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The lithium-sulfur battery (LSB) has garnered considerable attention as prospective energy storage solution due
to its outstanding theoretical energy density. However, the actual performance of LSBs falls short of meeting
expectations, despite utilizing porous and highly conductive sulfur hosts to enhance their electrical conductivity
and accommodate volume fluctuations. The primary factor contributing to the restricted performance is ascribed
to the sluggish transformation of lithium polysulfides (LiPS) into sulfur and lithium sulfides. Single-atom cata-
lysts (SACs) with outstanding activities and minimized weight offer an effective strategy to overcome this lim-
itation. This work provides a comprehensive overview of the latest advancements in the field of SACS for LSBs,
encompassing various aspects such as catalyst synthesis methods, battery performance evaluation, and mecha-
nistic elucidation. The incorporation of SACs in the cathodes and separators facilitates the absorption of LiPS and
enhances their conversion kinetics, thereby mitigating the adverse shuttle effect. In addition, SACs have a sig-
nificant function at the anode by aiding the lithium stripping/plating process and concurrently preventing the
development and enlargement of lithium dendrites. Overall, the design, engineering, and incorporation of SACs
in LSBs and the understanding of their role are topics that deserve additional attention as a highly suitable
strategy to boost LSB performance.

1. Introduction

The development of energy storage technologies, a vital link for a
totally green and sustainable energy supply, is lagging behind the fast
transformation of the energy sector. Early in the 1990s, lithium-ion
batteries (LIBs) were commercialized and are presently employed in a
wide array of uses, spanning from various portable gadgets to electric
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vehicles [1-3]. However, in the face of the relatively high cost, safety
concerns, and moderate energy density of LIBs, the development of new
generations of secondary batteries is required [4-6]. Among the several
candidate architectures and chemistries, lithium-sulfur batteries (LSBs)
relying on cathodes based on abundant and low-cost sulfur and carbon
and characterized by high theoretical specific capacity (2600 Wh/kg)
have become one of the most appealing options [7-9]. In contrast to the
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basic intercalation reaction of LIBs, LSBs are based on an electro-
chemical reaction between elemental sulfur and lithium to produce
lithium sulfide (Li5S) involving a multielectron transfer process [10].
During the discharge process, the lithium ions (Li") generated by the
oxidation of metallic lithium on the negative electrode move to the
positive electrode to react with sulfur. The reaction of Li* with sulfur
(Sg) initially produces lithium polysulfide (LiPS) intermediates, which
are subsequently converted into LisS. Through the reverse reaction, the
battery is discharged (Fig. 1a): [11-13].

les < LizSz < LiPS & Sg

Despite its high potential capacities, the energy density of real LSBs
has been limited to 160-350 Wh/Kg, and the cycle life is far from
satisfactory. The main reasons behind these limitations are the
following: (1) The low electrical conductivity of sulfur (5 x 10739S/cm)
and LisS (1 x 10713 S/cm) hampers the electron transport and transfer
during the electrochemical reaction, resulting in a low material utili-
zation and slow reaction kinetics; [14,15] (2) The large volume change
(80 %) between S and LiyS can change the cathode architecture, elec-
trically disconnecting part of the active material upon cycling; [16] (3)
LiPS are highly soluble in the used electrolytes, thus part of the sulfur
migrates back and forth between the positive and negative electrodes
blocking the separator, corroding the metal lithium and decreasing the
available active cathode material (Fig. 1b) [17-20].

To overcome these limitations, porous carbon nanomaterials are
typically added to the cathode to increase electrical conductivity, pro-
moting a faster electron transfer, and providing a buffer space for vol-
ume changes [21-25]. Nonetheless, carbon materials exhibit limited
capability in adsorbing LiPS and catalyzing the Li-S reaction, leading to
challenges in expediting the reaction and limiting the LiPS shuttle effect.
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Furthermore, to fulfill the demands of practical implementations, it
is necessary to enhance the areal sulfur loading and cathode sulfur
content of existing laboratory LSBs to >5 mg/cm? and >70 % (mass
fraction), respectively. Such relatively high sulfur content further limits
the electrochemical performance of current LSBs and calls for the
incorporation of highly effective catalytic additives able to accelerate
the Li-S redox reactions to take full advantage of the active material
while adding minimal additional weight and cost [26]

Transition metal-based catalysts have been thoroughly investigated
as cathode additives to boost sulfur utilization and speed up the Li;S<Sg
conversion [27-31]. As an example, we demonstrated the use of flexible
carbon nanofiber incorporating abundant MnS catalytic sites can
accelerate the Li-S reaction kinetics and increase the LSB performance
[32]. However, a careful investigation of the catalysts demonstrates that
most of the introduced metal sulfide is inactive in this reaction, thus
adding unnecessary weight. Generally, the processes of LiPS adsorption
and conversion occur at the catalyst’s surface. Thus, even relatively
small catalyst particles are characterized by moderate metal utilization
rates, unnecessarily increasing the weight and cost of the battery and
thus reducing its specific energy density.

Since Zhang et al [33] first reported the preparation of a platinum
single-atom catalyst (SAC) in 2011, numerous works have demonstrated
a variety of strategies for producing various SACs supported on various
substrates, distinguished by their high catalytic activity. Shrinking
particles to the sub-nanometer scale allows for maximizing the amount
of exposed catalytic sites. Moreover, the low coordination environment
of SACs is associated with large surface energies and frequently lower
reaction barriers [34]. Besides, the unique gap between the
highest-energy occupied and lowest-energy unoccupied molecular
orbital of SACS results in a charge redistribution with the support and a

K
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Fig. 1. (a) A typical discharge/charge profile of LSBs with different LiPS at different voltage regions. The black vertical arrows (1 and 2) point at the capacities of the
first and second discharge plateaus. While discharging, sulfur initially transforms into lithiated sulfur, creating a sequence of intermediate lithium polysulfide
compounds (Sg — LizSg — LiaSe — LiaS4). These compounds easily dissolve in ether-based electrolytes. This stage corresponds to the upper voltage plateau, ac-
counting for 25 % of sulfur’s theoretical capacity. At the lower voltage plateau, responsible for the remaining 75 % of sulfur’s theoretical capacity, further lithiation
leads to the transformation of long-chain polysulfides into solid lithium sulfides that re-deposit on the electrode (Li»S4 — LisSs — LinS). (b) Schematic of the LiPS
dissolution and migration within LSBs. Reproduced with permission [17] Copyright 2015, The Royal Society of Chemistry. (c) Schematic of the uses of SACs to

address the key challenges on LSBs.
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high polarity suitable to adsorb polar molecules such as LiPS [35]

Compared with heteroatom (O, N, etc.)-doped carbon materials,
metal-based SACs have both adsorption and catalytic effects, promoting
redox reactions by forming strong chemical bonds between poly-
sulfides/sulfides and individual metal atoms, as well as forming local
coordination structures that are prone to reactant decomposition.
Compared with metal derivatives with the same adsorption capacity and
catalytic effect, sub-nanoscale SACs expose a much larger number of
catalytic sites with a minimum effect on the overall weight and thus the
energy density of the battery.

Herein, we provide an overview of the advancements in the study of
single-atom materials, specifically focusing on SACs, within the context
of LSBs. The discussion encompasses topics such as the synthesis of these
materials, techniques for characterization, potential application path-
ways, and the underlying catalytic mechanisms (Fig. 1c). Besides, the
difficulties encountered by single-atom materials in battery applications
are examined, along with prospective strategies and avenues for future
research endeavors.

2. Preparation and identification of SACs
2.1. Synthesis of SACs

SACs merge the beneficial traits of both heterogeneous and homo-
geneous catalysts, yielding superior performance compared to conven-
tional heterogeneous counterparts. Fig. 2 displays a brief timeline of the
LSBs and SACs development. SACs play an increasingly important role in
the field of catalysis due to their excellent catalytic performance.
Consequently, integrating SACs could prove indispensable in crafting
LSBs capable of fulfilling upcoming commercial requisites. However, the
formation of metal clusters is energetically favored compared to the
isolated formation of single atoms (SAs). Isolated SAs exhibit substantial
free energies, making them prone to aggregation, both during synthesis
and usage in electrochemical procedures [36]. Thus, novel synthetic
methodologies must be embraced to accomplish the dispersion and
separation of atomic-level precursors. Furthermore, it is equally crucial
to limit the diffusion and aggregation tendencies of resultant SAs during
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SACs’ operation. To address this issue, diverse approaches centered
around spatial confinement and coordination design have been devel-
oped to proficiently disperse and stabilize SAs onto carbon substrates
throughout the preparation phase.

