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HIGHLIGHTS

e The inherent differences and connections in interface engineering for inhibiting shuttle effects in alkali M (Li, Na, K)-S batteries are

reviewed.
® The research progress on the application of internal interface engineering in shuttle suppression is summarized.

e The shuttle effect challenge analysis of Li-, Na- and K-S batteries and the prospect of the development direction of the next generation

of alkaline M-S batteries are proposed.

ABSTRACT Rechargeable alkali metal-sulfur (M-S) batteries, including Li/Na/K-S
chemistries, have the potential to utilize abundant and low-cost sulfur cathodes yet offer
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high theoretical energy densities. However, their practical electrochemical performance is
lon-Selective Interface .?T\M;sﬁ_' ®

fundamentally limited by the polysulfide shuttle effect. This challenge is particularly exacer- e Vo, | @/ s ﬁ" o

bated in Na—S and K-S systems owing to larger metal-ion radii, weaker solvation energies, e :‘exr:, ; c.mc;tal;:::erfa::“.
slower redox kinetics, and greater electrolyte—electrode incompatibilities compared to Li—S ; % ‘BQ 5 ;

batteries. This review presents a comparative analysis of interface engineering strategies  anosamaticroye & Elmow 5 Cathode nd Hactrolye
designed to suppress the shuttle effect across these three systems. Following a summary of ﬂ Stsmepee® @

sulfur cathode properties and reaction mechanisms, we systematically examine the origins of  ~ e e ——
polysulfide shuttling. Our analysis progresses from functional separator design and interlayer :

enhancements to the implementation of solid-state electrolytes for root-cause inhibition. By S T

evaluating interface engineering research specific to Na—S and K-S batteries, we elucidate
both shared principles and unique challenges inherent to alkali M-S systems. Finally, we propose multifaceted solutions to achieve shuttle-

free operation and enhance overall battery performance, thereby establishing a foundation for future advancements.
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1 Introduction

With the rapid development of society and ever-increasing
energy consumption, the demand for renewable energy
has reached a high level. The rechargeable battery systems
(lithium/sodium/potassium ion batteries or supercapacitors)
play an important role in electrochemical energy conver-
sion and storage devices. Lithium-ion batteries (LIBs) have
been commercialized due to their high energy density, long
cycle life, low self-discharge, and minimal environmental
pollution. However, commercial alkali (Li/Na/K) ion bat-
teries (AIBs) rely on the reversible insertion-extraction
of ions between cathode and anode, which limits their
practical cell-level energy densities to about 200500 Wh
kg™!, insufficient to meet the increasing energy demands
of modern applications [1-3]. Rechargeable M-S batter-
ies, such as lithium-sulfur (Li-S) batteries, sodium-sulfur
(Na-S) batteries, and potassium-sulfur (K-S) batteries, use
cost-effective, earth-abundant sulfur cathodes, in contrast
to conventional AIB cathodes built from scarce metals like
cobalt, manganese or nickel (Fig. 1). On an active-material
basis, M-S batteries can achieve much higher theoretical
energy densities. For example, Li—S batteries possess a
high specific capacity of 1675 mAh g~! and a theoretical
energy density of approximately 2600 Wh kg~! based on
sulfur. The practical cell-level performance of M-S batter-
ies depends strongly on several critical factors, including
the electrolyte-to-sulfur ratio (E/S), the negative-to-positive
capacity ratio (N/P), and the areal sulfur loading (Fig. 2d,
f). However, in Li—S batteries, the cost advantage of the
sulfur cathode is offset by the combination with lithium, an
expensive and geologically scarce anode material. (Indus-
trial-grade lithium metal is about 100 $ kg_l, with a low
abundance of approximately 0.0065% in the Earth’s crust,
and its concentration in seawater is about 0.17 mg L™!) In
contrast, Na—S and K-S batteries leverage sodium and potas-
sium resources, which are both inexpensive and abundant
globally. (Industrial-grade sodium metal is 2-3 $ kg™, with
an abundance of approximately 2.36% in the Earth’s crust
and an extremely high content in seawater, about 10,620 mg
L~!. Industrial-grade potassium metal is 3-5 $ kg™!, with
a content of approximately 2.09% in the Earth’s crust and
about 380 mg L~ 'in seawater.) [4—6]. It should be noted that
the cost values in Table 1 refer to the prices of commonly
used carbonate precursors (Li,CO3, Na,CO;, K,COj3), which
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are widely adopted as industry benchmarks for estimating
raw material costs in battery manufacturing, rather than the
direct prices of metallic lithium, sodium, or potassium [2].
Besides, we also summarize the corresponding crustal abun-
dances, thereby providing a clear comparison of resource
availability and raw material costs among the three alkali
metal systems. Therefore, Na—S and K-S batteries emerge as
desirable alternatives to conventional ion batteries, offering
a more cost-effective edge and superior elemental abundance
and material accessibility.

However, their energy densities are constrained by mul-
tiple factors, especially the notorious shuttle effect, which
is even more severe in Na—S and K-S systems due to the
large ionic radii and weak solvation of Na*/K*. Moreo-
ver, sluggish redox kinetics and poor electrolyte/electrode
compatibility further amplify this effect, resulting in rapid
polysulfide migration, accelerated capacity fade and severe
interface degradation. Cathode-side modified strategies have
been widely investigated and proven effective at suppress-
ing the shuttle effect [7-10]. Early approaches employ light-
weight carbon hosts but suffer from limited sulfur loading.
Subsequently, the design of nanostructured carbons with
tailored porosity has achieved high sulfur contents above
70 wt % while maintaining high areal capacities. Introducing
polar or catalytic mediators into the cathode matrix enables
combined physical-chemical adsorption and accelerates
polysulfide conversion, thereby improving reaction kinetics.
However, ensuring homogeneous dispersion of these media-
tors without compromising electronic conductivity remains
challenging, and balancing high sulfur loading with long-
term mechanical integrity under repeated volume changes is
essential to truly suppress the shuttle effect at scale.

In contrast, separator and interlayer-based interface
engineering creates an active “second barrier” that more
directly inhibits polysulfide shuttling and parasitic side
reactions. By integrating a functional interface that encom-
passes ion selectivity, adsorption binding and catalytic
conversion, the simultaneous physical capture and chemi-
cal binding of migrating polysulfides can be achieved,
as well as a more uniform Li*/Na*/K* flux across the
battery. These low-cost, easily processed modifications
significantly enhance cycling stability and coulombic
efficiency at high sulfur loadings, and they reinforce the
separator’s mechanical strength, effectively inhibit den-
drite penetration and improve battery performance at low
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Fig. 1 Schematic diagram of interface engineering strategies for inhibiting shuttle effects in M-S batteries

temperatures. Moreover, targeted control of the interface  for more powerful shuttle suppression. Building on these
of separator and interlayer porosity and surface chemistry  advances, solid-state electrolytes (SSEs) show great prom-
allows precise tuning of ion transport pathways and local  ise as leak-free barriers with intrinsically high mechanical
electrochemical environments. These factors are critical =~ modulus and negligible polysulfide solubility, offering a
for fast kinetics and long-term durability. Overall, the  robust solution to shuttle-induced capacity fade and inter-
separator/interlayer interface engineering reduces poly-  face degradation.

sulfide shuttling and battery impedance without causing Although considerable efforts have been devoted to M-S
significant mass gain or cost loss, laying the foundation  batteries, a comprehensive review focusing on the inherent

") SHANGHAI JIAO TONG UNIVERSITY PRESS @ Springer




167 Page 4 of 46

Nano-Micro Lett. (2026) 18:167

differences and connections in interface engineering for sup-
pressing shuttle effects in alkali M (Li, Na, K)-S batteries
is still scarce. While most previous reviews have primarily
focused on individual battery systems, this work provides a
comprehensive cross-system perspective by systematically
comparing Li-S, Na—S, and K-S batteries. Through analyz-
ing their distinct interfacial engineering, shuttle behaviors,
and mitigation strategies, we aim to explore universal design
principles from the common points of the three systems, while
highlighting system-dependent optimization pathways, thereby
complementing existing single-system studies. Herein, we will
point out that the challenges faced by Li-, Na- and K-S bat-
teries all stem from the inherent differences in the properties
of these three metals. Based on the in-depth study of the Li—S
system, we will further analyze and compare the Na—S and
K-S systems to highlight the commonalities and individuality
of each system. Among them, interface engineering is regarded
as the core means to suppress the shuttle effect of polysulfides.
The first part will discuss the characteristics of the sulfur cath-
odes, and then the similarities and differences in the reaction
mechanisms among the three systems will also be compared.
Subsequently, we will summarize the application of internal
interface engineering in shuttle suppression. Starting from the
separate-electrode interface, the intermediate layer (cathode
and anode sides), and the SSEs, respectively, it systematically
presents the design strategies and practical application effects
of different interface strategies. Finally, we will look forward
to the development direction of the next-generation alkali M-S
batteries, with a focus on the functional interface design and its
potential applications in the future energy storage and energy
conversion fields.

2 Sulfur Cathode and the Reaction
Mechanism of Li/Na/K-S Batteries

Sulfur is renowned for its high natural abundance, low cost,
and environmentally friendly, non-toxic properties. As the
cathode material for alkali M-S batteries, sulfur boasts a
theoretical capacity of 1672 mAh g™, and its energy storage
process is based on multi-electron redox reactions, which is
distinct from the traditional ion intercalation/deintercalation
reactions, allowing for higher capacity and energy output.
Li—S batteries are approaching large-scale commercializa-
tion. However, reliance on costly and unevenly distributed

© The authors

lithium metal anodes has driven up costs. Given the char-
acteristics of sodium and potassium mentioned above,
Na—S and K-S batteries are expected to offer greater cost
advantages.

2.1 Li/Na-S Battery

The Na-S battery is capable of delivering an energy density
of 1274 Wh kg™!. The earliest designs utilized molten sul-
fur for the cathode and molten sodium for the anode, with
a f-alumina SSE interlayer (B-Al,O5) serving as both the
electrolyte and separator. Since both the cathode and anode
need to be in a molten state, the operation temperature of
these batteries must be maintained above 300 °C, which
inevitably increases operational costs and reduces safety
[11, 12]. Consequently, researchers have turned their atten-
tion to room-temperature Na—S (RT Na-S) batteries [13].
While Na—S batteries share chemical similarities with Li—S
batteries, they are not identical.

The working mechanism of Na (Li)-S batteries is essen-
tially the redox reaction of sulfur elemental by obtaining
or losing electrons in the electrochemical process. During
the discharge process, the Na (Li) anode loses an electron
and is oxidized to Na*t (Li*). The generated Nat (Li")
would migrate from the anode to the sulfur cathode through
the electrolyte. Then, it will combine with the sulfur and
electrons transferred from the external circuit and form
polysulfide intermediates as well as sodium/lithium sulfide
(Na,S/Li,S) at the full-discharged state. In the consequent
charging process, the Na,S (Li,S) was reversibly oxidized to
elemental sulfur. The reversible oxidation from Na,S (Li,S)
to sulfur features an extended charging plateau, with an ini-
tial voltage drop during the charging phase, indicating the
overpotential required to drive the conversion of Na,S (Li,S)
into polysulfide species. Concurrently, the metallic anode
undergoes a reversible stripping/plating process during the
repeated discharge/charge cycles. The corresponding reac-
tion equation is as follows (Egs. 1-3) (Metal, M=Li or Na):

Cathode:S, + 2nM* + 2ne” «<— nM,S 1)

Anode:M «— M*' +e” 2)

Overall reaction: S, + 2nM «<— nM,S(1 <n <38) 3)

https://doi.org/10.1007/s40820-025-02004-8
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functional separator interface for suppressing the shuttle effect

2.1.1 Ether-Based Electrolytes
Contrary to the simplified equations previously men-

tioned, the actual electrochemical processes of Li/Na—S
batteries involve a series of complex reactions, which

SHANGHAI JIAO TONG UNIVERSITY PRESS

can differ significantly across various electrolyte sys-
tems. In ether-based electrolytes, RT Na—S and Li-S bat-
teries both undergo a transformation process from solid
to liquid and back to solid [14]. In Li-S batteries, a typi-
cal constant current charge—discharge curve exhibits two

@ Springer
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Table 1 Physical properties of Li, Na and K metal anodes [41, 42]

M \8\8\1

Na - //// K ////
Content in the Earth’s crust (wt%) 0.0065 2.36 2.09
The price of metal carbonates ($ ton™") ~7400 ~141 ~360
Tonic radius (A) 0.76 1.02 1.38
Stokes radius in PC (A) 48 4.6 3.6
Desolventization energy in PC (kJ mol™") 215.8 158.2 119.2
Conductivity of PC (S cm? mol™) 8.3 9.1 15.2
Potential vs SHE (V) -3.04 —-2.71 —-2.93
Theoretical capacity of anode (mAh g™!) 3860 1165 685
Theoretical volume capacity of anode (mAh cm™) 2062 1128 591
Sulfur-based theoretical energy density (Wh kg™!) 2567 1274 1023
Melting Point (°C) 180.5 97.8 63.5
Boiling Point (°C) 1342 883 759
Autoignition Temperature (°C) 179 115 54

discharge plateaus (Fig. 2a). The higher 2.3-2.4 V plateau
corresponds to the opening of the cyclic octa atom sulfur
ring (ring-Sg), followed by the transformation of lithium
polysulfide (LiPS) from a high-chain form to a low-chain
(Sg = Li,Sg— Li,S¢ — Li,S,), the contribution of theoretical
specific capacity is 418 mAh g=!. The lower voltage plateau
at about 2.0-2.1 V is associated with the reaction from the
short-chain liquid Li,S, to the solid Li,S, and eventually
to the equilibrium solid Li,S, thus constituting a residual
capacity of 1255 mAh g~!. The detailed reaction equations
are as follows (Egs. 4-8):

Stage 1:Sg + 2Li* + 2~ — Li,S¢(Platform : 2.3 — 2.4 V)

“
3Li,Sg +2 Li" +2e” — 4 Li,S, 3)
Stage I1:2Li,S¢ + 2Li* + 2¢~ — 3Li,S, ©)

Stage IT1:Li,S, + 2Li* + 2¢~ — 2Li,S,(Platform:2.0 — 2.1V)
(N
Li,S, + 2Li* +2¢~ — 2Li,S )
It is worth noting that the discharge process of Li/Na—-S

batteries is intrinsically multistep and involves several inter-
mediate polysulfide transformations, each associated with

© The authors

a potential range rather than a fixed value. This is because
the exact onset potential varies with electrolyte composi-
tion, catalyst type, and current density. Importantly, recent
in-situ Raman and potentiostatic studies have revealed that
even the so-called “first plateau” is not a single-step reaction,
but rather a cascade of dissolution, fragmentation, and dis-
proportionation events, and their potential windows overlap
and shift dynamically during cycling [15, 16]. The above-
mentioned mechanism and uncertainty also exist in Na—S
and K-S systems. The larger ionic radii and weaker solva-
tion often make the conversion step more difficult and lead
to more polarization. Therefore, the strategy of catalyzing or
interfacial regulation of Lit* (Na*/K") activity often pushes
the apparent step potential towards a more ideal range and
enhances the platform’s reversibility.

