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ARTICLE INFO ABSTRACT

Keywords: Lithium-sulfur (Li—S) batteries are viewed as leading contender for future energy storage technologies, thanks to

Li—$ b?{“eﬁes impressive energy density, extremely high theoretical capacity, abundant sulfur availability, and the inherently

Polysulfides low reduction potential of lithium metal. These attributes make Li—S batteries highly appealing for advanced

MXene s . . .. . . .
energy storage applications. Nonetheless, despite their promising potential, the real-world application of Li—S

Heteroelectrocatalyst . . . N

3D aerogel batteries is confronted with substantial obstacles. Foremost among these are the persistent shuttle effect of

lithium polysulfides (LiPSs) at the sulfur cathode and the slow kinetics of sulfur reduction reactions, which
together lead to poor rate performance and limited cycling stability. These issues significantly hinder their
overall performance and commercial feasibility. Herein, a three-dimensional (3D) titanium-based hetero-
structure aerogel (MX-TiO2) was prepared using a low-temperature hydrothermal method to serve as a sulfur
host. Combining the adsorptive properties of TiO, with the catalytic capabilities of MXene, the MX-TiO5 het-
eroelectrocatalyst facilitates seamless adsorption, diffusion, and conversion of polysulfides. When the hetero-
electrocatalyst is used in the cathode, the corresponding Li—S cell maintains a discharge capacity retention of
approximately 63 % over 150 cycles at 0.5C. Notably, MX-TiO; as the cathode material with an augmented sulfur
loading of 5.42 mg cm 2, the S/MX-TiO, cathode exhibits a notable initial capacity of 6.23 mAh cm~2 at 0.2C.
This work presents a method for designing high-performance 3D heteroelectrocatalyst that simultaneously boost
the catalytic conversion of polysulfides while mitigating the shuttle effect, approaching as a promising strategy
for working out the fundamental challenges regarding lithium-sulfur batteries.

1. Introduction

The growing demand for electric vehicles, electronic devices, and
grid energy storage solutions highlights the urgent need for advance-
ment of next-generation, high-energy storage solutions [1-4]. Among
secondary batteries, owing to their multiphase sulfur conversion
mechanisms, lithium-sulfur (Li—S) batteries have garnered consider-
able interest as a viable contender for future energy storage systems.
These batteries offer a notable energy density of 2600 Wh kg™! along
with an exceptional theoretical specific capacity reaching 1675 mAh
g1, far surpassing traditional lithium-ion batteries in terms of perfor-
mance potential [5-7]. Additionally, economic benefits and environ-
mental benignity are attracting increasing attention [8]. Unfortunately,
the real-world deployment of Li—S batteries faces ongoing challenges

* Corresponding authors.

due to the shuttle effect of lithium polysulfides (LiPSs), causing in-
efficiencies in sulfur utilization. Furthermore, significant volume fluc-
tuations during charge and discharge cycles, combined with sluggish
sulfur redox kinetics, result in poor cycle life, limiting the widespread
adoption of Li—S technology. These issues result in severe polarization,
low Coulombic efficiency, poor utilization of active materials, and
inferior cycling performance [9-12]. Consequently, the primary strate-
gies to overcome these challenges focus on enhancing the catalytic
conversion efficiency of sulfur species and suppressing shuttle effect.
In order to address aforementioned existing issues, various advanced
sulfur host materials have been constructed, through physical and
chemical confinement, to alleviate the shuttle effect of lithium poly-
sulfides [13,14]. Among these materials, carbon-based structures are
extensively employed as sulfur hosts, owing to their meticulously
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engineered porous architectures and excellent conductivity [15]. How-
ever, the lithium polysulfides' dissolution into the electrolyte is poorly
regulated attributable to weak van der Waals interactions between
polysulfides and carbon hosts, making these interactions insufficient for
effective adsorption. Moreover, the high solubility of lithium poly-
sulfides in certain ether-based solvents exacerbates the shuttle effect
[16]. In contrast, metal compounds with strong polarity demonstrate a
high adsorption capacity for polar lithium polysulfides due to their
chemical bonding interactions [17]. Metal oxides, sulfides, phosphides,
and nitrides demonstrate superior adsorption capacities for lithium
polysulfides compared to conventional carbon materials [18,19]. Metal
oxides, in particular, possess hydrophilic properties due to the presence
of polar metal-oxygen bonds. For example, polar metal oxides such as
TiOg, M0Oj, CeO3, V205, Fey03, and MnO; can form strong chemical
bonds with lithium polysulfides [20-24].

