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ABSTRACT: Lithium-sulfur (Li-S) batteries are promising
candidates for next-generation energy storage devices due
to their high energy density, low cost, and environmental
friendliness. However, their practical application remains
limited by the polysulfide shuttle effect, sulfur volume
expansion, and poor electronic conductivity of S and Li,S.
In this study, titanium carbide (TiC) was grown on Ti foam
using chemical vapor deposition (CVD) to construct a
binder-free, highly conductive, and porous TiC-Ti three-
dimensional (3D) framework sulfur host for enhancing the
Li—S battery performance. This 3D framework combines
highly porous Ti foam with the polar surface of CVD-
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synthesized TiC nanoflowers, enabling efficient electron and ion transport, anchoring polysulfides to mitigate the shuttle
effect, and accommodating sulfur volume expansion for enhanced cycling stability. Our study demonstrated that Li-S
batteries utilizing TiC-Ti 3D framework@$S cathodes achieved a high initial discharge capacity of 1506 mAh-g™ at 0.1 C and
maintained 93.3% of their capacity after 500 cycles at 1 C, with an exceptionally low average capacity decay of 0.01% per
cycle. Additionally, the TiC-Ti 3D framework@S cathodes exhibited reduced charge transfer resistance after cycling,
indicating enhanced interfacial reaction kinetics and stability. These findings confirm that the CVD-synthesized TiC-Ti 3D
framework can serve as an efficient binder-free sulfur host, which provides a promising material and structural strategy for

high-performance Li—S battery design.

KEYWORDS: lithium—sulfur batteries, chemical vapor deposition (CVD), titanium foam, titanium carbide (TiC), three-

dimensional (3D) framework, sulfur host

1 Introduction

The increasing demand for high-performance energy storage
solutions across various industries, such as consumer electronics,
electric vehicles, and renewable energy storage systems, has driven
interest in advanced battery technologies [1-3]. Lithium-sulfur
(Li-S) batteries, benefiting from the multi-electron redox
conversion of sulfur, can offer a high theoretical capacity of
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1675 mAh-g”, making them promising candidates for next-
generation energy storage systems [3—5]. Additionally, sulfur is
abundant, cost-effective, and environmentally friendly, further
enhancing its potential for sustainable energy applications [6, 7].
However, the practical implementation of Li-S batteries in real-
world applications faces several critical challenges, including the
poor electrical conductivity of sulfur and its discharge products,
substantial volume expansion during cycling, and the dissolution
and migration of lithium polysulfides (Li,S,, 4 < n < 8), known as
the shuttle effect [8—10]. The shuttle effect leads to the irreversible
loss of active material, electrode interface degradation, and side
reactions, resulting in decreased Coulombic efficiency, accelerated
capacity decay, and poor cycle life [11, 12]. These challenges
severely hinder the commercialization of Li-S batteries.
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The conventional slurry coating method for Li-S cathodes
involves mixing sulfur with conductive agents (such as carbon black
[13], graphene [14], and carbon nanotubes [15]) and binders, then
applying it to a metal current collector. However, binders impede
charge transport [16, 17], the current collector lacks volume
buffering, and high shrinkage stress during drying can cause
material detachment, leading to performance degradation and poor
cycling stability [18—20]. To address these issues, porous conductive
materials (such as porous carbon [21, 22] and metal foams [23, 24])
have been used as current collectors and effective sulfur hosts to
provide strong sulfur adhesion and efficient electron/ion transport
pathways [24-26], while eliminating the need for binders.
Additionally, their intrinsic porosity accommodates volume
expansion while physically confining polysulfides, thereby
mitigating the shuttle effect and enhancing cycling stability and rate
performance [21, 24, 27].

