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The slow kinetics of sulfur cathodes caused by the high energy barriers of Li* desolvation stem primarily from the (CCBY).
structure of the inner Helmholtz plane (IHP). Herein, a synergistic strategy combining electrochemical tandem ca-

talysis with spatial nanoconfinement is proposed to regulate the Li(solvent)," dynamics. As a proof-of-concept, the

porous covalent organic framework (denoted as TPBD) decorated MXene is in situ constructed, acting as a tandem

kinetic promoter. The theoretical simulations and in situ Raman reveal that the porous TPBD layer confines the bulky
Li(solvent)," species and sieves the spatial structure with accelerated Li* diffusion kinetics. Meanwhile, MXene

serves as a negatively charged substrate that helps disrupt anion-solvent interactions and reconstruct the solvation

structure at the IHP, thereby enhancing Li* kinetics and sulfur redox reversibility. Encouragingly, the assembled cells
demonstrate a superior Li* transference number (0.77), long-term cycling lifespan up to 1000 cycles, as well as excel-

lent areal capacity (>6 mAh cm™~2) at 0°C and supetrior rate capability at 50°C under a high sulfur loading of 7.51 mg

cm~2.The as-prepared pouch cell remains stable for over 100 cycles, validating this novel integration of catalysis and

nanoconfinement for tandem kinetics in Li-S batteries.

INTRODUCTION

Lithium-sulfur (Li-S) batteries are regarded as promising high-energy
battery systems due to their extremely high theoretical energy den-
sity (1, 2). However, the sluggish tandem kinetics of the sulfur cathode,
caused by the high energy barrier for Li* desolvation and polysul-
fide shuttling, contribute to severe capacity fading, limiting their fur-
ther development (3, 4). To tackle these challenges, Pol and co-workers
have made important advances in polysulfide management and in-
terfacial engineering. For instance, they demonstrated that functional-
ized separator coatings (5, 6) and polar carbon hosts (7) can immobilize
polysulfides and enhance electrochemical kinetics. While these strate-
gies are effective at suppressing polysulfide shuttling at the separator
and cathode interfaces, further modulating the intrinsic Li* desol-
vation barrier at the inner Helmholtz plane (IHP) is essential to funda-
mentally accelerate the redox kinetics in Li-S batteries. Concurrently,
recent efforts have focused on designing functional catalysts with
delocalized electrons to achieve strong electronic/ionic coupling
with sulfur species, thereby reducing the conversion energy barrier
and improving redox reversibility (8-10). These studies are gener-
ally based on surface interactions between electrocatalysts and sulfur.
However, the conversion of sulfur species involves the mass transport
of multiple species and lithium ions (Li*), a process intrinsically
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linked to Li* migration and featuring sequential reactions in the sulfur
cathode (11-13). Therefore, driving efficient Li* migration across the
IHP is critical for achieving high energy density and long cycle life.

It is well established that in the electrolyte, the Li* preferen-
tially coordinates with surrounding solvent molecules, forming the
Li(solvent)," solvation shell. This leads to solvent-separated ion pairs
(SSIPs) with a large hydrodynamic radius (14, 15). The resultant
bulky solvated clusters impede Li* mobility due to pronounced ste-
ric hindrance at the interface. Recently, the anion chemistry of mix-
ing TFSI™ and FSI” can modulate the anion-solvent interactions in
the Li" solvation sheath, promoting the formation of contact ion pairs
(CIPs) or ion aggregates (AGGs), and consequently lowering the de-
solvation barrier (16, 17). However, such bulk electrolyte modifica-
tion inevitably increases viscosity, which significantly compromises
ionic conductivity. This trade-off calls for a more localized reconstruc-
tion of the Li* solvation structure. Alternatively, the porous metal-
organic framework has been introduced to sieve large Li(solvent), "
species and boost the transport across the IHP. However, this porous
sieving effect strongly relies on electric fields and lacks sufficient driv-
ing force to further boost the diffusion. Given that sulfur species
conversion always occurs at the electrode-electrolyte interface (18),
it is necessary to reconstruct the IHP to enable fast desolvation
within this confined region and provide abundant active sites, there-
by significantly enhancing the cycling durability and practical utili-
zation of sulfur species.

Distinct from conventional electrolyte engineering (19, 20) and
prior COF/MXene studies that primarily rely on ion sieving or poly-
sulfide blocking at the separator interface (21-23), our work centers
on the microscopic THP where sluggish Li* desolvation occurs. We
propose a synergistic strategy that precisely couples spatial nano-
confinement with electrochemical tandem catalysis. This strategy
dynamically reconstructs the Li(solvent),t solvation structure and
enables stepwise polysulfide catalysis at the heterointerface, tackling
both sluggish Li* migration and polysulfide shuttle effect. As a proof-
of-concept, the porous covalent organic framework (denoted as TPBD)
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decorated MXene composite is in situ constructed via a Schift-base
polycondensation reaction between benzene-1,3,5-tricarboxaldehyde
and 4,4,4"-(1,3,5-triazine-2,4,6-triyl) trianiline directly on MXene
nanosheets, acting as a coupled kinetic promoter. The TPBD layer
strips the outer solvation sheath, and the partially desolvated Li*
then reaches the MXene surface for subsequent anion-solvent bond
cleavage. Density functional theory (DFT) calculations, in situ Raman
spectroscopy, and time-of-flight secondary ion mass spectrometry
(TOE-SIMS) analyses reveal that within the Helmholtz interface, the
porous TPBD layer confines the large Li(solvent),* species and pro-
vides spatial sieving with accelerated Li* diffusion kinetics. Mean-
while, the abundant catalytic sites on MXene serve as negatively
charged substrates that help to disrupt the anion-solvent interac-
tions, thereby reconstructing the solvation structure at the IHP and
enhancing Li* kinetics for sulfur redox reversibility. Consequently,
with the synergistic effect of TPBD/MXene, the optimal cells maintain
an areal capacity of 8.16 mAh cm™ after 70 cycles at 9.72 mg cm ™2,
surpassing the performance benchmarks of commercial lithium-ion
batteries. Even at a low temperature of 0°C, the cell delivers a high
areal capacity of 6.53 mAh cm ™ (781.09 mAh g™") after 259 cycles
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at 8.36 mg cm ™2, along with excellent rate capability at 50°C under a
high sulfur loading of 7.51 mg cm™2. Moreover, the assembled pouch
cell achieves a capacity retention of over 85% after 100 cycles, un-
derscoring the superiority of synergistic catalysis and spatial nano-
confinement in enabling rapid Li* transport for high-performance
Li-S batteries.