In recent years, MXenes have gained widespread use in designing
high-performance sulfur cathode materials because of their exceptional
metallic conductivity, two-dimensional (2D) structure, abundant active
edge sites, and tunable macroscopic structures [25-27]. MXenes,
belonging to a class of two-dimensional layered materials composed of
transition metal carbides or nitrides, are deemed as highly suitable
conductive matrix materials. Their excellent electronic conductivity
renders them ideal aimed at boosting the performance of Li—S batteries
[28-30]. These materials provide an efficient solution to the intrinsic
conductivity limitations of sulfur and its discharge products. Addition-
ally, they help lower the reaction energy barriers encountered during
the final solid-phase discharge processes, thereby improving the overall
utilization efficiency of the active materials [31]. However, when
MXenes are directly used as host materials, they cannot fully exploit
their advantages. The tendency of stacking of two-dimensional nano-
sheets impedes the diffusion of Li* ions, as well as the decrease in spe-
cific surface area due to restacking obscures many surface active sites,
resulting in the underutilization of active sites on MXene nanosheets
[32]. It is challenging for a single catalyst host to simultaneously impart
the advantages of adsorption of lithium polysulfides and their subse-
quent catalytic conversion in Li—S batteries [33]. Therefore, hetero-
electrocatalyst are considered promising sulfur host materials [34,35].
Heteroelectrocatalyst leverages the synergistic effects of its constituent
components, leading to significant enhancements in electron transfer,
redox kinetics, and the adsorption of LiPSs in Li—S batteries [36].

In this investigation, a three-dimensional MX-TiO2 aerogel was pre-
pared via a low-temperature hydrothermal method to function as a
sulfur hosting matrix in Li—S batteries. The 3D aerogel provides a
scaffold for loading TiO, and MXene, inhibiting the stacking of MXene
and preventing the masking of active sites. MXene enhance the efficient
catalytic transformation of polysulfides while improving electrical
conductivity of sulfur cathode, while, TiO5 suppresses shuttle effect by
increasing adsorption capacity of polysulfides. This synergistic hetero-
electrocatalyst effectively mitigates the shuttle effect, accelerates in-
ternal redox reactions, and improves performance of Li—S batteries. The
results indicate that the S/MX-TiO: cathode, with a high sulfur loading
of 5.42 mg cm ™2, achieved a discharge capacity of 6.23 mAh cm™2 at
0.2C. This heteroelectrocatalyst presents new opportunities for elec-
trochemical energy storage and catalysis, maintaining stable perfor-
mance over 500 cycles.

2. Experimental section
2.1. Materials and characterization instrument

All chemicals were utilized as received, with no additional purifi-
cation steps. TisCy dispersions (5 mg mL~}, Jilin 11 Technology Co.,
Ltd), Titanium dioxide powder (TiO, Aladdin), Graphene suspension
(10 mg rnL_l, Suzhou Tanfeng Graphene Co.), Li—S electrolyte (LS-009,
Suzhou Duoduo Chemical Technology Co.), Ethylenediamine (EDA, AR,
98 %, Shanghai Macklin Biochemical Technology Co., Ltd), Sulfur (Sg,
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Aladdin), and Super P conductive carbon black (Kejing Zhida Technol-
ogy Co.).

The structural and morphological attributes of the samples were
meticulously analyzed employing scanning electron microscopy (SEM)
with the advanced Thermo Fisher Scientific Apreos system, and trans-
mission electron microscopy (TEM) using the high-resolution Tecnai G2
F30 S-TWIN. For compositional and structural analysis, X-ray photo-
electron spectroscopy (XPS) was executed with the KRATOS AXIS-
SUPRA, while X-ray diffraction (XRD) assessments were conducted
using the D8 ADVANCE instrument.

2.2. Synthesis of MX-TiO» aerogel

A 3 mL aliquot of Ti3Cy solution and 5 mg of TiO, powder were
combined with 3 mL of graphene suspension and stirred extensively for
12 h. Subsequently, to achieve a total volume of 10 mL, 26.7 pL of
ethylenediamine crosslinking agent and 4 mL of deionized water were
added. The mixture was sonicated for 20 min, then heated in an oven at
95 °C for 6 h. Subsequently, it was transferred to a freeze dryer for 48 h
for drying. Finally, the MX-TiO5 aerogel was obtained. For comparison,
pure MX aerogel and TiO5 aerogel loaded on graphene were also pre-
pared using a similar method.

2.3. Synthesis of MX-TiO2 composites sulfur

The MX-TiO5 powder was uniformly combined with elemental sulfur
in a 1:2 ratio. Afterward, the mixture underwent thermal treatment at
155 °C for 12 h within an argon environment. Similarly, S/MX and S/
TiO5 composite materials were synthesized using the same method. The
S/MX-TiO; electrode demonstrated superior wettability with the elec-
trolyte, achieving a contact angle of around 7.9°. In contrast, the S/MX
and S/TiO, electrodes exhibited slightly lower wettability, with contact
angles measured at 9.8° and 13.1°, respectively (Fig. S1).