Titanium carbide (TiC) is an excellent candidate for sulfur
hosting due to its high hardness (31.7 GPa) [28, 29], superior
electrical conductivity (10°-10* S-cm™) [30-32], and high melting
point (3160 °C) [29, 33], along with its chemical stability [34, 35]
and polysulfide anchoring capability [31, 36, 37]. Its polar surface
can effectively immobilize polysulfides and catalyze sulfur redox
conversion, thereby mitigating the shuttle effect [8, 38, 39], while its
high electrical conductivity enables efficient mediation of rapid
electron transfer and charge transport for electrochemical reactions.
Various approaches have been employed to integrate TiC
nanostructures into Li-S batteries, including the in situ reduction of
TiO, nanofibers and the embedding of TiC nanoparticles [31, 39].
These strategies enhance polysulfide immobilization, reduce
interfacial resistance, and improve sulfur utilization and rate
capability. To further enhance the performance of Li-S batteries,
TiC structures must be engineered to mitigate the volume
expansion of the sulfur cathode during cycling. Chemical vapor
deposition (CVD) provides a precise and controllable method for
tailoring the nanostructure, crystallinity, and morphology of TiC
[40, 41]. We propose that a well-designed three-dimensional (3D)
TiC framework with a highly porous structure can serve as an
efficient sulfur host, offering high electrical conductivity and
structural resilience, ultimately enabling high-performance Li-S
batteries.

In this study, TiC nanoflowers were uniformly grown on porous
titanium foam (TF) via chemical vapor deposition to construct a
fluffy, porous, and highly conductive 3D TiC framework,
functioning as both a sulfur host and a binder-free current collector.
The CVD process ensures uniform TiC growth, significantly
increasing the specific surface area of the framework. The TiC-Ti
3D framework integrates the highly porous Ti foam with the polar
surface of CVD-synthesized TiC nanoflowers, which effectively
adsorb lithium polysulfides, mitigating the shuttle effect and
enhancing sulfur utilization. Additionally, the 3D porous TiC-Ti 3D
framework provides efficient electron/ion transport pathways and
accommodates sulfur volume expansion during charge-discharge
cycles, improving the structural stability of the electrode. Li-S
batteries utilizing the TiC-Ti 3D framework@S cathode
demonstrated an initial discharge capacity of 1506 mAh-g™ at 0.1 C
and retained 93.3% of their capacity after 500 cycles at 1 C, with an
exceptionally low capacity decay of just 0.01% per cycle, showcasing
excellent cycling stability. These results highlight the potential of
CVD-synthesized TiC-Ti 3D framework as an efficient sulfur host,
providing a promising strategy for high-performance Li-S battery
development.
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2 Experimental

2.1 Materials

Titanium foam (thickness: 0.25 mm, porosity: 50%-78%, and areal
density: 100 mg:cm™) was purchased from TIBROMTACK, and
TiCl, (99.6%) was purchased from Fisher Scientific. Aluminum foil
(99.95%), lithium foil (99.9%), Super P conductive carbon black
(acetylene black), polyvinylidene fluoride (PVDF) powder (99.5%),
1200 °C compact split tube furnace, and quartz tube were
purchased from MTI Corp. Ar gas (ultra-high purity grade) and
CH, (ultra-high purity grade) were purchased from Matheson Gas.

2.2 Synthesis of TiC-Ti 3D framework and TiC powder
(TiC-P)

Before the experiment, the titanium foam was ultrasonically cleaned
with acetone and ethanol to remove surface contaminants, followed
by vacuum drying. A 1 cm x 1 cm piece of titanium foam was
placed in an alumina boat, and then the alumina boat was placed
into the quartz tube of a tube furnace. The CVD system was heated
to 950 °C over 30 min under an argon flow rate of 120 sccm. Then
Ar/TiCl, and CH, are introduced into the CVD system at flow rates
of 120 and 5 sccm, respectively. After reacting at 950 °C for 1 h, the
flow of CH, and TiCl, is stopped while maintaining an argon flow
rate of 120 sccm. The tube furnace cover was opened to rapidly cool
the system to room temperature, and the resulting TiC-Ti 3D
framework was collected. The synthesis process of TiC-P followed a
similar procedure to that of TiC-Ti 3D framework, with a 1 cm x
1 cm piece of titanium foil used as the raw material. The CVD
reaction was conducted for 2 h to ensure complete reaction of the
titanium foil.

