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Commercialization of rechargeable lithium-sulfur batteries (LSBs) is severely hindered by the “shut-
tle effect” and their sluggish electrochemical kinetics. Herein, highly matched NbN/TiN heterocrystals
with nanosize (<5nm) uniformly dispersed within in hollow porous N-doped carbon microspheres
(NbN/TiN@N-C) was designed. DFT calculations and electrochemical tests demonstrate the remarkable
improvement in anchoring lithium polysulfides (LiPSs) and sulfur redox kinetics. Specifically, the hollow
porous frameworks can physically confine LiPSs and effectively alleviate volume changes, and simulta-
neously the immobilized NbN/TiN nanocrystals can strongly interact with LiPSs by the dual-chemical
adsorption that the formation of Nb-S and Ti-S bonds. The nanosized NbN/TiN heterocrystals and their
clusters induce maximum reaction surface and numerous activity sites. Significantly, the heterocrystals,
based on high lattice matching and stable built-in electric field, endows smooth channels for Li* diffu-
sion and maximum electron transfer ability to catalysts. The LSBs with NbN/TiN@N-C separator delivers
ultralong cycling stability that sustained 545.5 mAh/g with only 0.056% capacity decay per cycle over
1000 cycles at 2C and high rate performance with 663.7 mAh/g at 10C. This work provides a novel in-
sight for regulating LiPSs through highly matched binary heterogeneous catalyst to advance the industrial
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application of LSBs.
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Lithium-sulfur batteries (LSBs), as a promising next-generation
clean energy system, have attracted tremendous research interest
due to their ultrahigh energy density (~2600Wh/kg) and theo-
retical specific capacity (1675 mAh/g) [1-3]. Moreover, sulfur is
an abundant, low-cost, and environmentally benign cathode ma-
terial [4,5]. Despite these intrinsic merits, the practical application
of LSBs is impeded by several critical challenges, including slug-
gish reaction kinetics caused by the insulating nature of Li,S and
sulfur, the notorious shuttle effect originating from soluble lithium
polysulfides (LiPSs) in organic electrolytes, and poor cycling stabil-
ity resulting from severe volume fluctuations and uneven Li,S de-
position [6-8]. Tremendous efforts including electrolyte optimiza-
tion, nanostructure design, and separator modification have been
devoted to address these limitations, particularly through the in-
corporation of functional solid additives on the cathode or sep-
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arator [9-12]. These additives based on their functions can be
broadly classified into adsorbents, mediators, and catalysts. Nev-
ertheless, the adsorbents have strong adsorption function without
catalytic activity, which struggles to solve the kinetic problems of
polysulfide conversion [9,10]. In addition, soluble mediators facil-
itate homogeneous LiPSs conversion in the electrolyte but suffer
from uncontrolled dissolution and potential contamination of the
lithium anode [11,12]. Comparatively, heterogeneous catalysts inte-
grate strong LiPSs anchoring and the catalytic capability to reduce
energy barrier of the conversion proceed from LiPSs to Li,S, which
has been confirmed as a promising strategy to realize high perfor-
mance LSBs.

Nanostructure engineering and heteroatom doping have been
widely employed to enhance the overall electrochemical perfor-
mance of LSBs. The strategy combining morphology regulation
(e.g., construction of hollow porous structures) with nitrogen dop-
ing can significantly buffer volume change and promote electrolyte
penetration through the cavity framework [13,14]. Besides, the
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porous architecture provides rapid diffusion “highway” for ions, ef-
fectively shortening ions diffusion pathways and reducing diffu-
sion impedance. Meanwhile, the incorporation of nitrogen atoms
improves electrical conductivity and polysulfide affinity of carbon-
based sulfur host materials, which reduces interfacial transport
resistance and boosts charge transfer. However, the chemical ad-
sorption capability solely relying on the polar sites generated by
nitrogen doping struggles to completely suppress the shuttle ef-
fect because of the limited anchoring effect on polysulfides. Thus,
many researchers have focused to introducing polar materials (i.e.,
TiC, VN, MoS,, CoP), which possess stronger chemisorption for
LiPSs and simultaneously exert rapid trapping-conversion effects
[15-18]. Tiranium nitride, featuring superior conductivity, moder-
ate density, and robust mechanical stength, is widely studied for
its strong polysulfide adsorption capability derived from polar N-
Ti bonds [19,20]. Meanwhile, niobium nitride, characterized by ex-
cellent electronic conductivity and chemical stability, can strongly
anchor LiPSs through Nb-S bond formation and catalyze their re-
duction to Li,S [21]. Nevertheless, they all fall short of ideal per-
formance in LSBs due to insufficient active sites of limited sur-
face area. Besides, single-component catalysts exhibit inherent lim-
itations in anchoring LiPSs and accelerating their redox reactions.
Encouragingly, the heterostructure can construct robust interfacial
interactions and intrinsic built-in electric fields, generate abun-
dant active sites, significantly enhance the capability to immobilize
LiPSs, and synergistically promote their rapid conversion [22,23].

