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Advancing Next-Gen Energy Storage with Single-Atom
Materials

Jianan Gu, Yuanfu Ren, Zhi-Peng Wu, Meicheng Li,* Zhiping Lai, Husam N. Alshareef,
and Huabin Zhang*

Single-atom materials (SAMs) are a fascinating class of nanomaterials with
exceptional catalytic properties, offering immense potential for energy storage
and conversion. This work explores their advantages, challenges, and
underlying mechanisms, providing valuable insights for rational design. By
precisely controlling active sites, SAMs enable efficient charge and energy
transfer, ultimately enhancing system performance. In applications such as
metal-ion batteries, supercapacitors, metal anodes, Li–S batteries, Na–S
batteries, and metal–air batteries, SAMs effectively address key challenges,
including volume change, dendrite formation, and capacity fading. Their
unique electronic and structural properties also make them highly efficient
electrocatalysts, demonstrating remarkable activity and selectivity in lithium
polysulfide, oxygen reduction, and carbon dioxide reduction reactions. Finally,
the challenges and future prospects of SAMs in the energy storage field are
discussed. With ongoing research and development, SAMs are poised to
revolutionize the field, serving as foundational elements in the transition to
sustainable and clean energy.

1. Introduction

Climate change is a global crisis demanding immediate atten-
tion. Rising greenhouse gas emissions involving CO2 imperil
ecosystems worldwide.[1,2] To mitigate these threats, advancing
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renewable energy technologies is impera-
tive. Key innovations in the field of energy
storage includemetal-ion batteries,[3–6] Li–S
batteries,[7–9] Li–O2 batteries,

[10–12] and Li–
CO2 batteries,

[13–16] promising a cleaner en-
ergy future. However, challenges in these
battery systems are still existing, includ-
ing sluggish metal ion diffusion and low
reaction kinetics.[17,18] Specially, metal-ion
batteries (e.g., Li/Na/K/Zn-ion) face chal-
lenges such as sluggish ion diffusion kinet-
ics, structural instability during cycling, and
limited theoretical capacity. Li–S batteries
suffer from the notorious polysulfide shut-
tle effect and poor sulfur conductivity.[19] Li–
O2 batteries are hindered by the insulating
nature of discharge products (Li2O2) and
sluggish oxygen reduction/evolution reac-
tions (ORR/OER). Li–CO2 batteries strug-
gle with the irreversible decomposition of
Li2CO3 and low catalytic efficiency for CO2
reduction. These shared issues, such as,
slow reaction kinetics, unstable interfaces,

andmaterial degradation, highlight the urgent need for advanced
materials to address these bottlenecks. Researchers are exploring
novel materials and designs to enhance battery performance. Re-
cently, there has been a surge in exploring diverse materials with
distinctive crystal structures, morphologies, and chemical com-
positions for electrode applications across a wide range of energy
storage devices.[20–22]

Among the numerous materials explored, single-atom mate-
rials (SAMs) stand out as an intriguing class, possessing good
properties and unique catalytic capabilities. They hold great
promise for diverse energy storage systems.[23–27] SAMs exhibit
high utilization of active materials and remarkable electrochem-
ical activity, hastening reactions and lowering activation energy.
Moreover, their isolated active sitesminimize undesirable side re-
actions, enhancing process selectivity. With precise control over
active sites, SAMs enable tailored charge and energy transfer,
boosting overall system efficiency.[28–31] However, a deeper un-
derstanding of the mechanisms of SAMs in various energy stor-
age systems, along with addressing the associated challenges, re-
quires further comprehensive investigation.
Herein, we provide an overview and delve into the latest ad-

vancements in the diverse SAMs and their application in en-
ergy storage (Figure 1). We commence by examining the advan-
tages, challenges, and operation mechanisms of SAMs in en-
ergy systems. Subsequently, we investigate their specific roles in
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Figure 1. Schematic illustration of single-atom materials used in the field of energy storage as well as its relevant operation mechanism.

electronic energy storage. Endowed with unique electronic and
structural attributes, these materials exhibit exceptional cat-
alytic activity and selectivity, paving the way for more effi-
cient energy processes. With ongoing research and development,
SAMs are primed to transform the electronic energy storage
landscape.

2. Advantages and Challenges of SAMs in Energy
Storage Systems

In the realm of energy storage technologies, lithium-ion batter-
ies (LIBs) reign supreme, renowned for their widespread util-
ity with high-energy-density and relatively safe operation.[32–35]

Yet, meeting escalating demands for enhanced energy and
power densities remains a challenge. Furthermore, the scarcity
of lithium resources and escalating prices have spurred
exploration into alternative battery technologies.[36–39] This
exploration encompasses sodium-ion batteries (SIBs),[36–39]

potassium-ion batteries (PIBs),[40–43] aqueous zinc-ion batteries
(ZIBs),[44–47] Li–S batteries,[48–51] metal–air batteries,[52–55] and
Li–CO2 batteries.

[56–60] Each technology confronts its unique set
of hurdles. For instance, SIBs and PIBs contend with volumi-
nous electrode expansion due to larger metal ion radii (Na+

and K+) compared to Li+.[61–64] For Li–S batteries, unregulated
expansion of Li dendrites on the anode poses a formidable
challenge, risking breaches in the battery separator and trig-
gering internal short circuits.[65–67] Additionally, the S cathode
encounters hurdles involving the dissolution and shuttle ef-
fect of lithium polysulfides (LiPSs), along with sluggish kinetic
in their conversion to Li2S.

[68–71] Metal–air batteries, on the
other hand, face obstacles in achieving efficient oxygen reduc-
tion reaction (ORR)[72–75] and carbon dioxide reduction reaction
(CO2RR)

[76–79] catalysis. These challenges, encompassing slug-
gish ion diffusion, notorious dendrite formation, low reaction
kinetics, and slow catalytic conversion, underscore the impera-
tive of addressing them to propel energy storage technologies
forward.

2.1. Advantages of SAMs

After over a decade of development, SAMs have emerged as ver-
satile tools across diverse fields, prominently in the energy stor-
age field (Figure 2). Their exceptional electrochemical activity,
stemming from isolated active sites at the atomic scale,[80] distin-
guishes SAMs from conventional materials. Unlike bulk struc-
tures, SAMs optimize each active site, ensuring maximal uti-
lization and efficient reactant interaction during electrochemi-
cal processes. Their high electrochemical activity owes to unique
electronic and geometric configurations, facilitating faster reac-
tion kinetics and enhancing selectivity by minimizing undesir-
able side reactions. SAMs thus act as precision nanomaterials,
promising significant efficiency enhancements in energy sys-
tems, such as Li–S batteries and metal–air batteries.[81,82]

One remarkable advantage of SAMs lies in their high atom
utilization efficiency, a feature derived from their atomic-scale
design.[83,84] Unlike conventional catalysts, SAMs maximize the
use of each atom for electrochemical reactions, crucial for re-
source sustainability and cost-effectiveness. By ensuring mini-
mal waste and homogeneous distribution of active sites, SAMs
enhance catalytic effectiveness while aligning with principles of
green chemistry.[41,85] This efficiency fosters sustainable energy
systems. Furthermore, SAMs offer potential economic feasibility
owing to several inherent factors in their design and synthesis.[86]

They require fewer raw materials compared to traditional bulk
catalysts, thanks to precise atom placement that enhances pre-
cursor utilization. This reduction in precursor usage contributes
directly to the economic viability of the synthesis process.

2.2. Operation Mechanism of SAMs

SAMs have demonstrated remarkable potential in revolutioniz-
ing energy storage technologies, pivotal in improving efficiency
and durability (Figure 1). This section explores SAMs’ specific
working mechanisms in three key applications: metal-ion batter-
ies, metal–sulfur batteries, and metal–air batteries.
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Figure 2. Timeline of single-atom materials used in the energy storage systems.

In metal-ion batteries, SAMs alter the electrode’s electronic
structure,[87] enhancing charge transfer kinetics and minimiz-
ing side reactions.[88] The precise control over active sites facil-
itates optimized redox reactions, resulting in higher energy den-
sity and prolonged cycle life. The introduction of isolated metal
atoms induces changes in the electronic environment, leading to
improved conductivity and electrochemical performance.[89] This
precision control at the atomic level enhances charge transfer ki-
netics during metal ions intercalation and deintercalation, pro-
moting a consistent and controlled environment for metal-ion
storage. The atomic-level precision of SAMs minimizes the for-
mation of unwanted side products and improves the reversibil-
ity of electrochemical reactions. Consequently, SAMs contribute
to increasing energy density and cycle life, crucial factors for
the practical applications of metal-ion batteries. They suppress
side reactions through electronic structure modification, ensur-
ing electrode stability and reducing parasitic reactions. SAMs
also act as efficient catalytic centers, enhancing de-solvation and
metal-ion transport kinetics, while promoting a more uniform
distribution of metal ions within the electrode, thus minimizing
capacity loss during cycling.
SAMs optimizemetal–sulfur batteries by ameliorating sulfur’s

poor conductivity and polysulfide shuttle effect.[68,70,90] Through
tailored electronic structures, SAMs reduce the reaction activa-
tion energy, accelerating conversion kinetics, while isolatedmetal
atoms serve as catalytic centers, facilitating polysulfides conver-
sion to stable lithium sulfides. This dual action enhances the bat-
tery’s rate capability and longevity by curbing capacity fading.
The polysulfide shuttle effect, a notorious problem in Li–S bat-
teries, is mitigated by SAMs due to their atomically dispersed
active sites, which exhibit strong binding affinity for polysul-
fides. By immobilizing polysulfides, SAMs prevent their migra-
tion between the cathode and anode, thereby contributing to en-
hanced cycling stability and reduced capacity fading over multi-
ple charge–discharge cycles. Furthermore, SAMs facilitate sulfur
conversion reactions by serving as catalytic centers, optimizing
charge redistribution and activation energy barriers during the

process. Atomically dispersed metal sites on the cathode surface
facilitate uniform charge distribution, enhance sulfur utilization
efficiency, and thereby lead to improved areal and volumetric ca-
pacities inmetal–sulfur batteries. This optimized charge redistri-
bution not only enhances the overall efficiency of sulfur conver-
sion reactions but also mitigates issues related to uneven elec-
trode utilization. In addition to catalyzing sulfur conversion re-
actions, SAMs contribute to improved electrode stability by ac-
commodating large volume changes inherent in sulfur conver-
sion reactions. Their atomically dispersed nature ensures uni-
form stress distribution, thus reducing mechanical strain on the
electrode material and mitigating electrode degradation and pul-
verization issues over the battery’s lifespan.
The function of SAMs in metal–air batteries centers on their

ability to expedite oxygen reduction and carbon dioxide reduc-
tion reactions.[91,92] Through local electronic environment alter-
ations, SAMs diminish the activation energy required for these
reactions, thereby enhancing catalytic activity at the electrode–
electrolyte interface, resulting in improved overall battery per-
formance. SAMs exhibit high atom utilization efficiency, ensur-
ing significant contribution of each metal atom to catalytic activ-
ity, thereby minimizing waste and bolstering the sustainability
of metal–air battery systems. With their atomically dispersed ac-
tive sites, SAMs significantly enhance the efficiency of the ORR
at the cathode, optimizing oxygen molecule adsorption and acti-
vation while reducing associated overpotential. This catalytic en-
hancement translates to improved cathodic performance, elevat-
ing energy conversion efficiency inmetal–air batteries. Inmetal–
air batteries, the CO2RR competes with the ORR at the cathode,
affecting overall battery performance. SAMs play a crucial role
in promoting the selective reduction of oxygen over carbon diox-
ide. Atomically dispersed metal sites act as catalytic centers, pro-
moting oxygen conversion to hydroxide ions while suppressing
undesired side reactions related to the CO2RR, thus enhancing
battery stability and efficiency. SAMs also optimize charge trans-
fer kinetics during both ORR and CO2RR processes. Atomically
dispersed metal atoms act as efficient charge transfer mediators,
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Figure 3. a) Optimized geometrical structures for the atomic Pt1-Li5 and bulk Pt-Li5. b) Binding energies for the Pt1-Lix/MC. The inset shows the binding
energies for the atomic Pt1-Li5 and bulk Pt-Li5. Reproduced with permission.[89] Copyright 2019, by American Chemical Society. c) Ultralong-term cycling
performance for CNS, SASn/C, and SnO2/C at 1000 mA g−1 and adsorption energy versus adsorption number of Li+ on the single atomic Sn-doped
carbon. The brown, red, yellow, and green spheres represent C, O, Sn, and Li atoms, respectively. Reproduced with permission.[102] Copyright 2022,
Elsevier Ltd. d) Different lithium diffusion orientation in 3D-Co3O4 and 3DH-Co3O4@Nb. e) Adsorption configurations of Li on the 3DH-Co3O4@Nb
surface. Reproduced with permission.[106] Copyright 2022, Wiley-VCH. f) Schematic illustration of the reversible conversion-alloy reaction for boosted
lithium storage performance of SiOx/Fe-N-C during the discharging/charging processes. The work functions for g) SiOx/N-C and h) SiOx/Fe-N-C,
respectively. The calculated electron-density isosurface for i) SiOx/N-C and j) SiOx/Fe-N-C, respectively. The electron-density isosurface was plotted at
0.01 e bohr−3. The color bar represented the electrostatic potential scale. Reproduced with permission.[87] Copyright 2022, Wiley-VCH.
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facilitating electron movement between the electrode and reac-
tion sites, thereby ensuring rapid electrochemical reactions and
improved battery performance, especially in terms of power den-
sity and rate capability. The deleterious cathode degradation ob-
served in metal–air batteries, commonly linked to the accumula-
tion of reaction by-products, finds effectivemitigation in the pres-
ence of SAMs. SAMs featuring atomically dispersed active sites
act as favorable sites for the adsorption and decomposition of re-
action intermediates, effectively preventing their buildup on the
cathode surface. This function markedly enhances cycling stabil-
ity and prolongs the overall lifespan of metal–air batteries.
The workingmechanisms of SAMs inmetal-ion,metal–sulfur,

and metal–air batteries hinge on their adeptness at altering elec-
tronic structures, diminishing reaction activation energies, and
expediting dynamic processes. These mechanisms collectively
contribute to the enhanced efficiency, durability, and sustainabil-
ity of energy storage systems.

