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Two-dimensional MXene materials have garnered significant attention in lithium—sulfur battery (LSBs)
research due to their inherent high electrical conductivity and exceptional catalytic activity, which help
mitigate the intrinsic challenges of sluggish redox kinetics and polysulfide shuttling. However, systematic
investigations into the correlation between the structural evolution of MXene-based electrodes and their
electrochemical performance remain underdeveloped. In this study, TizC,T, and Ti,CT, are fabricated via
a top-down method, and their performance differences in LSBs are compared. Due to its unique three-
layer titanium atomic structure and rich surface functional groups (-OH, -O, —F, etc.), TizC,T, exhibits
excellent conductivity and chemical stability. Electrochemical testing and in situ ultraviolet—visible spec-
troscopy analysis show that TizC,T, effectively suppresses the polysulfide shuttle effect and accelerates
the redox conversion of sulfur species. The cell using TizC,T, as a separator exhibits a capacity decay rate
of 0.085% at 2 C after 200 cycles, and it maintains stable cycling at 60 °C, in contrast to Ti,CT,, which
fails after 50 cycles. This study highlights how structural differences in MXene materials influence the
electrochemical behavior of LSBs, providing new insights and establishing a foundation for their appli-
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1. Introduction

With the intensifying global energy crisis and worsening
environmental pollution, there is a pressing demand for the
development of next-generation, green, and durable energy
storage materials."™ Lithium-sulfur batteries (LSBs), offering
an outstanding theoretical specific capacity of approximately
1675 mA h g™* ® and a significant theoretical energy density of
about 2600 W h kg™,° are regarded as promising candidates
for next-generation high-energy-density energy storage
systems.” However, unlike the simple intercalation electro-
chemistry of lithium-ion batteries, LSBs operate through a
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completely reversible reaction between Sg and metallic
lithium.® Therefore, several challenges inevitably arise in prac-
tical applications, including: (1) the shuttle effect of polysul-
fides (LiPSs),'® (2) the insulating nature and substantial
volume fluctuations of lithium sulfide and sulfur,'* and (3) the
growth of dendritic lithium structures."?

To address the aforementioned issues, researchers typically
focus on improving the cathode material construction,'® modi-
fying the separator coating layer,"* and optimizing the electro-
lyte."> Among these approaches, modifying the separator
coating layer does not require complex structural design, and
the preparation process is relatively simple, making it favored
by researchers. The development of multifunctional separator
materials is expected to overcome the aforementioned issues
and yield higher-performance LSBs.'® In the early development
of separator coating modification, two-dimensional graphite-
based carbon materials’” were recognized by researchers for
their excellent conductivity and adsorption properties, and
were applied to modify separator materials. However, since
these materials are nonpolar, their interaction with the polar
LiPSs is weak.'®'® Therefore, polar materials such as Ti0,*°
and BN*' have been applied to strengthen the interaction with
LiPSs. In spite of this, the accumulation of a large amount of
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LiPSs in the cathode and separator materials still leads to the
loss of active materials. In recent years, materials that catalyti-
cally convert LiPSs have gradually been discovered and widely
applied in LSBs. Two-dimensional materials, owing to their
large specific surface reactivity and tunable surface chemical
properties, have been extensively applied in separator
materials.>?

MXenes are a category of two-dimensional materials incor-
porating transition metals (M) and carbon or nitrogen (X),
characterized by a distinctive layered structure. Their chemical
formula is typically identified as M,,,1X,, Ty, where M denotes
transition metal elements (such as Ti, Nb, Zr, etc.), X indicates
carbon or nitrogen, and T refers to surface functional groups
(such as -OH, -0, -F, etc.).>> MXenes have become a promi-
nent research focus for LSB separator materials in recent
years, owing to their exceptional electrical conductivity, layered
architecture, and abundant surface functional groups.**™°
MXene materials, particularly Ti;C,T, and Ti,CT,, are widely
regarded as excellent battery materials thanks to their excep-
tional two-dimensional structure and highly adjustable surface
chemical properties. Moreover, the surface of MXenes can be
chemically modified to incorporate a diverse set of functional
groups (such as -OH, -0, -F, —Cl, etc.).>”*® The functional
groups on the surface, along with the anchoring of metals and
other active components, can adjust the conductivity and
structural properties of MXenes. Wei et al.*>® found that com-
pletely bare MXene materials were not favorable for LiPS
adsorption. In contrast, MXene materials with surface func-
tional groups play an essential role in interacting with LiPSs,
with the adsorption strength following the order: S> O >N > F
> Cl Zhang et al*° synthesized TiOF/Ti;C, MXene nano-
ribbons via a fluorination method and, through computational
science and electrochemical analysis, demonstrated that F acti-
vates the catalytic role of Ti in the continuous redox reactions
of active sulfur, stemming from Lewis acid-base interactions.
The experimental results showed that after 500 charge-dis-
charge cycles, the TiOF/Ti;C, battery exhibited an initial dis-
charge capacity of 868.3 mA h g™, a maintained discharge
capacity of 486.2 mA h g™, and a cycling decay rate of 0.088%.