The constructed heterointerfaces typically exhibit enhanced
catalytic activity owing to electronic redistribution and interac-
tion between components with different Fermi levels upon con-
tact [24,25]. Moreover, the interfacial coupling within binary het-
erostructures generates an internal electric field that promotes
charge transfer between the catalyst and LiPSs, thereby optimizing
adsorption energies and accelerating multistep LiPSs conversion ki-
netics [26,27]. For instance, Song et al. developed a RuP,-RuP het-
erostructure that provided abundant active sites and modulated
electron transport across the interface, exhibiting excellent elec-
trocatalytic performance toward LiPSs conversion [28]. However,
current research predominantly prefers to choose heterojunctions
with low lattice compatibility. Although this can introduce strain
or vacancy defects to increase active sites, it may also trigger issues
like interfacial instability and increased internal resistance. More-
over, the catalytic performance of materials generally undergoes
a remarkable enhancement when their particle sizes are reduced
down to the nanoscale [29]. Therefore, developing a tailored strat-
egy to fabricate a nano heterostructure material with high binary
lattice compatibility to form coherent crystal planes is meaning-
ful. This can effectively reduce interface defects, provide a "high-
way" for rapid charge transfer, and is the key to reducing battery
internal resistance and improving rate performance [30]. Besides,
excellent lattice matching can maintain the structural integrity of
heterojunctions during long-term cycles, preventing nanoparticle
aggregation and deactivation. At present, there are rarely few in-
vestigations to exploring the application of high lattice matching
heterojunctions in LSBs, and controlling the stable surface of het-
erostructure catalyst to optimize long-life cycle remains significant
obstacles.

Based on the above considerations, we proposed N-doped hol-
low porous carbon microspheres embedded by uniformly NbN-
TiN nano-heterocrystals (NbN/TiN@N-C), which enables high sta-
bility catalyst surface for strong immobilization and conversion of
LiPSs. The robust architectures and evenly encapsulated heterocrys-
tals hold synergistic effects of physical confinement, physisorption
and dual chemisorption of Nb-S/Ti-S bonds on LiPSs, effectively
suppressing volume expansion and shuttle effect. Besides, TiN acts
as a rigid support, forming a binary nano-heterocrystals that fea-
tures high lattice matching to stable built-in electric field and
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Fig. 1. Schematic illustration of the preparation procedure of the hollow-porous-
flower-like NbN/TIN@N-C heterostructure.

Fig. 2. Morphology and structure of the hollow-porous-flower-like NbN/TiN@N-C
heterostructure. (a, b) SEM and (c) TEM images. (d) HRTEM images. (e) HAADF-
STEM images. (f) The selected area electron diffraction (SAED) pattern. (g-1) FESEM
image and the corresponding EDS maps of Nb, Ti, C, and N.

smooth ion diffusion pathways. The heterocrystals and their clus-
ters permeate the matrix, maximizing the exposure of reactivity
sites and improving internal ion/electron migration. Consequently,
LSBs employing the NbN/TIN@N-C separator delivers long-term
cycling stability (827.6 mAh/g at 1 C after 500 cycles and 545.5
mAh/g at 2 C after 1000 cycles) and outstanding rate capability
(663.7 mAh/g at 10 C). This comprehensive study provides a ra-
tional design approach for constructing binary heterogeneous cat-
alysts to address the challenges in commercialization of LSBs.

Fig. 1 illustrated the synthesis process of NbN/TiN@N-C through
facile template and annealing methods, and the detailed fabrica-
tion process is shown in Experimental Section in Supporting infor-
mation. The morphology and microstructure of the obtained sam-
ples were characterized by FESEM and TEM. As shown in Figs. S1
and S2 (Supporting information), the precursors of NbN/TiN@N-
C, NbN@N-C, and TiN@N-C all exhibit hierarchical flower-like mi-
crospherical architectures, confirming the successful templating ef-
fect derived from the polymerization of melamine and cyanuric
acid. Figs. 2a-c reveal that NbN/TIN@N-C retains the morphol-
ogy of its precursor while presenting thinner nanosheets and a
highly open porous structure, which facilitates electrolyte infiltra-
tion and provides abundant active sites for electrochemical reac-
tions. Similar morphology retention after annealing is observed
for NbN@N-C and TiN@N-C (Fig. S3 in Supporting information).
HRTEM (Fig. 2d) further demonstrates that nanosized NbN and
TiN particles (<5nm) are uniformly distributed on the nitrogen-
doped carbon framework. The high-angle annular dark-field scan-
ning TEM (HAADF-STEM) image (Fig. 2e) reveals lattice spacings of
0.245nm and 0.254 nm, corresponding to the (111) planes of TiN
and NbN, respectively. Notably, the lattice stripes at the interface
of heterogeneous are continuous and dislocation free enabled by
high lattice matching of TiN and NbN, indicating the formation of
coherent crystal planes [30]. The presence of coherent crystal plane
confirms the successful formation of tightly coupled NbN/TiN het-
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Fig. 3. The phase and compositions of the hollow-porous-flower-like NbN/TiN@N-C heterostructure. (a) XRD pattern. (b, ¢) Raman spectrum. (d) N,-adsorption-disorption