2.3. Challenges of SAMs

The stability and durability of SAMs pose significant chal-
lenges critical for their effective integration into energy storage
systems.[53,93] While SAMs exhibit remarkable electrochemical
activity, prolonged cycling exposes them to environmental con-
ditions and reactants, presenting hurdles to their longevity. Typi-
cally comprising active metal atoms coordinated within a matrix
or support material, SAMs’ high chemical reactivity can lead to
undesirable interactions with the surroundings, potentially de-
grading sites and reducing electrochemical activity over time. Ex-
tended cycling and exposure to reactive speciesmay induce struc-
tural changes in both the support material and SAMs’ atomic
configuration, altering their electronic and geometric properties
and affecting performance. SAMs may also be sensitive to envi-
ronmental factors like temperature, humidity, and gas compo-
sition, which can alter the chemical state of metal atoms and
impact stability. Repeated cycling imposes mechanical stress on
SAMs and their support matrix, potentially causing deteriora-
tion. Additionally, exposure to unfavorable reaction intermedi-
ates, such as reactive radicals or corrosive species, can accelerate
degradation, compromising long-term stability. Tackling these
challenges necessitates a thorough comprehension of SAMs’ be-
havior under real-world operating conditions.[73,94] Robust strate-
gies for stabilizing single-atom sites and mitigating external in-
fluences are crucial for realizing SAMs’ full potential in energy
storage technologies.

3. Metal-Ion Batteries and Supercapacitors

3.1. Metal-Ion Batteries

Metal-ion batteries, including LIBs, SIBs, PIBs, and ZIBs, play
a pivotal role in energy storage across various devices. Among
them, LIBs have found extensive use in portable electronic de-
vices, electric vehicles, and energy storage stations.[95–101] How-
ever, the graphite anode in commercial use faces limitations due
to its limited theoretical capacity (372 mAh g−1) and slow Li+

diffusion. To enhance carbon-based materials’ electrochemical

Table 1. Electrochemical performance of single-atom materials in LIBs.

Materials Current density
[A g−1]

Specific capacity
[mAh g−1]

Cycles Ref.

Pt1/MC 2 846 800 [89]

5 349 6000

AgSA-porous carbon 1.68 ≈340 200 [103]

PtSA-porous carbon 1.68 ≈275 200

AuSA-porous carbon 1.68 ≈125 200

SASn/C 1 281 7000 [102]

3DH-Co3O4@Nb 5 740 1000 [106]

Co-N-C 1.86 1000 800 [105]

Co-CN 2 589.1 900 [104]

SiOx/Fe-N-C 0.1 799.1 100 [87]

5 173.7 5000

performance in LIBs, researchers have introduced single metal
atoms with lithium-storage activity, such as Pt,[89] Sn,[102] Au,[103]

and Ag,[103] onto carbon-basedmaterials. For instance, Wang and
co-workers developed atomic Pt loaded carbon-based material
(Pt1/MC) through a modified photochemical solid-phase reduc-
tion method.[89] Pt single atoms interact with Li atoms, form-
ing a Pt–Li alloy, significantly boosting lithium storage capac-
ity (Figure 3a). Density functional theory (DFT) calculations con-
firm Pt atoms’ ability to anchor Li ions on the carbon substrate
(Figure 3b).[89] Consequently, Pt1/MC exhibits exceptional elec-
trochemical performance, achieving a capacity of 846 mA h g−1

after 800 cycles at 2 A g−1 and retaining 349 mA h g−1 after 6000
cycles at 5 A g−1. (Table 1).[89] Similarly, the incorporation of other
metals (Au, Ag, and Sn) with lithium-storage activity in porous
carbon-based materials exhibits promising electrochemical per-
formance (Table 1).[103] Unlike noble metals, a single Sn atom
coordinates with two O and two C atoms in the carbon matrix,
forming Sn─O─C and Sn─C bonds.[102] This unique coordina-
tion facilitates efficient electron and ion transfer, boosting elec-
trochemical kinetics. For example, a single atom Sn/C anode ex-
hibits aminimal capacity degradation rate of 0.0031% per cycle at
1000 mA g−1 after 7000 cycles (Table 1 and Figure 3c). Addition-
ally, DFT calculations illustrate that Sn atoms can adsorb three
Li+ when fully discharged (Figure 3c).[102] During charging, Li+

ions are released directly from Sn atoms rather than through the
typical dealloying pathway, offering improved structural stability
and enhanced rate performance in carbon-based electrodes.
Regarding single-atommetals without lithium-storage activity,

such as Co,[104,105] Fe,[87] and Nb.[106] their presence significantly
enhances electrochemical performance by improving electron
conductivity and accelerating surface/near-surface reactions,
leading to enhanced pseudocapacitance behavior and improved
rate capabilities. For example, Yin et al. introduced a single-
atom Nb-based composite material (3DH-Co3O4@Nb), which
exhibits an interconnected 3D hierarchically porous structure,
enhancing the availability of active surface areas (Figure 3d).[106]

The presence of Nb atoms enhances lithium absorption capacity
compared to the Co3O4 substrate (Figure 3e). 3DH-Co3O4@Nb
maintains a reversible capacity of ≈740 mA h g−1 even after
1000 cycles under 5 A g−1 (Table 1).[106] Additionally, intro-
ducing Co single atoms into porous carbon (Co─N─C)[104] and
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Figure 4. a) HAADF-STEM image and b) HRTEM image of Zn-HC. Reproduced with permission.[110] Copyright 2023, Wiley-VCH. c) HAADF-STEM
image and d) HRTEM image of MnSAs/NF-CNs. Reproduced with permission.[111] Copyright 2021, Royal Society of Chemistry. e) Diffusion barrier
energies and f) adsorption energy for Zn-HC-Gra and HC-Gra, respectively. g) Isosurface of charge density difference and planar-average charge density
plot of Zn-HC-Gra. Reproduced with permission.[110] Copyright 2023, Wiley-VCH. h) The corresponding sectional reactivity heat map for the active sites
of the MnSAs/NF-CNs, NF-C, and MnN4-C, where the red and blue colors indicate the higher and lower reactivity, respectively. i) The density of states
of different carbon structures and j) the corresponding barrier energy.[111] Reproduced with permission. Copyright 2021, Royal Society of Chemistry.

g-C3N4
(Co-CN)[105] enhances Li ion transportation and storage.
Nevertheless, carbon-based materials have yet to surpass in-
herent theoretical limitations. Therefore, alternative single
atoms should be considered for achieving high lithium storage
capacity. Researchers have discovered that introducing single
atoms into host materials can significantly enhance electrical
conductivity. Building upon this, the integration of atomically
dispersed metals can enhance the electric conductivity of carbon-
based materials and benefit low-electric-conductivity materials,
such as SiOx nanoparticles. Pang and co-workers introduced
SiOx/Fe─N─C material through straightforward electrospray-
carbonization.[87] When employed as a LIB anode, SiOx/Fe─N─C
exhibits remarkable improvements in discharge capacity, en-

hanced rate capabilities (Figure 3f), and good long-term stability
(Table 1), surpassing SiOx/N─C and SiOx counterparts.

[87] This
improvement is attributed to reduced work function, which
accelerating electron transfer (Figure 3g and 4h), as supported
by electron-density isosurface calculations (Figure 3i and 4j).
Owing to the limited availability of lithium resources, atten-

tion has shifted toward sodium-based energy storage systems,
prompting the development of SIBs. However, SIBs encounter
challenges akin to those of LIBs, such as restricted metal-ion dif-
fusion and slow reaction kinetics, which impede their large-scale
deployment. Notably, Na+ presents a larger ionic radius than Li+,
exacerbating issues such as substantial volumetric variation and
sluggish Na+ diffusion.[107–109] For instance, while carbon-based
materials excel in storing lithium in LIBs, they demonstrate

Adv. Mater. 2025, 2505009 © 2025 Wiley-VCH GmbH2505009 (6 of 30)
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Figure 5. a) Schematic diagramof the synthesis process of O-Sb-N SA@NCs. b) XRDpatterns of Bare-NC andO-Sb-N SA@NCs. c) Rate performances of
all samples at various current densities. d) Schematic illustration of K+ adsorption and desorption on the Sb-N SA@NC and Sb-N SA@NC, respectively.
Reproduced with permission.[114] Copyright 2023, Royal Society of Chemistry. e) XRD patterns of Pt-MnO2 and MnO2. Zinc-ion diffusion model of f)
MnO2 and g) Pt-MnO2. h) Calculated zinc-ion diffusion energy barriers of Pt-MnO2 and MnO2. Reproduced with permission.[123] Copyright 2021, by
American Chemical Society.

significantly lower sodium storage capacities in SIBs. To tackle
this limitation, researchers are exploring methods to expand the
interlayer space of carbon-based materials, creating ample room
for sodium storage. One effective approach involves immobiliz-
ing single metal atoms within the carbon matrix. For instance,
Zhao and co-workers adopted a high-temperature pyrolysis strat-
egy to incorporate single-atom Zn into hard carbon materials
(Zn–HC), significantly increasing the interlayer space by up to
0.408 nm (Figure 4a and 5b).[110] Similar enhancements have
been observed with single-atom Mn[111] and Cr.[112] Single-atom
Mn can expand the interlayer space by up to 0.41 nm, surpassing
graphite’s typical value of 0.335 nm (Figure 4c and 5d).[111]

Similarly, incorporating Cr single atoms shifts the (002) peak
associated with graphite interlayer to a lower angle, indicating
increased spacing.[112] The expanded interlayer spacing offers

promising prospects for sodium storage and contributes to
the enhanced performance of carbon-based materials in SIBs.
For instance, the Zn–HC anode shows a high reversible ca-
pacity of 305 mAh g−1 at 2 A g−1 after 3800 cycles, as well as a
substantial capacity retention of 443 mAh g−1 at a low temper-
ature of −40 °C (Table 2). The inclusion of Zn single atoms
significantly enlarges the carbon interlayers and reduces the
diffusion barrier for Na+ (Figures 4e and 5f). Additionally,
the isosurface of charge density difference suggests that the
introduction of Zn atoms enhances the electron state, thereby
expediting electron transfer (Figure 4g). Similarly, the incorpora-
tion ofMn single atoms provides additional active sites, improves
electrical conductivity, and reduces the diffusion barrier of Na+

(Figures 4h and 5j), thus improving the electrochemical per-
formance of the anode material. Notably, the MnSAs/NF-CNs

Adv. Mater. 2025, 2505009 © 2025 Wiley-VCH GmbH2505009 (7 of 30)
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Table 2. Electrochemical performance of single-atom materials in SIBs.

Materials Current density
[A g−1]

Specific capacity
[mAh g−1]

Cycles Ref.

