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Abstract: The incomplete conversion of sulfur species, particularly the pivotal intermediate solid Li,S, during redox
processes, poses a significant limitation on the cyclability of lithium-sulfur batteries (LSBs). Herein, a synergistic
modulation strategy of ion-/dipole—dipole interactions that tailors the solvation sheath configuration and activates the
electrochemical reactivity of Li,S; is initially proposed for accelerating kinetics. As a proof of concept, the molybdenum
nitride quantum dots located on nitrogen-doped carbon (MoNQDs/NC) were designed. Advanced in situ/ex situ
characterizations combined with theoretical calculations reveal that MoNQDs/NC effectively weaken the ion-dipole
interactions within Li(solvent), ™ species, thereby facilitating the desolvation process. Furthermore, the robust dipole—
dipole interactions between polar domains of MoNQDs and Li,S, are realized to generate localized tensile strain fields
to destabilize the S—S/Li—S bonds network. Consequently, the optimal cells maintain a high areal capacity (>5.0 mAh
cm~2) after 50 cycles at high sulfur loading (4.4-9.1 mg cm~2) over a wide temperature range (0-60 °C). Furthermore, the
pouch cell with a sulfur loading of 1.5 g retained a capacity of 1.79 Ah after 15 cycles, highlighting the potential of this

ion-dipole modulation strategy for commercializing LSBs.

J

Introduction

Lithium-sulfur batteries (LSBs) occupy a pivotal position
among next-generation secondary battery technologies due to
their high theoretical specific capacity (1675 mAh g!), the
abundance of sulfur, and minimal environmental impact.[]
However, suboptimal practical capacity reversibility has hin-
dered the commercialization progress of LSBs. Traditionally,
this has been attributed to the shuttle effect of soluble lithium
polysulfides (LiPSs) and the extremely low conductivity of
the discharge product Li,S, leading to inefficient reutilization
of sulfur species.!>*! Consequently, extensive research has
focused on prohibiting the shuttle effect or lowering the
nucleation/decomposition barriers of Li,S by introducing

various electrocatalysts, such as conductive carbon materials,
polar non-metal heteroatoms, and transition metal single
atoms.[*7] These efforts have somewhat improved LSBs
performance. However, the persistent capacity fading during
cycling, particularly the performance deterioration under
extended temperature windows, remains a critical bottleneck
hindering the development of LSBs.[3! Most importantly, this
indicates the existence of fundamental regulatory mechanisms
at the electrode—electrolyte interface and the kinetics of sulfur
conversion that have not yet been fully elucidated.
Substantial experimental evidence has established the
inherently restricted solubility of LiPSs in conventional ether-
based electrolytes, a fundamental constraint that persists
across operational battery configurations.”!'l Moreover,
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advanced catalytic systems have demonstrated efficient con-
versions of LiPSs into solid-phase Li,S,/Li,S during sulfur
reduction reactions (SRR), thereby establishing an intrin-
sic self-limiting mechanism against LiPSs migration.['>!3]
Recent mechanistic investigations further reveal that while
Li,S exhibits intrinsically sluggish electrochemical oxidation
kinetics, its chemical interaction with dissolved LiPSs during
sulfur oxidation reactions (SOR) generates reactive interme-
diates that bypass traditional electrochemical pathways. This
chemical-electrochemical coupling effect ensures continuous
Li,S utilization without requiring direct electrochemical
oxidation.'*"] Guided by these observations, advanced
operando characterizations have identified Li,S, as a persis-
tent metastable phase throughout the sulfur redox process,
with incomplete electrochemical decomposition observed
during charge processes.['®) The electrochemical inertness
of Li,S, leads to dual detrimental effects: active sulfur
loss and catalyst deactivation due to surface passivation
by inactive sulfur species. Therefore, while ensuring high
catalytic activity of electrocatalysts for both SRR and SOR,
their impacts on Li,S, decomposition kinetics should also
be considered, which is crucial for enhancing the capacity
reversibility of LSBs. The electrochemical decomposition of
Li,S, is theoretically predicted to encounter dual kinetic
limitations: (1) the endergonic cleavage of S—S/Li—S cova-
lent bonds requiring substantial activation energy and (2)
the energetically demanding Li* desolvation process during
phase transfer.'72l An effective interaction for this pro-
cess must simultaneously destabilize Li,S, through strong
interfacial interactions and provide lithiophilic sites with
minimized energy barriers for Li* desolvation and diffusion
to facilitate charge transfer (Figure 1a). However, establishing
clear structure-activity relationships for Li-S systems remains
critically underexplored, especially when operating under
extreme electrochemical conditions.