Ti3;C,T, and Ti,CT,, as two typical MXene materials, exhibit
significant differences in the number and types of surface
functional groups.*’* These differences directly influence
their interactions with LiPSs, their Li* transport properties,
and the cycling performance of the battery. Furthermore, the
structural differences between Ti;C,T, and Ti,CT,, such as the
number of titanium layers, also play a vital role in electrical
conductivity and structural stability, which are essential
factors for improving the efficiency and cycle life of LSBs.
Despite the potential of MXenes in LSBs, systematic studies
comparing the electrochemical performance of Ti;C,T, and
Ti,CT,, especially in relation to their structural differences,
remain scarce.

In this study, two MXene materials, Ti;C,T, and Ti,CT,, are
synthesized through a top-down method. Thanks to its excep-
tional structure and plentiful surface functional groups,
Ti;C,T, exhibits higher conductivity compared to Ti,CT,.
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Structural analysis reveals that Ti;C,T, contains abundant O
and F functional groups, leading to a significant shift in the
binding energy in the Ti 2p region scan spectrum. Benefiting
from its higher conductivity and rich surface functional
groups, Ti;C,T, demonstrates better sulfur redox kinetics. In
situ UV-Vis testing indicates that Ti;C,T, contains more Sg>~
and S;’” radicals, thereby promoting the catalytic transform-
ation of LiPSs. The battery with a Ti;C,T, separator exhibits
excellent electrochemical efficiency. At a current density of 0.1
C, the cell with Ti;C,T, exhibits a discharge capacity of
1263.8 mA h g, with a cycle degradation rate of just 0.066%
after 50 cycles. Under high-temperature conditions of 60 °C,
the cell with TizC,T, demonstrates superior cycling stability
compared to the cell with Ti,CT,, which deactivates after 50
cycles. This groundbreaking study provides further insights
into the structural differences of MXenes and their impact on
performance, enhancing the understanding of their structural
properties and contributing valuable knowledge for the design
of high-performance LSBs.

2. Experimental
2.1 Material characterization

The surface morphology of the sample was thoroughly investi-
gated using a field emission scanning electron microscope
(FESEM S$-4800, Hitachi, Japan). Transmission electron
microscopy (TEM, FEI TF20, Netherlands) was used for further
analysis of the sample lattice. X-ray diffraction (XRD) character-
ization was performed to determine the physical composition
of the material. X-ray photoelectron spectroscopy (XPS, PHI
5000 Versa Probe, Japan) was employed to acquire the surface
elemental composition and valence states of the samples. The
sulfur content was determined using a thermogravimetric ana-
lyzer (TGA) under a N, atmosphere. The electronic resistivity of
powder materials was measured using a four-probe tester
(ST2742B, Lattice Electronics Suzhou, China).

2.2 Preparation of TizC,T,/Ti,CT,

TizAlC, was etched at room temperature with HF acid for one
week, then washed thoroughly and placed in a 20% TBAOH
solution for stirring and exfoliation for 3 days. Centrifugation
was performed at below 1000 rpm to remove the material that
had not been fully etched or exfoliated. The solids in the sus-
pension were collected, freeze-dried, and then stored under an
argon atmosphere, yielding Ti;C,T,. The preparation method
for Ti,CT, is similar to that for Tiz;C,T,, with the difference
being the replacement of the MAX phase with Ti,AlC.

2.3 Synthesis of an MXene separator

The MXene-coated separator was fabricated by mixing polyvi-
nylidene fluoride (PVDF) and Super P (SP) with MXenes in a
weight ratio of 1:2:7. The components were thoroughly dis-
persed in N-methylpyrrolidone (NMP) to form a uniform
slurry. This slurry was then applied onto a Celgard polypropyl-
ene (PP) film via a coating process. After coating, the PP
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separator was positioned in a drying oven at 40 °C for 12 hours
to ensure complete evaporation of the solvent and secure
adhesion of the MXene coating.

2.4 Preparation of a cathode

To prepare the cathode material for the LSBs, carbon nano-
tubes (CNTs, sourced from Cnano Technology) and sublimed
sulfur were mixed uniformly in a 4 :1 weight ratio and heated
at 155 °C for 12 hours to form the CNT/S composite. This
CNT/S mixture was then blended with PVDF and SP with a
weight ratio of 7:2:1 in an NMP solution to create a slurry.
The slurry was subsequently evenly applied to carbon-coated
aluminum foil, which was dried at 60 °C for 12 hours under
vacuum conditions to remove residual solvent. After drying,
the foil was sliced into disks, each with a diameter of 10 mm,
resulting in a sulfur loading of 1.4 mg em™~>. For cathodes with
higher sulfur loading (5.68 mg cm™2), the slurry was then
applied to carbon paper (sourced from Toray) using the same
procedure.