2.4. Electrochemical measurements and characterization

The electrochemical performance of the MX-TiO, composite, along
with the pristine MX and TiO, materials as cathodes in lithium-sulfur
cells, was assessed using the galvanostatic charge/discharge method.
The electrodes for testing were fabricated by blending 70 wt% active
materials with 20 wt% carbon black and 10 wt% polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone (NMP) to create a slurry. This slurry
was then coated onto aluminum foil and subjected to a vacuum drying
process at 60 °C for 12 h. The composite samples were meticulously
fabricated into 2025 coin-type cells, with the assembly process con-
ducted in a glove box under an argon atmosphere, where stringent
control was exercised to keep water and oxygen concentrations below
0.1 ppm. The electrolyte composed of 1.0 M LiTFSI dissolved in a DOL
and DME solvent mixture at a 1:1 volume ratio, with an added 1.0 wt%
LiNOs. Li—S batteries were carefully assembled using the prepared
electrodes, a polypropylene separator, and lithium foil as the counter
electrode. To evaluate electrochemical performance, galvanostatic
charge/discharge tests were conducted with a Land CT2001A battery
testing system, operating over a voltage range of 1.7 to 2.8 V. The sulfur
loading was maintained within approximately 1.0-1.2 mg cm™2, using
30 pL of electrolyte.

2.5. LiySe symmetric cell measurements

A slurry was prepared by thoroughly blending the catalyst material,
carbon black, and PVDF in a precise weight ratio of 7:2:1. This mixture
was evenly applied onto aluminum foil and subsequently dried under
controlled conditions at 60 °C for a duration of 12 h to ensure complete
solvent evaporation and proper adherence to the substrate. The material
is punched into 12 mm diameter discs, achieving an areal mass loading
of approximately 0.5 mg cm ™2 for the catalyst. CR2025 symmetric cells
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were carefully assembled in a glovebox, where an argon atmosphere was
maintained to strictly control moisture and oxygen levels, ensuring the
integrity of the assembly process. The MX-TiO,, MX and TiO; electrodes
were used as both the cathode and the anode of a symmetrical cell. The
electrolyte was prepared by dissolving 0.2 M Li;Sg and 1 M LiTFSI in a
solvent blend of DME and DOL at a 1:1 volume ratio, with an additional
1 wt% LiNOs for enhancement. Symmetric cells were analyzed using
cyclic voltammetry within a voltage window of —1.5 to 1.5 V, at a scan
rate of 10 mV s~

2.6. Measurement of the LizS nucleation

The cells were constructed using MX-TiO», MX, and TiO5 as cathodes,
with lithium foil serving as the anode. Each cell was provided with 15 pL
of LiySg for the cathode compartment and an equal volume of 15 pL of
LiTFSI electrolyte for the anode compartment. For the Li,S precipitation
evaluation, the cells underwent an initial galvanostatic discharge at a
current density of 0.1 mA until the voltage declined to 2.06 V. Subse-
quently, they were subjected to potentiostatic discharge at a fixed po-
tential of 2.05 V.

2.7. DFT calculation

All density functional theory (DFT) computations were conducted
utilizing the Vienna Ab-initio Simulation Package (VASP), specifically
version 5.4.4 [37]. The exchange-correlation interactions were
described using the Perdew-Burke-Ernzerhof (PBE) functional, with ion-
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electron interactions managed through the Projector Augmented Wave
(PAW) method [38,39] and a plane wave energy cutoff of 450 eV was
employed, while van der Waals interactions were incorporated through
the empirical DFT-D3 correction method [40]. The k-point meshes for
the Brillouin zone were configured using the Monkhorst-Pack grid: 3 x
3 x 1 for the TioC305 model, 2 x 2 x 1 for the TioC30,-TiO models and
2 x 2 x 1 for the TiO models. The convergence criteria were established
at 0.01 eV A™! for forces and 107> eV for energy. To avoid interlayer
interactions, a vacuum spacing of 20 A was introduced along the z-
direction.

The free energy calculation of species adsorption (AG) is based on
following equation.

AG = AE+ AEzpg — TAS (€]

Here, AE, AEzpg, and AS refer to the alterations in electronic energy,
zero-point energy, and entropy, respectively, resulting from the
adsorption of intermediates.