Herein, a synergistic modulation strategy of ion/dipole—
dipole interactions that tailors the solvation sheath con-
figuration and activates the electrochemical reactivity of
Li,S, is initially proposed for accelerating kinetics. Generally,
considering the unique advantages of quantum dots (QDs)
in sulfur electrocatalyst, which include atomic-scale size and
highly active edge catalytic sites,?'?3] the 2D nitrogen-
doped carbon substrate embedded with molybdenum nitride
QDs (MoNQDs/NC) has been strategically synthesized via a
high-temperature nitridation process. Integrated with density
functional theory (DFT) calculations, COMSOL Multiphysics
simulations, and advanced in situ/ex situ characterizations,
the MoNQDs/NC modulates the Li(solvents), " structure
at the electrode—electrolyte interface. Simultaneously, the
periodic Mo-N atomic arrangement in MoNQDs generates
localized dipole fields that impose directional tensile strain
on Li,S, molecules through intensified dipole—dipole interac-
tions, thereby destabilizing their molecular configuration and
reducing the energy barrier for Li—S/S—S bonds cleavage,
significantly enhancing sulfur redox reversibility (Figure 1b).
Consequently, the cell with MoNQDs/NC-functionalized sep-
arators achieves an initial areal capacity of 8.3 mAh cm~2 at
a high sulfur loading of 9.1 mg cm~2 with a capacity retention
rate of 99.4%. Even under the harsh conditions of 0 and 60 °C,
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the high-loading cell maintains an excellent average capacity
(>5.0 mAh cm~2) at 0.2 C. Moreover, the lean-electrolyte
pouch cell (E/S ratio &~ 4.0 uL. mg~!) with a high sulfur loading
of 1.5 g exhibited a remarkable discharge capacity of 1.87 Ah,
establishing an interfacial ion/dipole co-regulation paradigm
for practical LSBs.

Results and Discussion

First, Figure S1 illustrates the preparation process of MoN-
QDs/NC. Briefly, through a hydrothermal reaction, molyb-
denum precursors are uniformly dispersed on the surface of
melamine. In a tubular furnace, the molybdenum precursors
are then nitrided using NH; generated from the pyrolysis
of hexamethylenetetramine, yielding the target material
MoNQDs/NC. The morphology and structure of the material
are characterized by scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). SEM results
indicate that the MoNQDs do not disrupt the structure of
NC, and the material exhibits a two-dimensional morphology
(Figure S2a,b). TEM and high-resolution TEM (HRTEM)
images confirm the uniform distribution of MoNQDs on
NC, while statistical analysis reveals that 96% of these QDs
exhibit sizes below 5 nm with an average diameter of 3.6 nm,
demonstrating the successful synthesis of QDs of the target
size (Figure S2c,d). Figure 1c shows that the lattice fringe
spacing is 0.25 nm, which corresponds to the (200) plane of
MoN.[>!] Further analysis of the crystal structure of the sample
is conducted through X-ray diffraction (XRD). As shown in
Figure S3a, the XRD pattern of MoNQDs/NC exhibits weak
characteristic peaks at 31.9°, 36.2°, and 49.0°, attributed to
the (002), (200), and (202) planes of MoN, respectively. These
peaks are likely shielded by the peaks of the carbon material.
The presence of these characteristic planes is confirmed
by the corresponding diffraction rings observed in selected
area electron diffraction (SAED) (Figure S3b). Addition-
ally, energy-dispersive X-ray (EDX) spectrum demonstrates
the uniform distribution of N, C, and Mo elements in
MoNQDs/NC (Figure 1d). The chemical states of the ele-
ments are further characterized by X-ray photoelectron
spectroscopy (XPS). The C 1s spectrum exhibits five peaks
at 284.2, 284.8, 285.4, 286.4, and 288.8 eV, corresponding to
Mo—C, C—C/C=C, C—N, C—0, and O—C—O, respectively
(Figure S4a).[?] The N 1s spectrum can be deconvoluted into
four peaks, assigned to Mo—N bonds (398.1 eV), pyridinic N
(399.5 eV), pyrrolic N (400.8 eV), and graphitic N (402.5 eV)
(Figure S4b).[?#2] In the nitrogen-doped configuration, the
relative contents of pyridinic N, pyrrolic N, and graphitic
N are 17%, 68%, and 15%, respectively. Considering the
predominant contribution of pyrrolic N, it serves as the
primary structural motif for modeling the NC support in
subsequent DFT calculations. As shown in Figure le, the
Mo 3d spectrum can be deconvoluted into Mo**, Mo**, and
Mo®* species. The peaks at 228.1 and 231.5 eV are attributed
to Mo** in MoN, while the peaks assigned to Mo*" and
Mo®* are due to inevitable surface oxidation.?**] These
results confirm the successful preparation of MoNQDs/NC.
Furthermore, to explore the potential of functional materials