2.1.1. Spatial confinement strategy

The spatial confinement strategy entails the encapsulation of SAs
within molecular/nano/micro cages to impede their mobility. This
strategy generally involves first a proper dispersion of the atomic pre-
cursor within large surface area materials and subsequently a generally
thermal or chemical process to activate the SA preventing agglomera-
tion through anchoring it to the support. Proper support can synergis-
tically boost the overall catalyst performance, thus its selection is
fundamental. In this direction, metal-organic frameworks (MOFs) are
commonly utilized as substrates for the stabilization of SACs [37-39].
MOFs possess a precisely defined porous architecture that facilitates the
spatial isolation and encapsulation of mononuclear metal precursors.
Besides, following the process of pyrolysis, a significant number of co-
ordination sites are produced, which can effectively anchor SACs. As an
example, Yang et al [40] successfully synthesized N-doped hollow car-
bon spheres (HPC) with up to 11.3 % (mass fraction) loading of Zn SAs
through the pyrolysis of ZIF-8. As depicted in Fig. 3a, the authors first
assembled ZIF-8 nanoparticles on the surface of polystyrene (PS)
nanospheres to create PS@ZIF-8 core-shell composites. Subsequently,
the composite was immersed in N,N-dimethylformamide to remove the
PS core, resulting in hollow ZIF-8 structures. Finally, during
high-temperature sintering, the ligand 2-methylimidazole was trans-
formed into hollow carbon spheres rich in N sites, and the metal Zn
atoms were uniformly dispersed on the hollow carbon spheres through
Zn-N4 coordination structures.

Zn-based bimetallic MOFs are commonly used as precursors for SACs
due to the easy selective removal of Zn during pyrolysis. These MOFs are
generally formed through the coordination of 2-methylimidazole linkers
with metal ions that have similar ionic radii as Zn?* [41,42]. Zn atoms
and 2-methylimidazole linkers effectively induce spatial separation
among the desired metal atoms, thereby resulting in an increased
interatomic distance. At elevated temperatures, Zn evaporates, resulting

Fe & Co SACs in LSBs
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Fig. 2. Recent progress in the development of SACs for LSBs.
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Fig. 3. (a) Schematic illustration showing the synthesis of HPC. Reproduced with permission [40]. Copyright 2028, Wiley-VCH. (b) Schematic illustration of the
procedures for synthesizing cobalt SAs/nitrogen-doped hollow porous carbon (CoSA-HC). Reproduced with permission [42] Copyright 2020, Nature Publishing
Group. (c) Fabrication of low-coordination single-atom Ni electrocatalysts (Ni-N3-C). Reproduced with permission [45]. Copyright 2021, Wiley-VCH. (d) Synthesis of
SA-Fe@spherical mesoporous carbon using the spatial confinement strategy. Reproduced with permission [47] Copyright 2018, American Chemical Society.

in a dispersion of the targeted metal atoms onto the generated carbon
framework. Besides, the carbon support undergoes significant nitrogen
doping, resulting in an effective immobilization of the metal atoms that
prevents their diffusion and aggregation.

One of the most widely studied bimetallic MOFs based on zinc is the
Zn/Co-ZIF [43,44]. As an example, Tian et al. synthesized advanced
electrocatalysts comprising solitary cobalt (Co) atoms anchored on
nitrogen-doped  hollow porous carbon (CoSA-HC) using
high-temperature pyrolysis (depicted in Fig. 3b) [42]. This process
involved generating Zn/Co-ZIF clusters atop PS spheres, where the metal
atoms were coordinated with polyvinylpyrrolidone. Consequently, this
procedure produced a consistent ZIF coating on the PS sphere’s surface.

Subsequently, the hybrid structure was carbonized during pyrolysis
under Nj at 700 °C. Afterward, HF was employed to etch the PS tem-
plate, producing hollow structures. During high-temperature sintering,
the evaporation of Zn facilitated the uniform anchoring of N-coordi-
nated Co atoms onto the carbon skeleton in the form of Co-N4 moieties.

Additional SACs have been produced by incorporating various
transition metals, including Mn, Ni, and Fe, into Zn-based bimetallic
MOFs. As an example, catalysts featuring single nickel atoms with low
coordination numbers on N-doped carbon supports were synthesized via
the process of post-synthesis metal substitution (Fig. 3c) [45]. Initially,
during pyrolysis, Zn nanoparticles formed and easily evaporated,
resulting in N-doped carbon with abundant Zn-N3-C sites. Subsequently,
the remaining Zn atoms were easily etched using HCI due to their fragile
coordination with N. The generated voids were filled with Ni atoms,
yielding Ni-N3-C structures where single Ni atoms are coordinated by
three N atoms which enable its high dispersion on the N-doped carbon.

Apart from MOF structures, SAs are frequently dispersed through the
utilization of self-assembled micro-cages. For example, Shao et al. syn-
thesized mesoporous hollow carbon spheres (MHCS), which were sub-
sequently subjected to heating under Ar and NHj streams to yield N-
doped MHCS. In the subsequent steps, a solution of iron phthalocyanine
dissolved in tetrahydrofuran was introduced to generate a precursor.

This precursor underwent centrifugation and drying, followed by py-
rolysis to yield Fe-N/MHCS [46]. Remarkably, the resultant Fe-N/MHCS
retained the structural integrity of the spherical and mesoporous carbon
shells. The presence of iron in the form of SAs was further validated by
the absence of Fe nanoparticles, as confirmed by transmission electron
microscopy (TEM) images of Fe-N/MHCS.

SACs can also be confined within micro/mesoporous carbon struc-
tures through the impregnation of metal salts or molecular precursors.
Lee et al. employed a bottom-up methodology to produce mesoporous
carbon particles including Fe-N-C moieties, intended for use as sulfur
hosts in LSBs (depicted in Fig. 3d) [47]. The process began with the
incorporation of metal complexes, specifically Fe(II) phthalocyanine,
into the support. This was followed by thermal treatment in Ar/NHj to
yield uniform Fe-N-C catalytic sites within the carbon structure.

2.1.2. Coordination design strategy

Another effective strategy to block the diffusion of SAs and prevent
their aggregation is the design of coordinating architectures that include
SA anchors. This strategy requires the initial design and engineering of
supports containing large and uniform dispersions of coordination sites.
The SA precursor and the coordination site should be properly selected
to achieve and preserve a strong bonding during the subsequent pro-
duction steps in the required synthesis conditions. As in the spatial
confinement strategy, a proper selection of the support, and specifically
of the SA anchors is fundamental to optimizing the SAC performance.

In this direction, non-metal atoms with lone pair electrons, e.g. N, O,
P, and S have a strong ability to coordinate with metal atoms. Among
these, nitrogen atoms stand out due to their high electronegativity and
size similarity to carbon atoms, which makes them more easily inte-
grated into the carbon lattice, leading to the formation of stable N-doped
carbon materials. This integration of nitrogen disrupts the electrical
balance in carbon-based materials, altering their electronic configura-
tion and distribution. As a result, new active sites are formed, enhancing
the number of available active sites and boosting the kinetics of
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polysulfide conversion reactions. Specifically, N-doped carbons with
pyridinic, pyrrolic, and graphitic nitrogen contain abundant metal
anchoring sites [48,49]. This carbon-coordinated N is generated during
pyrolysis under an NH3 atmosphere. Alternatively, it can be produced
through the pyrolysis of melamine (MA), [50] polymers, [51] or g-C3Ny4
under an Ar atmosphere [52,53]. As an example, Zhang et al. obtained
N-doped graphene (NG) from dicyandiamide and glucose, and intro-
duced single Ni atoms using a precursor salt, NiCly-6H20. Subsequently,
the precursor was annealed under an Ar atmosphere to obtain SA-Ni-NG,
where Ni atoms were uniformly confined within the NG substrate
through Ni-Ny4 coordination [52]. Lu et al. reported a simple method to
produce SAFe@g-C3Nj. First, they obtained the precursor by mixing iron
(II) acetate and g-C3N4 in an ethanol solution. The subsequent annealing
of the precursor (Fig. 4a) resulted in SAFe@g-C3Ny4, displaying a layered
structure with abundant single iron atoms uniformly dispersed. Besides,
Wu and colleagues prepared Co@C3Ny4 via a two-step process involving
the mixing of melamine and cyanuric acid with a Co?* precursor in a
DMSO and the posterior annealing of the formed 2D architecture
(MA/CA) in an Ar atmosphere (Fig. 4b) [54,55]. During the thermal
process, MA/CA transformed into C3N4 with a tri-s-triazine structure,
and Co SAs remained attached to the support. SACs including Fe-N-C
sites were produced in a multi-step process from the reaction of 1,8-dia-
minonaphthalene and 2,6-diacetylpyridine, the impregnation of the
obtained bis(imino)pyridine with a Fe3* salt (FeCl3-6H50), and the
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subsequent annealing and acid leaching of the final product (Fig. 4c)
[56]

