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This review systematically summarized the preparation methods of edge-type single-atom catalysts and their electrocatalytic applications,

focusing on how edge structures boost catalytic activity and expand single-atom catalysts use in energy conversion.
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ABSTRACT: Amid the global push for energy transition and carbon neutrality, constructing highly active electrocatalysts is
essential to overcome the challenges of energy conversion and storage. N-doped carbon substrate-based single-atom catalysts
(SA/NCs), with a clear reaction center, robust stability, and excellent electrical conductivity, have emerged as a key focus in
electrocatalytic research. However, traditional SA/NCs mainly exhibit a porphyrin-like planar M-Ns configuration, with a
symmetrical charge distribution that limits their catalytic efficiency. Recently, the development of edge-rich NC substrates to
anchor edge-type metal sites (eSA/NCs) can induce charge rearrangement and promote the exposure of active sites, leading to
significantly enhanced electrocatalytic performance. This review provides a comprehensive summary of eSA/NCs for
electrocatalytic reactions. First, the synthetic strategies of eSA/NCs are classified, and the main characterization techniques are
introduced. Subsequently, the performance of eSA/NCs in diverse electrocatalytic reactions is carefully discussed, with emphasis
on elucidating the structure-activity relationships underpinned by edge structure. Finally, regarding the issues of controllable
construction and quantitative analysis of the current NC substrates with high edge density, we have proposed feasible
development directions and strategies. This work highlights the significance of edge structure contributions in enhancing the
catalytic efficiency of SA/NCs and provides technical guidance for designing future high-performance electrocatalysts.

KEYWORDS: single-atom catalyst, N-doped carbon substrate, edge structure, synthetic strategy, electrocatalytic applications,
structure-function relationship

1. Introduction research, but their shortage stock and expensive price
characters limit their wide application [13-19]. Thus, in the
face of the huge demand for electrocatalytic applications,
exploring efficient and low-cost catalysts has become the
focus of attention for researchers around the world.

The construction of single-atom catalysts (SACs) by
dispersing metal atoms as isolated sites on substrates has
emerged as a highly dynamic research object in energy-
related catalytic conversion research [20-23]. SACs exhibit
near-100% efficiency of atomic utilization, distinct active
centers, and tunable electronic structures, offering a
promising solution to the challenges of excessive metal
consumption and high fabrication costs associated with
conventional catalyst [23-25]. The research on SACs has
been continuously updated and expanded in various
directions, from carrier design (such as metal/metallic
compound, porous organic polymers, and carbon-based
substrates, etc.) to coordination environment regulation
(coordination atoms types, quantities, distances, etc.) [26-
28]. Among these, N-doped carbon substrate-based SACs
(SA/NCs), owing to their exceptional conductivity,
morphologically controllable architectures, and chemically
tailorable  compositions, have demonstrated broad
applicability across diverse electrocatalytic processes [29-
32].

With rapid population growth and industrial expansion, the
excessive exploitation and inefficient utilization of fossil
fuels have accelerated the depletion of non-renewable
resources and the emission of greenhouse gases, leading to
serious energy crises and environmental pollution problems
[1, 2]. Consequently, the exploration of renewable energy
conversion technologies to mitigate global energy and
environmental challenges stands at the forefront of current
research. Electrocatalytic technology has emerged as a
strong candidate for sustainable energy conversion, as it can
be driven by green energy set-up (such as wind, solar, tidal
energy, etc.) and catalytically convert energy-related small
molecules into value-added chemicals and clean fuels
through controllable electrochemical reactions [3-8].
Electrocatalytic reactions predominantly occur on the
interface of heterogeneous catalysts, which involves the
initial reactant adsorption, followed by activation,
continuous intermediate conversion, and the final
desorption from active sites to obtain the target product.
The slow kinetics and complex reaction pathways brought
significant obstacles to the practical applications [9, 10]. The
efficient electrocatalysts exhibited a key role to improve the
efficiency of these reactions [11, 12]. At present, precious
metal catalysts show the highest activity in electrocatalytic
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Through in-depth research, the limitations of SA/NCs have
been identified as arising from the coordination form and
substrate structure. Firstly, the metal sites in SA/NCs
predominantly adopt the M-N4 coordination configuration,
with highly symmetrical charge distribution leading to a
relatively high reaction energy barrier for substrate
adsorption and activation as well as for intermediate
transformation [33-37]. Secondly, the dense carbon
substrate impedes the accessibility of active sites, making it
difficult for the reactive material to penetrate and contact
the active center, and the reaction products cannot diffuse
into the external electrolyte in time [38-41]. Based on the
above problems, two key solution have been proposed to
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boost the catalytic efficiency of SA/NCs: one approach
involves optimizing the metal coordination environment to
modulate electronic structure, thereby reducing energy
barriers, and the other is to enhance the accessibility of
metal sites through morphology modification of the carbon
substrate (Figure 1) [42-50]. However, for the highly stable
M-N4 configuration, the regulatory effect of heterogeneous
atom doping is limited, and the disordered hierarchical pore
structure can only release a small number of active sites,
causing the improvement in SA/NCs activity is not obvious.
The means to achieve effective electronic structure
optimization and maximize the accessibility of active sites
simultaneously still need further exploration.
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regulator
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Figure 1. Regulatory strategies for the catalytic activity of SA/NCs.

Recently, using edge-rich NC substrates to anchor metal
sites and obtain edge-type single-atom catalysts (eSA/NCs)
has become a burgeoning research focus in electrocatalysis
[51, 52]. Compared to in-plane M-N, sites, edge-hosted M-
N4 sites exhibit superior catalytic performance, attributable
to their dangling bonds at sp?-hybridized carbon edges,
which induce localized electronic redistribution and
modulate the bonding environment around metal sites [53-
55]. The special edge structure enhances SA/NCs catalytic
activity by optimizing electronic structures and
synergistically exposing active sites. This work presents the
first comprehensive review of the design strategies and
electrocatalytic applications of edge-rich carbon-based
eSA/NCs, elucidating the mechanistic role of edge-structure
in catalytic enhancement (Figure 2).

First, we systematically categorize state-of-the-art
fabrication approaches for edge structure design to anchor
metal sites. Subsequently, we critically evaluate eSA/NCs
applications in oxygen evolution reaction (OER), hydrogen
evolution reaction (HER), oxygen reduction reaction (ORR),
CO; reduction reaction (CO2RR), and battery energy storage

technologies. Through the synergistic integration of
experimental data and density functional theory (DFT)
calculations, this review provides a detailed elaboration on
how edge structure engineering regulates the electronic
structure and morphology of SA/NCs, while also clarifying
the underlying effect mechanism of the edge structure on the
activity and reaction pathway of SA/NCs. Finally, by
summarizing the latest research on the application and
mechanism of eSA/NCs, this study identifies key challenges
and proposes future development directions, thereby
providing a theoretical foundation and experimental basis
for the innovation of high-activity eSA/NCs.