© 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

85U807 SUOWILLIOD AIKERID 8qed!(dde ay) Aq peuseAob 818 SajoNe YO 8SN JO S9N 10} AfId1T8UIIUO AB]IA UO (SUOTHPUOD-PUR-SWLBIALICO" A3 1M Afe.d 1 |Bul [Uo//Sty) SUORIPUOD pue sWie | 8y) 88s *[5202/TT/Tz] uo AkeiqiTauliuo Ae|im ‘@1bojouyos L nd nipsul eynsiey Aq 89T2TSZ02 @ 1Ue/z00T 0T/I0p/W0d A8 M ARIq1uljuo//SAny Woj pepeo|umoa ‘68 ‘5202 ‘ELLETZST



\
; wa“

1

2

Research Article

\
! \ Slow / \

3 ] ﬁ ) »
Oxidation "_“: »

Reduction
IZ

@  High electron-Li* flux

e /
PO Fast .z~ ﬁ, \

yo =
, ;\

Y d" Oxidation ( ‘ 45 Reduction g

Li,S, LizS; les

Angewandte

intemational Edition’y, Chemie

b) Oui

O s
O Mo

O N

7 \Strong dipole-
dipole interactions

Li(solvents) * ’

Weak ion-dipole effect

e) Mo 3d
/ﬂ\‘\ Mo-N /

i Mo / \

> | Mo A /

= d A - ”

g cce ol / \

Q

A )
236 232 228 224

Binding Energy (ev)

Figure 1. a) Conversion mechanism diagram of Li;S;. b) Schematic illustration of the modification mechanism of MoNQDs/NC in LSBs. ¢) HRTEM
and d) EDX images of MoNQDs/NC. e) XPS spectra of Mo 3d of MoNQDs/NC.

as electrocatalysts, N, isothermal adsorption/desorption tests
are employed to analyze the pore distribution and surface
area of the materials. The results indicate that, compared
to NC, the MoNQDs/NC sample exhibits a relatively large
specific surface area of 54.53 m? g~! and a high pore
volume of 0.248 cm® g~!. Notably, the prepared samples all
exhibit abundant micro- and mesoporous structures, which
enable efficient entrapment and stabilization of active species
(Figure S5a,b). The electronic conductivity of the material is
evaluated using a four-probe conductivity meter. As shown in
Figure S5c,d, the conductivity of MoNQDs/NC exceeds that
of NC by three orders of magnitude, suggesting that MoNQDs
optimize the conductive network of the NC carrier, which will
facilitate faster electron transfer for sulfur electrochemical
reactions.

The adsorption capacity of functional materials toward
LiPSs has a significant impact on the subsequent conversion
processes. Therefore, visual adsorption experiments were
conducted to explore this aspect. As shown in the ultraviolet—
visible (UV-vis) spectrum and its inset in Figure S6a,
MoNQDs/NC exhibited the highest adsorption capability.
XPS analysis can further elucidate the adsorption mechanism
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of MoNQDs/NC. The shift of peak positions to higher energy
levels in the Mo 3d spectrum confirmed that during the
chemical adsorption process with Li,Sg, Mo atoms tend to
transfer electrons to S atoms (Figure S6b). Additionally, the
signal peak of the N—Li bond further indicated the presence
of chemical interactions between N atoms and Li atoms
(Figure S6¢).?*] In Figure S6d, the XPS spectrum of S 2p could
be deconvolved into sulfur-metal bond, terminal sulfur (St '),
bridged sulfur (Sg), thiosulfate, and polythionate species.[?’]
These results all validate the excellent anchoring effect of
MoNQDs/NC on LiPSs, which is beneficial for inhibiting the
shuttle effect and enhancing subsequent sulfur conversion
kinetics. As shown in Figure S7, the exchange current
density of MoNQDs/NC-based symmetric cell involving Li,S¢
solution was greater than that of NC-based symmetric cell,
implying that MoNQDs/NC can effectively promote the
conversion of LiPSs due to its excellent adsorption ability.
DFT calculations were then used to simulate the adsorp-
tion configuration of Li,S, as a key sulfur species on the
catalyst (Figure 2a). As demonstrated in Figures 2b and
S8, the periodic Mo-N atomic arrangement within MoN
generates localized dipole fields, in stark contrast to the
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Figure 2. a) Adsorption models of Li;S; on NC and MoN substrate. b) Comparison of bond lengths of Li—S/S—S bonds of Li,S; adsorbed. c) COHPs
of Li—S/S—S bonds of Li,S; adsorbed. d) Energy profiles of the decomposition of Li,S;. e) Schematic representation of the change in the chemical
structure of Li;S; under tensile strain of MoN. f) Contour maps of in situ UV—vis spectra, g) the corresponding GCD curve and h) absorbance data of
the dissolved LiPSs for the cell with NC. i) Contour maps of in situ UV-vis spectra, j) the corresponding GCD curve and k) absorbance data of the

