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ABSTRACT

Lithium-sulfur (Li-S) batteries offer a high theoretical specific energy of 2600 Wh kg™!, yet commercialization remains limited by

poor sulfur conductivity and structural instability of sulfur electrodes due to polysulfide (Li-PS) dissolution and shuttling. Here,

a sulfonated zirconium-based metal organic polyhedron (SMOP) is introduced as a molecularly dispersible additive for nanoscale

interfacial engineering at 3 wt.% in the sulfur-carbon composite. Two placement modes are implemented, where SMOP is

assembled as a conformal interfacial coating on sulfur-loaded hollow carbon spheres (SMOP-S-HCS), whereas SMOP is introduced

by co-deposition/physical blending with Ketjen black (SMOP-S-KB), producing a dispersed/buried distribution without a defined
surface layer. SMOP-S-HCS delivers a low shuttle charge (Qps) of 54.0 mAh gs~!, whereas SMOP-S-KB exhibits approximately
1.7-fold higher Q¢ despite identical SMOP loading during the Li-PS shuttle current measurement. SMOP-S-HCS delivers robust
rate capability with discharge capacity ranging from ~1500 to ~800 mAh gs~! from 0.05 to 2C and sustained discharge capacity of

850 mAh g¢~! after 400 cycles at 0.3C. Ex situ sulfur K-edge XAS confirms the effectiveness of SMOP functional barrier against

Li-PS shuttling by probing more reversible sulfur speciation and reduced oxidized sulfur buildup during cycling.

1 | Introduction

A lithium-sulfur (Li-S) battery is widely regarded as one of
the most promising next-generation rechargeable batteries due
to its high theoretical specific energy (2600 Wh kg™) which
significantly exceeds that of conventional lithium-ion batteries
(~550 Wh kg™!) [1, 2]. In addition, sulfur is earth-abundant
and inexpensive, making Li-S chemistry attractive for large-scale
energy storage applications [3, 4]. However, the practical cell
level energy of Li-S batteries under realistic operating condi-
tions remain limited mainly due to low electrical conductivity

of sulfur [5, 6], the large volumetric change (~80% for S «
Li,S) of sulfur [7, 8], and most critically, the formation and
uncontrolled migration of lithium polysulfide (Li-PS) interme-
diate in organic electrolytes [9]. This phenomenon, so-called
Li-PS shuttle, leads to loss of active material from the sulfur
positive electrode, and the formation of an electrically insulating
Li,S layer on the lithium negative electrode, resulting in low
coulombic efficiency and rapid capacity fading during charge-
discharge cycling. To mitigate Li-PS shuttling and improve the
electrochemical and mechanical stability of Li-S cells, a variety of
approaches have been explored, such as confining sulfur within
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porous carbon [10, 11], incorporating functional metal oxides or
sulfides [12, 13], employing functional polymer binder [14, 15],
and employing functionalized separators [16-18]. Porous carbons
are hardly dispensable for establishing electronic percolation and
accommodating sulfur species, but carbon-based architectures
alone generally provide limited chemical affinity toward Li-
PS species and thus cannot fully prevent their dissolution and
migration. This has motivated the incorporation of chemically
functional components that can more strongly interact with
soluble polysulfides while minimizing the penalty of inactive
mass [19-21].

In this regard, metal-organic polyhedra (MOPs), ~1.0 nm-
sized discrete cage-like coordination assemblies constructed from
metal nodes and organic linkers, offer a distinct opportunity
to overcome aforementioned limitations [22, 23]. Their solution
processability, structural precision, and modular synthesis allow
dense incorporation of targeted functional groups (e.g., sulfonate,
phosphonate, amine) directly onto the cage backbone [24, 25].
Although conceptually related to metal-organic frameworks
(MOFs) [26-29] or covalent organic frameworks (COF) [18, 30].
MOPs exist as molecular entities rather than extended lattices,
allowing molecular-level dispersion to form ultrathin (~1 nm)
coatings or interfacial layers, dramatically increasing the effective
functional surface area per its unit mass [31]. This feature is
particularly attractive for Li-S electrodes because it creates the
possibility of achieving meaningful polysulfide regulation with
only a very small amount of functional material. In contrast
to previously reported MOF-related sulfur-electrode strategies,
which often require substantially larger fractions of framework-
related material (>10 wt.%) on the full-electrode basis [32-34],
MOPs can, in principle, provide a high density of chemically
active interfacial sites at much lower loading, thereby minimizing
penalties in electrode energy density and cost [31]. In sulfur-
carbon composites, such thin interfacial layers are expected to
work synergistically with the conductive carbon framework by
introducing chemically selective sites [35, 36], while preserving
electronic percolation. Under this constraint, not only the chem-
istry of the MOP but also how such a small amount of MOP is
spatially deployed is expected to be critical for maximizing its
effectiveness.

In this work, we introduce a sulfonated zirconium
(Zr)-based metal-organic polyhedron (SMOP,
[Cp;Zr;0(0H);],[BDCJ4[(C,H;),NH,],Cls]) as a functional
additive for sulfur positive electrodes. SMOP integrates the robust
Zr-0 framework with sulfonate (-SO; ™) groups, offering chemical
stability [37] and ionically functional surface that can interact
Li-PS in organic liquid electrolytes. In particular, sulfonate
moieties can coordinate Li* in Li-PS species, thereby forming
a chemically selective interfacial barrier that suppresses Li-PS
shuttling [38-40]. Because these functional groups are presented
on the surface of each discrete cage, SMOP is expected to deliver
substantial interfacial functionality even at very low loading. A
key question, however, is how to deploy such a small amount of
SMOP so that its chemical affinity is translated into the greatest
cathode-level benefit. Simply dispersing SMOP throughout the
electrode may underutilize its interfacial role, whereas controlled
placement at sulfur-carbon surfaces may enable a much higher
functional efficiency per unit mass of additive. Motivated by
this idea, we examine spatial placement as a central design

parameter by comparing two representative carbon hosts with
contrasting sulfur accommodation and transport characteristics
and by implementing two deployment modes: conformal SMOP
coating on sulfur-carbon composites and physical blending of
SMOP into the electrode. This head-to-head design allows us to
determine how a minimally added, molecularly dispersible MOP
can be most effectively positioned to regulate polysulfides and
improve sulfur-electrode performance.

2 | Results and Discussion

To enable the two deployment modes of SMOP in sulfur-carbon
composites, such as solution-mediated conformal coating and
physical blending, we first synthesized a Zr-based SMOP and
established its crystal-to-cage transition, which underpins its
molecular dispersibility and solution processability. As illustrated
in Figure 1la, SMOP was prepared by solvothermal reaction of
Cp,ZrCl, and 2-hydroxyterephthalic acid (H,BDC-SO;H), yield-
ing a crystalline product composed of periodically arranged
SMOP cages. Based on the established geometry of analogous
tetrahedral Zr-based MOPs, the characteristic molecular dimen-
sion of an individual SMOP cage is expected to be on the order of
~1-1.5nm [41]. The scanning electron microscopy (SEM) image of
the as-synthesized SMOP crystal exhibits highly crystalline parti-
cles with uniform cubic morphology, confirming the successful
formation of an extended lattice of discrete SMOP nanocages.
Upon immersion in methanol (MeOH), these crystals readily
dissociate into discrete SMOP cages because hydrogen bonds
between adjacent nanocages are replaced by stronger MeOH-cage
interactions, giving molecularly dispersed SMOP cages [35, 36].
This crystal-to-cage transition is corroborated by X-ray diffraction
(XRD) (Figure 1c), where sharp diffraction peaks of SMOP
crystal demonstrate its ordered framework structure, whereas the
absence of distinct diffraction peaks in the discrete SMOP cages
sample indicates its non-crystalline, molecularly dispersed state
[41]. This behavior is critical for interfacial engineering, as it
enables SMOP to be delivered from solution and assembled into
ultrathin, coherent interfacial layers on suitable sulfur-carbon
surfaces.

The incorporation of both unsubstituted and sulfonated tereph-
thalate ligands in SMOP was verified by proton nuclear magnetic
resonance ("H NMR) spectroscopy (Figure 1d). The SMOP crystals
were digested in deuterated dimethyl sulfoxide (DMSO-d,) with
a strong acid to cleave coordination bonds, yielding well-resolved
aromatic signals. A resonance at 7.85 ppm is assigned to unsub-
stituted terephthalate (H,BDC-H), while signals at 8.07, 7.84,
and 7.41 ppm are assigned to sulfonated terephthalate (H,BDC-
SO;H) [37]. The signal observed at 8.02 ppm is attributed to
residual DMF from the synthesis. The simultaneous presence
of both sets of peaks confirms incorporation of a H,BDC-H to
H,BDC-SO;H linkers, and integration of these signals indicates
a ratio of approximately 5:1 per SMOP cage between H,BDC-H
and H,BDC-SO;H. The thermal characteristics of SMOP were
examined by thermogravimetric analysis (TGA) under helium
(He) at a heating rate of 20°C min~! (Figure 1e). A weight loss near
200°C corresponds to the decomposition of sulfonic acid groups
in the SMOP ligands [42], followed by a subsequent weight loss
above 500°C associated with the decomposition of the organic
linkers, similar to the behavior of UiO-66 [43]. Above 600°C,
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FIGURE 1 | Structural and compositional characterization of synthesized SMOP. (a) Schematic illustration of the Zr-based SMOP structure and
crystal-to-cage transformation. (b) SEM images of a well-defined cubic SMOP crystal. (c) XRD patterns of SMOP crystal and molecularly dispersed
SMOP cages. (d) 'H NMR spectra of terephthalic acid, sulfonated terephthalic acid, and the SMOP cage. Peak a (7.85 ppm) is assigned to unsubstituted
terephthalate (H,BDC-H), whereas peaks b (8.07 ppm), ¢ (7.84 ppm), and d (7.41 ppm) correspond to sulfonated terephthalate (H,BDC-SO3;H). (e) TGA

curve of SMOP cage under He atmosphere.

the mass remains nearly constant, indicating the formation of
a thermally stable Zr-O residue [44]. This behavior confirms
that SMOP is thermally stable far beyond the typical operating
temperature window of Li-S batteries (60°C).