2.5 Electrochemical measurements

The cell battery consisted of a CNT/S cathode, modified
separator material, electrolyte, and a lithium metal anode. The
electrolyte was synthesized by combining 1 mol L™ lithium
bis(trifluoromethylsulfonyl)imide (LiTFSI) with 2% LiNO; in a
solvent blend of 1,3-dioxolane (DOL) and dimethoxymethane
(DME) at a 1: 1 volume ratio. Cyclic voltammetry (CV) measure-
ments were conducted within a voltage range of 1.7 to 2.8 V.
Electrochemical impedance spectroscopy (EIS) was performed
over a frequency range of 10> Hz to 10 mHz using a CHI 750
electrochemical workstation. Charge/discharge tests were per-
formed across a voltage range from 1.7 to 2.8 V using the
Neware battery test system.

2.6 Preparation of Li,S¢ and a symmetric battery

A 0.1 mol L' Li,Ss solution was synthesized by dissolving
sulfur and lithium sulfide in a 5:1 molar ratio in a DME/DOL
(1:1 v/v) solvent. The MXene material and PVDF were ground
and then dissolved in an NMP solution in a 9:1 weight ratio
to obtain the slurry for the cathode material. The slurry was
then evenly applied to carbon-coated aluminum foil to form
the symmetric electrodes. The symmetric cell consisted of two
cathodes with identical mass, a Celgard 2500 separator, and
the Li,Se electrolyte. The electrochemical performance of the
symmetric cell was assessed using a CHI750 electrochemical
workstation. Cyclic voltammetry was conducted at a scan rate
of 10 mV s~ within a voltage range of —1.0 to 1.0 V.

2.7 Preparation of Li,Sg and measurements of Li,S precipi-
tation (dissolution)

A 0.1 mol L' Li,Sg solution was synthesized by dissolving
sulfur and lithium sulfide in a 7:1 molar ratio in a solvent
mixture of DME/DOL (1 : 1 v/v). The preparation of the cathode
material was similar to that of the symmetric cell, with the
difference being that the cathode material was coated onto
carbon paper. The deposition/dissolution experiment of Li,S
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was conducted using a coin cell structure, which included a
cathode loaded with the MXene material, a Celgard 2400 PP
separator, a lithium metal anode, and the Li,Sg solution.
During the preparation of the coin cell, 25 pL of the Li,Sg solu-
tion was added onto the cathode material, and 25 pL of the
LiTFSI electrolyte was added onto the anode. The deposition
(dissolution) test of Li,S was performed by discharging at a
constant current of 0.112 mA to 2.06 V (1.7 V), followed by con-
stant potential charge and discharge at 2.05 V (2.4 V) for
80 000 seconds.

2.8 In situ ultraviolet-visible (in situ UV-Vis) spectral
measurement

The preparation of sulfur-based cathode materials is similar to
that of conventional coin cells, with the key difference being
the substitution of CNTs with MXene materials. The materials
were subsequently cut to dimensions of 0.8 cm x 1.5 cm and
functioned as the cathode for the in situ UV-visible battery.
The sulfur loading on the cathode was estimated to be around
4.5 mg cm~> Subsequently, inside an argon-filled glove box,
the MXene material was employed as the cathode, lithium
metal was employed as the anode, and the components were
assembled with Li-S electrolyte into a custom-designed in situ
cuvette to construct the in situ UV-visible battery. The electro-
chemical workstation was connected to the in situ cuvette, and
constant current discharge at 0.05 C was applied. The UV-
visible spectrometer recorded spectral data in the range of
400-700 nm every 15 minutes to monitor the battery perform-
ance in real time.

2.9 First-principles calculations

First-principles calculations were performed using the GPAW +
ASE framework with the PBE functional. A 4 x 4 x 1 supercell
of monolayer Ti,CO, and Tiz;C,0, was constructed, with a 20 A
vacuum layer added along the z-direction to prevent interlayer
interactions.** Gamma-only k-point sampling was applied, and
the plane-wave cutoff energy was set to 450 eV. Structural
optimization was carried out using the BFGS optimizer, where
the bottom three atomic layers of the slab were fixed, allowing
the remaining atoms to fully relax. The convergence criteria for
structure relaxation were set to an energy threshold of 5 x 107°
eV per atom, an eigenstate convergence of 1.0 x 107° eV, and a
force criterion of 0.05 ev A™'.%

The adsorption energy (E.qs) was calculated using the fol-
lowing equation:

Eads = Etotal — Elips — Esur

where E.., represents the total energy of the adsorption
system, Ejips is the energy of the isolated adsorbate, and Egy;,
denotes the energy of the pristine substrate.