dissolved LiPSs for the cell with MoNQDs/NC.

pristine Li,S; species and those adsorbed on the NC substrate.
These dipole fields exert directional tensile strain on the Li,S,
molecules through intensified dipole—dipole interactions, ulti-
mately leading to the elongation of the Li—S/S—S bonds
within the Li,S,; structure. Furthermore, the higher adsorption
energy of MoN toward Li,S, compared to NC also confirms
the strong dipole interaction (—6.1 eV versus —3.9 eV)
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(Figure S9). Further analysis of the Crystal Orbital Hamilton
Population (COHP) for the Li—S/S—S bonds in Li,S, under
the adsorption of two catalysts is shown in Figure 2c. The
positive region of the COHP curve corresponds to bonding
states, while the negative region corresponds to antibonding
states. The bonding strength can be quantitatively evaluated
by the integrated COHP (ICOHP) below the Fermi level.
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The ICOHP values for Li—S (S—S) bonds in the NC and
MoN systems are determined to be —0.83 (—8.46) and
—0.53 (—0.07), respectively. These results suggest that the
bonding interactions of Li—S and S—S bonds are significantly
weakened under the strong dipole field-induced stretching
effect of MoN. The decomposition behavior of Li,S, was
then simulated, and the results showed that the energy
barrier of the decomposition process of Li,S, on MoN was
lower compared to that on NC (2.4 eV versus 3.7 eV), thus
confirming the optimization of the decomposition process of
Li,S, by MoN (Figure 2d). Therefore, under the tensile strain
induced by MoN, both Li—S and S—S bonds in the Li,S,
molecule are stretched, and its structural stability is greatly
reduced, which is conducive to the simultaneous enhancement
of the kinetics of Li,S, during the oxidation and reduction
processes (Figure 2e).

To further investigate the mechanism of action of
MoNQDs/NC on sulfur redox processes, in situ UV-vis
spectroscopy was conducted to measure the real-time con-
centration of soluble LiPSs (Figure 2f,i). The corresponding
time-potential profiles for different materials were compared
in Figure 2g,j. It is evident that batteries with MoNQDs/NC
exhibit longer discharge and charge times compared to
those with NC, indicating higher utilization efficiency of
sulfur species. Subsequently, the characteristic absorbances
at 420 nm (for Li,S,), 480 nm (for Li,Ss), and 560 nm (for
Li,Sg) were used as benchmarks to illustrate the state of
polysulfide dissolution after dissolution (Figure 2h.k).[> Tt
can be observed that the concentration change of LiPSs in
MoNQDs/NC battery is more rapid, representing enhanced
sulfur conversion kinetics. It is noteworthy that in Figure 2k,
the concentration of Li,S; starts to rise after an initial
decrease in the discharge time around 4 h, which stems from
the unstable disproportionation decomposition of Li,S,.[%]
The relevant reaction process is shown below:[?82]

3827« 28% + S8 (1)

287 ST+ St )

These results further confirm the rationality and superior-
ity of the strong dipole fields of MoNQDs in achieving the
efficient utilization of Li,S,.