To investigate how incorporation and spatial placement of SMOP
within the sulfur-carbon composite governs the electrochemical
behavior of sulfur positive electrodes, sulfur-carbon composites
were prepared using two structurally distinct carbon hosts, such
as hollow carbon spheres (HCS, SEM image is shown in Figure
S1) and ketjen black (KB, SEM image shown in Figure S2), and
different SMOP deposition strategies in sulfur-carbon compos-
ites. HCS particles (~200 nm) comprise a central macropore
cavity surrounded by a mesoporous shell, which allows sulfur
to be incorporated into the hollow interior and, once loaded,
substantially shields the incorporated sulfur from direct exposure
to the external environment [45, 46]. Sulfur-loaded HCS (S-
HCS) was synthesized by a chemical precipitation method, in
which sulfur was dissolved in carbon disulfide (CS,), and iso-
propanol (IPA) was added as a co-solvent to facilitate infiltration
of the sulfur solution into the hollow cavity [47]. Subsequent

evaporation of CS, and IPA yielded the S-HCS composite. The
resulting S-HCS was then coated with SMOP (denoted SMOP-S-
HCS) to form an outer barrier layer intended to immobilize Li-PS
generated from sulfur confined within the HCS cavity during
cycling.

In contrast, KB consists of nano-particles (~10 nm) with predomi-
nantly mesoporous character arising from interparticle voids [48],
so sulfur preferentially deposits on or between the nanoparticles
and remains relatively exposed to the surroundings, providing
more accessible pathways for Li-PS formation and shuttling. For
the KB system, sulfur-KB composites (S-KB) were prepared by
mixing a sulfur-dissolved CS, solution with KB, followed by sol-
vent evaporation. When SMOP was added simultaneously with
sulfur in CS,, the resulting composite (SMOP-S-KB) contained
SMOP randomly dispersed throughout the composite particles
rather than forming a defined coating. According to TGA, the
sulfur content in the as-prepared S-HCS and S-KB composites
is ~78 wt.% (Figure S3). SMOP was subsequently introduced by
solvent evaporation at a fixed sulfur-carbon composite: SMOP
mass ratio of 97:3 (w/w), corresponding to 3 wt.% SMOP in the

Advanced Science, 2026

30f13

2519017 SUOLULLOD AITER.1D) 3|1 dde aU) AQ PRULBACD 916 DRI YO 88N J0 3N 10} ARIGITBUIIUO AB|IA UO (SUONPUOO-PUE-SWLBYLI0D™ /B | IW AIRIGIPUIIUO//SY) SUONIPUOD PUE SIS | 84} 39S *[9202/70/2T] U0 AIq1T 8UIIUO ABIIM * 10UD UIBUNAY Ad £1EG) SATR/ZOOT OT/10P/W00"/3 | AIRIGIPUIIUO" PROUBADE/'Sciy W01 POpeo|umoa ‘0 ‘Tv8essTe



Mesopre shell Macropore cavity

(% Lk Infiltration
R

+ — +

Elemental Sulfur ~ Hollow Carbon Sphere S-HCS MOP-SOsH cage SMOP-S-HCS
(Se) (HCS) (SMOP) SMOP {‘: Lithium lon ®
EIementaISL L|th|ur?LinISy;sulf|dQ\\\h
(b) ~10nm Ketjen Black is aggregated

Mesopre cavity

((& Infiltration %
e -+ — +
Elemental Sulfur Ketjen Black S-KB

(Ss) (KB)

ﬁ coated
—
&

~ 1 nm sized

&Aembeded e 8% ,
. -
B S 4 L 8

~ 1 nm sized

MOP-SOsH cage
(SMOP)

SMOP coating layer

U

-

Conformal

Embeded SMOP
N

Inhomogeneously . ##

FIGURE 2 | Morphology and elemental distribution of S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB. Schematic illustration of sulfur encapsulation
and SMOP surface modification for (a) SMOP-S-HCS and (b) SMOP-S-KB, highlighting Li* diffusion, electron transport pathways, and lithium
polysulfide confinement by SMOP cages. SEM images of (c) S-HCS, (d) SMOP-S-HCS, (e) S-KB, and (f) SMOP-S-KB. TEM image with STEM-EDS
elemental maps of sulfur (S) and zirconium (Zr) for (g) S-HCS, (h) SMOP-S-HCS, (i) S-KB and (j) SMOP-S-KB.

final composite. Accordingly, the sulfur content in the SMOP-
containing composites is ~75.7 wt.%, assuming quantitative
SMOP retention and unchanged sulfur loading. A schematic
illustration of these architectures and the associated Li* trans-
port, electron pathways, and Li-PS confinement mechanism is
provided in Figure 2a,b.

The morphologies of S-HCS, SMOP-S-HCS, S-KB, and SMOP-
S-KB are characterized using electron microscopies. In SEM
images, S-HCS (Figure 2c) retains the pristine HCS morphology,
including the ~200 nm particle diameter and smooth, crack-

free surfaces, indicating successful sulfur infiltration into the
HCS cavity without structural collapse or the formation of sulfur
agglomerates. SMOP-S-HCS (Figure 2d) likewise exhibits spher-
ical particles with smooth surfaces and no discernible surface
aggregates, consistent with a thin, conformal SMOP coating on
the HCS exterior. In contrast, the primary KB nanoparticles in S-
KB (Figure 2e) assemble into micron-scale secondary aggregates
as sulfur fills interparticle voids and bridges adjacent particles.
SMOP-S-KB (Figure 2f) shows a similar aggregated morphology,
and SMOP cannot be directly resolved in SEM due to its
molecular-scale size (~1.5 nm).
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FIGURE 3 | Structural and surface characterization of synthesized S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB. (a) XRD patterns of HCS, S-HCS,

and SMOP-S-HCS. (b) XRD patterns of KB, S-KB, and SMOP-S-KB. The diffraction pattern of crystalline Sg (00-042-1278) is shown as a reference. (c)
Raman spectra of S-HCS and SMOP-S-HCS. (d) Raman spectra of S-KB and SMOP-S-KB. High-resolution (e) Zr 3d and (f) S 2p XPS spectra of SMOP,
SMOP-S-HCS, and SMOP-S-KB. All high-resolution XPS spectra were normalized to their respective maximum intensities to facilitate comparison of

peak shapes (not absolute signal intensities).

The spatial distributions of sulfur and SMOP were further exam-
ined by bright-field transmission electron microscopy (TEM) and
scanning transmission electron microscopy (STEM) coupled with
energy-dispersive X-ray spectroscopy (EDS) elemental mapping
(Figure 2g—j). For S-HCS (Figure 2g), the bright-field TEM image
reveals a well-defined carbon shell, and the EDS sulfur map
confirms that sulfur is predominantly confined within the HCS
interior cavity. For SMOP-S-HCS (Figure 2h), sulfur remains
localized in the hollow core, whereas the Zr signal is concentrated
along the outer shell, directly evidencing a uniform SMOP
coating that preserves the encapsulated sulfur. In the KB-based
composites, bright-field TEM images of S-KB and SMOP-S-KB
(Figure 2i,j) show featureless aggregates, and sulfur mapping
indicates a homogeneous sulfur distribution throughout the
secondary particles. In SMOP-S-KB, Zr signals are also dispersed
throughout the KB host together with sulfur, consistent with a
mixed, but not noncoating architecture. These observations verify
that SMOP is incorporated as designed in both architectures, as a
surface coating on HCS and as a dispersed additive within KB,
thereby achieving the targeted spatial configurations.

The structural differences among the composites were first
evaluated by X-ray diffraction (XRD, Figure 3a,b). Pristine HCS
and KB exhibit broad diffraction features characteristic of amor-
phous carbon [49], whereas S-HCS and S-KB display additional
sharp reflections that match crystalline sulfur (JCPDS 08-0247),
confirming successful sulfur incorporation into both carbon
hosts. The XRD patterns of SMOP-S-HCS and SMOP-S-KB are
essentially identical to those of S-HCS and S-KB, respectively,
consistent with the absence of discernible SMOP reflections due
to its low loading (3 wt.%) and molecular-scale, noncrystalline
(or highly dispersed) nature. Raman spectra of S-HCS, SMOP-
S-HCS, S-KB, and SMOP-S-KB (Figure 3c,d) show broad D and
G bands characteristic of disordered sp® carbon in both HCS-
and KB-based electrodes. The overall D/G intensity (I,/I;) ratio
remains similar before and after SMOP incorporation (S-KB: 0.85,
SMOP-S-KB: 0.84, S-HCS: 0.84, SMOP-S-HCS: 0.84), indicating

that the crystallographic frameworks of the carbon host are not
significantly altered by sulfur loading or SMOP coating. In the
KB-based composites, additional sharp features attributable to
crystalline sulfur are observed, whereas the HCS-based electrodes
show only broad backgrounds with no distinct sulfur modes,
probably due to the fact that sulfur is confined inside the HCS
cavities [50]. These observations support the structural picture
inferred from TEM and XRD that sulfur is more surface-exposed
in KB and more effectively encapsulated in HCS.