2.3 Preparation of TiC-Ti 3D framework@S, TF@S, and
TiC-P@S
0.5 g of sulfur was dissolved in 10 mL of toluene at 80 °C. Then,
100 pL of the sulfur-toluene solution was dropped-cast onto the
TiC-Ti 3D framework substrate. After the complete evaporation of
toluene, the sample was placed in an oven and subjected to molten
infiltration at 155 °C for 12 h. After cooling, the TiC-Ti 3D
framework@S was obtained. The synthesis procedure for TF@S was
similar, except that the TiC-Ti 3D framework substrate was
replaced with titanium foam. The sulfur loading was calculated by
measuring the sample mass before and after sulfur infiltration. The
sulfur loading of the TiC-Ti 3D framework@S is 2.0 mg-cm™
TiC-P@S was prepared by sulfur impregnation of TiC-P using a
molten diffusion method. Briefly, TiC-P and sulfur were mixed at a
mass ratio of 1:3 and ground thoroughly. The mixture was then
transferred to a sealed polytetrafluoroethylene (PTFE) container
and heated at 155 °C for 12 h, yielding the TiC-P@S sample.

24 Material characterization

The morphologies of the samples were characterized by scanning
electron microscopy (SEM, S-4700, FESEM, Hitachi). X-ray
diffraction (XRD) patterns were recorded using a Rigaku SmartLab
diffractometer. Surface composition was analyzed using X-ray
photoelectron spectroscopy (XPS) on a ThermoFisher K-Alpha
XPS/UPS photoelectron spectrometer, with all spectra calibrated to
a C 1s peak at 284.8 eV. Nitrogen adsorption-desorption isotherms
were acquired using Micromeritics analyzer (Micromeritics 3Flex)
to calculate the specific surface area.

Tsinghua University Press
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2.5 Electrochemical measurements

The electrochemical performances of the samples are evaluated in
CR2032-type coin cells. The TiC-Ti 3D framework@$S and TF@S
were directly used as working electrodes. TiC-P@S working
electrodes were made up of TiC-P@S, conducting carbon, and
PVDF binder (the ratio of 7:2:1), formed with N-methyl-2-
pyrrolidinone (NMP) solvent, coated on aluminum foil. The as-
prepared working electrodes were dried in a vacuum oven at 80 °C
for 12 h. Finally, the electrodes were cut into 12 mm circular disks.
In lithium-sulfur batteries (Li-S), 16 mm commercial lithium foil
acts as counter electrode, Celgard 2320 acts as separator, and 1.0 M
lithium  bis(trifluoromethanesulfonyl)imide  (LiTFSI) in 1,2-
dimethoxyethane (DME):1,3-dioxolane (DOL) = 1 vol%:1 vol%
with 1.0% LiNO; acts as electrolyte. All cells were assembled in an
argon-filled glovebox. The cycling and rate performance was tested
on a battery test system (BTS, CT-4008, Neware, China) with a
voltage ranging from 1.7 to 2.8 V. The cyclic voltammetry (CV)
curves were recorded within a voltage window of 1.7-2.8 V at
various scan rates using an electrochemical workstation (CHI-760E,
Shanghai Chen Hua Instrument Co., Ltd.). The electrochemical
impedance spectroscopy (EIS) was performed at a frequency
ranging from 0.01 Hz to 100 kHz using CHI-760E electrochemical
workstation. All measurements were conducted at room
temperature.

2.6 Adsorption test of lithium polysulfides

The Li,S¢ solution was prepared by dissolving sulfur and Li,S in a
molar ratio of 5:1 within a DOL/DME (1:1, v/v) solvent system at
60 °C for 24 h. Before the adsorption tests, all samples (TiC-Ti 3D
framework, TF, and TiC-P) were dried in a vacuum oven at 80 °C
for 12 h. Subsequently, the dried samples were immersed in a
2 mM Li,S; solution (5 mL) and stored under argon atmosphere for
24 h in a glove box. The supernatants were then collected for
ultraviolet-visible (UV-vis) absorption spectroscopy analysis.