RESULTS

Mechanism illustration and material characterizations
Various solvents coordinate well with Li* to form bulky clusters,
thereby blocking ion diffusion and suppressing subsequent reactions.
Meanwhile, maintaining a Li*-abundant state in the THP during the
discharge process is also challenging. As illustrated in Fig. 1A, the
tailored interfacial chemistry of TPBD/MXene heterostructures fa-
cilitates dynamic reconstruction of the Li(solvent),* structure via the
catalytic sites and pore sizes. Besides, the strong chemisorption of
anions onto TPBD/MXene surfaces locally enriches the interface with
abundant CIPs and AGGs. This Stern-layer restructuring displaces
solvent molecules from the primary Li* solvation shell, weakening
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Fig. 1. Schematic illustration and structural characterization. (A) Schematic of Li* desolvation shell evolution. (B) Schematic of accelerated bidirectional sulfur conver-
sion enabled by TPBD/MXene. (C) TEM image. (D) HRTEM image. (E) HAADF-STEM image and elemental mappings. (F) XRD patterns. (G) Pore size distribution. (H) Ti 2p

XPS spectra of the as-synthesized materials.
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solvent-ion interactions and forming an ion-conductive pathway,
thereby enabling rapid Li* desolvation kinetics. In contrast, the pure
TPBD lacks sufficient catalytic sites, failing to effectively exclude sol-
vents from the IHP or enrich CIPs/AGGs, which contributes to re-
tarded Li* desolvation kinetics (fig. S1). Building upon this interfacial
acceleration, Fig. 1B depicts the holistic working mechanism of the
Li-S battery. The TPBD/MXene heterostructure, featuring a donor-
acceptor induced internal electric field, translates optimized desol-
vation kinetics into superior device performance by: (i) providing
dual-conductive networks to lower reaction barriers; (ii) physically
and chemically trapping polysulfides to curb the shuttle effect; and
(iii) homogenizing Li* flux to suppress dendrite growth. As a proof
of concept, 4,4',4"-(1,3,5-triazine-2,4,6-triyl) trianiline (TP) anchored
onto MXene was designed through interfacial interactions. Further,
benzene-1,3,5-tricarboxaldehyde (BD) then reacted with the amino
groups of TP via Schift-base polycondensation (fig. S2), yielding the
porous TPBD/MXene heterostructure with enhanced structural in-
tegrity. The product was further characterized by scanning electron
microscopy (SEM) (figs. S3 and S4).

Accordingly, transmission electron microscopy (TEM) analysis elu-
cidates the microstructure morphology of TPBD/MXene (Fig. 1C).
In contrast to pure TPBD (fig. S5), TPBD is uniformly distributed
on the MXene surface without severe agglomeration. The high-
resolution TEM (HRTEM) image (Fig. 1D) displays two distinct inter-
planar spacings of 1.446 nm and 0.213 nm, corresponding to the (200)
plane of TPBD and the (008) plane of MXene, respectively. Notably,
the pronounced boundary indicates the two phases of TPBD and
MXene, suggesting the construction of the TPBD/MXene heterostruc-
ture. Besides, elemental mappings (Fig. 1E) confirm the uniform
distribution of Ti, C, and N elements throughout the TPBD/MXene
heterostructure. The crystallographic structure evolution was inves-
tigated via X-ray diffraction (XRD) (Fig. 1F). The characteristic TPBD/
MXene peak shifts to a higher angle (rightward) compared to pris-
tine TPBD, and the prominent peak of the heterostructure appears
between the (002) peak of MXene and the (100) peak of TPBD, sub-
stantiating the successful integration and strong interaction between
the two phases. As elucidated in Raman spectra (fig. S6), the het-
erostructure exhibits two pronounced peaks at 203 cm™ and 731 cm ™,
assigned to the Ajg (Ti, O, C) and A (C) modes of MXene, re-
spectively. The peaks at 1589 cm™"' and 1629 cm™" correspond to
the C=C and C=N vibrational modes of TPBD (24, 25). As indi-
cated in Fourier Transform Infrared (FTIR) Spectroscopy (fig. S7),
the peak at 1624 cm™' (C=N) in the heterostructure corresponds to
the imine bonds in the TPBD skeleton, confirming that the Schiff-
base polycondensation between aldehyde and amino groups has oc-
curred (26, 27).