Consistent with this interpretation, N, physisorption mea-
surements reveal a pronounced loss of gas-accessible porosity
upon sulfur incorporation. Pristine KB and HCS exhibit typical
micro/mesoporous adsorption behavior (Figure S4) with high
BET surface areas of 1305.23 and 1378.44 m? g, respectively
(Table S1). In contrast, all sulfur-loaded composites (S-HCS,
SMOP-S-HCS, S-KB, and SMOP-S-KB) show a markedly reduced
N, uptake over the entire relative-pressure range (Figure S5),
indicating extensive pore filling and/or blocked pore access after
sulfur loading. In particular, the low-pressure uptake (p/p, < 0.05)
and the mesopore-associated hysteresis are strongly suppressed,
evidencing a substantial reduction in accessible micro/mesopore
volume. The remaining adsorption near p/p, approaches to 1 is
mainly attributed to interparticle voids. Accordingly, the BET
surface areas decreased to 8.66 and 18.93 m? g~! for S-HCS and
S-KB, respectively (Table S1). Incorporation of SMOP (3 wt.%)
results in modest increases to 14.94 m? g~! for SMOP-S-HCS
and 23.42 m? g! for SMOP-S-KB, while the overall isotherm
profiles remain essentially unchanged relative to their SMOP-free
counterparts. This indicates that, at such a low loading, SMOP
primarily contributes its intrinsic surface area, accounting for
the modest increase in the measured BET surface area. The pore
size distribution (PSD) analysis further supports this conclusion.
Pristine HCS and KB display distinct mesopore signatures (Figure
S6), reflecting their different host architectures. After sulfur
incorporation, the PSD results of all sulfur-loaded composites
show strongly suppressed differential pore volume across the
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measured pore-width range (Figure S7), and the mesoporous
features of HCS- and KB-derived composites become largely
indistinguishable. Notably, SMOP-S-HCS exhibits a small but
discernible PSD feature centered near ~6 nm, which is consistent
with SMOP being preferentially enriched at the outer surface
of the S-HCS particles. In contrast, SMOP-S-KB does not show
a comparable mesopore feature, consistent with SMOP being
largely buried within sulfur-KB aggregates.

To probe the surface composition and SMOP surface enrichment
in the composites, X-ray photoelectron spectroscopy (XPS) was
performed on the SMOP-containing samples. The survey spectra
(Figure S8) are dominated by C 1s and O 1s signals for both
composites. Notably, Zr-related features are clearly observed for
SMOP-S-HCS, whereas they are barely discernible for SMOP-
S-KB, indicating substantially greater SMOP exposure at the
outermost surface of the HCS-based composite. This trend is
corroborated by the high-resolution Zr 3d region (Figure 3e),
where SMOP-S-HCS exhibits a pronounced Zr 3d doublet, while
SMOP-S-KB shows only a weak/near-background Zr signal. In
the S 2p region (Figure 3f and Figure S8), SMOP-S-KB displays
an intense, well-resolved elemental-sulfur doublet, confirming
that sulfur remains highly surface-accessible in the KB-based
architecture, whereas SMOP-S-HCS exhibits a broader S 2p enve-
lope, consistent with sulfur residing beneath and/or interacting
with an SMOP-enriched surface layer. A minor contribution near
~163 eV in SMOP-S-HCS is consistent with reduced sulfur envi-
ronments (e.g., polysulfide/organic sulfide-like species) rather
than oxidized sulfonate sulfur.

To elucidate how the incorporation of sulfur and SMOP in
the composites affects electrochemical behavior, Li-S cells with
S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB positive elec-
trodes were investigated by shuttle-current measurements, cyclic-
voltammetry (CV), and electrochemical impedance spectroscopy
(Figure 4). The chemical stability of SMOP in the electrolyte was
examined by immersing SMOP in a 1:1 (v/v) mixture of dioxolane
(DOL) and dimethoxyethane (DME), followed by 'H NMR anal-
ysis after recovery and digestion. (Figure S9) The postimmersion
spectrum retained the characteristic linker resonances of pristine
SMOP without noticeable new decomposition-related signals,
indicating that SMOP remained chemically intact under the
tested conditions. For the shuttle-current measurement, which
probes how actively Li-PS species form and shuttle [51], cells
were first galvanostatically discharged to 1.7 V and subsequently
charged to 70% of the discharge capacity (70% of state of charge,
SOC). After the open-circuit voltage relaxed to a quasi-steady
value at 70% SOC, chronoamperometry was carried out at this
equilibrium potential to monitor the Li-PS shuttle current. As
shown in Figure 4a, the two HCS-based positive electrodes exhibit
markedly lower shuttle currents than the KB-based electrodes.
SMOP-S-HCS shows the smallest steady-state current (~1-2 uA
at long times), whereas S-HCS displays higher than SMOP-S-
HCS but still lower than either S-KB or SMOP-S-KB cells. The
capacities associated with the shuttle current (Q,,), estimated
by integrating the current-time curves, are 76.9, 54.0, 96.7, and
92.6 mAh g for S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB,
respectively (Figure 4a and inset Figure). Because Q,, reflects
the parasitic charge passed by Li-PS shuttling, the lowest value
for SMOP-S-HCS indicates the most effective suppression of
Li-PS shuttle. This behavior is consistent with a dual-barrier

architecture in SMOP-S-HCS, where sulfur confinement within
the HCS cavity limits polysulfide release, and the outer SMOP
coating provides polar binding sites that further immobilize Li-PS
species. In contrast, the KB-based electrodes lack a defined core-
shell configuration and therefore exhibit substantially stronger
shuttling. Notably, despite having the same SMOP loading,
SMOP-S-KB shows only a modest reduction in shuttle rela-
tive to S-KB, underscoring that SMOP placement, rather than
its mere presence, is the dominant factor governing shuttle
mitigation.

CV profiles (Figure 4b—e) for all four positive electrodes reveal
the characteristic two discharge peaks and one charge peak
associated with the stepwise reduction and reoxidation of sulfur
[52]. A consistent host-dependent effect of SMOP is observed. In
the HCS-based electrodes, SMOP-S-HCS shows sharper, better-
resolved redox peaks and a smaller cathodic-anodic peak separa-
tion than S-HCS, indicative of reduced polarization and improved
reaction reversibility enabled by the conformal SMOP coating. In
the KB-based electrodes, SMOP-S-KB exhibits a similar but more
modest improvement relative to S-KB, consistent with the less
controlled SMOP distribution. With increasing scan rate (0.05-
0.3mV s™), all electrodes show the expected peak broadening and
potential shifts; however, these changes are least pronounced for
SMOP-S-HCS, suggesting more stable interfacial kinetics when
SMOP is positioned as an outer barrier layer on HCS. Nyquist
plots obtained after the CV measurement (Figure 4f-i) further
highlight the roles of SMOP and the carbon host in governing
interfacial resistance. All cells display a depressed semicircle in
the high-to-medium frequency region, followed by an inclined
low-frequency tail attributable to diffusion-limited processes. The
semicircle diameter decreases upon SMOP incorporation for
both carbon hosts, indicating reduced interfacial/charge-transfer
resistance, with SMOP-S-HCS exhibiting the smallest semicircle
among the four cells. Together with the shuttle-current results,
these data suggest that the SMOP coating on HCS not only
suppresses Li-PS transport but also promotes more favorable
interfacial charge transfer, likely by introducing polar, chemi-
cally anchoring sites at the cathode-electrolyte interface while
maintaining electronic continuity through the carbon framework
[53].

Building on the interfacial/kinetic insights obtained from the
shuttle-current, CV, and EIS analyses, we next evaluated the
practical electrochemical performance of the four electrodes
(Figure 5). The rate-capability results (Figure 5a) show that
the SMOP-S-HCS positive electrode delivers the most robust
capacity retention over the tested C-rate range, decreasing from
~1500 mAh g at 0.05C to ~800 mAh g™ at 2.0C. Represen-
tative voltage profiles (Figure 5b-e) exhibit the characteristic
two-step discharge behavior, with two plateaus associated with
sulfur reduction to soluble polysulfides followed by conversion
to Li,S/Li,S,, in agreement with the CV results. As the C-
rate increases, voltage polarization becomes more pronounced
for all electrodes, evidenced by a downward shift of the dis-
charge plateaus and a reduction in plateau duration. This
effect is slightly more apparent for the HCS-based electrodes,
likely because a larger fraction of sulfur is confined within the
hollow spheres, which can impose additional mass-transport
and conversion-kinetic constraints at the highest rate (2.0C).
Importantly, this high-rate limitation is largely reversible for
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FIGURE 4 | Electrochemical characterization of S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB positive electrodes. (a) Chronoamperometrically
measured Li-PS shuttle current collected after the cells were brought to 70% SOC and monitored for 40 h. The corresponding Q,, values for each electrode
are indicated in the inset bar graph. CV curves of (b) S-HCS, (c) SMOP-S-HCS, (d) S-KB, and (e) SMOP-S-KB positive electrodes at various scan rates.
Nyquist plots of (f) S-HCS, (g) SMOP-S-HCS, (h) S-KB, and (i) SMOP-S-KB positive electrodes after the CV tests. Areal sulfur loading of the electrodes
is 1.5 mgg cm~2 and SMOP content in the SMOP-containing electrodes is 1.8 wt.%.