3 Results and discussion

Figure 1(a) schematically illustrates the CVD process for
synthesizing TiC-Ti 3D framework, followed by the sulfur loading
process. In this method, CH, served as the carbon source, while
gaseous TiCl, and Ti foam acted as titanium sources. Additionally,
the Ti foam also served as the deposition substrate for TiC growth.
During the typical CVD synthesis, the system was gradually heated
to 950 °C. Due to the high volatility of liquid TiCl,, argon was used
as a carrier gas to transport TiCl, vapor into the reaction chamber,
where it reacted with CH,, leading to the uniform deposition of TiC
on the Ti foam within 1 h. The entire reaction process was
conducted under an inert Ar atmosphere. After synthesizing TiC-Ti
3D framework, sulfur was loaded into its porous framework

Ti foam

TiC-Ti 3D framework@S
%I i

950°C,1h

TiC-Ti 3D

P framework

Figure1 (a) Schematic illustration of the synthetic process of TiC-Ti 3D framework using the CVD method, followed by the sulfur loadmg process. (b) Digital image of
Ti foam. ((c) and (d)) SEM images of Ti foam. (e) Digital image of TiC-Ti 3D framework. ((f) and (g)) SEM images of TiC-Ti 3D framework.
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through a molten infiltration process. A sulfur-toluene solution was
drop-cast onto the TiC-Ti 3D framework substrate and dried to
remove the solvent. A sulfur-toluene solution was drop-cast onto
the TiC-Ti 3D framework substrate and dried to remove the
solvent. After cooling, the sulfur-loaded TiC-Ti 3D framework@S
was obtained. The well-controlled CVD-grown TiC layer with a
nanoflower structure on Ti foam provides a high surface area,
highly conductive, and mechanically robust scaffold that ensures
uniform sulfur distribution and mitigates volume expansion. Its
porous structure provides abundant sites for polysulfide
immobilization, effectively suppressing the shuttle effect. The
combination of these structural and chemical advantages enhances
the electrochemical stability and cycling performance of Li-S
batteries.

The morphologies of Ti foam before and after TiC growth were
characterized using SEM. As shown in the digital images (Figs. 1(b)
and 1(e)), the pristine Ti foam exhibits a smooth, porous structure
with a metallic silver luster. After TiC growth, the surface becomes
fluffy and rough, covered with a black TiC layer. The SEM images
reveal the smooth and porous structure of the pristine Ti foam
(Figs. 1(c) and 1(d)). In contrast, the CVD process induces the
formation of a dense, fluffy nanoflower-like TiC morphology,
composed of stacked nanosheets uniformly deposited on the
surface of the Ti foam (Figs. 1(f) and 1(g)). Furthermore, cross-
sectional SEM images (Fig. S1 in the Electronic Supplementary
Material (ESM)) confirm that the TiC nanoflower layer is
uniformly coated not only on the external surface but also along the
internal pore walls of the Ti foam, with a coating thickness of
approximately 8.9 um.

Figure 2(a) is the energy dispersive spectroscopy (EDS) elemental
mapping of TiC-Ti 3D framework, confirming the uniform
distribution of Ti, C, and Cl on the sample surface. The presence of
Cl is attributed to residual TiCl, precursor from the synthesis

process. Additionally, elemental composition analysis from EDS
(Fig. S2 in the ESM) shows a Ti/C ratio close to 1:1, further
indicating the uniform growth and coverage of TiC on the Ti foam
surface.