Beyond, N-doped carbon materials, graphene oxide (GO), charac-
terized by O-containing functional groups, presents numerous sites for
the dispersion of SAs. For instance, Wan et al. synthesized SA-Co@NG,
incorporating Co-N-C sites, which were then assessed as sulfur hosts in
LSBs [57]. This was achieved by introducing Co SAs into NG via the
addition of CoCly-6H30 to an aqueous GO suspension, followed by
freeze-drying the mixture and annealing it under an Ar/NHj atmo-
sphere. Dou et al. developed a top-down technique to produce
SA-Co@hollow carbon sphere (HC)@S for application as cathode ma-
terials in Na-S batteries (as depicted in Fig. 4d) [58]. In this method, a
CoCl, solution was combined with hollow carbon spheres, and the
resultant mixture underwent thermal treatment to reduce the Co salt
into Co nanoparticles, leading to a uniform decoration of the carbon
shells (Co@HC). Subsequent loading of molten sulfur into Co@HC,
followed by a thermal process, enabled sulfur molecules to interact
strongly with Co nanoparticles. At temperatures around 300 °C, these
sulfur molecules initiated diffusion, facilitating atomic Co migration
onto the carbon shells and consequently achieving a uniform dispersion
of Co SAs.

Several strategies involving spatial confinement and coordination
design have been employed to disperse SAs across different host mate-
rials. Among these strategies, the spatial confinement of SAs offers
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advantages such as more uniform distribution. However, this approach
often necessitates a high-temperature pyrolysis step and meticulous re-
action conditions to eliminate ligands from the precursor and form
micro-cages capable of encapsulating SAs. This complexity impedes the
feasibility of cost-effective large-scale production. In contrast, the co-
ordination design strategy offers control over the coordination structure,
the quantity of anchored metal atoms, and the interactions between
these atoms and ligands. This approach enables the creation of diverse
SACs with precise structures and functions [59]. When these two stra-
tegies are amalgamated, the result is SACs featuring a heightened
dispersion of SAs, consequently leading to increased loading. Moreover,
uniform dispersion and loading of SAs contribute to the augmentation of
chemical kinetics and the efficient utilization of active sites within LSBs.
Apart from the aforementioned strategies, alternative techniques
including atomic layer deposition (ALD), [60] ball milling, [61] and
microwave-assisted synthesis, [62] have also been reported for the
fabrication of SAC@carbon materials.

2.2. Characterization of SACs

The conventional methods for in situ and ex situ examining nanoscale
catalysts are often inadequate in terms of spatial resolution and signal
intensity when it comes to characterizing SACs. Ex situ structural char-
acterization allows us to confirm the presence of SAs on a substrate, as
well as determine their chemical state and spatial distribution. In par-
allel, in situ characterization offers valuable insights into the dynamic
alterations of both reactants and SACs throughout the electrochemical
process. This type of analysis provides essential information for com-
prehending the catalytic mechanism.

2.2.1. Ex situ characterization of SACs

Advanced techniques with ultrahigh resolution have been innovated
to examine the electronic structure and localized surroundings of metal
SAs. Among these, aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (AC-HAADF-STEM) and
energy-dispersive X-ray (EDX) spectroscopy are frequently utilized.
These techniques prove instrumental in assessing the existence and
spatial distribution of monatomic materials on their respective supports.
AC-HAADF-STEM operates by detecting incoherently scattered elec-
trons, generated through the interaction between the incident electron
beam and the SA via Rutherford scattering. These scattered electrons are
collected by a detector to form an image, where SAs appear as bright
spots (Fig. 5a). As an example, in a study by Li et al [63], various metals
on N-doped carbon nanosheets (NCNS) support were obtained through
an ALD process. Fig. 5b depicts AC-HAADF-STEM dark-field images of
the samples, revealing the dense features of the isolated atoms. Also,
low-magnification EDX elemental mapping of NC-based SACs proved
the absence of aggregates and the uniform metal distribution. Moreover,
electron energy loss spectroscopy (EELS) detected signals of Co L, and L3
on Co;Pt;/NCNS, further confirming the existence of isolated Co atoms.

X-ray photoelectron spectroscopy (XPS), mossbauer spectroscopy,
and synchrotron-radiated X-ray absorption spectroscopy (XAS) are
valuable techniques for investigating the coordination structure and
electronic state of SAs. XPS enables qualitative analysis of the elemental
composition and chemical valence state of the sample surface. By using
X-ray photons with specific energy, electrons from the atomic orbitals of
the sample can be excited, allowing the determination of their binding
energy. Thus, the chemical environment of surface elements can be
inferred from the position of XPS peaks. The chemical valence state and
electronic structure of SAs can be further assessed using XAS. XAS in-
volves exciting the inner shell electrons of SAs with X-ray photons,
leading to changes in energy (absorption edge) and the emergence of
oscillatory structures. The XAS spectrum comprises absorption edges
and oscillatory structures, which can be categorized into X-ray absorp-
tion near-edge structures (XANES) in the 40-1500 eV range of the ab-
sorption edge and X-ray absorption fine structures (EXAFS) located
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within + 50 eV of the absorption edge.

Although HAADF-STEM and synchrotron radiation EXAFS show that
SAs are distributed in a single atomic state, its coordination environment
and whether all SAs are indeed atomically dispersed are still unclear. In
a study conducted by Chen et al., [35] room temperature Mossbauer
spectroscopy was performed to reveal the coordination environment of
Sn SACs, which demonstrated that the coordination of atomically
dispersed Sn** sites with four oxygen atoms (Fig. 5c,d). This study
proved that Mossbauer spectroscopy is reliable and indispensable for
accurately characterizing the purity of SACs.

In Fig. 5e-g, Li et al [63] synthesized a range of metal SAs anchored
onto porous N-doped carbon nanosheet supports (NCNS), demonstrating
their efficacy as efficient catalysts for the oxygen reduction reaction
(ORR). XANES spectra captured at the K-edge compared the catalyst to a
reference sample. The k3-weighted Fourier transform EXAFS spectrum
of CojPt;/NCNS, Fe;Pt;/NCNS, and Ni;Pt;/NCNS, a prominent peak
emerges at 1.57 A, 1.52 A, and 1.59 A, respectively, signifying the co-
ordination of dispersed Co, Fe and Ni atoms on the carbon support. To
delve deeper into the local coordination environment, wavelet trans-
form analysis of the k3-weight EXAFS signal was conducted (Fig. 5h—j).
The results further proved atomically dispersed Co, Fe and Ni SAs, unlike
their oxide and foil. Consequently, it can be concluded that Co, Fe, and
Ni atoms within Co;Pt;/NCNS, Fe;Pt;/NCNS, and Ni;Pt;/NCNS exhibit
coordination with N atoms.

For precise assessment of the SAs content on a substrate, XPS and
inductively coupled plasma-optical emission spectroscopy (ICP-OES) are
commonly employed. ICP-OES operates by exciting ions and atoms,
resulting in emitted light at specific wavelengths, facilitating the
quantification of element concentration through measurement of light
intensity proportionate to the concentration of the element [64,65]. This
technique allows simultaneous analysis of multiple elements and is
known for its high sensitivity and stability, making it suitable for ac-
curate determination of metal loading in SACs. In contrast, thermogra-
vimetric analysis (TGA), which is typically used to determine sulfur
content in LSB cathodes, has relatively lower accuracy and sensitivity,
and is not frequently employed for analyzing SA loading in SACs.

2.2.2. In situ characterization of SACs

Advanced in situ characterization techniques such as in situ X-ray
diffraction (XRD), in situ XAS, and in situ Raman spectroscopy are
emerging as powerful tools for acquiring real-time insights into reaction
kinetics during electrochemical processes. These techniques facilitate
the investigation of catalytic effects and mechanisms of SACs in sulfur
electrodes by tracking the structural changes of sulfur species and SACs
throughout electrochemical reactions.