Furthermore, reported potentials are often derived under
specific conditions and reflect a combination of thermody-
namic and kinetic factors, including local cation activity, sol-
vation structure, and interfacial overpotentials. For instance,
Li" is heavily solvated and weakly bound to polysulfides,
while Na* and K exhibit stronger electrostatic association
with S,2~ chains, resulting in lower apparent potentials and
larger hysteresis in Na—S and K-S batteries. These devia-
tions imply that, when catalyzing the transformation process,

https://doi.org/10.1007/s40820-025-02004-8



Nano-Micro Lett. (2026) 18:167

Page 70f46 167

catalytic activity should not be judged solely by absolute
step potentials, but rather by its ability to lower overpoten-
tials, accelerate Li,S,/Li,S conversion, and stabilize multi-
step transformations across the full discharge process [17].

Theoretically, RT Na-S batteries also convert Sg into
Na,S through a multi-step reaction during the discharge pro-
cess in ether-based electrolytes (Fig. 2b), and the specific
discharge process is as follows (Egs. 9—14):

Stage I:Sg + 2Na® + 2e~ — Na,Sg(platform: ~ 2.2 V)

©))
Stage I1:Na,Sg + 2Na™ + 2™ — 2Na,S, 1(10)
Stage I11:3Na,S, + 2Na™ + 2e”~ .
— 4Na,S;(platform: ~ 1.65 V) (n
Na,S, + 2Na* + 2e™ — 2Na,$S, (12)
Na,S, + 6Na* + 6e~ — 4Na,S (13)
Stage IV:Na,S, + 2Na™ + 2~ — 2Na,S (14)

The larger radius of Na* compared to Li* results in lower
reactivity with sodium polysulfides (NaPS), reducing their
degree of dissociation and solubility in the electrolyte, and
minimizing undesirable side reactions [18]. Based on the
above explanation, K* has the largest radius among the three
ions, which results in the lowest solvation energy. At the
same time, the nucleophilic reaction between potassium
polysulfide (KPS) and solvents is also the weakest. These
characteristics enable K-S batteries to demonstrate potential
for stable operation in electrolytes, similar to Na—S batter-
ies [19]. Moreover, K-S batteries may exhibit more stable
conversion reaction characteristics.

2.1.2 Carbonate-Based Electrolytes

In carbonate-based electrolyte systems, free long-chain poly-
sulfide anions in Li-S batteries can undergo vigorous nucle-
ophilic addition or substitution reactions with the electrolyte,
leading to the formation of thioethers and other sulfur-con-
taining functional groups. This reaction may exhibit ultra-
high discharge capacity in the initial cycles, even exceeding
the theoretical specific capacity of sulfur [20]. However,
the uncontrolled dissolution of LiPS leads to rapid capacity
decay and reduced coulombic efficiency. Moreover, the poor

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

compatibility of carbonate-based electrolytes with Li anodes
may accelerate dendrite growth, increasing safety risks. As a
result, carbonate-based electrolytes are less commonly used
in Li-S batteries [21].

In contrast, sodium ion has more moderate chemical prop-
erties. Carbonate-based electrolytes are compatible with
Na-S battery electrodes, providing a wide electrochemical
window and high ionic conductivity [22-24]. Due to the
availability, lower price, better thermal stability and indus-
trialization basis of the carbonate electrolyte raw materials,
Na-S battery shows higher application potential in large-
scale, low-cost and high-safety energy storage scenarios [25,
26]. During this process, the sulfur directly converts into
solid Na,S, or Na,S, and the sulfur exists in the form of
small molecules or interacts strongly with the matrix mate-
rial, preventing the formation of soluble NaPS and thus sup-
pressing the shuttle effect [20, 27]. Researchers have con-
firmed that Na,S is the sole discharge product under various
discharge states by analyzing the first derivative curves of
in situ ultraviolet—visible spectroscopy [28]. Since the rate
of solid-to-solid transformation reactions is relatively slow,
it can be accelerated by designing microporous structures or
defect engineering through atomic doping to enhance inter-
nal ionic and electronic transport. Similarly to the addition
of LiNOj in the ether-based electrolyte of Li—S batteries,
the addition of fluoroethylene carbonate (FEC) in carbon-
ate-based electrolytes also helps to form a protective SEI
layer, preventing excessive side reactions [29]. Overall, the
low solubility of NaPS and the stable anode and cathode
interfaces endow Na-S batteries with more stable cycling
performance in carbonate-based electrolytes.

The intrinsically low solubility of NaPS, combined with
the stable electrode—electrolyte interfaces, endows Na—S
batteries with enhanced cycling stability in carbonate-
based electrolytes. Importantly, the reaction mechanisms
and interfacial behaviors of S/C composite and SPAN cath-
odes differ substantially, necessitating distinct SEI/CEI
optimization strategies. For S/C composites, the conversion
predominantly follows a solid—solid pathway owing to the
extremely low NaPS solubility, which effectively mitigates
shuttle effects but also slows redox kinetics. Recent stud-
ies demonstrate that introducing FEC facilitates the in situ
formation of uniform NaF-rich CEI and SEI layers, which
collectively enhance interfacial stability, improve redox
reversibility, and extend cycling durability [30]. Functional
additives and defect-engineered S/C hosts have been shown

@ Springer
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to accelerate solid—solid conversion and achieve superior
rate performance. In contrast, SPAN cathodes, where sul-
fur is covalently anchored within the polymer backbone,
inherently suppress the generation of soluble NaPS, ren-
dering battery performance more dependent on the stabil-
ity of the SEI at the Na anode. Recent advances show that
engineering inorganic-rich SEI (e.g., NaF or Na;PO,) via
FEC-containing electrolytes or weakly solvating electrolytes
(WSEs) effectively suppresses dendrite formation, stabilizes
Na deposition, and significantly improves cycling lifespan
[31, 32]. These findings highlight that interfacial engineer-
ing in carbonate-based Na—S batteries should adopt cathode-
specific strategies: S/C composites benefit from a coordi-
nated CEI-SEI approach to facilitate solid—solid conversion,
whereas SPAN cathodes demand SEI-centric stabilization to
achieve long-term electrochemical stability.

2.2 K-S Battery

Potassium-based battery systems benefit from the weaker
Lewis acidity of K™ in ether electrolytes, its relatively small
Stokes radius in solution and high ionic mobility, all of
which promote fast ion transport. It should be noted that
the “stability” of potassium polysulfides mentioned earlier
mainly refers to their low nucleophilicity toward electro-
lyte solvents, which effectively reduces parasitic interfacial
reactions and enhances interface compatibility. By contrast,
the thermodynamic stability of solid K,S, phases repre-
sents another aspect: these crystalline intermediates are
less prone to decomposition but introduce more complex
multi-step conversion pathways during discharge. How-
ever, a K-S battery operates at a lower discharge voltage
(~1.88 V) and suffers from a higher atomic mass of potas-
sium (39 g mol™"), which together enables its theoretical
specific energy at around 1023 Wh kg~!. Despite this, it is
still about twice as high as the energy density of LIBs. The
charge/discharge processes of the K-S battery also involve
complex electrochemical mechanisms. Depending on the
electrolyte composition, electrode materials, and structural
design, the final discharge products may be K,S;, K,S,, or
K,S. Generally, the transformation process in most K-S bat-
teries can be summarized as the stepwise reduction of sulfur
to long-chain polysulfides, then to short-chain polysulfides,
and ultimately to K,S, (1 <n <3). Unlike the unstable poly-
sulfides in the Li/Na-S battery, the KPS have a series of

© The authors

stable phases at room temperature (K,S,, n=1,2,3,4,5,6),
which makes it more convenient for researchers to use vari-
ous possible characterization techniques in future studies to
explore its mechanism further [33, 34].

Theoretically, due to the large ionic radius and slow reac-
tion kinetics, each phase transition from K,S ., to K,S_
(1 <n<7) generates a corresponding platform, which is
reflected on the charge—discharge curve as a gently inclined
profile with a certain gradient (Fig. 2c). Similar to the Li/
Na-S battery, the working reactions of the K-S battery can
be described as Eq. 15:

xS+ 2K «— K,S,(1 £x <3) (15)

In early studies, sulfur was encapsulated within CMK-3
mesoporous carbon as the active material, and XRD meas-
urements indicated that long-chain polysulfides ultimately
transformed into K,S; [35]. However, the theoretical capac-
ity of K,S;-K,S accounts for 67% of the total S capacity
(1675 mAh g™, so it is crucial to completely reduce K,S
to K,S through a reasonable strategy for battery capacity
improvement. It has been concluded that the reduction of
K,S; to K,S is not directly formed, but through propor-
tionation and comproportionation reactions between poly-
sulfides [36]. Xiong et al. pointed out that K,S, tends to
form K,S; and K,S because the formation energy of K,S,
is higher than that of K,S; and K,S (in terms of stability,
K,S;>K,S >K,S,) based on theoretical density functional
theory (DFT) calculations [37]. Sun et al. achieved full
solid-state S — K,S conversion in a SPAN electrode using a
polyacrylic acid binder, demonstrating the effectiveness of
covalent-S. Beyond this approach, atomic catalysis strategy
(e.g., single-atom Co, Ni, Fe, Mn, or Cu in N-doped carbon)
also drives the K,S; — K,S step by tuning metal-sulfur bond
strength, lowering overpotentials and accelerating kinetics
[38, 39]. Taken together, these strategies balance atomic
configuration and electronic structure, providing a clear
blueprint for designing advanced sulfur cathode catalysts.

Although we have borrowed extensively from the mature
mechanistic framework developed for Li—S batteries and
achieved promising results, a comprehensive understand-
ing of conversion pathways in Na—S and K-S batteries will
demand further ingenuity. By combining in-situ techniques
(e.g., operando spectroscopy platforms and in-situ TEM)
with advanced synthesis and modeling, we can capture
the true speciation and structural evolution of sulfur spe-
cies throughout cycling. Conventional ex-situ analyses

https://doi.org/10.1007/s40820-025-02004-8
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alone cannot resolve the transient intermediates formed
during charge and discharge. For example, Hu et al. com-
bined in-situ XRD and ex-situ XPS to reveal the reversible
Sg <> K,S/K,S, conversion in a K-S battery [40]. Guided
by DFT screening, they designed an N-doped carbon-WSA-
W,C host that both lowers the dissociation barrier of solid
KPS and accelerates polysulfide conversion. This mecha-
nism-driven “design-experiment-validate” approach not
only deepens our understanding of sulfur conversion but
also provides a clear blueprint for next-generation M-S bat-
tery materials.

3 Internal Interface Management System
in Preventing Shuttle Effects

As described in preceding sections, Li/Na/K-S batteries
universally grapple with the detrimental polysulfide shut-
tle effect. In Li—S batteries, extensive research has been
conducted on functionalized separators and interlayers that
incorporate polar materials or catalytic sites to immobilize
and convert polysulfides effectively. These strategies have
been adapted to Na—S batteries, yielding promising results.
However, K-S batteries present unique challenges due to
the larger ionic radius of K™ and its distinct electrochemical
behavior, requiring a customized interface design. The phys-
icochemical differences among Li, Na and K (ionic radius,
solvation dynamics and redox potential) drive distinct poly-
sulfide chemistries and shuttle behaviors (Table 1). There-
fore, while interfacial engineering principles may be uni-
versally applicable, their specific implementations must be
tailored to each system. The subsequent sections will delve
into comparative analyses of separator/interlayer modifica-
tions and SSEs design across Li—S, Na—S, and K-S batter-
ies, elucidating both shared strategies and system-specific
adaptations.

3.1 Separator Interface Modification

3.1.1 Design Principle for Functionalized Separator
Engineering

Polyolefin separators, such as polypropylene (PP) and
polyethylene (PE), are widely employed in Li—S batter-
ies due to their low cost, electrochemical stability, suit-
able mechanical strength, and appropriate porosity. These

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

separators allow sufficient electrolyte uptake and ion dif-
fusion while physically separating the cathode and anode
to prevent internal short circuits. However, conventional
carbonate-based electrolytes often exhibit poor wettability
with polyolefin membranes, and the larger ionic radii of
Na* and K* demand wider ion transport channels to ena-
ble efficient migration [43]. Consequently, Na—S and K-S
batteries commonly employ glass fiber (GF) separators,
which offer higher porosity and better electrolyte wettabil-
ity, particularly with carbonate solvents such as EC and PC
that provide high sodium salt solubility [44, 45]. However,
conventional GF separators suffer from large micron-scale
pores and excessive thickness, which increase electrolyte
uptake, lower energy density, and heighten safety risks
with flammable solvents. Besides, their high porosity also
accelerates polysulfide migration, while the large pores
allow dendrite penetration that degrades coulombic effi-
ciency and can cause short-circuits [46, 47].

To quantitatively assess separator ionic conductivity, the
following relation is commonly used (Eq. 16):

L
c= R A (16)
where o is the ionic conductivity (S cm™'), L is the mem-
brane thickness (cm), R is the measured bulk resistance (£2),
and A is the electrode contact area (cm?). High porosity and
good wettability contribute to a lower R, thus enhancing
overall ionic conductivity.

Furthermore, to evaluate the separator’s cation transport
selectivity, particularly critical in suppressing polysulfide
anions, the cation transference number t*, is determined via
the Bruce-Vincent-Evans method with the cells assembled

using a metal /metal symmetrical cell structure (Eq. 17):

f o= IS‘Y(AV B IORO)
T I(AV = IgR,) a7

where I, and I are the initial and steady-state currents
measured by chronoamperometry under a small polariza-
tion potential (10 mV) and the test time was set as 10,000 s,
R, and R are the interfacial resistances before and after
polarization, and AV is the applied DC bias. Furthermore,
the test temperature can be adjusted according to the actual
situation. A higher t, value indicates enhanced cation-selec-
tive transport, which is beneficial for mitigating polysulfide
shuttling, as summarized in Table 2.