3. Result and discussion

Fig. la displays the microstructure diagram of the heterostructure
MX-TiOy. The heterostructure are uniformly supported on graphene
oxide, facilitating rapid redox reactions of sulfur on the catalyst surface.
As illustrated by digital photographs, the ultra-light porous aerogel,
prepared via a low-temperature hydrothermal method, can easily stand
on a dandelion, as shown in Fig. 1b. Ny adsorption-desorption isotherms
were utilized to examine the pore structure and surface area differences

Oc OTi @0 Os Ol

MX-TiO, heteroelectrocatalyst

Fig. 1. a) Structure diagram of MX-TiO. b) Photograph showing the ultralight MX-TiO, aerogels positioned on a dandelion. SEM images of ¢) MX-TiO,. TEM images
of d-f) MX-TiO,. g) High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM) imaging, coupled with energy-dispersive X-ray
spectroscopy (EDS) elemental mapping, was employed to characterize the MX-TiO, composite.
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among MX-TiO, MX and TiO,. The results indicated that the Brunauer-
Emmett-Teller (BET) surface area of MX-TiO5 is 44.5 m? g1, exceeding
that of MX (22.3 m> g’l) and TiO, (10.6 m? g’l). As shown in Fig. S2,
the isotherms correspond to the IUPAC classification for type IV,
featuring H4 hysteresis loops, which confirm the presence of mesopores
in the MX-TiO,. The morphological characteristics of the products were
investigated using both scanning electron microscopy (SEM) and
transmission electron microscopy (TEM). Fig. S4 provides a detailed
depiction of the pure graphene oxide aerogel, highlighting its intricate
three-dimensional network architecture and structural features. After
loading MX-TiO3, the overall morphology retained this three-
dimensional structure (Fig. 1c). Fig. S5 and S6 showcase the SEM im-
ages and corresponding elemental mapping of MXene and TiO,,
respectively, offering insights into their morphological and composi-
tional characteristics. Fig. 1d displays TEM images confirming the uni-
form dispersion of MX-TiO; heterostructure on high surface 3D aerogel.
A high-resolution transmission electron microscopy (HR-TEM) visuali-
zation unveils a highly ordered crystalline arrangement with only four
layers and an interlayer spacing of 1.31 nm (Fig. 1e). Furthermore, HR-
TEM images reveal a tight interface between the (110) plane of TiO5 and
the (100) plane of MXene, with interplanar spacings within the crystal
lattice of 0.33 nm and 0.26 nm, respectively (Fig. 1f) [41,42]. This in-
dicates the successful preparation of the heterostructure aerogel. Cor-
responding elemental mapping illustrates the well-distributed C, Ti, and
O on the GO substrate (Fig. 1g and S3). Table S1 presents the elemental
composition ratios of the three materials.

Structural transformations, elemental compositions, and valence
states of the prepared samples were thoroughly examined through X-ray
diffraction (XRD) and X-ray photoelectron spectroscopy (XPS) analyses.
Fig. 2a illustrates that the XRD pattern validates the successful synthesis

d
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of the MX-TiO, phase, which aligns with the pure MX phase and the
reference spectrum (JCPDS 21-1276) [43]. The MX-TiOy hetero-
structure exhibits characteristic diffraction peaks of pure MX at the
(002) and (110) peak at a 20 angle of 6.35° and 61.33°. Simultaneously,
it matches perfectly with the standard spectrum of titanium dioxide. XPS
analysis was utilized to comprehensively investigate alterations in the
chemical bonding states and elemental compositions of MX-TiO2, MX,
and TiO,, providing insights into the structural and compositional
changes of these materials. The Ti 2p XPS spectra of MX, shown in
Fig. S7a, reveal the Ti—C, Ti%*, and Ti®* peaks, consistent with previous
findings [44]. The C 1 s spectrum (Fig. 2b) of the MX-TiO, aerogel
displays four peaks: C—Ti at 282.8 eV, C—C at 284.6 eV, C—O at 285.6
eV, and C=O0 at 287.1 eV [45]. The C 1 s spectrum of MX reveals three
distinct peaks at 284.8, 286.6, and 288.1 eV, which are attributed to
C—C, C—O0, and O-C=0 bonds, respectively, reflecting the diverse car-
bon bonding environments present in the material (Fig. 2c) [46]. The Ti
2p XPS spectra of MX-TiO display binding energy peaks at 455.6 eV and
458.5 eV, corresponding to Ti—C and Ti—O interactions, respectively
(Fig. 2d), indicating the structural integrity of MX nanosheets in the MX-
TiO, hybrid [44]. The peaks attributed to Ti—C, Ti2*, and Ti®* were
detected, showing a resemblance to those found in MX. Additionally,
two more peaks corresponding to Ti—O (459.0 eV, 464.7 eV), originate
from TiO4 (Fig. S7b) [47]. These findings validate the successful fabri-
cation of the MX-TiO, heterostructure.

