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A B S T R A C T

MXenes, a thriving class of two-dimensional (2D) transition metal carbides, nitrides, and carbonitrides,
demonstrate considerable potential in diverse electrochemical energy storage applications. To leverage MXenes
for high-performance sulfur-based batteries, researchers have employed various strategies to modify their
properties, aiming to tackle challenges such as the notorious shuttle effect induced by soluble polysulfides,
sluggish redox reaction kinetics, and substantial volume expansion during the lithiation process. This review
article offers an overview of MXene modification strategies, emphasizing their significant potential in adjusting
the composition, surface chemistry, and morphology to address one or more challenges specially in sulfur
cathodes. We first discuss internal regulation methods of MXene, including surface group engineering, hetero-
atom doping, and high-entropy MXene synthesis, which have been demonstrated to enhance MXene-polysulfide
interactions and facilitate polysulfide conversion. Subsequently, we provide a summary of the recent design
methods and advancements made in MXene-derived and MXene-based composites, with a particular emphasis on
electronic structure reconstruction at the heterointerface and their synergistic roles in Li-S batteries. Following
this, we outline the utilization of MXenes to address the challenges encountered in metal-sulfur batteries beyond
Li-S batteries. Concluding the review, we offer prospects for the future development of utilizing MXenes in
practical sulfur-based batteries.

1. Introduction

Sustainable development in modern society aims to reduce fossil fuel
consumption and CO2 emissions, which drives the rapid development of
energy storage technologies [1]. Lithium-ion batteries (LIBs) have ach-
ieved tremendous success for energy storage in portable electronics,
electric vehicles, and smart energy storage grids [2,3]. However, LIBs
are approaching their energy density limit (420 Wh kg− 1, 1400 Wh L-1),
and their raw materials are expensive and have limited resources. To
address the escalating demand for large-scale and high-density energy
storage, researchers have been exploring next-generation energy storage
devices beyond LIBs to facilitate advancements in technologies such as
long-range electric vehicles [4–6]. Sulfur is a promising electrode ma-
terial due to its natural abundance and high theoretical capacity
(~1672 mAh g− 1). Sulfur can serve as cathode materials to couple with
several metal anodes, such as univalent metals (Li, Na, and K) and
multivalent metals (Ca, Mg, and Al) [7].

Among all metal-sulfur battery systems, lithium-sulfur (Li-S) battery
is the most widely studied due to its highest theoretical gravimetric
energy density of 2672 Wh kg− 1 [6,8]. However, several notorious
problems particularly related to sulfur cathodes hinder the commer-
cialization of Li-S batteries [9]. First, both sulfur (S8) and its discharge
product lithium sulfide (Li2S) are electronically insulating, which leads
to slow reaction rate and very low utilization of active materials [10].
During electrochemical cycling in the Li-S system, charges are stored via
a multi-step reaction, which forms intermediate products known as
“lithium polysulfides” (Li2Sn, 3 ≤ n ≤ 8, or LiPS). LiPS are soluble in
ether-based electrolytes, causing rapid capacity decay through the
shuttle effect as the schematic illustration in Fig. 1a [11,12]. Further-
more, the final discharge step is a solid–solid transformation from Li2S2
to Li2S, contributing half of the theoretical capacity. In reality, this re-
action is difficult to complete due to its high activation barrier, limiting
the practical capacity of Li-S batteries (Fig. 1b) [13–15]. Lastly, the
structural integrity of the electrode is compromised by the 80% volume
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expansion after sulfur lithiation, leading to contact loss between the
electrode and the current collector and, consequently, battery failure
[16].

Many efforts have been made to address the challenges in Li-S bat-
teries, including improving the conductivity, confining sulfur species,
and introducing electrocatalysts. Various carbon materials such as
mesoporous carbon [17], carbon nanotubes [18], and graphene [19],
were employed as sulfur host materials to adapt the volume change and
improve the electrode conductivity. Due to their insufficient adsorption
to soluble polysulfides, carbon materials failed to address the severe
shuttle effect (Fig. 1b). Polar materials with higher binding energies to
LiPS, such as TiO2 [20] and MoS2 [21], can effectively inhibit the shuttle
effect. However, the sluggish reaction kinetics of sulfur species remain a
major challenge in achieving a satisfactory capacity. More recently,
facilitating polysulfides conversion with catalysts has been regarded as a
crucial method to improving reaction rate and addressing the shuttling
phenomenon [22]. High catalytic activity is typically associated with a
strong adsorption of polysulfides on the catalysts [23,24]. A trapping-
diffusion-conversion mechanism further elucidates the conversion
pathways of LiPS on electrocatalysts, underscoring that the optimal
cathode requires both strong adsorptive and active catalytic capabilities
[25]. Novel electrode materials that can fulfill all these criteria are still
in the developmental stage.