In Li/Na/K-S batteries, designing functional interfaces
with advanced materials has proven effective in alleviating

@ Springer
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polysulfide dissolution, suppressing side reactions at the
metal anode, and improving rate performance and cycle life.
Functionalized separator surfaces, whether applied as direct
coatings on commercial membranes or used as independent
freestanding interlayers, typically incorporate components
that adsorb, immobilize or catalytically convert polysulfides,
reducing their solubility and accelerating redox kinetics to
extend cycle life [48].

Functionalized separators must meet three basic criteria:
(1) electrical insulation to prevent short circuits; (2) fast
ionic transport to maintain electrochemical kinetics; and (3)
electrochemical stability across the operational voltage range
[49, 50]. It is worth noting that in the pursuit of transitioning
alkali M-S batteries from laboratory to practical energy stor-
age devices, achieving stable electrochemical performance
under high sulfur loading and lean electrolyte conditions has
emerged as a vital, yet critically challenging research focus.
High sulfur areal loading is a prerequisite for attaining com-
petitive energy densities that meet commercial application
requirements. Concurrently, operating with a low E/S ratio
is a crucial strategy for minimizing overall battery cost and
maximizing the practical energy density at the cell level.
However, high loading exacerbates the total mass of poly-
sulfides susceptible to shuttling and intensifies mechanical
strain within the electrode structure, while lean electrolyte
severely deteriorates ion-transport kinetics and elevates the
local concentration of polysulfides, making the shuttle effect
more acute. Consequently, evaluating the efficacy of any
interfacial engineering strategy (eg, cathode host, separator
modifications, or binder systems) under the dual constraints
of high sulfur loading and lean electrolyte has become one
of the most significant benchmarks for assessing its practical
viability [51-53].

High sulfur loading significantly increases the total
amount of soluble polysulfide intermediates, which requires
the separators to have excellent polysulfide blocking and
absorbing capacity. For instance, when designing func-
tional modification layers, high-density chemical adsorp-
tion sites (such as polarized surfaces, defect-engineered
matrices, or atomic-level catalysts) should be laid out to
effectively fix a large amount of polysulfides. Meanwhile,
the situation of poor electrolytes poses a challenge to the
resistance of ion transport. Functionalized separators should
exhibit precise ion-selectivity that efficiently blocks poly-
sulfides while maintaining low-energy-barrier pathways for
rapid alkali metal ion transport. This balance is essential to

© The authors

avoid significant polarization that would otherwise negate
the benefits of high-loading electrodes. Recent pioneering
research underscores that the critical solution to these strict
conditions lies in the rational design and preservation of
a robust and functional active material microenvironment
(ME@AM) [54]. In this context, Yan et al. demonstrated
an alveoli-inspired carbon cathode with interconnected
hierarchical pores and asymmetrically coordinated V-S;N;
single-atom sites, which synergistically enhance polysulfide
adsorption and catalytic conversion through tilted adsorp-
tion configurations and optimized electronic structures. This
design achieves ultralow conversion barriers (~0.21 eV)
and long-term cycling stability, providing a representative
framework for constructing multifunctional ME@ AM archi-
tectures [55]. An ideal ME@ AM should integrally provide
mechanical resilience to withstand volume changes, ensure
efficient and continuous pathways for ion and electron trans-
port even in dense electrodes, and offer strong capabilities
for polysulfide confinement and catalytic conversion, thereby
rescuing battery performance under these stringent condi-
tions. Beyond these, properties such as porosity, thickness,
electrolyte wettability, and surface energy significantly
influence overall battery behavior. As a result, research has
increasingly focused on tailoring the separator interface with
features such as ionic selectivity, strong polysulfide affinity,
and catalytic activity. Integrating these parameters into a
unified design strategy is crucial for advancing high-perfor-
mance separators in alkali M-S battery systems (Fig. 2g).

3.1.2 Approaches to High-efficiency Separator Interface
Management System

Recent advances in separator engineering have led to a wide
range of modification strategies, including polymer coatings,
2D layered membranes (MXenes, graphene, etc.), MOF/COF
frameworks, Janus separators, and composite nanostruc-
tures, etc. These diverse materials can be broadly classified
based on their dominant interfacial functionality: selective
ion transport, strong polysulfide adsorption, and catalytic
acceleration of conversion reactions. lon-selective separators
utilize sub-nanometer pores or charged channels to selec-
tively allow alkali-ion transport while physically blocking
polysulfide species. Their key advantage is high efficiency
at minimal design complexity, but the precise pore size con-
trol required can lead to compromised ionic conductivity at

https://doi.org/10.1007/s40820-025-02004-8
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high sulfur loadings. Strong adsorption interfaces immobi-
lize soluble polysulfides via polar surface groups or MOF/
COF coatings, effectively suppressing shuttling. However,
excessive adsorption can slow reaction kinetics and lower
sulfur utilization, especially under lean-electrolyte condi-
tions. Catalytic functional interfaces employ doping-defect
engineering, single-atom catalysts, or d-band-engineered
transition-metal sites to accelerate polysulfide conversion
and improve redox kinetics, which significantly enhances
cycling stability and high-rate performance, but catalyst
cost and synthetic complexity may limit scalability. Overall,
hybrid designs integrating ion selectivity, chemical adsorp-
tion, and catalytic acceleration are emerging as promising
pathways, offering synergistic control of shuttle suppression
and redox dynamics for next-generation high-performance
Li/Na/K-S batteries.

3.1.2.1 Customs Inspection Post: Ion-selective Inter-
face The ion-selective membrane can be analogized to a
customs checkpoint, where it selectively permits certain
ions to pass while restricting or blocking others. Specifi-
cally, it facilitates the passage of alkali metal cations while
simultaneously acting as a barrier to polysulfides. This
selective permeability prevents the diffusion of polysulfides,
effectively confining them within the cathode region and
thus minimizing active material loss. As a result, the separa-
tor plays a critical role in enhancing sulfur utilization and
improving the overall performance and cycle stability of
M-S batteries.

Electrostatic Repulsion

One of the most typical ion-selective membranes is the
Nafion membrane. This material can be specifically designed
for various types of cations, and the surface with negative
sulfonic acid groups can have a repulsion effect on anions.
Nafion membranes, as a copolymer of tetrafluoroethylene
and perfluorovinyl ether, have been widely used in energy
storage devices such as fuel cells and flow batteries due to
their excellent stability and high cationic conductivity [56,
57]. In Li/Na/K-S batteries, polysulfides dissolved in organic
electrolytes will undergo ionization (M,Sn —2 M* +Sn?",
M=Li, Na, K, 4 <n <8) or dissociation processes (Snz_ -2
S,/2)- Therefore, long-chain polysulfides are negatively
charged [58]. In this way, Nafion contains perfluorinated
backbones and sulfonic acid side chains, which offer strong
electrostatic repulsion against negatively charged polysulfide
species, thereby effectively mitigating their migration toward
the metal anode [59, 60]. Nafion membranes have been
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effectively employed in Li—S battery research to modify
separator interfaces and suppress polysulfide anion migra-
tion. Babu et al. conducted an early study combining Nafion
with sulfonated PEEK, showing that a 1:1 ratio effectively
blocked polysulfide crossover while maintaining ionic con-
ductivity [61]. Building on this, He et al. developed a dual-
layer separator with lithiated Nafion facing the cathode and
porous Al,O; on the anode side to simultaneously inhibit
polysulfide shuttling and lithium dendrites [62]. Expanding
Nafion’s functionality, Diao et al. integrated it with a Cu-
metal-organic framework (Cu-MOF) ion-sieve membrane
that regulated Li* flux and restricted polysulfide diffusion
through both steric hindrance and coulombic exclusion
[59]. More recently, Son et al. fabricated a 750 nm ultrathin
Nafion interlayer embedded in a CNT/PEDOT matrix using
solution shearing. The resulting Li—S pouch cells delivered
1029 mAh g™! at high sulfur loading (5.3 mg cm™2) and low
E/S ratio (5 pL mg™!), showing excellent rate capability and
cycling performance [63]. To further enhance energy den-
sity, binder-free, interfacially engineered Janus separators
were prepared, which presented LiPS-trapping functionality
and dendrite suppression (Fig. 3a) [64, 65].

In early Na-S battery studies, sodified Nafion (Na-Nafion)
was drop-cast onto porous PP membranes to create cation-
selective separators, resulting in a 75% capacity increase
after 20 cycles [66]. Similarly, Manthiram et al. soaked
Nafion membranes in a TEGDME electrolyte with NaClO,
and NaNO; to obtain Na-Nafion, which was directly used in
battery assembly without drying. This modification effec-
tively suppressed NaPS shuttling and enhanced Na* trans-
port [67]. Building on this, they further coated Na-Nafion
with an activated carbon nanofiber layer, serving as a sec-
ondary current collector and improving electrochemical
performance. Efforts to improve sulfur utilization have also
led to Al,05-Nafion composite GF membranes via screen
printing. These membranes exhibit polysulfide adsorp-
tion and deliver enhanced cycling stability, retaining about
250 mAh g_l after 100 cycles [68]. In contrast, the use of
Nafion membranes in K-S batteries remains largely unex-
plored. Considering the larger ionic radius of K* and the
distinct operating conditions of K-S systems, it is important
to evaluate membrane compatibility. Future research could
draw inspiration from modification strategies employed in
Li/Na-S batteries, such as introducing nanoparticles, adjust-
ing the film thickness or combining with other materials, to
optimize their performance in K-S batteries.

https://doi.org/10.1007/s40820-025-02004-8
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Fig. 3 Schematic illustration of a the shuttle effect suppression with CTP-PAN separator; Reproduced with permission [64]. Copyright 2022,
Wiley—VCH. b the flow of substances in cerebral vessels and the selective passage of ions through the BBB and the rejection of neurotoxins;
¢ the selective Na™ transport and the use of HB/CNT@COF to repel polysulfides; d the permeation test of different membranes; Reproduced
with permission [69]. Copyright 2023, Wiley—VCH. e the fast Na* migration within the Azo-TbTh separator; Reproduced with permission [71].
Copyright 2022, American Chemical Society. f the two-step PHAP method; Reproduced with permission [75]. Copyright 2021, Wiley—VCH.
g COF-based nanofluidic membrane h ion transport behavior through 4F-COF nanofluidic nanochannels. i Cycle stability of LilLi symmetric
cells based on different separators at 1 mA cm™2. j In situ time-resolved Raman spectra obtained during discharging processes with PP (top) and
4F-COF/PP (bottom) separators. Reproduced with permission [76]. Copyright 2023, American Chemical Society

In addition to Nafion membranes that utilize anionic ~ proved that HB/CNT@COF membrane has superior block-
groups to repel polysulfides, Chen et al. developed a hydrox-  ing ability against polysulfides (Fig. 3d). Besides, the inter-
ynaphthol blue (HB)-modified single-walled carbon nano-  penetrating 3D network formed by the COF and conductive
tube (SWCNT) composite membrane encapsulated with ~ carbon nanotubes facilitates rapid ions/electrons transport,
covalent organic framework (COF)-300 (HB/CNT@COF).  thereby reducing interfacial resistance caused by inert poly-
The sulfonic acid groups in the HB dye provide effective  sulfide layers. Drawing inspiration from the blood-brain bar-
ionic sieving capabilities [69]. Therefore, the permeation test  rier in medicine, which selectively regulates ion transport
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through negatively charged surfaces (Fig. 3b-c). Ren et al.
introduced a polybenzimidazole-based ion-selective sepa-
rator combined with a dual-function Nal-P,S5 electrolyte
additive [70]. This design effectively stabilized the deposi-
tion of insoluble Na,S, by controlling ion transport and pre-
cipitation reactions, achieving a capacity retention of 92.9%
after 50 cycles in Na—S batteries. Wang et al. synthesized
an azobenzene-functionalized COF thin film via interfacial
polymerization and applied it as a modified GF separator in
Na-S batteries [71]. The azobenzene side chains enabled
sub-nanometer pore control and electrostatic repulsion,
effectively suppressing polysulfide shuttling while facili-
tating Na* transport through rapid ion migration channels
(Fig. 3e). The ultrathin 70 nm film blocked polysulfide cross-
over without compromising ion transport kinetics, resulting
in a high specific capacity of 1295 mAh g~! at 0.2 C and
excellent cycling stability (0.036% capacity decay per cycle
over 1000 cycles at 1 C). Flexibility tests further confirmed
its mechanical robustness. Although COF materials are rel-
atively more expensive than traditional polymer coatings,
ultra-thin COF layers have excellent Na* selectivity, high
ionic conductivity and extremely low capacity decay. These
findings emphasize the trade-off between material costs
and performance enhancements. This work underscores the
potential of functionalized framework materials in separa-
tor design, offering promising strategies for advanced Na—S
battery development.