Zn-HC 2 ≈270 5000 [110]

2 ≈305 3800

CrSAs/NPC 1 ≈190 100 [112]

Zn–N3S–NSC 1 ≈80 1000 [239]

0.2 ≈160 4000

MnSAs/NF-CNs 5 ≈220 7000 [111]

Fe3N@N-
3DPCN

5 ≈200 5000 [240]

enable exceptional specific capacity (≈220 mAh g−1) with an
ultralong cycling life up to 7000 cycles,[111] surpassing reported
performance metrics for SAMs in SIBs (Table 2).
Different from LIBs and SIBs, PIBs have garnered consider-

able attention due to the abundant availability of the K element
and its low redox potential. Nevertheless, similar to SIBs, PIBs
also encounter challenges associated with significant volume
changes due to the larger ionic radius of potassium ions.[40,61,113]

For instance, graphite can form KC8 intercalation compounds
with potassium, offering a capacity of ≈280 mAh g−1 but suffer-
ing from substantial volume expansion exceeding 70%, leading
to rapid capacity decay. Inspired by strategies used in SIBs, in-
troducing single-atom metals to carbon-based materials proves
effective in mitigating these challenges in PIBs. For instance,
Zhang et al. synthesized single-atom antimony (Sb) dispersed
nitrogen-doped porous carbon nanosheets (O–Sb–N SA@NC)
via a high-temperature pyrolysis method (Figure 5a).[114] Their
observation revealed that after introducing single-atom Sb, the
(002) reflection peak shifted to lower angles, in contrast to pure
nitrogen-doped carbon (Figure 5b). This indicates that Sb atoms
expand the interlayer spacing of carbon, providing ample room
for potassium storage. A similar phenomenon has also been ob-
served in the MnSAs/NF-CNs materials.[111] Besides, Sb atoms
can react with K atoms, forming a KxSb alloy, thereby pro-
viding additional K storage capacity. Consequently, the O-Sb-N
SA@NC anode exhibits remarkable performance in terms of
substantial reversible capacities (593.3 mAh g−1, 100 cycles at
0.1 A g−1), excellent rate capability, and prolonged durability for
PIBs (Figure 5c and Table 3). The O–Sb–N coordination sites
enhance the K ions storage capability and significantly reduce
the volume change (Figure 5d). Alongside single-atom Sb, other
single-atom metals with K-reactive activity, such as Zn[115] and
Te,[116] accelerate the adsorption/desorption of K ions. For in-
stance, Wu and co-workers delivered a facile template method
to introduce high-loading (12 wt.%) Zn single atoms into hol-
low carbon spheres (Zn-N-S@C), enhancing long cyclic life for
potassium storage (Table 3).[115] Furthermore, Te@N,P-codoped
PCNFs, composed of Te single atoms embedded in N,P-co-doped
porous carbon nanofibers, demonstrate strong adsorption ca-
pabilities enhanced by heteroatoms co-doping in the carbon
matrix.[116] This unique structure enables a high reversible ca-
pacity, with a value of 323.7 mAh g−1 after 700 cycles at 0.5 C
(Table 3).[116] Even single atoms lackingK-reactive activity, such as
Ni atoms, contribute to enhancing electrochemical performance

for K storage.[88,117] For instance, Qian et al. incorporated single-
atom Ni into S/C nanotubes, resulting in a high potassium stor-
age capacity of 330.6 mAh g−1 at 1000 mA g−1 after 500 cycles
(Table 3).[88] Besides, the introduction of Ni atoms into B and N
co-doped hard carbon nanotubes has led to a remarkably high
reversible capacity of 694 mAh g−1 at 0.05 A g−1 (Table 3). The
edge sites of Ni-N4-B serve as active sites for the interlayer ad-
sorption of potassium ions, while the presence of Ni atoms en-
hances the reversibility of potassium storage on nitrogen and
boron atoms.[117] This enhancement can be credited to the uni-
formly distributed Ni species at the atomic level, which improves
the conversion kinetics and lowers the energy barrier for K+ ab-
sorption.
Moving beyond carbon-based SAMs for potassium storage, re-

searchers have explored alternative substrates, especially 2DMX-
enes, to exploit the distinctive advantages of single-atom cata-
lysts, offering a transformative boost to the electrochemical per-
formance of PIBs. Notably, a MXene-based aerogel adorned with
single-atom Sb (Sb/Ti3C2Tx) showcased a remarkable capacity of
521 mAh g−1 at 0.1 A g−1 and maintained outstanding capacity
retention of 94% at 1 A g−1 even after 1000 cycles (Table 3).[118]

This exceptional performance stems from the strategic integra-
tion of atomically dispersed Sb into the Ti3C2Tx-MXene layers, in-
ducing profoundmodifications in the electronic structure of MX-
ene, thus elevating its electrochemical performance.[118] Further-
more, the integration of single-atom metals into MXene layers
enhances K storage capabilities at heterointerfaces. These find-
ings herald a promising single-atom engineering approach for
the rational design of high-performance electrode materials in
PIBs, charting a path for future advancements in this dynamic
field.
Aqueous rechargeable ZIBs hold immense promise for

large-scale energy storage, boasting high safety, low cost, and
environmental friendliness.[119–122] Unlike LIBs, SIBs, and PIBs,
ZIBs operate through a two-electron transfer process, suggest-
ing higher energy density potential. However, the diffusion of
zinc ions is hindered by the electrostatic effects of bulky Zn2+,
resulting in poor rate performance. To tackle this challenge,
Li et al. investigated the integration of single-atom Pt as active
sites in MnO2 to enhance zinc ion diffusion.[123] They synthe-
sized a Pt-MnO2 nanocomposite cathode material for ZIBs
by depositing single-atom Pt onto MnO2 using thermostatic
electrochemical deposition (Figure 5e). The resulting Pt-MnO2

Table 3. Electrochemical performance of single-atom materials in PIBs.

Materials Current density
[A g−1]

Specific capacity
[mAh g−1]

Cycles Ref.

Ni/S/C nanotubes 1 330.6 1000 [88]

Zn-N-S@C 2 ≈140 4000 [115]

0.1 ≈350 200

Ni-N4-B 1 ≈220 1500 [117]

O-Sb-N SA@NC 2 ≈200 1000 [114]

Te@N,P-codoped
PCNFs

≈2.1 ≈160 1500 [116]

≈0.2 323.7 700

Sb/Ti3C2Tx 1 ≈300 1000 [118]

0.1 521 100

Adv. Mater. 2025, 2505009 © 2025 Wiley-VCH GmbH2505009 (8 of 30)
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Table 4. Electrochemical performance of single-atom materials in super-
capacitors.

Materials Current density
[A g−1]

Specific capacity
[F g−1]

Ref.

Ni–Co, N-Mo2C 1 1004.8 [129]

AC-Mn-3 1 516.2 [132]

MnSAs/NMC 0.5 444 [128]

Mn-CNT 1 1523.6 [131]

NiMoO4 nanorods 2 122 [124]

PCNM-Zn 2 182.3 Wh kg−1 [127]

Zn/N-loading carbon
materials

0.1 621 [126]

Pt-MnO2 0.8 264 mA h g−1 [123]

Ag-decorated MnO2 0.3 297.5 [125]

Ni-1.0@N@HCN-Ar 1 777 [130]

composite demonstrated impressive rate capabilities, maintain-
ing a
capacity of 264 mAh g−1 at 800 mA g−1. Their investiga-
tions revealed that introducing individual Pt atoms enhances
electron conductivity by leveraging the low occupancy of the
Pt 5d orbital. This also lowers the diffusion barrier of Zn2+

during charge/discharge cycles (Figure 5f and 6h). Additionally,
the synergistic interaction between diverse metals and the
support promotes zinc ion diffusion. These findings highlight
the beneficial role of single-atom Pt doping in enhancing the
electrochemical properties of MnO2 in ZIBs.

[123]

3.2. Supercapacitors

Supercapacitors have attracted significant attention due to their
high power density, rapid charge–discharge capability, and long
cycle life, making them promising candidates for renewable en-
ergy storage, portable electronics, and electric vehicles.[124,125,123]

However, traditional carbon-based electrode materials suffer
from limited energy density and insufficient active sites, hin-
dering their ability to meet the growing demands for high-
performance energy storage.[126–128] Single-atom materials have
emerged as a novel strategy to enhance electrode performance
owing to their≈100% atomic utilization, unique electronic struc-
tures, and tunable coordination environments.[129,130] By anchor-
ing transition metal atoms in single-atom form onto carbon-
based supports, SAMs can significantly improve pseudocapaci-
tance contributions, charge transfer efficiency, and redox reac-
tion kinetics.[131,132] This section summarizes recent advances in
SAMs design and application in supercapacitors based on the
previous studies (Table 4).
Lee et al. developed Ni-Co dual single-atom catalysts (NiCo-

SADs) anchored on nitrogen-doped molybdenum carbide (N-
Mo2C) by in situ encapsulation of Ni-Co within molybdenum
polydopamine and nitrogen doping (Figure 6a). The synergis-
tic effect of the dual atoms optimized OH− adsorption en-
ergy, leading to a high specific capacitance of 1004.8 F g−1 at
1 A g−1 and 93.6% capacitance retention over 5000 cycles (Table 4
and Figure 6b).[129] DFT calculations revealed that Ni-Co dual-
atom bridge sites substantially reduced the reaction energy bar-

rier, facilitating rapid pseudocapacitive behavior. The assem-
bled asymmetric supercapacitor achieved an energy density of
69.69 Wh kg−1 at a power density of 8200 W kg−1, providing a
new approach for solid-state energy storage devices.[129] Wang
et al. reported a MnCl2 template-assisted synthesis of atomically
dispersed Mn single atoms embedded in N-doped mesoporous
graphite carbon (MnSAs/NMC) (Figure 6c,d). This material ex-
hibited excellent pseudocapacitive performance of 444 F g−1

at 0.5 A g−1 (Table 4).[128] The large mesoporous surface area
(1967 m2 g−1) combined with MnN2C2 active sites synergistically
enhanced ion diffusion and electron transport (Figure 6e,g).[128]

Besides, the authors proposed an innovative hybrid discharge
mode combining zinc–air battery and supercapacitor characteris-
tics, achieving a high energy density of 120.1 Wh kg−1 along with
instantaneous high power output, overcoming traditional device
limitations. DFT analysis further elucidated the optimized OH−

adsorptionmechanism enabled byMn single atoms.[128] Wen and
his co-workers incorporated Mn single atoms into carbon nan-
otubes (Mn-CNT) via Mn–N coordination, significantly improv-
ing the electrode’s specific capacitance to 1523.6 F g−1 at 1 A g−1

and an energy density of 180.8 Wh kg−1 (Figure 6h).[131] The de-
sign utilized Ni-catalyzed CNT growth combined with highly po-
lar Mn single-atom active sites to accelerate OH− adsorption and
redox kinetics. The asymmetric supercapacitor maintained over
93.7% capacity retention after 7000 cycles and successfully pow-
ered an LED for 60 min, demonstrating promising practical ap-
plication potential.[131] The study confirmed that strong interac-
tions between single atoms and carbon supports effectively sup-
pressed metal aggregation and extended device lifetime.
These recent advances demonstrate that precise single-atom

catalyst design can substantially enhance supercapacitor energy
density, rate performance, and cycling stability. Future research
directions include developing versatile SAC synthesis methods
to realize multi-metal synergy and diverse supports, in-depth
investigation of dynamic interfacial reactions between single-
atom sites and electrolytes, and promoting flexible and miniatur-
ized device integration to meet diverse application needs. Single-
atom materials provide a crucial technological pathway for next-
generation high-performance supercapacitors, and their interdis-
ciplinary development will accelerate innovation in energy stor-
age technologies.

4. Metal Anodes

Lithium metal is considered as a highly promising anode for
next-generation lithium-based batteries due to its high theoretical
capacity (3860 mAh g−1) as well as low redox potential (−3.04 V
vs standard hydrogen electrode).[85,133,134] However, the practical
application of rechargeable lithium metal batteries (LMBs) grap-
ples with the persistent menace of dendrite formation on the
lithium anode. These dendrites inflict reduced Coulombic effi-
ciency (CE), heightened charge/discharge overpotentials, and a
curtailed cycling life.[135–137] Furthermore, the expansion of den-
dritic lithium raises grave safety concerns, including the specter
of internal short circuits, thermal runaway, and potentially life-
threatening accidents. To address these challenges, extensive
research spanning decades has explored various strategic av-
enues. These strategies include modifying the lithiophilicity of
substrates to foster uniform nucleation, engineering deposition

Adv. Mater. 2025, 2505009 © 2025 Wiley-VCH GmbH2505009 (9 of 30)
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Figure 6. a) Structural and microscopic study of NiCo-SADs. b) Cycling stability of NiCo-SADs at 10 A g−1. Reproduced with permission.[129] Copyright
2024, Elsevier Ltd. c) Synthetic diagramofMnSAs/NMC. d) Graphical representation of theMnSAs/NMC carbonation process. e) Comparison of the spe-
cific capacitance of MnSAs/NMC with other carbon electrodes in a three-electrode system. f) Contribution ratios of electric double-layer capacitance and
pseudo-capacitance for MnSAs/NMC and MnSAs/NMC-T. g) Cycle stability for MnSAs/NMC-based symmetric supercapacitor at 5 A g−1. Reproduced
with permission.[128] Copyright 2024, Elsevier Ltd. h) Schematic illustration showing the reaction pathway of Mn-CNT@C asymmetric supercapacitor.
Reproduced with permission.[131] Copyright 2024, Tsinghua University Press.
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Figure 7. a) High-dimensional deposition on single-atom Zn sites. b) Electron density difference and surface binding energy of graphene, ZnSAs, and
N-graphene. Reproduced with permission.[142] Copyright 2019, Elsevier Ltd. c) and d) HAADF-STEM images of a Zn-MXene nanosheet, showing the
high-density bright dots (Zn atoms) on the MXene nanosheets. Element distribution of e) Ti and f) N (Li), which indicates a homogeneous nucleation
of Li on Zn-MXene layers. Reproduced with permission.[82] Copyright 2020, by American Chemical Society. g) Overpotential of metallic Li plating on
bare Cu, C@Cu, and FeSA-N-C@Cu electrodes. Reproduced with permission.[143] Copyright 2019, by American Chemical Society. h) Nucleation voltage
profiles of Co-O-G SA, Co-N-G SA, G-O, and Cu electrodes at the first cycle. Reproduced with permission.[144] Copyright 2021, by Chinese Chemical
Society. i) Nucleation overpotential at 1 mA cm−2 of rGO-500, Co-N-500, and Co-N/O-500. Reproduced with permission.[145] Copyright 2022, Wiley-
VCH. j) Schematic illustration of Na plating behavior on ZnSA-N-C electrodes. k) Voltage profiles of galvanostatic Na deposition on different substrates.
l) The nucleation overpotential of different substrates. Reproduced with permission.[84] Copyright 2019, by American Chemical Society.
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Table 5. Electrochemical performance of single-atom materials in Li anode.