Given the equivalent criticality of LiT evolution and
kinetics for sulfur utilization, the regulatory mechanisms of
catalysts on Li" solvation shell architecture were further
investigated. As depicted in Figure 3a, DFT calculations
were conducted to determine adsorption energies of relevant
species on surfaces, where the Li(DME)," was selected
to simplify simulations given the prevalence of solvent-
separated ion pairs (SSIPs) in moderate electrolyte systems,
while concurrently investigating TFSI™ anion adsorption
behavior across substrates. Notably, both species exhibit
significantly enhanced interaction strength on MoN compared
to NC: adsorption energies are —3.8 eV versus —3.5 eV
for Li(DME)," and —2.3 eV versus —1.0 eV for TFSI",
respectively. These enhanced interfacial interactions induce
solvation shell reconstruction that facilitates Li(solvent),™
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desolvation.’*3!] Furthermore, Raman spectroscopic analysis
provides evidence for the structural reorganization of the
solvation shell (Figure 3b). The solvated shell structures in
the electrolyte can be categorized into three distinct types
based on their coordination behaviors: SSIPs, contact ion
pairs (CIPs), and aggregate ion pairs (AGGs). Notably,
the combined proportion of CIPs and AGGs exhibits a
strong correlation with the structural characteristics of the
Li(solvent),"-anion solvation shells. The electrolyte at the
MoNQDs/NC catalyst interface exhibits a high proportion
of CIPs and AGGs (74% and 19%, respectively), indicating
that MoNQDs/NC can reconfigure the solvated shell struc-
ture and thus effectively weaken the ion-dipole interactions
between Lit and solvent molecules (Figures 3c and S10).
Consequently, this facilitates faster desolvation kinetics for
Li(solvent),™ (Figure 3d). Then, DFT calculations were
employed to simulate the adsorption behavior of Li on the
materials. The results revealed that the adsorption energy
of Li on NC reached —4.2 €V, significantly stronger than
that on MoN (—1.2 eV) (Figure Slla). Such excessively
strong adsorption energy can lead to irreversible reactions
between Li and lithiophilic sites, resulting in the loss of
lithiophilicity.??) Subsequently, the diffusion of Li on the
material surface was further simulated. As revealed in
Figure S11b, Li diffusion across the NC surface displayed
a prohibitively high energy barrier of 3.5 eV. In striking
contrast, the MoN surface demonstrated a substantially
reduced diffusion barrier (0.4 ¢V), highlighting its capacity to
enable rapid Li* transport through significantly accelerated
migration kinetics. To validate these simulation results, the
performance of LillLi symmetric batteries is tested. The
cycling performance of cells at 0.5 mA cm2 (0.5 mAh
cm~2) was first tested (Figure 3e). The electrochemical
measurements revealed that LillLi symmetric cell with the
MoNQDs/NC-modified separator demonstrated significantly
reduced overpotential and exceptional cycling stability over
1500 hours. Then, the rate performance of the cells was further
evaluated at different current densities ranging from 0.5 to
5 mA cm2. Compared to the cell with NC separator, the
cell with MoNQDs/NC separator exhibited a smaller overpo-
tential, suggesting enhanced uniform Li* flux and stable Li
plating/stripping performance (Figure S12a,b). Furthermore,
finite element analysis based on COMSOL software was
conducted to investigate the distribution of current density
and the kinetic equilibrium of ion concentration. In the NC-
based system, the non-uniform distribution of current density
and Lit flux leads to the accumulation of Li* at the tips
of Li protrusions, resulting in the vertical growth of sharp
dendritic Li into the bulk electrolyte (Figure 3f). In contrast,
in the MoNQDs/NC system, facilitated by the rapid electron-
Li* transport, a higher Li* concentration, uniform Lit flux
distribution, and homogeneous current density distribution
are observed, thereby effectively suppressing the growth of
Li dendrites (Figure 3g). These simulation results are in
excellent agreement with the morphological characteristics of
the Li anode shown in Figure 3h,i. In brief, a large number
of Li dendrites formed on the Li metal surface of the NC
battery, whereas the Li metal surface of the MoNQDs/NC
battery remained relatively smooth. These results confirm
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Figure 3. a) Adsorption energies of Li(DME)4™ and TFSI~ on different materials. b) Raman spectra of the various electrolyte with/without
MoNQDs/NC. c) The ratio summary of free TFSI~, CIP, and AGG in different systems. d) Schematic comparison of desolvation processes for
Li(solvent), ™. e) Cycling performance of Li||Li symmetric cells. COMSOL results with f) NC and g) MoNQDs/NC separators. SEM images of Li

anode after cycling of the cell with h) NC and i) MoNQDs/NC.