An emerging family of 2D transition metal carbides, nitrides, and
carbonitrides, known as MXenes, has garnered significant attention in
the realm of electrochemical energy storage applications [26–28].
MXene exhibits a range of desirable properties for energy storage ap-
plications, including its flexible layered structure, tunable surface
groups, high conductivity, and robust mechanical strength [29]. How-
ever, pristine MXene synthesized via the etching method exhibits limited
adsorption ability and inferior electrochemical catalytic effect for sulfur

species, posing challenges in achieving satisfactory Li-S electrochemical
performance. For example, the electrochemical properties of MXenes are
highly related to their surface terminal groups. MXenes with − F and
–OH groups generally demonstrate higher conductivity but lower
adsorption abilities for LiPS compared to those with − O terminations
[30–32]. MXenes also encounter significant restacking issues, which
limit the ion accessibility to their interlayer space [33]. However, it is
possible to modify MXenes to enhance their functions in Li-S batteries
thanks to their diverse composition, tunable surface chemistry and
flexible interlayer space. MXene can also be fabricated into MXene-
based hybrids to provide characteristics that cannot be achieved by a
single material [34]. More importantly, MXenes can deliver superb
catalytic capabilities to facilitate the conversion of LiPS through
appropriate modification, thereby improving the electrochemical reac-
tion kinetics for outstanding battery performance (Fig. 1b) [35]. MXene
has garnered tremendous attention with the number of publications
increasing by over 350% in the past five years from 2019 to 2023
(Fig. 1c). The initial exploration of MXene in Li-S batteries was pub-
lished in 2015 [36], followed by rapid development (Fig. 1 d, e). Despite
several review papers discussing the application and history of MXene in
sulfur-based batteries [37,38], there is still a lack of a comprehensive
review specifically focusing on strategies for modifying MXenes,
including pure MXenes, MXene derivatives, and MXene composites, to
achieve specific functions to enhance sulfur-based batteries
performance.

Herein, we present a review summarizing the design and modifica-
tion strategies and recent processes of MXenes aimed at enhancing the
performance of sulfur-based batteries. As illustrated in Fig. 2, we
commence this review with the fundamental properties, composition,
and synthesis methods of MXene. These aspects elucidate MXene’s po-
tential for application in sulfur-based batteries, laying the foundation for

Fig. 1. (a) A schematic illustration of the sulfur reduction process in Li-S batteries. (b) Discharge profile of sulfur with carbon as cathode, the dashed red line
represents the expected discharge profile by sulfur with MXene as cathode. Annual number of publications from 2014 to 2023 based on Web of Science using the
keyword (c) “MXene”, (d) “Li-S batteries”, and (e) “MXene Li-S batteries”, respectively. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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all subsequent discussions. Following this, we categorize and summarize
various design and modification methods of MXene tailored to address
the challenges faced by sulfur cathodes. This includes internal regulation
of MXene such as surface group engineering, atomic doping, and the
preparation of high-entropy MXene to enhance the interaction between
MXene and LiPS. Next, our focus shifts to the in-situ formation of het-
erostructures derived from MXene, highlighting the importance of
reconstructing chemical composition, band structure, and electronic
properties at the heterointerface and their impact on Li-S electrochem-
istry. Furthermore, we outline the fabrication of MXene-based hybrids
and delve into the principles of combining MXene with other materials
to achieve synergistic effects that single materials cannot provide.
Inspired by the achievements of MXene in Li-S batteries, we broaden our
discussion to encompass its potential in addressing challenges across
various other metal-sulfur batteries. Finally, we outline the remaining
challenges and offer prospects for further developing MXene-based Li-S
and other metal-sulfur batteries.