2. Edge-structure engineering for the
construction of eSA/NCs

Substrate material selection critically determines the
coordination environment and catalytic activity of single-
atom metal sites. Current synthetic methodologies enable
the precise anchoring of individual metal atoms on diverse
substrates, including metals/metal oxides, carbonaceous
materials, organic polymers, and others [56-58]. For
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electrocatalytic applications, NC substrates are the optimal
choice due to their excellent electrical conductivity,
structural durability, and catalytic inertness. To enhance the
activity of SA/NCs, multifaceted strategies have been
developed: (1) Morphological optimization of carbon
substrates (e.g., geometric configuration engineering, defect
implantation, pore size modulation, edge structure
enrichment). (2) Chemical composition modulation (e.g,
light heteroatom doping, secondary metal sites
incorporation). (3) Coordination environment engineering
(e.g., heteroatomic types, coordination numbers, and bond
distances) [59-61]. Among these, edge structure engineering
stands out as a pivotal factor for enhancing active site
performance, conferring the advantages of easily broken
charge distribution and active site accessibility compared to
their in-plane counterparts [62-64]. This chapter
summarizes several design strategies for eSA/NCs, providing
guidance on the configuration and characterization of edge
structures.
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Figure 2. The main content illustration of this review.

2.1 Precursor self-sacrifice strategy

The precursor self-sacrifice method involves mixing a metal
source, a carbon source, and a nitrogen source, and then
obtaining single-atom metal sites anchored on rich edge
structure NC substrates via high-temperature pyrolysis
combined with acid-washing processes [65, 66]. This
method has become an important method in the field of
eSA/NCs preparation with the characteristics of simple
operation and low cost.

Xiao et al. proposed a Fe-Nx-C catalyst with rich-edge
substrate by adopting the precursor self-sacrifice strategy
[65]. Firstly, the PDAN-Fe polymer is obtained using 1, 8-
diaminaphthalene (DAN) as the monomer and FeCls as the
oxidative polymerization initiator. Then, a carbon-based
materials composite with Fe clusters and Fe single atoms
coexisting are obtained through pyrolysis. Finally, the acidic
solution leaching method is applied to dissolve the Fe

clusters close to the single-atom Fe sites, obtaining the
catalyst Fe/N-G-SAC with edge FeNy sites (Figure 3a). The
pivotal advance of this work resides in the strategic
utilization of an Fe-rich precursor, which engenders three
synergistic advantages: (1) The Fe-rich environment
facilitates the spontaneous generation of Fe atomic clusters
under the high-temperature calcination process. These
clusters act as catalytic centers, enhancing the graphitization
of the carbonaceous substrate, thereby improving its
electronic conductivity by promoting the ordered
arrangement of carbon sp? domains. (2) The Fe clusters
serve as nucleation centers for the localized deposition of
FeNs coordination units in their vicinity. Subsequent acid
etching to remove the Fe clusters leaves behind edge-
terminated FeNs moieties with optimized electronic
configurations. (3) After the removal of Fe clusters, a highly
mesoporous structure forms, significantly enhancing mass
transport and electron transfer, thereby improving reaction
kinetics. Based on the above structural advantages, Fe/N-G-
SAC exhibits excellent catalytic performance and durability
for both ORR and OER, outperforming commercial precious
metal catalysts (Pt/C and Ir/C).

The metal content is crucial for preparing eSA/NCs, as a
composite material with coexisting particles/clusters and
single-atom sites needs to be formed. Wang et al. developed
a structurally controllable Fe-N4-C catalyst and investigated
the effects of metal content on porous carbon substrates and
the number of edge sites [66]. Figure 3b shows the principle
of edge structure and the transmission electron microscope
(TEM) results of the dynamic changes in the Fe-Ns-C-x
substrate (x representing the FeCls amount) with varying
initial FeCls amounts. Clearly, when FeCls is used at 20 mg,
no Fe aggregates form on the carbon substrate after the
pyrolysis. Upon increasing the FeCls dosage to 40 mg, a
single pore emerges in Fe-N4-C-40, accompanied by a small
number of edge Fe sites located at nitrogen-modified defects
(e-ND-Fe) of the carbon substrate. When the FeClz amount
is increased to 60 mg, more mesoporous structures appear,
indicating greater exposure of e-ND-Fe active sites.
However, upon increasing the FeClz dosage to 80 mg, the
small pores coalesce into larger ones, potentially leading to
partial collapse of the nanostructure and consequently
reducing the number of accessible edge sites. N2 adsorption-
desorption isotherms and the pore size distribution results
(Figure 3c, and 3d) show that the addition of a moderate
amount of FeCls significantly increased the number of
mesopores (pore size > 2 nm). In particular, the amount of
FeCls in Fe-N4-C-60 was the best, resulting in the largest
mesoporous structure. From a geometric perspective, the
two N atoms of the edge Fe-N4 sites can only be connected to
a single C atom, while the in-plane N atoms can combine
with two C atoms simultaneously. Consequently, the number
of more edge M-N; sites increases, and the content of C-N
bonds decreases. As illustrated in Figure 3e, the C-N content
in Fe-N4-C-60 is the smallest, illustrating the number of edge
sites in this structure is the largest. This fully demonstrates
that the amount of metal source indeed plays a key step in
regulating the anchoring form of metal sites.
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Figure 3. (a) Visual representation for the Fe/N-G-SAC synthesis. Reproduced with permission from [65]. Copyright 2020,
Wiley-VCH. (b) Schematic diagrams and TEM results about the structural changes in Fe-N4-C-x formed by using different
amounts of FeCls. (c) Nz adsorption-desorption curve, (d) pore size distribution, and (e) content ratio of C-N bonds of a series
of Fe-N4-C-x. Reproduced with permission from [66]. Copyright 2020, Wiley-VCH.

Although the self-sacrificing strategy has been extensively
applied in high-performance catalyst synthesis, the
morphology of the carbon substrate derived from it is
difficult to control. The generation of internal mesoporous
depends on the pre-occupying effect of metal particles or
clusters, and the proportion of single-atom sites at the edges
is low. Furthermore, the disordered distribution of micro
and meso-pores leads to limited internal mass transfer, and
the accessibility of high-performance edge metal sites is
insufficient. Therefore, this process should continue to be
upgraded and optimized, such as in combination with the
hard template method or the precursor self-assembly
technology structure, to construct edge-rich carbon
substrate with ordered porous structures.

2.2. MOFs derivative strategy

Metal-organic frameworks (MOFs) are porous material by
the self-assembly of metal species and organic ligands,
featuring high porosity, high surface area, and easy
functionalization [67-69]. The periodic arrangement
characteristic of MOFs structure makes them excellent
precursors for the design of metal single-site anchored
carriers [70]. Especially, the N-rich zeolitic-imidazolate
framework (ZIF-8) is widely used in the manufacture of
eSA/NCs [71-74]. The method for preparing eSA/NCs using
the ZIF-8 precursor mainly involves high-temperature
pyrolysis without disrupting the ordered porous structure
and framework morphology of the precursor, and the
formation of mesoporous carbon defects or hierarchical pore
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structures within it, leading to single-atom metal sites

located at carbon substrate edges.
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Figure 4. (a) Schematic process for Fe-SANzyme based ZIF-8 synthesis. (b) AC HAADF-STEM result of Fe-SANzyme.
Reproduced with permission from [75]. Copyright 2022, Wiley-VCH. (c) Schematic and TEM images, (d) Pore size distribution,
and (e) '3C-ssNMR spectra of Fe SAs-N/C-x derives from ZIF-8 precursor with different amounts of FePc. Reproduced with
permission from [77]. Copyright 2018, American Chemical Society.