The development of various cell designs for in situ XRD analysis is of
particular interest as it allows for the adaptation of battery chemistry
and form factors to facilitate in situ measurements. Several designs have
been employed, as shown in Fig. 6a [66]. For instance, Fig. 6b presents
in situ XRD patterns of the S@HP-SAFe and S@HP-SANi cathodes, where
the cells were first discharged at a rate of 0.1 C, measured at various
voltages. During the discharge step, the XRD patterns of the S@HP-SAFe
cathode display the transition from Sg to LiyS. In contrast, the
S@HP-SANi cathode shows less intense LioS XRD peaks after complete
discharging, thus a moderate polysulfide conversion ability. In situ
XANES spectroscopy is instrumental in discerning the oxidation state of
SACs during electrochemical processes, offering insights into the inter-
action between SACs and sulfur species. In XAS has substantially
enriched our comprehension of the multi-step redox electrochemical
reactions in LSBs. For instance, Cuisinier et al. employed in situ XAS to
delve into LSBs, illuminating sulfur speciation and its impact on the
dissolution and deposition of sulfur and Li,S [67]. This study employed a
modified coin cell (Fig. 6¢) equipped with an aluminized Kapton win-
dow to enable X-ray penetration [66].

In the sulfur K-edge spectra shown in Fig. 6d, in situ XAS spectra show
the precipitation of LipsS is delayed during discharge due to the
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supersaturation of S2-, while the surface oxidization of LiyS proceeds
straightforwardly with the formation intermediate LiPS, i.e., LisS4 and
LisSe [68]. Similarly, in situ XANES analyses were undertaken by Wan et
al [57] to investigate the LiPS catalytic conversion on SA-Co@NG. The
change in the concentration of intermediates was assessed by moni-
toring the change in intensity of specific peaks (Fig. 6e). A distinct in-
crease in peak D during the initial discharge stages was associated with
the formation of Li,S, emphasizing the increased kinetics in the trans-
formation from soluble LiPS to insoluble Li,S facilitated by SA-Co.
Raman spectroscopy is a powerful optical technique that can provide
qualitative or semi-quantitative analysis of soluble LiPS during cycling
[69,70]. Hagen et al [71] engineered an in situ electrochemical Raman
setup for LSBs, employing a rectangular stainless steel chamber (Fig. 6f)
[66]. Zhang et al [72] reported an LSB utilizing a separator modified
with SA-Fe@NG, along with the corresponding Raman spectra recorded
at different measurement points (A1-A9). Through the comparison of
the different Raman spectra of a separator modified with SA-Fe@NG and
a commercially available separator, the catalytic properties of
SA-Fe@NG were found to facilitate improved kinetics of LiPS conversion
and enable complete sulfur conversion. Moreover, Fig. 6g,h reveals a
faint signal from polysulfides detected from the separator loaded with
Fe-N4/DCS (950) throughout the whole discharge cycle. This suggests
that Fe-N4/DCS nanosheets are capable of catalyzing the swift conver-
sion of polysulfides, preventing their migration.

Combining ex situ and in situ experimental techniques and theoretical
calculations are crucial to confirm the presence of SACs, assessing their

local coordination environment, and understanding their catalytic
mechanisms. Besides, a comprehensive understanding of the atomic and
molecular-level catalytic mechanisms of SACs is essential to designing
and engineering optimized SACs with maximized performance.

3. Applications in LSBs

Unlike metal nanoparticles and clusters, SACS utilize individual
metal atoms as their active sites. In the context of redox reactions,
nanoparticles or clusters are limited because only their surface metal
atoms serve as active sites. Consequently, under identical metal-loading
conditions, SACs offer a greater number of active sites for these re-
actions. SACs represent the pinnacle of metal dispersion and optimize
atom usage. Furthermore, their development significantly cuts down on
the need for costly precious metals, thus reducing production expenses.
SACs are distinguished by their exceptional catalytic activity, surpassing
that of conventional supported catalysts. SACs can play a role both at the
cathode and anode sides of LSBs, while supported on their surface or
within a SAC-modified separator. At the cathode side, their high reac-
tivity enhances the binding of LiPSs, inhibiting their migration and
boosting conversion kinetics. At the anode side, SACs with evenly
distributed lithiophilic sites lower the interface energy between Li and
its deposition matrix, reducing Li nucleation overpotential. Thus, a
sufficiently high concentration of SACs, evenly spread at the nanometer
level, can prevent dendrite formation. Conversely, a non-uniform
micron-scale distribution of metal SAs on the Li anode surface could
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create irregular lithiophilic sites, leading to uneven lithium nucleation
and disordered Li dendrite growth.

3.1. SACs for lithium anodes

Lithium metal is an almost ideal candidate for LSB anodes due to its
low electrochemical potential (-3.040 vs SHE) and substantial theoret-
ical capacity. Nevertheless, the extensive adoption of lithium anodes is
hampered by a series of challenges, which encompass reduced
Coulombic efficiency during lithium deposition and stripping, the
emergence of dendritic structures, notable volume shifts in lithium, and
the development of unstable solid electrolyte interphases (SEI) [73,74].
To confront these obstacles, a practical approach involves integrating an
appropriate host material with the ability to accommodate the notable
volumetric fluctuations of lithium, effectively regulating the deposition
and extraction of Li" ions throughout the cyclic process.
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Numerous approaches have been suggested to ease the occurrence of
dendritic formations on lithium metal anodes. Within this context, SACs
showcase substantial promise across diverse avenues. Huang and col-
leagues demonstrated that SA Zn not only aids in the creation of a
coherent and compact SEI but also promotes the uniformity of Li* flow,
thereby enhancing the evenness of lithium deposition (Fig. 7a) [75].
Density functional theory (DFT) analyses provided insights into the
phenomenon of Li deposition, indicating that the presence of SA Zn sites
can significantly reduce the nucleation barrier of lithium and promote
ultra-uniform nucleation.

Accordingly, a layer of densely ultra-thin lithium is efficiently
generated on the lithium nuclei, diffusing upwards and growing seam-
lessly. This outcome translates into the Zn SAC working electrode dis-
playing improved deposition kinetics, resulting in a reduced nucleation
overpotential of around 7.7 mV. Nucleation overpotential is closely
linked to the energy barrier for Li deposition on heterogeneous
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substrates, revealing the substantial enhancement of lithium nucleo-
philic sites due to the integration of single atomic lithiophilic Zn-
coordination sites. This enhancement promotes stable lithium plating
and stripping during subsequent cycling (Fig. 7b,c). In a separate
investigation, Zhang’s research team explored atomically dispersed and
lithiophilic CoNx-doped carbon (CoNC) as a material conducive to uni-
form Li nucleation and deposition, where Li atoms are concurrently
bonded to N and Co as shown in Fig. 7d [76]. The coordination between
Co and N effectively governs the local electronic structure. In compar-
ison to N sites in N-doped graphene, the CoNy center, possessing
heightened electronegativity, exhibits a more robust attraction to Li ions
and a reduced nucleation overpotential. Consequently, the CoNC elec-
trode exhibits a stable and high Coulombic efficiency of 99.2 % across
nearly 400 cycles at 2.0 mA cm™2 and 350 cycles at 5.0 mA cm™2
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(Fig. 7€).

Furthermore, other SA metals like Ni, Fe, or Cu, supported on MXene
layers, have been investigated as hosts for lithium to promote nucleation
and dendrite-free growth (Fig. 8a) [77]. Particularly, Zn-MXene was
synthesized through a two-step ball-milling/pyrolysis process in an
argon environment. The uniform distribution of N(Li) elements on
Zn-MXene layers suggests that lithium tends to nucleate uniformly on
Zn-MXene layers. This configuration of single zinc atoms immobilized
on MXene layers efficiently stimulates Li nucleation and growth. In the
initial plating stage, lithium tends to nucleate uniformly on the
Zn-MXene layers’ surface due to a significant presence of Zn atoms,
followed by vertical growth along the nucleated sites due to a strong
lightning rod effect at the edges, leading to bowl-like lithium deposition
without dendrites. This design achieves a low overpotential of 11.3 +
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0.1 mV, extended cyclic stability (1200 h), and deep stripping-plating
capacities up to 40 mAh ecm ™2 using Zn-MXene films as lithium anodes
(depicted in Fig. 8b).