As exhibited in Fig. 1G and fig. S8, the Brunauer-Emmett-Teller
(BET) surface area of TPBD/MXene decreased to 292 m> g_1 com-
pared to raw TPBD (1123 m? g_l). This reduction is attributed to the
dense coverage of TPBD on the MXene surface. The resulting micropo-
rous TPBD/MXene heterostructure induces a strong nanoconfine-
ment effect on the solvated Li*, which promotes Li" desolvation while
physically restricting the diffusion of larger polysulfides (28). Cross-
sectional SEM analysis (fig. S9; and S9y;) reveals that the modification
layers of TPBD/MXene and TPBD possess comparable thicknesses
of 15.5 pm and 15.7 pm, respectively. Furthermore, contact angle
measurements demonstrate the superior electrolyte affinity of the
composite. The TPBD/MXene- modified separator exhibits a con-
tact angle of 6.9° (fig. S10y), lower than that of the pristine TPBD
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separator (10.5°) (fig. S10y;). Consequently, this enhanced electro-
lyte wettability promotes rapid ion flux and effectively reduces the
interfacial impedance of the batteries (29). The chemical bonding
states of the TPBD/MXene hybrid were investigated by X-ray pho-
toelectron spectroscopy (XPS). The high-resolution Ti 2p spectrum
of TPBD/MXene reveals three pairs of peaks centered at binding ener-
gies of (462.62 eV, 456.55 eV), (464.3 €V, 458.83 eV), and (461.16 eV,
455.16 V), which are assigned to Ti-C-O, Ti-O, and Ti-C bonds,
respectively (Fig. 1H) (30). Notably, the TPBD/MXene heterostruc-
ture exhibits distinctive binding energy shifts compared to pristine
MXene. This phenomenon underscores the strong anchoring of TPBD
onto the MXene surface, creating a robust heterointerface that en-
hances structural stability. Additionally, the C 1 s spectrum of TPBD/
MXene was deconvoluted into four components positioned at 289 eV,
286.3 €V, 285.2 eV, and 282.04 eV, corresponding to C=0, C-O, C-C,
and C-Ti bonds, respectively (fig. S11). In contrast to pristine MX-
ene, the intensity of the C-Ti peak in TPBD/MXene is significantly
attenuated. This reduction stems from dense coverage by the TPBD
layer, which serves as direct evidence of TPBD grafting onto MXene
(31). Collectively, the robust chemical integration within the TPBD/
MXene heterostructure facilitates strong interfacial interactions,
leading to charge redistribution and the formation of localized elec-
tric fields. These effects weaken solvent-ion interactions, destabilize
the solvation shell, and thus accelerate desolvation kinetics. Mean-
while, the porous structure facilitates rapid ion diffusion and effec-
tive polysulfide adsorption.

Synergistic effects of TPBD/MXene on Li* solvation and
desolvation kinetics

The ionic speciation in the IHP was systematically investigated. Syn-
ergistic regulation of Li(solvent)," behavior through electrochemi-
cal tandem catalysis and spatial nanoconfinement based on TPBD/
MXene is illustrated in Fig. 2A. Specifically, the abundant polar func-
tional groups and uniformly structured nanochannels within the TPBD
layer facilitate the pre-organization of solvated ions and guide their
directional migration. Across the heterointerface, charge redistribu-
tion between the TPBD and MXene generates a strong localized elec-
tric field that disrupts the coordination equilibrium between ions
and solvent molecules, thereby destabilizing the solvation shell. Si-
multaneously, the heteroatoms and exposed metal active sites at the
interface serve as Lewis acid/base centers, which lower the energy
barrier for dissociation. To validate this, in situ Raman spectroscopy
was employed to directly probe the reorganization of the solvation
shell. The Li* solvation structure in ether-based electrolytes (LE) is
resolved into three states: SSIPs, CIPs, and AGGs, whose distribu-
tion correlates directly with the Li*-solvent interaction strength. As
depicted in figs. S12 to S14, the characteristic TFSI™ peak appears at
740 cm™! (free anions) with 1 M electrolyte. In contrast, at the TPBD
and TPBD/MXene interfaces, this peak shifts to higher wavenumbers,
accompanied by emerging spectral signatures of CIPs and AGGs, indi-
cating markedly enhanced Li*-anion coordination, which is similar
to that in PP with 3 M electrolyte. Quantitative analysis reveals that
the CIP + AGG proportion reaches 94% at the TPBD/MXene inter-
face, notably higher than the values for PP (46% for 1 M and 92% for
3 M) and TPBD (89%).

During discharge, the solvated TFSI™ peak gradually shifts to lower
wavenumbers (Fig. 2B), reflecting a dynamic increase in the CIP +
AGG proportion from 91.0% to 94.5%. This sustained high concen-
tration of CIPs/AGGs serves as robust quantitative evidence for the
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Fig. 2. Synergistic regulation of Li* solvation structure and desolvation kinetics. (A) Schematic illustration of desolvation catalysis and ionic sieving. (B) In situ Raman spec-
tra of electrolyte with TPBD/MXene separator and (C) corresponding schematic of Li* solvation structure evolution. (D) Li" transference numbers and ionic conductivities. (E and
F) Representative MD simulation snapshots of commercial electrolyte without and with TPBD. (G) RDFs and corresponding coordination numbers for Li*-O interactions.

in situ reconstruction of the IHP. Consequently, the persistent ex-
pulsion of bulky solvent molecules creates a local anion-rich envi-
ronment that accelerates Li* desolvation kinetics, as schematically
illustrated in Fig. 2C. These results demonstrate that the engineered
interface effectively restructures the solvation microenvironment,
weakening Li* solvent binding and creating a locally concentrated
electrolyte region. Therefore, the desolvation barrier is significantly
lowered, facilitating rapid ion transport kinetics. Moreover, the TPBD/
MXene heterostructure delivers an ionic conductivity of 0.29 mS cm™,
approximately 1.7-fold higher than that of the pristine TPBD system
(0.17 mS cm™"). Concurrently, the Li* transference number is sig-
nificantly enhanced from 0.55 to 0.77 (Fig. 2D and figs. S15 and
S16), suggesting improved Li* transport kinetics. To further eluci-
date the mechanism underlying these solvation structural changes,
molecular dynamics (MD) simulations were employed. As shown
in Fig. 2, E to G, the intensity of the Li-O radial distribution func-
tion (RDF) peak at 1.93 A, corresponding to Li* coordination with
DME/DOL (LE) (32), weakens upon the introduction of TPBD, in-
dicating a modified solvation structure. The coordination number
(CN) of Lit with oxygen decreases from 10.15 to 5.22, reflecting a

Lietal, Sci. Adv. 12, eaej0353 (2026) 14 October 2026

weakened solvation shell that facilitates desolvation. Consistently, the
simulated Li*-solvent interaction energy decreases in the TPBD sys-
tem, demonstrating a lower desolvation barrier (33). Collectively,
these experimental and computational results confirm that the TPBD/
MXene heterostructure effectively regulates the Li* solvation envi-
ronment, weakens Li" solvent binding, and enhances Li* mobility.