To shed light on the electrocatalytic behavior and bidirectional LiPSs
conversion efficiency of MX-TiO,, a comprehensive suite of electro-
analytic measurements was conducted. To evaluate the enhanced redox
kinetics of MX-TiO3, cyclic voltammetry (CV) profiles of the sulfur
cathodes were systematically acquired over a voltage range extending
from 1.7 to 2.8 V, utilizing a scan rate of 0.1 mV s L (Fig. 3a). The S/

b
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Fig. 2. a) XRD patterns for MX-TiO, and MX. b, c¢) Detailed C 1 s XPS spectra for MX-TiO, and MX. d) Precise Ti 2p XPS spectrum for MX-TiO,.
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Fig. 3. a-c) Cycling voltammetry profiles for S/MX-TiO,, S/MX and S/TiO, cathodes (inset: Tafel plots for corresponding oxidation and reduction reactions). d) Peak
currents plotted against the square root of scan rates for S/MX-TiO,. €) The Li* diffusion coefficients for the processes indicated by peaks A, C;, and C, were
determined for the S/MX-TiO,, S/MX, and S/TiO, cathodes. f) Cyclic voltammograms of symmetric cells with MX-TiO,, MX, and TiO, electrodes, measurements were
conducted at a scan rate of 10 mV s~ ! for both conditions, with and without the Li,Sg solution.

MX-TiOs electrode displays higher reaction potential and peak current
during the cathodic sweeps (Peaks C; and Cy) and exhibits markedly
narrower and more pronounced profiles in the anodic sweep (Peak A)
compared to the S/MX and S/TiO,, suggesting substantially enhanced
reactions at these potentials. Additionally, the Tafel slopes of both
reduction (from LiyS4 to LiS) and oxidation (from LiyS to LisSg) peaks
were derived to quantify the catalytic activities [48]. As depicted in
Fig. 3b and 3c, the Tafel slopes for MX-TiO, are 52.4 and 61.1 mV
decfl, significantly lower than those for MX (73.6 and 72.7 mV dec’l)
and TiO, (142.9 and 82.2 mV dec’l), indicating notable bidirectional
electrocatalytic activity.

The Li-ion transfer kinetics were assessed to examine the electro-
catalytic impact on polysulfide redox kinetics. As illustrated in Fig. S8,
the Li-ion diffusion coefficient was determined through a series of
continuous CV measurements performed across scanning speeds from
0.1 to 0.5 mV s~! [49]. The CV curve of MX-TiO exhibited sharper
peaks and smaller peak shifts compared to MX and TiOs, indicating a
faster transition between sulfur and polysulfides [50,51]. The dynamics
of lithium-ion diffusion were elucidated through the application of the
Randles-Sevcik equation, which facilitated a detailed analysis of the
electrochemical behavior:

Leac = (2.69 x 10%)n"*ADY20*>Cy; (2)

the relationship between the curve and the parameters in the equa-
tion reveals a direct correlation with the rate of lithium-ion diffusion
[52]. The Fig. 3d and S8 depict the correlation between the square root
of the scan rate (11>-°) and peak current (Ipear), demonstrating a linear
relationship. The linear fitting of the data reveals that the S/MX-TiO2
cathode exhibits significantly steeper slopes, reflecting the highest Li*
diffusion rates across all peaks. This result provides additional evidence
that the MX-TiOy heteroelectrocatalyst sites significantly enhance the
kinetics of LiPSs conversion. As shown in Fig. 3e, for the S/MX-TiOy

cathode, the diffusion coefficients of lithium ions (D;};) are calculated as
3.07 x 108 cm? s ! at peak Ci, 6.66 x 1078 em? s at peak Cy, and
15.82 x 1078 cm? s! at peak A. These values are notably higher
compared to those recorded for the S/MX cathode (2.75 x 1078 to 12.84
x 1078 em? s71) and the S/TiO, cathode (0.78 x 1078 t0 2.33 x 1078
em? s71), which indicates significantly faster diffusion and reaction ki-
netics on the MX-TiO surface. It further confirms the superior electro-
catalytic performance of the robust MX-TiO, heteroelectrocatalyst in
promoting sulfur redox reactions.

To evaluate the electrocatalytic properties of MX-TiO,, a symmetric
cell was assembled using identical electrode materials for both the
anode and cathode (Fig. 3f). The cyclic voltammetry profiles for the
LipSe-symmetric cells revealed distinctive redox behavior: MX-TiOz
exhibited two separate sets of redox peaks, while MX and TiO, showed
only a single pair of reversible peaks. These experiments were performed
over a voltage interval extending from —1.5 to 1.5 V, employing a scan
rate of 10 mV s™!. Specifically, the anodic peaks observed signify the
transition from LiS,/LisS to long-chain LisSe, followed by the oxidation
of Li»Se to elemental sulfur. Conversely, the cathodic peaks represent the
reduction of Sg to LiySe and the subsequent transformation to LisS.
Compared to the MX and TiO; electrodes, the MX-TiO; electrode dis-
plays progressively narrower redox peaks and reduced peak separations,
which underscores its superior sulfur electrocatalytic performance.
Remarkably, the MX-TiO2 heteroelectrocatalyst cell achieves both the
highest current and the most distinct redox peaks, reflecting optimal
sulfur utilization and efficient conversion. This improvement is ascribed
to the refined electronic configuration of the active sites, which is
enhanced by the heterostructure [53].