2. Mxene composition and synthesis

The chemical formula of MXene is represented as Mn+1XnTx, where
M stands for early transition metals, X denotes carbon and/or nitrogen, n
is an integer ranging from 1 to 4, and Tx stands for surface groups
(Fig. 3a) [34]. To date, over 50 distinct MXenes have been synthesized,
with computational methods predicting thousands more MXene com-
positions [39]. The most common MXenes are single transition metal
MXenes, such as Ti2CTx [40], V2CTx [41], Ti2NTx [42], Ti4N3Tx [43],
and the metal-vacancy-containing Mo1.33C [44]. For MXenes with two
metal species, two forms exist: MXenes with ordered double-metal
structure and MXenes with solid solution structure, as shown in
Fig. 3b. For example, Mo2TiC2Tx and Mo2Ti2C3Tx are arranged in the
order of Mo-Ti-Mo and Mo-Ti-Ti-Mo, respectively [45]. Meanwhile, two
different metal atoms randomly occupy the M− sites in solid solution
MXenes, such as TiyNb2–yCTx and NbyV2–yCTx [46]. Inspired by

advancements in the field of high-entropy compounds, high-entropy
MXenes with at least four metal species have been recently developed
[47,48]. Density functional theory (DFT) simulation has revealed that
increasing the number of metal species leads to enhanced stability,
following the entropy-stabilization principle [48].

Based on the currently available MXene synthesis methods, the
synthesis route can be roughly categorized into top-down and bottom-up
methods. In the top-down method, MXenes are acquired through the
selective removal of the A layers from the MAX (Mn+1AXn) phase.
Notably, A represents A-group elements in the periodic table, primarily
IIIA and IVA elements such as Al and Si. HF etching is the earliest and the
most widely used method to etch the MAX phase (Fig. 3c) [49].
Following the etching step, an intercalating agent is frequently
employed to transform the compact MXene structure into an expanded
accordion-like stacked structure, after which mechanical exfoliation
(such as ultrasonic treatment) is carried out to obtain single or few layers
of MXene. Commonly used intercalating agents include dimethyl sulf-
oxide [50], urea [51], and isopropyl amine [42]. Due to the toxicity and
practical hazards associated with HF, etchants combined with fluoride
salts and hydrochloric acid (e.g., LiF-HCl) have been employed as sub-
stitutes for HF for synthesizing MXene [52]. A mixture of surface groups,
including − F, − Cl, − O, and –OH, can be introduced during the acidic
etching process. The stoichiometry of the surface terminations is influ-
enced by the etching environment. Taking Ti3C2Tx as an example, the
chemical formula is Ti3C2(OH)0.06F0.25O0.84 after LiF-HCl etching, while
it becomes Ti3C2(OH)0.12F0.8O0.52 after HF etching [53]. Additionally, F-
rich and OH-free terminated Ti3C2Tx MXene can be synthesized using
anhydrous solvents [54].

Many efforts have been made to develop fluorine-free methods or it
can be referred to “green synthesis method”, driven by the concerns
regarding environmental issues associated with fluorine compounds
[55]. These methods include molten salt etching [56], alkali treatment
hydrothermal etching [57], electrochemical etching [58], and photo-
Fenton approach [59]. The molten salt method involves immersing

Fig. 2. A schematic illustration of the highlight of this review, including compositions and synthesis of MXene, various design and modification methods of MXene
for high performance sulfur-based batteries.
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the MAX precursors in Lewis acidic molten salt at elevated temperatures,
where the A layers are selectively removed due to their weak bonding
energy to early transition metal atoms (Fig. 3c). Simultaneously, molten
salt ions undergo reduction reactions (e.g., Cu2+ is reduced to metallic
Cu), leading to the formation of MXenes with selective surface groups
[56]. The development of molten salt methods facilitates the synthesis of
MXenes with stoichiometric single terminations, including halide-
terminated (Ti3C2Cl2, Ti3C2Br2, and Ti3C2I2) and chalcogenide-
terminated (Nb2CO2, Nb2CS2, Nb2CSe2, and Nb2CTe2) MXenes
[56,60,61]. Recently, Huang et al. reported another Se-terminated
MXene Nb2CSe2 prepared through a novel one-step “vapor-active”
method [62].