Bifunctional TPBD/MXene for enhanced desolvation and
polysulfide immobilization

The side-view (Fig. 3, A and B) and top-view (fig. S17) differential
charge density distributions reveal that the TPBD/MXene hetero-
structure induces pronounced charge transfer (yellow isosurfaces)
with Li(DME),*, redistributing electron density. The adsorption ca-
pabilities of the typical Li(DME),* cluster and TESI™ anions in the
solvation shell are compared (Fig. 3C). The results indicate that TPBD/
MXene exhibits stronger adsorption energies toward both Li(DME),*
and TFSI™ compared to pristine TPBD reinforcing interfacial inter-
action behaviors. Additionally, the dissociation energy barrier for the
Li(DME)," was calculated step by step. Generally, the dissociation
barrier increases with the coordination number of solvent molecules
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around Li*. The influence of the electronic structure of the TPBD/
MXene heterostructure on successive polysulfide conversion was also
analyzed. Compared to pristine TPBD, the density of states (DOS)
of the TPBD/MXene heterostructure shifts closer to the Fermi level
(fig. S18), a compelling indication of facilitated charge transfer at the
heterointerface (34). Specifically, the dissociation of Li(DME)," re-
quires overcoming a barrier of only 0.2 eV on the TPBD/MXene sur-
face (Fig. 3D). In sharp contrast, on the pristine TPBD surface, this
barrier is as high as 0.4 eV. These results demonstrate that TPBD/
MXene effectively lowers the dissociation energy barrier, thereby facili-
tating the release of Li* from the solvation structure.

Furthermore, DFT calculations were performed to investigate
the interaction mechanisms between TPBD/MXene and polysul-
fides. As illustrated in fig. S19, the adsorption energies of Sg, Li,S,
Li,S,, and long-chain polysulfides (Li,Sy,, 4 < n < 8) are significantly
higher on TPBD/MXene than on TPBD. This indicates that TPBD/
MXene can effectively alleviate the dissolution and migration of
lithium polysulfides (LiPSs), thus improving the cyclability of Li-S
batteries (35). To gain a deeper understanding of the interplay be-
tween LiPSs and the substrate, the charge density difference for Li;S¢
adsorbed on TPBD (fig. S20) and TPBD/MXene (fig. S21) was ana-
lyzed. The blue isosurfaces surrounding the Li-S bonds indicate a

Lietal, Sci. Adv. 12, eaej0353 (2026) 14 October 2026

reduction in charge density, suggesting a weakening of the inter-
atomic interactions within the LiPSs. The electron accumulation on
TPBD/MXene exceeds that on TPBD, indicating that the hetero-
structure possesses superior anchoring capabilities for polysulfides,
which aligns well with the experimental results (36). Beyond that,
charge accumulation (yellow) and depletion (blue) are concentrated
at the TPBD and MXene sides of the interface, respectively (fig. S22).
This confirms the presence of a built-in electric field within the TPBD/
MZXene heterostructure, which significantly optimizes electron transfer
and accelerates the multi-step conversion reaction of sulfur. Figure 3E
presents the calculated Gibbs free energy (AG) profiles for the re-
duction of sulfur species. The corresponding optimized geometries
for adsorbed lithium polysulfides and Sg are presented in fig. S23.
The transformation from solid Li,S, to Li,S emerges as the pivotal
rate-determining step due to its inherently sluggish kinetics (37, 38).
Notably, the TPBD/MXene heterostructure demonstrates a more
thermodynamically favorable energy landscape (lower AG) com-
pared to TPBD, particularly for the rate-limiting step. This result
elucidates that the heterostructure effectively promotes the redox
kinetics of LiPSs conversion. To evaluate self-discharge behavior,
Li-S cells were rested for one week after 10 cycles at 0.2 C (fig. S24A)
(39, 40). The TPBD/MXene-based batteries sustained a higher final
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voltage of 2.20 V during the resting period compared to the PP sep-
arator. Furthermore, it exhibited a minimal capacity loss of only 4.39%
upon resuming cycling (fig. S24B). These results underscore the ex-
ceptional capability of TPBD/MXene in inhibiting self-discharge.

To investigate the catalytic activity, cyclic voltammetry (CV) tests of
symmetric cells with Li,S¢ electrolyte were conducted within a po-
tential window of —1.0 to 1.0 V at 1 mV s™". As shown in Fig. 3F, the
cathodic peaks “I” and “IV” are assigned to the reduction of Sg to
Li,Se and subsequently to Li,S/Li,S,. In contrast, the anodic peaks
“II” and “III” represent the reversible oxidation of Li,S,/LisS to LisSe,
and ultimately to Sg. Apparently, the batteries with the TPBD/MXene-
modified separator exhibit a higher response current, a narrower po-
tential gap, and a larger integrated area compared to pristine TPBD.
This demonstrates that TPBD/MXene effectively facilitates Li* desolva-
tion and catalyzes redox reactions, thereby enhancing ion transport
kinetics (41). Given that the conversion of soluble polysulfides to solid
Li,S accounts for approximately three-quarters of the total discharge
capacity, Li»S nucleation experiments were performed to evaluate this
critical step (42, 43). During the Li,S nucleation experiment, the time-
current profile under constant-voltage discharge at 2.06 V reveals
distinct stages. The yellow region represents the reduction of Li,Ss,
where Li;Sg combines with Li* to form soluble Li,Sg (purple region).
Subsequently, Li,S¢ undergoes lithiation to convert into Li,S4. Fur-
ther lithiation promotes the electrochemical reduction of Li,S,, and
a prominent Li,S deposition peak emerges during constant-voltage
discharge at 2.02 V (44-46). The TPBD/MXene electrode delivered
an impressive nucleation capacity of 379.56 mAh g™, significantly
exceeding that of TPBD (151.27 mAh g™") (Fig. 3G). This substan-
tial increase indicates a reduced nucleation energy barrier on the
TPBD/MXene surface, which expedites the bidirectional conversion
kinetics and boosts overall rate performance (47, 48). Moreover, the
internal resistance and dynamic polarization during charge/discharge
were evaluated using the Galvanostatic Intermittent Titration Tech-
nique (GITT) at 0.1 C (49). As depicted in figs. S25 and S26, the
TPBD/MZXene-based batteries exhibit reduced polarization, evidenced
by the smaller gap between the closed-circuit voltage (CCV) and quasi-
open-circuit voltage (QOCV) during Li,S nucleation and activation
(50). Beyond that, optical absorption tests (fig. S27) confirm that the
strong anchoring capability of TPBD/MXene effectively mitigates
the shuttle effect of polysulfides (51).