Customized Membrane Pore Size

Traditional polyolefin separators suffer from uneven pore
distribution, low polarity, and poor porosity, which limit
their ability to block polysulfide diffusion. To address these
issues, recent efforts have focused on designing selective
membranes with tailored pore structures [72, 73]. For exam-
ple, Zhao et al. developed an electrospun PI-PEO copolymer
membrane that improved electrolyte wettability and ionic
conductivity, while polar functional groups enhanced poly-
sulfide affinity [74]. Functional porous materials such as
MOF and COF have also shown great promise due to their
ordered channels, charge selectivity, and chemical adsorp-
tion capabilities. Lan’s group introduced a MOF-based
separator with stepped channels, enabling both polysulfide
blocking and efficient Li* transport (Fig. 3f), which led to
a high capacity (1365 mAh g~!) and stable cycling over
700 cycles [75]. Similarly, a fluorinated covalent organic
framework (4F-COF)-based separator was designed to create
negatively charged nanochannels to achieve the same effect
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(Fig. 3g-i). In situ Raman spectroscopy further confirmed
that the 4F-COF-modified separator effectively suppressed
polysulfide migration, showing only weak polysulfide sig-
nals at the separator/lithium interface compared to the pris-
tine PP separator. (Fig. 3j). Electrochemical measurements
further revealed that the 4F-COF separator delivers a high
Li* transference number (0.73), which is significantly higher
than that of pristine PP separators (0.33), ensuring efficient
ion-selective transport and mitigating concentration polari-
zation. This separator shows excellent electrochemical per-
formance, including a cycling retention of 82.3% over 1000
cycles at 2 C and a rate performance of 568 mAh g~ at
10 C, making it a promising solution for practical applica-
tions of Li—S batteries (Table 2) [76]. In Na—S systems, as
we mentioned in the previous section, Wang et al. utilized
azobenzene-functionalized COFs to achieve sub-nanometer
pore control and uniform Na™ transport [71]. Composite ion-
selective polymer membranes with interconnected pores fur-
ther suppressed NaPS$ dissolution and enhanced Na™ conduc-
tivity (~107> S cm™), offering a practical solution for RT
Na-S batteries [77, 78]. Such membrane designs also help
alleviate dendrite formation by promoting homogeneous
ion flux, providing a promising direction for advanced M-S
battery development. Although the application of COF has
not been reported in K-S batteries yet, it has shown signifi-
cant advantages in zinc-sulfur (Zn-S) battery systems [79].
An ionic COF (iCOF) membrane with negatively charged
nanochannels effectively blocks SS/SXZ_ while maintaining
fast ion conduction (t*: 0.15, ionic conductivity: 18.22 mS
cm_l). As aresult, Zn-S batteries deliver 699.3 mAh g_1 at
1.0A g', 175 mAh g7" at 5.0 A g7, and 92.4% capacity
retention after 300 cycles. These results demonstrate that
performance enhancement arises from the synergistic effect
of shuttle inhibition and improved Zn>* transport [30, 80]. In
the future, the verification method combining DFT calcula-
tion and experiments will provide a methodological refer-
ence for the development of K-S battery separators. Recent
studies emphasize the importance of nano/microstructural
optimization in enhancing sulfur utilization. Li’s team
reported that preferential Li,S precipitation on the cathode
surface causes pore blockage and premature discharge ter-
mination [81]. Introducing the Thiele modulus provides a
quantitative guideline, showing that optimizing porosity and
pore connectivity effectively alleviates diffusion limitations
and enables an energy density of 436 Wh kg~!in a 3 Ah
pouch cell. These findings underscore the significance of

https://doi.org/10.1007/s40820-025-02004-8
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transport-aware structural design for improving practical
sulfur kinetics.

To date, research on improving K-S battery perfor-
mance through ion-selective separators remains scarce.
Conventional separators often suffer from poor electrolyte
wettability and uncontrolled pore size distribution, which
induce inhomogeneous K* flux and aggravate polysulfide
shuttling, leading to rapid capacity decay. Therefore, devel-
oping advanced ion-selective separator architectures that
simultaneously enable efficient K* transport and effective
polysulfide suppression is a promising strategy for achieving
stable and long-term cycling in K-S batteries.

The efficacy of size-sieving separators critically depends
on achieving an optimal pore size window determined by
the effective dimensions of polysulfide species. Recent
experimental and computational studies demonstrate that
LiPS in typical ether-based electrolytes predominantly exist
as solvated clusters rather than isolated chains. Molecular
dynamics simulations, XRD, and in situ spectroscopic
analyses have revealed dominant hydrodynamic diameters
of approximately 0.6-0.9 nm, while longer-chain spe-
cies (Li,S¢/Li,Sg) can occasionally form larger solvated
aggregates up to~ 1.2 nm [82—-84]. For NaPS/KPS, direct
experimental measurements remain limited. However, due
to weaker solvation and stronger cation-polysulfide asso-
ciation, NaPS and KPS are inferred to form more compact
ion-polysulfide aggregates or even gel-like phases, yielding
an estimated effective size of ~0.7-1.5 nm under similar
solvent conditions [85]. Based on these cluster size esti-
mates, the optimal pore size for physical sieving should
be designed slightly smaller than the polysulfides to block
their diffusion while remaining larger than solvated alkali
cations to minimize ion-transport impedance. Representa-
tive studies suggest an effective design window of approxi-
mately 0.45-0.60 nm for Li—S, 0.50-0.75 nm for Na-S, and
0.60-0.85 nm for K-S systems [86, 87]. In practice, these
ultra-microporous apertures are commonly integrated as a
“skin layer” atop a mesoporous scaffold (2-20 nm), enabling
efficient polysulfide rejection while maintaining high ionic
conductivity [82, 88, 89].

Although ion-selective interfacial strategies improve sul-
fur utilization and battery stability by mitigating the poly-
sulfide shuttle effect, they still face significant limitations.
By employing electrostatic repulsion to confine polysulfides
within the cathode region, these strategies reduce anode
corrosion. However, this confinement leads to elevated
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polysulfide concentrations near the cathode, increasing elec-
trolyte viscosity and decreasing ionic conductivity. These
effects are particularly detrimental under high sulfur load-
ing, high current densities, and low-temperature conditions,
resulting in significant performance degradation. Moreover,
the accumulation of polysulfides at the cathode interface can
form passivation layers, increasing interfacial resistance and
further compromising cycling efficiency and stability. Con-
sequently, while ion-selective membranes offer short-term
benefits in suppressing polysulfide migration, their efficacy
diminishes over prolonged cycling and under rigorous opera-
tional conditions. Size customization alone cannot balance
complete polysulfide blocking with low-resistance ion trans-
port, thus polar adsorption and catalytic conversion must
be integrated for synergistic control. Future research should
focus on developing multifunctional composite membranes
with optimized interfacial designs and dynamic regulation
capabilities. Enhancing mechanical strength, conductivity,
and environmental adaptability will be crucial to overcom-
ing challenges associated with membrane thickness and
increased viscosity, thereby advancing the performance of
alkali M-S batteries.

3.1.3 Molecular “Trap”: Strong Adsorption Function
Interface

To overcome the intrinsic limitations of ion-selective mem-
branes, a more proactive approach involves introducing
chemically selective adsorption sites that act as molecu-
lar traps for long-chain polysulfides. By tailoring surface
chemistry and binding strength, such functional interfaces
immobilize soluble polysulfides at the cathode side, thereby
reducing shuttle effects, enhancing sulfur reutilization, and
improving cycling stability.

3.1.3.1 Carbon Materials Carbon materials with high
surface area, good conductivity and tunable pore struc-
tures were first employed by the Arumugam Manthiram
group to modify Li—S battery separators, physically trap-
ping soluble polysulfides and enhancing electrochemical
performance [91, 92]. The shuttle-suppressing effect in
Li-S batteries has been widely demonstrated, and carbon
coatings have likewise shown efficacy in Na/K-S systems
[58, 68, 93]. For example, a SWCNT layer on K-S battery
separators markedly reduced KPS shuttling and improved
sulfur utilization, resulting in a retained capacity of
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about 600 mAh g~! after 50 cycles, which is significantly
improved cycling stability compared with the unmodified
battery [94]. Pristine carbon materials trap polysulfides
through weak van der Waals interactions, offering excel-
lent conductivity for redox reactions but insufficient
suppression of the shuttle effect. In contrast, chemical
adsorption by covalent bonding accelerates polysulfide
conversion. To address this, modification strategies bor-
rowed from Li-S systems have been adopted: heteroatom
doping (N, O, S, P, etc.) to establish strong interfacial cou-
pling [95-98]; polar metal oxides, sulfides, or nitrides to
introduce active binding sites; and metal-organic chelates
that leverage Lewis acid-base interactions for tight poly-
sulfide confinement [99-101].

Building on these principles, Jiang et al. converted
discarded cigarette filters into an N, S-co-doped carbon
nanofiber/carbon black (N, S-CNF/CB) composite, coat-
ing it onto GF separators. The polar N, S-CNF chemical
absorbs NaPS while the nonpolar carbon black layer physi-
cally blocks their migration, with both layers maintaining
rapid Na® conductivity. As a result, Na—S cells with N,
S-CNF/CB retain 527 mAh g=! after 900 cycles at 0.5
C (0.035% fade per cycle) [102]. This biomass-derived
strategy not only provides a cost-effective and sustainable
route by repurposing waste materials but also features a
relatively simple fabrication process, showing strong scal-
ability and industrial feasibility for large-scale production.
Similarly, biomass-derived carbons (from lychee seeds,
coffee grounds, etc.) deliver hierarchical porosity and sur-
face functionality for inherent polysulfide trapping and fast
ion transport [103—105]. Extending this, Peng et al. fab-
ricated an ultralight 3D N, S-co-doped cellulose aerogel
(NSCA) and applied a 3 um, 0.2 mg cm™2 coating. In sym-
metric cell CV, NSCA shows rapid polysulfide conversion
kinetics. In full Na-S cells, it delivers 788.8 mAh g_l at
0.1 C after 100 cycles, and with only 0.059% decay per
cycle over 1000 cycles at 1 C (Fig. 4a-c) [106]. Leverag-
ing a conventional papermaking process, the NSCA @GF
separator achieves excellent scalability, low material cost,
and compatibility with roll-to-roll continuous manufactur-
ing, making it a promising candidate for future large-scale
applications.

Overall, these interfacial engineering strategies, ranging
from heteroatom-doped and biomass-derived carbons to
ultralight aerogels, combine strong chemical binding, high
conductivity, and tunable porosity to suppress polysulfide
migration and establish the foundation for next-generation,

© The authors

high-energy, long-life sulfur-based batteries. From an eco-
nomic perspective, the scalability of different interface
engineering strategies remains an important consideration
for practical M-S batteries. MOF- and COF-based separa-
tors offer exceptional tunability and precise ion-selective
properties, but their relatively high synthesis cost and
complex processing could hinder large-scale commer-
cialization. In contrast, biomass-derived carbons, low-cost
polymers, and naturally abundant inorganic fillers provide
more feasible and sustainable pathways for industrial-scale
applications, where balancing performance enhancement
with cost-effectiveness will be critical.

3.1.3.2 Polar Metal Compound Polar metal oxides pos-
sess unshared lone-pair electrons that form strong chemi-
cal bonds with cations or polar polysulfide sites, markedly
increasing adsorption energy and battery capacity [107—
109]. When combined with other functional materials, metal
oxides also help optimize interfacial structures, further sta-
bilizing cycling behavior and enhancing reaction kinetics.
For example, on the Al,05-Nafion composite GF separator
mentioned in the previous chapter, diffusion experiments
and self-discharge tests confirmed that Nafion’s SO;H elec-
trostatic repulsion and Al,O; chemical adsorption synergis-
tically slow NaPS shuttling [68]. Ye et al. designed a Janus
separator combining a V,05 microsphere catalytic layer that
both traps and accelerates LiPS conversion and an Al,O;
nanosheet conductive layer to regulate ion flux and suppress
dendrite growth, resulting in just 0.036% capacity decay over
2000 cycles [110]. Following the widespread application of
metal nanoparticles in energy storage, Liu’s team developed
core—shell MFe @FeO, (M =Co, Ni, Mn) nanoparticles via
solid-phase synthesis (Fig. 4d, e), in which the FeO, shell
anchors polysulfides and the conductive MFe core enhances
conversion kinetics, enabling Na—S cells to retain 320 mAh
g~ ! after 1200 cycles with nearly 100% coulombic efficiency
at 2 A g~! [111]. Similarly, Zhang et al. anchored Fe,Se,
nanoparticles on 3D N-doped porous carbon nanosheets to
suppress polysulfide shuttling and accelerate sulfur conver-
sion, enabling RT Na-S cells to deliver 323 mAh g™' at 2
A g~! and retain 72% capacity after 500 cycles at 1.0 A g~
[112]. In the recent study, a new type of composite material,
Co-NCs/PW ,V,, was explored as a modified separator in
RT Na-S batteries, emphasizing its innovative role in captur-
ing and immobilizing NaPS (Fig. 4f, g) [113]. The precisely
defined V sites in PW )V, enhance polysulfide adsorption
(Fig. 4h) and enable multi-electron redox, functioning as
a bidirectional molecular catalyst, while the Co-NCs scaf-
fold improves conductivity and exposes catalytic sites.
Furthermore, in situ electrochemical Raman spectroscopy

https://doi.org/10.1007/s40820-025-02004-8
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charging (right) process. Reproduced with permission [113]. Copyright 2024, Wiley—VCH. Schematic illustration of k BTO separator; 1 Visual
observation of NaPS diffusion. Reproduced with permission [114]. Copyright 2024, American Chemical Society. m Absorption function and
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confirmed that the [PW10V2040]5_ polyoxoanions catalyze =~ BaTiO; nanoparticles (Fig. 4k) [114]. This achieved syn-

the reversible multi-electron conversion between low-order
and high-order NaPS, thereby accelerating the overall redox
kinetics (Fig. 4j). As a result, the modified separator deliv-
ers an initial discharge capacity of 1476.9 mAh g™, retains
846.7 mAh g~! at 5 C, and exhibits only 0.012% capacity
decay per cycle over 4000 cycles (Fig. 4i). Under diverse
disciplinary backgrounds, Zhang et al. applied an external
acoustic field to excite the piezoelectric effect of polarized

SHANGHAI JIAO TONG UNIVERSITY PRESS

ergistic regulation of directional polysulfide anchoring and
dynamic Nat homogenization in Na—S batteries, offering an
interdisciplinary dynamic solution to suppress the shuttle
effect and dendrite growth (Fig. 41). Although polar metal
complexes remain unexplored in the separator design of
K-S systems, analogous approaches have been reported in
Mg-S cells [115].
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Metal sulfides exhibit strong adsorption toward poly-
sulfides and excellent electronic conductivity, and their
intense interaction with M,S/M,S, phases reduces reaction
barriers, promotes M transport and regulates the deposition
of insoluble sulfides, thereby accelerating surface-mediated
redox reactions and improving overall electrochemical per-
formance in sulfur-based batteries [116, 117]. Consequently,
a variety of metal sulfides have been integrated into alkali
M-S systems, with layered MoS, receiving particular atten-
tion for its abundant active sites and high conductivity [118].
Xu et al. synthesized MoS,-decorated hollow carbon spheres
(HCS/MoS,) that confine dissolved NaPS within their cores
to enhance sulfur utilization and mitigate volume expansion,
while the same material coated on a GF separator adsorbs
escaped polysulfides at the interface to prevent diffusion to
the anode (Fig. 4m) [119]. Visual adsorption tests and XPS
analyses confirmed strong interactions between HCS/MoS,
and Na,Sg. During discharge, in situ sodiation of MoS, to
Na,MoS, (x <2) generates additional anchoring sites. This
dual-anchoring mechanism significantly improves capacity
retention in Na—S batteries. Similarly, pyrite type FeS,, an
abundant, low-cost, low-toxicity coal byproduct with robust
stability, has emerged as a compelling choice. Huang et al.
decorated separators with FeS,@C nanocubes and carbon
nanotubes to form a conductive carbon-fiber network as the
first defense and porous Fe,S cores as the second (Fig. 4n)
[120]. The carbon framework ensures rapid ion/electron
transport while the Fe,S cores bind and catalyze polysulfides
(Fig. 4p). Time-resolved XRD studies further revealed that
the sulfur conversion follows a stepwise pathway, demon-
strating that the hierarchical polar hybrid structure not only
provides strong polysulfide immobilization but also acceler-
ates their reversible conversion (Fig. 40). As a result, Na—S
cells with a sulfur loading of 7.6 mg cm~2 deliver only
0.024% capacity decay per cycle over 1000 cycles at 2 C,
demonstrating highly competitive performance.