Various bottom-up methods have been investigated in the pursuit of
large-scale and controllable production of MXene, including chemical
vapor deposition (CVD) [63], ion sputtering [64], and wet chemical
amalgamation [65]. These methods tend to offer higher controllability,
uniformity, and scalability. For instance, large-area and uniform 2D
ultra-thin α-Mo2C crystals can be synthesized using CH4 as the carbon
source and copper foil placed on molybdenum foil as the catalyst for
CVD. The size, thickness, and morphology of Mo2C crystals can all be
tuned by adjusting temperature and the growth time [63]. Additionally,
bottom-up methods also offer possibilities for the morphology control of
MXene. Ti2CCl2 was grown on the Ti surface at 950 ◦C by CVD using a
gas mixture of Ar/TiCl4/CH4. The resulting structure exhibited a

distinctive “flower-like” vesicle morphology (Fig. 3d), which is formed
through step-by-step buckling and releasing of MXene [66].

Different MXene synthesis methods exhibit distinct advantages and
limitations, with the choice of method being critical for Li-S batteries.
HF etching and HCl/LiF etching are straightforward and widely used
techniques for producing monolayer or few-layer MXenes. However, it
poses safety risks due to the use of hydrofluoric acid and results in
MXenes with a high concentration of − F functional groups, which limits
their polysulfide adsorption capacity. Molten salt etching offers precise
control over surface groups, enhancing the electrical conductivity and
polysulfide interaction of MXenes. Such process requires high-
temperature processing, leading to significant energy consumption,
and often results in large, bulk products with relatively low surface area.
Besides, few layers MXene prepared by molten salt method also requires
special delamination process, which results in low yield [67]. Electro-
chemical etching is a safer alternative that allows for surface chemistry
control, but it is slower and yields lower product quantities. CVD method
provides excellent control over surface chemistry and is scalable for
mass production, but it remains underexplored in the context of MXene
synthesis, requiring high temperatures and vacuum conditions, which
complicates its application. For Li-S battery applications, methods that
maximize surface area, electrical conductivity, and polysulfide adsorp-
tion are preferred. Thus, molten salt etching and CVD show the most
promise but require further optimization and research to improve

Fig. 3. (a) Periodic table showing possible elemental compositions of MXene. The chemical formula of MXene can be represented as Mn+1XnTx : while blue represents
the transition metals M that have been synthesized successfully in MXene, light blue represents that only exist in theoretical simulations; gray represents X (X = C/N);
and yellow represents surface groups Tx. Reproduced with permission: Copyright 2021, American Chemical Society [34]. (b) Atomic structures for solid solution on
M− sites (SS-M) and ordered double-transition-metal MXenes (2 M) Reproduced with permission: Copyright 2020, American Chemical Society [45]. (c) Schematic
illustration displaying the synthesis of MXene through etching the A layers from MAX phases. Reproduced with permission: Copyright 2020, American Association for
the Advancement of Science [49]. (d) Scanning electron microscopy (SEM) image of a CVD-Ti2CCl2 microsphere. Reproduced with permission: Copyright 2023,
American Association for the Advancement of Science [66]. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of this article.)
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product purity and scalability.

3. MXene properties and internal regulation for high-
performance Li-S batteries

The variety of MXene compositions and synthesis methods enable
researchers to optimize the properties of MXenes to improve the per-
formance of Li-S batteries. In this section, we first summarize the
properties of pristine MXene and discuss its functions in Li-S batteries,
including its roles as sulfur host materials or as the coating materials for
separators. Then, we review various internal modification strategies that
have been applied to MXenes to boost its properties for high perfor-
mance Li-S batteries.

3.1. MXene properties and its application in Li-S batteries

Many MXenes possess high electronic conductivity, which is a key
advantage for their application in Li-S batteries [68]. The electronic
conductivity of Ti3C2Tx MXene achieved 20,000 S cm− 1 when the
Ti3AlC2 MAX phase with excess aluminum was used as the precursors
[69]. Nitride MXenes are anticipated to exhibit higher electrical con-
ductivity than carbide MXenes because nitrogen contributes more
electrons than carbon. However, nitride MXenes are unstable in HF so-
lution, and the preparation of nitride MXene is more complicated than
that of carbide MXene [70]. Besides, the creation of vacancies in the

metal layer of MXene has an impact on electronic conductivity. For
example, Mo1.33C exhibited higher electrical conductivity and better
electrochemical performance than Mo2C [44]. For multi-metal MXenes,
the metal atoms on the surface play a more significant role in electrical
conductivity than inner metals [71], and preparing high-entropy
MXenes may also enhance electrical conductivity [72].