SMOP-S-HCS positive electrodes. Upon returning to 0.1C, SMOP-
S-HCS restores a prolonged discharge plateau and delivers the
highest discharge capacity (1097.5 mAh g'), exceeding those of
S-HCS (849.5 mAh g'), S-KB (777.8 mAh g'), and SMOP-S-KB
(834.4 mAh g™) positive electrodes. This strong capacity recovery
indicates that the reduced performance at 2.0C is primarily
kinetic rather than due to permanent structural degradation. The
superior rate performance and recovery are consistent with the
synergistic host design in SMOP-S-HCS, where sulfur confine-
ment within the HCS interior is coupled with polar SMOP sites
that suppress polysulfide transport while maintaining efficient
ion/electron transport. Coulombic efficiencies remain near unity
throughout the rate test, suggesting limited parasitic loss during
these short segments.

Long-term cycling at 0.3C (Figure 5f) further demonstrates the
advantage of SMOP-S-HCS, which delivers ~1300 mAh g~ in
the first cycle and retains ~850 mAh g=! after 400 cycles. This
performance surpasses that of S-HCS (~740 mAh g!), S-KB
(~620 mAh g™'), and SMOP-S-KB (~690 mAh g™!) at the same
cycle number. Consistently, the corresponding voltage-capacity
profiles collected during cycling (Figure S10) show that SMOP-
S-HCS better preserves the characteristic Sg to Li,S conversion

plateaus around 2.1 V from the 1st to the 300th cycle with a
comparatively smaller increase in voltage hysteresis, indicating
more reversible sulfur utilization. Additional testing under more
demanding conditions is provided in the Supporting Information,
including high-rate cycling data for the S-HCS and SMOP-S-
HCS electrodes at 1.0C with a sulfur loading of 1.5 mgg cm™2, as
well as representative galvanostatic voltage profiles at a higher
sulfur loading of 3.0 mgg cm™ at 0.2C (Figures S11 and S12).
These results show that the SMOP-S-HCS electrode retains its
electrochemical advantage over the S-HCS electrode even under
elevated rate and higher-loading conditions. Furthermore, to
verify that the selected SMOP content was appropriate, we
additionally evaluated SMOP-S-HCS electrodes containing 3, 6,
and 9 wt.% SMOP (Figure S13). Among these, 3 wt.% SMOP
delivered the best overall performance, whereas higher SMOP
contents led to lower discharge capacities. Photographic (Figure
S14) and SEM images (Figures S15-S17) showed progressively
greater surface coverage with increasing SMOP content, while no
micron-scale SMOP crystals were observed, indicating that SMOP
remained dispersed rather than recrystallizing. At the same time,
electrodes containing 6 wt.% SMOP and above exhibited visible
crack formation, suggesting that excessive additive loading com-
promised both transport and mechanical integrity. Accordingly,
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FIGURE 5 | Electrochemical performance of S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB positive electrodes. (a) Rate capability measured at C-
rates from 0.05 to 2.0C. Representative galvanostatic voltage profiles of (b) S-HCS, (c) SMOP-S-HCS, (d) S-KB, and (e) SMOP-S-KB positive electrodes
collected at selected C-rates. (e) Long-term galvanostatic charge-discharge cycling performance at 0.3C. Areal sulfur loading of the electrodes is

1.5 mgg cm 2.

3 wt.% SMOP was confirmed as the optimal loading for the main
electrochemical comparisons.

Because HCS-based architecture yields clearer performance gains
than the KB-based composites, we next probed how SMOP
placement within the S-HCS particles influences sulfur redox
chemistry using sulfur K-edge X-ray absorption spectroscopy
(XAS). Figure 6 presents ex situ sulfur K-edge spectra of S-HCS
(Figure 6a) and SMOP-S-HCS (Figure 6b) collected at selected
electrochemical states, (1) pristine electrodes, (2) pristine elec-
trodes immersed in liquid electrolyte (“resting”), and electrodes
retrieved after (3) the first discharge, (4) first charge, and (5) the
30th discharge at 0.1C-rate. For XAS measurements, electrode
coatings were harvested by scraping the electrode film from
the current collector, and spectra were acquired in fluorescence
mode.

For both pristine and resting samples, a dominant Sy feature
is observed near ~2472 eV. Weaker intensity at higher ener-
gies (~2478-2484 eV) is also present, where contributions from
the electrolyte salt (lithium bis(trifluoromethanesulfonyl)imide,
LiTFSI) [54, 55] and SO, species overlap [56, 57]. For SMOP-S-
HCS, this region may additionally include contributions from
SMOP sulfonate moieties. Upon the first discharge, the Sg

feature decreases for both electrodes, consistent with sulfur
reduction. Notably, S-HCS develops a more pronounced lower-
energy feature (~2468-2470 eV), assigned to reduced sulfur
species (Li,S,/Li,S,/Li,S), whereas this feature is comparatively
attenuated in SMOP-S-HCS. Importantly, this attenuated feature
does not indicate suppressed sulfur reduction in SMOP-S-HCS,
which is consistent with its electrochemical behavior, where
SMOP-S-HCS positive electrodes deliver a higher discharge
capacity than S-HCS. Rather, the contrast is more consistent with
discharge-induced redistribution of sulfur species. In SMOP-S-
HCS, reduced sulfur products are preferentially retained within
the HCS interior and/or at internal SMOP-associated interfaces,
whereas in S-HCS they more readily migrate into electrolyte-
accessible interparticle regions and external surfaces. As a result,
their contribution becomes more prominent in the fluorescence
XAS response of the scraped composite. This interpretation aligns
with the role of the SMOP-enriched outer layer in limiting out-
ward transport of soluble intermediates and conversion products,
thereby reducing their accumulation in electrolyte-accessible
particle-to-particle domains.

After the subsequent charge, the SMOP-S-HCS positive electrode
largely restores an Sg-dominated profile with a strongly attenu-
ated low-energy feature, indicating more complete recovery of
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sulfur loading of the electrodes is 1.5 mgg cm™2.

sulfur speciation. In contrast, the S-HCS positive electrode retains
a more noticeable low-energy shoulder together with enhanced
high-energy S-O,-related contributions after charging, suggesting
less complete speciation recovery and/or greater accumulation
of irreversible sulfur-containing byproducts [58, 59]. After 30
cycles, the S-HCS spectrum becomes broader with diminished
Sg definition and increased high-energy contributions, whereas
SMOP-S-HCS maintains comparatively better-resolved sulfur fea-
tures with less additional broadening, implying more reversible
sulfur speciation and reduced buildup of irreversible components
over extended cycling.

These ex situ S K-edge XAS results provide mechanistic support
for the performance advantages of SMOP-S-HCS. The HCS host
confines sulfur within the hollow interior to limit outward
migration of soluble intermediates, while the SMOP-enriched
outer surface serves as a chemically selective barrier that anchors
polysulfides and stabilizes the cathode—electrolyte interface. This
spatially integrated design is consistent with the suppressed
shuttle current, reduced polarization, improved rate response,
and markedly enhanced cycling stability observed for SMOP-S-
HCS composite positive electrodes. In line with mitigation of
parasitic shuttle-mediated reactions, the fluorescence-mode XAS
spectra of scraped electrode composites indicate a more reversible
evolution of sulfur speciation upon charge and a reduced buildup
of oxidized sulfur-related components over extended cycling. In
addition, postcycling SEM-EDS characterization of SMOP-S-HCS
after 100 cycles at 0.1C (Figure S18) still showed HCS-derived
spherical features and detectable Zr signals, which do not support
complete collapse or loss of the SMOP-derived interfacial com-
ponent during cycling. The comparison with the KB-based com-
posites further underscores that the impact of SMOP is governed
by controlled interfacial deployment rather than additive load-

ing alone; a conformal, functionally positioned layer translates
chemical affinity into effective polysulfide regulation, whereas a
dispersed/buried distribution provides only limited benefit.

3 | Conclusions

In this study, SMOP are established as molecular-scale interfacial
modifiers for Li-S sulfur positive electrodes. By intentionally
deploying SMOP either as a conformal coating on sulfur-loaded
HCS or as a co-deposited/physically blended additive in KB
composites, the work clarifies that performance gains are dic-
tated by interfacial presentation rather than additive identity or
loading. When SMOP is positioned as an outer interfacial layer
on the confinement-type host, polysulfide shuttling is strongly
suppressed, and interfacial kinetics are improved, leading to
durable rate and cycling performance. In contrast, when SMOP
is buried within aggregate networks without a defined surface
layer, shuttle mitigation remains limited despite identical SMOP
content. Ex situ sulfur K-edge XAS further supports this design
principle by showing more reversible sulfur speciation and
reduced accumulation of oxidized sulfur-related components in
the SMOP-coated HCS architecture during extended cycling.
These findings provide a practical design rule for Li-S electrodes,
where the effective polysulfide regulation requires spatially
controlled placement of functional sites at the active interface,
not simply the introduction of polar additives. Discrete MOP
cages offer a unique combination of molecular dispersibility
and high functional-group density, enabling ultrathin, high-
efficiency interfacial barriers at low inactive mass. Extending this
approach to other cage chemistries, linkers, and host morpholo-
gies is expected to broaden the scope of molecularly engineered
interfaces for stabilizing sulfur electrodes.