Based on the different ways of forming edge structures,
the main preparation methods of ZIF-8 derived eSA/NCs are
divided into two categories. One is a self-assembly method
for encapsulating metal objects. First, during the preparation
of ZIF-8, the metal source is introduced and fixed within the
pores. Then, high-temperature pyrolysis was applied to
obtain the carbon-based composite material with coexisting
particles and single-atom sites. By leveraging the acid
instability of metal particles, they are selectively stripped
away with an acidic solution, enabling the formation of edge
single-atom sites. For instance, Zhang et al. prepared an
eSA/NCs with defect carbon-loaded Fe-N4 sites through
edge-structure engineering using ZIF-8 as the medium
(Figure 4a) [75]. First, Fe phthalocyanine (FePc) molecules
(metal and N double precursors) are loaded into the cavity
of ZIF-8 through a one-pot method to prepare FePc@ZIF-8
composites. Since the diameter of FePc (14.6 A) is greater
than the cavity size of ZIF-8 (11.6 A), the constraint effect of
the cavity is broken, promoting the rupture of the cavity.
Subsequently, an NC substrate loaded with Fe species is
synthesized via high-temperature pyrolysis. During this

process, FePc embedded in the fractured cavity was in-situ
reduced to an Fe/N precursor, forming mesoporous Fe-Nx
sites. In addition, the additional FePc multi-molecular
aggregates are induced to form FeOx nanoclusters through
the Kirkendall effect, thereby further enriching and
expanding mesoporous defects [76]. The final hierarchical
porous Fe-SANzyme was prepared after removing the excess
metals in the hybridized FeOx/N-C nanocomposites by acid
leaching. The images of aberration-corrected high-angle
annular dark field STEM (AC HAADF-STEM) display that the
dispersive Fe atoms are homogeneously located in the main
body and defect edges of the hierarchical porous carbon
matrix, confirming that this strategy successfully
transformed some metal single atoms from in-plane to edge
configuration transformation (Figure 4b). Although this
study presents a method for synthesizing eSA/NCs from ZIF-
8, it fails to deeply investigate the intrinsic relationship
among FePc content, edge structure formation, and edge site
density. Nor does it provide sufficient robust
characterization to verify the formation of edge sites.

By adjusting the amount of FePc in the self-assembly
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process, the defect content and the number of edge sites
inside the eSA/NCs can be regulated. Jiang et al. developed a
method to immobilize the atomically dispersed Fe-N4 on the
hierarchical porous carbon substrate through controlling the
addition amount of FePc during the synthesis of ZIF-8, and
precisely characterized the constitution principle of C-N
defects [77]. The mechanism diagram and TEM images
demonstrate that with increasing FePc content, inner
cavities form within the carbon substrate and gradually
expand (Figure 4c). The pore size distribution proved the
formation of hierarchical meso-microporous structures
within Fe SAs-N/C-x (Figure 4d). To further prove that the
formation of internal mesopores and the increase of pore
size may induce the fracture of C-N bonds. The author
developed a detailed research on the chemical bond network

of porous carbon substrate by using 3C solid-state nuclear
magnetic resonance (ssNMR). The spectrum of the original
N/C material exhibits a broad peak at § = 100-170 ppm,
which is attributed to the signal of the graphite-like sp?-
hybridized carbon structure (Figure 4e). Further, the signals
of N-alkyl carbon began to appear in Fe SAs-N/C-x (C1 at
45.6 ppm and C2 at 53.9 ppm), which is caused by the
disruption of the C=N bond in graphite N and pyridine N.
With the increase of FePc content, the C1 and C2 signals are
further enhanced, confirming that the precise splitting of the
C-N bond exists over the pore size expanding process.
Therefore, the pore engineering based on ZIF-8 can induce
C-N bond splitting near the metal sites and promote the
formation of edge M-Nj sites.
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Figure 5. (a) Preparation route of ZnNs-Edge based on ZIF-8 precursor. (b) EPR spectra of ZnN4 and ZnNs-Edge composites.
Reproduced with permission from [81]. Copyright 2023, National Academy of Sciences. (c) Schematic representation of the
Ni/H-OMC synthesis. (d) SEM, and (e) HAADF-STEM results of Ni/H-OMC. (f) AC HAADF-STEM image of Ni/H-OMC.
Reproduced with permission from [86]. Copyright 2024, Wiley-VCH.

Another method for preparing eSA/NCs using ZIF-8
precursors is the gas or liquid phase etching method. Based
on the acid and alkali intolerance of the ZIF-8 structure, it
can be etched by acidic/alkaline gases or organic solvents to
promote the partial dissociation of the metal from the ligand
and construct hierarchical porous and/or hollow structures
of carbon substrate, thereby increasing the proportion of the
edges [78, 79]. For the gas-phase etching method, this

process is generally completed during the high-temperature
calcination process. For example, Kong et al. used acetate as
the etching gas to optimize the pore size of ZIF-8 [80]. The
evaporation of acidic gases promotes the disengagement of
metal from ligands, resulting in the generation of a
hierarchical carbon nanocage structure. For the ORR
performance test, edge structure exhibits higher accessibility
of metal active sites and enhances mass transfer capacity
than the unetched material, which shows extremely high
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half-wave potential (Ei2) values of 0.94 V and 0.82 V,
respectively. Similarly, alkaline gases can also be utilized to
construct mesoporous structures within ZIF-8 and promote
the expression of edges. Yu et al. proposed a two-step ways
to prepare a NC supported edge Zn single atoms (ZnN4-edge)
by NHs-assisted calcination (Figure 5a) [81]. Firstly, the
prepared pure ZIF-8 is heated to 900 °C under inert gas for
the first pyrolysis process to form Zn NPs on the NC
substrate. Then, ammonia gas is introduced, beginning the
second step of pyrolysis. The introduction of NH3 not only
promotes the decomposition of Zn NPs into atomically
dispersed single atomic sites, but also etches the carbon
substrate to obtain a high-defect porous carbon substrate
with rich edges. EPR was used to measure the electronic
signals of unpaired electrons in atomic orbitals in order to
assess the number of edge sites. (Figure 5b) [82, 83]. The
results proved that compared with ZnN4 prepared without
NHs, the EPR spectrum of ZnNs-edge shows a remarkable
peak at ~3500 G, which is caused by the bond breakage at
the edge position. Considering the disorderly nature of
mesopores generated via gas-phase etching and the
potential danger of high-temperature processes, it is
necessary to develop more gentle and controllable
techniques for preparing edge structures.