Benefiting from their high conductivity, MXenes have been directly
employed as sulfur host to improve the cathode conductivity. The first
research that applied MXenes in Li-S batteries was published in 2015 by
Nazar et al. [36]. They utilized delaminated Ti2C (d-Ti2C) combined
with 70 wt% sulfur as a composite cathode. X-ray photoelectron spec-
troscopy (XPS) analysis indicated that the Ti-OH fraction in the 70%S/d-
Ti2C cathode decreased compared to pristine Ti2C. The decrease in Ti-
OH groups is attributed to the replacement of –OH by sulfur (or S2-)
during the cathode preparation process, resulting in the formation of Ti-
S bonds. These formed Ti-S bonds serve as active centers to facilitate the
conversion from S8 to Li2S (Fig. 4a). Despite d-Ti2C having neither a high
specific surface area nor a well-ordered pore structure, the 70%S/d-Ti2C
cathode achieved excellent reversible capacity of 1200 mAh g− 1 at 0.2C
and long-term cycling stability of 400 cycles at 0.5C. Later, Zhao
fabricated layered Ti3C2 MXene (L-Ti3C2) with an accordion-like
morphology and utilized it as a sulfur host material [73]. The individ-
ually separated MXene layers provided space for sulfur loading, allow-
ing for 57.6 wt% sulfur to be evenly distributed between the MXene
layers by annealing at 155 ◦C. The rapid electron transport along the

Fig. 4. (a) Schematic illustration showing the replacement of the Ti-OH bond on the MXene surface with a S-Ti-C bond by heat treatment or by contact with
polysulfides. Reproduced with permission: Copyright 2015, Wiley [36]. (b) Schematic demonstrating the two-step interaction between a hydroxyl-decorated MXene
phase and polysulfides. Reproduced with permission: Copyright 2016, Wiley [74]. (c) Schematic illustration of the fabrication of S/3D e-Ti3C2 microspheres. (d)
Density of states analysis of Ti and C in Ti3C2 and e-Ti3C2, respectively. (e) Energy profiles of Li2S decomposition on Ti3C2 and e-Ti3C2 surfaces. (f) CV curves of
symmetric cells prepared with various types of Ti3C2 and e-Ti3C2 at 10 mV s− 1. (g) Li2S electrochemical deposition profiles of e-Ti3C2-2. Reproduced with permission:
Copyright 2021, American Chemical Society [75].
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MXene flakes can facilitate the electrochemical reactions of the inter-
calated sulfur. Moreover, the accordion-like structure can adapt the
significant volume expansion during Li-S battery discharging. As a
result, the S/L-Ti3C2 composite cathode delivered a high initial
discharge capacity of 1291 mAh g− 1 and a high retention of 75.1% after
100 cycles. In 2017, Nazar’s group explored the application of Ti3C2 and
Ti3CN MXene in Li-S battery for their surface reactivity using XPS and
DFT calculations [74]. They revealed that the adsorption of MXene to
LiPS is based on a Lewis acid base interaction, while MXene acts as a
Lewis acid by accepting electron pairs from the Lewis basic polysulfides,
facilitating strong adsorption. Specifically, the surface terminations of
–OH are consumed by interactions with polysulfides via thiosulfate
formation, and the uncoordinated Ti on the surface bonds with sulfur to
form Ti-S bonds, resulting in strong adsorption of polysulfides. This
study provided a unique explanation of how MXene can trap poly-
sulfides and improve cycling stability (Fig. 4b). This work achieved a
long lifespan of over 1200 cycles with an ultralow decay rate of 0.043%
per cycle at 1.5 mg cm− 2 of sulfur loading.