Strategy Materials Nucleation
overpotential [mV]

Current density
[mA cm−2]

Capacity
[mAh cm−2]

Cycle life [h] Ref.

Substrate modification ZnSAs-graphene / 1 1 800 [142]

FeSA-N-C 0.8 1 1 200 [143]

Co-O-G SA 10.5 1 1 780 [144]

Co-N-G SA 44.3 1 1 600

Co-N 45.2 1 1 ≈900 [145]

Co-N/O 28.8 1 1 2000

Zn-MXene 11.3 1 1 1200 [82]

3D hosts CoNx-doped graphene 6 2 2 ≈400 [152]

SAMn@NG / 1 1 560 [155]

NOMC-Ni 31 5 4 1330 [153]

CC@CN-SACo 12.3 2 1 1400 [154]

1 1 2000

Protect layers B/2D MOF-Co 53 5 5 300 [81]

rGO@Ru SAs / 1 1 400 [165]

FeCoDA-CN@PP / 1 1 500 [194]

Co─Nx 22 3 3 1500 [178]

Zn1-HNC / 3 3 1200 [181]

SACo/ADFS@HPSC 15 0.5 0.5 1600 [241]

Mo/NG / 0.5 0.5 1000 [166]

hosts to confine electrode expansion/contraction during Li de-
position/stripping, and tailoring the composition of electrolytes
or incorporating additives to forge stable and functional protec-
tive layers.[93,138–141] These approaches have shown significant ad-
vancements in preventing and suppressing the formation of den-
drites.
Recently, single-atom materials have garnered growing atten-

tion owing to their significantly elevated surface free energy. This
characteristic endows them with exceptional properties, making
them ideal nucleation sites for lithium deposition by facilitat-
ing higher reactivity and promoting uniform, multidimensional
growth. Furthermore, SAMs can be densely loaded and exhibit
superior homogeneity, providing an increased number of depo-
sition sites and facilitating uniform nucleation on the electrode
surface. Thus, researchers have integrated SAMs existing strate-
gies, such as substrate modification, the implementation of 3D
hosts, and the application of protective layers. This synergistic
approach aims to actively inhibit the development of Li dendrites
and elevate battery performance. Through the incorporation of
SAMs into the design, the nucleation and deposition processes
are finely controlled, leading to improved battery performance
and bolstered safety standards.

4.1. Inducing Metal Nucleation on Substrate

Drawing from Cui research group’s insights, metals with defi-
nite solubility in lithium experienceminimal nucleation barriers,
while those with negligible solubility face significant hurdles.[80]

Considering the binary phase between metals and lithium, met-
als such as Zn, Au, and Ag, capable of dissolving in lithium, pro-
mote Li nucleation. Building upon this knowledge, lithiophilic

metals facilitating effective Li nucleation have been integrated
into lithium metal anodes, and single-atom metals are no ex-
ception to this trend. For example, Qian and co-workers fabri-
cated single-atom Zn-loaded graphene nanomaterials via high-
temperature pyrolysis of ZIF.[142] These single-atom Zn sites on
graphene serve as lithium plating substrates, enhancing high-
dimensional Li deposition kinetics and mitigating dendrite for-
mation (Figure 7a). Subsequently, symmetric Li-ZnSAs cell mea-
surements demonstrate steady voltage oscillations over 800 h, in-
dicating improved stability (Table 5). The heightened surface en-
ergy of these zinc sites enhances Li atom binding and stability,
while a lower migration barrier facilitates easier Li migration to
neighboring areas rather than local aggregation (Figure 7b).[142]

However, the nucleation and growth processes of lithium on
SAMs are still unclear. Therefore, further investigation is needed
to explore this aspect. Yang and co-workers adopted a molten-
salt etching and anchoring method to prepare lithiophilic single-
atom Zn dispersed Ti3C2Clx layers.

[82] The homogeneous disper-
sion of Zn atoms (Figure 7c,d), when used as the substrate for
Li plating, ensures a uniform Li distribution on MXene layers
(Figure 7e,f), leading to flat Li morphology on anodes. This Zn-
MXene-Li system exhibits excellent stability, maintaining perfor-
mance for up to 1200 h (Table 5).[82] This indicates that the fixa-
tion of individual lithiophilic zinc atoms on MXene layers serves
as stable nucleation sites for lithium.[82] These findings suggest
that the incorporation of lithiophilic single metal atoms on dif-
ferent substrates, whether carbon or MXene, is an efficient ap-
proach to obtain homogenous lithium nucleation during the Li
deposition process.
At present, lithiophilic single-atom metals have been proven

to be an efficient way to induce lithium nucleation and enhance
the electrochemical performance of lithium anodes. However, it
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remains unclear whether non-lithiophilic single atoms are useful
or what effects they may exhibit. To address this issue, Yan et al.
observed that the integration of single-atom Fe into nitrogen-
doped carbon (FeSA-N-C) impacted the electron cloud around
carbon, creating an effective lithiophilic site that significantly re-
duced the nucleation overpotential of Li from 18.6 to 0.8 mV.
(Figure 7g).[143] Similarly, single-atom Co coordinated to O sites
on graphene (Co–O–G SA) as a lithium deposition substrate en-
ables Li overpotential (10.5 mV) decrease than that of graphene
(52.4mV) (Figure 7h).[144] Furthermore, Yang and co-workers fab-
ricate single-atom Co with N, O-coordinationmaterials by the py-
rolysis of GO and Co salt.[145] They found that Co─N/O exhibits
a lower Li nucleation overpotential (28.8 mV) than those of rGO
(51.8 mV) and Co─N (45.2 mV) (Figure 7i). This should be at-
tributed to an enhanced binding ability for Li ions, lower barriers
for Li+ to Li° conversion. As a result, the Co─N/O arrangement
attains a notable average CE more than 97% at 1 mA cm−2 and
2 mAh cm−2.[145] These findings highlight the potential of non-
lithiophilic single-atom metal-N/O as a promising material for
enhancing Li nucleation and battery performance. While non-
lithiophilic metals like Fe and Co may not dissolve in lithium,
they influence the electron cloud morphology around the single-
atom metal, enhancing lithium absorption capability and facili-
tating nucleation.
Similarly to lithium metal anodes, sodium metal anodes have

faced challenges such as uneven metallic deposition, unstable
SEI, dendritic growth, as well as substantial volume changes dur-
ing plating and stripping cycles,[32,146–148] leading to limited re-
versibility, the occurrence of internal short circuits, safety risks,
and shortened cycle life. In response, the single-atom strategy has
emerged as a promising solution. By incorporating specificmetal
single atoms into the anode material, researchers aim to address
the aforementioned issues as well as to improve the performance
of Na-based energy storage systems.[149,150] Similar to Li-based
systems, the use of single-atommaterials can potentially enhance
the nucleation, deposition kinetics, and stability of Na metal
during cycling, leading to improved reversibility and enhanced
safety. For example, Yan et al. have devised a method employing
carbon-substrate-supported N-anchored Zn atoms as a current
collector for Na anodes.[84] These zinc atoms act as strong attrac-
tors for Na+, facilitating uniform nucleation of metallic Na and
inhibiting dendrite formation (Figure 7j). Consequently, sodium
deposition on ZnSA-N-C exhibits a minimal nucleation overpo-
tential of 0 mV (Figure 7k,l), indicating effective removal of nu-
cleation barriers during the sodium plating process. Moreover,
these anodesmaintain stable voltage response withminimal volt-
age hysteresis even after 1000 h of cycling, underscoring their
long-term stability and practical potential.[84] Similarly, the incor-
poration of zinc atoms within the carbon shell of ZnSA-HCNT
provides abundant sodiophilic (sodium-attracting) sites,[149] ef-
fectively lowering the nucleation barrier for sodium plating. Con-
sequently, Na@ZnSA-HCNT anodes demonstrate stable long-
term performance in symmetrical battery setups.[149]

4.2. Decreasing Local Current Density in 3D Matrix

Single-atom metals have demonstrated strong capabilities in fa-
cilitating lithium nucleation during deposition, owing to their

high density of active sites. Consequently, combining the single-
atom strategy with other proven approaches, such as employing
3D conductive frameworks and SEI, has emerged as a promis-
ing route to suppress lithium dendrite growth. Conventional 3D
conductive hosts have been widely utilized in lithium-metal an-
odes to address dendrite formation and improve electrochemi-
cal stability.[66,67,151] However, researchers have revealed that Li
tends to aggregate predominantly on the host’s surface, leav-
ing the interior underutilized. This leads to inefficient use of
the available space and a reduction in the energy density of the
electrode. To tackle this challenge, researchers have suggested
utilizing the high lithiophilic properties of single-atom metals
to evenly disperse them within the 3D structure. In contrast to
traditional substrate modification strategies, integrating SAMs
with a 3D host approach not only facilitates Li nucleation within
the structure but also reduces the local current density owing
to its porous architecture. For instance, Zhang et al. introduced
atomically dispersed CoNx-doped graphene as a host material,
facilitating dendrite-free Li deposition (Figure 8a,b).[152] Nitro-
gen doping enables the effective dispersion of Co atoms within
the graphene lattice, forming Co─N coordination bonds. The ar-
rangement enhances the local electronic structure, promoting
lithium ion adsorption and nucleation (Figure 8c,d). The strong
lithiophilicity of the Co─N coordination in the 3D host ensures
uniform lithium nucleation and a flat Li plating morphology.[152]

These attributes lead to an exceptionally high CE more than 99%
at 2 and 5 mA cm−2. Moreover, the interconnected 3D struc-
ture regulates current density and facilitates efficient mass trans-
fer, resulting in uniform Li deposition with suppressed den-
drite formation and mitigated volume expansion.[152] Similarly,
an ordered mesoporous N-doped carbon material featuring Ni
single atoms (NOMC-Ni) enhances uniform lithium nucleation
and growth.[153] The created anode demonstrates a remarkable
Coulombic efficiency of 99.8% and sustains a stable voltage hys-
teresis of 14 mV.[153] Besides, a 3D hierarchical structure of car-
bon nanosheets anchored with single-atom Co (CC@CN-SACo)
demonstrates improved lithophilicity, effectively reducing the nu-
cleation overpotential and showcasing excellent cyclic stability
when assembled as a lithium anode.[154]

In prior studies, the strength of interaction between lithium
and lithiophilic sites was a key criterion for assessing LMBs.
However, Gong et al. challenged this notion, suggesting that
lithium-lithiophilic site affinity alone cannot predict LMBs
performance.[155] They investigated this by fabricating vari-
ous SAMs and evaluating their binding energy (Figure 8e).
Their findings revealed that a single-atom manganese-doped 3D
graphenematerial (SAMn@NG) exhibits highly reversible lithio-
philic sites with optimal adsorption strength for uniform lithium
deposition and structural stability (Figure 8f,g).[155] Despite hav-
ing a higher binding energy than SAZr@NG, SAMn@NG ex-
hibited minimal changes in atomic structures, including bond
length and angle aroundMn atoms, throughout the lithium plat-
ing and stripping processes. This stability translated into signifi-
cantly improved battery performance for SAMn@NG.[155] These
insights provide valuable guidance for designing lithiophilic sites
within a 3D conductive host for LMBs, unlocking new avenues
for enhancing their performance.
Potassium metal batteries have garnered attention as a

compelling alternative to lithium-based systems, owing to
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Figure 8. a) SEM and b) TEM image of CoNC materials. c) Li adsorption sites on CoNC. d) The summary of binding energies between a Li atom and
different adsorption sites on CoNC. Reproduced with permission.[152] Copyright 2018, Wiley-VCH. e) Binding energy of Li atoms on different substrates
including graphene, NG, SAMn@NG, SANi@NG, SACo@NG, SAZn@NG, SACo@NG, and SAZr@NG. Schematic illustration of Li deposition on the
f) SAM@NG electrode and g) electrode for LMBs. Reproduced with permission.[155] Copyright 2022, Wiley-VCH. h) Schematic of the fabricating process
and photograph (right) of SA-Co@HC. i) The morphology evolution and current density distribution snapshots at selected 2D phase-field simulation
states during K deposition on SA-Co@HC electrode. Reproduced with permission.[160] Copyright 2023, Wiley-VCH. j) Schematic illustration of liquid
NaK Alloy confinement. Reproduced with permission.[161] Copyright 2023, Wiley-VCH.