that by weakening the ion-dipole interaction in Li(solvent), ",
MoNQDs/NC can promote uniform and rapid electron-Li*
flux, thus exhibiting excellent interface stability.
Furthermore, the role of the materials on the kinetics of
sulfur conversion was explored through additional precipita-
tion and dissolution experiments of Li,S. The precipitation
tests of Li,S showed that MoNQDs/NC composites exhibited
the highest response current and an earlier peak in response
current (4257 s) compared to NC (5410 s). And the calculated
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precipitation capacity of MoNQDs/NC reached 369.5 mAh
¢!, far exceeding that of NC (102.3 mAh g~!), indicating
that the MoNQDs/NC catalyst enhanced the liquid-solid
reaction kinetics of LiPSs (Figure 4a). SEM images of
the cathodes from the relevant Li,S precipitation cells are
shown in Figure S13a,b. The cathode surface containing
MoNQDs/NC exhibited a significant accumulation of solid
discharge products, much more than that with NC, indicating
an efficient reduction process of sulfur species. Quantitative
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Figure 4. a) Precipitation profile of Li,S. Contour maps of DRT curves during discharge for the cells with b) NC and ¢) MoNQDs/NC. d) Depth
sputtering profiles of Li;S, ™ in the cathode by ToF-SIMS. Mappings on the top surface of Li;S; ™ for cells with e) NC and f) MoNQDs/NC. g)
TOF-SIMS 3D rendering Li;S,~ depth profile images. Contour maps of Li;S/Li,S; dissolution during cycling at 0.2 C for the cells with h) NC and i)

MoNQDs/NC.

analysis of Li,S dissolution kinetics unequivocally demon-
strated the catalytic superiority of MoNQDs/NC, exhibiting
a remarkable reduction in dissolution time by 58% (1346
s versus 3179 s) and a substantial increase in capacity
utilization by 375% (556.5 mAh g~!' versus 117.1 mAh
¢~ !) relative to the unmodified counterpart (Figure Sl14a).
To analyze this process, DFT calculations were employed
to simulate catalyst adsorption on Li,S. These simulations
reveal significant stretching strain in Li,S under the dipole
effect of MoN, manifested by elongation of Li—S bonds
from 225 to 2.50 A, indicating enhanced reaction activity
(Figure S14b). Furthermore, the Li,S decomposition pathway
was modeled. The results showed that compared to NC, the
delithiation barrier for Li,S on MoN was significantly reduced
(1.213 eV versus 0.406 eV), which is crucial for improving
sulfur reutilization (Figure S14c).

To comprehensively evaluate the impact of catalysts on the
kinetic performance of LSBs, complete full cells were assem-
bled using different functional separators. Initially, the distri-
bution of relaxation times (DRT) method was employed to
analyze the impedance distribution. As shown in Figure 4b,c,
charge transfer resistance (mid-to-high frequency region)

Angew. Chem. Int. Ed. 2025, 64, 202512168 (7 of 11)

governs the reaction kinetics during initial discharge, dictating
the utilization efficiency of primary sulfur conversion. In con-
trast, diffusion impedance (low-frequency region) dominates
the overall cell resistance in mid-late discharge stages, which
correlates directly with the formation of solid sulfur species
(Li,S,/Li,S). This phase corresponds to substantial phase
transformation energy barriers for Li* migration, represent-
ing the key rate-limiting factor in sulfur reduction kinetics.
Notably, compared to batteries with NC separator, batteries
with MoNQDs/NC separator exhibited significantly smaller
charge transfer resistance and diffusion resistance (indicated
by lighter colors), marking an optimization in Li™ transport
during SRR. Then, to probe the interfacial evolution and
structural integrity of catalysts during electrochemical cycling,
cells with NC and MoNQDs/NC separators were cycled at
1 C, with electrochemical impedance spectroscopy (EIS)
acquired after 5, 10, and 20 cycles, respectively. As revealed
by Figure S15, Nyquist plots for NC separators exhibit
significant cycle-dependent variation, specifically continuous
expansion of the second semicircle (assigned to Li,S/Li,S,
accumulation®®!), indicating progressive interface degrada-
tion. In contrast, MoNQDs/NC separators maintain highly
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consistent plots across cycles with persistently stable charge-
transfer resistance, demonstrating their ion/dipole regulation
mechanism sustains interfacial stability. Subsequently, the gal-
vanostatic intermittent titration technique (GITT) was used
to observe the kinetic processes of the batteries. The results
indicated that during the discharge and charge processes,
the MoNQDs/NC cell exhibited potential differences of 42
and 59 mV, respectively, which were lower compared to the
52 and 65 mV observed for the NC cell. This reduction
in potential differences effectively decreased the internal
resistance (Figure S16a,b). Additionally, Figure S17a shows
the cyclic voltammetry (CV) curves at a sweep rate of 0.2 mV
s7L. The results reveal that the MoNQDs/NC batteries not
only exhibited higher current responses but also had smaller
polarization potentials AE; (0.15 V) and AEy (048 V)
compared to NC batteries (0.23 and 0.57 V) (Figure S17b).
The Tafel plots derived from the CV curves are shown in
Figure S17c-e, demonstrating that the batteries based on
MoNQDs/NC exhibited lower Tafel slopes for all three redox
peaks. These results indicate that MoNQDs/NC possesses
excellent electrocatalytic activity, effectively regulating the
redox reaction kinetics of sulfur species in LSBs.