Compared to the gas-phase etching, liquid-phase etching is
safer, simpler, and the degree of etching is easier to control.
A considerable number of studies have reported that using
organic-acids with moderate acidity as etchants to etch and
optimize the morphology of the ZIF-8 precursor can
transform a microporous solid structure into a yolk-shell or
hollow structure with hierarchical channels to increase the
proportion of edge structures [84, 85]. Hu et al. proposed a
hierarchical-ordered pore engineering based on ordered
macroporous ZIF-8 materials to construct high-density edge
single-atom Ni sites [86]. The ordered macroporous
structure has rich edges, while the organic acid etching
strategy to construct the hollow inner wall structure further
increases the proportion of edge structures (Figure 5c).
Unlike the gas etching method, the solvent etching method
creates highly defective hollow structures instead of partial
mesopores, thus enhancing the proportion of edge
configurations [87, 88]. After a combination of high-
temperature pyrolysis and ion exchange processes, an edge-
type Ni atom catalyst Ni/H-OMC was obtained. SEM images
show that Ni/H-OMC maintains an ordered macroporous
structure with rich edges (Figure 5d). HAADF-STEM images
show the hollow wall structure formed between the
macroporous (Figure 5e), and the line scanning profile also
confirms these results (inserted in Figure 5e). The AC
HAADF-STEM image shows that the atomically dispersed
metal single atoms are well dispersed on the ultra-thin pore
walls with rich edges (Figure 5f).

The eSA/NCs derived from MOFs can inherit the high
porosity and ordered pore structure of the precursors,
promoting penetration of substrate and the accessibility of
active sites. Furthermore, the highly adjustable chemical
constituent of MOFs makes it possible to enhance the activity
based on the edge metal sites. However, the current research
lacks the secondary regulation of the coordination
environment based on edge single-atom sites, thereby

affecting the in-depth and multifunctional preparation and
application. In future research, MOFs derived eSA/NCs can
be taken as the basis and direction to obtain highly active
electrocatalysts.

2.3. Edge-rich substrate adsorption-anchoring strategy

Carbon substrate structure and anchoring site placement
govern the abundance and distribution of edge sites.
Compared with the various limitations of constructing
carbon defects to indirectly obtain edges through self-
sacrifice and MOFs-derived strategies, the use of an edge-
rich substrate for direct adsorption-anchoring of metal sites
avoids the metal agglomeration, which can increase the
content of metals with atomic dispersion [89, 90]. Notably,
the edge structure exhibits a reduced work function and
enhanced adsorption capability relative to pristine graphene,
which significantly improves the number and proportion of
edge sites [91, 92]. For instance, Pan et al. used mesopore-
rich graphene (GO-p) to support eFe-Ny sites, and the CO2RR
performance was significantly improved compared with the
pure graphene-supported Fe-Ny sites lacking pores (Figure
6a) [93]. The oxygen group of GO-p exhibits a strong
interaction with the Fe3* ion, enabling them to act as an
effective host site for anchoring Fe3* ions, thus forming Fe3*-
GO-p. Next, Fe3*-GO-p is treated with urea under high-
temperature nitridation, and the oxygen-containing groups
on Fe3*-GO-p reacted with the nitrogen-rich gases released
from urea decomposition, yielding the final Fe-N-G-p catalyst.
Experimental tests have confirmed that this process does
not generate metal agglomerates, and the number of edge
sites located Fe-N-G-p has increased by 40% compared with
Fe-N-G, which has a perfect graphene structure.

Compared with the single-layer graphene sheet structure,
constructing a three-dimensional flower-like structure
through morphology optimization significantly enhances the
proportion of edge structures. Tang et al. introduced a high
proportion of asymmetric edge carbon into the Fe-N-C
catalyst through morphological engineering [94]. They
obtained a hierarchical porous carbon-based catalyst
(FeN+@PC) with high edge proportion and edge site number
through the classical impregnation annealing method
(Figure 6b). SEM and TEM images revealed the hierarchical
porous shape and abundant edges of the substrate in
FeN4@PC without agglomerated metal particles (Figure 6d-
f). The character of FeNs@PC edge defect was further
verified by XAFS (Figure 6c). The normalized C-K-edge
XANES spectra of FeNs@PC and FeNs@FC (without
hierarchical porous morphology) show that the intensity of
C=C peaks in FeN4@PC is significantly weaker, while that of
C-H peak is stronger, indicating the presence of edge carbon
defect characteristics in FeN4s@PC [95]. As a result, FeN+@PC
exhibits substantially superior catalytic activity compared to
FeN4@FC. The above results confirm that the 3D flower-like
structure has a higher edge occupancy rate than single-layer
graphene carbon, and can be used to anchor a greater
number of edge sites.

The use of edge-rich carbon substrate avoids the defect of
metal agglomeration and increases the utilization efficiency
of metal atoms. Theoretically, an adequate number of
adsorption sites ensures that the quantity of edge sites is not
constrained by an upper bound. However, existing edge-rich
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carbon substrates, including graphene sheets, flower-like
structures, etc., have a relatively low proportion of their
edge structures, resulting in a limited number of metal
atoms adsorbed and anchored by them. Combining edge-rich

substrate with etching strategies to transform solid
structures into hollow or hierarchical porous forms can
further increase the proportion of edge structures.
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Figure 6. (a) Graphical representation for Fe-N-G-p synthesis. Reproduced with permission from [93]. Copyright 2020,
American Chemical Society. (b) Preparation rout for FeN4@PC and FeN4+@FC. (c) XANES of C K-edge spectra of and FeN,@FC.
(d) SEM, (e) TEM, and (f) AC HAADF-STEM of FeN4@PC. Reproduced with permission from [94]. Copyright 2025, Wiley-VCH.

3. eSA/NCs for various electrocatalytic
applications and catalytic mechanisms

Reasonable design of carbon substrate morphology and
composition for anchoring metal sites can effectively
improve the performance of electrocatalytic reactions [96].
The eSA/NCs constructed through edge structure
engineering exhibit unique electrocatalytic performance due
to their special geometric and electronic structure
characteristics. This chapter comprehensively summarizes
the applications of eSA/NCs in diverse electrocatalytic
reactions, including OER, HER, ORR, COzRR, and battery
energy storage. Integrating experimental and computational
approaches, the work clarifies the role of edge structures in
boosting catalytic activity, particularly through charge

redistribution at interfaces and regulation the energy barrier
for critical intermediates.

3.1. OER

OER is a half-redox reaction that occurs on the anode side
during water splitting. Due to its complex multiple-step
mechanism involving proton/electron coupling, OER suffers
from high thermodynamic overpotential, requiring
substantial applied voltage to drive the reaction [97-99]. Ru
and Ir are widely recognized as the most active OER
catalysts due to their versatile redox valence states, enabling
highly efficient OER catalysis at low overpotential [100, 101].
However, due to the shortage of resources and high prices,
the wide application of such catalysts is limited. The ideal
electrocatalyst requires a low manufacturing cost and
relatively fast kinetics.
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plane Ni-N4 moieties. (e) Gibbs free energy diagrams of edge Ni-N4 and in-plane Ni-N4 models in the OER. Reproduced with

permission from [64]. Copyright 2022, Elsevier.