profile. (e) The pore distribution. (f-i) XPS spectra of Ti 2p, Nb 3d, N 1s, and C1s.

erocrystal. Additionally, numerous bright spots appearing beyond
the lattice fringes indicate the generation of ample NbN and TiN
nanoclusters during annealing. The selected-area electron diffrac-
tion (SAED) pattern (Fig. 2f) displays two diffraction rings corre-
sponding to the (222) plane of TiN and the (200) plane of NbN,
providing further evidence for heterocrystal formation. The corre-
sponding EDS elemental mappings (Figs. 2g-1) confirm the homo-
geneous distribution of C, N, Nb, and Ti elements throughout the
NbN/TiN@N-C framework.

Power X-ray diffraction (XRD) analysis was first performed to
identify the TiN and NbN phases in the NbN/TiN@N-C heterostruc-
ture. As shown in Fig. 3a, the principal diffraction peaks located
at 35.4°, 41.1°, and 59.5° correspond to the (111), (200), and (220)
planes of the NbN phase (JCPDS No. 38-1155), respectively. Mean-
while, the peaks observed at 36.7°, 42.6°, 61.8°, and 78.0° are in-
dexed to the (111), (200), (220), and (222) planes of the TiN phase
(JCPDS No. 38-1420). The relatively broad diffraction peaks can be
ascribed to the small crystallite size of the obtained nanoparti-
cles [21]. In addition, the broad feature at approximately 26° is
assigned to the (002) diffraction of amorphous carbon. The XRD
patterns of NbN@N-C and TiN@N-C (Fig. S4 in Supporting infor-
mation) display well-defined peaks that match well with their re-
spective standard reference cards. The coexistence of well-resolved
and diffraction peaks corresponding to both TiN and NbN phases in
NbN/TiN@N-C confirms the successful formation of a high-purity
NbN/TiN heteroccrystal, which aligns with STEM and SAED results.
Raman spectroscopy was further employed to investigate the car-
bonaceous framework of the composites (Figs. 3b and c). Two
prominent bands centered at 1349 and 1588 cm™! are attributed
to the disorder (D) band and graphitic (G) band, respectively. The
intensity ratio of them indicates the presence of substantial struc-
tural defects, which can be attributed to heterojunction forma-
tion and N-doping within the carbon matrix [31]. Additionally, a
broad band near 228 cm! is assigned to the Nb-N stretching vi-
bration, while other peaks located within the ranges of 400-700,
280-360, and 130-240 cm™! correspond to the transverse optical,

longitudinal acoustic, and transverse acoustic vibration modes of
TiN, respectively [19,32,33]. The porous structural characteristics
of NbN/TiN@N-C were analyzed using N, adsorption-desorption
isotherms and Barret-Joyner-Halenda (BJH) pore-size distribution
curves. As shown in Fig. 3d, the isotherm exhibits a typical type-
IV hysteresis loop in the relative pressure range of 0.4-1.0 P/P, in-
dicative of a mesoporous structure. The Brunauer-Emmett-Teller
(BET) specific surface area of NbN/TiN@N-C is calculated to be
293.9 m?/g. Notably, the distinct adsorption at low relative pres-
sure suggests the presence of abundant micropores, while the
pore-size distribution (Fig. 3e) indicates that the majority of pores
fall within the 3-12nm range, with an average diameter of ap-
proximately 4nm. Such a hierarchically porous architecture, cou-
pled with a high surface area, can facilitate electrolyte infiltration,
provide sufficient active sites for full redox reactions, effectively
confine soluble LiPSs, and accelerate their conversion kinetics by
enhancing ion diffusion and electron transport.