To elucidate the chemisorption mechanism, XPS was conducted af-
ter Li,S¢ adsorption. In the high-resolution S 2p spectrum (Fig. 3H), two
characteristic doublets located at 164.7/163.6 eV and 162.8/162.2 eV
are assigned to bridging sulfur (SB®) and terminal sulfur (ST™) bonds,
respectively. Evidently, these peaks exhibit a distinct positive bind-
ing energy shift compared to those of pure Li,Ss, indicating strong
chemical interaction between the polysulfides and the host material.
In addition, three new peaks detected at 172.85, 169.09, and 168.02 eV
are attributed to sulfate, polysulfate, and thiosulfate species, respec-
tively (52). As revealed in fig. S28A, the Ti 2p binding energies for
Ti-O, Ti-C-O, and Ti-C bonds in TPBD/MXene-Li,Ss exhibit a pos-
itive shift compared to those before adsorption, indicating electron
transfer from Ti to polysulfides (53). Besides, the Li 1 s spectrum
(fig. S28B) displays two distinct peaks at 56.6 and 55.4 eV, corre-
sponding to Li-N and Li-S bonds, respectively. The formation of Li-N
bonds specifically validates the strong lithiophilic interaction pro-
vided by the heterostructure (54). Collectively, these results substan-
tiate the superior capability of TPBD/MXene to immobilize LiPSs,
thereby accelerating bidirectional sulfur redox kinetics.

Lietal, Sci. Adv. 12, eaej0353 (2026) 14 October 2026

COMSOL simulations of dendrite suppression via

modified separators

To elucidate how the TPBD/MXene-modified separator regulates
the electric field, Li* concentration, and current distributions, finite
element simulations were conducted using COMSOL Multiphysics
(55, 56). As illustrated in Fig. 4, A, C, and E and fig. S29, A, C, and
E, the TPBD/MXene-modified separator establishes a uniform elec-
tric field, a homogeneous Li* concentration profile, and an evenly
distributed current density over time. This regulation is attributed to
the dynamic electrostatic shielding effect of the functional layer, which
effectively diverts the high-flux Li* from high-field protrusions to-
ward low-energy planar sites, thereby eliminating localized deposi-
tion hotspots and enabling uniform lithium plating. In contrast, the
bare PP separator system exhibits severe electric field distortion, local-
ized Li* concentration polarization, and pronounced current den-
sity enhancement at the tips of lithium protrusions as the deposition
proceeds (Fig. 4, B, D, and F and fig. $29, B, D, and F). Such inhomo-
geneities inevitably drive preferential lithium nucleation at high-
activity asperities, accelerating the growth of dendritic structures.
Li//Li symmetric cells (1 mAh cm™ stripping/plating) employing
the modified separator exhibited a reduced nucleation overpotential
(16.9 mV after 1000 h) and consistently lower polarization across
current densities of 0.5-5 mA cm™?, compared to cells with a con-
ventional PP separator (fig. S30, A and B). To probe its function in a
practical system, we analyzed the lithium anodes from Li-S batteries
after 100 cycles at 0.2 C. With the PP separator (fig. S31, A to C),
severe lithium dendrite formation and sulfur deposition were ob-
served on the anode, a consequence of polysulfide shuttling and subse-
quent reduction (57, 58). Conversely, the TPBD/MXene-modified
separator enabled a dendrite-free anode with negligible sulfur depo-
sition (figs. S31, D to F and S32), directly demonstrating the coat-
ing’s dual role in homogenizing lithium deposition and alleviating
polysulfide shuttling. More critically, this composite induces homo-
geneous Li plating and forms a dense, durable protective film to re-
strain dendrite proliferation. As a result, TPBD/MXene outperforms
bare TPBD in rapid polysulfide trapping and accelerated LiPS redox
kinetics, thus enabling long-term stable cycling of Li-S cells. These
findings correlate with the enhanced cycling stability, confirming the
functional separator as a critical enabler for durable Li-S batteries.

In situ and ex situ evidence for polysulfide shuttling
suppression and interfacial stabilization

To verify the process described above, operando spatial mapping of
sulfur species was performed via time-of-flight secondary ion mass
spectrometry (TOF-SIMS) with complementary 2D and 3D analyses
(59, 60). The depth sputtering profiles reveal that the TPBD/MXene-
modified separator exhibits a persistently lower LiS,™ signal com-
pared to the TPBD-modified separator (Fig. 5A), underscoring the
efficacy of TPBD/MXene in alleviating the shuttle effect. This sup-
pression originates from accelerated conversion kinetics enabled by
the ion-conductive framework of TPBD/MXene. This finding is fur-
ther corroborated by the fewer LiS,™ regions observed in the TOF-
SIMS surface profile of the TPBD/MXene system (Fig. 5, B and C),
along with the greater distribution of Li,S, shown in the corresponding
3D reconstruction images of the electrode (fig. S33, A and B), dem-
onstrating the prominent catalytic activity of TPBD/MXene toward
LiPSs conversion. In addition, the higher F~ content on the TPBD/
MXene separator surface compared to TPBD (Fig. 5D), as revealed
by both 2D (Fig. 5, E and F) and 3D TOF-SIMS mappings (fig. S33,
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Fig. 4. COMSOL simulation of modified separator for suppressing lithium dendrites. Electric field distribution, Li* concentration, and current distribution with

(A, C, and E) TPBD/MXene separator and (B, D, and F) PP separator.