The electrochemical evolution of sulfur species at the
charge termination stage fundamentally governs the capacity
fading and cycling performance in LSBs systems. Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS) tests
were conducted on the electrodes of batteries charged to 2.8 V
after 10 cycles. Figure S18a,b present the depth sputtering
profiles of S7, Li,S™, and Li,S, ™ in the cathode of both cells.
Post-charge characterization clearly indicated the presence
of residual Li,S/Li,S, in the cathode, with Li,S, being the
predominant species. This observation strongly suggests that
Li,S,;, rather than Li,S, plays a determining role in the
SOR. Further comparison of the depth sputtering profiles
of Li,S,” in cathodes, it was revealed that significantly
less Li,S,~ was produced in the cathode of MoNQDs/NC
batteries compared to NC batteries (Figure 4d). In addition,
this conclusion is supported by the smaller Li,S,~ region in
the ToF-SIMS surface profile of the MoNQDs/NC system
(Figure 4e,f). The 3D construction images of Li,S,” in
the cathode also demonstrated less Li,S, distribution in
MoNQDs/NC batteries, suggesting high utilization of Li,S, by
MoNQDs/NC (Figure 4g). Moreover, the less distribution of
Li,S™ in the anode of the MoNQDs/NC battery demonstrates
that the shuttle effect is suppressed (Figure S19a,b). To
further validate the catalytic effect of the material on the
decomposition kinetics of Li,S,, the charging process of the
cycled battery within the potential range of 3.0 to 3.8 V
was analyzed. The response current at 3.53 V corresponds to
electrolyte decomposition.[**] It is noteworthy that at 3.56 V,
NC batteries exhibited a notable peak in response current,
attributable to the reactivation of deactivated Li,S,. In
comparison, the MoNQDs/NC battery exhibited virtually no
additional current peak, indicating a lower content of Li,S; in
the cathode (Figure S20). This observation confirms that the
decomposition kinetics of the Li,S; have also been enhanced.

The impact of the presence of Li,S, on the cycling
performance of the battery was then evaluated. As shown in
Figure S21, the battery utilizing the MoNQDs/NC separator
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maintained a stable capacity of 667 mAh g~ after 500 cycles at
0.2 C. In contrast, the battery with NC separator experienced
a rapid capacity decline around the 350th cycle, ultimately
reaching only 300 mAh g~!. Analysis of the dissolution
process of solid-state products Li,S/Li,S, during cycling for
both types of batteries is presented in Figure 4h,i. As the
number of cycles increased, the dissolution peak potentials
of Li,S/Li,S; for both batteries initially decreased to varying
degrees. This may be due to the accumulation of Li,S; in the
cathode and the disproportionation decomposition of Li, S, to
generate a significant amount of liquid LiPSs. The generated
soluble LiPSs can further undergo chemical neutralization
reactions with Li,S, thereby reducing the peak potential of the
dissolution process. Notably, in Figure 4h, the peak potential
of the NC battery begins to gradually increase after about 100
cycles. This may be due to the initial coverage of the catalyst
by Li;S,, leading to a decrease in its ability to catalyze the
oxidation process of Li,S/Li,S,.[*1 By the 400th cycle, the
catalyst is completely deactivated, which corresponds to the
sharp decline in the cycling performance of the NC battery. In
contrast, the dissolution peak potential of Li,S/Li,S; for the
battery with the MoNQDs/NC separator decreases slowly and
does not exhibit a significant re-increase. This indicates that
most of the inert Li,S, has been utilized and has not caused
catalyst deactivation due to coverage (Figure 4i). These results
demonstrate that MoNQDs/NC can effectively regulate the
evolution of Li,S,, thereby enabling the efficient utilization of
Li,S, during the sulfur redox reactions.