The surface element composition and valence states of Nb, Ti,
N, and C in NbN/TiN@N-C were investigated by X-ray photoelec-
tron spectroscopy (XPS), as shown in Figs. 3f-i. The high-resolution
Ti 2p spectrum exhibits six characteristic peaks located at 456.1
(461.3), 457.6 (463.3), and 458.9 (464.6) eV, corresponding to Ti-N,
Ti-N-0O, and Ti-O bonds, respectively [34,35]. The presence of Ti-
O species indicates partial surface oxidation of TiN upon air expo-
sure [34]. In the Nb 3d spectrum, three spin-orbit doublets are ob-
served, corresponding to Nb3+ and Nb>+oxidation states. The peaks
at 203.3, 203.9, and 206.1 eV are assigned to Nb3t-N, Nb-N-0, and
Nb>*-0 components for Nb 3dsp,, while the accompanying peaks
at 2074, 209.3, and 210.2eV correspond to Nb 3d;), binding en-
ergies [36,37]. These results indicate that partial oxidation of NbN
also occurred on the surface, similar to TiN [21]. The N1s spec-
trum displays three peaks at 396.6, 397.3, and 402.8 eV, which can
be attributed to N-Ti, Nb-N, and Nb 3p signals, confirming the co-
existence of NbN and TiN phases. Additional peaks at 398.4, 399.4,
and 401.1 eV correspond to pyridinic-N, pyrrolic-N, and graphitic-
N species, respectively, indicating successful N-doping within the
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Fig. 4. (a) Calculated adsorption energies of Li,S/Li;S4 on NbN-TiN, NbN and TiN. (b) Difference in charge density of Li,S/Li,S4 adsorption using various catalysts. (c) The ionic
migration pathways of various catalysts. (d) The Li* migration energy barrier for three kinds of pathways. (e) Li,S decomposition energy barrier on various catalyst surfaces.
(f) CV curves of different symmetric cells at a scan rate of 0.5 mV/s. (g) EIS spectra of different symmetric cells. (h) The Tafel plots of various catalysts. (i) Chronoamperometric

curves for various catalysts.

carbon matrix [19,21]. The C1s spectrum shows a dominant peak
at 284.4 eV corresponding to C-C bonding, accompanied by weaker
peaks at 2859 and 286.6eV, which are assigned to C-N and
C-0 bonds, respectively [19]. Quantitative elemental analysis
by ICP-AES indicates reveals that the Nb and Ti contents in
NbN/TiN@N-C are approximately 18.5wt% and 10.2 wt%, respec-
tively. Complementary thermogravimetric analysis (TGA) results
(Fig. S5 in Supporting information) indicate a carbon content of
65.5 wt%. Furthermore, the sulfur content of the cathode material
is estimated to be 72.1 wt%.

The functionalized interlayer must maintain robust mechanical
integrity with the separator substrate to dynamically accommo-
date the strain effects arising from cathode volume expansion dur-
ing cycling. Fig. S6 (Supporting information) demonstrates that the
NbN/TiN@N-C layer exhibits excellent adhesion to the PP mem-
brane during folding/recovery tests. Furthermore, Fig. S7 (Support-
ing information) presents top and cross—sectional SEM images of
NbN/TiN@N-C, NbN@N-C, and TiN@N-C-coated PP separators, re-
vealing that the coatings are uniformly distribute on the PP sepa-
rator surface without delamination, with thicknesses of 10, 12, and
11 um, respectively. The interfacial wetting behavior, as evaluated
by contact-angle measurements (Fig. S8 in Supporting informa-
tion), indicates the electrolyte infiltration capacity: NbN/TiN@N-
C-coated PP > NbN@N-C-coated PP > TiN@N-C-coated PP. The
NbN/TiN@N-C modified interlayer displays a superwetting surface
(8 ~ 0°), indicating that the electrolyte has a high permeation,
which is conducive to the superior charge transport over the cata-
lyst surface.

The LiPS adsorption capabilities of NbN/TIN@N-C, NbN@N-C,
and TiN@N-C were evaluated through visual assays using a Li,Sg
electrolyte as a representative substance. As shown in Fig. S9 (Sup-
porting information), the solution containing NbN/TiN@N-C almost
completely loses its brown color, while the solutions containing
NbN@N-C and TiN@N-C retain varying degrees of yellow col-

oration after 12 h, with NbN@N-C exhibiting a stronger adsorption
effect than TiN@N-C. This result confirms that NbN/TiN@N-C can
effectively absorb LiPSs, mitigating the shuttle effect to a greater
extent. The anchoring function of the different sulfur host mate-
rials, including NbN/TiN, NbN, and TiN, toward Li,S and Li,S4 was
further investigated through DFT calculations. Fig. S10 (Supporting
information) shows the optimized configurations of Li,S and Li,S4
adsorbed on NbN-TiN, NbN, and TiN, indicating that sulfur species
are well-anchored on these substrates, supporting the rational
design of the NDN-TiN heterostructure. In these configurations,
Nb and Ti sites interact with sulfur atoms to form Nb-S and
Ti-S bonds, respectively, ensuring stable adsorption. The calcu-
lation results demonstrates that NbN-TiN (-7.37 and -12.35eV)
exhibits superior binding energy toward Li,S and Li,S, compared
to NbN (-6.25 and -10.16eV) and TiN (-5.77 and -9.32eV) (Fig.
4a). Additionally, NbN shows stronger adsorption than TiN. The
binding interactions of these catalysts with Li,S and Li,S4 were
further explored through differential charge density analysis (Fig.
4b). The results reveal that NbN-TiN exhibits substantial charge
accumulation at the binding sites, leading to stronger interactions
with Li;S/Li,S4. This enhanced adsorption facilitates rapid electron
transfer, thereby improving electrocatalytic activity for polysulfide
conversion. Crucially, NbN-TiN promotes charge transfer at the
terminal S atoms by forming Nb-S and Ti-S bonds, which syner-
gistically strengthens the adsorption of polysulfide anions through
interfacial coupling. This dual-anchoring mechanism enriches
both the chemical anchoring sites and catalytic active centers,
enhancing the overall performance of the composite.