Since then, the utilization of MXene in Li-S batteries has experienced
rapid expansion, and the catalytic ability of MXene in boosting the
conversion of LiPS has gradually received more attention. Chen et al.
prepared hierarchically porous MXene microspheres (e-Ti3C2) with
tunable edges as a multifunctional catalyst for Li-S batteries (Fig. 4c)
[75]. During synthesis, HF was employed to remove the in-situ formed
Ti-O bonds, creating numerous unsaturated Ti sites with abundant pores
in the framework. Simulation results suggested that the edge of Ti3C2
contained abundant unsaturated Ti sites, which could act as multi-
functional active sites to chemically anchor LiPS, lower the Li+ transport
barriers, and electrocatalytically accelerate LiPS conversion and Li2S
decomposition. As shown in Fig. 4d, the unsaturated Ti reduces the
energy gap between Ti 3d and C 2p in e-Ti3C2, thereby weakening the
strength of S-S bonds and facilitating LiPS decomposition. Moreover, the
Li2S decomposition energy on the surface of e-Ti3C2 (0.29 eV) is
significantly smaller than that on the Ti3C2 surface (0.86 eV), indicating
that e-Ti3C2 can promote the transformation of solid-phase Li2S to
liquid-phase polysulfide (Fig. 4e).

In addition to the theoretical perspective mentioned above, the
electrocatalytic ability was further confirmed by experimental studies
such as symmetric cyclic voltammetry (CV) and Li2S nucleation test
[76,77]. A symmetric CV test is conducted with the same electrode
material placed on both sides of a separator in Li2S6-containing elec-
trolytes. The peaks shown on the CV curves reflect the redox activity of
Li2S6 on the electrode. Fig. 4f shows the CV curves of pristine Ti3C2, 3D
Ti3C2, and e-Ti3C2 dried at different temperatures. The 3D e-Ti3C2-2
sample, corresponding to the e-Ti3C2 dried at 60 ◦C, exhibited the
highest current density and lowest redox potentials among all samples. It
demonstrated the most rapid charge transfer and improved redox re-
action kinetics of the sample for sulfur species conversion. A Li2S
nucleation test can be further performed to evaluate the energy barrier
for converting liquid LiPS to solid Li2S. In this test, the samples are
utilized as cathodes in the cells with lithium metal as anodes and Li2S8-
containing solvents as electrolytes. As shown in Fig. 4g, the cells were
first discharged from open circuit potential to 2.06 V galvanostatically at
0.112 mA, and then discharged from 2.05 V potentiostatically until the
current fell below 0.01 mA. Based on the Li2S deposition profiles, the
Li2S precipitation capacity on 3D e-Ti3C2-2 was calculated to be 183.8
mAh g− 1 [76]. The sample exhibited high capacity and short response
time for Li2S nucleation, indicating a low Li2S nucleation barrier. With
all these merits, the S/e-Ti3C2 cathode delivered a high capacity of
803.4 mAh g− 1 after 500 cycles and a high areal capacity of 5.6 mAh
cm− 2 with a high sulfur loading (6.1 mg cm− 2) and lean electrolyte/
sulfur ratio (5.2 μL mg− 1) [75].

Recently, several high-entropy compounds have achieved significant
success for improving the performance of Li-S batteries [78–80]. Yang
et al. reported the successful synthesis of high-entropy MXene (Ti1/3V1/

3Zr1/6Nb1/6Ta1/6)2CxN1-x (HE CN-MXene) with all metal elements

randomly and uniformly dispersed in the metal layers [48]. The HE CN-
MXene exhibited strong mechanical properties attributed to the stable
integration of various-sized metal atoms. High electrical conductivity
was also observed in the HE CN-MXene due to the redistribution of
electrons [78]. Furthermore, the metal layers with five different metals
offered abundant active sites to capture and convert LiPS. Benefiting
from these advantages, Li-S batteries with HE CN-MXene showed high-
rate performance of 702 mAh g− 1 at 4C and stable cycling capability
(738 mAh g− 1 under 1C after 300 cycles). Another high entropy MXene,
TiVNbMoC3, was proved to present an electronic enrichment state near
the 0 eV Fermi level based on density of states (DOS) simulations [72].
TiVNbMoC3 exhibited several advantageous properties compared with
transition metal carbides and Ti4C3 MXene, including higher binding
energy to LiPS, lower Li-ion transport barrier, and lower Li2S decom-
position energy barrier. As a result, the cell with TiVNbMoC3 achieved
outstanding long-cycling performance, with a decay rate as low as
0.026% per cycle at 1C and 0.031% per cycle at 2C for 1200 cycles [72].