3. Results and discussion

As illustrated in Fig. 1a, the TizC,T, and Ti,CT, materials are
synthesized using a top-down etching method, where MAX
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Fig. 1 (a) Procedure for the synthesis of MXenes. (b) SEM maps of TizAlC, and (c) TizC,T,. (d) TEM, (e) HRTEM, and (f) SAED diffractograms of
TizC,T,. (g) EDS mapping of TizC,T,. (h) MXene surface functional group content. (i) EDS elemental mapping of TizC,T,. (For SEM and TEM examin-

ations, three distinct areas are chosen.)

phase materials (TizAlC, and Ti,AlC) are etched at room temp-
erature using hydrofluoric acid solution.’® To examine the
microstructure of the materials, scanning electron microscopy
(SEM) and transmission electron microscopy (TEM) are uti-
lized for analysis. Fig. 1b and Fig. Siaf display the SEM
images of Ti;AlC, and Ti,AIC, where the MAX phase materials
exhibit a block-like structure. After etching, the MXene
materials exhibit significant delamination, especially TizC,T,,
which shows a relatively smooth surface (as shown in Fig. 1c
and Fig. S1bt). This difference may be attributed to the higher
content of surface functional groups (such as O and F) on
Ti;C,T,. The increased surface functional groups not only
enhance the chemical reactivity of the material but may also
result in a more uniform and porous surface. Further TEM
observations (Fig. 1d) reveal that Ti;C,T, exhibits a typical
layered structure with distinct interlayer gaps. High-resolution
TEM (HRTEM) images (Fig. 1e) further show that the lattice
spacing of TizC,T, is 1.12 nm, corresponding to the (0 0 2)
plane of Ti;C,T,.”” Selected area electron diffraction (SAED)
reveals diffraction rings that correspond to the (1 0 1) and (1 0
11) planes of TizC,Ty, further confirming the existence of its
layered structure. To obtain a more thorough understanding of
the elemental composition of the MXene materials, energy dis-
persive X-ray spectroscopy (EDS) analysis is performed (Fig. 1g
and Fig. S2at). The analysis clearly shows the elemental com-
position of Ti;C,T, and Ti,CT,, where Ti;C,T, has a higher
titanium content compared to Ti,CT, and contains a signifi-
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cant amount of surface functional groups like O and F
(Fig. 1h). Furthermore, elemental mapping images (Fig. 1i and
Fig. S2b, cf) indicate that Ti, C, O, F, and other elements are
evenly distributed throughout the MXene materials, with a
trace amount of unetched Al observed.

To further investigate the physical properties of Ti;C,T, and
Ti,CTy, Fig. 2a presents the results of the resistivity of MXene
materials as a function of pressure measured using a four-
point probe method. As depicted in the bar chart comparison
in Fig. 2b, the resistivity of TizC,T, is notably lower than that
of Ti,CTy, exhibiting a difference of roughly tenfold. The lower
resistivity suggests that Ti;C,T, possesses superior conduc-
tivity, which helps to enhance charge transfer rates and
improve electron transport efficiency. The electronic structures
of Ti,CT, and Ti;C,T, are further investigated by density of
states (DOS) analysis. As shown in Fig. S3a and b,} the calcu-
lated bandgaps of Ti,CT, and Ti;C,T, are 0.512 eV and 0.466
eV, respectively. This observation may be attributed to the
increased electron density in the d orbitals of Ti atoms, which
enhances the metallic conductivity, as well as the rich surface
functional groups in Ti;C,T,. The narrower bandgap of
Ti;C,T, suggests enhanced charge carrier mobility, which
aligns with its superior electrical conductivity observed in the
four-point probe measurements. Further X-ray diffraction
(XRD) analysis (Fig. 2c) shows that the diffraction peaks of
Ti3AlC, and Ti,AlC align with the MAX phase diffraction peaks
in the PDF#00-052-0875 *® and PDF#00-029-0095 *° databases,
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Fig. 2 (a) Resistivity and (b) mean resistivity of MXenes. (c) XRD patterns; XPS patterns of Ti,CT,: (d) Ti 2p, (e) O 1s and (f) F 1s; and XPS patterns of
TizC,T,: (g) Ti 2p, (h) O 1s, and (i) F 1s. (The dataset is derived from three independent experimental replicates.)

respectively. After acid etching, the MXene materials lose the
characteristic diffraction peaks of the MAX phase, indicating
that the Al layer is gradually eliminated during the etching
process, leading to the collapse of the MXene interlayer struc-
ture. Meanwhile, the (002) diffraction peak of the MAX phase
exhibits a noticeable shift to the left, indicating an expansion
of the interlayer spacing in MXenes compared to the MAX
phase.”® Additionally, it has been demonstrated through
Fourier transform infrared spectroscopy (FTIR) that more func-
tional groups are present in TizC,T, compared to Ti,CT,. As
observed in Fig. S4, the FTIR spectrum of Ti;C,T, exhibits
distinct C-O stretching vibrations (~1630 cm™') and C-H
vibrations (~1400 cm™'). The intensity of the C-O peak is
higher in the Ti;C,T, infrared spectrum, which suggests a
higher oxygen content in Ti;C,T, to some extent.***' The
vibration peaks in the ranges of 450-350 cm™' and
600-450 cm™' correspond to the Ti-C and Ti-O bonds,
respectively.*?