Traditional CVD methods use TiCl, as the titanium source to
deposit TiC films on graphite or metal substrates via a gas-phase
reaction [42, 43], which may result in weak interfacial adhesion
between the TiC layer and the substrate. In contrast, our method
utilizes both TiCl, and Ti foam as titanium sources. It was reported
that Ti will react with CH, via a gas-solid chemical reaction at
temperatures above 700 °C [40, 41, 44], enabling the in situ growth
of TiC on the Ti substrate. The combination of two TiC synthesis
reactions ensures strong interfacial bonding, enhances mechanical
stability, and prevents the shedding of TiC during cycling. This
robust adhesion improves the structural durability and
electrochemical performance of TiC-Ti 3D framework, making it a
more stable and binder-free sulfur host for Li-S batteries.

The elemental composition and chemical states of TiC-Ti 3D
framework were analyzed using XPS. The survey spectrum (Fig.
S3(a) in the ESM) confirms the presence of Ti, C, and Cl, consistent
with the EDS results. The high-resolution Ti 2p spectrum (Fig. 2(b))
exhibits binding energy peaks at ~ 455.0, ~ 456.7, and ~ 461.1 eV,
corresponding to Ti-C bonds [45], confirming the successful
formation of TiC on Ti foam. A peak at ~ 455.7 eV is attributed to
Ti-O bonds, likely caused by surface oxidation, while the peak at
~ 4589 eV is assigned to Ti° (2p,,) [40]. The C 1s spectrum
(Fig. 2(c)) displays binding energy peaks at ~ 282.1, ~ 284.8, and
~ 286.0 eV, corresponding to C-Ti, C-C, and C-O bonds,
respectively [46]. Additionally, the Cl 2p spectrum (Fig. S3(b) in the
ESM) shows peaks at ~ 199.3 and ~ 201.0 eV, associated with CI-Ti
and CI-C bonds [40]. Raman spectroscopy was performed on TiC-
Ti 3D framework and TiC-P (Fig. 2(d)). Both samples exhibited
three distinct peaks at 608.5, 419.3, and 260.0 cm™, which
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Figure2 (a) SEM and EDS mapping images of Ti, C, and Cl for TiC-Ti 3D framework. ((b) and (c)) High-resolution XPS spectra of Ti 2p and C 1s of TiC-Ti 3D
framework. (d) Raman spectra of TiC-Ti 3D framework and TiC-P. (¢) XRD spectra of TiC-Ti 3D framework, TiC-P, and Ti foam. (f) XRD spectrum of TiC-Ti 3D

framework@S.
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correspond to the characteristic Raman scattering signals of TiC
[40, 47]. According to the Brunauer-Emmett-Teller (BET) analysis
results (Fig. $4 in the ESM), the Ti foam exhibits a negligible
specific surface area, whereas the TiC-Ti 3D framework shows a
significantly increased surface area of 11.0 m*g’, comparable to
other porous TiC nanostructures [31, 48, 49]. This improvement is
attributed to the surface coverage by TiC nanoflowers, which
introduces porous structures within the framework. Such
hierarchical porosity not only facilitates electrolyte infiltration and
ion transport but also physically confines lithium polysulfides,
effectively suppressing the shuttle effect, contributing to the
enhanced electrochemical performance of the Li-S batteries.

The XRD patterns of TiC-Ti 3D framework, TiC-P, and Ti foam
are shown in Fig. 2(e). The Ti foam exhibits characteristic peaks at
(100), (002), (101), (102), (110), and (103), while TiC-Ti 3D
framework and TiC-P show (111), (200), (220), and (311) peaks,
matching the cubic TiC structure (PDF#32-1383) [40] and
confirming successful synthesis of TiC. Weak characteristic peaks of
Ti foam remain visible in the XRD pattern of TiC-Ti 3D
framework, indicating the retention of the original Ti framework.
Figure 2(f) shows the XRD pattern of TiC-Ti 3D framework@S,
revealing distinct elemental sulfur (Sg) peaks [22] alongside TiC
characteristic peaks. The peaks align with the standard Sg pattern
(PDF#08-0247), confirming successful sulfur loading onto the TiC-
Ti 3D framework. Furthermore, cross-sectional EDS mapping (Fig.
S5 in the ESM) demonstrates that sulfur is uniformly distributed
throughout the internal structure of the TiC-Ti 3D framework after
the melt infiltration process, indicating that sulfur can effectively
infiltrate into the 3D framework.