potassium’s natural abundance and low cost. Nevertheless,
their practical deployment is hindered by issues such as dendrite
formation and the instability of the SEI, which can result in rapid
capacity degradation and heightened safety risks.[156–159] Similar
to strategies used for Li and Na metals, single-atom strategies
hold promise for mitigating potassium dendrite formation and
enhancing the performance of potassium-based energy storage
systems. Recently, Lu and co-workers developed a composite
electrode comprising single Co atoms on 3D N-doped carbon
(Figure 8h).[160] Homogeneously supported cobalt on the N-
doped carbon enhances potassium deposition kinetics by lower-
ing the nucleation energy barrier as well as uniforming the flux of
K ions and electric field (Figure 8i). When tested in a symmetric
cell, the SA-Co@HC/K anodes showed remarkable dendrite-free

behavior during K deposition and exceptional cycling stability,
lasting over 2500 h at 0.5 mA cm−2.[160] Furthermore, Co atoms
on carbon nanoarrays (Co-SACN) as a superwetting interface
on the current collector enhance K adsorption in a NaK alloy
(Figure 8j).[161] The resulting Co-SACN@NaK anodes exhibit
exceptionally stable plating and stripping processes, with opera-
tional lives exceeding 1010 h in NaClO4 electrolyte and 4000 h in
KPF6 electrolyte. This electron-rich donor properties of atomic-
dispersed Co-SACN enhance electrochemical performance and
durability of the anode, marking a significant advancement in ef-
ficient K-based energy storage solutions.[161] These progressions
present optimistic outlooks for high-efficiency and long-lasting
potassium-based batteries. Persistent exploration and innovation
in this field will undoubtedly facilitate the practical deployment
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Figure 9. a) Schematic illustration for the Li–S batteries with Celgard and B/2D MOF-Co separators. Reproduced with permission.[81] Copyright 2020,
Wiley-VCH. b) Schematic illustration demonstrating the effectiveness of BNNs@CNFs based membrane on Li-metal protection. Reproduced with
permission.[165] Copyright 2022, Wiley-VCH. c) COHP of Fe─S bond in S@SA Fe-N/S@CNF. Reproduced with permission.[167] Copyright 2023, Wiley-
VCH. Top and side views for the charge density difference of Na adsorption on the YN4/C d) and NC e) electrodes; the yellow and blue sections represent
the electron accumulation and loss regions, respectively. f) The diffusion energy barrier of Na migration from the graphene lattice to the YN4 moiety.
Reproduced with permission.[150] Copyright 2022, by American Chemical Society. g) Schematic illustrations of the Zn depositions on CuZIF-L@TM host
and TM host. h) The calculated model of Zn atom diffusion on the surface of CuZIF-L, and i) the related energy profiles on the surfaces of CuZIF-L and
Zn. j) Chronoamperograms of CuZIF-L and Zn electrodes in the symmetric cells tested at the overpotential of −150 mV.[169] Copyright 2022, Wiley-VCH.

and widespread adoption of potassium batteries, advancing
sustainable and efficient energy storage technologies.

4.3. Regulating Metal Ion Flux and Electric Field in SEI

Contrary to substrate nucleation and 3D conductive host strate-
gies, the approach using SAMs combined with protective lay-
ers acts as artificial SEI films.[162–164] In this approach, single
atoms play a different role in homogenizing Li+ flux and elec-
tric field to stabilize the SEI structure. For instance, Guo et al.
proposed an ultrathin metal–organic framework (MOF) with
a “single atom array mimic” (B/2D MOF-Co), with systemati-

cally organized Co atoms coordinated with oxygen atoms (Co–
O4 moieties).[81] Subsequently, they integrated single-atomRu on
reduced graphene oxide (rGO@Ru SAs) with a thin functional-
ized BNNs@CNFs layer.[165] These unique structures enhance
the homogeneity of Li+ by promoting strong Li+ adsorption with
the single atoms at the interface (Figure 9a,b), resulting in a Li
symmetrical cell with B/2D MOF-Co exhibiting a low overpoten-
tial of only 26 mV and remaining stable for 400 h (Table 5).[165]

Meanwhile, a Li//Li symmetric cell with the BNNs@CNFs-based
membrane demonstrated a consistent overpotential of 12 mV
and sustained stable cycling for 400 h (Table 5).[165] Furthermore,
other SAMs serving as protective layers, such asMo/NG,[166] Zn1-
HNC, SACo/ADFS@HPSC, Co-PCNF, and FeCoDACN@PP,
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Table 6. Electrochemical performance of single-atom materials in Li–S batteries.

Strategy Materials S loading
[mg cm−2]

Current density
[C]

Specific capacity
[mAh g−1]

Cycles Ref.

Host CoSA-N-C 1.2 1 ≈650 1000 [179]

4.9 0.2 ≈880 120

Co−Nx 3.5 0.2 ≈460 600 [178]

Co-P cluster/NC / 1 ≈750 1000 [180]

Co-N-C 4 0.75 2.2 mAh cm−2 300 [29]

Zn1-HNC 1.5 5 ≈800 700 [181]

SA-Zn-MXene 1.7 1 ≈700 400 [186]

Co/SA-Zn@NC/
CNTs

2.3 1 ≈650 800 [182]

Mo-N-CNF 5.1 4.27 mA cm−2
≈600 400 [184]

SATi@CF/s 4 0.5 ≈800 300 [185]

Ni-NC(p) / 0.5 ≈500 600 [28]

Fe-N5-C / 1 ≈700 500 [167]

Separator FeCoDACN@ PP 1.56 1 ≈550 500 [194]

Fe/Co-N-HPC 2.1 1 694 600 [193]

Pt SAs/In2S3/Ti3C2 2.1 0.5 ≈800 1000 [187]

Ni@NG 0.3 1 ≈790 500 [83]

B/2D MOF-Co / 0.5 700 200 [81]

SA-Co/NGM 0.156 2 ≈620 1000 [190]

Mn-N-C 1.2 0.2 ≈500 1000 [188]

FeSA-PCNF 1.7 2 ≈610 500 [192]

SnSA–NC 3 0.5 ≈400 300 [195]

Co-NPC 0.5 1 601 500 [191]

NC@SA-Co 1 2 ≈450 700 [242]

Mo/NG 1 1 ≈680 500 [166]

NiSA-N-PGC 6 0.5 ≈470 600 [189]

exhibit exceptional electrochemical performance (Table 5). For
example, Mo/NG, comprising molybdenum atoms on graphene,
features a uniqueMo-N2O2–C coordination structure.

[166] The ap-
propriate binding strength of Mo/NG with Li+ imparts lithio-
philic characteristics. Mo/NG redistributes lithium ions at the
separator interface, ensuring a uniform lithium-ion flux with-
out hindering Li+ diffusion. The Mo/NG@PP-based cell demon-
strates a consistent voltage hysteresis of merely 12 mV after
1000 h (Table 5).[166]

Regarding the combination with a protective layer in Na an-
odes, atomically dispersed Fe–N/S characterized by a Fe–N4S2
coordination structure, has been explored for its potential in
sodium batteries.[167] The structure enhances the local electronic
concentration around the Fermi level (Figure 9c), crucial for pro-
moting uniform Na deposition. The Na@SA Fe–N/S@CNF an-
ode demonstrated excellent voltage polarization and cycling sta-
bility in symmetric cells. Besides, Li et al. fabricated the rare-earth
metal yttrium (Y) coordinated with four nitrogen atoms (Y–N4) as
a promising Janus site for facilitating reversible and uniform Na
deposition.[150] The introduction of Y atoms enhances electron
density in carbon (Figure 9d,e), thereby significantly reducing the
barrier for Na+ transfer (Figure 9f).
Metallic zinc stands out as a prospective anodematerial for ad-

vanced Zn-based batteries owing to its elevated specific capacity
and minimal toxicity. Nevertheless, dendrite formation and un-

wanted reactions at Zn metal anodes pose challenges, affecting
both CE and safety, constraining the long-term performance of
Zn-based batteries. Moreover, the hydrogen evolution reaction is
problematic, particularly in aqueous electrolytes.[45,46,94,168] To ad-
dress these challenges, Yu et al. have devised a strategy involving
atomically dispersed copper within leaf-like Zn-coordinated ze-
olitic imidazolate framework (ZIF-L@TM).[169] This unique host
material incorporates Cu as zincophilic sites, facilitating uniform
Zn deposition and preventing dendrite formation during plating
and stripping (Figure 9g). Besides, Cu-ZIF-L demonstrates a no-
tably higher Zn migration barrier between adjacent adsorption
sites compared to Zn alone (Figure 9h,i), inhibiting 2D atom dif-
fusion of Zn2+ on the surface (Figure 9j). Notably, Cu atoms ef-
fectively suppress the hydrogen evolution reaction, extending the
lifespan of Zn anodes. Consequently, the Cu-ZIF-L@TM/Zn an-
ode demonstrates stable performance, maintaining Zn plating
and stripping efficiency for over 1100 h at 1 mA cm−2.[169] This
innovation holds significant potential for enhancing the durabil-
ity of Zn-based energy storage systems.

5. Li–S and Na–S Batteries

The electrochemical performance of Li–S batteries is intricately
tied to both the metal anode and the S cathode. While previous
discussions focused on metal anodes, this section delves into the
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critical role of S cathodes, crucial for cycle life, rate capabilities,
and energy density.[170–173] S cathodes grapple with two primary
challenges: the soluble and shuttle effect of polysulfide as well
as the slow reaction kinetics between LiPSs and Li2S2/Li2S. The
shuttle effect of LiPSs presents a substantial challenge due to
sluggish conversion between soluble and insoluble intermedi-
ates, hindering Li–S battery progress. LiPSs can shuttle to lithium
anodes, decreasing S utilization and promoting uneven lithium
deposition. Traditional approaches including constructing phys-
ical or chemical barriers for LiPSs have limitations, resulting in
active material loss and incomplete reactions. To address these
challenges, materials capable of LiPSs adsorption have been pro-
posed to prevent their migration. Besides, catalyst materials pro-
vide a compelling solution to accelerate reaction kinetics, inhibit
the shuttle effect, effectively confine LiPSs, and facilitate the con-
version of S species. Among various catalysts, single-atom cata-
lysts (SACs) have garnered considerable interest because of their
unique characteristics, including ample catalytic sites, efficient
atom utilization, and diminished volume and weight in sulfur
cathodes. SACs hold promise in Li–S batteries, serving as both
host materials and separators. Beyond Li–S systems, SAMs also
show promise in sodium–sulfur (Na–S) batteries. Their integra-
tion offers promising prospects for high-energy-density Li–S and
Na–S batteries and addresses challenges associated with the shut-
tle effect of LiPSs or NaPSs migration and reaction kinetics.

5.1. SAMs as S Host in Li–S Batteries

The systematic design of sulfur hosts has proven effective in en-
hancing the performance of Li–S batteries, with optimal hosts ex-
hibiting key characteristics.[174–177] These include excellent elec-
trical conductivity, a structure conducive to containing S/S inter-
mediates and accommodating volume changes, pronounced po-
lar affinity for lithium polysulfides to improve their adsorption,
and sturdy catalytic centers for their reversible conversion. More-
over, the integration of catalysts, such as SACs, into sulfur cath-
odes has been employed to expedite the reversible conversion of
lithium polysulfides, addressing challenges related to sluggish
reaction kinetics and capacity decline. One promising approach
involves integrating single-metal atoms with a 3D S host to con-
struct a multifunctional sulfur cathode, showing great promise
for further advancements in Li–S batteries. Various substrates
have been utilized for sulfur hosts, incorporating various single-
metal atoms (Co, Zn, Fe, Ni, Cu, V, Ru, etc.) in the form of SAMs.
For instance, a fibrous framework featuring single-atom Co─Nx
dispersion exhibits notable lithiophilic properties and electrocat-
alytic activity, effectively mitigating the polysulfide shuttle effect
and demonstrating impressive performance in integrated Li–S
batteries (Table 6).[178]

The loading of single atoms typically varies from 0.5 to 2 wt.%
inmost reported SAMs, whichmay notmaximize their efficiency.
Increasing the content of single atoms is thus an effective strat-
egy to enhance the catalytic conversion performance of Li–S bat-
teries. Sun and co-workers have introduced dispersed Co atoms
(15.3 wt.%) on N-doped carbon materials (CoSA-N-C) to address
multiple challenges in S cathodes.[179] The high content of Co
atom catalyst adeptly addresses polysulfide shuttling, accelerates
redox kinetics of dissolved polysulfides, and facilitates Li2S de-

position. Dual lithiophilic–sulfiphilic Co-N species in the cata-
lyst critically confine polysulfides and expedite electron and ion
transfer. The densely distributed Co─N4 coordinated units func-
tion as effective electrocatalytic sites, facilitating conversion be-
tween LiPSs and Li2S (Figure 10a). Consequently, CoSA-N-C-
based cathodes demonstrate exceptional sulfur utilization, rate
performance, and cycle life (Table 6), even under high sulfur
loading. Notably, the incorporation of Co atoms enhances Li2S6
adsorption, reducing volume expansion and achieving excellent
cyclic properties at high S loading (Figure 10b,c).[179] In another
example, a N-doped carbon matrix supporting a Co–P cluster
(Co–P cluster/NC) offers atomic-level dispersion and a high con-
centration of Co atoms, creating abundant unsaturated Co–P co-
ordination sites. This configuration furnishes dual-atom sites
containing both Co and P.[180] These sites play a vital role in dy-
namically adsorbing/desorbing S species and lithium ions, re-
spectively. The cathode with S@Co-P cluster/NC exhibits excep-
tional cycling and rate capabilities, achieving a remarkable areal
capacity of 6.5 mAh cm−2 even with a substantial sulfur load-
ing of 6.2 mg cm−2 (Table 6).[180] Similar results have been ob-
served in other single-atom Co-based materials. For instance, a
cathode designed with homogenously loaded ZnS nanoparticles
and Co─N–C SACs within a highly oriented macroporous host
demonstrates impressive performance, eliminating the shuttle
effect and corrosion of metallic Li.[29] This cathode delivers high
cell-specific energy and maintains Coulombic efficiency over
multiple cycles.[29] The improved reactivity of LiPSs resulting
from the incorporation of Co atoms contributes to its favorable
electrochemical performance (Figure 10d), facilitating the con-
version from S8 to Li2S (Figure 10e).
In addition to single Co atoms, Zn atoms decorated hollow