As observed in Fig. S5a,f the X-ray photoelectron spec-
troscopy (XPS) full spectra analysis corroborates the existence
of O and F functional groups on the MXene material surfaces.
Quantitative analysis of the relative elemental composition
obtained from XPS revealed distinct compositional differences
between the materials. As summarized in Table S1, the O/Ti
ratio in Ti;C,T, demonstrates a significantly higher value of
1.32 compared to 0.87 for Ti,CT,, with similar enhancement

This journal is © the Partner Organisations 2025

trends observed in F/Ti ratios based on XPS measurements.
The XPS-derived surface compositional features are further
corroborated by the above FTIR spectroscopy results, which
confirm the presence of abundant surface functional groups
in the Ti;C,T, structure. A further comparison of the Ti 2p
region scan spectra of TizC,T, and Ti,CT, (Fig. 2d and g)
reveals a significant shift in the Ti 2p binding energy to higher
values for Ti,CT, compared to Ti;C,T,. This change is attribu-
ted to the fact that Ti,CT, is more prone to oxidation in air
compared to Ti;C,T,, causing its Ti 2p peak to shift to a
higher binding energy.**** Additionally, we fitted a TiO, peak
at approximately 458.2 eV, and the peak area for Ti,CT, was
larger, further confirming the issue of Ti,CT, being more
prone to oxidation in air.** Fig. S5b and cf show the C 1s
region scan spectra for Ti,CT, and Ti;C,T,, where the different
peaks can be assigned to C-Ti, Ti-O, C-C, C-O, and O-C=0
bonds.*”” In the analysis of O elements, Fig. 2e and f display
the O 1s region scan spectrum. Near 532.4 eV, the peak inten-
sity of TizC,T, is significantly higher than that of Ti,CT,, with
this difference being ascribed to the higher concentration of O
functional groups in Ti;C,Ty, especially the presence of C-Ti-
OH bonds. Additionally, Ti;C,T, and Ti,CT, exhibit two peaks
at 530.5 eV and 533.7 eV, corresponding to C-Ti-O and surface
adsorbed oxygen (Oads). This is likely due to moisture adsorp-
tion by the material from the air.*® Furthermore, the F 1s
region scan spectra in Fig. 2f-i indicate that the F 1s peaks of
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Ti,CT, and Ti;C,T, at 684.7 eV and 686.1 eV correspond to C-
Ti-F, and F-C bonds, further validating the abundance of F
functional groups on the surface of TizC,Ty."”

LiPSs typically undergo multiple processes, such as adsorp-
tion and conversion, with each step being crucial to the overall
performance of the battery. To further examine the ability of
MXene materials to adsorb LiPSs, a visual adsorption experi-
ment of Li,Se is first conducted, followed by ultraviolet-visible
absorption spectroscopy of the post-adsorption solution. As
shown in Fig. 3a, the inset illustrates that after 1 hour of
adsorption, the solution of Ti;C,T, + Li,Se is clearer compared
to Ti,CTy + Li,Se, and the ultraviolet-visible spectrum reveals a
lower absorption peak intensity for Ti;C,T, + Li,Se, indicating
that Ti;C,T, exhibits stronger adsorption capability for Li,S.
This result suggests that Ti;C,T, effectively suppresses the
LiPSs shuttle effect. Further validation of the electrochemical
conversion capability of Ti;C,T, is conducted through cyclic
voltammetry (CV) tests on symmetric cells. As can be seen in
Fig. 3b, Ti;C,T, exhibits higher peak currents and a larger inte-
grated current area in the CV curve, indicating its excellent
catalytic ability in the conversion of LiPSs. This characteristic

0.006
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is closely related to the stronger electrochemical activity and
better electronic conductivity of Ti;C,T,. To further investigate
the interaction between MXenes and LiPSs, the adsorption
energy of Li,Sg is calculated through differential charge
density analysis from both side views (Fig. 3c and d) and top
views (Fig. S6a and bt}). O-terminated surfaces, including
Ti;C,0, and Ti,CO,, were selected as the most stable terminal
groups.*® The calculation of adsorption energies show that
Ti;C,0, has an adsorption energy of —1.16 eV, while Ti,CO,
has an adsorption energy of —0.85 €V, indicating that Tiz;C,Ty,
which contains more surface functional groups, has a stronger
Li,Sg adsorption ability. To further evaluate the catalytic
activity of TizC,Ty, Li,S deposition and dissolution experi-
ments are performed. In Fig. 3e and f, Ti;C,T, shows a higher
Li,S nucleation capacity of 284.8 mA h g™', significantly out-
performing Ti,CT, (263.5 mA h g~'). Additionally, the Li,S
nucleation time for Ti;C,T, is 203 seconds, noticeably shorter
than that of Ti,CT, (Fig. 3f). This result suggests that TizC,T,
has faster electrochemical reaction kinetics, enabling it to
more efficiently facilitate the nucleation of Li,S. In the Li,S dis-
solution experiment (Fig. 3g and h), Ti;C,T, demonstrates
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superior dissolution capabilities compared to Ti,CT,.
Specifically, the dissolution time of Ti;C,T, is 1782 seconds,
with a dissolution capacity of 219.9 mA h g™, both of which
outperform Ti,CT,, which shows 1992 seconds and 165.2 mA h
g7, respectively. This further confirms that Ti;C,T, demon-
strates enhanced catalytic activity in the transformation of
LiPSs. This experimental result is consistent with the calculated
adsorption energy of Li,Sg mentioned above. As depicted in
Fig. S7,f the sulfur content in the CNT/S cathode material is
82 wt%. In this system, MXene materials, as modified separators
in LSBs, can effectively facilitate the transformation of Li,S. To
further verify the effect of Ti;C,T, on the redox conversion of
Li,S, the galvanostatic intermittent titration technique (GITT) is
performed (Fig. S8a and bt). Compared to the battery with the
Ti,CT, separator material (45.6 and 53.8 mV potential differ-
ence), the Ti;C,T, battery displays a lower potential difference
(41.3 and 43.4 mV) under the same test conditions, indicating
that Ti;C,T, can significantly reduce the nucleation overpoten-
tial of Li,S. Through GITT analysis (Fig. S8ct), the internal resis-
tance for the nucleation of Li,S is further calculated. The results
show that Ti;C,T, has significantly lower internal resistance for
Li,S nucleation compared to Ti,CTy, indicating its ability to
effectively reduce the nucleation overpotential of Li,S.