MXene holds great potential for free-standing and binder-free elec-
trodes due to its 2D structure and excellent mechanical properties,
which lays the foundation for its possible application in flexible devices
and wearable electronics [81,82]. 2D Ti2C MXene can withstand large
strains of 9.5% under biaxial tensions. It can also endure strains of 18%
and 17% under uniaxial tensions along the x-axis and y-axis, respec-
tively [83]. Moreover, surface groups have a significant impact on
MXene’s mechanical properties. For instance, by tuning the surface
groups to Ti2CO2, the tensile strength can be increased to 20% (biaxial),
28% (uniaxial along the x-axis), and 26.5% (uniaxial along the y-axis),
outperforming graphene (15% biaxial). A strong free-standing MXene
paper was reported to withstand stresses of approximately 41.3 MPa
with around 0.8% elastic strain [84]. Fig. 5a shows a MXene paper with
amorphous sulfur uniformly distributed between MXene layers, pre-
pared by vapor deposition. This freestanding Ti3C2Tx/S paper showed
good mechanical flexibility (Fig. 5b). The fracture strain decreased to
1.8% for the freestanding MXene/S paper compared to 2.2% for the
MXene paper (Fig. 5c). It’s worth mentioning that MXene/S could be
bent convexly or concavely while still maintaining flexibility without
any damage. Interestingly, MXene/S paper exhibited an even higher
fracture stress (79.6 MPa) than pure MXene paper (45.8 MPa). However,
due to the tightly compacted structure, the sulfur loading was limited to
30 wt%. To improve the sulfur loading, Alshareef et al. fabricated a
freestanding membrane by encapsulating sulfur in Ti3C2Tx MXene with
different flake sizes (Fig. 5d) [85]. Firstly, crumbled Ti3C2Tx (C-Ti3C2Tx)
with a size distribution of 20–200 nm was utilized to wrap sulfur par-
ticles. Subsequently, Ti3C2Tx with a large size of 1–3 μm (L-Ti3C2Tx) was
employed as a conductive scaffold to improve the mechanical strength of
the membrane. Consequently, a 3D hierarchical structure was prepared,
featuring numerous active sites to chemically immobilize LiPS and
abundant space to load sulfur while accommodating volume expansion.
This freestanding cathode, with 69.6 wt% sulfur loading, could achieve
an excellent areal capacity of 2.1 mAh g− 1 and energy density of 652 Wh
kg− 1 based on the whole weight of cathode at 3C. It also delivered a
notable volumetric capacity of 2.7 Ah cm− 3 after 200 cycles with the
sulfur loading of 4.0 mg cm− 2. Furthermore, as MXene flakes are
negatively charged, they could be effectively dispersed in water, form-
ing MXene-based inks suitable for various printing technologies [86,87].
As shown in Fig. 5e, f, the concentrated and viscous S@Ti3C2Tx ink can
be cast on Al foils using doctor blade deposition. The resulting free-
standing S@Ti3C2Tx film could deliver 1170 mAh g− 1 at 2C and main-
tain 1170 mAh g− 1 after 175 cycles [57].

Separator modification is another effective method to address the
shuttle effect and accelerate sulfur species conversion [88]. Due to the
restacking issue of 2D MXenes, modifying the separator with MXene can
block ion transfer pathways, thereby limiting charge transfer at high-
rate current density. Moreover, the restacking also buries many active
surface sites within the densely packed MXene layers, weakening the
interaction between MXene and LiPS [89]. Therefore, rational
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morphology modification is crucial to maximize the utilization of
MXene’s active surface and optimize separator design. As shown in
Fig. 6a, Ti3C2Tx MXene membranes with controllable in-plane pores
were prepared via an “oxidation-etching” method [90]. Cu2+ catalysts
facilitate the partial oxidation of Ti3C2Tx flakes to TiO2, and the

concentration of Cu2+ determines the porosity of the in-plane pores.
MXene membranes with abundant pores (Fig. 6b) enable lithium ions to
pass freely while blocking the shuttling of LiPS, thereby enabling high
sulfur utilization even at high current densities. Consequently, Li-S
batteries with optimized MXene membranes exhibited significantly

