, ensuring the regeneration of
*O and *OH. As a result, it accelerated ORR kinetics by suppres-
sing the formation of peroxides.

In another work, the incorporation of single Cu atoms onto
Fe-N-C aerogels in asymmetrically assembled binuclear sites
resulted in reduced magnetic moments and enhanced ORR
activity of the Fe center within a broad pH range of 0 to 14.>*>
Specifically, Fe atoms located at the nanopore edges contributed
more electron density compared to those on the basal plane,
thereby increasing their catalytic activity. Additionally, in the
Cu,y/Fe;-2 system, the electronic states of the Cu atoms were
close to the Fermi level, providing more active electrons and
promoting the reduction reaction. Through redistribution of
electron density, the d,. orbital electron density of Fe increased,
reducing its magnetic moment and further optimizing the ORR

This journal is © The Royal Society of Chemistry 2025

reaction pathway, particularly by weakening the adsorption
strength of *O and lowering the reaction energy barrier. It was
also observed that the spin state of single atomic tungsten
induced spin delocalization in the heterogeneous W-NiS, 5S¢, 5
structure, resulting in the spin-state delocalization of Ni.>** This
effect increased the electron density in Ni d-orbitals, effectively
facilitating the Heyrovsky step and promoting the formation of
*OOH intermediates during the OER process, thereby enhancing
the overall catalytic performance of NiS,sSe,s. Specifically, at
the Ni active sites, *OH was initially generated, followed by its
conversion into *OOH, which was subsequently released as O,
through a proton-coupled electron transfer process. The incor-
poration of single-atomic W accelerated this reaction sequence,
markedly improving OER kinetics.

4.4 Tandem catalytic effect

Electrocatalytic reactions often include a series of reaction steps
and intermediates. However, the linear scaling relationships that

Chem. Soc. Rev,, 2025, 54, 5108-5145 | 5131
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Copyright 2021, Springer Nature.

govern adsorption energy between intermediates present a diffi-
culty in independently regulating adsorption energy for specific
steps, particularly for single-type sites, thus hindering the achieve-
ment of optimal catalytic effects.”*® Conversely, introducing

5132 | Chem. Soc. Rev,, 2025, 54, 5108-5145

asymmetrically coupled multi-active sites is expected to facilitate
the independent optimization of the conversion of specific reac-
tion intermediates. This structural arrangement reduces the over-
all reaction process through a synergistic catalytic effect. Tandem

This journal is © The Royal Society of Chemistry 2025
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catalysis involves a continuous process in which reaction inter-
mediates undergo conversion at one active site, followed by
diffusion to another nearby active site, initiating subsequent
reactions and collaboratively completing the entire catalytic
process.®® Therefore, the tandem catalytic effect has the potential
to expedite the whole reaction by sequentially cascading multiple
reaction steps across various active sites. The elastic structure of
asymmetrically coupled catalysts facilitates the development of
tandem catalysis tailored for complex electrocatalytic reactions.**®

For example, an efficient electrocatalyst with asymmetrically
coupled dual active sites containing Fe-NiOOH and NiC, single
atoms (Ni-SAs/Fe-NiOOH) was prepared (Fig. 19a-c).>*® Experi-
mental results and DFT calculations indicated that the colla-
borative action of NiC,-SAs and Fe-NiOOH dual active sites
endowed the Ni-SAs/Fe-NiOOH catalyst with outstanding OER
activity (Fig. 19d-f). Further investigations revealed that the
initial formation of *OH and *O occurs on Fe-NiOOH, followed
by the migration of *O to Ni-C, SAs, leading to the subsequent
formation of *OOH and O,. In the tandem catalytic