The rapid diffusion of lithium ions is crucial for mitigating
critical issues such as polysulfide shuttling and lithium dendrite
growth, as well as optimizing reaction kinetics. Fig. 4c simulates
the migration paths of Li* in NbN-TiN, NbN, and TiN. The cal-
culations reveal that NbN-TiN exhibits the lowest Lit migration
energy barrier, thereby most effectively promoting sulfur lithia-
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tion/delithiation kinetics and suppressing shuttle effects (Fig. 4d).
Additionally, Fig. S11 (Supporting information) shows the diffusion
paths of Li,S on NbN-TiN, NbN, and TiN, as simulated by DFT
calculations. The decomposition energy barrier for Li;S on NbN-
TiN (0.09eV) is significantly lower than that on NbN (0.12eV) and
TiN (0.44eV), suggesting that interfacial electronic coupling at the
NbN-TiN heterojunction accelerates sulfur redox kinetics and re-
duces the accumulation of sulfur species (Fig. 4e).

To evaluate the efficiency of different catalysts in facilitat-
ing LiPS conversion, various kinetic tests were performed using
symmetric cells. As shown in Fig. 4f, the current density of the
NbN/TiN@N-C symmetric cell is significantly higher than that of
NbN@N-C and TiN@N-C, indicating superior catalytic performance
in promoting the rapid conversion of LiPSs. Furthermore, three dis-
tinct reduction peaks at 0.07, -0.23, and -0.62V correspond to the
stepwise conversion process (Sg— Sg27; Sg2~ — S4%7; S42” — S27),
with oxidation peaks observed at -0.07, 0.23, and 0.62V, repre-
senting the reverse reactions [26]. These peaks are clearly visi-
ble for NbN/TiN@N-C but are less pronounced for NbN@N-C and
TiN@N-C. The charge transport within the electrode material is
closely related to its intrinsic electrical conductivity. To assess this,
Fig. 4g presents the EIS results of symmetric cells with the three
catalysts. NbN/TiN@N-C demonstrates a smaller charge transfer
resistance, facilitating faster redox conversion. The charge trans-
fer resistence of NbN/TIN@N-C (4.76 2) is lower than that of
NbN@N-C (8.33 2) and TiN@N-C (14.84 2), confirming its su-
perior electrical conductivity. Further insights into the LiPSs con-
version kinetics were obtained through Tafel analysis (Fig. 4h).
The exchange current densities (ip) calculated from the linear fit-
ting of the partial Tafel region indicate that the NbN/TiN@N-C
electrode has an outstanding iy of 1.05mA/cm? for reduction and
1mA/cm? for oxidation, significantly higher than the values for
NbN@N-C (0.003mA/cm? for reduction and 0.0029mA/cm? for
oxidation) and TiN@N-C (5.13 x 103 mA/cm? for both reduction
and oxidation). Finally, chronoamperometry curves (Fig. 4i) from
Li,Sg symmetric batteries with the three catalysts demonstrate
that the current response is notable, indicating the detected cur-
rent mainly arises from lithiation/delithiation reaction rather than
double-layer capacitance [38]. Meanwhile, the current response for
NbN/TiN@N-C electrode is the highest and further confirms its su-
perior LiPSs conversion capability. The enhanced catalytic activity
can be attributed to interfacial electron redistribution and syner-
gistic catalytic effect induced by the NbN/TiN heterostructure, ef-
fectively lowering the energy barrier for LiPSs conversion and ac-
celerating their redox reaction kinetics.