3.1.3.3 Metal Ions and Organic Ligand Chelates MOFs
bind polysulfides via coordination of metal d-orbitals and
S.>~ clusters, but their expensive organic linkers hinder
large-scale use [52, 75]. As a lower-cost alternative, metal—
organic chelates leverage Lewis acid—base interactions to
immobilize polysulfides. For example, Jiang et al. synthe-
sized Fe**/polyacrylamide nanospheres (FPN) via scalable
Fe**-PAM coordination, then co-coated FPN and graphene
onto GF separators to form a mesoporous interlayer that
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anchors polysulfides and ensures fast Na* transport [121].
Graphene’s high surface area also prevents cracks in the
otherwise brittle FPN layer. When paired with a carbon-
ized N-doped carbon nanosphere cathode, the assembled
Na-S$ battery achieved 639 mAh g~! after 400 cycles at 0.1
C, along with significantly enhanced rate capability and
cycling stability (Table 3).

Achieving optimal polysulfide adsorption requires a
balance: it must be strong enough to suppress shuttle and
improve coulombic efficiency, yet moderate enough to allow
facile polysulfide cleavage and reconversion for high active
material utilization. In addition, scaling up alkali M-S batter-
ies demands cost-effective, eco-friendly materials and pro-
cesses to ensure both economic viability and sustainability.

3.1.4 Targeted Acceleration Channel: Catalytic
Functional Interface

Catalysis in batteries, much like an airport fast track,
speeds up molecular transformations without being con-
sumed, while adsorption anchors reactants to active sites
and enhances catalyst-substrate interactions. These two
processes reinforce each other because catalytic sites pro-
mote stronger adsorption and anchored species undergo
more efficient conversion. Techniques such as heterogene-
ous junctions, defect engineering and single-atom catalysts
further amplify this synergy [122—-124]. By integrating both
adsorptive and catalytic functions at the interface, alkali M-S
batteries lower reaction energy barriers, trap long-chain pol-
ysulfides and accelerate their conversion into shorter spe-
cies, thereby suppressing shuttle effects and enabling highly
reversible cycling.

3.1.4.1 Material Customization Strategy MoSe, has
shown significant catalytic activity in Li-S batteries and
was recently applied to Na-S systems [125]. Jiang et al.
introduced a N-doped hollow carbon sphere interlayer
coated with 2H-phase MoSe, nanoparticles and graphene
oxide (2H-MoSe,/H-HCS/GO) [126]. This layer immobi-
lizes NaPS intermediates via strong chemical adsorption
and accelerates redox kinetics, improving sulfur utilization.
PDOS analysis and DFT calculations indicate that MoSe,
surfaces exhibit favorable Na,S activation and ultralow
Nat diffusion barriers. As a result, Na—S batteries with a
high sulfur content of 71.4 wt% deliver 99.6% coulombic
efficiency and only 0.077% capacity decay per cycle over
500 cycles at 0.5 C. Meanwhile, a multifunctional separa-
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Table 3 Electrochemical performance summary of various absorption interfaces for M-S batteries

Separator type Battery type thickness (material Sulfur Practical capacity Cycling performance Capacity References
loading) loading (mg (mAh g~') (Rate) (mAh g™') (Cycles/ decay (%)
cm™) Rate)
SWCNT@PP layer K-S 0.2 mg cm™> 1.0 1144 (0.1 C) 600 (600/0.1 C) 0.95 [94]
N, S-CNF/CB Na-S 15 pm 0.6 1140 (0.1 C) 527 (900/0.5 C) 0.035 [102]
(0.16 mg cm™?)
NSCA@GF Na-S 3.0 pm 1.0-1.5 952.2 (0.5C) 527 (1000/1 C) 0.059 [106]
(0.2 mg cm™2)
White graphite @ Na-S ~207 pm 0.6-0.8 1034 (50 mA g7 499 0.048 [77]
PVDF-HFP/PBMA (500/100 mA g1
CoFe@FeO, Na-S 0.25-0.4 mg cm™2 1.5 772 (02 A g™ 320(12002Ag™)  0.042 [111]
CoNCs/PW )V, Na-S 14.5 pm 1.5 1476.9 (0.5 C) 429.4 (4000/10 C) 0.012 [113]
HCS/MoS, Na-S 10 um ~3.5 1309 (0.1 C) 559 (1000/1 C) 0.049 [119]
Janus-type LCL-TCL Na-S 1.0 mg cm™2 1.5 1050 (0.5 C) 835 (1000/1 C) 0.013 [120]
on each side
FPNs-G Na-S 10 um 0.68 732 (0.5C) 396 (800/0.5 C) 0.040 [121]
LCL-TCL Li-S 1.0 mg cm™2 ~2.0 1050 (0.5 C) ~400 (2000/1 C) 0.036 [110]

on each side

tor based on SnSe nanosheets has likewise been shown to
strengthen chemical anchoring and catalytic conversion of
polysulfides in Li/Na/K-S cells (Fig. 5a, b) [127]. Charge
density distribution of the SnSe-Li,S, complex confirms
effective electronic pathways between SnSe and adsorbed
polysulfides (Fig. 5c, d). Moreover, the SnSe layer enhances
K,S conversion kinetics in K-S batteries, as evidenced by
sharply defined redox peaks. The versatility of these interfa-
cial designs across all three alkali M-S systems represents a
major advance in separator engineering for next-generation
M-S batteries.

MXenes, a family of 2D materials, combine high electri-
cal conductivity, abundant surface functional groups, struc-
tural tunability and intrinsic catalytic activity to anchor poly-
sulfides, accelerate sulfur redox and suppress shuttle effects
in alkali M-S batteries [128, 129]. Wang and co-workers
designed a multifunctional dual-layer MXene modified sepa-
rator by selectively etching large-sized Ti;C,T, and small-
sized Mo, Ti,C;T, MXenes using different acids (Fig. Se)
[130]. In this structure, the inner layer of large Ti,C;T,
nanosheets forms a dense physical barrier that inhibits poly-
sulfide diffusion and prevents short circuits. The outer layer,
composed of smaller Mo, Ti,C;T, nanosheets, provides a
high surface area and abundant Mo-rich catalytic sites to
accelerate polysulfide conversion and retain active species
near the cathode. Notably, CV analysis (Fig. 5f) reveals a
significant decrease in the reduction peak of long-chain
NaPS after only three cycles. This suggests a rapid catalytic

| SHANGHAI JIAO TONG UNIVERSITY PRESS

transformation into insoluble short-chain species, which
enhances redox kinetics in the Na—S battery.

The thick structure (~300 pm) and large pore size of
GF separators hinder energy density improvement and
increase short circuit risk due to dendrite penetration.
Their weak mechanical strength also limits scalability. In
contrast, modified polyolefin separators offer better elec-
trolyte wettability and mechanical robustness. In a related
study, the same group proposed a controlled modification
strategy for commercial polyolefin separators via a “graft-
ing-filtration” method, resulting in a Janus membrane
functionalized with PMTFSINa and nitrogen-rich defect-
engineered MXene (DN-MXene) [131]. The single-ion-
conductive polymer interface significantly improves elec-
trolyte wettability, reduces electrolyte consumption, and
concurrently mitigates polysulfide diffusion and Na den-
drite growth. Additionally, the DN-MXene layer functions
as an electrocatalyst, promoting the conversion of NaPS
to Na,S and further enhancing internal reaction kinetics.
This synergistic interfacial design substantially improves
the electrochemical performance of RT Na—S batteries
(Fig. 5g-1). Beyond energy storage, such advanced sepa-
rator modification strategies may also open new avenues
for applications in seawater desalination, wastewater treat-
ment, and osmotic energy conversion, highlighting their
broad technological potential. Additionally, Fang et al.
fabricated an ultrathin (1.5 pm) binder-free MXene @C

@ Springer
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coating on PP separators via vacuum filtration. This coat-  assembled Na—S batteries retained 928 mAh g~ after 650
ing achieved strong adhesion, improved Na* flux uni-  cycles at 0.5 C with 95.8% capacity retention (Fig. 5j).
formity, and effective dendrite suppression [132]. The

© The authors https://doi.org/10.1007/s40820-025-02004-8
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3.1.4.2 Doping-Defect Engineering Defect engineering
plays a dual role in alkali M-S batteries: it suppresses poly-
sulfide dissolution and diffusion via strong chemisorption at
defect sites, while also enhancing liquid-phase conversion
kinetics through defect-induced electronic modulation. Zhu
et al. developed an oxygen-vacancy-rich Mn;0,_, catalyst,
where abundant vacancies not only act as active sites for
anchoring polysulfides but also lower energy barriers for
their conversion into insoluble Li,S,/Li,S (Fig. 6a, b) [133].
This synergistic effect enables the Li—S battery to achieve
an ultralow capacity decay of 0.028% per cycle over 2000
cycles at 2.5 C, even under high sulfur loading (Fig. 6c¢).
Combined experimental and theoretical analyses further
reveal a clear correlation between defect concentration and
catalytic performance, providing valuable guidance for the
rational design of advanced catalysts.

Defect engineering has emerged as a powerful tool to mit-
igate the polysulfide shuttle in Li—S batteries and has been
extended to Na—S systems to boost electrocatalytic activity
and suppress NaPS. For example, a recent study constructed
Au quantum dots (Au QDs) anchored on MXene separators
(Au QDs@MXene) (Fig. 6d, e) [134]. MXene’s high con-
ductivity (up to 10* S cm™!) and polar -O/-OH groups chem-
isorb polysulfides, while uniformly dispersed ~6 nm Au
QDs accelerate Li,S,/Li,S conversion via quantum confine-
ment effects and abundant active sites. Furthermore, UV—vis
and XPS analyses confirm its efficient polysulfide anchoring
capability, while GITT and Li,S precipitation experiments
elucidate the rapid charge transfer properties (Fig. 6f, g).
Building on this, Wang’s group coated PP separators with
Ti, ¢,0, nanosheets containing abundant Ti vacancies, which
repel polysulfides and facilitate Li* transport [135]. This
design enables flexible Li—S pouch cells to maintain sta-
ble cycling even under bending conditions (Fig. 6h-1). This
work highlights the potential of atomic-scale ion regulation
in advancing the performance of alkali metal-S/Se batter-
ies, offering valuable insights for the development of next-
generation energy storage systems. In Na—S systems, Zhao
et al. designed amorphous 2D FeSnO, nanosheets rich in
oxygen vacancies and nanopores, and coated them together
with a small amount of MXene onto a PP separator (Fig. 6m,
n) [136]. The vacancies provide strong polysulfide adsorp-
tion and catalytic activity, while the nanopores facilitate
uniform Na* transport and deposition. CV curves and XPS
results confirm the significantly improved catalytic perfor-
mance, underscoring the essential role of oxygen vacan-
cies in chemically anchoring and converting polysulfides

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

(Fig. 6q, r). In addition, the MXene-derived amorphous/
crystalline interface, with a Young’s modulus of 4.9 GPa,
reinforces the brittle oxide layer and suppresses dendrite
growth (Fig. 60). As a result, RT Na-S batteries deliver
610.3 mAh g~! after 400 cycles at 0.5 C, with a high cou-
lombic efficiency of 99.9% (Fig. 6p). Notably, unlike past
studies on crystalline defects, this work leverages amorphous
disorder. DFT results reveal that Sn incorporation lowers
vacancy formation energy, increases Fe** concentration, and
reduces Nat migration barriers to approximately 0.11 €V,
thereby enhancing catalytic performance. Besides, Yang and
Zhang further developed Fe, ¢4C 1, @CNT electrocatalysts
with carbon and Fe vacancies that anchor and convert poly-
sulfides, delivering exceptional cycling stability and capacity
retention in Na-S cells (Table 4) [137]. In addition, cata-
lytic and mediated strategies have been shown to effectively
accelerate sulfur redox kinetics. Organopolysulfurs act as
internal redox co-mediators through S—S exchange, lower-
ing activation barriers and enhancing polysulfide conversion.
Meanwhile, chalcogen doping (e.g., Se/Te), solvation/anion
regulation, and interfacial engineering further promote uni-
form Li,S nucleation and improve charge transfer, provid-
ing a complementary pathway to boost reaction kinetics and
suppress polysulfide shuttle [138]. Despite these advances,
scalable, controllable defect fabrication and long-term defect
stability remain critical challenges for practical alkali M-S
batteries. Recent studies, combining experiments and DFT,
show that the interaction strength between alkali cations and
defect sites depends strongly on ionic radius, solvation, and
polarizability. Li* features strong solvation that effectively
screens its interaction with defect sites, yielding moder-
ate binding of Li,S, on many defect-rich oxides [139]. In
contrast, the weaker solvation and higher polarizability of
Na*/K™" generally increase the effective binding of Na,S,/
K,S, on defect sites, which helps immobilize polysulfides
but may cause over-adsorption when vacancy densities are
excessive, thereby blocking active sites and slowing con-
version. Hence, optimizing defect density and tuning local
electronic structure are essential to balance anchoring and
kinetics [140, 141].

Recent advances in catalytic interface engineering high-
light the importance of tailoring electronic structures to
accelerate polysulfide redox kinetics and suppress shuttle
effects across M-S systems. A recent review emphasizes that
regulating defect chemistry, active sites, and orbital hybrid-
ization enables simultaneous enhancement of adsorption
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strength and catalytic conversion efficiency [142]. In addi-  crystal-field environment and can modulate the electronic

tion, Schottky-type oxygen vacancies are generally asso-  band structure, potentially influencing the d-band center
ciated with lattice anion deficiencies that alter the local  and electron distribution at catalytic interfaces. Sun et al.

© The authors https://doi.org/10.1007/s40820-025-02004-8



167

Page 23 of 46

167

(2026) 18

Nano-Micro Lett.