In a separate study, Huang et al. demonstrated that a mesoporous
carbon material, enhanced with nitrogen and featuring a three-
dimensional interconnected pore structure with evenly distributed Ni
lithiophilic sites (NOMC-Ni), significantly aids in the even nucleation
and growth of lithium [21]. As illustrated in Fig. 8c, the NOMC-Ni
material effectively facilitates the uniform distribution of lithium
metal across its well-ordered mesoporous channels, hindering the for-
mation of lithium dendrites. By utilizing the combined advantages of the
3D mesoporous design and the lithiophilic sites, the NOMC-Ni/Li elec-
trode achieves a high Coulombic efficiency of 99.8 % over 200 cycles,
coupled with a remarkably low initial potential for lithium nucleation.
Additionally, when combined with commercial LiFePO4 (LFP), the
Li-NOMC-NiiiLFP configuration maintains a high capacity and average
Coulombic efficiency. Beyond the aforementioned SAs, Fe SAs in an
N-doped carbon matrix (FeSA-N-C) were prepared as lithiophilic sites to
mitigate Li nucleation (depicted in Fig. 8d) [78]. FeSA-N-C catalysts
exhibit a lower overpotential (0.8 mV) in comparison to a pristine car-
bon matrix (18.6 mV) due to the uniform deposition of Li on the elec-
trode surface facilitated by SA Fe and N-doping of the carbon matrix,
restraining the growth of Li dendrites (Fig. 8e). DFT studies highlighted

. Ni**
P‘(\r\ea//n

chyandlam%q

Glucose

C

Oxidation peak

Current density (Ag™)

22 24
Voltage (V)

SAC modified

separator _._,,.sﬂl'ur

lithium

f

10 min

g

Capacity (mAh g')

Current Density (A g”)

S
@

-1.04

Energy Storage Materials 66 (2024) 103240

the strong interaction between lithium ions and FeSA-N-C catalysts on
an atomic scale. As a result, unlike the inconsistent Coulombic efficiency
seen in plain Cu foil and C@Cu electrodes, the FeSA-N-C@Cu electrode
achieves a Coulombic efficiency of 98.8 % across roughly 200 cycles.
This indicates that FeSA-N-C catalysts improve lithium usage and inhibit
dendrite formation in electrochemical reactions.

In sum, these studies validate the significant potential of SACs in
safeguarding Li metal anodes. However, while modifying sulfur cath-
odes and cell separators have received substantial attention, fewer
publications focus on enhancing Li metal anodes in LSBs. Thus, it is
crucial to dedicate more research efforts to exploring the application of
SACs for enhancing Li anode protection.

3.2. SAC-modified separator

The separator is an essential component of an LSB as it ensures stable
operation and influences the electrochemical performance of the bat-
tery. Commercially available polyacrylonitrile separators with relatively
large pores are commonly used in LSBs. While these large pores facilitate
the transport of Li' ions, they also allow polysulfides dissolved in the
electrolyte to move between the cathode and anode, negatively
impacting the battery’s cycling stability. To address this issue, separa-
tors modified with carbon-supported SAs have been developed to trap
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LiPS. The carbon layer in the modified separator acts as a physical
barrier, preventing the diffusion of polysulfides towards the negative
electrode, while the SA catalyst promotes the transformation of LiPS,
enhancing the utilization of active materials.

In a study by Zhang et al. conducted a study involving Ni SAs on N-
doped graphene (Ni-NG), prepared using a pyrolysis approach (Fig. 9a,
b), and applied this material as a coating onto a separator using poly-
vinylidene fluoride (PVDF) as a binder [52]. The heightened catalytic
efficacy of Ni-NG, validated through DFT calculations, showcased a
reduced energy barrier during the conversion of LiPS. Calculations
revealed that the decomposition energy barrier (1.23 eV) of LisS on the
Ni-NG surface was notably lower compared to that on NG (1.98 eV). This
lowered energy barrier facilitated efficient catalysis by the SA Ni on
Ni-NG, accelerating the kinetics of delithiation during electrochemical
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processes [79-82]. Remarkably, even with a scan rate increase from 0.1
to 1.0 mV s7!, the battery utilizing the Ni-NG-coated separator
demonstrated two reversible redox peaks (Fig. 9¢). The NG component
offered excellent conductivity, maintaining the stability of isolated Ni
SAs and facilitating swift electron transfer throughout the electro-
chemical process (depicted in Fig. 9d). The active Ni-N4 centers present
on Ni-NG effectively captured LiPS and catalyzed their kinetic conver-
sion, thereby contributing to the enhanced electrochemical performance
of LSBs.

In a subsequent investigation, Zhang et al. explored a modified
commercial polypropylene separator integrated with graphene foam
infused with various SACs (Fe, Co, or Ni, Fig. 9e) [72]. Among these
metals, DFT calculations indicated that the Fe SAC exhibited the highest
adsorption energy. The Fe-NG film, uniformly and densely applied onto
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the polypropylene separator, maintained a thickness of around 7 pm
while preserving robust stability and mechanical durability despite
repeated bending and wrinkling. The ability of these modified separa-
tors to adsorb LiPS was verified through adsorption and permeation
experiments, demonstrating that LiPS remained non-dissolved in the
Fe-NG-based separator even after 48 h (Fig. 9f). Electrochemical as-
sessments of LiPS redox chemistry showcased an improved LiPS redox
kinetics from the separator. As shown in Fig. 9g, the two cathodic peaks
account for the reduction of sulfur into LiPS (LiSy, peak R1) and their
subsequent conversion to solid-state LipSo/LisS (peak R2). Besides, the
anodic peak (peak O1) is associated with the conversion of LiyS to LiPS
and subsequently to sulfur. It can be seen that Fe;-NG-modified sepa-
rator displayed a more positive potential of cathodic peaks and a more
negative anodic peak than Ni;-NG and Co;-NG-modified separator.
Therefore, the introduction of Fe-NG electrocatalysts onto the separator
led to a reduced voltage gap and enhanced current density, indicating
ameliorated reaction kinetics for polysulfide reactions [83,84]. Batteries
employing the Fe;-NG-modified separator were characterized by
improved specific capacities compared to those using polypropylene,
NG-modified, or other SA-NG-modified separators (Fig. 9h). Even after
prolonged cycling at 0.5 C, the Fe-NG-based battery exhibited notably
superior capacity retention (83.7 %) compared to NG-based (58.3 %),
Ni-NG-based (72.1 %), Co-NG-based (74.8 %), and polypropylene-based
(20.4 %) batteries (Fig. 9i,j). The improved cycling performance of the
Fe-NG-based battery could be attributed to the presence of individual Fe
atoms, which effectively reduced the presence of LiPS in the electrolyte
and enhanced the utilization of LiPS. As observed in this work,
compared with other metals, Fe SACs can act as particularly effective
regulators in sulfur electrochemistry suppressing the migration of LiPSs
and accelerating the bidirectional sulfur redox kinetics.

Guo and coworkers demonstrated the advantageous utilization of Co
SACs in ameliorating the LiPS conversion at the cathode and the lithium
plating/stripping processes at the anode within LSBs [85]. Their work
involved the fabrication of a self-standing separator by combining SA Co
MOF with bacterial cellulose (BC, Co-MOF/BC). The effects of this
separator were assessed in comparison with conventional separators
(Celgard and BC) in typical Li-S cells. The results illustrated in Fig. 10a,b
showcased the evolution of active sulfur and lithium metal in Li-S cells
employing Celgard and B/2D MOF-Co separators. When Celgard was
used as the separator, soluble LiPS generated at the cathode could easily
traverse the porous separator and react with the lithium metal anode,
resulting in the formation of insoluble and insulating lithium sulfides
(LizSy and LiyS) on the anode surface. This hindered the active sulfur
content and caused increased polarization due to lithium anode surface
passivation. Additionally, inhomogeneous lithium plating and stripping
led to the formation of dendritic lithium structures, increasing side re-
actions with the electrolyte and raising internal resistance. Furthermore,
lithium dendrites could penetrate the separator and cause internal short
circuits, posing safety risks. In contrast, the introduction of the bifunc-
tional B/2D MOF-Co separator effectively curtailed the LiPS shuttling
effect and lithium dendrite growth. The Co-O4 moieties present on the
2D MOF-Co nanosheets captured polysulfides through Lewis acid-base
interactions, promoting uniform lithium-ion flux by adsorbing Li* ions
on surface O atoms [86]. The high Young’s modulus of the B/2D
MOF-Co separator acted as a robust physical barrier against lithium
dendrite growth. Cells equipped with the Co-MOF/BC separator
exhibited superior capacities across various current rates compared to
those with conventional separators. Scanning electron microscopy
(SEM) analysis of the cycled cell illustrated the separator’s stable sur-
face, and the lithium anode displayed a dendrite-free surface. Moreover,
stable lithium plating and stripping were observed in symmetric and
asymmetric Li cells employing Co-MOF/BC separators. Its potential
applicability in flexible pouch cells was validated under diverse bending
conditions. The atomic model configuration highlighted the formation
of S-Co and Li-O bonds between the Co-MOF and sulfur species, rein-
forcing the Co-MOF’s ability to capture LiPS.
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Additionally, He et al. innovated a functional separator, integrating
graphitic carbon nanocapsules (GCNC) with a Fe SAC (Fe-Ns/
GCNC@PP) produced through high-temperature carbonization [87].
The separator showed high LiPS chemical affinity and superior catalytic
activity, inhibiting the LiPS migration to the anode and accelerating
their conversion (Fig. 10c). Thus, LSBs based on the Fe-N5/GCNC@PP
separator provided significantly improved rate performance and cycling
stability, as depicted in Fig. 10d,e.