The TiC-Ti 3D framework@S was used as cathode and lithium
foil as the anode to assemble CR2032 coin cells for electrochemical
performance evaluation. The galvanostatic charge-discharge
(GCD) test results for TiC-Ti 3D framework@S and TiC-P@S are
shown in Fig. 3(a) and Fig. S6 in the ESM, respectively. Both
samples exhibited typical charge-discharge plateaus at 2.3 and

2.1 V, corresponding to the reduction of Sg to long-chain
polysulfides (Li,S,, 4 < n < 8) and further reduction to Li,S, and
Li,S [22]. To further investigate the sulfur conversion mechanism,
XPS analysis of sulfur species at different electrochemical states was
conducted (Fig. S7 in the ESM). The results confirm the reversible
conversion between Sg and Li,S during cycling, providing direct
evidence for the redox process and supporting the observed
electrochemical behavior. Besides, TiC-Ti 3D framework@S
demonstrated a higher initial discharge capacity of 1506 mAh-g”,
compared to 902 mAh-g” for TiC-P@S, indicating its enhanced
sulfur utilization. Figure 3(b) presents the CV curves of TiC-Ti 3D
framework@S for the first three cycles at a scan rate of 0.05 mV-s™.
After the initial scan (indicating the formation of solid electrolyte
interface (SEI)), the overlapping CV curves of the second and third
cycles indicate the effective lithium polysulfide capture and excellent
electrochemical stability of TiC-Ti 3D framework@S. The reduction
peaks at 2.25 and 1.89 V indicate the stepwise conversion of Sg to
Li,S, and Li,S, while the broad continuous oxidation peaks around
2.52'V correspond to their reoxidation into long-chain polysulfides
and ultimately to Sq [18, 50].

The rate performance of TiC-Ti 3D framework@$ and TiC-P@S
was evaluated at current densities from 0.1 to 2 C (Fig. 3(c)). TiC-Ti
3D framework@S exhibited discharge capacities of 935.92, 838.86,
679.17, 48741, and 31391 mAhg" at 0.1, 02, 0.5, 1, and 2 C,
respectively, whereas TiC-P@S delivered lower capacities of 410.32,
318.66, 264.05, 222.51, and 185.33 mAh-g". Notably, when the
current density returned to 0.1 C, TiC-Ti 3D framework@S
regained 876.69 mAhg' (93.7% retention), while TiC-P@S
recovered only 271.79 mAh-g" (66.1% retention). These results
demonstrate the superior rate capability of TiC-Ti 3D
framework@S and its excellent structural stability even after cycling
at high current densities.

EIS tests of TiC-Ti 3D framework@S were performed before and
after cycling (Fig. 3(d)), with the equivalent circuit shown in Fig. S8
in the ESM. After cycling, TiC-Ti 3D framework@S showed a
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Figure3 (a) Galvanostatic charge-discharge tests of TiC-Ti 3D framework@S at 0.1 C. (b) First three CV cycle curves of TiC-Ti 3D framework@S. (c) Rate performance
of TiC-Ti 3D framework@$ and TiC-P@S. (d) Nyquist plots of TiC-Ti 3D framework@S$ before and after 50 cycles. (e) Cycling performance at a current density of 0.1 C
of TiC-Ti 3D framework@$ and TiC-P@S. (f) Cycling performance at a current density of 1 C of TiC-Ti 3D framework@S, TiC-P@S, and Ti foam@S.
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significant reduction in charge transfer resistance (R), decreasing
from 2332 to 9.9 Q (Table S1 in the ESM), which indicates
improved interfacial reaction kinetics. This improvement confirms
that TiC-Ti 3D framework@S maintains excellent electrochemical
performance while enhancing interfacial reaction dynamics,
validating its feasibility as a lithium-sulfur cathode.