Generally, nucleation and growth of LipS are influenced by the
reactive interfaces of the host materials [54]. To validate the synergistic
effect of the MX-TiO; heteroelectrocatalyst, Li»S deposition experiments
were conducted on various surfaces. As shown in Fig. 4a-c, the LisS
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Fig. 4. a-c) Nucleation tests of Li,S using different electrodes to assess nucleation kinetics. d-f) The galvanostatic intermittent titration technique (GITT) was
employed to generate profiles for Li—S batteries equipped with MX-TiO,, MX, and TiO, cathodes, all evaluated under a current density of 0.1C.

precipitation capacity on MX-TiO; (75.2 mAh gfl) significantly sur-
passes that of MX (59.5 mAh g’l) and TiO; (39.3 mAh g’l). Addition-
ally, LisS nucleation occurs earlier on MX-TiO, than on the MX and TiO,
surfaces, indicating its superior catalytic effect on the LiPS trans-
formation process. These results demonstrate that the MX-TiO, hetero-
structure significantly reduces the overpotential required for LisS
nucleation and enhances interfacial electron transfer kinetics during
LisS precipitation [55,56].

Fig. 4d-f present the voltage profiles obtained from galvanostatic
intermittent titration technique (GITT) analysis for S/MX-TiO9, S/MX,
and S/TiO,. The profiles clearly exhibit two distinct discharge plateaus
and a single charging plateau. The upper discharge plateau corresponds
to the transformation of insulating sulfur into long-chain lithium poly-
sulfides (LisSy, 4 < n < 8). In contrast, the lower discharge plateau is
associated with the reduction of these long-chain polysulfides to insol-
uble LiySs and LiyS. The charging plateau reflects the reoxidation pro-
cess, during which insoluble Li»So/LisS is converted back to elemental
sulfur. The potential measured after rest is referred to as the quasi open-
circuit voltage (QOCV), while the potential during current application is
known as the closed-circuit voltage (CCV). Internal resistances were
calculated using the following formula:

|AVQOCV—CCV‘

AiRinternal = (3)

Iapplied

As illustrated in Fig. 4d-f, S/MX-TiO, displayed an obvious lower
internal resistance at the Li,S nucleation and LisS activation point (AiR
= 16.0 mV) and charge (AiR = 204.0 mV) compared to the S/MX
cathode (discharge: 25.0 mV, charge: 210.0 mV) and the S/TiO; cathode
(discharge: 43.0 mV, charge: 211.0 mV), highlighting the high electric
conductivity and enhanced LipS nucleation kinetics on hetero-
electrocatalyst [57-59].

The pronounced shuttle effect leads to substantial capacity decay in
Li—S batteries, with surface adsorption playing a crucial role in facili-
tating electrocatalytic conversion reactions. In particular, the adsorption
capacity of the host material stands as a key performance indicator for
lithium-sulfur batteries. To assess this, a static adsorption test was
conducted, comparing the adsorption capacities of MX-TiO,, MX, and
TiO5 in LiySe solutions under consistent mass conditions. As shown in
Fig. 5a, MX-TiO; causes the solution to transition from a dark yellow to

almost colorless, whereas MX only reduces the color intensity to yellow
and the solution in the TiO, sample changed from deep yellow to
absolutely colorless. Comparative analysis confirms that the addition of
TiO, provides significant advantages for MX-TiO; in terms of chemical
adsorption and anchoring ability to LiPSs, thereby inhibiting the disso-
lution and diffusion of LiPSs.

Moreover, XPS analysis was utilized to explore the interactions be-
tween MX-TiO; and lithium polysulfides. As depicted in Fig. 5b, the Ti
2py/3 peaks of MX-TiOy shift towards lower binding energies after
interaction with LisSe solution, indicating polysulfides electron migra-
tion to Ti in MX-TiO5 [60]. The observation of Ti—S bond formation at
456.6 eV suggests strong chemical interactions between MX-TiO; het-
eroelectrocatalyst and LiPSs [61]. This is due to the robust Lewis acid-
base interaction between the vacant orbitals of the surface Ti atoms
and the electronegative polysulfide ions [62]. Furthermore, the S 2p
spectrum displays distinct peaks corresponding to thiosulfate and pol-
ythionate at around 168.8 and 170.0 eV, respectively (Fig. 5c), indi-
cating that MX-TiO2 can oxidize soluble LiPSs to insoluble thiosulfate
and polythionate, facilitating immobilization and subsequent conver-
sion of polysulfides [63].