In conclusion, the integration of highly active SACs in LSB separators
effectively counteracted LiPS diffusion and enhanced LiPS conversion
kinetics, thereby mitigating the LiPS shuttle effect. These SACs also
regulated lithium plating and stripping, hindering lithium dendrite
growth. This holistic enhancement of both sulfur cathode and lithium
anode attributes contributes to optimizing battery performance.

3.3. SAC-decorated cathodes

In the context of LSBs, the cathode is constructed using solid sulfur as
the active material, and a carbon host is employed to amplify electrical
conductivity. Carbon materials exhibiting exceptional conductivity, a
well-suited distribution of pore sizes, and a significant specific surface
area emerge as prime candidates for effectively sequestering sulfur and
facilitating the interconversion of LisSy/LisS. Aiming to counteract the
LIPs shuttle effect, researchers have formulated strategies such as spatial
encapsulation, wherein techniques of physical containment are har-
nessed to mitigate the migration of sulfur species within the battery’s
architecture [88-92]. Additionally, investigators have delved into the
amalgamation of polar materials, encompassing oxides and sulfides,
with carbon hosts. This innovative approach capitalizes on chemical
adsorption mechanisms and the establishment of catalytically active
sites dedicated to LiPS. These measures effectively hinder the undesir-
able migration and reactions of LiPS [93-98]. However, despite these
persistent efforts, the catalytic efficiency limitations and suboptimal
electrical conductivity inherent to catalysts composed of metal oxi-
des/sulfides continue to impede the attainment of superior electro-
chemical performance within LSBs. Consequently, the incorporation of
SACs endowed with heightened catalytic activity becomes a paramount
requirement, poised to further amplify the comprehensive electro-
chemical performance of LSBs. This imperative for augmented catalysis

Table 1
Summary of recent reports on SACs-based materials for LSBs.
Catalysts Capacity (cycles, Category Mass Ref.
(mAh g™ current rate, loading of
(current rate) decay rate)) SACs

Fe-N/MHCS 1110 (0.2 C) (1000, 1 C, Host 1.03 wt % [46]
0.0187 %)

Fe-Ns-C 1170 (0.2 C) (500, 1 C, Host 0.02 wt % [102]
0.054 %)

Mo-N,/C 1300 (0.1 C) (550, 2 C, Host 0.36 wt % [104]
0.018 %)

Co-CMP 1404 (0.1 Q) (1000, 0.5 Host 2.32 wt % [105]
C, 0.045 %)

Co-SAs@NC 1438 (0.1 Q) (600, 1 C, Host 0.66 wt % [107]
0.046 %)

CoSA-N-C 1574 (0.05C) (1000, 1 C, Host 15.3 wt % [109]
0.035 %)

SAV@NG 1143 (0.2 Q) (400, 0.5 C, Host 4.3 wt % [110]
0.073 %)

ZnN4-NC 1225 (0.2 C) (500, 5 C, Host 8.3 wt % [111]
0.032 %)

Ni-Ns/HNPC 1188 (0.2 Q) (500, 0.5 C, Host 0.6 wt % [112]
0.053 %)

Fe;/NG 1200 (0.2 C) (750, 0.5 C, Separator 0.57 wt % [72]
0.021 %)

B/2D MOF- 1138 (0.1 C) (600, 1 C, Separator 24.8 wt % [85]

Co 0.070 %)

SA-Fe@NG 1117 (0.2 Q) (200, 0.2 C, Separator  1.33 wt % [113]

0.097 %)
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is underscored by the necessity to enhance the efficiency of LSBs, a fact
substantiated by the insights presented in Table 1.

Shao et al. introduced a Fe SAC nanoreactor (Fe-N/MHCS) for sulfur
utilization in LSBs [46]. Utilizing XAS, they confirmed the presence of Fe
atoms within Fe-N/MHCS and unveiled the intricate role of Fe-N4 cen-
ters as multi-effect catalytic sites, facilitating the conversion of LiPS,
deposition of LiyS, and decomposition processes. Through a LiPS
adsorption experiment coupled with UV-vis absorption spectroscopy,
they monitored the concentration shift in a Li»Se solution upon intro-
ducing MHCS, N/MHCS, and Fe-N/MHCS samples. The characteristic
absorption peak at around 420 nm, corresponding to LisSg, diminished
for MHCS and N/MHCS samples, and entirely vanished for the
Fe-N/MHCS variant, indicating robust chemisorption between Fe-N4
sites and LiPS (Fig. 11a) [99-101]. To delve into the electrocatalytic
effect of Fe-N/MHCS, theoretical computations involving reactant
adsorption and other parameters were carried out. These calculations
explored the binding geometries of soluble long-chain LiPS molecules
interacting with Fe-N4 or N-doped sites to achieve the lowest system
energy. As depicted in Fig. 11b, the results vividly displayed that posi-
tive Fe atoms and negative N atoms within Fe-Ny4 sites form "Fe-S" and
"Li-N" bonds with S and Li atoms in LiPS molecules atop the Fe-N4-C
substrate. In contrast, solely Li-N bonds are observed on the N-C sub-
strate. Consequently, Fe-Ny sites, characterized by lithiophilic and sul-
fiphilic traits derived from Lewis acid-base interactions, exhibit a more
potent chemisorptive affinity towards LiPS [102,103]. Additional
theoretical calculations were carried out to assess the Gibbs free energies
at various stages of the sulfur reduction process on Fe-N4-C and N-C
substrate surfaces. As shown in Fig. 11c, the Gibbs free energy for
reducing solid-state LiSy to solid-state LipS decreases from 0.82 eV on
N-C substrates to 0.59 eV on Fe-N4-C substrates. This highlights the role
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of Fe-N4 centers in promoting LiPS conversion to Li,S. Besides, the en-
ergy barriers for the decomposition of LipS during oxidation on
Fe-N/MHCS and N/MHCS were also evaluated. As illustrated in Fig. 11d,
e, the Fe-N4-C site notably lowers the decomposition barrier of Li,S (1.43
eV), significantly surpassing that of the N-C substrate (1.84 eV). This
underscores the favorable impact of Fe-N4 active sites in catalyzing LisS
oxidation. Consequently, the Fe-Ny-incorporated Fe-N/MHCS nano-
reactors, boasting high specific energy and prolonged LSB lifespans,
exhibit several advantages (Fig. 11f). Firstly, the MHCSs, endowed with
ample mesoporous architectures, can accommodate substantial sulfur
loads, mitigate volume fluctuations, establish effective pathways for
electrons and ions, and ensure uniform dispersion of single Fe atoms.
Secondly, the Fe and N atoms within atomically dispersed Fe-N4 centers
function as Lewis acidic and basic sites, facilitating the robust binding of
S and Li atoms in LiPS molecules via "Fe-S" and "Li-N" bonds. Thirdly, the
Fe-N4 active center, operating as a multi-effect electrocatalyst, adeptly
catalyzes LiPS redox reactions, LisS precipitation, and dissociation
processes. This effectively curtails the notorious shuttle effect, enhances
Li,S utilization, and boosts cycling stability. Leveraging these strengths,
the Fe-N/MHCS nanoreactors, meticulously designed at the atomic
level, serve as novel sulfur hosts, culminating in high specific energy and
long-lasting cycling stability, even within cells featuring high areal
sulfur loading and low electrolyte-to-sulfur (E/S) ratios.