The deposition and dessolution behaviors of Li,S were investi-
gated through potentiostatic discharge and charge tests to evalu-
ate the catalytic activity of materials for rapid bidirectional liquid-
solid conversion of LiPSs. As shown in Fig. S12 (Supporting in-
formation), the Li,S deposition capacity for NbN/TiN@N-C is 304
mAh/g, which is higher than that of NbN@N-C (268 mAh/g)
and TiN@N-C (242 mAh/g). This enhanced capacity is attributed
to the superior adsorption ability and catalytic activity of the
NbN/TiN@N-C heterostructure. Additionally, the deposition peak
for NDN/TIN@N-C is observed at 190s, much earlier than the de-
position peaks for NbN@N-C (228 s) and TIN@N-C (242 s), indicat-
ing faster nucleation of Li,S (Fig. S12). Corresponding Li,S dessolu-
tion measurements were performed to evaluate the catalytic per-
formance, as shown in Fig. S13 (Supporting information). The Li,S
dissolution capacity for NbN/TiN@N-C is 591 mAh/g, which is sig-
nificantly higher than the capacities for NbN@N-C (580 mAh/g)
and TiN@N-C (537 mAh/g). Furthermore, the dissolution peak for
NbN/TiN@N-C occurs the earliest at 221 s, while those for NboN@N-
C and TiN@N-C appear later at 385s and 351 s, respectively. These
results demonstrate the superior Li,S dessolution and catalytic ac-
tivity of NbN/TiN@N-C. To further assess the deposition and desso-
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lution kinetics of Li,S, the are Ak? values were calculated us-
ing the equation Ak? =2/(ty3), where higher Ak? values indicate
faster deposition and dessolution rates [38,39]. As shown in Fig.
S14 (Supporting information), the Ak? values for NbN/TiN@N-C are
9.3 x 1078 S3 (deposition) and 5.4 x 1078 S-3 (dissolution), which
are significantly higher than those for NbN@N-C (5.4 x 108 S-3
and 1.1 x 1078 $73) and TIN@N-C (4.5 x 1078 S~3 and 1.5 x 1078 S73),
indicating that the NbN/TiN heterostructure can greatly accelerate
the Li,S nucleation and precipitation kinetics.

The superior catalytic performance of NbN/TiN@N-C for LiPS
conversion prompted the assembly of coin-type Li-S batteries us-
ing different materials as separators and S/C composites as cath-
odes to evaluate their electrochemical behavior. Fig. 5a presents
the initial five cyclic voltammetry (CV) curves for NbN/TiN@N-C
at a scan rate of 0.1 mV/s and a voltage range of 1.7-2.8V. Two
distinct reduction peaks are observed: One at 2.27V (Peak 1), as-
sociated with the conversion of Sg to soluble long-chain LiPSs
(Li;Sp,4 <n<8), and another at 2.03V (Peak 2), corresponding to
the formation of insoluble Li,S,/Li,S [2]. An anodic peak at 2.40V
(Peak 3) corresponds to the oxidation of Li,S;,/Li,S to soluble Li, S,
and back to sulfur [40]. Upon subsequent cycles, the reduction
peaks shift to higher potentials, while the oxidation peaks shift to
lower potentials, likely due to electrochemical activation processes
[21]. Notably, the CV curves overlap after the second cycle, demon-
strating the exceptional reversibility and stability of NbN/TiN@N-
C. To gain deeper insight into the catalytic behavior, in situ X-ray
diffraction (XRD) tests were performed to monitor the evolution
of sulfur species during the discharge/charge process. As shown
in Fig. 5b, the initial peaks at 22.7°, 26.4°, 27.4°, and 28.3° cor-
respond to o-Sg (JCPDS No 77-0145). During lithiation, the o-Sg
peaks gradually disappear, indicating the rapid transformation of
sulfur into LiPSs. A new peak at 26.8°, corresponding to Li,S, grows
in intensity and reaches its maximum at 1.7V. During charging,
the Li,S peak gradually fades, and B-Sg peaks reappear, with the
most distinct peaks observed at 2.8V [22,41,42]. These results con-
firm that sulfur species undergo a reversible conversion process.
The evolution of the in-situ XRD patterns demonstrates that the
NbN/TiN@N-C heterojuction, with its interfacial electron coupling,
facilitates superior phase transformation of sulfur species, thereby
inhibiting the shuttle effect of LiPSs and enhancing sulfur utiliza-
tion.

To further evaluate the lithium-ion diffusion kinetics, the
lithium-ion diffusion coefficient (D;+) was calculated using the
following Randles-Sevick equation [43,44]:

I, =(2.69 x 105)n'5AD, . 05 Cv05 (1)

where I, represents the peak current, n is the number of elec-
trons transferred during the redox reaction, A (cm?) is the elec-
trode area, Dj;+ (cm?/s) is the Lit+ diffusion coefficient, C (mol/cm?)
is the concentration of Li* in the electrolyte, and v (V/s) is the
scan rate. Among these parameters, n, A, and C are constants [45].
As shown in Fig. 5c, the calculated Dj;+ values for NbN/TiN@N-
C are 1.66 x 108 cm?/s (Peak 1) and 2.12 x 108 cm?/s (Peak 3),
which are significantly higher than those of NbN@N-C and TiN@N-
C. This result clearly demonstrates that the NbN/TiN@N-C offers
the most favorable Li™ transport kinetics, attributed to the sta-
ble electric field effect between NbN and TiN that promotes effi-
cient redox charge transfer. Additionally, the galvanostatic intermit-
tent titration technique (GITT) was conducted to further quantify
Lit diffusion and polysulfide conversion kinetics (Fig. 5d). Based
on the correlation between overpotential and pulse current re-
sponse, the internal reaction resistances of the three cells during
the discharge-charge cycles were calculated. As shown in Figs. 5e
and f, the NbN/TiN@N-C-based cell exhibits the lowest reaction
resistance compared to NbN@N-C and TiN@N-C, confirming that
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Fig. 5. (a) The CV curves of NbN/TiN@N-C based cell at 0.1 mV/s. (b) In situ XRD patterns of NbN/TiN@N-C and the corresponding charge/discharge curve. (c) The summary
diagram of Dy;+ for various based LSBs. (d) GITT voltage profiles. (e) Discharge reaction resistance. (f) Charge reaction resistance. (g) EIS spectra of various based LSBs after
cycling. (h) The summary diagram of charge-transfer impedance for various based LSBs.

the NbN/TiN@N-C facilitates faster Li,S activation and nucleation.
These results are consistent with the preceding electrochemical
analyses and further validate the superior catalytic performance of
NbN/TiN@N-C.

Electrochemical impedance spectra (EIS) was conducted to fur-
ther investigate the enhanced redox kinetics of the cells with
NbN/TiN@N-C, NbN@N-C, and TiN@N-C separators. As depicted
in Fig. S15 (Supporting information), the NbN/TiN@N-C-based cell
exhibits the lowest charger-transfer resistance (R¢) in the high-
frequency semicircle region before cycling, indicating superior in-
terfacial charge-transfer ability and the corresponding equivalent
circuit model is illustrated. Notably, after 10 cycles at 0.5 C, the
impedance values of all cells decrease markedly, as shown in Fig.
5g, suggesting gradual electrode activation and improved elec-
trolyte penetration. The detailed fitting results of charge-transfer
kinetics for the different separators are summarized in Fig. 5h.
Among them, the NbN/TiN@N-C-based cell presents the lowest
Ry and R, values, implying minimal resistance to ion and electron
transport. Moreover, it also displays a smaller Warburg impedance
coefficient, consistent with the higher Li* diffusion coefficient de-
termined earlier (Fig. S16 in Supporting information) [46]. These
results collectively confirm that the NbN/TiN heterostructure ef-
fectively accelerates electron transfer and enhances overall redox
kinetics compared to the individual NbN and TiN counterparts.
Furthermore, the ability of different separators to suppress the
polysulfide shuttle effect was evaluated by self-discharge tests. As
shown in Fig. S17 (Supporting information), all batteries were cy-
cled at 0.5 C, followed by a resting period of 72h at the 20t
cycle, and then resumed cycling. The NbN/TiN@N-C-based cell
maintained a capacity retention of 94.5%, outperforming NbN@N-
C (93.2%) and TiN@N-C (92.3%) under the same conditions. This
superior capacity retention indicates that the NbN/TiN@N-C modi-
fied separator provides robust polysulfide anchoring and effectively
restrains the shuttle effect, thereby ensuring stable cycling perfor-
mance [47].

To fully explore the application potential of NbN/TiN@N-C, a se-
ries of tests were performed, leveraging its catalytic ability to ac-
celerate sulfur conversion kinetics as demonstrated by both exper-
imental and theoretical analyses. As shown in Fig. 6a, the long-
time cycling performance of cells with different separators was
evaluated at a current density of 0.5 C, with the first three cy-
cles performed at 0.2 C for activation. The results reveal that
the NbN/TiN@N-C-based cell achieves a higher initial discharge
capacity of 1550.7 mAh/g at 0.2 C, outperforming the NbN@N-
C (1459.6 mAh/g) and TiN@N-C (1377.3 mAh/g) cells. Notably,
the NbN/TiN@N-C/PP cell maintains a reversible capacity of 667.7
mAh/g after 600 cycles, with a low capacity decay rate of 0.074%
per cycle, highlighting its excellent cycling stability. The high ini-
tial capacity and long-cycle stability are attributed to the sta-
ble adsorption and catalytic activity of the stable NbN/TiN hete-
rocrystals. To further evaluate the cycling performance, the first
charge-discharge curves at 0.5 C were analyzed after five pre-
cycling cycles at 0.2 C for each separator. As shown in Fig. 6b,
the discharge profile is characterized by two distinct phases: Qy
and Q. Qy corresponds to the solid-liquid conversion of Sg to sol-
uble LiPSs, while Q is associated with the reduction of soluble
LiPSs to the final product Li,S,y [48,49]. The discharge profile in-
dicates that Q; dominates the majority of the capacity contribu-
tion, identifying it as the rate-determination step. The Q,/Qy ra-
tio is an important indicator for measuring the catalytic conversion
speed of LiPSs. In this case, the NbN/TIN@N-C-based cell exhibits
the highest Q,/Qy value of 2.33, outperforming NbN@N-C (2.14)
and TiN@N-C (1.86), thus demonstrating superior performance in
the liquid-solid conversion phase (Fig. 6¢). Furthermore, the polar-
ization potential (AE) of the NbN/TiN@N-C-based cell is 161 mV,
which is significantly lower than that of NbN@N-C (176 mV) and
TiN@N-C (188 mV), indicating better LiPSs redox reaction perfor-
mance on the NbN/TiN heterostructure sites [50,51].