The special electronic structure of edge single-atom sites
endows eSA/NCs with excellent OER activity. For example,
Gan et al. produced a silica-assisted method that integrates
readily available edge Fe-N. sites into porous graphite
carbon (referred to as Fe-N-G) [102]. The electrochemical
active surface area (ECSA) was evaluated via double-layer
capacitance (Ca) measurements. Fe-N-G exhibits a
significantly higher Ca value (22.3 mF cm™2) than the in-
plane Fe site catalyst Fe/N-C (6.0 mF cm™2), as shown in
Figure 7a. The LSV curves show that the overpotential of Fe-
N-G at 10 mA cm2 is 344 mV, which is obviously lower than
that of Fe/N-C (422 mV) and decreased by 10 mV compared
with the traditional commercial noble metal catalyst RuO;
(Figure 7b). Notably, Fe-N-G exhibits the lowest tafel slope
(76.3 mV dec™?), outperforming Fe/N-C (122.3 mV dec™)
and Ru02 (127.3 mV dec™?) (Figure 7c). The above results
proved that the engineering of edge sites markedly improves
the OER kinetics and active sites accessibility.

To understand the infection regularity of the geometric
anchoring environment of eSA/NCs on their electronic
structure and OER performance, Zhou et al. constructed a
defect-rich carbon nanotube-supported edge Ni-N4 catalyst
(Ni/N-ESC). They conducted in-depth research by combining
experiments and theoretical calculations [64]. DFT
calculation was used as the theoretical exploration of OER
activity. The charge density difference maps clearly
demonstrate pronounced electron delocalization in both
edge-type and in-plane Ni-Ns configurations, revealing
substantial charge transfer from Ni centers to their
coordinated N atoms and confirming their strong electronic

interactions (Figures 7d). The edge Ni-N4 sites demonstrate
significant  electronic redistribution and structural
asymmetry compared to the in-plane sites. In addition,
compared with the in-plane Ni-N4 sites, obvious spin
polarization is detected at the edge position, with more
unpaired electrons, which is beneficial for reactant
adsorption [103, 104]. The calculated free energy barriers of
each model at 0 V and 1.23 V during OER operation reveal
that the formation of OOH* exhibits the most significant free
energy barrier difference, identifying this step as the rate-
determining step (AGros) (Figure 7e). The AGrps value of the
edge Ni-N4 site is significantly lower than that of the in-
plane sites, verifying that the edge sites have better OER
performance. The performance comparison of OER shows
that Ni/N-ESC has superior catalytic activity compared to
traditional SA/NCs.

The above studies reveal that the superior catalytic
performance of edge sites in the OER reaction stems from
their ability to disrupt charge symmetry distribution at M-
N4 sites while promoting surface charge transfer. Notably,
the edge sites exhibit stronger spin polarization intensity
compared to their in-plane counterparts, resulting in a
greater abundance of unpaired electrons. The edge-
structured sites promote the adsorption/desorption
behavior kinetics of reaction intermediates and lower the
energy barrier of the RDS, leading to enhanced overall OER
catalytic efficiency. However, the instability of the carbon
substrate under oxidative potentials still restricts the in-
depth application of eSA/NCs in the OER, with most relevant
studies thus focusing on electroreduction reactions instead.
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Table 1. The performance comparison of Ni/N-ESC and recent SA/NCs for the OER.

Overpetential Tafel slope -
Catalyst (i =10 mA cm™) (mV dec ) Stability Reference
Ni/N-ESC hollow 293 46.7 20 h [64]
fiber
Fe/N-G-SAC 370 73.0 2000 cycle [65]
Ni-N4/GHS 400 86.0 10000 s [105]
Ni@N-HCGHF 260 63 10h [106]
CosN@NC 290 67.9 10000 s [107]
CoNi-SAs/NC 340 58.7 10 h [108]
CoN-HPCNF-900 400 135 / [109]
3D Co/N-C 330 51 10 h [110]
SS-Co-SAC 348 94.2 10000 s [111]
MnCoNi-C-D 368 77.3 10000 s [112]
3.2. HER and CM@Ru are 29 and 76 mV dec’!, respectively,

HER serves as the cathodic half-reaction in electrochemical
water-splitting [113, 114], has emerged as a leading H:
production technology due to its flexibility and carbon-free
process. Although the HER process is very simple, it is still a
multi-step chemical reaction, including three steps on the
electrode surface: adsorption, reduction and desorption.
Research has found that the local electric field generated by
electron aggregation can accelerate catalytic kinetics [115].
Therefore, by designing and adjusting the local structure of
the active sites of single-atoms metal site to enhance the
adsorption of Hz0 and achieve the enhancement of the
electric field, the HER activity can be effectively improved.
Zhang et al. constructed an efficient eSA/NC by anchoring
Ru atoms in polydopamine (PDA) particles with rich edge
morphology (ECM@Ru) (Figure 8a) [116]. XAFS data
confirmed that Ru is anchored to carbon support in an
atomically dispersed atom coordination with N, and the Ru-
N bond in ECM@Ru is shorter in the R-space compared to
the edge-free carbon-supported Ru SA/NC (CM@Ru),
confirming the difference in their coordination environment
(Figure 8b). LSV analysis shows ECM@Ru achieves an onset
potential close to 0 V, with overpotentials of 63 mV and 102
mV for 10 mA cm™? and 50 mA cm™? respectively. This
performance surpasses CM@Ru and rivals that of
commercial Pt/C-20% (Figure 8c). The tafel slope of
ECM@Ru is 47 mV dec™!, while the tafel slopes of Pt/C-20%

demonstrating that the edge structure can effectively
promote the dynamic process of HER (Figure 8d). The total
density of states (TDOS) of the energy band structure
governs electron donation and acceptance processes [117].
The partial DOS analysis exhibits that new hybrid electronic
states were produced on the carbon substrate modified by
Ru atoms, and the hybridization intensity of ECM@Ru was
significantly higher than that of CM@Ru (Figure 8e) [118].
The interface of metals and coordinating atoms comprises
the transfer of significant charges, which should be the
reason for the stronger H* anchoring and higher conduction
at edge sites [119]. Further, the Gibbs free energy (AGu+) of
H* adsorption shows that ECM@Ru has the lowest AGy+, and
the free energy barrier at the edge sites is closer to zero
compared to other configurations, indicating its highest HER
activity (Figure 8f) [120].