carbon spheres (Zn1-HNC) exhibit excellent properties for Li–
S batteries.[181] The nanoreactor’s high electronic conductivity,
large surface area, and effective active sites facilitate strong physi-
cal confinement and chemical anchoring of polysulfide interme-
diates, leading to exceptional electrocatalysis and prevention of
shuttle effects. The fabricated full battery using Zn1-HNC as both
the sulfur and lithium electrode demonstrates impressive elec-
trochemical performance, including good cycle stability with low
capacity fading, high-rate capability, and high areal capacity with
a high S loading (Table 6).[181] Recognizing the individual mer-
its of single Co and Zn atoms, researchers propose integrating
them to leverage synergistic effects. A composite catalyst, Co/SA-
Zn@NC/CNTs, comprising Co nanoparticles and Zn atoms co-
implanted within N-doped porous carbon nanosheets, has been
formulated.[182] The active centers of Co and atomic Zn–N4 en-
tities demonstrate optimal charge redistribution, efficiently con-
fining LiPSs and catalyzing their conversion reactions. Li–S bat-
teries utilizing the S cathode based on Co/SA-Zn@NC/CNTs ex-
hibit a remarkable capacity of 1302 mAh g−1 at 0.2 C, accompa-
nied by aminimal capacity fading rate of 0.033% per cycle during
800 cycles (Table 6). This dual-atom integrated composite cata-
lyst, exhibiting synergistic effects, holds great potential for en-
hancing the properties and stability of Li–S batteries.[182] More-
over, another single-metal atom, Fe─N5─C, featuring an over-
saturated Fe–N5 coordination structure, has been proposed by
Chen and colleagues.[183] This catalyst demonstrates the ability
to adsorb polysulfides through chemical interaction and enhance
the redox reaction kinetics, effectively reducing the shuttle effect.
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Figure 10. a) Schematic illustration of the effect of CoSA-N-C in improving the conversion kinetics between the solid (S, Li2S) and liquid (polysulfides),
and mediating the deposition of lithium sulfide nanoparticles. b) and c) Atomic conformations and binding energy for Li2S6 species adsorption on N-C
and CoSA-N-C based on DFT calculations. Here, the brown, yellow, green, white, and blue balls represent C, S, Li, N, and Co atoms, respectively. Repro-
duced with permission.[179] Copyright 2020, Elsevier Ltd. Density functional theory calculations. d) Optimized configurations of Li2S4, Li2S6 and Li2S8
absorption on ZnS (a1–a3), the Co─N─C surface (b1–b4) and the ZnS, Co─N─C surface (c1-c4). The yellow, pink, silver, brown, blue, and cyan balls de-
note the S, Li, Zn, Co, N, and C atoms, respectively. e) Relative free energy for the discharging process from S8 to Li2S on the bare graphene and Co─N─C
surfaces. The optimized structures of the intermediates on the Co─N─C surface are shown as the insets. Same color coding for atomic structure as in d).
Reproduced with permission.[29] Copyright 2020, Nature Publishing Group. f) Schematic representation for the fabrication of SA-regulated heterostruc-
ture of binary nanosheets through an ultrasound-assisted photochemical reduction strategy. g) Schematic illustrations of polysulfides suppressing and
Li anode deposition process on PP and heterostructures modified PP separator. Reproduced with permission.[187] Copyright 2022, Wiley-VCH. h) The
decomposition energy barriers of Li2S on the Ni@NG or NG. i) Binding energies between the LiPS and the Ni@NG or NG. j) The catalytic mechanism
of the LiPS on the surface of Ni@NG in the electrochemical process. Reproduced with permission.[83] Copyright 2019, Wiley-VCH.
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Full cells utilizing a composite cathode of S/Fe-N5-C exhibit excel-
lent rate capability and high areal capacities, even under elevated
S loading conditions (Table 6).[183] However, the cyclic stability of
Li–S should be further improved. In pursuit of enhanced redox
kinetics, Ni-NC(p), a mesoporous nanostructure decorated with
single-Ni atoms, characterized by thin outer shells and porous
inner networks, has been developed.[28] The single-Ni atoms act
as catalysts, enhancing the redox kinetics of LiPSs. When com-
bined with S, the Ni-NC(p)/S composite exhibits a high discharge
capacity of over 960 mAh g−1 (Table 6).[28] Furthermore, Mo–
N4 atoms incorporated into an N-doped carbon structure (Mo-
N-CNF) serve as a cathode material for S hosts.[184] The single
Mo–N4 atoms regulate the hydrophilic property, Li+ diffusion,
and catalytic conversion of LiPSswithin theMo-N-CNF structure,
demonstrating a good specific capacity of 1248 mAh g−1 at 0.2 C
(Table 6).[184] These results highlight the potential of Mo-N-CNF
as an S host cathode for Li–S batteries.
It’s notable that while transition metal elements like Fe, Co,

and Ni are well-established for their excellent catalytic activity in
Li–S batteries, Ti, despite being a transition metal element, has
received less attention. In a recent study, Chen et al. proposed that
the catalytic activity of single-atom Ti catalysts in Li–S batteries is
regulated by the hybridization of d-p orbitals between metallic Ti
atoms and sulfur species.[185] Transitionmetals with lower atomic
number, such as Ti, manifest fewer occupied anti-bonding states,
facilitating LiPSs binding and catalyzing their electrochemical re-
actions. Utilizing a controllable nitrogen coordination approach,
3D electrodes incorporating SACs (Mn, Cu, Cr, and Ti) were in-
vestigated. Notably, Ti atoms embedded in electrodes exhibited
the least electrochemical barrier for LiPSs reduction/Li2S oxida-
tion and the highest catalytic activity. The highly active catalytic
site of Ti atoms on the conductive transport network facilitated el-
evated S utilization with low catalyst loading (1 wt.%) and high S
loading (8mg cm−2) (Table 6).[185] Another crucial factor affecting
Li–S battery performance is the low electrical conductivity of the S
cathode, leading to significant voltage polarization and poor cycle
life. Addressing this issue, Yang et al. proposed utilizing atomic
Zn on MXene layers as an efficient catalyst. The high conduc-
tivity of 2D MXene reduces energy barriers for polysulfide con-
version and forms strong interactions with polysulfides due to
its high electronegativity. Besides, homogeneously dispersed Zn
atoms promote the initiation of Li2S2/Li2S formation on MXene
layers during redox processes.[186] Consequently, the S cathode
incorporating MXene with single-atom Zn implantation demon-
strates notable characteristics, including a substantial capacity
(1136 mAh g−1), impressive areal capacity (5.3 mAh cm−2), excel-
lent rate capability (640mAh g−1 at 6 C), and robust cycle stability
following electrode optimization (Table 6).[186]

5.2. SAMs-Based Separator in Li–S Batteries

The 3D S host strategy offers promising electrochemical per-
formance in Li–S batteries, but its porous structure signifi-
cantly reduces the energy density. To address this, construct-
ing a separator has emerged as an effective approach for sup-
pressing the shuttle effect and accelerating reaction kinetics
without compromising energy density. For instance, a het-
erostructure of Pt atoms immobilized In2S3/Ti3C2 nanomate-

rial (Pt-SAs/In2S3/Ti3C2) has been developed as the separa-
tor (Figure 10f).[187] This heterostructure effectively suppresses
polysulfide migration and exhibits good electrocatalytic activ-
ity for LiPSs decomposition (Figure 10g). Cells with modi-
fied separators demonstrate a high initial discharge capacity of
1068.4 mAh g−1 at 0.5 C and excellent rate property (Table 6).[187]

While Pt single atoms offer efficient catalytic properties, their
high cost increases the overall price of Li–S batteries. Therefore,
alternative non-noble metals such as Mn, Ni, Co, and Fe are con-
sidered. For instance, atomically dispersed manganese-nitrogen-
doped porous carbon (Mn─N─C) material adsorbs polysulfides
and enhances electrical conductivity.[188] When used to modify a
separator, Mn─N─C exhibits exceptional conductivity, robust im-
mobilization, and outstanding catalytic performance, facilitating
polysulfides conversion and Li2S nucleation/dissolution. The Li–
S cell with this modified separator achieves an impressive initial
discharge capacity of 1596mAh g−1 at 0.1 C (Table 6).[188] Besides,
single Ni atoms integrated into N-doped graphene (Ni@NG) fea-
turing a Ni–N4 coordination are employed for the modification
of separators in Li–S batteries.[83] The Ni–N4 coordination effec-
tively traps polysulfides, forming strong Ni─N bonds and facil-
itating electron transfer. The interaction between LiPSs and ox-
idized Ni sites results in reduced free energy and a low energy
barrier for LiPSs conversion (Figure 10h–j). Besides, within a
N-doped graphitic carbon substrate, the Ni–N4 coordination en-
hances the transfer kinetics and immobilizes them effectively to
curb the shuttle effect.[189] Consequently, Li–S battery with sepa-
rators modified by Ni@NG[83] or NiSA-N-PGC[189] exhibit robust
and sustained cycling stability (Table 6).
While Ni–N4 demonstrates good cycle performance, enhanc-

ing rate capability remains crucial. In contrast, Co─N4 coordi-
nation consistently exhibits excellent rate performance at high
current densities. For instance, Co atoms implanted into a carbon
matrix enhance Li+ reaction kinetics, facilitating fast conversion
rates in ultrahigh-rate. The introduction of Co atoms reduces the
Li+ diffusion barrier on the carbon surface, resulting in improved
performance at high rates. The Li2S electrode, derived from cost-
effective Li2SO4 precursors, demonstrates a notable rate capacity
(441 mA h g−1 at 10 C) and an extended lifespan of 1500 cycles at
2 C (Table 6). Similarly, the single Co atoms on nitrogen-doped
graphenemesh (SA-Co/NGM) catalyst promote efficient catalytic
conversion of LiPSs in the S cathode.[190] This planar Co─N4 cou-
pling within the N-doped graphene mesh maximizes Co atom
utilization, facilitating efficient conversion of LiPSs. Enhanced
exposure of Co─N4 sites regulates sulfur electrochemistry, effec-
tively suppressing the shuttle effect and accelerating bidirectional
sulfur reaction kinetics through electron delocalization. When
employed as a separator in full cells, this SA-Co/NGM demon-
strates outstanding performance, achieving a high rate perfor-
mance of 649mAh g−1 at 5 C (Table 6).[190] However, achieving ex-
cellent rate capabilities alone is not sufficient; high areal capacity
is also crucial. High areal capacity implies a thick sulfur cathode,
high sulfur loading, and ultimately, high energy density. Given
the substantial volume fluctuation of the sulfur cathode through-
out repetitive discharge–charge cycles, achieving a high areal
capacity poses a notable challenge. To address this, a Co-NPC
nanomaterial, featuring homogeneous dispersion of Co atoms
within a N-doped porous carbon nanosphere, is developed.[191]

The numerous active centers in Co-NPC actively participate in S
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redox reactions, leading to efficient and rapid polysulfide conver-
sions. Li–S batteries incorporating the Co-NPC separator exhibit
markedly improved specific capacity and long-term cycle life,
achieving an exceptionally high areal capacity of 7.92 mAh cm−2

when the S loading is increased to 6.2 mg cm−2 (Table 6).[191]

In addition to Co atoms, Fe atoms also exhibit excellent rate ca-
pabilities and high areal capacity performance. For instance, Fe
single atom decorated porous carbon nanofibers (FeSA-PCNF)
facilitate rapid charge transfer and provide plentiful active in-
terfaces for LiPS conversions.[192] The highly active FeN4 sites
exhibit strong chemisorption and efficient electrocatalytic con-
version for LiPSs. Full cells composed of FeSA-PCNF show out-
standing electrochemical properties, including a high rate capa-
bility of 791 mA h g−1 at 5 C (Table 6).[192] Furthermore, Fe/Co-
N-HPC is an efficient catalyst comprising N-coordinated binary
metal atoms embedded in a porous carbon matrix.[193] This cata-
lyst effectively traps and catalyzes the conversion of polysulfides
in the S cathode. The incorporation of Co atoms enriches the elec-
tron density of the Fe sites, leading to a synergistic catalytic effect
and improved catalytic performance of the S cathode. Full cells
equipped with the resulting separator demonstrate exceptional
rate properties and excellent long cycle life. Moreover, by improv-
ing the S loading up to 4.8 mg cm−2, an impressive areal capacity
of 6.13 mAh cm−2 is obtained (Table 6).[193] Considering the cru-
cial roles played by both Co and Fe atoms in high-rate and high
areal capacity lithium–sulfur batteries, combining the two could
potentially lead to even better performance. Thus, amodified sep-
arator is constructed by doping Fe and Co atoms into a 3D ZIF-8
matrix (FeCoDACN@PP).[194] This modified separator exhibits
a synergistic catalytic effect that effectively inhibits the shuttle
effect of LiPSs on the S cathode. The FeCoDACN@PP separa-
tor, composed of Co and Fe atoms, shows promising properties
in Li–S batteries, delivering a high specific reversible capacity of
1404 mAh g−1 at 0.1 C.[194] The FeCoDACN@PP modified sep-
arator demonstrates its potential to promote the properties and
cycling stability of LSBs.
Transition metal SAMs have been widely investigated for cat-

alytic conversion in Li–S batteries. However, exploring the cat-
alytic potential of non-transition metals, such as main group
elements, is an area of interest. In this regard, a single-atom
Sn-based catalyst (SnSA-NC) featuring Sn–N4 sites has been
developed.[195] The strong interaction between Sn and N atoms
creates a highly polar site that effectively adsorbs polysulfides.
Particularly, the p band of the Sn atoms adjusts the energy bar-
riers for crucial steps in S redox, facilitating the conversion of
LiPSs. By incorporating SnSA-NC into the separator, S utilization
increases to 79.7%, leading to significantly improved cyclability
and rate performance in Li–S cells (Table 6).[195] This catalytic en-
hancement highlights the potential of SnSA-NC in enhancing the
efficiency and stability of Li–S batteries.