[ser] 9€00°0 (D 1/0005) $8S D T0) 096 VN WO WG S-11 ddrfor
(;-wd W 7€0'0)
1l L60°0 (D 1/00€) $901 (D0 00sT 1'$-$C wrl £ sqd ny S QUOXN@SAD NV
(;-w2 3w 61°0) ,
lect] 820°0 (D §'2/0000) 9%C Q10 9L VN wil S-11 1s&[erR0 *TOfu
0D
[LeT] LLOO (D $°0/009) 8% O 0 o0gs 90 -1d U 96°( S—BN  /SOH-N/“SOIN-HT
(¢—wo Sur 1°0)
[oct] €L0°0 (D $°0/00%) €019 Q10 960p1 VN wu 007 S—EN  QUIXIN® ‘OUSeI-V
[cetl €L0°0 (D 1/009) LS€E (D 1°0) 66 01 wu 007 S—eN  “LPOULioW/ LIDfLL
QUAX N
lrer] 01°0 (D §°0/005) 9¥9 O 10 791 VN VN S—eN -NA/eNISALINd
loct] €L0°0 (D 1/005) LS€E O D T9s 01 wu 00T S—eN QUIXIN PHAAH®.1D
(D T0/081) 9¢v (D 1°0) se01 S
(,-3V 1°0/0001) 6Lt -8V 10) LTIl S—eN
[zl 6¥0°0 (D €/008) 6°'STH O 10) 6281 01 wr oz S-11 aSuUS@AD
0D
[oz1] LLOO (D §°0/009) 8% (D50 sro1 ¥9°0 1D W 96°Q S—BN  /SOH-N/®SOIN-HT
(arey
/S919KD) (;_8 yyun)a (arey) (,_8 yyur) (-u (Sutpeor
soouaIy (%) Aeoop Ajoede)  ouewiojrad Surok) Kyoedes eonoelg Sw) Surpeo[ INJ[ng  [BLIAJRW) SSAUNIIYL ad£y K1aneg ad Ay JoreIRdog

sorIoNeq S-JAl JOJ S90BLIaIUI O1)A[e)ed SNOLIBA JO ATeuruns 90ueurIojiad [eoruoyoonas[q ¢ dqeL

pringer

A's

»
7
e
4
&~
7
&
]
2
z
j]
&}
z
(o]
=
Q
=
<
jeny
o
zZ
<
Jeny
&




167 Page 24 of 46

Nano-Micro Lett. (2026) 18:167

designed S-Co single-atom catalysts on N, S-doped carbon
(S-Co-SACs/NSC), where sulfur coordination around Co
tunes the d-band center and reinforces Co-S orbital cou-
pling [143]. This strategy accelerates polysulfide conversion
and reduces Li,S decomposition energy, achieving 834 mAh
g ' at 5 C and 7.0 mAh cm~2 at 7.8 mg cm~? sulfur load-
ing. Similarly, Dong et al. introduced a P/S co-coordination
strategy that creates asymmetric electronic environments
around metal centers, optimizing charge transfer and pro-
moting uniform Li,S deposition for ultrahigh rate capability
and long-term durability [144]. Extending these insights to
K-S batteries, Song et al. developed a bifunctional cata-
lytic interface by integrating tungsten single atoms (WSA)
with W,C nanocrystals [40]. Guided by DFT calculations,
WSA facilitates KPS migration through optimized adsorp-
tion energy, while W,C accelerates the conversion kinetics
of intermediate species, effectively preventing K,S/K,S,
accumulation and catalyst deactivation. This synergistic
catalytic design enables a high reversible capacity of 1504
mAh g~! and outstanding cycling stability. Collectively,
these studies demonstrate that combining orbital hybridiza-
tion engineering, asymmetric coordination environments,
and bifunctional catalytic architectures provides a versatile
framework for regulating interfacial reactions and unlocking
the potential of Li/Na/K-S batteries.

In summary, ion-selective interfaces provide efficient
shuttle suppression with relatively low design complexity,
adsorption-based interfaces achieve stronger polysulfide
immobilization, and catalytic interfaces enhance redox
kinetics by accelerating intermediate conversion. In prac-
tice, hybrid designs that integrate these mechanisms are
increasingly adopted, offering a balanced regulation of ion
selectivity, adsorption strength, and catalytic activity. Such
synergistic approaches hold great promise for enabling next-
generation high-performance Li/Na/K-S batteries. Although
Li/Na/K-S batteries share similar sulfur redox pathways, dif-
ferences in alkali metal properties lead to distinct challenges
in separator interface design. In Li/Na-S systems, the main
focus is on mitigating the polysulfide shuttle effect through
physical confinement and catalytic conversion to acceler-
ate redox kinetics. K-S batteries, still in early development,
face more severe end-product accumulation due to the poor
reversibility of K,S. Therefore, separator interfaces should
emphasize the catalytic promotion of complete conversion
and reversible oxidation of low-valent KPS. Rationally tai-
loring these interfaces to address system-specific issues is

© The authors

essential for unlocking the full electrochemical potential of
each battery type.

3.2 Interlayer Interface Modification

In alkali M-S batteries, introducing a functional interlayer is
a key interface engineering strategy to suppress polysulfide
migration and alleviate the shuttle effect. These interlay-
ers, whether artificially deposited or formed in situ, act
as physical barriers while also enhancing redox kinetics,
improving sulfur utilization, and buffering volume changes
during cycling. On the anode side, they help regulate ion
flux and suppress dendrite growth due to their mechanical
robustness and flexibility. Achieving these multifunctional
effects requires interlayers with selective permeability,
strong adsorption capacity, catalytic activity, and mechani-
cal robustness, which are vital for ensuring high efficiency
and long-term stability in these battery systems.

3.2.1 Cathode Side Interface

Similar to the functionalized separator, the interlayer also
requires the characteristics of hindrance-absorption-conver-
sion. Taking Li—S batteries as an example, Xia et al. loaded
VN nanoparticles into porous N-doped graphene (VN@
NG), effectively reducing the activation energy of Li,S, con-
version, with capacity attenuation of only 0.075% after 500
cycles at 2 C (Fig. 7a-c) [145]. Subsequently, the interlayer
composed of V,05/VN and the flexible conductive carbon-
ized bacterial cellulose (CBC) further reduced the capacity
attenuation rate to 0.035% after 1000 cycles (Fig. 7d) [146].
Wau et al. co-deposited MoS, and Al,O5 on carbon nanofib-
ers (MoS,/Al,0;@CNF) by magnetron sputtering. By taking
advantage of the increased specific surface area and active
sites, the assembled battery achieved a low attenuation of
0.035% after 1000 cycles at 0.5 C (Fig. 7e, f) [147]. These
designs enhance the adsorption and transformation of poly-
sulfides from different perspectives, effectively suppress-
ing the shuttle effect. In Na—S systems, V,05 nanoparticles
grown in one step on electrospun carbon nanofibers (V,0,@
CNF) form a conductive network that accelerates Na*t
transport and anchors polysulfides, significantly improving
cycling stability [148]. Xu and Qi’s team prepared a porous
ZIF-derived membrane (PZM) with hierarchical channels

https://doi.org/10.1007/s40820-025-02004-8
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that block polysulfide shuttling and inhibit dendrite growth
(Fig. 7g, h). Its nonflammable, low-electrolyte design further
enhances safety and cost-effectiveness (Fig. 7i), enabling
stable performance over 800 cycles at 0.5 C [78]. Incorpo-
rating tetrachlorobenzoquinone into a polyphenylene sulfide
solid separator (PPS-SSS) also delivers efficient polysulfide
adsorption and shuttle suppression [149]. Extending this
interlayer strategy to K-S batteries, Sharma’s group fabri-
cated a self-supporting CBC layer whose porous nanofiber
network ensures uniform sulfur distribution, captures KPS
under high sulfur loading and suppresses dendrite growth,
thereby achieving long cycle life and excellent capacity
retention at high current density [150]. Based on this, they
introduced banana fibers in situ to modify the carbonized
bacterial cellulose, preparing a self-supporting and binder-
free cathode, while continuing to use CBC as the interlayer.
The cycle stability of the K-S battery has been further
enhanced [151].

Surface coating technology has the advantages of strong
versatility, simple processing steps and controllable costs,
and is often used for battery interface decoration. Directly
applying a conformal layer on the cathode can buffer the
mechanical stress caused by the large volume change of sul-
fur and also inhibit the dissolution of polysulfides to reduce
the shuttle effect. For example, II-Doo Kim and co-workers
employed a simple coating followed by controlled thermal
annealing to infuse a PEO/LiFSI/PVDF (PLP) gel polymer
electrolyte into an S/CNT scaffold (Fig. 7j), creating a com-
posite cathode with an ultrathin protective shell [152]. The
PLP layer adheres tightly to the S/CNT network and mini-
mizes the generation of soluble polysulfide intermediates,
thereby driving as much active sulfur as possible toward
final conversion. DFT calculations show that LiFSI prefer-
entially interacts with PEO with a high donor number (DN)
to suppress the solubility of polysulfides, while PVDF with
a low DN encapsulates sulfur in situ, promoting its direct
conversion to Li,S,/Li,S. This dual-mechanism coating
combines DN tuning with simple surface deposition, syn-
ergistically inhibiting the dissolution and shuttling of poly-
sulfides. As a result, the PLP-coated Li—S battery delivers
573.6 mAh g~! at 0.5 C over 1000 cycles and 318.1 mAh
g ! at 6 C. This performance significantly narrows the gap
between laboratory results and industrial viability for Li—S
batteries (Table 5).

Compared with Li—S batteries, Na—S and K-S systems
suffer even greater volume changes and polysulfide shuttling,

¥ SHANGHAI JIAO TONG UNIVERSITY PRESS

yet electrode-coating studies in these chemistries remain
sparse despite their high research value and application
potential. An ideal cathode coating needs to satisfy three cri-
teria: (1) provide excellent electrical conductivity to acceler-
ate electron/ion transport at the interface; (2) offer moderate
polysulfide adsorption that confines soluble intermediates
without impeding their conversion; (3) supply sufficient free
volume to buffer the electrode’s volume expansion during
cycling. Future work should thus aim to construct multifunc-
tional composite layers that combine conductive networks,
tailored adsorption sites and tunable porosity to synergisti-
cally suppress the shuttle effect, stabilize the electrode struc-
ture and extend cycle life in Na—S and K-S batteries.

3.2.2 Anode Side Interface

Na-S and K-S batteries face unique anode-interface chal-
lenges due to the inherent properties of Na and K metals.
Their higher redox potentials render SEI components less
stable in organic electrolytes, while the larger ionic radii
amplify mechanical stress during volume changes, mak-
ing the SEI prone to cracking. Moreover, the low melting
points of Na/K and the high reactivity of K further destabi-
lize the interface and accelerate electrolyte decomposition
(Table 1). These combined issues elevate overpotentials,
reduce reversibility, and erode the sulfur cathode’s energy
density advantage. Since SEI formation is fundamentally
a thermodynamic reduction of the electrolyte on the metal
surface, and Na/K are more reactive than Li, engineering
of the anode side interface is critical. Functional interlay-
ers can block polysulfides, guide uniform metal deposition,
and promote SEI self-healing [153, 154]. Among them,
artificial SEIs are constructed via electrolyte additives or
surface coatings. Future work should integrate SEI chem-
istry with tailored interlayer architectures to deliver robust,
long-cycling alkali M-S batteries (Table 6).

3.2.2.1 Electrolyte Additives FEC in situ generates a crys-
talline, inorganic-rich SEI on Na metal that both passivates
the anode and promotes uniform Na* migration, enhancing
rate performance in Na/K systems. However, its ability to
suppress polysulfide dissolution and shuttling remains lim-
ited [26]. Building on this, Yu et al. added Sn(OTf), to a
flame-retardant phosphate electrolyte (Fig. 8a), forming a
Na,sSn,-rich SEI on the anode and a Sn/NaSn CEI on the
cathode that jointly suppress polysulfide shuttling and boost

@ Springer
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0.039

1.8-2.1 318.1(6C) 573.6 (1000/0.5 C)

9.0 nm

Li-S

PEO/LiFSI/PVDF

(0.15 mg cm™)
3.0 mg cm™?

(PLP)
V,0,@CNF

PZM

[148]
(78]

0.076

95 (100072 C)

1162 (0.1 C)
753 (0.1 C)
263 (0.5 C)

0.5-0.7

NA
2.0

Na-S

0.038

~527 (800/0.5 C)
73 (5002 C)

1.0 mm
NA

Na-S
K-S

[150]

0.088

CBC

Na-S capacity from 322 to 906 mAh g=! over 100 cycles
at 0.5 A g~! (Fig. 8b, ¢) [155]. Jin et al. developed a dual-
layer SEI of Li,SiS, and Nafion that combines mechanical
robustness and Li* conductivity with electrostatic poly-
sulfide repulsion (Fig. 8d-g), delivering 783 mAh g~! after
300 cycles at 0.5 C, and later simplified it to a single lith-
iated-Nafion coating that maintained 791.5 mAh g~! over
250 cycles at 0.2 C [156, 157]. These studies underscore
the versatility of artificial SEI strategies, including crystal-
line inorganic films, alloy-rich layers, polymer membranes
and Nafion coatings, in stabilizing alkali metal anodes, miti-
gating shuttle effects and suppressing dendrites (Fig. 8h-j).
Artificial SEI layers to date have largely focused on uniform
metal ion deposition to suppress dendrites, yet alleviating
shuttle effects and combining stable plating with enhanced
redox kinetics remain a challenge. Introducing tellurium-
based compounds has provided breakthroughs in both
cathode and anode interface regulation. In Li—S batteries,
Manthiram’s team used lithium tritelluride (LiTe;) as an
electrolyte additive [158]. On the cathode, LiTe; reacts with
LiPS to form polytellurosulfides that serve as redox media-
tors, reducing the Li,S activation barrier and lowering the
charging plateau from 3.3 V to 2.5 V while promoting uni-
form sulfur deposition. On the anode, migrating tellurium-
sulfur species create a Li,TeS;/Li,Te-rich SEI with 50%
lower impedance, guiding homogeneous Li plating and ena-
bling anode-free cells to retain 70% capacity over 60 cycles
under lean electrolyte conditions (E/S ratio=35) (Fig. 8m).