C and D), indicates the formation of a LiF-rich protective layer
derived from controlled decomposition of LiTFSI. This layer effec-
tively stabilizes the interface and alleviates further electrolyte de-
composition, thereby demonstrating superior interfacial stability in
Li-S batteries.

To probe the dynamic evolution of LiPSs during electrochemical
cycling, in situ Raman spectroscopy was conducted. Figure 5, G and
H present the Raman spectra acquired during the galvanostatic charge-
discharge cycles (0.5 C) of Li-S batteries equipped with PP (Fig. 5G)
and TPBD/MXene (Fig. 5H) modified separators, respectively. In
the PP separator system, characteristic peaks of Sg*~ and S¢*~ were
observed sequentially in the early discharge stage, followed by a pro-
gressive transformation into S627, S427, and S,°” as discharge pro-
ceeded. Dur1n§ the subsequent charge process, signals corresponding
to S4°~ and S, persisted, albeit with diminished intensity, consis-
tent with ongoing polysulfide shuttling. In striking contrast, the TPBD/
MXene separator exhibits virtually no detectable polysulfides-related
signals over the entire charge-discharge cycling. Spectra collected at
various states of charge and discharge further confirmed the absence of

Lietal., Sci. Adv. 12, eaej0353 (2026) 14 October 2026

characteristic polysulfides peaks. These observations indicate that
the TPBD/MXene coating effectively inhibits the migration of solu-
ble polysulfides toward the anode, thus preventing deleterious side
reactions between polysulfides and metallic lithium.

Comprehensive electrochemical evaluation of Li-S batteries
using TPBD/MXene separators

The CV contour maps at various scan rates (Fig. 6A) show that
TPBD/MXene delivers higher current densities at the two cathodic
peaks and the anodic peak, outperforming batteries with TPBD (fig.
S34A) and PP (fig. S34B) separators. Figure S35 presents the CV pro-
files of Li-S cells using TPBD/MXene, TPBD, and bare PP separa-
tors. The positions and potential intervals of the oxidation (Peak C)
and reduction peaks (Peaks A and B) serve as critical indicators of
reaction kinetics (34, 61). Notably, the TPBD/MXene-based separa-
tor yields the sharpest redox peaks with the smallest voltage hyster-
esis, indicating reduced polarization due to enhanced Li* transport
and redox kinetics. Ion transport kinetics were further probed via
multi-scan CV from 0.1 to 0.5 mV s~ (fig. $36, A to C). According
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to the Randles-Sevcik formula, the TPBD/MXene system exhibits the
steepest slopes and consistently the highest Li* diffusion coefficients
(D) for all redox peaks compared to control samples (figs. $37 and
S$38 and table S1), confirming that the heterostructure effectively
accelerates Li* mass transfer and redox kinetics. To evaluate the
catalyst-enhanced kinetics in Li-S batteries, full cells were assem-
bled using various functional separators. The distribution of relax-
ation times (DRT) method was subsequently employed to resolve

Lietal, Sci. Adv. 12, eaej0353 (2026) 14 October 2026

the impedance components. The TPBD/MXene-modified separator
(figs. S39A and S40A) significantly reduces both resistance compo-
nents compared to the TPBD counterpart (figs. S39B and S40B), con-
firming accelerated transport kinetics. At 0.2 C (1 C = 1675 mAh g™"),
galvanostatic charge-discharge profiles (fig. S41) reveal that TPBD/
MXene manifests the most extended high-potential (Qp) and low-
potential (Qy) plateaus, indicating maximized sulfur utilization. The
TPBD/MXene-based cell maintains 1183.6 mAh g™" after 100 cycles,
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significantly outperforming the TPBD (912.3 mAh g™') and PP
(514.6 mAh g_l) systems (fig. S42). Furthermore, the heterostruc-
ture system demonstrates the lowest voltage hysteresis (AE, fig. $43),
further confirming its accelerated redox kinetics and reduced polar-
ization (62).

Long-term cyclic stability was further evaluated at 1 C over 1000
cycles, as demonstrated in Fig. 6B. The cell with heterostructure deliv-
ers an initial capacity of 1070.9 mAh g™ and retains 856.6 mAh g™*
after 1000 cycles, signifying an ultralow capacity decay rate of 0.02%
per cycle. This electrochemical performance compares favorably with
other state-of-the-art results reported in the literature (Fig. 6C and
table S2). The batteries utilizing the heterostructure separator demon-
strate superior rate capability, delivering specific capacities of 1343.9,
1137.3, 1031.7, 914.8, 796.7, and 682.1 mAh g™" at current densities
from 0.2 to 4 C, respectively. Upon returning to 0.5 C, the capacity
recovers to 1034 mAh g™' (Fig. 6D and fig. $44), outperforming the
control cells, particularly at higher rates. As shown in fig. $45, the
TPBD/MXene system retains a distinct liquid-solid conversion pla-
teau even at high rates. This exceptional rate performance is ascribed