In addition to SA Fe catalysts, SA Co has also undergone extensive
exploration as a catalyst in LSB cathodes [105,106]. Li et al. pioneered
the synthesis of N-doped carbon dodecahedra-supported Co SAs
(Co-SAs@NC) as sulfur hosts, achieved through the pyrolysis of a Co-Zn
MOF precursor (Fig. 11g) [107]. The inclusion of Zn in the precursor
served a dual purpose: firstly, it occupied specific coordination sites of
Co, facilitating the even dispersion of atomic Co; secondly, it generated
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vacancies for N atoms upon the selective evaporation of Zn. Computa-
tional analysis using DFT revealed that the adsorption energy of Li»S and
Li»Sg on Co-SAs@NC was notably lower (-1.59 and -2.36 eV) compared
to their adsorption on the Co (111) surface (-4.18 and -8.67 eV). Despite
this discrepancy, the Co-SAs@NC cathodes exhibited superior perfor-
mance in terms of rate capability and recyclability. This phenomenon
can be attributed to the partial surface sulfurization of cobalt nano-
particles, resulting in an irreversible depletion of active sulfur due to the
robust adsorption capacity of the Co (111) surface towards LipS and
LisSe. A similar degradation of Li-S bonds and disintegration of LisS;
species has been observed in specific high adsorption capacity 2D
layered materials like V,Os. Leveraging the substantial adsorption
capability of catalytic Co-SAs@NC, the researchers achieved a remark-
able capacity of 300 mAh g~! at 10C, maintaining prolonged cycling
stability with minimal capacity degradation. Notably, the material
demonstrated consistent performance over 150 cycles at 1 C, even under
high sulfur loading conditions (5.0 mg cm?) (Fig. 11h,i).
Furthermore, Du and co-researchers elucidated that Co-N/G signifi-
cantly expedited the conversion of LiPS [57]. Employing XAS and
first-principle calculations, they unveiled the Co-N-C coordination cen-
ter’s role as a bifunctional electrocatalyst, facilitating the formation and
breakdown of Li,S during discharge and charge processes, respectively.
This insight led to the achievement of an areal capacity of 5.1 mg cm ™2
at 0.2 C in S@Co-N/G electrodes with a high sulfur loading of 6.0 mg
cm 2, while maintaining a stable performance with a capacity decay
rate of 0.029 % per cycle over 100 cycles. Wu et al [55] introduced Co
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approximately 1400 mAh g~! at 1.6 mA cm 2 for the Co SACs-based
cathode. Even with 4 mg cm™2 of sulfur, the cycling stability at 2 mA
cm 2 was sustained for 200 cycles, maintaining a capacity of around 780
mAh gL, Prior reports have highlighted the typically low content of
SACs in the matrix material (usually < 5 wt %) [52]. To bolster battery
performance, researchers aimed to incorporate a significant number of
active sites within the matrix material to support SACs [108]. Li et al.
employed a salt template method to create N-doped carbon nanosheets
with SA Co incorporation, achieving a Co content of up to 15.3 wt %.
The dense Co-N4 coordination center acted as a catalytic site, facilitating
the reversible conversion between LiPS and Li»S. Additionally, the
CoSA-N-C material facilitated the uniform deposition of LizS nano-
particles and catalyzed Li»S oxidation. Consequently, the CoSA-N-C@S
electrode exhibited a high specific capacity of 624 mAh g™! at 5 C and
a fading rate of 0.035 % per cycle over 1000 cycles at 1 C [109]. In
summary, both experimental and computational findings unequivocally
demonstrate that incorporating SACs into the cathode substantially
enhances LSB performance. This integration enhances the adsorption of
soluble LiPS and reduces the energy barriers related to delithiation and
interconversion reactions, ultimately improving sulfur utilization, rate
capabilities, and the overall lifespan of LSBs.

SACs based on 3d metals strongly bind LiPS, limiting LIPS migration
and contributing to their dissociation by weakening the neighboring Li-S
bonds [114-116]. According to Han et al., the activity of different
metallic SACs can be evaluated from the metal-sulfur d-p orbital hy-
bridization (Fig. 12a) [117]. Among the different 3d elements, Ti dis-

SACs onto C3Ny4 yielding a substantial specific capacity of plays particularly effective d-p hybridization, tightly binding to S
Filling of the dy
a @ Filling « b oy e
& cy Anti-Bonding States 21 244 o
Ni o ©
Co B (Li+e)+ b
Fe S‘ E&"ﬁﬁ
Mn © 204 delithiaton s
cr ) - P
v s FE
Ti ’
d'se @ 16 t&“ﬁ,/
g—‘ Li1eSs
c
°0° :
P 1.24
0815 ‘ — _—
c S¢ Ti V Cr Mn Fe Co N Cu
— 0'*
3 *
s — n
@
3 T % —
7] Xy
5 —_— —_— tL 1l
3] do—"7— /o — |
> x2-y2! It
£ :
S d _-“_ px/y/z
o 22 )
T Li,S
II o
e 9 o o2c
Li,S,, shuttling 1200/ < .
\J silppmssion E Current density:0.5 C leo < _»\1200 @&1 c 1¢ 05
I : ’ 2 s T o P RIS, Cand
— - 2
- < 900 A 60 3 : 900 9 gpa @R 5C )
\ | iy E \ = E G0 QNP7 C GRRFPIN
= : \ o - )
§ 600 40 2 % 600 ? R R R
_ g - o EE
Cm‘y“cion O 300fo s@Nb-SAs@NC 2 (:3 O 300fo s@Nb-SASENC
Convers! 9 S@NC S loading: 2 mg cm? O o S@NC %59 3 loading: 2 mg em?
ol s@c o s s@c R
0 50 100 150 200 250 300 % 10 20 30 40 50

Cycle number Cycle number

Fig. 12. (a) Scenario of d-p orbital hybridization between SACs and Li,S. (b) The delithiation energy barrier during the (Li»S)g oxidation process. Reproduced with
permission [117] Copyright 2021, Wiley-VCH. (c) PDOS of Nb-d orbital. (d) Spatial charge density for SANDb and Li,S, exhibiting the typical d-orbital and p-orbital
distribution pattern. (e) Schematic illustration of polysulfide adsorption on M-SAs@NC (M = Nb, Cr, Mn, Fe, Co, and Ni). (f) Cycling performance, and (g) Rate
performance of S@Nb-SAs@NC cathodes. Reproduced with permission [118] Copyright 2023, American Chemical Society.

15



D. Yang et al.

(Fig. 12b). Zhang et al. compared the performance of several transition
metal SACs (M-SAs@NC) towards the LIPS conversion, by detailed
analysis of their electronic structure [118]. They found the M-SAs@NC
d;2 and dy,,y, orbitals to be more stable for square planar coordination of
Dy, symmetry. Comparing the different metals, Nb SACs in the opti-
mized NbN4 geometry showed particular features increasing the dyz/y,
and d, orbitals while reducing dyy and dyzy2 (Fig. 12c,d). Thus, while
dx, and dy, orbitals are empty in Nb SACs, d,2, dxy, and dxo.y2 appear
filled. When moving from Nb to Ni, antibonding (n* and ¢*) states are
gradually occupied and the energy gap between the bonding (x and ¢)
and antibonding (r* and o*) states progressively decreases, which
weakens the binding strength. Overall, among the different metals, Nb
SACs demonstrated superior LiPS binding capability and enhanced ki-
netics of the sulfur redox reactions (Fig. 12e), which contributed
significantly to boosting the cell cycling stability (Fig. 12f,g).

Despite the success of SACs in promoting the sulfur redox kinetics,
high SA loads can lead to SA migration and clustering, thus reducing the
density of active sites and diminishing the catalyst performance. Due to
this loading limitation, when a reaction involves the activation of two or
more reaction molecules, its catalytic activity is often inhibited to a
certain extent due to the lack of sufficient catalytically active sites. The
SAs content in the currently reported SACs is typically below 3 wt %.
This low amount suggests a scarcity of atomic active sites for the cata-
lytic conversion of polysulfides, which is a notable limitation for the
efficient catalytic conversion of polysulfides. This limitation becomes
especially critical under conditions of high sulfur loadings, lean elec-
trolyte amounts, and high charge/discharge rates that are essential for
the commercial viability of LSBs. Therefore, developing SACs with more
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metal SACs composed of two or three different metal SAs have emerged
as a new class of catalysts showing great potential for application in
different electrochemical technologies, including LSBs [119-121]. In
this direction, Ma et al. synthesized N-coordinated Fe and Co binary
metal SACs on a hierarchical porous carbon (Fe/Co-N-HPC) and evalu-
ated its performance as a cathode catalytic additive (Fig. 13a).
Compared with the Fe SAC, the dual Fe/Co SAC exhibited promoted
ability towards polysulfide conversion associated with the higher elec-
tronic density achieved in Fe sites with the presence of Co (Fig. 13b,c).
Thus, LSBs based on the Fe/Co-N-HPC displayed improved rate capa-
bility, long-term cyclic stability, and areal capacity (Fig. 13d,e).