Fig. S9a and b} show the electrochemical impedance
spectra (EIS) of MXene materials before and after cycling. It
can be observed from the figure that a new semicircle appears
in the EIS spectrum after cycling, with the first semicircle

3500 - Li" diffusion resistors —_
3000 F 1504.8 Q2
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S 2000F [ 1Ti,CT,
= 1500 TiyC, Ty
1000 |
500 f before the cycle
R e

c ) log,,(t)/s
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corresponding to the charge transfer resistance (R.;) and the
second semicircle representing the polarization resistance
(Rp).*® Since LSBs involve a 16-electron reversible electro-
chemical reaction, the information in the EIS spectrum is
limited for in-depth analysis of the electrochemical behavior
of the battery. Therefore, to gain a deeper understanding, dis-
tribution of relaxation time (DRT) analysis is introduced to
further interpret the EIS data.’® As observed in Fig. 4a and b,
DRT analysis before and after cycling indicates that the Li"
diffusion resistance of Ti;C,T, is significantly lower than that
of Ti,CT,. Before cycling, the Li* diffusion resistance of
TizC,T, is 1382.3 Q, whereas for Ti,CT,, it is 1504.8 Q. After 30
cycles, the LiPS diffusion resistance of Ti;C,Ty is 2.3 , signifi-
cantly lower than the 5.4 Q of Ti,CT,. This is because the
inherent metallic conductivity of Ti;C,T, significantly acceler-
ates charge transfer kinetics. Meanwhile, the abundant surface
functional groups of Ti;C,T, interact with LiPSs during
cycling, leading to the detachment of some functional groups.
This process exposes the highly conductive MXenes, while the
C-Ti-O functional groups act as electron transfer bridges,
synergistically enhancing the overall conductivity, thereby
resulting in a significant reduction in its diffusion impedance.
To gain a more comprehensive understanding of the electro-
chemical behavior of MXene materials at various temperatures,
EIS tests are conducted at various temperatures (Fig. 4c and
Fig. S10t). Throughout the temperature span of 30 °C to 60 °C,
the charge transfer resistance of Ti;C,T, remains lower than

b
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Fig. 4 DRT (a) before the cycle and (b) after 30 cycles. (c) EIS of TisC,T, at different temperatures. (d) Activation energy. (The presented dataset is
generated through a series of more than five independent experimental replicates.)
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that of Ti,CT,, indicating that Ti;C,T, exhibits better electro-
chemical activity over a broader temperature range.
Furthermore, based on the EIS data at varying temperatures,
the surface activation energy of both materials is calculated
using the Arrhenius equation.’® Fig. 4d clarifies the linear
relationship between the reciprocal of absolute temperature
and the inverse of charge transfer resistance. According to the
results from this plot, the activation energy of Tiz;C,T, (E, =
29.34 k] mol ™) is significantly lower than that of Ti,CT, (E, =
31.59 kJ mol_i). This result indicates that Ti;C,T, can acceler-
ate the kinetics of redox reactions, thereby exhibiting improved
electrochemical reaction efficiency and reaction rate.

To further investigate the redox performance of MXene
materials, CV tests are conducted, and their redox conversion
capability for LiPSs is evaluated by analyzing the CV curves
and contour plots (Fig. S11a and bt}). As shown in Fig. 5a and
b, Ti;C,T, exhibits higher peak current responses, and its
contour plot brightness is markedly higher than that of
Ti,CTy, indicating that Ti;C,T, has superior redox kinetic pro-
perties. The Li" diffusion coefficient is obtained through
further analysis using the Randles-Sevcik equation.>”

Ip =269 X 10°n*?ADy; 2Oy v 2 (1)