The cycling performance at 0.1 C (Fig. 3(e)) shows that TiC-Ti
3D framework@S exhibits a higher initial capacity and better
retention than TiC-P@S. The rapid capacity decay of TiC-P@S
indicates insufficient polysulfide confinement, while the stable
capacity of TiC-Ti 3D framework@$S reflects improved sulfur
utilization and structural stability. To further investigate the stability
of TiC-Ti 3D framework@S as a lithium-sulfur battery cathode, its
long-term cycling performance was evaluated at a high current
density of 1 C (Fig. 3(f)). After activation at 0.1 C, the initial
discharge capacities at 1 C for TiC-Ti 3D framework@S, TiC-P@S,
and Ti foam@S were 523, 218, and 23 mAh-g", respectively. The
slight capacity drop observed during the early cycles is mainly due
to the increased current density after activation and the irreversible
loss of active material from polysulfide dissolution. Despite this
initial decline, the battery exhibits excellent capacity retention and
stable cycling performance in the subsequent cycles, indicating
improved interfacial stability and enhanced redox reversibility.
After 500 cycles at 1 C, TiC-Ti 3D framework@S retained
488 mAh-g™ with 93.3% capacity retention and an average decay of
just 0.01% per cycle, while maintaining a Coulombic efficiency
above 97%. In contrast, TiC-P@S retained only 126 mAh-g" after
500 cycles (57.8% retention). Ti foam@S showed negligible capacity,
demonstrating the superior cycling stability of TiC-Ti 3D
framework@$ even at high rates. Compared to materials reported
in relevant references (Table S2 in the ESM), the TiC-Ti 3D
framework@S demonstrates competitive capacity, cycling stability,
and long-term retention performance. Furthermore, the

Ti foam ;['iC—'i'i iD Blank
framework

" Blank

oam TiC-Ti 3D
‘ framework

charge-discharge curves of TiC-Ti 3D framework@S remained
highly consistent after 500 cycles at 1 C (Fig. S in the ESM). Under
high sulfur loading (5 mg-ecm?), the TiC-Ti 3D framework@S
electrode still exhibits good cycling stability, maintaining
360 mAh-g* with 80% capacity retention after 500 cycles at 1 C
(Fig. S10 in the ESM). This superior stability stems from the
structural advantages of TiC-Ti 3D framework, where the porous
TiC nanoflowers accommodate sulfur expansion and maintain
electrode integrity. The interconnected porosity of Ti foam
alleviates stress, prevents structural collapse, and preserves contact
between the active material and conductive framework, ensuring
long-term electrochemical stability.

To investigate the structural changes of the electrodes after long-
term cycling, SEM analysis was conducted on TiC-Ti 3D
framework@$S and TiC-P@S before and after 500 cycles. As shown
in Figs. 4(a) and 4(b), TiC-Ti 3D framework@S maintained its
porous TiC nanoflower structure after long-term cycling. XRD
analysis (Fig. S11 in the ESM) further confirms that the surface
crystallization in Fig. 4(b) is due to the re-deposition of Sg during
charging, consistent with the sulfur signal in Fig. 2(f). The SEM
image (Fig. S12(a) in the ESM) and EDS mapping (Fig. S12(b) in
the ESM) of TiC-Ti 3D framework@S charged to 2.8 V confirm
uniform sulfur distribution within the TiC nanoflowers, indicating
effective sulfur confinement. In contrast, TiC-P@S exhibits
significant aggregation and structural collapse, with reduced
porosity and surface cracks (Figs. S13(a) and S13(b) in the ESM).
Additionally, compared to Fig. S13(c) in the ESM, digital images
(Figs. S13(d) and S13(e) in the ESM) reveal severe wrinkling and
delamination of the TiC-P@S electrode, likely due to volume
expansion of sulfur, causing material deformation and detachment
from the current collector, leading to performance degradation.
Although a higher binder content could mitigate this issue, it would
also cover more active sites, negatively impacting electrochemical
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Figure4 ((a) and (b)) SEM images of TiC-Ti 3D framework@S$ before cycling (a) and after 500 cycles (b) at 1 C for Li-S batteries. ((c) and (d)) Adsorption test of
lithium polysulfides: (c) digital images of Li,S solution after adsorption by TiC-Ti 3D framework and Ti foam and (d) UV-vis spectra of Li,S, solution after adsorption by