In a similar direction, Yang et al. developed a Fe/V dual SAC (Fe/V-
N7) on a carbon support (DAC). This catalyst was inspired by the Fe/V
centers in N/S fixation bioenzymes. Like in the Fe/Co SAC, in the Fe/V
SAC V is also found to regulate the electronic population of the Fe 3d
orbitals. The strong coupling between Fe/V 3d and S 2p orbitals pro-
moted the LIPS anchoring and conversion, overall boosting the kinetics
of the Li-S reaction (Fig. 13f,g). Consequently, the obtained LSBs pre-
sented strongly improved cycling stability and rate capability (Fig. 13h).

4. Conclusions and perspectives

High-energy density and long-lasting LSBs exhibit potential for the
implementation of energy storage systems. Nevertheless, there exist
prevalent challenges associated with Li anodes and sulfur cathodes,
including the occurrence of Li dendrites, rupture of the SEI film, volu-
metric variations during the process of Li plating and stripping, LiPS
migration, and incomplete sulfur utilization. To tackle these challenges,
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lithiophilicity, a strong affinity for LiPS, and demonstrate catalytic ac-
tivity. SACs have gained significant popularity in the field of LSBs due to
their ability to fulfill the necessary criteria and serve as versatile com-
ponents, including sulfur host materials, interlayers, and separators. To
gain a deeper comprehension of the functioning of SACs in LSBs, a
thorough analysis of recent advancements in this field has been under-
taken. This encompasses the examination and discourse of the mecha-
nism of action, along with the variables that influence the activities and
preparation methodologies of SACs.

SACs are of paramount importance in expediting phase-transfer re-
actions and impeding the migration of LiPS and the formation of lithium
dendrites. These effects ultimately result in enhanced Coulombic effi-
ciency and prolonged cyclability. The utilization of SACs with a high
density of lithiophilic sites has been found to effectively decrease the
nucleation overpotential during the application of lithium metal anodes.
Moreover, the inherent activity of SACs facilitates the diffusion of
lithium ions and the conversion of sulfur species. The inherent flexibility
of SACs effectively addresses the issue of volume fluctuations in both the
lithium anode and sulfur cathode that occur as a result of repeated
charge and discharge cycles. Furthermore, the capacity of SACs to
adsorb LiPS serves to mitigate the depletion of active sulfur materials
and improve overall utilization efficiency. Additionally, when used as
separator and interlayer components, lightweight SACs decrease the
overall battery mass, thus increasing energy density. On top of these,
dual-function separators can simultaneously inhibit Li dendrite forma-
tion and the shuttle effect of LiPS.

However, despite their demonstrated interest and the significant
progress in the development of SACs for LSBs, there are still obstacles
that hinder future advancements in this field.

(1) Synthesizing stable and high-metal-loading SACs poses a signifi-
cant challenge due to the elevated potential for agglomeration,
arising from the substantial surface energy of individual metal
atoms. This can result in a limited mass loading of SAs, leading to
insufficient active sites and potential setbacks in their practical
implementation in LSBs. Too high SA concentrations result in
their aggregation and thus the loss of their catalytic properties.
While the SA content is generally limited to below 3 %, higher SA
concentrations above 5 wt % are desirable to promote perfor-
mance, especially in high sulfur loading and lean electrolyte
conditions and when targeting high charge/discharge rates.
Consequently, it becomes crucial for forthcoming research en-
deavors to focus on devising straightforward and cost-effective
synthetic methodologies that enable the creation of SACs with
high loadings. These synthetic strategies should be also scalable
to enable the industrial production of these materials to cope with
the potential high demands of future LSBs. Moreover, these syn-
thetic pathways should ensure the SACs’ durability under oper-
ational conditions to counteract the tendency of metal atoms to
aggregate during charge/discharge cycles, which could otherwise
compromise electrochemical stability. A step forward in this di-
rection could be the use of binary and even ternary SACs as those
recently emerging in the LSB field and others.

For preparing SAs on carbon-based substrates, the selection of
metal sources and organic ligands plays a pivotal role in shaping
the microscopic coordination environment. The configuration of
SACs should extend beyond the recognized Fe-N-C and Co-N-C
sites. Coordination with other elements should be investigated
to promote the catalyst activity. These investigations have the
potential to guide modifications to significant yet limited active
sites. Furthermore, the incorporation of multiple metal centers,
including nonmetal centers, and the integration of diverse coor-
dination components from varied supports (oxides, sulfides, sel-
enides, etc.) or heteroatom doping represent noteworthy
strategies. The presence of multimetal sites within SACs offers
increased prospects for catalyst bifunctionality, exemplified by

(2)
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applications like ORR/OER processes in rechargeable Zn-air
batteries.

(3) To attain a more comprehensive comprehension of the electro-
chemical mechanisms exhibited by SACs in rechargeable batte-
ries, it is essential to conduct combined in situ and ex situ
characterizations, augmented by theoretical calculations. An
illustrative approach is the application of in situ TEM techniques,
which can be employed to meticulously explore the structural
transformations within the cathode and anode materials in the
presence of SACs. Furthermore, the utilization of in situ XRD can
give insights into the phase structural alterations occurring dur-
ing charge/discharge sequences. Through DFT calculations, an
in-depth understanding of the LiPS adsorption/desorption in the
presence of SACs can be achieved. Hence, the combined appli-
cation of in situ characterizations and DFT calculations can pro-
vide a clear understanding of the reaction mechanisms facilitated
by SACs.

(4) While most current work on the use of SACs to enhance LSBs
performance focuses on liquid electrolytes, polymer, and
polymer-based composite electrolytes find advantages in miti-
gating Li dendrite formation, preventing LiPS migration, and
reducing the risk of fire posed by some organic liquid electrolytes.
Thus, the exploration of SAC performance on LSBs based solid
electrolytes should be urgently undertaken.

(5) Although SACs hold great promise in enhancing the specific en-
ergy and cycling durability of LSBs, their eventual commerciali-
zation requires careful consideration of critical factors, including
active material mass and the ratio of electrolyte to sulfur. Pres-
ently, extending the cycling longevity of LSBs often involves a
compromise with energy density. This trade-off is accomplished
through strategies such as reducing sulfur loading, elevating the
electrolyte/sulfur ratio, and introducing an excess of lithium
metal. To simultaneously achieve low lithium metal content, high
sulfur loading, and a diminished electrolyte/sulfur ratio, the
integration of SACs with highly conductive matrices and excep-
tional activity becomes crucial.

Collectively, SACs’ unique catalytic attributes, robust adsorption
capabilities, and lithiophilic nucleation sites offer significant paths to
overcome limitations linked to the intrinsic behavior of redox-active
LiPS and lithium metal. This, in turn, can pave the way for the
advancement of LSBs towards successful commercialization.

The implementation of SACs in LSBs has demonstrated notable en-
hancements in both specific energy and cycling durability. However, the
prospective commercialization of this technology necessitates careful
consideration of crucial factors such as the mass of active materials and
the ratio of electrolyte to sulfur. At present, the attainment of extended
cycling lifetimes in LSBs frequently necessitates a trade-off in energy
density. This trade-off is achieved by diminishing the S loading, aug-
menting the electrolyte-to-sulfur (electrolyte/S) ratio, and introducing
surplus Li metal. To attain a reduced amount of Li metal, an increased S
loading, and a decreased electrolyte/S ratio, there is a strong preference
for SACs that possess highly conductive matrices and exhibit exceptional
catalytic activity. In a comprehensive context, the diverse catalytic
characteristics, notable adsorption capabilities, and lithiophilic nucle-
ation sites inherent in SACs present considerable potential in addressing
the limitations associated with the intrinsic attributes of redox-active
LiPS and lithium metal. As a result, this has the potential to facilitate
the advancement and eventual commercialization of LSBs.
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