In the above equation, I, represents the peak current in the
CV curve, n is the number of electrons involved, A is the
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cathode area, D;; is the Li* diffusion coefficient, Cy; is the
concentration of Li*, and v is the scan rate. Fig. 5¢ shows the
linear dependence of the peak current on the square root of
the scan rate. The Li* diffusion coefficient, shown in the bar
chart in Fig. 5d, is calculated by fitting this linear relationship.
The results indicate that the Li" diffusion coefficient of
Ti;C,Ty is higher than that of Ti,CT,, further confirming that
Ti;C,T, can more effectively promote the diffusion of Li'. This
may be attributed to TizC,T, having three Ti layers (whereas
Ti,CT, has only two). In contrast, the more compact structure
of Ti,CT, limits Li" diffusion and exacerbates polysulfide
shuttle. Additionally, Fig. 5e shows a CV comparison of
different materials at 0.1 mV s, and the AE;, and AEy bar
charts in Fig. 5f further compare the polarization voltages of
Ti;C,T, and Ti,CT,. The findings demonstrate that the polariz-
ation voltage of Ti;C,T, (0.327 V and 0.022 V) is significantly
lower than that of Ti,CT, (0.402 V and 0.112 V), indicating that
Ti;C,T, exhibits lower voltage loss in electrochemical reac-
tions, thereby improving the durability and efficiency of the
battery over cycles. Further Tafel slope analysis (Fig. 5g and i)
also shows that Ti;C,T, exhibits lower Tafel slopes at peaks A,
B, and C compared to Ti,CT,, confirming that Ti;C,T, has
faster reaction kinetics and stronger catalytic activity in the
conversion of LiPSs.

The performance of MXenes in electrochemical appli-
cations within LSB separators is evaluated through a series of
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cycling and rate performance tests. As observed in Fig. 6a,
Ti;C,T, demonstrates an initial discharge capacity of
1263.8 mA h g" at 0.1 C, surpassing that of Ti,CT, (1110.6 mA
h g™'). Fig. 6b shows long-cycle performance at 2 C, where
Ti;C,T, demonstrates higher cycling stability compared to
Ti,CT,. This is likely ascribed to the abundant surface func-
tional groups, including O and F, which enhance interface
interactions with the electrolyte and electrode, thereby improv-
ing the overall stability of the battery. The self-discharge test of
the battery at 0.5 C is depicted in Fig. 6c. After 30 cycles and
resting for 72 hours, Ti;C,T, exhibits a decay rate of 9.6%,
which is lower than that of Ti,CT, (18.8%). This indicates that
Ti;C,T, can suppress LiPSs, effectively mitigating the self-dis-
charge phenomenon of the battery. Rate performance testing
is a crucial indicator for assessing the high-rate discharge
capability of a battery. As shown in Fig. 6d, Ti;C,T, exhibits
higher discharge capacity at different rates. At 0.1 C, TizC,T,
has a discharge capacity of 1263.8 mA h g', significantly
higher than that of Ti,CT, (1121.6 mA h g™'). Even under
higher rates, Ti;C,T, maintains a better discharge capacity,
with a value of 734.8 mA h g™" at 2 C, while Ti,CT, shows only
609.6 mA h g~'. Additionally, after the 2 C test, Ti;C,T, shows
good recovery in discharge capacity (1182.5 mA h g™') when
returned to 0.1 C, while Ti,CT, shows a significant decrease to
1035.4 mA h g~ '. This provides additional evidence that
Ti;C,T, exhibits superior performance and higher reversibility
at high rates. As summarized in Table S2,T the battery employ-
ing the Ti;C,T, separator demonstrates significant improve-

This journal is © the Partner Organisations 2025

ments in sulfur utilization, rate capability, and cycling stability
compared to those employing commercial carbon-based and
TiO,-modified 53758 These electro-
chemical performances can be attributed to the superior elec-

separators. enhanced
trical conductivity, abundant surface functional groups (-O,
-OH, and -F terminations), and effective polysulfide anchoring
capability of the Ti;C,T, material, where the surface moieties
enable strong chemisorption of lithium LiPSs through Lewis
acid-base interactions. Fig. 6e and f show the galvanostatic
charge-discharge (GCD) curves of TizC,T, and Ti,CT, at
different rates. At 0.1 C, the voltage polarization of Tiz;C,T,
(145.9 mV) is markedly lower than that of Ti,CT, (161.1 mV),
confirming that Ti;C,T, exhibits a lower polarization voltage
and a higher electrochemical reaction rate. By analyzing the
GCD curves in Fig. S12at and the ratio of the liquid-solid con-
version platform (Q2) to the solid-liquid conversion platform
(Q1) in Fig. S12b,} it can be observed that the Q2/Q1 ratio for
Ti;C,T, is close to 3, indicating that it can more effectively
promote redox reactions. As shown in Fig. S12c and d,f further
analysis shows that the initial potential of TizC,T, (25 mV) is
notably lower than that of Ti,CT, (50 mV), revealing that
Ti;C,T, can initiate electrochemical reactions more rapidly
and accelerate the conversion process at the liquid-solid inter-
face. Additionally, its liquid-solid conversion overpotential is
also lower (10.7 mV vs. 13.5 mV), further confirming its excel-
lent electrochemical characteristics. Fig. 6g shows the cycling
performance of Ti;C,T, at a 0.2 C rate with a sulfur loading of