TiC-Ti 3D framework and Ti foam.
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performance. For the binder-free TiC-Ti 3D framework@S, it
maintained its structural integrity after long-term cycling, with the
TiC nanoflowers remaining tightly attached to the Ti foam surface
without delamination (Fig. S14 in the ESM). These findings
demonstrate that the nanoflower TiC structure, coupled with the
robust Ti foam framework, effectively accommodates sulfur volume
expansion and preserves electrode integrity.

To verify the adsorption effect of TiC-Ti 3D framework for
lithium polysulfides, we investigated the adsorption behavior of TiC-
Ti 3D framework and Ti foam toward Li,S, [18, 51]. Three vials
were prepared, each containing 5 mL of a 2 mM Li,S; solution. The
first vial served as a blank control with no additional material, while
Ti foam and TiC-Ti 3D framework were added to the second and
third vials, respectively, and all were placed in an argon-filled
glovebox. The color change of the solutions over time was visually
monitored to evaluate the adsorption performance. As shown in
Fig. 4(c), the solution with TiC-Ti 3D framework gradually
lightened over time and turned completely clear after 24 h,
indicating effective polysulfide adsorption. In contrast, no
significant color change was observed in the blank solution or the
solution with Ti foam. These results confirmed the strong
adsorption capability of TiC-Ti 3D framework for lithium
polysulfides. The UV-vis spectra of the Li,S; solutions after
adsorption are shown in Fig. 4(d). The characteristic absorption
peaks observed in the range of 350-550 nm are attributed to
polysulfides. Compared to the blank control, the solution
containing Ti foam showed a slight absorbance decrease, while the
solution with TiC-Ti 3D framework exhibited a significant
reduction, indicating superior adsorption capacity [18, 51]. This
result further confirms TiC-Ti 3D frameworK’s effectiveness as a
sulfur cathode host, efficiently adsorbing lithium polysulfides and
suppressing the shuttle effect.

4 Conclusions

In this study, TiC nanoflowers were uniformly grown on Ti foam
using CVD to construct a binder-free, highly conductive, and
porous TiC-Ti 3D framework sulfur host. The polar surface of TiC
effectively anchors lithium polysulfides, suppressing the shuttle
effect and enhancing sulfur utilization. The nanoflower-like TiC
structure, combined with the 3D porous framework of Ti foam,
provides efficient electron/ion transport pathways while buffering
volume expansion during charge-discharge cycles, thereby
improving electrode structural stability and cycling lifespan.
Electrochemical tests demonstrated that TiC-Ti 3D framework@S
achieved an initial discharge capacity of 1506 mAh-g™ at 0.1 C and
retained 93.3% of its capacity after 500 cycles at 1 C, with an
average capacity decay of only 0.01% per cycle. Additionally, TiC-Ti
3D framework@S$ exhibited lower charge transfer resistance after
cycling, indicating enhanced interfacial reaction kinetics, which
further improved its rate performance and cycling stability. This
study demonstrates the benefits of the CVD-synthesized TiC-Ti 3D
framework in suppressing the shuttle effect, enhancing sulfur
utilization, and improving electrode structural stability. These
findings present a promising material and structural strategy for
high-performance Li-S batteries and provide valuable insights for
the future design and optimization of sulfur cathode materials.

Electronic Supplementary Material: Supplementary material
(EDS, XPS, BET, GCD, and SEM test results) is available in the
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