Density functional theory (DFT) simulations were conducted to
better elucidate how the combined components of MX-TiOs work
together to improve battery performance. Changes in typical charge
densities were examined to illustrate how Sg interacts with MXene or the
heterostructure, as shown in Fig. 5d-e. The charge density accumulation
around Sg and the corresponding charge depletion at the heterostructure
enhance the interaction between sulfur and titanium atoms, making
these interactions more pronounced compared to those with MXene
alone [64,65]. Additionally, the investigation into how the combined
components affect battery performance included an analysis of the
variations in Gibbs free energy (AG) during the sulfur reduction process
on TiO;, MXene and MX-TiO heterostructure surfaces were calculated
(Fig. 5f). Molecular structure diagrams of different sulfur species on the
MX-TiO; heterostructure, MX and TiO; are shown in Fig. S9, Fig. S10
and Fig. S11, respectively. The reaction converting Sg to Li»Sg was
observed to be spontaneously exothermic. The free energy transition
from LisSy to LipS represents the most considerable non-spontaneous
reaction, identifying this step as a rate-determining factor in the
discharge process [66,67]. The free energy associated with the rate-
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limiting reduction step was 0.47 eV for MX-TiO», which is notably lower
than the 1.13 eV observed for TiO, and the 0.88 eV for MX. This suggests
that the MX-TiO; heterostructure facilitates a more thermodynamically
favorable sulfur reduction process compared to TiO, and MX.

As demonstrated in Fig. 6a, the initial assessment of the S/MX-TiOy
electrode's electrochemical characteristics revealed a remarkable ca-
pacity of 1584.7 mAh g~! at 0.1C rate. This performance notably sur-
passes that of the S/MX and S/TiO; electrodes, which exhibited
capacities of 1078 mAh g~! and 1063.3 mAh g™, respectively. Begin-
ning with the second cycle, the S/MX-TiO3 electrode exhibited a gradual
capacity decline from 1330.8 mAh g~! to 654.6 mAh g~! over the course
of 150 cycles, maintaining an impressive capacity retention of 63 %. In
contrast, the discharge capacities of S/MX and S/TiO; decreased to
551.7 mAh g~ ! and 388.9 mAh g}, respectively, after the same number
of cycles. Furthermore, the initial Coulombic efficiency of the S/MX-
TiO4 electrode was markedly superior at 92.40 % compared to 86.59 %
for the S/TiO, material. These findings suggest that the hetero-
electrocatalyst effectively mitigates the polysulfide shuttle effect,
confining the active species within the cathode region and thereby
enhancing cycling stability. Meanwhile, Fig. S12 presents the typical

galvanostatic charge-discharge curves for S/MX-TiO, S/MX, and S/
TiOy at a rate of 0.5C. Notably, the voltage profiles show minimal
variation after 150 cycles, underscoring the superior structural stability
of the S/MX-TiO electrode during cycling. At the end of the battery
discharge process, despite the reduction of long-chain LiPSs into shorter
chains, the electrolytes in both the S/TiO3 and S/MX systems retain a
yellow color, indicating significant amounts of dissolved polysulfides. In
contrast, the electrolyte in the S/MX-TiOy system remains nearly
colorless throughout discharge (Fig. S13a), underscoring the S/MX-
TiOy catalyst's exceptional efficiency in confining LiPSs within the
cathode region during both charge and discharge. The minimal presence
of dissolved polysulfides on the separator further visually confirms the
heteroelectrocatalyst's superior ability to reduce polysulfide shuttling.
To verify the structural stability of the heteroelectrocatalyst after
cycling, SEM imaging and EDS elemental mapping were conducted on
the S/MX-TiO; cathode after 150 cycles. As shown in Fig. S13b-c, sulfur
exhibits a uniform dendritic deposition on the cathode surface, with
elemental mapping revealing an even distribution of sulfur across the
catalyst, highlighting the remarkable stability of the hetero-
electrocatalyst material during cycling. The galvanostatic charge/
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discharge (GCD) profiles reveal that the discharge plateau around 2.0 V
is indicative of the reduction process where soluble long-chain Li,S;, (4
< n < 8) are transformed into less soluble species such as Li»So and Li5S.
In contrast, the overlapping charge plateaus observed between 2.2 and
2.4 V correspond to the oxidation of Li»S; and LisS back into higher
polysulfides like LisSg or elemental sulfur (S8), highlighting the reverse
redox transformation [68,69]. The S/MX-TiO5 electrode exhibited
impressive discharge capacities across a wide array of current densities,
extending from 0.1C to 2C and rapidly returned to 0.2C (Fig. 6b). At
various current densities, including 0.1C, 0.2C, 0.5C, 1C, and 2C, the
recorded discharge capacities were 1377.2, 1060.4, 920.4, 830.5, and
685.5 mAh g, respectively. Following a reversion to 0.2C, the cell
achieved a stable discharge capacity of 933.7 mAh g~!. This perfor-
mance was compared with data from the literature, as illustrated in
Fig. S14. The S/MX-TiO electrode demonstrates the lowest polarization
potential of 176.0 mV among the three electrodes, in contrast to S/MX
(188.5mV) and S/TiO3 (205.2 mV) at 0.1C (Fig. 6¢), demonstrating that
MX-TiOz can not only improve sulfur utilization but also reduce the
polarization potential of the electrode. Additionally, the overall charge-
discharge profile of S/MX-TiO demonstrates exceptional stability,
showing no significant change in voltage polarization (Fig. S15). Even at
2G, the two distinct discharge platforms remain visible, indicating that
S/MX-TiO2 not only surpasses S/MX and S/TiO; in catalytic efficiency
and reaction kinetics but also exhibits superior catalytic stability. To
assess their long-term cycling durability, the cells were subjected to a
rigorous evaluation at a charge/discharge rate of 1C over extended pe-
riods, as shown in Fig. 6d. After 300 cycles, the S/MX-TiO, cell sustained
a substantial rechargeable capacity of 607.4 mAh g~!, demonstrating a
capacity maintenance of 66.9 % and a decay rate of 0.11 %.