Lietal, Sci. Adv. 12, eaej0353 (2026) 14 October 2026

to enhanced Li* desolvation and diffusion kinetics. As presented in
fig. 546, the heterostructure-based batteries achieve a remarkable
specific capacity of 1032 mAh g™' under a high sulfur loading of
9.72 mg cm™?, corresponding to a high areal capacity of 10.03 mAh
cm™?, After 70 cycles, it maintains 8.16 mAh cm ™2, To assess practi-
cal feasibility, we evaluated cells with high-mass-loading cathodes
under wide-temperature conditions. The batteries with heterostructure-
separator maintain good rate performance at 50°C under an areal
sulfur loading of 7.51 mg cm ™, delivering a high initial specific ca-
pacity of 1205.4 mAh g~ at 0.05 C (Fig. 6E). Even at 0°C (Fig. 6F),
the batteries equipped with the TPBD/MXene-modified separator
display a notable areal capacity of 6.53 mAh cm™ after 259 cycles,
under a high loading of 8.36 mg cm ™2 and a lean electrolyte/sulfur
(E/S) ratio of 6.5 pL mg_l. Furthermore, the pouch cell with het-
erostructure delivers an appreciable specific capacity of 1216.6 mAh
g~" and maintains 1049.1 mAh g after 100 cycles (Fig. 6G). Post-
failure analyses (figs. S47 and S48) reveal a roughened Li anode
with distinct S/F signals on the separator, collectively confirming
that cell failure is driven by the shuttle effect and accumulation of
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Li,S and byproducts. These results confirm that the proposed con-
finement tandem catalysis strategy effectively regulates the solvation
structure within the IHP, thereby ensuring robust electrochemi-
cal performance.

DISCUSSION

To modulate the IHP, a synergistic strategy combining electrochem-
ical tandem catalysis with spatial nanoconfinement is proposed to
regulate the Li(solvent),” dynamics. Unlike conventional electrolyte
engineering, this interfacial design provides a dual-functional plat-
form: the built-in electric field and ordered porous channels drasti-
cally lower the activation energy for the conversion of polysulfides,
while simultaneously homogenizing the Li* flux to inhibit dendrite

propagation. Consequently, under a sulfur loading of 9.72 mg cm™2,

the cell achieves an exceptional areal capacity of 10.03 mAh cm ™.
Even at 0°C, the battery retains a high areal capacity of 6.53 mAh
cm™? after 259 cycles under a sulfur loading of 8.36 mg cm ™ and a
low E/S ratio. Meanwhile, it demonstrates excellent rate capability at
50°C with a high sulfur loading of 7.51 mg cm ™2, Impressively, the
assembled pouch cell also achieves a capacity retention of over 85%
after 100 cycles. This catalyst-driven Helmholtz interfacial engineer-
ing strategy opens a new avenue for the rational design of high-
performance, wide-temperature-range Li-S batteries.

MATERIALS AND METHODS

Chemicals and materials

Lithium sulfide (>99.98%), acetic acid (AR, >99.8%), tetraglyme (99%),
and sulfur (AR, >99.5%) were procured from Aladdin Reagent Co.,
Ltd. Hydrochloric acid (HCI, A.R. grade) and lithium fluoride (LiF,
AR. grade) were sourced from Shanghai Technology Co., Ltd. Tita-
nium carbide (Ti;AlC,) was acquired from 11 Technology Co., Ltd.
Bis (trifluoromethane) sulfonimide lithium salt (C,FsLiNO4S,, >99%),
benzene-1,3,5-tricarboxaldehyde (BD, 97%), acetonitrile (AR, >99.5%),
4,4'4"-(1,3,5-triazine-2,4,6-triyl) trianiline (TP, >95%), and N-methyl-
2-pyrrolidone (CsHoNO, >99.0%) were purchased from Aladdin
Reagent Co., Ltd. Polyvinylidene fluoride (PVDEF), 1,3-dioxolane
(DOL, 99.9%), and 1,2-dimethoxyethane (DME, 99.5%) were acquired
from Suzhou Dodochem Technology Co., Ltd. LA133 binder was pur-
chased from Canrd Technology Co., Ltd. All procured chemicals were
utilized without any additional purification procedures.

Preparation of MXene suspension

MXene suspension was prepared through selectively etching Ti;AIC,
precursor using a LiF/HCI mixture as the etchant. Specifically, LiF
was thoroughly mixed with HCI (9 M) in a Teflon reactor. Subse-
quently, Ti3AlC, (2 g) was slowly introduced into the resulting solu-
tion, and the mixture was subjected to magnetic stirring at 35°C.
Afterwards, the multilayered Ti;C,Tx was rinsed with deionized wa-
ter until the supernatant stabilized at pH ~7. Next, deionized water
was added to the Ti3C, Ty slurry, followed by ultrasonication of the
mixture under an Ar atmosphere. Finally, the Ti;C,Ty suspension
was centrifuged at 3500 rpm to obtain the final product.

Preparation of TPBD/MXene and TPBD

In a Pyrex tube, 4,4',4"-(1,3,5-triazine-2,4,6-triyl) trianiline (marked
as TP, 0.16 mmol) was blended with acetonitrile and a specified
amount of Ti;C, Ty, followed by sonication. Subsequently, a mixture

Lietal, Sci. Adv. 12, eaej0353 (2026) 14 October 2026

of benzene-1,3,5-tricarboxaldehyde (labeled as BD), and acetonitrile
(8 mL) was added to the above solution and sonicated for an addi-
tional 30 minutes. Afterwards, 12 M CH3;COOH was added to the
Pyrex tube, which was then sealed and maintained at 25°C for 3 days
without agitation. The obtained yellow solid was washed and centri-
fuged using N, N-dimethylformamide, and then placed in a vacuum
oven at 50°C for 12 h. TPBD was prepared using an equivalent pro-
cedure, but without the addition of MXene.