View Article Online

Chem Soc Rev

mechanism, the potential-determining step from *OH to *O
on Fe-NiOOH (Fe) required a potential of 0.110 V. In contrast,
the potential-determining step from *O to *OOH on Ni-C, SAs
necessitated a potential of 0.150 V. Consequently, the tandem
catalysis between the two active sites efficiently optimized the
potential-determining steps, substantially lowering the electro-
catalytic overpotential for the OER process. This study provides
fundamental insights into the rational design of OER catalysts
and underscores the advantages of asymmetrically coupled
active sites in enhancing catalytic performance. Following these
findings, an innovative catalyst named Fe, Cu/N-C, featuring
the asymmetric coupling of atomically dispersed Fe and Cu,
was reported recently (Fig. 19g-i).>*” Using the advantages of
electron spin-state regulation and tandem catalysis mechan-
isms, the ORR activity of the resulting catalyst was improved.
Theoretical calculations and detailed analysis revealed that the
transformation of O, molecules into *OOH and *O intermedi-
ates primarily occurred at the Fe center within the Fe, Cu/N-C
catalyst due to the more favorable reaction barriers at the Fe
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sites in the initial two steps compared to those at the Cu
sites. Next, owing to the reduced barrier of the Cu site, *OH
species generated in the third step systematically migrated
from the Fe domain to the Cu region, following an expected
tandem catalysis pathway. The stepwise procedure rapidly
hastened the breakdown of the metal-OH linkage. As a result,
the simultaneous presence of dual active sites within Fe, Cu/
N-C overcame the limitations of the negative scaling relation-
ship in O, reduction. This contribution paves an intriguing
path for overcoming the scale-related constraints of multi-
stage reactions and unveils an avenue for developing
advanced catalysts.

4.5 Vacancy defect regulation

Incorporating diverse defects spanning multiple dimensions
has been employed to create highly active sites driven by the
unordered atomic arrangement, distinct electron distribution,
and energy fluctuations.>*® These voids can be classified into
three types based on the charge polarity of initially existing
ions: anionic, cationic, and mixed voids.?*® Due to the greater
atomic mass and stronger chemical bonding of cations, form-
ing cationic voids requires highly aggressive physical bombard-
ment or chemical etching treatment, posing challenges in
obtaining high-purity mono-typic voids.>*® Conversely, con-
structing a series of anionic voids is more feasible and pre-
valent due to the generally lighter atomic mass and looser
coordination structure of anions. Among these, voids involving
0, C, and S are the most adopted group of anionic voids.>*'
As a typical practice, a CoOP@CoOOH/CP electrocatalyst was
synthesized in situ on carbon paper (CP) through a hydrother-
mal process followed by phosphorization and oxidation
(Fig. 20a).>*> The CoOOH shell, rich in oxygen vacancies, could
actively modulate surface-oxygen interactions, thereby expos-
ing more active sites and reducing the energy barrier for the
rate-determining step. This structural optimization enhanced
OER activity and accelerated O, evolution (Fig. 20b-d). The
introduction of oxygen vacancies facilitated an increase in the
concentration of Co®" species with lower coordination num-
bers, further boosting the catalytic activity for the OER. As an
illustrative example, a defect engineering strategy was devel-
oped to introduce carbon vacancies near Fe-N, (Fe-N,V¢),
disrupting the localized electronic structural symmetry of Fe-
N, (Fig. 20e).”*> This enhanced the intrinsic activity of Fe-N,
and reduced the reaction energy barrier (Fig. 20f-g). Similarly, a
universal sub-nanoreactor strategy was designed to synthesize a
yolk-shell nanostructure characterized by a distinctive asym-
metric coupling of MoS, support and metal SA sites
(Fig. 20h).>** Co SA was coordinated with C and Mo atoms in
this catalytic system, establishing a dual-anchored coordination
microenvironment in the C-Co-MoS, composite (Fig. 20i-k).
These findings (Fig. 201) indicated that the optimized C-Co-
MoS, exhibited the lowest overpotential (1750 = 0.017 V) for the
HER. DFT calculations demonstrated that metal SAs could
stabilize the dual carrier system with the effective electron lock
at sulfur vacancies and induce tunable electron transfer at the
C-M-Mo interface. The presence of sulfur vacancies and
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intercalated carbon, serving as dual carriers, facilitated the
formation of electron lock and directed electron transfer chan-
nel, promoting the stabilization and activation of metal SAs.
Therefore, this research strategy provides a new perspective for
designing efficient electrocatalysts.