Although previous studies have demonstrated that edge
structures can facilitate charge transfer, strengthen the local
electric field effect, and thus boost the HER performance, H;
generation fundamentally requires the coupling of H*
intermediates at adjacent metal sites. Owing to the relatively
dispersed nature of single-atom sites in eSA/NCs, their HER
activity remains inferior to that of metal nanoparticles.
Accordingly, future research should focus on increasing
metal site density and constructing bimetallic sites to
increase the coupling of H*.
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catalysts. (e) Calculated TDOS, and (f) AGu+ on various catalysts. Reproduced with permission from [116]. Copyright 2020,

Wiley-VCH.
3.3.0RR

ORR serves as a cornerstone in renewable energy
technologies, functioning as a pivotal process in fuel cells
and metal-air batteries [121-123]. ORR is a gaseous
reduction process, in which O, molecules are transformed
into OH™ and H:0 through a four-proton-coupled electron
transfer pathway [124]. In the actual catalytic process, ORR
always undergoes complex dynamic evolution, and the
accompanying reaction intermediates and final products
also undergo continuous transformation and reformation
[125, 126]. The rational design and mechanistic analysis of
catalytic materials featuring well-defined active sites and
high intrinsic activity are critical for optimizing reaction
kinetics, leading to enhanced performance in energy storage
devices, including fuel cells and metal-air.

Tuning the binding affinity of oxygen intermediates (e.g.,
*OOH) to metal sites is a validated approach to boost ORR
activity [54, 127]. The asymmetric charge distribution at the
edge and the adjacent carbon defects with electron-induced
effects jointly affect the electronic structure and properties
of the metal active site microenvironment, which can
balance the generation of *OOH and the reduction of *OH
intermediates, thus, enhancing the catalyst performance
during ORR. Tang et al. prepared the edge-type FeN, sites
catalyst (FeN4/PC) using an adsorption-anchoring strategy

on an edge-rich hierarchical porous carbon substrate with a
half-wave potential (E1/2) of 0.809 V, which is superior to the
planar metal-sites catalyst FeNs@FC (0.737 V) and
comparable to the commercial Pt/C catalyst of 0.813 V
(Figure 9a) [94]. The charge density differences between the
edge FeN, site and the in-plane FeN, site are presented in
Figure 9b and 9c. Compared with the charge symmetrically
distributed in-plane site, the asymmetric geometric
structure of edge FeNs leads to charge reconstruction and
the non-uniform distribution around the Fe sites. The lower
local electron density is conducive to the electron transfer of
Fe sites, which is beneficial for the adsorption and reduction
of O at the edge FeN, sites, thereby improving the ORR
activity [128, 129].

Interestingly, the metal-substrate interaction not only
governs the activity of the metal sites, but the effect of edge
structure can also be used to modulate the reaction pathway
of ORR. For instance, Tian et al. reported the use of the edge
effect of carbon substrate to regulate the ORR route on Co-
SACs [130]. The correlation between the reaction energy of
ORR and the local geometric shape of the anchor point was
theoretically studied by using DFT analysis. Based on the
binding locations at the defect sites of solo-layer graphene,
five types of Co-N4 configurations were created (Figure 9d).
The formation energy of Co-N4 arrangements was evaluated
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by calculating the energy change upon Co atom embedding
into the N-doped graphene matrix (Figure 9e). For 2e” ORR,
the catalytic efficiency is governed by the O: activation
pathway and the OOH* desorption step, which are critical to
the overall reaction kinetics. Therefore, the free energy of
adsorption for OOH* (AGoon+) is usable as a main parameter
for predicting the reactivity [131]. Theoretically, in the ORR
process of 2e”, AGoon+ should be approximately 4.2 eV, and
thus the thermodynamic potential (U.) is near the
equilibrium potential of 0.7 V, and the overpotential is the
smallest [132]. While the ORR process of 4e”, the optimal

AGoon+ should be ~3.9 eV [133]. The active volcano map
(Figure 9f) was constructed as a function of AGoon+ based on
the calculation results. Co-N4/G resides on the left leg of the
volcano plot (AGoon+ = 3.93 eV), where strong *OOH binding
promotes the 4e- ORR pathway. Conversely, when Co-Na
exists in the defective pockets and edge positions, the
binding strength of *OOH weakens [134]. These results
indicate that the position of the anchoring sites influences
the ORR energy barrier, and the Co-Njy sites carried at the
edge are advantageous for 2e” ORR than those carried on the
base plane.
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Figure 9. (a) ORR polarization curves of FeN4@PC, FeN4s@FC and commercial Pt/C. (b) Charge density difference of FeNy site
in plane and (c) edge. Reproduced with permission from [94]. Copyright 2025, Wiley-VCH. (d) The optimized structural
models, (e) calculated formation energies and (f) volcano plot for 2e™-ORR of different Co-N-C structures. Reproduced with

permission from [130]. Copyright 2022, Wiley-VCH.

Table 2 displays a comparison of the ORR performance
between eSA/NCs represented by FeSA-N/Cs-OAc, eFe-
N3/PCF and the traditional SA/NCs, fully demonstrating the
outstanding performance of the edge sites in terms of ORR.
The edge geometry modulates the valence state and charge
distribution of the metal center, inducing asymmetric charge
distribution at edge sites to optimize the reaction energy of

key ORR intermediates. The enhanced metal-substrate
interaction also promotes the electron transfer on the
surface and enhances the reaction Kkinetics. The edge
structure provides a new development direction for the local
geometric design and precise regulation of the electronic
structure of ORR catalysts.
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Table 2. The performance comparison of eSA/NCs and reported SA/NCs for the ORR.

Catalyst Electrolyte Eonset (V) Ei/2 (V) Reference
FeSA-N/Cs-OAc 0.1 M KOH 1.05 0.94 [80]
eFe-N3/PCF 0.1 M KOH 1.09 0.934 [54]
Fe-SAs/ FCE3C'FE@N 0.1 M KOH 0.98 0.93 [135]
Fe@NG-750 0.1 M KOH 1.03 0.90 [136]
Fe-N-C 0.1 M KOH 0.92 0.874 [137]
FeSA/B,N-CNT 0.1 M KOH 1.07 0.933 [138]
Co-SAS/HOPNC 0.1 M KOH 1.07 0.933 [139]
Fe/N,S-PC 0.1 M KOH 1.0 0.904 [140]
Fe/OES 0.1 M KOH 1.0 0.85 [141]
Fe,Mn/N-C 0.1 M KOH 0.979 0.928 [142]
FeAB-0 0.1 M KOH 0.98 0.90 [143]
Fe1-HNC-500-850 0.1 M KOH 0.93 0.842 [144]
3DOM Fe-N-C 0.1 M KOH / 0.875 [145]
Mg-N-C 0.1 M KOH 1.04 0.91 [146]

3.4. COzRR enhance the CO2RR selectivity while inhibiting HER under an

CO:zRR serves as a pivotal pathway toward carbon neutrality,
enabling the conversion of CO; into value-added chemicals
and fuels [147, 148]. Its products are widely distributed,
including C; products such as CO and HCOOH, as well as Cz+
products such as CzHs and C2HsOH. At present, the SA/NCs
used for COz reduction are mainly transition metals, which
themselves have good activity for HER. To achieve high
selectivity and wide voltage window range of CO:RR,
electronic structure regulation is often required to improve
the intrinsic activity of the metal sites [149-151].