Advanced Science, 2026

9 of 13

8SUBD 17 SUOWIWOD) SA BRI 3|qed! [dde a3 Aq pauenob afe sajoie YO ‘8N JO Sa|nu 10y Aigi aul|uQ A8]1A UO (SUOIPLOD-PUe-SWI W00 A3 | 1M Afe.q 1 [pU1|UO//SANY) SUORIPUOD PUe SWB | 34} 39S *[920¢/70/LT] uo ARigiauliu ABIM * 10yD uiwbunAY| Aq L7ES/ SADe/Z00T 0T/10p/Li0d Ao |1 Arelq 1 jpul juO"paoueApe//SANY WOy papeo|umod ‘0 ‘Yr8E8BTE



4 | Methods
4.1 | Synthesis of SMOP Crystal and SMOP Unit

SMOP crystal was synthesized by dissolving Cp,ZrCl, (225 mg,
0.77 mmol, Thermo Fisher Scientific), terephthalic acid
(93.44 mg, 0.56 mmol, Thermo Fisher), and monosodium
2-sulfoterephthalate (50.28 mg, 0.19 mmol, Tokyo Chemical
Industry) in a solvent mixture of N,N-dimethylformamide (DMF,
6.25 mL, Thermo Fisher, 99.7%), deionized (DI) water (1.125 mL),
and tetrahydrofuran (THF, 7.5 mL, Thermo Scientific, 99.7%).
The solution was placed in a 20 mL glass vial and reacted in an
oven at room temperature (~23°C) for 16 h. The resulting white
precipitate in the solution was collected and washed 3 times with
a mixture of DMF and THF (1:1 v/v, 10 mL) by centrifugation
to remove unreacted precursors. To obtain the discrete SMOP
cage, the SMOP crystal was socked in methanol for 3 days,
during which the crystals dissociated into molecular cages. The
suspension was then centrifuged, and the solid was recovered by
freeze-drying.

4.2 | Synthesis of S-HCS, SMOP-S-HCS, S-KB, and
SMOP-S-KB

To prepare S-HCS composite, the 30 mg HCS (ACS Material)
was dispersed in the mixture solution of IPA (Thermo Fisher,
technical grade) and CS, (Thermo Scientific Chemicals, 99.9%)
at a volume ratio of 2:3, containing 170 mg of dissolved elemental
sulfur (SkySpring Nanomaterials, Inc.) [39]. The suspension was
heated to 50°C with mild stirring for 16 h to evaporate the solvents.
The resulting black powder (S-HCS) was further dried in a
vacuum oven at 50°C overnight. According to thermogravimetric
analysis (TGA), the sulfur content of the as-prepared S-HCS
composite is approximately 78 wt.%. For the preparation of
SMOP-S-HCS, SMOP was introduced via solvent evaporation
after sulfur infiltration. Specifically, 10 mg of SMOP powder
was added to the S-HCS suspension in IPA, followed by solvent
evaporation and drying under the same conditions as used for
the S-HCS composite. The mass ratio of sulfur-carbon composite
to SMOP was fixed at 97:3 (w/w), corresponding to 3 wt.%
SMOFP in the final composite. Accordingly, the sulfur content in
SMOP-S-HCS is approximately 75.7 wt.%, assuming quantitative
SMOP retention and unchanged sulfur loading. For comparison,
samples containing higher SMOP loadings of 6 and 9 wt.% were
also prepared by adding 20 mg and 30 mg of SMOP, respectively,
to the S-HCS suspension in IPA, followed by the identical solvent
evaporation and drying process, and were subsequently subjected
to SEM characterization and electrochemical testing.

For the S-KB composite, 800 mg of elemental sulfur is dissolved
in mixture solution of CS, and N-Methyl-2-pyrrolidone (NMP,
Sigma Aldrich, 99%) at volume ratio of 2:3. Then, the 200 mg
of KB was added to the sulfur solution and thoroughly mixed
using a mortar and pestle to promote solvent evaporation and
to distribute sulfur elemental sulfur uniformly on the KB matrix
[55]. The obtained black powder (S-KB) was further dried in a
vacuum oven at 50°C overnight. TGA analysis indicates that the
sulfur content of the S-KB composite is approximately 78 wt.%.
SMOP-S-KB was prepared by adding 30 mg of SMOP powder to
the S-KB suspension, followed by mixing and drying using the

same procedure as for the S-KB composite. The sulfur-carbon
composite to SMOP mass ratio was maintained at 97:3 (w/w),
yielding a final sulfur content of approximately 75.7 wt.% in the
SMOP-S-KB composite.

4.3 | Material Characterization

The morphology and elemental distribution of the samples
were examined by scanning electron microscopy (SEM, Auriga,
Zeiss) equipped with energy-dispersive X-ray spectroscopy (EDS,
Oxford Instruments). Transmission electron microscopy (TEM,
ARM200F and JEM-2100F, JEOL) and Cs-corrected scanning
transmission electron microscopy (STEM) coupled with EDS (X-
Max, Oxford Instruments) were used to further investigate the
morphology and elemental distribution. For SEM observations,
powder samples were mounted on aluminum stubs using conduc-
tive carbon tape to ensure proper adhesion and minimize electron
charging, and images were acquired at an acceleration voltage
of 5 kV. Powder X-ray diffraction patterns were collected using
a Bruker D8 Advance (TRIO/TWIN) diffractometer operated at
40 kV and 40 mA (1600 W). Data were recorded using Cu Ka
radiation over a 20 range of 5°-60° at a scan rate of 4°min,
with samples mounted on a silicon sample holder. 'H spectra
of digested SMOPs were recorded on a Bruker Avance III HD
500 MHz spectrometer. For NMR, ~3 mg of dried SMOP was
digested and dissolved in a mixture of DMSO-d, and Deuterium
chloride (dcl) under sonication. The chemical stability of the
synthesized SMOP was evaluated by soaking the powder in a
DOL/DME solvent mixture (1:1 v/v) at a solid-to-solvent ratio of
1 mg mL™ inside a glovebox for 8 h. After soaking, the solid
was recovered by centrifugation and dried overnight in a fume
hood. The recovered sample was then digested in DMSO-d,/DC1
using the same procedure described above prior to NMR analysis.
TGA was conducted using a LABSYS EVO (Setaram) under a
He flow. Samples were heated from room temperature to 100°C
at 20°C min~!, held for 10 min, heated to 800°C at 5°C min~},

followed by cooling to 50°C at 20°C min~.

XPS of sulfur-carbon composites was conducted using an Axis
Supra+ spectrometer (Kratos Analytical Ltd., Manchester, UK)
with a monochromatic Al Ko radiation source. All XPS spectra are
normalized to the maximum peak intensity for ease of compari-
son. N, adsorption-desorption isotherms were measured at 77 K
using the Tristar II Plus (Micromeritics) gas adsorption analyzer.
Samples were prepared and measured after evacuating at 50°C for
24 h. Raman spectra were collected using a custom-built multi-
wavelength Raman spectrometer under ambient conditions. The
spectra were acquired using an Acton 300i spectrograph, and the
sample was excited with a 532 nm Coherent Sapphire SF laser
operating at a maximum output power of 150 mW.

4.4 | Electrochemical Tests

Sulfur-carbon composite electrodes were prepared by preparing
a slurry consisting of 60 wt.% of the synthesized sulfur-carbon
composites, 28.5 wt.% Super-P (Timcal), 1.5 wt.% of Graphene
oxide (Graphenea), and 10 wt.% of LA133 binder (MSE Supply)
dissolved in DI water (Sulfur content in electrode is 46.8% for
S-HCS and S-KB, 45.4% for SMOP-S-HCS and SMOP-S-KB).
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Thus, the content of SMOP in the SMOP-containing electrodes
is 1.8 wt.%. The mixture was blended using a centrifuge mixer
(Thinky ARE-310) for 1 h. The slurry was cast onto carbon-coated
aluminum foil (Wellcos) using a doctor blade. Different applicator
gaps were employed to control the sulfur loading, yielding
electrodes with areal sulfur loadings of ~1.5 and ~3.0 mgg cm™2.
The electrodes were dried at room temperature and subsequently
vacuum-dried at 50°C overnight. The dried electrodes were then
punched into 12 mm diameter discs. 2032 coin-type cells were
assembled in an Ar-filled glovebox (O, and H,0 < 0.1 ppm). The
areal loading of electrodes is 1.5 mgg/cm?. Lithium metal (Honjo
metal, 120 um) as the counter electrode, and Celgard 2400 as a
separator and the electrolyte consisting of 1 M LiTFSI (Sigma-
Aldrich, 99.99%) and 3 wt.% lithium nitrate (LiNO;, Strem, 99%)
dissolved in a 1:1 (v/v) mixture of dioxolane (DOL, Sigma-Aldrich,
99.5%) and dimethoxyethane (DME, Sigma-Aldrich, 99.5%) were
used.

Galvanostatic charge-discharge cycling tests were performed
using a battery cycling tester (Arbin Instrument) within the
voltage window of 1.7-2.7 V. For postcycling SEM-EDS charac-
terization, electrodes were harvested from cells that had been
subjected to galvanostatic cycling at 1.0C for 100 cycles and
collected at the fully charged state prior to disassembly in an
argon-filled glovebox. The electrodes were rinsed several times
with anhydrous DME to remove residual electrolyte and soluble
polysulfides and then dried under vacuum inside the glovebox.
The dried electrodes were mounted on aluminum stubs using
conductive carbon tape, and SEM-EDS characterization was
performed at an accelerating voltage of 20 kV. EIS was performed
using a Gamry Reference 3000 potentiostat/galvanostatic (Gamry
Instruments, USA) over the frequency range of 1 MHz to 50 mHz
using a 5-mV stimulus. For shuttle-current measurements, the
assembled cells were initially fully discharged, followed by
charging to 70% of their discharge capacity. After resting it
for 24 h to measure the equilibrium voltage, the cells were
potentiostatically charged at the measured equilibrium voltage
for 40 h while the current was continuously recorded. A baseline
background current was measured separately and subtracted
from the recorded potentiostatic-hold current to isolate the poly-
sulfide shuttle contribution. The resulting shuttle current profile
was used to quantify the parasitic redox reactions occurring
during the hold. The total polysulfide shuttle capacity (Q,,) was
obtained by integrating the baseline-corrected current over the
40 hvoltage-holding period. CV was performed within the voltage
window of 1.7 and 2.7 V at scan rates of 0.05, 0.1, and 0.3 mV s™!
to analyze the redox behavior of the sulfur-based positive
electrodes.