4.6 Oxophilicity regulation

Previous investigations have underscored the pivotal role
played by the adsorption strength of reactants and intermedi-
ates in the catalyst surface in determining catalytic activity. The
recent focus on regulating oxygen affinity has proven advanta-
geous in optimizing the adsorption configuration of intermedi-
ates and accelerating the kinetics of chemical reactions.”® As
an illustration, an efficient three-dimensional nanostructured
comprising Cr-doped Ni nanohelixes was fabricated. Notably,
incorporating oxygen-affinitive chromium disrupted the struc-
tural symmetry, optimizing the H and OH binding energies on
nickel nanohelixes.>*® This alteration accelerated the processes
of water dissociation and adsorption, consequently enhancing
the overall kinetics of the HER (Fig. 21a and b). By introducing
the element Sn, which is characterized by lower oxygen affinity
and weaker hydrogen adsorption capability compared to Ni, an
asymmetric NizSn,-NiSnO, nanocomposite was prepared
(Fig. 21¢).>®” The optimized NizSn,-NiSnO, composite exhib-
ited overpotentials of 0.014 and 0.165 V at 10 and 1000 mA
ecm™? in 1 M KOH, respectively, along with long-term stability.
Computational analyses indicated that the intermetallic com-
pound NizSn, component exhibited appropriate hydrogen
binding energy and low OH adsorption capacity, while the
NiSnO, component facilitated the water dissociation and OH
transfer processes (Fig. 21d and e). The interaction between
these components resulted in effective dissociation adsorption
of water, facile OH detachment, and hydrogen bond formation,
enhancing the HER kinetics. In another work, asymmetrically
coupled Co SAs and Co nanoparticles into N-doped carbon
nanotubes were developed (Co@NCNT/Co-SA@NCMT,
Fig. 21f-h).”*® Experimental and theoretical calculations indi-
cated that Co SAs could catalyze oxygen reduction to H,O,,
while the oxygen-affine Co nanoparticles exhibited enhanced
efficiency in further reducing it to H,O (Fig. 21i-k). Thus,
regulating oxygen affinity emerges as a feasible approach to
boost activity and stability, paving the way for developing
advanced hydrogen/oxygen electrocatalysts.

5. Conclusions and perspectives
5.1 Conclusions

The urgent demand for green, low-carbon, and highly efficient
energy conversion technologies highlights the necessity for low-
cost, high-efficiency energy conversion materials. This review
systematically categorizes and summarizes the component and
structural characteristics of ATEs. Additionally, it provides a
detailed analysis of their electrocatalytic activity regulation
mechanisms in the ORR, OER, and HER, including charge
transfer, strain engineering, spin-state regulation, tandem

This journal is © The Royal Society of Chemistry 2025
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Fig. 20 Examples of asymmetric coupling catalysts regulated by vacancy defects. CoP@CoOOH/CP catalyst: (a) schematic of the synthesis strategy involving
core—shell design with oxygen vacancies, (b) O 1s XPS spectra showing oxygen-related surface states, and (c) electron paramagnetic resonance (EPR) spectra
highlighting electronic structure changes; (d) mechanism diagram of OER catalysis facilitated by oxygen vacancies. Reproduced with permission from ref. 232.
Copyright 2022, John Wiley and Sons. Fe—N,4Vc catalyst: (e) schematic of the synthesis route for generating vacancy-enriched Fe—N-C structures and (f) the N
peak analysis of Fe—N—-C-2 in EELS and its corresponding FeN bond; (g) ORR free energy diagrams. Reproduced with permission from ref. 233. Copyright 2023,
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polarization curves of various catalysts. Reproduced with permission from ref. 234. Copyright 2023, John Wiley and Sons.
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Fig. 21 Examples of asymmetric coupling catalysts regulated by oxophilicity. Cr-doped Ni hanohelix catalyst: (a) Schematic illustration showing reaction
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EXAFS spectra revealing Co coordination environments; (j) density of state showing electronic interactions; and (k) free energy diagrams of the OER for
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catalytic effects, vacancy defect modulation, and oxophilicity
regulation. Design principles, unique advantages, and draw-
backs are depicted to deepen the understanding of related
modulation methods (Fig. 22). Although current asymmetric
coupling designs have exhibited considerable advantages and
reached considerable milestones, this review acknowledges the
remaining challenges. Addressing these challenges requires the
integration of advanced synthesis methods, operando probes,