5.68 mg cm™ > After 50 cycles, Ti;C,T, still maintains a dis-
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charge capacity of 825.5 mA h g™, demonstrating good cycling
stability. At a sulfur content of 5.75 mg cm™>, the cell with the
Ti;C,T, separator delivers specific discharge capacities of
1014.5, 799.8, and 619.1 mA h g™ at current densities of 0.2 C,
0.5 C, and 1 C, respectively (Fig. S13at). Notably, when the
current density is restored to 0.2 C, the capacity recovers to
957.1 mA h ¢g”*, indicating superior rate capability even under
high sulfur loading conditions. Apparently, the cell with the
Ti;C,T, separator displays two distinct discharge plateaus even
at 1 C, suggesting a fast redox conversion (Fig. S13b¥). The
high sulfur content 3D radar chart of this material compared
with other Ti;C,T, MXene materials in Fig. S14t further high-
lights its practical advantages in the commercialization
process.?>*?7® To further investigate the material performance
in practical applications, cycling tests are conducted under
both high- and low-temperature conditions. As shown in
Fig. 6h and i, under high-temperature conditions of 60 °C,
Ti,CT, exhibits battery deactivation after 50 cycles, while
Ti;C,T, can stably cycle for 100 cycles, indicating its superior
stability at high temperatures. This advantage can be attribu-
ted to the three-layer Ti atomic structure of Ti;C, Ty, which pro-
vides abundant catalytic active sites and enhances the cycling
stability of the battery through strong interactions between
surface functional groups and the electrolyte. On the other
hand, at low temperatures of 0 °C, after 100 cycles, TizC,Ty
exhibits a lower cycling decay rate (0.097% vs. 0.235%), further
demonstrating its superior cycling stability under low-tempera-
ture conditions. Additionally, the performance of other
MXene/S cathode materials was compared with that of the cell
using the Ti;C,T, separator (as shown in Table S37), further
demonstrating the superior applicability of the cell using the
Ti;C,T, separator with abundant surface functional groups in
the field of energy storage.®®™”*

In situ UV-Vis spectroscopy can reveal the dynamic concen-
tration changes of LiPSs during the charge-discharge process,
further elucidating their impact on battery performance and
validating the catalytic conversion capability of MXene
materials towards LiPSs. Previous studies generally suggest
that solid Sg first converts into long-chain LiPSs, which then
transform into short-chain LiPSs. During this conversion
process, the S;°~ radical not only helps to open the cyclic Sg
but also plays a crucial role in the transformation of long-
chain LiPSs into short-chain LiPSs. The related conversion pro-

cesses can be expressed by the following equations.””*
(1) Sg +2e~ — Sg*~ (2)
(2) 8> — Se>” +1/4S; 3)
(3) S6°~ — 285"~ (4)
(4) S3"~ +2e~ — S3> (5)
(5) 283" + 28327 — S,2” (6)

As shown in Fig. 7a and c, the in situ UV-Vis spectra illus-
trate the alterations in the concentration of various sulfur
species during the discharge process. Compared to Ti,CT,,
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Fig. 7 In situ UV-Vis testing of (a) Ti,CT,, (c) TisC,Ty and the corres-
ponding discharge curves of (b) Ti,CT, and (d) TizC,T,. (The presented
dataset is generated through a series of more than five independent
experimental replicates.)

Ti;C,T, shows significantly higher concentrations of Sg>~ and
S;'” during the discharge process, confirming that TizC,T,
facilitates the catalytic transformation of LiPSs more effec-
tively. Further analysis of the discharge curves (Fig. 7b and d)
shows that Ti;C,T, exhibits a longer discharge time under a
current density of 0.05 C, verifying that Ti;C,T, enhances the
efficiency of sulfur species utilization, thereby optimizing the
overall performance of the battery.

4. Conclusion

In this study, Ti;C,T, and Ti,CT, are synthesized using a top-
down approach, and their structural differences are systemati-
cally analyzed in terms of their impact on the electrochemical
performance in LSBs. TizC,T,, with its three-layer titanium
atomic structure and abundant surface functional groups (O
and F), demonstrates superior conductivity and chemical stabi-
lity compared to Ti,CT,. Electrochemical analyses reveal that
Ti;C,T, plays a critical role in mitigating the polysulfide
shuttle effect, reducing the nucleation barrier of Li,S, and
facilitating the redox conversion of sulfur species. DRT tests
before and after cycling show that TizC,T, has lower Li* and
LiPS diffusion resistance. In situ UV-Vis testing results show
that Ti;C,T, presents a greater concentration of S;”~ radicals
during the sulfur conversion process, indicating its ability to
facilitate the conversion of LiPSs. Batteries using Ti;C,T, as a
separator demonstrate a capacity decay rate of 0.066% after 50
cycles at a current density of 0.1 C and exhibit stable cycling
performance under high-temperature conditions (60 °C). More
importantly, even with a high sulfur content of 5.68 mg cm™>
and after 50 cycles, the capacity remains at 825.5 mA h g™
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This study offers valuable insights into the structural influ-
ences of MXenes on electrochemical performance, providing a
deeper understanding that could accelerate the adoption of
LSBs in high-performance applications.
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