For postmortem XAS analysis, Li-S cells were subjected to
controlled electrochemical conditioning prior to disassembly.
Cells were rested for 24 h, followed by galvanostatic charging or
discharging at 0.1C to the target cutoff voltages. Charged samples
were obtained by charging the cells to 2.7 V and subsequently
holding the voltage for 10 h, whereas discharged samples were
prepared by discharging the cells to 1.7 V followed by a 10 h
voltage hold. After electrochemical conditioning, the cells were
transferred to an argon-filled glovebox and disassembled. The
electrodes were gently rinsed several times with anhydrous DME
to remove residual electrolyte and soluble polysulfides, followed
by drying under vacuum inside the glovebox. The cleaned

electrodes (pristine, resting, and cycled states) were sealed in air-
tight sample holders with X-ray-transparent windows to prevent
exposure to air and moisture during measurement. Sulfur K-
edge XANES spectra were acquired in fluorescence mode at SSRL
beamline 4-3, utilizing a Si(111) double-crystal monochromator.
X-ray energy ranges from 2465 to 2484 eV near the S K-edge
energy (2472 eV) using a Passivated Implanted Planar Silicon
(PIPS) fluorescence detector placed at a 45-degree angle from the
sample. Athena software from the Demeter package was used
for processing X-ray absorption near-edge spectroscopy (XANES)
data.

Acknowledgements

This work was supported by new faculty start-up funding provided to
Yoon Hwa at Arizona State University. The authors gratefully acknowl-
edge the use of facilities within the Eyring Materials Center (supported
in part by NNCI-ECCS-1542160) and the Advanced Electronics and
Photonics Core Research Facility at Arizona State University. Lingin
Mu acknowledges travel support for collecting XAS results from the
new faculty start-up funding from SETME at ASU. Use of the Stanford
Synchrotron Radiation Lightsource, SLAC National Accelerator Labora-
tory, is supported by the U.S. Department of Energy, Office of Science,
Office of Basic Energy Sciences under Contract No. DE-AC02-76SF00515.
This work was supported by the National Research Foundation of
Korea(NRF) grant funded by the Korea government(MSIT) (No. RS-
2022-NR070845), and by the Industrial Technology Alchemist Project
(No. 20025773, Development of Metropolitan Direct Air Capture and
Utilization Technologies) funded by the Ministry of Trade, Industry &
Energy (MOTIE, Korea).

Funding

New faculty start-up fundings of Prof. Hwa and Prof. Mu at Arizona State
University. National Research Foundation of Korea (NRF), funded by
the Korea government (MSIT), Grant No. RS-2022-NR070845; Ministry
of Trade, Industry and Energy (MOTIE, Korea), Industrial Technology
Alchemist Project, Grant No. 20025773.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

References

1. Y. Hwa, J. Zhao, and E. J. Cairns, “Lithium Sulfide (Li,S)/Graphene
Oxide Nanospheres with Conformal Carbon Coating as a High-Rate,
Long-Life Cathode for Li/S Cells,” Nano Letters 15 (2015): 3479-3486,
https://doi.org/10.1021/acs.nanolett.5b00820.

2.Y. Hwa, H. K. Seo, J. Yuk, and E. J. Cairns, “Freeze-Dried Sulfur-
Graphene Oxide-Carbon Nanotube Nanocomposite for High Sulfur-
Loading Lithium/Sulfur Cells,” Nano Letters 17 (2017): 7086-7094, https://
doi.org/10.1021/acs.nanolett.7b03831.

3. P. G. Bruce, S. A. Freunberger, L. J. Hardwick, and J.-M. Tarascon,
“Erratum: Li-O2 and Li-S Batteries with High Energy Storage,” Nature
Materials 11 (2011): 172, https://doi.org/10.1038/nmat3237.

4. H. Wang, Y. Yang, Y. Liang, et al., “Graphene-Wrapped Sulfur Particles
as a Rechargeable Lithium-Sulfur Battery Cathode Material with High
Capacity and Cycling Stability,” Nano Letters 11 (2011): 2644-2647, https://
doi.org/10.1021/n1200658a.

Advanced Science, 2026

11 of 13

U901 SUOLLILIOD BAITEDID) 3|l dde B} AQ PauBACD 3.8 SIILE VO ‘B8N JO S| 10} AIRIGIT BUIIUO 43|\ UO (SUOTIPUCO-PUB-SWLRYLI00™AB | W AR UIIUO//SAIY) SUONIPLOD PUE SWLB | 3U) 885 *[9Z0Z/70/2T] UO Aziq T auliuo ABJIM * 104D UIWBUNAY AQ 2185/ SAD/Z00T OT/I0p/LI00 A5 |IMAIR.Jq) 1 PUI U0 peoLIADE//SAIY L) PPEOIUMOQ 0 ‘PYBESETE


https://doi.org/10.1021/acs.nanolett.5b00820
https://doi.org/10.1021/acs.nanolett.7b03831
https://doi.org/10.1038/nmat3237
https://doi.org/10.1021/nl200658a

5.J. Guo and J. Liu, “A Binder-Free Electrode Architecture Design
for Lithium-Sulfur Batteries: A Review,” Nanoscale Advances 1 (2019):
2104-2122, https://doi.org/10.1039/CINA00040B.

6. X. Liang, C. Hart, Q. Pang, A. Garsuch, T. Weiss, and L. F. Nazar,
“A Highly Efficient Polysulfide Mediator for Lithium-Sulfur Batter-
ies,” Nature Communications 6 (2015): 5682, https://doi.org/10.1038/
ncomms6682.

7.Y. Chen, S. Lu, J. Zhou, W. Qin, and X. Wu, “Synergistically Assem-
bled Li,S/FWNTs@Reduced Graphene Oxide Nanobundle Forest for
Free-Standing High-Performance Li,S Cathodes,” Advanced Functional
Materials 27 (2017): 1700987, https://doi.org/10.1002/adfm.201700987.

8. S. Walus, G. Offer, 1. Hunt, et al., “Volumetric Expansion of Lithium-
Sulfur Cell During Operation - Fundamental Insight into Applicable
Characteristics,” Energy Storage Materials 10 (2018): 233-245, https://doi.
0rg/10.1016/j.ensm.2017.05.017.

9. A. Manthiram, Y. Fu, S.-H. Chung, C. Zu, and Y.-S. Su, “Recharge-
able Lithium-Sulfur Batteries,” Chemical Reviews 114 (2014): 11751-11787,
https://doi.org/10.1021/cr500062v.

10. X.-F. Yu, D.-Y. Shao, J. Xu, and J. Cao, “Recent Advances in Carbon-
Based Sulfur Host Materials for Lithium-Sulfur Batteries,” Microstruc-
tures 4 (2024): 2024030, https://doi.org/10.20517/microstructures.2023.
82.

11. L. Zhang, F. Wan, X. Wang, et al., “Dual-Functional Graphene Carbon
as Polysulfide Trapper for High-Performance Lithium Sulfur Batteries,”
ACS Applied Materials & Interfaces 10 (2018): 5594-5602, https://doi.org/
10.1021/acsami.7b18894.

12. Z. Li, Q. Zhang, L. Hencz, et al., “Multifunctional Cation-Vacancy-
Rich ZnCo,0, Polysulfide-Blocking Layer for Ultrahigh-Loading Li-S
Battery,” Nano Energy 89 (2021): 106331, https://doi.org/10.1016/j.nanoen.
2021.106331.

13. R. Mori, “Cathode Materials for Lithium-Sulfur Battery: A Review,”
Journal of Solid State Electrochemistry 27 (2023): 813-839, https://doi.org/
10.1007/s10008-023-05387-z.

14. Y. Huang, M. Shaibani, T. D. Gamot, et al., “A Saccharide-Based Binder
for Efficient Polysulfide Regulations in Li-S Batteries,” Nature Com-
munications 12 (2021): 5375, https://doi.org/10.1038/s41467-021-25612-
5.

15. D. Zalka, A. Vizintin, A. Maximenko, et al., “Improving Lithium-
Sulfur Battery Performance Using a Polysaccharide Binder Derived from
Red Algae,” Communications Materials 6 (2025): 17, https://doi.org/10.
1038/s43246-025-00734-1.

16. Z. Fang, X. Hu, C. Shu, J. Jian, J. Liu, and D. Yu, “Crosslinked
Cyanometallate-Chitosan Nanosheet Assembled Aerogels as Efficient
Catalysts to Boost Polysulfide Redox Kinetics In Lithium-Sulfur Batter-
ies,” Journal of Materials Chemistry A 8 (2020): 19262-19268, https://doi.
0rg/10.1039/DOTA04910G.