Preparation of the S electrode

The carbon nanotube/sulfur (CNT/S) composite was synthesized
through a melt diffusion technique. CNT and S were uniformly mixed
in a mortar at a mass ratio of 1:4, and the resulting powder was sealed
in a ceramic boat and heated at 155°C for 12 h to obtain the CNT/S
mixture. The working electrode was prepared by evenly mixing CNT/S,
carbon black, and LA133 in a solution of n-propanol with the mass
ratio of 8:1:1. This slurry was then coated onto aluminum foil and dried
at 50°C for 12 h. The areal sulfur loading was approximately 2 ~ 10 mg
cm™2, The fabrication process for high-sulfur-loading cathodes was
identical to that of low-sulfur-loading cathodes.

Preparation of TPBD/MXene and TPBD-modified separators

The as-synthesized materials (TPBD/MXene and TPBD), carbon
black, and polyvinylidene fluoride (PVDF) were evenly mixed in N-
methy 1-2-pyrrolidone (NMP) at a mass ratio of 8:1:1 to form a slur-
ry. Subsequently, the slurry was uniformly coated onto the surface of
a commercial PP separator. The coating material was coated onto
the cathode-facing side of the separator and dried at 50°C for 12 h.
The areal loading of TPBD/MXene and TPBD modified layers on

the PP separator was approximately 0.28 mg cm™>.

Electrochemical characterization

The electrochemical performance was studied through the assembly
of CR2025 coin cells comprising CNT/S cathode, lithium anode, and
separators (TPBD/MXene, TPBD, and PP). The electrolyte comprises
a blended solution of 1,3-dioxolane (DOL) and 1,2-dimethoxyethane
(DME) in a volume ratio of 1:1, containing 1 M lithium bis (trifluoro-
methanesulfonyl) imide (LiTFSI), with 2% LiNOs as an additive. The
cycling capabilities of different substances were examined within the
voltage range of 1.7 to 2.8 V (vs. Li/Li*) on a Land battery testing
system (Wuhan LAND Electronic Co., Ltd.). Electrochemical Imped-
ance Spectroscopy (EIS) was executed on the CHI760E electro-
chemical workstation (Chenhua Instrument, Shanghai) within a
scan frequency range from 100 kHz to 0.01 Hz with an amplitude of
5 mV. Cyclic voltammetry (CV) experiments were also performed on
this workstation. The Li-S pouch cell was constructed by interposing
the TPBD/MXene-modified separator between the sulfur cathode
and the lithium anode. The size of the positive and negative electrodes
in Li-S pouch batteries was 40 mm X 60 mm. The sulfur loading was
about 5 mg cm™* and the E/S ratio was retained at 5 pL mg™". The
thickness of the lithium strip is 100 pm. The GCD cycling profiles
were measured on a Land battery testing system at 0.1 C within the
potential window spanning from 1.7-2.8 V. Low-temperature coin
cells were assembled with an areal sulfur loading of 8.36 mg cm ™2 and
an E/S ratio of 6.5 pL. mg™". Before testing, the assembled cells were
rested at room temperature for 12 h to ensure complete electrolyte
infiltration, then transferred to a temperature-controlled chamber
preset at 0°C for electrochemical cycling. All GCD measurements
were conducted on a Neware battery test system at 0.1 C within a

100f 13

9202 ‘9 Joq0100 U0 ARid1 L1 e BI0'80USI0S MMM/ SATIY WOJ1) pepeo jumoq



SCIENCE ADVANCES | RESEARCH ARTICLE

potential window of 1.7-2.8 V. The key electrochemical metrics under
various operational conditions are summarized in table S3. All batter-
ies were assembled in an argon-filled glovebox. The Li* diffusion co-
efficient (Dy;*) of the batteries was derived from CV curves according
to the Randles-Sevcik equation

I, = (2.69 x 10°)n"*AD} "3 Cy;

where I, symbolizes the peak current, n represents the number of
electrons transferred in the reaction (n = 2), A stands for the area of
electrode material, Dy;t denotes the lithium-ion diffusion coefficient,
Cyiis the Li* concentration, v implies the CV scanning rates (V s7h.
There is a discernible linear correlation between Ip and v"/2.

Li,Se visualized adsorption tests

Li,Se solution was made by mixing Li,S and S powders (molar ratio
1:5) in DME/DOL (1:1 by volume), followed by continuous stirring
until the substances were fully dissolved. The same amounts of TPBD/
MXene and TPBD were separately dispensed into a 2 mL of the Li,S¢
solution. Subsequently, the adsorption ability of the as-synthesized
materials towards the Li,S¢ solution was verified by ultraviolet-visible
(UV-vis) spectroscopic analysis.

Assembly and measurement of Li,S¢ symmetric cell

The symmetric cells were assembled using identical working and coun-
ter electrodes, which were constructed from the active material (ei-
ther TPBD/MXene or TPBD), carbon black, and LA133 at a weight
ratio of 8:1:1. The prepared Li,S¢ solution was utilized as the electro-
lyte, which was then dispensed onto the counter electrode and the
working electrode. CV measurements were performed from —0.1 V
to 0.1 V, employing a scanning rate of 1 mV s~".

Li>S nucleation tests

Li,Sg solution was synthesized by dissolving Li,S and S at a molar ra-
tio of 1:7 in tetraglyme, stirring at 60°C for 24 h. The as-fabricated
TPBD/MXene and TPBD materials were used as cathodes, while
lithium foil served as the anode, and commercial PP was utilized
as the separator. The electrolyte containing 0.25 M Li,Sg with 1.0 M
LiTFSI in tetraglyme was dropped onto the cathode, and 1 M LiTFSI
in tetraglyme was added into the anode side. The assembled batteries
were galvanostatically discharged to 2.06 V at 0.112 mA and held ata
constant voltage of 2.05 V to promote Li,S growth. The battery was
assembled within a glovebox that was fully purged with argon.

Materials characterization
Details of the materials characterization can be found in the Supple-
mentary Materials.

Theoretical calculations
Details of the computational methods can be found in the Supple-
mentary Materials.
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Figs. S1to S48
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