5.3. SAMs in Na–S Batteries

Na–S batteries are increasingly recognized as a promising next-
generation technology for large-scale energy storage due to
their high theoretical energy density (1672 mAh g−1), abun-
dance of raw materials, and low cost.[196–199] In particular, room-
temperature Na–S batteries offer the potential for safer andmore

accessible operation compared to their high-temperature coun-
terparts. However, their practical application is severely hindered
by several key challenges.[200–204] Similar to Li–S batteries, these
include the severe shuttle effect of sodium polysulfides (NaPSs),
which causes active material loss and rapid capacity decay; the
poor conductivity of sulfur and its discharge products, which
leads to sluggish reaction kinetics; the typically low sulfur load-
ing (<65 wt.%), which limits the practical energy density; and
the irreversible deposition of Na2S, which compromises cycling
stability. In recent years, SACs have emerged as a powerful strat-
egy to address these issues due to their high atomic efficiency,
unique electronic properties, and highly tunable coordination
environments.[205–215]

To solve these issues, Chen and his co-workers introduce an or-
bital engineering strategy by optimizing the s-p orbital overlap be-
tween sodium polysulfides and single-atom indium catalysts.[214]

Traditional p-block metal catalysts lack d-electrons and are often
limited in catalytic activity. To overcome this, the researchers de-
signed indiumSACswith tailored nitrogen coordination environ-
ments, such as NG-InN5, which maximize the s-p orbital over-
lap degree between the Na atoms in NaPSs and the p-orbitals of
In. The NG-InN5 structure showed the highest value (0.055), sig-
nificantly enhancing electron transfer and lowering the energy
barriers for both the sulfur reduction and oxidation reactions (as
low as 0.86 eV). As a result, the assembled pouch cell demon-
strated excellent cycling performance, retaining 490.7 mAh g−1

after 70 cycles at 2 A g−1, with a high coulombic efficiency of
96% (Table 7). This work establishes a direct relationship be-
tween orbital overlap and catalytic activity, offering valuable in-
sights for the rational design of p-block metal SACs.[214] Besides,
Dou et al. address the issue of sluggish ion/electron transport
in conventional SACs by constructing linearly interlinked Fe-
Nx-Fe single-atom chains (IFeSACs) embedded in a graphitized
carbon framework.[209] The linear chains provide a delocalized
electron network, significantly enhancing the conversion kinetics
of sulfur species. Meanwhile, the carbon scaffold is engineered
with pillar-like channels and an optimized interlayer spacing of
0.347 nm to facilitate fast Na+ diffusion. This synergistic struc-
ture enables exceptional rate performance: the RT Na–S cell de-
livers 325 mAh g−1 even after 5000 cycles at a high current den-
sity of 10 A g−1, with a minimal capacity decay of only 0.013%
per cycle (Table 7). This work presents a novel approach to in-
tegrate atomically dispersed active sites with ion transport path-
ways, effectively bridging the gap between catalytic activity and
rate capability.[209] Furthermore, researchers addressed the trade-
off between high sulfur loading and electrochemical reversibility
by constructing a cathode with atomically dispersed dual-active
sites based on MoS2-Mo1 clusters anchored on a sulfur-doped
graphene framework.[205] This hybrid catalyst forms a delocal-
ized electronic system that not only stabilizes NaPSs but also ac-
celerates their conversion. Remarkably, the cathode achieves an
ultra-high sulfur content of 80.9 wt.%, one of the highest reported
values for Na–S batteries. The cell delivers an initial capacity of
1017 mAh g−1 and maintains 505 mAh g−1 after 1000 cycles, cor-
responding to a low decay rate of 0.05% per cycle (Table 7).[205]

DFT calculations reveal that the Mo1 sites, with a d-band center
of −0.41 eV, provide strong Na2S adsorption energy (−14.66 eV),
thereby facilitating the conversion of intermediate polysulfides.
This dual-site strategy effectively resolves the long-standing
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Table 7. Electrochemical performance of single-atom materials in Na–S batteries.

Materials S loading Current density Specific capacity
[mAh g−1]

Cycles Ref.

Fe1@NC@S 68% wt.% 0.3 A g−1 ≈430 1300 [196]

Cu SA/NOC/S-2 67% wt.%
(2–2.5 mg cm−2)

1 A g−1 ≈580 1000 [198]

3D-PNCV@S 44.39 wt.% 5 A g−1 ≈450 800 [203]

S@MoS2-Mo1/SGF 0.96 mg cm−2 0.1 A g−1 ≈500 1000 [205]

Zn-N2/CF/S / 10 A g−1 ≈400 4000 [212]

S@SA Fe-N/S@CNF 4 mg cm−2 1 A g−1 ≈600 500 [201]

S@Fe/NC/700 4–4.5 mg cm−2 10 A g−1 ≈310 5000 [209]

S/NHC-InN5 SAC 1.5 mg cm−2 1 A g−1 384.9 800 [214]

S@Mn1-PNC 2.6 mg cm−2 2 A g−1 344.1 3000 [207]

Ca-O4N-C@S 1 mg cm−2 3 C 887.1 800 [215]

MoS2/MoSAC/CF@S 47.3 wt.% 1 A g−1 441.38 400 [213]

Zn–N2@NG/S 66% 2 A g−1 293 6500 [202]

Y SAs/NC-S 1.4 mg cm−2 5 A g−1 510 1000 [200]

Co1–ZnS/C@S 5 mg cm−2 0.1 A g−1 640 500 [197]

conflict between sulfur content and cycle stability, pushing Na–S
batteries closer to practical application.[205]

These studies demonstrate the vast potential of SACs in en-
hancing the electrochemical performance of NasS batteries. By
engineering the electronic structure through orbital overlap opti-
mization, innovating structural frameworks such as linear atom
chains and ion transport channels, and introducing atomically
dispersed dual-active sites, researchers have significantly ad-
vanced the catalytic efficiency, sulfur utilization, and cycle life of
these systems.

6. Metal–Air Batteries

Similar to Li–S batteries, metal–air batteries (Li–O2, Na–O2, and
Zn–air) have attracted considerable scientific interest owing to
their exceptionally high theoretical energy density.[216,217] For
instance, Li–O2 batteries possess ≈3500 Wh kg−1, nine times
greater than that of contemporary LIBs (≈400 Wh kg−1), making
them significantly appealing for long-range electric vehicle appli-
cations. However, efficient catalysis of ORR and OER at the cath-
ode presents challenges, directly impacting the batteries’ electro-
chemical properties. Therefore, the development of an efficiently
catalyzed cathode is imperative. Single-atom catalysis, with its
high utilization of metal atoms, has demonstrated exceptional
catalytic properties, leading to good cyclic stability and rate ca-
pabilities in metal–air batteries.
In Li–O2 batteries, the cathode drives the ORR during dis-

charge, forming Li2O and Li2O2.However, the final product Li2O2
possesses low electrical conductivity, resulting in a significant in-
crease in local electrical resistance and overpotential, limiting
rate capacity and cyclic life. During charge, OER decomposes
Li2O2 into Li

+ and O2, with slow kinetics due to Li2O2 presence,
limiting the high-energy-density properties. Noble metals such
as Ru, Pt, and Pd excel in ORR and OER catalysis, prompting
their single-atom application in Li–O2 batteries. For instance, Xu
et al. fabricated an electrocatalytic material incorporating single-
atomRu onN-doped porous carbon (Ru SAs-NC) (Figure 11a).[30]

The Ru0.3-SAs-NC catalyst in Li–O2 cathode significantly reduces
the overpotential (≈0.55 V), attributed to the crucial role of Ru–
N4 configuration as a driving force center. Moreover, the abun-
dant Ru─N4 substantially influences the inherent interaction
with intermediate species in the electrochemical reactions.[30]

This is credited to the inclusion of Ru atoms, which significantly
reduces the free energy of reactions (Figure 11b). The charge
density difference indicates an enrichment of charge, provid-
ing supporting evidence (Figure 11c). Similarly, Lei et al. engi-
neered a monoatomic Pt catalyst anchored on porous ultrathin g-
C3N4 nanosheets (Pt-CNHS), showcasing high dispersibility and
stability.[218] This design results in improved utilization efficiency
and enhanced electrochemical activity. Besides, employing atom-
ically dispersed Pd loaded on N-doped carbon spheres as cathode
catalysts has demonstrated notable advantages.[219] The Pd-N4
coordination enables the regulation of Li2O2 product morphol-
ogy and distribution, optimizing decomposition reversibility. The
unique configuration of Pd–N4 facilitates electron transfer be-
tween Pd and neighboring N atoms, inducing a positive charge
on Pd and a downshift in the d-band center.[219] As a result, Li–O2
batteries employing Pd-SAs/NC cathodes demonstrate minimal
charge overpotential of 0.24 V and sustained cycling stability with
low overpotentials at 500 mA g−1.[219]

Furthermore, transitioning to non-noble single-atom cataly-
sis presents a promising avenue to reduce the cost of Li–O2
batteries, advancing their practical application. To this end, Liu
et al. investigated a series of non-noble single-atom catalysts, each
supported on an array of Co3O4 nanosheets grown on carbon
cloth.[220] Notably, among these catalysts, Ni-SA-Co3O4/CC exhib-
ited the highest catalysis performance for ORR and OER conver-
sions. The catalytic activity of the diverse metal atoms in the cat-
alysts primarily hinges on the reaction barrier on the active cen-
ters and the interaction between the incorporated metal atoms
and the key reactants.[220]

Similar to Li–O2 batteries, in Na-O2 batteries, the genera-
tion and decomposition of Na2O2 on the cathode during the
discharge/charge cycle are predominant processes. While noble
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Figure 11. a) Scheme of the formation of Ru SAs-NC on the flexible CC. b) Gibbs free energy diagrams at 2.97 V for the discharge/charge reactions
on the active surface of pyrolyzed ZIF-8, Ru0.1SAs-NC, and Ru0.3SAs-NC. c) Corresponding charge density distribution of Ru0.3SAs-NC. Isosurface
level= 0.002 au. Reproduced with permission.[30] Copyright 2020, by American Chemical Society. d) Schematic preparation of theMA-Fe-N/CNT catalyst
via selectivemicrowave annealing. e) and f) Calculated free-energy evolution diagram for theORR on the central Fe site under the same electrode potential
of U = 1.23 versus RHE with pH of 13 and 1, respectively. Reproduced with permission.[221] Copyright 2020, by Royal Society of Chemistry. g) Arrhenius
plots of Co SA-NDGs andNDGs at the overpotential of 350mV. h) Establishedmodels of planar Co─N4 site and curved Co─N4 site. Calculated differential
charge density. Yellow and cyan areas represent charge density aggregation and depletion, respectively. i) Density of states for planar Co─N4 site and
curved Co─N4 site. j) Rate performance of the CoSA-NDGs-based quasi-solid-state ZABs at −60 °C. Reproduced with permission.[225] Copyright 2022,
Nature Publishing Group. k) Schematic illustration of the Li–CO2 battery employing atomically minimized IrOx/Ir bi-phase catalysts and the mechanism
throughwhich they catalyze the Li–CO2 reaction. Reproducedwith permission.[236] Copyright 2022, by Royal Society of Chemistry. l) Schematic illustrating
the synthesis procedure for RuAC+SA@NCB. m) Discharge/charge curves of RuAC+SA@NCB cell tested at current densities from 100 to 2000 mA g−1.
n) Comparison of overpotentials at 1 A g−1 for RuAC+SA@NCB with the state-of-the-art catalysts in the literature. Reproduced with permission.[237]