3.2.2.2 Surface Coatings Protective layers are tradition-
ally applied by direct coating methods such as low-tempera-
ture chemical vapor deposition, but the high reactivity of K
metal causes side reactions during pretreatment and limits
these techniques. To eliminate the need for anode pretreat-
ment, researchers have proposed strategies for transferring
the SEI layer onto the metal anode during battery cycling.
Notably, David Mitlin’s team used double-coated tape-cast
processing to deposit AlF; on both sides of a PP separa-
tor (AlF;@PP) [159]. On the anode side, AlF; reacts in situ
with K metal to form a graded SEI of KF, AlF; and Al,O;
(Fig. 8k). Its gradient structure effectively inhibits dendrite
growth and enhances interface stability. On the cathode
side, the AIF; layer reduces polarization and accelerates
electrochemical kinetics. It is worth noting that this func-
tional separator demonstrates excellent wettability regula-
tion in ester-based electrolyte systems, with its ionic con-
ductivity increasing by up to 32% (Fig. 81). This provides an
important reference for the compatibility design of differ-
ent electrolyte systems. Based on this, the potassium-metal
battery with K;[Fe(CN)4] cathode has a capacity retention
rate of 91% after 100 cycles, demonstrating markedly bet-
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Table 6 Electrochemical performance summary of various anode-side interlayers for M-S batteries

Capacity decay ~ References

(%)

Sulfur loading (mg  Practical capacity (mAh Cycling performance (mAh

layer thickness (material

loading)

Battery type

Separator type

g71) (Cycles/Rate)

g™ (Rate)

cm™?)

[155]
[156]

0.244
0.085

906 (100/0.5 A g1
783 (300/0.5 C)

1199 (0.5 A g™h
1155 (0.1 C)

NA
1.0

SEI~10 nm

Na-S

Sn(OTY), additive
Li,SiS/Nafion

Li,SiS,: 200 nm Li-Nafion:

Li-S

1.8 pm Total: 2.0 pm

NA

[157]
[158]

0.090
0.178

791.5 (250/0.5 C)
350 (100/0.2 C)

1020 (0.5 C)
459 (1 C)

1.2

Li-S

LN

2545

Concentration:0.1 M

Li-S

LiTe; additive

ter cycling stability than a conventional separator system.
In Na-S systems, Wu’s group fabricated a Na,S/Na,Te@C
heterostructured cathode that in situ generates Na,TeS;
interfacial layers (Fig. 8n) [160]. This interface reduces
the Na™ diffusion barrier from 0.39 to 0.20 eV, accelerat-
ing desodiation kinetics (Fig. 80, p), while the polytelluro-
sulfides formed during cycling assemble into a dense SEI on
the Na anode, suppressing dendrite growth for over 800 h
in symmetric cells. Although the larger ionic radius of Na
can exacerbate SEI instability, the robust covalent Te-S net-
work in Na,TeS; accommodates volume changes and sus-
tains 363 mAh g~ at a sulfur loading of 4.5 mg cm™2 The
moderate electronegativity of tellurium compared to sul-
fur enhances electron distribution for stronger polysulfide
adsorption and catalytic conversion, and the high Te-S bond
energy (~250 kJ mol™") imparts mechanical and chemical
stability to the SEIL. Together, LiTe; and Na,TeS; establish
a dynamic balance between shuttle suppression and metal
deposition stabilization. Future research should map struc-
ture—property relationships in tellurium compounds by
tuning Te/S ratios and employ machine learning to screen
multifunctional interfacial composites, aiming for ultrahigh
sulfur utilization and extended cycle life.

Recent studies have revealed species-dependent poly-
sulfide corrosion kinetics and inactive lithium evolution
mechanisms at the alkali-metal anode, together with effec-
tive protection and mitigation strategies. In M-S batteries,
uncontrolled side reactions between polysulfides and anodes
severely compromise interfacial stability and cycling per-
formance. The latest progress by Huang et al. demonstrates
that high-order Li,S¢/Li,S¢ induces much faster corrosion
than low-order Li,S,, while LiPS-derived SEI films provide
limited protection [161]. Controlling the working window
to favor low-order LiPS mitigates corrosion and improves
cumulative capacity (~31%). Correspondingly, strategies
such as WSEs, LiNOj; additives, and protective coatings/
alloying have shown effectiveness in suppressing poly-
sulfide-induced anode degradation. Moreover, continuous
polysulfide corrosion accelerates inactive Li accumulation,
which blocks ion transport and causes severe concentration
polarization during discharge. This corrosion-induced het-
erogeneity increases Li* diffusion impedance and acceler-
ates capacity fading, while additives that reactivate inactive
Li effectively delay anode failure and extend cycle life [162].

In addition to solid-state interface modifications, electro-
lyte-solvation regulation has recently emerged as a comple-
mentary strategy to mitigate polysulfide shuttle in alkali M-S
batteries. Recently, WSEs have gained increasing attention

https://doi.org/10.1007/s40820-025-02004-8
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due to their ability to construct heterogeneous solvation  where the direct coordination of weakly solvating solvents
shells, thereby lowering polysulfide reactivity and miti-  to polysulfides sharply increases activation polarization
gating cathode dissolution and anode corrosion. However, and retards interfacial charge transfer [163]. Furthermore,
studies reveal that WSEs inherently slow sulfur redox kinet-  under lean-electrolyte conditions, WSEs induce a transi-
ics: a “two-stage solvation mechanism” has been identified, tion from 3D diffusion-controlled Li,S nucleation to 2D
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surface-controlled deposition, which reduces sulfur utili-
zation [164]. To address these challenges, recent strategies
combine WSEs with redox mediators, LiFSI-based formula-
tions, or catalytic interlayers to enhance interfacial charge
transfer and accelerate polysulfide conversion [165]. By
integrating WSEs with interfacial engineering, both poly-
sulfide solubility and reaction kinetics can be simultaneously
regulated, paving the way for high-energy—density designs.

Despite these advances, liquid-electrolyte-based strate-
gies still face intrinsic limitations in fully blocking poly-
sulfide migration and dendrite formation, which motivates
the development of SSEs.

3.3 Interfacial Regulation of (Quasi-) Solid-State
Electrolytes for Shuttle-Free M-S Batteries

To build on the liquid-phase shuttle suppression strategies
discussed earlier, researchers have turned to solid-phase con-
version by using quasi-solid or fully solid electrolytes. These
electrolytes reshape sulfur redox pathways by bypassing the
formation of soluble high-order M,S, (4 <n<8) and thus
suppress the shuttle effect at its source. Accordingly, the
development of (quasi-) SSEs tailored for Li/Na/K-S sys-
tems has emerged as a pivotal route to suppress the shuttle
effect and enhance battery performance.

Solid polymer electrolytes (SPEs) combine mechanical
flexibility with excellent electrode compatibility, making
them promising for mitigating the shuttle effect in M-S bat-
teries. Polymer-inorganic composites and interface engineer-
ing have improved ionic conductivity and cycling life, but
the larger Na* and K™ radii still yield lower transference
numbers and transport efficiency than Li*, worsening shuttle
behavior in quasi-solid systems [166]. To address the criti-
cal challenges in solid-state Na metal batteries, Zhang and
co-workers developed a "polymer-in-MOF" single-ion con-
ducting electrolyte (PEGMEM-co-SSS @ZIF-8) [167]. This
innovative design leverages the nanopores (1.1 nm) of ZIF-8
to spatially confine sulfonic acid group-containing copoly-
mers (Fig. 9a). Strong Zn2+—SO3_ interactions (-12.41 eV)
boost Na* dissociation, yielding a transference number
of 0.87 and conductivity of 4.01 x10™* S cm™' at 80 °C
(Fig. 9b, ¢). Molecular dynamics calculation shows a 43-fold
increase in Na* diffusion under confinement (Fig. 9d). In
Na;V,(PO,);/Na cells, this electrolyte retains 96% capacity
over 300 cycles at 1 C, and symmetric NallNa cells operate
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dendrite-free for 600 h, demonstrating its superior interfacial
stability and dendrite suppression.

Gel polymer electrolytes (GPEs) exhibit high ionic con-
ductivity by inducing crystalline microregions in liquid elec-
trolytes (LE) and forming a 3D network structure through
hydrogen bonds or chemical cross-linking. This structure
retains the rapid cation (such as Li*, Na*, K*) transport
channels similar to those of LE while also possessing the
mechanical stability of solids. For M-S batteries, an ideal
GPE should combine: (1) polar functional groups to solvate
the metal salt; (2) excellent mechanical, chemical, and
thermal stability; (3) low crystallinity and a suitable glass
transition temperature to facilitate rapid ion migration; (4)
room-temperature conductivities> 10 S cm™! and a wide
electrochemical stability window; (5) sufficient flexibility
and mechanical robustness to accommodate electrode vol-
ume changes and suppress dendrite formation. Common pol-
ymer matrices for GPEs include PEO, PVDF-HFP, PVDF,
and PMMA, etc. [168-171].

PVDF combines low cost with excellent compatibility
in M-S batteries. Its micropores promote rapid ion trans-
port while partially restricting polysulfide diffusion, thus
enhancing cycle stability. Early work by Ahn et al. employed
PVDF-based gels in Li/Na—S batteries, achieving an initial
489 mAh g~! in Na—S cells but suffering a sharp drop to 40
mAh g~! after 20 cycles [172, 173]. PVDF-HFP copolymers
exhibit lower crystallinity, a wider electrochemical window,
and superior flexibility, making them a more optimal choice
[174]. However, the gel alone cannot anchor polysulfides
effectively, so inorganic fillers such as SiO, and TiO, are
added to both fill pores and maintain continuous ion chan-
nels [175]. For example, Li and Chen combined a PVDF-
HFP/SiO, gel with defective nano-carbon to suppress shut-
tle effects and accelerate sulfur conversion at the cathode/
gel interface, markedly improving bulk cathode perfor-
mance (Fig. 9e-g) [176]. Zhu et al. fabricated a composite
gel by blending hydroxypropyl cellulose, PVDF-HFP, and
Si0,, achieving enhanced ionic conductivity. Moreover,
porous gels based on PEO-NaFSI-TiO, and PVDF-HFP-
TiO, reached conductivities of 4.89 x 10™* S cm™! (high
temperature) and 1.3 X 102 S cm™! (at room temperature),
respectively [175]. However, both systems suffered from
interfacial passivation and polysulfide shuttle, which lim-
ited their capacity retention. Introducing ZIF-8 nanoparticles
into PVDF/PEO blend gels reduces polymer crystallinity,
optimizes microporosity and cation-framework interactions

https://doi.org/10.1007/s40820-025-02004-8
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(Fig. 9h) [177]. The resulting dense matrix regulates Na*
flux and inhibits dendrite growth (Fig. 91, j). Thanks to the
flexibility of the blend polymer (tensile strength 16.5 MPa,
elongation 171%), the CEI and SEI have good stability,
enabling the RT Na-S battery to achieve a high discharge
specific capacity and long cycle performance of 1585.4
mAh g~!. Co-filling PVDF-HFP films with Lewis-acidic
additives like boron nitride or metal-organic complexes
enables selective polysulfide adsorption and ion flux con-
trol, achieving 92% capacity retention over 2000 cycles at
5 C in dual-ion cells [178]. Sundara et al. introduced boron
nitride into a PVDF-HFP/poly(butyl methacrylate) mem-
brane for the first time in RT Na-S cells, demonstrating that

t SHANGHAI JIAO TONG UNIVERSITY PRESS
e 5,

the electronegative N and B sites efficiently capture NaPS
and substantially enhance both safety and cycling perfor-
mance [77]. In summary, gel electrolytes provide flexible
frameworks and excellent interfacial contact. However, care-
ful polymer-inorganic composite design is vital to achieve
high ionic conductivity, strong polysulfide adsorption, and
mechanical/chemical robustness, thereby alleviating shuttle
effects and interface by-product accumulation.

Currently, most GPEs rely on ex-situ techniques such as
solvent casting (heterogeneous) and phase inversion (homo-
geneous) for synthesis. These multi-step processes are com-
plex, which restricts their promotion in commercial energy
storage. Wang Guoxiu’s team took the lead in proposing
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the idea of in-situ synthesis and successfully prepared the
cathode and gel electrolyte based on poly(S-PETEA)@C
through monomer copolymerization (Fig. 9k) [11]. This
GPE chemically anchors sulfur species to suppress the
shuttle effect, delivers higher Na* transference numbers and
interfacial stability than traditional gels. To visually charac-
terize the formation and diffusion of NaPS in the electrolyte,
equal amounts of sulfur powder and Na foil were immersed
in LE or GPE to observe the color change of the electrolyte.
No obvious change occurred in GPE, while the color of LE
became darker. DFT calculations show THEICTA groups
bind Na,S, with -3.04 eV energy, far surpassing PC and
FEC, indicating that NaPS is more likely to be infixed rather
than diffused (Fig. 91). Buchmeiser’s team then prepared a
GPE for RT Na-S batteries via in situ free radical polym-
erization of PETA and LE using AIBN as initiator (Fig. 9m)
[179]. Because polymerization occurs directly on the Na
anode and sulfur cathode surfaces, the GPE forms intimate
electrode contacts and delivers an ionic conductivity of 2.33

Iat 25 °C. Its cross-linked network immobilizes

mS cm™
solvent molecules and encapsulates the cathode, providing
polysulfide adsorption sites that suppress shuttling and pro-
mote faster conversion kinetics. As a result, the Na—SPAN
full cell retains over 600 mAh g~! after 2500 cycles at 2
C (Fig. 9n). By immobilizing electrolyte within a polymer
matrix and eliminating free solvent while preserving liquid-
like ion transport, in-situ polymerized GPEs reduce side
reactions and markedly boost cycling stability, safety, and
overall battery performance.