5136 | Chem. Soc. Rev., 2025, 54, 5108-5145

and machine learning-driven approaches to accelerate the
development of next-generation electrocatalysts.

5.2 Challenges and perspectives

5.2.1 Developing a precise synthesis method. ATEs have
gained widespread attention for their ability to boost catalytic
performance. The component design, achieved through select-
ing various elements or compounds, allows for the construction

This journal is © The Royal Society of Chemistry 2025
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undesirable aggregation, lack of close contact between heterogeneous components, insufficient stability, and cumbersome synthesis processes. These
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of heterogeneous catalytic units. The size-based asymmetric
design focuses on differences in the nanostructure size of the
active site within the catalyst, influencing reaction rates and
selectivity. Additionally, asymmetric coordination design opti-
mizes catalytic performance by adjusting the surface coordina-
tion structure. The interaction of these multilevel asymmetries
offers innovative directions for efficient and controllable cata-
lytic reactions. However, achieving univariate control over these
factors in practical applications remains challenging (Fig. 23).

(i) When investigating coordination asymmetry using M-N,
and M-N,;P; models, achieving consistency in the number of
metal center atoms between the two material models poses a
challenge in experimental synthesis. Beyond that, ensuring that
each metal atom is precisely coordinated with only one het-
eroatom presents a considerable obstacle.>**>*°

(ii) Exploring the mechanism of size asymmetry based on
Muac-Msa, precise control of the same metal center density

This journal is © The Royal Society of Chemistry 2025

across different samples is challenging."”" Moreover, ensuring
that each atom is exclusively coupled with adjacent clusters,
thereby achieving a 100% formation of size-asymmetric active
sites within the material structure, remains a hurdle.

(iii) In exploring multiple asymmetric strategies, the
complex catalyst structures pose challenges in elucidating
specific catalytic mechanisms. The accurate assessment of the
distinct contributions of various effects to the activity and
stability of the catalysts becomes difficult. The improved cata-
Iytic activity is often attributed to the synergistic catalysis
effects, leaving the actual catalytic mechanism unclear. These
challenges reflect technological limitations in achieving uni-
variate control over components, size, and coordination, thus
requiring the development of more sophisticated experimental
techniques and novel design strategies to better understand
and regulate the inherent catalytic mechanism in ATEs. Over-
coming these obstacles will broaden the research landscape for

Chem. Soc. Rev,, 2025, 54, 5108-5145 | 5137
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the future development of asymmetric catalysis, propelling the
field toward more excellent controllability and efficiency.

5.2.2 Advanced structural probing. In structure character-
ization, contemporary measurement technologies encounter
challenges in providing direct and high-resolution experi-
mental evidence (Fig. 23).

(i) Incorporating heteroatoms into the axial positions of metal
centers within the M-N, structure illustrates the potential to
achieve axially asymmetric catalytic configurations.**" However,
accurately verifying whether ligands bridge each axial position of
the metal center presents a hurdle in characterizing electrocata-
lyst structures, necessitating the advancement of sophisticated
and high-resolution instruments.

(ii) Exploring the correlations between strain, defects, oxy-
gen affinity, and performance encounters challenges due to the
absence of quantitative assessments. To overcome this, it is
crucial to explore more precise research methods to enhance
our comprehension of the practical impact of these factors on
catalytic activity.