17. C. Liu, C. Mo, L. Zhong, et al., “Unique Octupolar 2D-Polymer Frame-
works as Mixed Conductors and Metal-Free Catalysts for Dual-Promoted
Li and S Electrochemistry: Multi-Regulation Role of Ethoxylation Chem-
istry,” Angewandte Chemie International Edition 62 (2023): 202312016,
https://doi.org/10.1002/anie.202312016.

18. C. Shu, L. Fang, M. Yang, L. Zhong, X. Chen, and D. Yu, “Cutting COF-
like C 4 N to Give Colloidal Quantum Dots: Towards Optical Encryption
and Bidirectional Sulfur Chemistry via Functional Group and Edge
Effects,” Angewandte Chemie International Edition 61 (2022): 202114182,
https://doi.org/10.1002/anie.202114182.

19. Q. He, W. Chen, B. Fan, Q. Wei, and Y. Zou, “Abundant Adsorption and
Catalytic Sites of the CoS,/MoS, Heterostructure for Enhanced Reversible
Kinetics in Polysulfide Conversion,” Journal of Energy Chemistry 107
(2025): 570-581, https://doi.org/10.1016/j.jechem.2025.03.050.

20. V. Marangon, E. Scaduti, V. F. Vinci, and J. Hassoun, “Scalable
Composites Benefiting from Transition-Metal Oxides as Cathode Mate-
rials for Efficient Lithium-Sulfur Batteries,” ChemElectroChem 9 (2022):
202200374, https://doi.org/10.1002/celc.202200374.

21. H. Chen, Z. Wu, M. Zheng, et al., “Catalytic Materials for Lithium-
Sulfur Batteries: Mechanisms, Design Strategies and Future Perspective,”
Materials Today 52 (2022): 364-388, https://doi.org/10.1016/j.mattod.2021.
10.026.

22. A. Khobotov-Bakishev, L. Hernindez-Lopez, C. Baeckmann, J.
Albalad, A. Carné-Sanchez, and D. Maspoch, “Metal-Organic Polyhedra
as Building Blocks for Porous Extended Networks,” Advanced Science 9
(2022): 2104753, https://doi.org/10.1002/advs.202104753.

23. A. J. Gosselin, C. A. Rowland, and E. D. Bloch, “Permanently
Microporous Metal-Organic Polyhedra,” Chemical Reviews 120 (2020):
8987-9014, https://doi.org/10.1021/acs.chemrev.9b00803.

24. S. Kim, S. Jee, K. M. Choi, and D.-S. Shin, “Single-Atom Pd Catalyst
Anchored on Zr-Based Metal-Organic Polyhedra for Suzuki-Miyaura
Cross Coupling Reactions in Aqueous Media,” Nano Research 14 (2020):
486-492, https://doi.org/10.1007/s12274-020-2885-7.

25. H. S. Lee, S. Jee, R. Kim, et al., “A Highly Active, Robust Photocatalyst
Heterogenized in Discrete Cages of Metal-Organic Polyhedra for CO,
Reduction,” Energy & Environmental Science 13 (2019): 519-526, https://
doi.org/10.1039/C9EE02619C.

26. Z.Xie, B. Cao, X. Yue, et al., “Metal Organic Frameworks-Based Cath-
ode Materials for Advanced Li-S Batteries: A Comprehensive Review,”
Nano Research 17 (2024): 2592-2618, https://doi.org/10.1007/s12274-024-
6481-0.

27. C.Zhou, Z. Li, X. Xu, and L. Mai, “Metal-Organic Frameworks Enable
Broad Strategies for Lithium-Sulfur Batteries,” National Science Review 8
(2021): nwab055, https://doi.org/10.1093/nsr/nwab055.

28. X. Hu, J. Li, H. Zhou, et al., “Ligand Engineering of Metal-organic
Frameworks as Efficient Electrocatalysts for Wide-temperature Lithium-
sulfur Batteries,” Journal of Power Sources 629 (2024): 236053, https://doi.
org/10.1016/j.jpowsour.2024.236053.

29. X. Hu, T. Huang, G. Zhang, et al., “Metal-Organic Framework-Based
Catalysts for Lithium-Sulfur Batteries,” Coordination Chemistry Reviews
475 (2022): 214879, https://doi.org/10.1016/j.ccr.2022.214879.

30. X. Hu, G. Zhang, H. Liang, et al., “An Oxazole-Linked Donor-
Acceptor Covalent Organic Framework as an Efficient Electrocatalyst for
Lithium-Sulfur Batteries,” Journal of Materials Chemistry A 13 (2025):
3392-3401, https://doi.org/10.1039/D4TA07994A.

31. M. A. Andrés, A. Carné-Sanchez, J. Sinchez-Lainez, et al., “Ultrathin
Films of Porous Metal-Organic Polyhedra for Gas Separation,” Chemistry
- A European Journal 26 (2019): 143-147, https://doi.org/10.1002/chem.
201904141.

32. A. E. Baumann, X. Han, M. M. Butala, and V. S. Thoi, “Lithium
Thiophosphate Functionalized Zirconium MOFs for Li-S Batteries with
Enhanced Rate Capabilities,” Journal of the American Chemical Society
141 (2019): 17891-17899, https://doi.org/10.1021/jacs.9b09538.

33. D. A. Burns, A. Benavidez, J. L. Buckner, and V. S. Thoi, “Maleimide-
Functionalized Metal-Organic Framework for Polysulfide Tethering
in Lithium-Sulfur Batteries,” Materials Advances 2 (2021): 2966-2970,
https://doi.org/10.1039/DIMAOOOSA4E.

34.S. Banerjee, X. Han, M. A. Siegler, et al., “Flexible 2D Boron
Imidazolate Framework for Polysulfide Adsorption in Lithium-Sulfur
Batteries,” Chemistry of Materials 34 (2022): 10451-10458, https://doi.org/
10.1021/acs.chemmater.2c02324.

35.Y.J.Kim, S. Y. Ko, S. Kim, K. M. Choi, and W. Ryu, “Cathodes Coating
Layer with Li-Ion Diffusion Selectivity Employing Interactive Network of
Metal-Organic Polyhedras for Li-Ion Batteries,” Small 19 (2022): 2206561,
https://doi.org/10.1002/smll.202206561.

36. S. Ko, U. Ryu, H. Y. Yoo, et al., “Homogenous Microporous Thin
Films Assembled Using Discrete Metal-Organic Polyhedra,” Energy &
Environmental Materials 8 (2024): 12805, https://doi.org/10.1002/eem?2.
12805.

37.K. M. Choi, K. Na, G. A. Somorjai, and O. M. Yaghi, “Chemical
Environment Control and Enhanced Catalytic Performance of Platinum

12 of 13

Advanced Science, 2026

8SUBD 17 SUOWIWOD) SA BRI 3|qed! [dde a3 Aq pauenob afe sajoie YO ‘8N JO Sa|nu 10y Aigi aul|uQ A8]1A UO (SUOIPLOD-PUe-SWI W00 A3 | 1M Afe.q 1 [pU1|UO//SANY) SUORIPUOD PUe SWB | 34} 39S *[920¢/70/LT] uo ARigiauliu ABIM * 10yD uiwbunAY| Aq L7ES/ SADe/Z00T 0T/10p/Li0d Ao |1 Arelq 1 jpul juO"paoueApe//SANY WOy papeo|umod ‘0 ‘Yr8E8BTE


https://doi.org/10.1039/C9NA00040B
https://doi.org/10.1038/ncomms6682
https://doi.org/10.1002/adfm.201700987
https://doi.org/10.1016/j.ensm.2017.05.017
https://doi.org/10.1021/cr500062v
https://doi.org/10.20517/microstructures.2023.82
https://doi.org/10.1021/acsami.7b18894
https://doi.org/10.1016/j.nanoen.2021.106331
https://doi.org/10.1007/s10008-023-05387-z
https://doi.org/10.1038/s41467-021-25612-5
https://doi.org/10.1038/s43246-025-00734-1
https://doi.org/10.1039/D0TA04910G
https://doi.org/10.1002/anie.202312016
https://doi.org/10.1002/anie.202114182
https://doi.org/10.1016/j.jechem.2025.03.050
https://doi.org/10.1002/celc.202200374
https://doi.org/10.1016/j.mattod.2021.10.026
https://doi.org/10.1002/advs.202104753
https://doi.org/10.1021/acs.chemrev.9b00803
https://doi.org/10.1007/s12274-020-2885-7
https://doi.org/10.1039/C9EE02619C
https://doi.org/10.1007/s12274-024-6481-0
https://doi.org/10.1093/nsr/nwab055
https://doi.org/10.1016/j.jpowsour.2024.236053
https://doi.org/10.1016/j.ccr.2022.214879
https://doi.org/10.1039/D4TA07994A
https://doi.org/10.1002/chem.201904141
https://doi.org/10.1021/jacs.9b09538
https://doi.org/10.1039/D1MA00084E
https://doi.org/10.1021/acs.chemmater.2c02324
https://doi.org/10.1002/smll.202206561
https://doi.org/10.1002/eem2.12805

Nanoparticles Embedded in Nanocrystalline Metal-Organic Frame-
works,” Journal of the American Chemical Society 137 (2015): 7810-7816,
https://doi.org/10.1021/jacs.5b03540.

38.J. Xu, S. An, M. Duan, et al., “Towards High Performance Li-S Batter-
ies via Sulfonate-Rich COF-Modified Separator,” Advanced Materials 33
(2021): 2105178, https://doi.org/10.1002/adma.202105178.