Inorganic SSEs offer high ionic conductivity, mechani-
cal stability and non-flammability, but their brittleness and
poor electrode contact limit practical use. To address this,
one study infiltrated ceramic SSE films with PVDF-HFP,
creating a “‘polymer-in-ceramic” sodium conductor that also
suppressed the shuttle effect in RT Na-S batteries [180]. In
addition, Yang et al. developed a self-supporting Na,;YS1,0,,
(NYS) ceramic scaffold with a porous/dense/porous trilayer
structure via a tape-casting technique, offering an innova-
tive solution for pressureless all-solid-state Na—S batteries
(Fig. 10a) [181]. Among them, a 90 pm dense core acts
as a transport membrane for Na* and 170 um porous outer
layers (68% porosity) to host the sulfur cathode and buffer
volume changes while maintaining ion pathways (Fig. 10b).
The assembled Na/NYS/S full cell demonstrated a high
initial discharge capacity of 970 mAh g~! and remarkable

© The authors

cycling stability (62% capacity retention after 150 cycles)
under pressure-free conditions. Meanwhile, NallNa sym-
metrical cells ran dendrite-free for 460 h. The NYS scaf-
fold achieves 1.0 mS cm™" conductivity, 0.29 eV activation
energy and an > 8 V stability window (Fig. 10c). By combin-
ing polymer infiltration and tailored ceramic architecture,
these works pave the way for scalable, high-energy—den-
sity all-solid-state M-S batteries. Moreover, embedding
inorganic nanoparticles (such as LLZO, LAGP, etc.) into
polymer matrices (such as PEO, PVDF, etc.) also signifi-
cantly enhances their ionic conductivity and mechanical
properties. Recently, Zhang et al. reported a hollow carbon
nanotube supported MnN,/CoN, diatomic catalyst (MnCo-
NC) via a sacrificial template process that lowers the Na,S
decomposition barrier from 1.56 to 0.62 eV (on a pure car-
bon substrate) and chemisorbs polysulfides with a binding
energy of -2.15 eV (Fig. 10d, e) [182]. When integrated
with a Na;Zr,Si,PO,/PEO-NaFSI electrolyte to form a 3D
ion conduction network, this system enables all-solid-state
Na-S batteries to cycle with 67% capacity retention over 100
cycles at 1.5 g cm™ sulfur loading and an average coulombic
efficiency of 98.5%. By synergistically optimizing atomic-
scale catalytic site design and SSE interface engineering,
this work provides a groundbreaking approach for develop-
ing low-temperature all-solid-state M-S batteries (Fig. 10f-
i). The achieved performance, notably an energy density of
1008 Wh kg~!, comparable to LE systems, marks a critical
step toward practical applications in this field.
Sulfide-based SSEs have attracted extensive attention due
to their excellent compatibility with sulfur cathodes, high
ionic conductivity at room temperature, low grain boundary
resistance, and good formability. However, its electrochemi-
cal stability window is narrow and it is prone to decomposi-
tion when in direct contact with active metals (Li, Na, K).
For example, Na;PS, reacts with Na metal to form Na,S
and Na,P, disrupting ion transport, raising polarization and
accelerating performance decay [183, 184]. To stabilize this
interface, An et al. used a NaSn alloy anode and introduced
the ionic liquid Pyr,FSI into the electrolyte (Fig. 10j),
which in situ generates a robust SEI on the metal surface
during cycling, and simultaneously doped 5 mol% selenium
into S@pPAN cathodes to boost electronic conductivity and
restrain polysulfide loss [185]. In addition, to address the
issues of parasitic reactions and mechanical brittleness in
sulfide-based SSEs (e.g., Na;SbS,), Ren et al. proposed an

https://doi.org/10.1007/s40820-025-02004-8
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innovative inorganic/organic hybrid SSE [186]. By imple-
menting an in situ cross-linking reaction between Na;SbS,
and PETEA polymer, a flexible and transferable hybrid elec-
trolyte film was fabricated, resulting in a 30 pm hybrid film
that has an areal resistance of just 65 Q cm?, which can
suppress both the dissolution of Na;SbS, and the interfacial
side reactions (Fig. 10k, 1). Covalent bonds formed during
crosslinking electronically insulated the SSE and reduced
Na;SbS, solubility in LE by 90% (confirmed via UV-vis),
stabilizing the interface with Na metal. Chi et al. synthesized
fully dense oxysulfide glasses (Na;PS,_,0,, 0<x<0.6) via
mechanochemical milling, achieving a Young’s modulus
of 20.9 GPa and hardness of 1.0 GPa [90]. The incorpora-
tion of bridging oxygen units reinforced the glass network,
effectively suppressing Na dendrite penetration and ena-
bling symmetric cells to achieve a critical current density
(CCD) of 2.3 mA cm™ at 60 °C (Fig. 10m-p). In a trilayer
Na;PS; 4,0, 4INazPS; 50, 151NasPS; 4,0, ¢ architecture, these
oxysulfides deliver 1280 mAh g~! at 0.1 mA cm ™2 with over
80% capacity retention after 40 cycles. Together, SEI engi-
neering, polymer-inorganic hybrids and oxygen-doped glass
electrolytes offer scalable, high-performance solutions for
stable sulfide interfaces in Na—S batteries.

In contrast, the development of inorganic SSEs for K-S
batteries is still at an early stage due to the larger K* ionic
radius, lower solvation energy, and slower reaction kinetics
compared with Na* and Li*. Nevertheless, several studies
have reported achieved notable breakthroughs that provide
promising pathways toward high-energy—density and stable
K-S systems. Lu et al. prepared a K-p”-Al,0O5 solid elec-
trolyte, demonstrating excellent interfacial wettability with
molten potassium and achieving an initial discharge capacity
of ~#402 mAh g~! at 150 °C, along with stable cycling over
1000 cycles [187]. A K,Fe,O,-based superionic conductor
exhibited a high ionic conductivity of #2.2x 107 S cm™!
at RT and improved interfacial compatibility with K metal
anodes. Its integration enabled faster K* transport, lower
polarization, and better cycling stability, showing strong
potential for scalable and cost-effective SSE applications
[188]. More recently, Shao et al. introduced K;SbS, as a
potassium superionic conductor with the low activation
energy of 0.27 eV and the ionic conductivity of ~2.5x 107
S cm™! (RT), which was further improved to 7.7 X 1078
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cm™! through W doping (K, 4,Sbg 0o W 0sS4) [189]. The
doped electrolyte also showed strong chemical stability
against KPS, effectively inhibiting the shuttle effect. Collec-
tively, these advances highlight the importance of optimiz-
ing crystal structures, vacancy engineering, and interfacial
chemistry to develop high-conductivity, dendrite-resistant
SSEs, offering a promising pathway toward practical all-
solid-state K-S batteries (Fig. 11).

Overall, SSEs have emerged as a pivotal research direc-
tion in alkali M-S batteries due to their potential to enhance
safety, suppress dendrite growth, and inhibit polysulfide
shuttling. However, poor interfacial contact with electrodes
often increases impedance and restricts ion transport, limit-
ing overall performance. To overcome these issues, each
shows distinct advantages and limitations across Li/Na/K-S
systems. Inorganic SSEs deliver high ionic conductivity
(>107 S cm™!) and strong mechanical rigidity, which help
suppress dendrite formation and polysulfide shuttle. How-
ever, their brittleness and poor interfacial compatibility
hinder performance, particularly in Na—S and K-S batter-
ies. SPEs provide excellent electrode—electrolyte contact
and flexibility, reducing interfacial resistance, yet their low
conductivity limits use under high-loading/rate conditions.
Inorganic/organic hybrid SSEs integrate the benefits of
both, embedding ceramic fillers into polymer matrices to
enhance ion conduction, interfacial stability, and mechanical
strength. As a result, inorganic/organic hybrid SSEs achieve
improved sulfur utilization, better polysulfide suppression,
and enhanced cycling performance. The critical challenge
is to engineer SSE/electrode interfaces that combine excel-
lent compatibility with multifunctional synergies, enabling
efficient, safe, and long-cycling M-S batteries.

4 Conclusion and Perspective

4.1 Conclusion

Alkali M-S batteries are regarded as strong candidates for
the next-generation energy storage systems due to their high
theoretical energy density and potential low cost. However,

these systems face critical problems such as polysulfide shut-
tle, slow redox kinetics of sulfur, and dendrite growth of

https://doi.org/10.1007/s40820-025-02004-8
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the metal anode. In recent years, interface engineering has
become a promising strategy to mitigate the shuttle effect in
M-S batteries. There are various strategies, spanning from
the design of porous cathodes, construction of artificial inter-
facial films on anodes, to the functionalization of separators
and the development of (quasi-) SSEs. This review focuses
on discussing multiple strategies of interface engineering in
alkali M-S batteries for inhibiting polysulfide shuttling, pro-
moting sulfur redox reactions, and stabilizing metal anodes.
By ion-selective mechanisms, chemical adsorption, and cat-
alytic conversion, researchers have successfully reduced the
migration of polysulfides and enhanced the cycle stability
and coulombic efficiency of batteries.

Because Na* and K* ions have larger ionic radii, they
exhibit weaker solvation and stronger electrostatic associa-
tions with polysulfide anions, resulting in a lower apparent
solubility of NaPS/KPS in ether-based electrolytes com-
pared with LiPS. Consequently, one might expect stronger
suppression of the shuttle effect. However, Na—S and K-S
batteries often experience more rapid performance decay,
indicating that additional interfacial phenomena dominate
their failure mechanisms. For this result, we propose the fol-
lowing explanation. Despite broadly similar interface-engi-
neering strategies to those employed in Li—S systems, Na/K
polysulfides exhibit distinct solution chemistry. Stronger
cation-polysulfide binding induces the formation of com-
pact ion-polysulfide aggregates or even gel-like networks,
which hinder ion transport and slow sulfur conversion kinet-
ics. In parallel, the weaker solvation of Na*/K* exacerbates
uneven alkali-metal deposition and interfacial passivation at
the anode, further accelerating capacity degradation. These
mechanistic insights primarily apply to ether-based elec-
trolytes, where the relatively high donor numbers enhance
polysulfide solvation for Li species, while NaPS/KPS remain
only partially soluble yet still prone to aggregate-driven
transport limitations. By contrast, carbonate-based Na—S
systems represent an important exception: their intrinsi-
cally low donor numbers and strong polarity substantially
suppress polysulfide dissolution, thereby partially mitigating
conventional shuttle effects [20]. Nevertheless, the thermo-
dynamic incompatibility between carbonate solvents and
NaPS induces nucleophilic solvent decomposition and the
formation of insulating interfacial byproducts (e.g., Na,COj,
Na,SOj3, Na,SO,), ultimately leading to electrode passiva-
tion and electrolyte depletion. As a result, carbonate-based
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Na-S batteries fail via a fundamentally different degradation
pathway compared with ether-based systems [24].

In past studies, Li—S and Na-S batteries have successfully
achieved excellent electrochemical performance through
various functional modification strategies, but mature strat-
egies have not been directly applied to K-S batteries. For
instance, Tanibata et al. prepared a Na;PS, glass—ceramic
electrolyte with high ionic conductivity based on Li;PS,
sulfide glass—ceramics by completely replacing Li* with
Na* [190]. A high discharge capacity of approximately
1100 mAh g~! and excellent cycling stability were achieved
in the RT all-solid-state Na—S battery. However, no litera-
ture reports on the use of K;PS, in K-S batteries have been
seen so far. On the one hand, this might be due to various
limitations, such as the large radius of K* and the prepa-
ration process. On the other hand, if these bottlenecks are
addressed through doping modification, framework design
or composite strategies, some not-yet-studied materials may
bring new research directions to K-S batteries in the future.

4.2 Perspective

Based on the above, while interfacial engineering strate-
gies for Li/Na/K-S batteries share common themes, such
as polar adsorption, catalytic interlayers, artificial SEI for-
mation, and the use of solid/gel electrolytes, they must be
tailored to the specific ionic radii, polarization strengths,
and polysulfide solubilities of each system. Future efforts
should concentrate on several key directions:

(a) Dynamic, self-adaptive interfaces. Utilizing revers-
ible phase change materials or self-healing polymer net-
works, the interface components can spontaneously adjust
their structure and chemical stability during charge/dis-
charge processes to cope with the interface degradation
caused by continuous cycling. In view of the large interfa-
cial stresses caused by repeated sulfur conversion and vol-
ume changes, designing a phase-tunable hybrid interfacial
network combining ion-conductive polymers and revers-
ible inorganic frameworks is a very promising direction.
For example, by embedding Li/Na/K-conductive phase-
change domains (e.g., Na;SbS,, K;SbS,, LLZO nanodo-
mains) into dynamic covalent polymer matrices, the inter-
facial layer could self-reorganize under electrochemical
stress to maintain low impedance and suppress microcrack
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formation. Such hybrid architectures could provide a path-
way toward self-healing, shuttle-resistant interfaces.

(b) Cross-scale interface control and integration. Com-
bine atomic-scale chemical modifications, mesoporous
scaffold architectures, and macroscopic coating techniques
to build a hierarchical interface network that remains sta-
ble from the nanoscale through to the full electrode. At
the atomic scale, heteroatom doping and single-atom cat-
alysts can modulate local electronic structures and lower
M,S nucleation barriers to accelerate redox kinetics. At the
mesoporous scale, MXene, MOF/COF, and hollow carbon
frameworks offer interconnected ion channels and abun-
dant active sites, facilitating fast ion transport and effective
polysulfide confinement. At the macroscopic level, adaptive
polymer coatings and hydrogel membranes buffer volume
changes and stabilize electrode—electrolyte interfaces under
high sulfur loading.

(¢) Industrially scalable interface innovations. Develop
cost-effective, process-friendly methods, such as continuous
roll-to-roll coating or dry powder deposition, that can be
readily upscaled, ensuring uniform interfacial construction
and reproducible performance at the battery-manufacturing
level. Besides, water-processable polymer binders, biomass-
derived carbon coatings, and solution-synthesized catalytic
interlayers could minimize processing costs while maintain-
ing functionality.

(d) AI-Driven Predictive Interface Design. Leverage
machine-learning and big-data frameworks, similar to
“genetic” algorithmic design, to pre-screen and optimize
interfacial materials for M-S systems. By encoding descrip-
tors such as ionic radius, binding energy, and solubility
parameters into trained models, one can rapidly generate
candidate chemistries and architectures, prioritize the most
promising formulations, and guide targeted synthesis and
testing. This data-driven approach will accelerate the discov-
ery of multifunctional coatings, catalysts, and electrolytes
tailored to suppress shuttle effects across all alkali M-S bat-
tery interfaces.

Interfacial engineering strategies to suppress the poly-
sulfide shuttle have progressed from passive containment
to active, tunable approaches. Future advancements will
critically depend on integrating interdisciplinary expertise
from materials science, electrochemistry, and engineering.
Insights derived from Li—S research provide invaluable guid-
ance for Na—S and K-S systems. For instance, established
Li-S electrocatalytic interface designs can be adapted, and
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first-principles calculations employed to screen optimal
material combinations. However, inherent differences in
the properties of Li*, Na*, and K* ions necessitate system-
specific solutions. By leveraging multi-dimensional interface
architectures, dynamic response mechanisms, cross-scale
optimization, and Al-driven predictive design, Li/Na/K-S
batteries are poised to achieve transformative improvements
in energy density, cycling stability, and safety. This progress
will accelerate the commercialization of cost-effective, high-
performance energy storage technologies.
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