The construction of edge structure has opened up a new
path for enhancing the activity of the SA/NCs in COzRR. For
instance, Liu et al. introduced Fe into Bi-MOF as a complex
precursor to construct eSA/NCs [152]. By taking advantage
of the low boiling point characteristic of Bi, the edge Fe sites
were constructed through high-temperature evaporation of
Bi species. At comparable ECSA, edge sites exhibit superior
intrinsic activity to in-plane sites for COz2RR.

With the deepening of research, acidic electrolytes are
regarded as a new direction for achieving industrial density
of COzRR due to the sufficient available H* and the avoidable
accumulation of carbonates [153, 154]. However, the
competition for HER is obvious under acidic conditions. To

acid electrolyte remains a challenge. Hu et al. utilized
ordered macroporous MOFs (OM-ZIF) as precursors and
combined them with organic acid etching to construct edge-
rich ordered macroporous and hollow wall structure carbon-
supported high-density edge Ni single-atom sites (Ni/H-OMC)
[86]. When the active sites of Ni-N4/P was moved from the
in-plane to the edge, the catalytic activity was significantly
improved. As shown in Figures 10a and 10b, in an acidic
medium, Ni/H-OMC can maintain FEco above 90% within a
wide potential window of -0.9 to -1.5 V, and the current
density is higher than 200 mA cm™2, reaching the industrial
standard. The DFT free energy barrier indicates that the
construction of edge structure can further lower the reaction
energy barrier on the basis of heteroatom doping regulation
(Figure 10c). To clarify this enhancement effect, differential
charge density and projected density of states (PDOS) were
used to provide an in-depth interpretation about complex
formation of the metal site and the *COOH intermediate. The
results show that the introduction of the edge can
significantly disrupt the charge symmetry (Figure 10d-10f )
and shorten the energy band gap between the metal site and
*COOH based on the traditional heteroatom doping method
(Figure 10g-10i), resulting in a stronger binding of “COOH on
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eNiN4/P [88]. Table 3 shows a comparison of the CO2RR
performance between eSA/NCs represented by Ni/H-OMC
and the traditional SA/NCs, including the maximum FEco,

partial current density, the potential window of FEco > 90%,
and the stabilities.
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Figure 10. (a) LSV curve, and (b) FEco of different catalysts. (c) Free energy profiles, (d-e) calculated charge density
differences, and (g-i) projected DOS of NiN4, NiN4/P, and eNiN4/P models. Reproduced with permission from [86]. Copyright

2024, Wiley-VCH.

The results demonstrate that edge site construction
facilitates electron configuration rearrangement, reduces the
d-band center to Ef distance, and enhances intermediate
adsorption, thereby exhibiting markedly higher catalytic
activity than in-plane sites. However, the spatially dispersed
metal atoms in eSA/NCs render it difficult to realize *CO
coupling for the generation of high-value-added C2+ products.
Therefore, increasing the density of metal sites and *CO
coverage via a synthetic strategy and support structure
rationally optimized, represents a key direction for the
further advancement of eSA/NCs in COzRR applications.

3.5. Battery energy storage technology

Battery energy storage systems can provide energy for
electric vehicles and offer grid-scale storage for clean and
sustainable energy sources such as wind, solar, tidal and
geothermal power, which is exponentially increased in the
green energy field [155, 156]. With the continuous increase
in the demand for fossil fuel energy, the evolution of
advanced energy storage systems is of vital importance.
However, problems such as low energy density, cycle

instability and overpricing have restricted the development
of energy storage devices. Therefore, developing advanced
electrode catalysts is essential to enhance redox reactions
during the charging and discharging cycles, enabling both
compact energy storage and superior rate performance.
Lithium-sulfur (Li-S) batteries emerge as a leading next-
generation energy storage technology, offering superior
energy density and sustainability compared to conventional
systems. However, their performance is limited by the
shuttle effect, which arises from the accumulation of soluble
lithium polysulfides (LiPSs) in the electrolyte during sulfur-
related oxidation-reduction (SROR) reactions—a critical
factor determining battery performance [157]. Zhang et al.
proposed a polymer-induced strategy for partially anchoring
FeN4 to N-doped hierarchical porous carbon nanotubes to
prepare a catalytic material with extremely uncovered edge
Fe sites (Fe-NPC@CNTs) (Figure 11a) [158]. Figure 11b
illustrates the ultrafast polysulfide conversion Kkinetics
enabled by Fe-NPC@CNTs, which achieved an efficient
“trapping-conversion” pathway mediated by edge-
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distributed Fe-Ns moieties. During discharge/charge, Fe-
NPC@CNTs exhibits good chemical adsorption performance
for LiPSs and also achieves fast SROR dynamics. Constant
current charge-discharge curves of Li-S battery with the Fe-
NPC@CNTs modified separator are shown in Figure 11c, the
discharge capacity and sulfur utilization rate of the battery
with Fe-NPC@CNTs modified separator are higher than
using NPC@CNTs and PP batteries. The high discharge
capacity and sulfur utilization of the Fe-NPC@CNTs Li-S

battery indicates excellent kinetics of the polysulfide
conversion reaction. The rate performance of the Li-S
battery fabricated with Fe-NPC@CNTs modified separator
was 1094, 942, 830, 721 and 631 mAh gt at 0.5, 1.0, 2.0, 3.0
and 4.0 C, which is faster and larger to other edge-free
materials (Figure 11d). Above results indicate that the
lithium battery based on the edge-rich Fe-NPC@CNTs
modified separator has outstanding energy storage and
conversion capabilities as well as good kinetic reversibility.

Table 3. The performance comparison of Ni/H-OMC and recent SA/NCs for the COzRR.

Potential Window

Catalysts IE(E/:; ;) (m A] CCOm-Z) (FEco >R ‘I)-l(;:(’)/o, Vvs. Sta(bhi)lity Refeerenc
Ni/H-OMC ~100 19.8 ~0.5~-1.1 40 [86]
NiNG-S 97 20 -0.7~-0.8 20 [159]
Fe-SAC/NPC 97 2 -0.3~-0.7 24 [160]
Ga-N3S-PC 92 ~20 -0.2~-0.3 24 [161]
Ca-N:0 97.3 ~8.2 ~0.65 ~ ~1.05 26 [162]
Ni-BNC 98.4 62.9 -0.65 ~ -1.05 27 [163]
Mn-NO/CN 96 2.85 -0.4~-0.5 70 [164]
ACP/S-N-Ni 91 3.4 ~0.75 ~ ~0.85 14 [165]
Ni-Zn-N-C 99 17 -0.5~-1.0 28 [166]
Cu-Fe-N¢-C 98 4 -0.6 ~-0.9 10 [167]
Fe1—-Nii-N-C 95 2.5 -0.4 ~-0.6 10 [168]
Fe/Cu-N-C 99.2 125 ~04~-11 60 [42]
Co-N-Ni/NPCNSs 96.4 4 ~0.48 ~ -0.68 20 [169]
Ni/Fe-N-C 98 8 0.5 ~-0.9 30 [170]