39. S. Ponnada, M. S. Kiai, D. B. Gorle, and A. Nowduri, “Improved
Performance of Lithium-Sulfur Batteries by Employing a Sulfonated Car-
bon Nanoparticle-Modified Glass Fiber Separator,” Nanoscale Advances 3
(2021): 4492-4501, https://doi.org/10.1039/DINA00409C.

40.Y. Cao, H. Wu, G. Li, et al., “Ion Selective Covalent Organic Frame-
work Enabling Enhanced Electrochemical Performance of Lithium-
Sulfur Batteries,” Nano Letters 21 (2021): 2997-3006, https://doi.org/10.
1021/acs.nanolett.1c00163.

41. D. Nam, J. Kim, E. Hwang, et al., “Multivariate Porous Platform Based
on Metal-Organic Polyhedra with Controllable Functionality Assembly,”
Matter 4 (2021): 2460-2473, https://doi.org/10.1016/j.matt.2021.04.027.

42. Z. Kou, G. Sun, Q. Ding, et al., “Benzenesulfonic Acid-Grafted UIO-
66 with Improved Hydrophobicity as a Stable Brensted Acid Catalyst,”
Frontiers of Chemical Science and Engineering 17 (2023): 1389-1398, https://
doi.org/10.1007/s11705-022-2285-5.

43. M. Athar, P. Rzepka, D. Thoeny, M. Ranocchiari, and J. A. van
Bokhoven, “Thermal Degradation of Defective High-Surface-Area UiO-66
in Different Gaseous Environments,” RSC Advances 11 (2021): 38849-
38855, https://doi.org/10.1039/D1RA05411B.

44. C. Healy, K. M. Patil, B. H. Wilson, et al., “The Thermal Stability of
Metal-Organic Frameworks,” Coordination Chemistry Reviews 419 (2020):
213388, https://doi.org/10.1016/j.ccr.2020.213388.

45.D. Bowman, E. Lizundia, and D. McNulty, “Elucidating reaction
Dynamics in Lithium-Sulfur Batteries via Operando X-Ray Diffraction of
Hollow Carbon Sphere Hosts,” Communications Materials 6 (2025): 163,
https://doi.org/10.1038/s43246-025-00883- 3.

46. R. Zhe, T. Zhu, X. Wei, et al., “Graphene Oxide Wrapped Hollow
Mesoporous Carbon Spheres as a Dynamically Bipolar Host for Lithium—
Sulfur Batteries,” Journal of Materials Chemistry A 10 (2022): 24422-24433,
https://doi.org/10.1039/D2TA06686F.

47. D. Gueon, M.-Y. Ju, and J. H. Moon, “Complete Encapsulation of
Sulfur Through Interfacial Energy Control of Sulfur Solutions for High-
Performance Li—S Batteries,” Proceedings of the National Academy of
Sciences 117 (2020): 12686-12692, https://doi.org/10.1073/pnas.2000128117.

48.D. Wang, J. Wang, X. Luo, Z. Wu, and L. Ye, “In Situ Prepa-
ration of Mo,C Nanoparticles Embedded in Ketjenblack Carbon as
Highly Efficient Electrocatalysts for Hydrogen Evolution,” ACS Sustain-
able Chemistry & Engineering 6 (2018): 983-990, https://doi.org/10.1021/
acssuschemeng.7b03317.

49.Y. Liu, “In Situ Load of Sulfur Species on Hollow Carbon Spheres
as Advanced Electrode for Superior Electrochemical Activity,” Journal of
Chemical Technology & Biotechnology 97 (2022): 1758-1762, https://doi.org/
10.1002/jctb.7046.

50. A. C. Juhl, A. Schneider, B. Ufer, T. Brezesinski, J. Janek, and M.
Froba, “Mesoporous Hollow Carbon Spheres for Lithium-Sulfur Batter-
ies: Distribution of Sulfur and Electrochemical Performance,” Beilstein
Journal of Nanotechnology 7 (2016): 1229-1240, https://doi.org/10.3762/
bjnano.7.114.

51. H. K. Seo, Y. Hwa, J. H. Chang, et al., “Direct Visualization of Lithium
Polysulfides and Their Suppression in Liquid Electrolyte,” Nano Letters
20 (2020): 2080-2086, https://doi.org/10.1021/acs.nanolett.0c00058.

52. X. Huang, Z. Wang, R. Knibbe, et al., “Cyclic Voltammetry in Lithium-
Sulfur Batteries—Challenges and Opportunities,” Energy Technology 7
(2019): 1801001, https://doi.org/10.1002/ente.201801001.

53.J. Yang, F. Wang, T. Wang, G. Wu, and J. Huang, “V203 Nanoparticles
Anchored on Nitrogen-Doped Carbon Hollow Nanospheres as Sulfur

Host for Lithium-Sulfur Batteries,” Journal of Electroanalytical Chemistry
978 (2024): 118881, https://doi.org/10.1016/j.jelechem.2024.118881.

54. T.J. Leckie, S. D. Robertson, and E. Brightman, “Recent Advances In
In Situ/Operando Characterization Of Lithium-Sulfur Batteries,” Energy
Advances 3 (2024): 2479-2502, https://doi.org/10.1039/D4YA00416G.

55. L. Zhang, M. Ling, J. Feng, L. Mai, G. Liu, and J. Guo, “The Synergetic
Interaction between LiNO; and Lithium Polysulfides for Suppressing
Shuttle Effect of Lithium-Sulfur Batteries,” Energy Storage Materials 11
(2018): 24-29, https://doi.org/10.1016/j.ensm.2017.09.001.

56. S. Tan, H. Liu, Z. Wu, et al., “Isoxazole-Based Electrolytes for Lithium
Metal Protection and Lithium-Sulfurized Polyacrylonitrile (SPAN) Bat-
tery Operating at Low Temperature,” Journal of The Electrochemical
Society 169 (2022): 030513, https://doi.org/10.1149/1945-7111/ac58c5.

57. L. Jia, J. Wang, S. Ren, et al., “Unraveling Shuttle Effect and Sup-
pression Strategy in Lithium/Sulfur Cells by In Situ/Operando X-Ray
Absorption Spectroscopic Characterization,” Energy & Environmental
Materials 4 (2020): 222-228, https://doi.org/10.1002/eem?2.12152.

58. M. Ling, L. Zhang, T. Zheng, et al., “Nucleophilic Substitution Between
Polysulfides and Binders Unexpectedly Stabilizing Lithium Sulfur Bat-
tery,” Nano Energy 38 (2017): 82-90, https://doi.org/10.1016/j.nanoen.2017.
05.020.

59. W. Yao, W. Zheng, J. Xu, et al., “ZnS-SnS@NC Heterostructure as
Robust Lithiophilicity and Sulfiphilicity Mediator Toward High-Rate and
Long-Life Lithium-Sulfur Batteries,” ACS Nano 15 (2021): 7114-7130,
https://doi.org/10.1021/acsnano.1c00270.

Supporting Information

Additional supporting information can be found online in the Supporting
Information section.

Supporting File: advs75347-sup-0001-SuppMat.docx.

Advanced Science, 2026

13 of 13

8SUBD 17 SUOWIWOD) SA BRI 3|qed! [dde a3 Aq pauenob afe sajoie YO ‘8N JO Sa|nu 10y Aigi aul|uQ A8]1A UO (SUOIPLOD-PUe-SWI W00 A3 | 1M Afe.q 1 [pU1|UO//SANY) SUORIPUOD PUe SWB | 34} 39S *[920¢/70/LT] uo ARigiauliu ABIM * 10yD uiwbunAY| Aq L7ES/ SADe/Z00T 0T/10p/Li0d Ao |1 Arelq 1 jpul juO"paoueApe//SANY WOy papeo|umod ‘0 ‘Yr8E8BTE


https://doi.org/10.1021/jacs.5b03540
https://doi.org/10.1002/adma.202105178
https://doi.org/10.1039/D1NA00409C
https://doi.org/10.1021/acs.nanolett.1c00163
https://doi.org/10.1016/j.matt.2021.04.027
https://doi.org/10.1007/s11705-022-2285-5
https://doi.org/10.1039/D1RA05411B
https://doi.org/10.1016/j.ccr.2020.213388
https://doi.org/10.1038/s43246-025-00883-3
https://doi.org/10.1039/D2TA06686F
https://doi.org/10.1073/pnas.2000128117
https://doi.org/10.1021/acssuschemeng.7b03317
https://doi.org/10.1002/jctb.7046
https://doi.org/10.3762/bjnano.7.114
https://doi.org/10.1021/acs.nanolett.0c00058
https://doi.org/10.1002/ente.201801001
https://doi.org/10.1016/j.jelechem.2024.118881
https://doi.org/10.1039/D4YA00416G
https://doi.org/10.1016/j.ensm.2017.09.001
https://doi.org/10.1149/1945-7111/ac58c5
https://doi.org/10.1002/eem2.12152
https://doi.org/10.1016/j.nanoen.2017.05.020
https://doi.org/10.1021/acsnano.1c00270

	Interfacial Polysulfide Confinement via Spatially Controlled Sulfonated Metal-Organic Polyhedra Coatings in Lithium-Sulfur Batteries
	1 | Introduction
	2 | Results and Discussion
	3 | Conclusions
	4 | Methods
	4.1 | Synthesis of SMOP Crystal and SMOP Unit
	4.2 | Synthesis of S-HCS, SMOP-S-HCS, S-KB, and SMOP-S-KB
	4.3 | Material Characterization
	4.4 | Electrochemical Tests

	Acknowledgements
	Funding
	Conflicts of Interest
	Data Availability Statement
	References
	Supporting Information