To examine the improvement in sulfur redox kinetics provided by S/
MX-TiOo, as shown in Fig. 6e, electrochemical impedance spectroscopy
(EIS) was performed. The EIS results indicate that the S/MX-TiO; elec-
trode exhibits the smallest charge-transfer resistance (R.t) among all the
samples evaluated. After forming a heterostructure with TiO,, the
resistance of the S/MX-TiO; electrode does not significantly increase
and remains much lower than that of the S/TiO, electrode. This

indicates that the MX-TiO, interface facilitates rapid charge transfer and
efficient sulfur redox kinetics [70]. To further evaluate the catalytic
activity of MX-TiO5, we conducted post-cycling EIS measurements and
compared them with pre-cycling EIS data. As shown in Fig. S16, the
post-cycling S/MX-TiO, cathode displays the smallest semicircle in the
high-frequency region, indicating that MX-TiO, provides abundant
metallic active sites, accelerates the activation of both sulfur and lithium
sulfide, and enhances the interfacial redox kinetics of polysulfides.
Assessing the potential for practical use of Li—S batteries also hinges on
their discharge performance under conditions of augmented sulfur layer
density. In Fig. 6f, even with an augmented sulfur loading of 5.42 mg
cm 2, the S/MX-TiO, cathode exhibits a notable initial capacity of 6.23
mAh em ™2 at 0.2C. It maintains a capacity of 4.62 mAh cm™?2 after 40
cycles, with a per-cycle capacity decay rate of only 0.64 %, demon-
strating remarkable cycling stability throughout the testing period. This
performance highlights the effectiveness of MX-TiO; as a cathode host,
demonstrating its ability to substantially mitigate the shuttle effect and
thereby elevate the overall operational efficiency of Li—S batteries [71].
The high-capacity retention and robust cycling stability under high
sulfur loading conditions suggest that MX-TiOy could be a valuable
material for advancing the real-world deployment of Li—S batteries
within advanced energy storage frameworks.

Fig. 7 illustrates that while TiO, exhibits strong adsorption of LiPSs,
its catalytic activity is limited, leading to suboptimal polysulfide con-
version. This strong adsorption also impedes the transport dynamics of
LiPSs and the permeation of Li* ions, thereby slowing down the redox
kinetics. Conversely, MXene excels at accelerating the catalytic con-
version of polysulfides but suffers from inadequate polysulfide adsorp-
tion, resulting in a significant shuttle effect. In contrast, the titanium-
based heteroelectrocatalyst combines the advantages of both TiO, and
MXene, facilitating rapid and efficient bidirectional sulfur redox re-
actions. This integrated approach not only ensures rapid conversion of
LiPSs but also effectively mitigates the shuttle effect, maintaining its
performance even with high sulfur loading.
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4. Conclusion

In this study, we successfully synthesized Li—S battery cathode
materials comprising titanium-based heteroelectrocatalyst using a low-
temperature hydrothermal method. The synergistic catalysis exhibited
excellent electrochemical performance. MXene demonstrated substan-
tial catalytic prowess, significantly accelerating the redox reaction ki-
netics, while TiO, played a crucial role in the adsorption of lithium
polysulfides. This dual-functional approach effectively mitigates the
shuttle effect while concurrently bolstering the overall cycling stability
of the system, contributing to a more robust and reliable performance.
Insights from DFT calculations, corroborated by experimental data,
demonstrate that the MX-TiO, heteroelectrocatalyst adeptly merges
strong adsorption properties with exceptional catalytic performance.
This combination facilitates an efficient, uninterrupted process for
adsorption, diffusion, and transformation of polysulfides. Consequently,
battery exhibits outstanding performance metrics, exhibiting a peak
discharge capacity of 1584.7 mAh g~! at a 0.5C rate, this configuration
also demonstrates a noteworthy endurance, maintaining 66.9 % of its
capacity over 300 cycles at 1C. This research introduces a streamlined
methodology for fabricating superior efficiency Li—S batteries and of-
fers valuable perspectives on advancing their commercial application.
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