Copyright 2022, Wiley-VCH.
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metal catalysis exhibits good catalytic activity, its durability over
long-term cycles is a concern. Therefore, durability and cycle life
are crucial for catalysts. Non-noble single-atom catalysis has thus
been extensively explored in Na–O2 batteries. For instance, the
Fe-N4/CNT catalyst, featuring N-coordinated Fe atoms on carbon
nanotubes, exhibits remarkable ORR performance and universal
durability across various pH values (Figure 11d), outperforming
expensive Pt/C catalysts.[221] The plentiful Fe–N4 centers in the
catalyst contribute to its exceptional performance, with a half-
wave potential of 0.92 V.[221] DFT studies further demonstrate
that clean sheets exhibit more favorable *OOH adsorption than
Type I and Type II, suggesting that O functional groups like epox-
ides on carbon structures hinder the 4-electron ORR pathway
on the Fe–N4 site, especially in acidic conditions (Figure 11e,f).
Moreover, Huang et al. have investigated the catalytic behavior
of single-atom Co/reduced graphene oxide (SA-Co/rGO) in Na–
O2 nanobatteries using real-time imaging in an environmental
TEM.[222] The investigation reveals that Na2O2 spheres form on
the SA-Co/rGO scaffold during discharging, facilitating decom-
position during charging. This contrasts with the sluggish pro-
cess observed on bare rGO without single-atom catalysts. A coin
cell Na–O2 battery with an SA-Co/rGO air cathode outperforms a
bare rGO cathode. DFT calculations underscore the crucial role
of the local coordination environment (Co─N4) in fine-tuning
charge density and oxidation states, activating O2 molecules, and
facilitating the ORR/OER processes.[222] This highlights the po-
tential of SA-Co/rGO as a catalyst to enhance Na–O2 battery
performance.
Metal-air batteries like Li–O2 and Na–O2 batteries, known for

their high energy density, face challenges due to the require-
ment of a pure oxygen environment and sensitivity to humid-
ity. In contrast, Zn–air batteries operate in an aqueous elec-
trolyte, using OH− as the reaction medium. During discharge,
the Zn anode reacts with OH− to form Zn(OH)4. The con-
sumed OH− is replenished by the reduction of O2 at the cath-
ode. The charging process involves the reverse of this reaction.
SAMs are crucial in Zn–air batteries. Qian et al. proposed single-
atom-dispersed Co─N─C and Fe─N─C cathodes to accelerate
ORR and OER kinetics, enabling a Zn–air battery with enhanced
stability.[223,224] The Co─N─C nanomaterial exhibits a high half-
wave potential (0.89 V) and a comprehensive oxygen electrode
potential gap of 0.72 V.[224] The incorporation of Co/Fe atoms in
catalysts enhances reactivity and facilitates the chemisorption of
oxygen intermediates during battery operation, promoting im-
proved performance.[223] Consequently, the rechargeable Zn–air
battery exhibits excellent reversibility and stability, maintaining
a negligible voltage gap change of 0.04 V over 1000 cycles.[223]

Besides, Xiong et al. fabricated single-atom Co anchored on
graphene (CoSA-NDGs) for solid-state Zn–air batteries.[225] The
CoSA-NDGs catalyst lowers cathode reaction activation energy
(Figure 11g), elevates localized charge densities (Figure 11h), and
facilitates oxygenated intermediates adsorption (Figure 11i), en-
suring good electrochemical performance even at low tempera-
tures (Figure 11j).[225] Furthermore, the NMCS-rGO-Co catalyst,
with single Co atoms within a dual-carbon architecture featuring
a sandwich-like porous N-doped structure, exhibits outstanding
performance.[226] It utilizes plentiful Co─N4 centers and a well-
designed porous structure to create stable three-phase reaction
interfaces, allowing for fast electron transfer, increased oxygen

and electrolyte diffusion, and efficient water removal. When ap-
plied in neutral Zn–air batteries, the NMCS-rGO-Co catalyst ex-
hibits robust stability, enabling continuous discharge for 36 h un-
der 50 mA cm−2.[226]

Despite the presence of Co atoms, Fe atoms also exert a signif-
icant effect in Zn–air batteries. For instance, the Fe-N-C-KCl cata-
lyst exhibits a high half-wave potential of 0.877 V and amaximum
power density of 185 mW cm−2 for Zn–air battery, surpassing
Pt/C catalysts.[227] Li et al. developed a CNT-supported Fe─N─C
nanomaterial with a half-wave potential of 0.865 V for ORR.[228]

The incorporation of CNTs significantly reduces the overpoten-
tial by 310 mV compared to Fe─N─C alone. This catalyst enables
Zn–air batteries with a peak power density up to 182 mW cm−2

and exceptional cycle life, outperforming commercial Pt-C cat-
alysts and the majority of previously reported catalysts.[228] Ad-
ditionally, 3D N, S co-doped carbon nanomaterials with densely
distributed Fe single-atom nanoclusters (Fe-SA-NCs) are syn-
thesized by modulating the Fe-to-TA (thiourea) molar ratios.[229]

These catalysts outperform Pt/C catalysts, exhibiting higher half-
wave potential, onset potential, kinetic-limited current density,
and better long-term stability.[229] When used as air electrodes
in Zn–air batteries, they offer higher specific capacity than con-
ventional Pt/C catalysts, showcasing the efficiency of Fe─N─C
for the ORR in Zn–air batteries. Notably, the utilization of pu-
rified waste pig blood as a carbon source enables the synthesis
of 2D sheet-like porous single-atom catalysts.[230] These catalysts
contain single Fe sites originating from hemoglobin, exhibiting
excellent ORR activity. Mesopores formed through Zn activation
during NH3 pyrolysis facilitate efficient mass transfer.[230] Specif-
ically, the Zn-incorporated Fe catalyst demonstrates promising
performance in the conversion of ORR and OER, achieving max-
imum power densities of 352 mW cm−2, highlighting its poten-
tial for high-power applications.[230] Moreover, He et al. have in-
troduced a dual-metal-site bifunctional catalyst featuring atomi-
cally dispersed FeN4 and NiN4 in N-doped graphene (Fe/Ni(1:3)-
NG).[231] This combination enhances catalytic performance, with
the Fe/Ni(1:3)-NG catalyst demonstrating highly effective bifunc-
tional catalytic activity and a half-wave potential of 0.842 V for
the ORR.[231] Utilizing these bifunctional catalytic activities, a
zinc–air battery composed of Fe/Ni(1:3)-NG demonstrates a good
power density of 164.1 mW cm−2.[231] These catalysts exhibit sig-
nificant potential for utilization in energy storage systems, par-
ticularly in the context of Zn–air batteries.
Li–CO2 batteries, emerged around 2013, have seen significant

advancements in understanding their reaction mechanism and
addressing associated challenges. During discharge, a CO2RR
occurs at the cathode, forming Li2CO3 and C as Li+ reacts with
CO2. The reversible charge process involves Li2CO3 decomposi-
tion into Li+ and CO2. Achieving long-term stable performance
with low overpotential remains a challenge due to slow reaction
kinetics. The utilization of CO2 gas in Li–CO2 batteries offers a
promising solution, aligning with efforts to combat global warm-
ing and climate change. Therefore, Li–CO2 batteries, utilizing
CO2 gas directly as a redox medium, represent a highly favor-
able energy storage system.[232–235] SAMs are pivotal in enhanc-
ing the CO2 reduction process at the cathode of Li–CO2 cells, sig-
nificantly enhancing reaction kinetics. For instance, N-doped car-
bon nanotubes supporting atomically dispersed IrOx/Ir bi-phase
particles have been employed as SACs, enabling a reversible
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Li–CO2 reaction. This setup displays low overpotential andmain-
tains stable cycling performance over 120 cycles (Figure 11k).[236]

The SACs boost surface catalytic activities, while N-doped carbon
nanotubes enhance electronic conductivity and provide favorable
nucleation sites for Ir loading. This combination of SACs and
N-doped carbon nanotubes demonstrates promising potential
for promoting Li–CO2 battery properties.

[236] In another study, a
catalyst, engineered with distinct Ru atomic clusters and com-
posite single-atom Ru–N4 sites supported on N-doped carbon
(RuAC+SA@NCB),[237] enhances electrocatalytic performance
for the C CO2RR due to electronic synergy between RuAC and
Ru–N4 (Figure 11l). The electronic characteristics of the Ru–N4
sites are fine-tuned by neighboring RuAC species, reducing en-
ergy barriers for rate-determining steps of the C O2RR and CER.
Full cell evaluations demonstrate remarkable performance with
low overpotentials of 1.65 and 1.86 V at high rates of 1 and 2A g−1,
respectively, along with an extended cycling lifespan compared to
baseline catalysts (Figure 11m,n).[237] In addition to noble metal
catalysis, other single-metal atom catalysts such as Fe1/N-rGO,
Co1/N-rGO, and Ni1/N-rGO, comprising iron, cobalt, and nickel
anchored onto N-doped reduced graphene oxide, are studied for
their catalytic property in Li2CO3 decomposition.[238] Particularly,
Fe1/N-rGO demonstrates remarkable performance with a dis-
charge capacity of 16 835 mAh g−1 at 100 mA g−1 and excellent
stability over 170 cycles.[238]

7. Conclusions and Perspectives

Overall, this review delves into the fields of SAMs and their po-
tential impact on electronic energy storage technologies. Starting
with an analysis of the advantages, challenges, and operational
mechanisms of SAMs in energy storage systems, it proceeds
to explore their specific applications. Their distinctive electronic
and structural properties endow them with remarkable electro-
chemical storage and catalytic activity and selectivity, promising
more efficient energy storage processes. With ongoing research,
SAMs are poised to revolutionize electronic energy storage, con-
tributing significantly to a sustainable and clean energy future.
However, despite substantial advancements, further progress in
these fields faces specific challenges.

(a) The scalability of synthesis methods and associated costs
pose significant challenges for the widespread adoption of
SAMs in energy storage technologies. Current synthesis
techniques are intricate, requiring precise control and so-
phisticated equipment, hindering scalability. Optimizing ex-
isting synthesis methods to balance precision and scalability
is essential, especially for high-loading SAMs. Researchers
need to explore modifications or entirely new approaches to
enable large-scale production without compromising quality.
Besides, the choice of precursor materials significantly influ-
ences costs, necessitating the identification and utilization of
more cost-effective sources without sacrificing quality. This
may involve investigating alternative precursors or design-
ing processes using readily available resources. Addressing
these challenges will facilitate cost-effective and scalable pro-
duction of SAMs, enhancing their integration into electronic
energy storage technologies.

(b) Long-term stability and durability are critical for the practical
implementation of SAMs in electronic energy storage appli-
cations. While these materials exhibit promising properties
in controlled laboratory settings, their performance over ex-
tended periods and under real-world conditions requires fur-
ther exploration. Understanding degradation mechanisms
and how these materials evolve over time, especially during
repeated charging and discharging cycles and exposure to
various electrolytes and environmental factors, is crucial. Re-
taining electrochemical active sites is vital for sustained per-
formance, requiring strategies to prevent aggregation or mi-
gration of single atoms during cycling. This involves design-
ing materials with stronger binding forces and optimizing
synthesis methods for secure anchoring.

(c) Despite their remarkable properties, effectively integrating
SAMs into current energy storage technologies faces signif-
icant challenges. Transitioning from laboratory-scale inno-
vations to scalable, commercially viable applications is piv-
otal for widespread adoption. Compatibility with a range
of electrochemical systems, including multiple chemistries
and configurations, must be ensured to support widespread
adoption. Understanding their interaction with different sys-
tem components, such as electrolytes and electrode inter-
actions, is vital for seamless integration. Overcoming these
challenges requires a holistic approach encompassing scien-
tific, technical, and economic considerations to ensure suc-
cessful and sustainable adoption in practical applications.

(d) Understanding the intricate behaviors and mechanisms of
SAMs in energy storage is a multifaceted challenge. SAMs
interact with electrolytes, substrates, and external conditions,
making it challenging to predict and control their dynamic
behavior. To address this challenge, employing advanced
characterization techniques, such as in situ or operando
spectroscopy, microscopy, and computational modeling, be-
comes imperative. These techniques offer real-time insights
into SAMs’ structural transformations, reaction intermedi-
ates at atomic and molecular levels, and a dynamic perspec-
tive, capturing transient phenomena and enhancing our un-
derstanding of SAMs’ responses under practical operating
conditions. The integration of experimental findings with
computational simulations bridges the gap between real-
world observations and theoretical predictions. Adopting a
multi-scale modeling approach considers SAMs’ behavior at
different length and time scales, connecting atomic interac-
tions with macroscopic performance. In summary, a strate-
gic and integrated approach combining experimental tech-
niques and computational modeling is vital for optimizing
SAMs’ performance in energy applications.

(e) As for the materials design, several promising future di-
rections can be envisioned to further enhance the func-
tionality and applicability of SAMs in advanced energy
storage systems. First, the rational design of multifunc-
tional SAMs capable of simultaneously regulating interfa-
cial chemistry, ion transport, and reaction kinetics will be
essential for addressing the multi-faceted challenges in-
herent to complex electrochemical reactions. Such designs
may incorporate dual-function coordination environments
or synergistic host–guest interactions to facilitate selective
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adsorption and accelerated redox pathways. Besides, the inte-
gration of SAMs with 2D materials (e.g., MXenes, graphene,
TMDs) or hybrid organic–inorganic frameworks may lead to
hierarchical architectures that not only maximize atom uti-
lization but also enhance charge transfer, ion diffusion, and
active site accessibility. These composite systems could serve
as modular building blocks for next-generation electrode de-
signs with improved scalability, processability, and perfor-
mance. These directions highlight the pivotal role of mate-
rials innovation in pushing the boundaries of single-atom
engineering for electrochemical energy technologies.

While the potential of SAMs in energy storage is promising,
ensuring scalability, long-term stability, and seamless integration
with existing technologies is crucial for their successful appli-
cation. Future research endeavors should prioritize the develop-
ment of scalable and cost-effective synthesis methods, enhance
the durability of SAMs, and focus on seamless integration into
practical energy storage devices. These efforts will unlock the full
potential of SAMs, advancing sustainable and efficient energy
technologies.
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