(iii) The investigation of charge-directed transfer phenomena
underscores the necessity for advanced imaging techniques to
visualize charge distribution. The conventional characterization
methods include X-ray photoelectron spectroscopy, ultraviolet
photoelectron spectroscopy, and theoretical modeling.*** Simi-
larly, Mossbauer spectroscopy, magnetic susceptibility analysis,

5138 | Chem. Soc. Rev,, 2025, 54, 5108-5145

and theoretical calculations are predominant in elucidating spin
regulation mechanisms.>**> However, the absence of solid experi-
mental evidence makes the proposed catalytic mechanisms less
convincing.

(iv) Observing the dynamic changes in asymmetric struc-
tures during the catalytic process necessitates advanced in situ
characterization techniques. This involves overcoming both the
inherent challenges of conventional asymmetric structure char-
acterization and the additional complexities posed by in situ
experimental systems, including the introduction of gases,
voltage variations, and catalyst structure evolution. Therefore,
we suggest intensified cutting-edge research in this domain,
especially on advancing instrument technology.>**

5.2.3 Focusing on interface structure regulation. ATEs,
characterized by construction through the efficient coupling of
diverse constituent units, exhibit distinctive structural asymme-
try. Within this domain, a particular emphasis should be placed
on interfacial compositions and structures, especially regarding
close connections at the interface. These connections are pivotal
in facilitating rapid charge transfer, directly affecting electroca-
talytic activity (Fig. 23). Employing suitable building blocks with
diverse elements to create cohesive and tight interfaces is
recommended to overcome this challenge. Additionally, surface
modification or functionalization emerges as another critical
strategy. Interface connections are strengthened by introducing

This journal is © The Royal Society of Chemistry 2025
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functional groups at the interface, thereby contributing to
more intimate interactions within the heterogeneous
structure.>*® This strategic approach elevates the overall sta-
bility of catalysts and ensures more strict connections at the
interface, paving the way for the enhancement of catalytic
activity. However, achieving the goal of developing efficient
catalytic interfaces still requires further attention, despite the
potential of these methods.

5.2.4 Machine learning-guided synthesis. Despite the
potential of ATEs in H,/O, electrocatalysis, much of the current
research relies on high-throughput trial-and-error synthesis
(Fig. 23). These methods often involve intuitive adjustments
by researchers to tune experimental parameters, resulting in
inefficiencies and challenges in achieving high-efficiency
catalyst preparation. Moreover, reported synthetic methods
are typically limited to generating small quantities of catalysts
under controlled laboratory conditions, thus requiring scalable
production to meet practical demands. The restricted variety of
reported ATEs suggests exploring novel synthetic strategies to
develop new ATEs and expand their catalytic genomic library.
As a strategic solution, machine learning (ML) acquires knowl-
edge from data, facilitating rapid predictions of target proper-
ties. Addressing these challenges involves utilizing ML before
structural design to provide more practical guidance for
catalyst preparation. However, narrowing the gap between
theoretical models and actual structures is imperative, as it
contributes to the precise and thorough comprehension of the
enhancing mechanisms for catalytic performance.”*®

5.2.5 Incorporating practical conditions into theoretical
simulations. Current DFT calculations research often simplifies
catalyst structures excessively, potentially leading to deviations
from real catalytic systems due to the limited computational
scale of first-principles calculations and the use of simplified
models. Crucial factors affecting catalyst activity, such as
applied electric fields, electrolytes, and the dynamic evolution
of active sites on the surface, are frequently overlooked in
simulations (Fig. 23).>*”**® Integrating environmental factors
inherent in actual electrocatalytic processes before conducting
DFT calculations or molecular dynamics (MD) simulations is
crucial to address this limitation.>*® Optimized DFT calcula-
tions or MD simulations are necessary to accurately capture the
influencing factors during electrocatalysis. This approach
enhances computational reliability, accurately portraying elec-
trocatalyst properties and behaviors under real experimental
conditions. Therefore, considering environmental factors dur-
ing DFT or MD calculations is vital for understanding catalytic
mechanisms. This perspective emphasizes the importance of
thoroughly exploring environmental influences in electrocata-
lytic research, offering valuable insights for future theoretical
calculations and catalyst synthesis.
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