Potassium-ion batteries (PIBs) have become a compelling
alternative to Li-ion batteries, owing to their abundant
potassium resources (2.09 wt.%) and favorable redox
potential (K/K* = -2.93 V vs. Li/Li* = -3.04 V) [171, 172].
Hard carbon was often used as the anode material for PIBs
due to its economic applicability and excellent K* storage
capacity [173, 174]. However, the latest findings exhibited
that hard carbon anodes/substrates attained the blockage
with their capacity is typically hard to pass 600 mAh g!
[175]. Consequently, various strategies including
morphological engineering, heteroatom doping, and
graphitization have been employed to improve K* storage
capacity. Chen et al. initially confirmed that edge structure is
an outstanding approach to enhance the K* storage in hard
carbon by anchoring edge Ni-N; sites in B, N co-doped hard

carbon nanotubes (NI@BNHC/CNTSs) [176]. The Ni-N4-B site
at the carbon edge can provide active sites for interlayer
adsorption of K*, and the Ni atom can promote the reversible
storage of K* on the N and B atoms. The charge-discharge
curve shows that the initial potassification/depotassification
capacity of Ni@BNHC/CNTs (4007/694 mAh g1) is higher
than Ni@BNHC and BNHC (Figure 11e). Ni@BNHC and
Ni@BNHC/CNTs exhibit extremely high discharge capacity
below 1.0 V, and the dQ/dV charge curve trends of
Ni@BNHC and Ni@BNHC/CNTs below 1.5 V are
substantially unlike from those of BNHC (Figure 11f). This
can be elucidated as the edge Ni-N4-B sites having additional
storage capacity and reversibility for K*. Ni@BNHC/CNTs
exhibit superior K* storage performance over NN@BNHC and
BNHC at every specific current, thanks to their enhanced
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electron mobility and additional retention of K* active sites.
Additionally, the reversible capacities of NN@BNHC/CNTs at
0.1,0.2,0.5,1,2,5and 10 A g were 488, 417, 329, 268, 215,
154 and 115 mAh g}, respectively, which are significantly
higher than those of the reported hard carbon materials
(Figure 11g) [177-182]. The above data indicate that the
hard carbon anode with edge structure assistance has
significantly enhanced the storage capacity for K*, and has

broken through the 600 mAh g! limit.

PIBs have addressed the problems of LIBs, such as the
scarcity of lithium resources, high costs, and restricted
supply chains, however, in terms of their diffusion kinetics,
rate performance, energy density, etc., they still cannot reach
the level of LIBs. In the future, the energy band structure and
electron transport ability of eSA/NCs should be continuously
optimized to promote the commercialization of PIB.
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Figure 11. (a) HAADF-STEM image of edge-rich Fe-NPC@CNTs. (b) Graphical representation of the kinetic enhancement
mechanism of edge-distributed Fe-N4 moieties in Li-S battery. (c) Constant current charge/discharge cycles, and (d) stability
evaluation at different current densities of Fe-NPC@CNTSs. Reproduced with permission from [158]. Copyright 2023, Elsevier.
(e) Initial charge/discharge cycles at 0.05 A g%, (f) related dQ/dV ration curves, and (g) rate assessments of BNHC, Ni@BNHC,
and Ni@BNHC/CNTs. Reproduced with permission from [176]. Copyright 2023, Wiley-VCH.

4. Conclusions and perspectives

Designing substrates with rich edge structures can
effectively enhance the activity of SA/NCs. This paper
reviews the design and synthesis strategies of various
eSA/NCs, as well as their applications in different
electrochemical reactions. Furthermore, we also
summarized and analyzed the characterization methods of
edge single atoms sites and the regulation mechanisms of
their special geometric and electronic structure
characteristics on the charge density and d-band center of
the metal center. Despite significant advancements in the
study of eSA/NCs for electrocatalysis, challenges remain in
achieving controllable preparation of high-density edge sites
and their large-scale applications (Figure 12).

Precise regulation of the topological structure of the
substrate edge is a key scientific issue in constructing edge-
rich eSA/NCs. Among them, the edge proportion and spatial
distribution of the carbon substrate directly affect the
anchoring efficiency and catalytic activity of the metal site.
To advance the research and development of high-density
eSA/NCs, it is critical to establish a structure-activity
relationship-guided synthetic methodology. This method
requires the collaborative work of in-situ characterization
and theoretical calculation to guide the preparation of high-
density edge single-atom catalysts and the speculation of
their catalytic performance.
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Figure 12. Current challenges and prospects of eSA/NCs.

For the structure-activity analysis of eSA/NCs, it is urgent
to establish an in-situ characterization and detection
technologies system covering multiple scales from atoms to
mesoscopes. At the level of catalytic interface science, the
essence of the electrocatalytic process is the interface
reaction behavior, and its activity is directly regulated by the
precise topological structure of the carbon substrate surface,
especially the carbon-based edge single-atom system
prepared by high-temperature pyrolysis, its surface often
presents complex multi-level structural characteristics. The
sub-nanometer structure differences (defect level, curvature
strain, and long-distance coordination) may lead to
significant ~ deviations  between the  experimental
observations and theoretical predictions. Thereby
highlighting the necessity of establishing precise in-situ
characterization and detection techniques, including in-situ
high-resolution TEM, XAFS, FTIR, and XPS, which can
quantitative characterization ~ of = multi-dimensional
parameters ranging from the defect content and edge
proportion on the substrate surface to the binding strength
of reaction intermediates and the transformation path.

To elucidate the microscopic mechanism by which edge
structures govern single-atom site performance, a multi-
scale, interdisciplinary framework integrating theoretical
and experimental approaches is essential. DFT-based first-
principles calculations serve as a pivotal tool to probe the
structural and reactive properties of single-atom sites at
carbon edges. Theoretical analysis can clarify how edge
structure composition and proportion influence intrinsic
properties (e.g, d-band center, charge distribution, spin
polarization) and quantitatively assess key parameters like
electron transfer pathways and intermediate adsorption
energy barriers. This deep integration of theory and
experimentation provides a robust foundation for the
rational design of eSA/NCs materials and guides the
directional optimization of high-density edge-type metal
sites. By establishing a deep integration of experiments and
theoretical calculations, a solid scientific basis for the
rational design of the eSA/NCs and strongly is provided, and
guides the directional construction and performance
optimization of the high-density edge-type metal sites.

eSA/NCs, as a branch of SACs, are expected to become a
key area in future energy conversion research. Despite
existing challenges, we remain confident that through
innovative approaches, researchers will develop more
efficient and refined strategies for fabricating carbon
substrates with abundant edge structures. This
advancement will enable the preparation of highly stable

eSA/NCs exhibiting superior catalytic activity and broader
applicability, ultimately contributing to addressing the
pressing global challenges of energy scarcity and
environmental degradation. We anticipate that this review
will stimulate further innovation and advancement in
eSA/NCs research, while providing valuable insights for the
systematic design of future effective SACs.
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