To further evaluate the performance of the different batter-
ies, rate capability tests were conducted, as shown in Fig. 6d.
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Fig. 6. (a) Cycling performance of different based LSBs at 0.5 C. (b) Charge/discharge curves at the current density of 0.2 C. (c) The AE and Q. /Qy values obtained from
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based LSBs with high sulfur loading at 0.2 C.

The NDbN/TiN@N-C modified separator cell demonstrates excel-
lent rate performance with reversible capacities of 1538.3, 1261.7,
1102.4, 1011.1, 911.7, 813, 753.5, 708.5, and 663.7 mAh/g at cur-
rent densities of 0.125, 0.25, 0.5, 1, 2, 4, 6, 8, and 10 C, respec-
tively. Notably, the cell recovers a substantial reversible capacity of
998.9 mAh/g when the current density is reduced back to 0.5 C,
demonstrating its superior reversible performance. In contrast, the
NbN@N-C and TiN@N-C-based cells show lower rate performance,
underlining the enhanced catalytic and electronic properties of
NbN/TiN@N-C. This outstanding rate capability is attributed to its
moderate polysulfide adsorption and faster charge-transfer kinet-
ics, facilitated by the interface electron coupling within the evenly
distributed bimetallic heterojunction structure. The corresponding
charge-discharge curves of the three cells at different rates, shown
in Fig. S18 (Supporting information), further demonstrate that
the NbN/TiN@N-C separator exhibits more stable charge/discharge
plateaus, even at higher current densities. This stability is indica-
tive of lower potential polarization, which enhances the cell’s per-
formance at high current densities. As illustrated in Fig. 6e, the
NbN/TiN@N-C cell maintains an impressive cycling performance of
827.6 mAh/g at 1 C after 500 cycles. Moreover, the long-term cy-
cling stability of the NbN/TiN@N-C-based cell at a high current
density of 2 C is shown in Fig. S19 (Supporting information). The
battery retains a reversible capacity of 545.5 mAh/g after 1000 cy-
cles, with an exceptionally low capacity decay rate of 0.057 % per
cycle. To further assess the practical application potential, the cy-
cling performance of the NbN/TiIN@N-C separator was evaluated
under high sulfur loading conditions. As shown in Fig. 6f, with a
sulfur loading of 8.37 mg/cm? and an E/S value of 7.93uL/mg, the
battery maintains an areal capacity of 3.79 mAh/cm?2 at 0.2 C after
50 cycles.

In summary, a novel heterogeneous catalyst with highly
matched NbN/TiN nano-heterocrystals uniformly dispersed within
a hollow-porous N-doped carbon framework was successfully syn-
thesized using a facile template and calcination approach. This cat-
alyst was employed as a separator modifier to enhance the perfor-
mance of Li-S batteries. The heterointerface of the NbN/TiN sig-

nificantly enhances electron density, leading to stronger interac-
tions with LiPSs and promoting faster electron transfer, as con-
firmed by DFT calculations. Kinetic tests further demonstrated that
the NbN/TiN@N-C composite exhibits a robust chemical affinity
for LiPSs, excellent capabilities for rapid Li,S nucleation and de-
composition, and fast charge transfer kinetics. These remarkable
properties effectively suppress the shuttle effect caused by solu-
ble LiPSs. Additionally, NbN/TiN@N-C facilitates efficient reversible
reactions during the charge/discharge cycles, as evidenced by per-
formance testing and in-situ XRD analysis. As a result, cells uti-
lizing the NbN/TiN@N-C modified separator deliver superior rate
performance, achieving 663.7 mAh/g at 10 C and exceptional cy-
cling stability with 827.6 mAh/g at 1 C after 500 cycles. This work
highlights the catalytic potential of the highly matched heteroge-
neous strategy and demonstrates the bright promise of heterojunc-
tion catalysts for the practical application of lithium-sulfur batter-
ies.
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