Subsequently, the electrochemical performance of LSBs
with different separators was evaluated under various con-
ditions. Initially, the rate performance of the batteries was
investigated. As shown in Figure 5a, as the rate increased
from 0.1 to 2 C, the capacity advantage of cells with the
MoNQDs/NC separator became progressively more evi-
dent compared to those utilizing the NC separator (898.7
mAh g! versus 462.6 mAh g~!). The galvanostatic charge-
discharge (GCD) curves of MoNQDs/NC cell at different
rates all exhibited two distinct charge—discharge platforms,
corresponding to the rapid reaction kinetics during the solid—
liquid-solid transformation of sulfur species (Figures 5b and
S22a,b). The modified cell exhibited the lower overpoten-
tials in Figure 5c, which also confirmed that MoNQDs/NC
facilitated the enhancement of sulfur redox reversibility.
Additionally, the MoNQDs/NC-based cell exhibited a signif-
icantly lower capacity decay rate (3.4%) compared to the
NC-based cell (10.5%) after a 72 h resting period, demon-
strating enhanced resistance to self-discharge (Figure S23).
The cycling performance of batteries with high sulfur loading
was further explored. As shown in Figure 5d, at a sulfur
loading of 9.1 mg cm~2, the battery achieved a high initial
areal capacity of 8.3 mAh cm~2, far exceeding that of current
commercial Li-ion batteries (~4.0 mAh cm~2). Notably, even
after 50 cycles, the capacity retention rate of the high-
sulfur-loading battery reached 99.4%. The high-sulfur-loading
battery with the MoNQDs/NC separator still demonstrates
significant advantages compared to recently reported systems
(Table S1). In order to explore the adaptability of the
batteries to temperature, the temperature range for batteries
testing was broadened. At a low temperature of 0 °C, the
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Figure 5. a) Rate performance and b) the corresponding GCD curves at 0.1 C. c¢) Overpotential at different rates. Cycling performance of
high-sulfur-loading batteries at d) room temperature, e) low temperature, and f) high temperature, respectively. g) Optical photograph of an Ah-level
MoNQDs/NC pouch cell. h) Cycling performance of the assembled pouch cell. i) Performance comparison between this work and the recently

reported pouch cells.

battery exhibited a capacity decay rate of only 0.018% per
cycle after 100 cycles at 1 C (Figure S24). Subsequently,
the adaptability of high-sulfur-loading batteries over a wide
temperature range was explored. The electrochemical cycling
performance of high-sulfur-loading cathodes (4.4 and 6.3 mg
cm~?) was systematically evaluated at extreme temperatures
(0 and 60 °C). Remarkably, the modified cells under these
conditions all demonstrated excellent capacity retention, with
areal capacities above 5.0 mAh cm~2 after 50 cycles at 0.2 C
(Figure 5e,f). To further evaluate the practical applicability
of the MoNQDs/NC interlayer, an Ah-level multilayer pouch
cell was assembled (Figure 5g). The cell featured a total
sulfur loading of 1.5 g and an E/S ratio of ~4.0 uL mg!
Notably, the pouch cell achieved a discharge capacity of 1.87
Ah at 150 mA and retained a capacity of 1.79 Ah after
15 cycles (Figure Sh). Compared with state-of-the-art LSBs
reported in recent literature, the MoNQDs/NC-modified
pouch cell demonstrated exceptional overall performance
(Figure 5i).3¢#1 These results provide support for the
feasibility of catalytic strategies that cooperatively modulate
ion/dipole interactions.
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Conclusion

In summary, a catalytic strategy based on ion-dipole co-
regulation at catalytic interfaces has been proposed by
constructing MoNQDs/NC as functional catalysts for concept
validation. The combination of DFT calculations, COMSOL
multi-physics simulations, and in situ/ex situ electrochemi-
cal analyses systematically demonstrates that MoNQDs/NC
effectively weakens ion-dipole interactions within the sol-
vation shell structure, and the periodic Mo-N atomic
arrangement in quantum dots creates a localized dipole field
that induces strong dipole-dipole interactions with Li,S,. Con-
sequently, batteries with MoNQDs/NC separators maintained
a high areal capacity close to 8.3 mAh cm™ at a high sulfur
loading of 9.1 mg cm™2 with a low capacity decay rate of
0.012% per cycle. More importantly, at ambient temperatures
of 0 and 60 °C, the areal capacity of high-sulfur-loading
batteries still exceeded 5.0 mAh cm~2 after 50 cycles at 0.2 C.
Furthermore, the pouch cell employing lean electrolyte (E/S
ratio = 4.0 pL mg~!) achieved a discharge capacity of 1.87
Ah at 150 mA, demonstrating both high energy density and
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exceptional cycling stability. The electrocatalyst synergistic
modification strategy of ion-dipole interaction provides a new
direction for the development of practical LSBs.
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