Fig. 5. (a) Cross-section SEM image of Ti3C2Tx/S paper and corresponding energy dispersive X-ray spectroscopy (EDX) elemental mapping of Ti, O, and S elements.
(b) Photographs of freestanding Ti3C2Tx/S paper when bending, showing good mechanical flexibility. (c) Stress–strain curve of the Ti3C2Tx/S paper and pure Ti3C2Tx
paper. Reproduced with permission: Copyright 2019, Wiley [84]. (d) SEM image of S@PCL membrane, inset is the photograph of the free-standing, flexible S@PCL
cathode (S mass loading: 4.0 mg cm− 2). Reproduced with permission: Copyright 2021, Elsevier [85]. (e) Schematic explaining the preparation, and (f) Optical image
of S@Ti3C2Tx ink, showing its viscous nature. Reproduced with permission: Copyright 2018, Wiley [57].

Fig. 6. (a) Schematic illustration of the synthesis of porous MXene (PM). (b) SEM image of porous Ti3C2Tx MXene. Reproduced with permission: Copyright 2021,
Wiley [90]. (c) Left: schematic illustration of the fabrication of the flexible and integrated a-Ti3C2-S/d-Ti3C2/PP electrode for Li-S batteries. Right: schematic
illustration of the preparation of d-Ti3C2 nanosheets and a-Ti3C2-S hybrid. (d) SEM image of a-Ti3C2-S hybrid. Reproduced with permission: Copyright 2018,
American Chemical Society [92].
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improved rate capability, delivering 677.6 mAh g− 1 at 2C. Cutting 2D
MXene into 0D quantum dots before coating it on the separator is
another method to provide open ion transport channels [91]. Due to its
small size, 0D MXene can further prevent MXene restacking and offer
more active sites to capture and catalyze the dissolved LiPS. In another
example, MXene is employed both as the modifier for the separator and
as the host material for sulfur [92]. As illustrated in Fig. 6c, delaminated
MXene (d-Ti3C2) is applied to cover the separator, thereby preventing
the shuttle effect of LiPS. Simultaneously, the d-Ti3C2 undergoes con-
version into a MXene nanoribbon framework (a-Ti3C2) through KOH
treatment, serving as the host material for sulfur (Fig. 6d). The nano-
ribbon framework features open and interconnected macropores with a
large surface area, ensuring high sulfur loading and rapid ion transport
for efficient charging/discharging processes. This MXene-based Li-S
battery can operate without current collector and demonstrates a high
reversible capacity of 1062 mAh g− 1 at 0.2C.

3.2. MXene surface group engineering

The surface chemistry of MXene is one of the main factors influ-
encing the performance of MXene-based Li-S batteries. The electrical
conductivity, which is essential for electron transport in the sulfur
electrode, is affected by the type of present surface groups. Nb2CCl2
exhibits higher conductivity than conventional Nb2CTx with mixed − O,
–OH, and − F terminal groups [61], and Nb2CSe2 even surpasses that of
the conventional Nb2CTx MXene by over 2000 times [62]. More
importantly, the adsorptive and catalytic effects differ among different
surface groups, which allows the researchers to optimize the surface
groups to enhance its performance in Li-S electrochemistry.

Computational simulations have been employed to elucidate the
roles of various surface groups in the adsorption and conversion kinetics
of LiPS. DFT simulation revealed that both − F and − O on the Ti2C
MXene can mitigate the shuttle effect, but the suppression mechanisms

are different. For − F groups, polysulfides tend to be anchored on Ti2CF2
rather than dissolve in the electrolyte. This is due to the higher binding
energy of polysulfides on Ti2CF2 compared to that of dimethoxyethane
(DME) and1,3-dioxolane (DOL). Meanwhile, the − O group on the
Ti2CO2 can facilitate the transformation of long-chain LiPS (Li2S8, Li2S7,
and Li2S6) into insoluble elemental sulfur to address the shuttle effect.
Additionally, the conductivity of Ti2CO2 transfers from semiconductor
to metallic features after anchoring LiPS, thereby supporting the redox
reaction of LiPS intermediates [32]. Another first principle study
revealed that Ti2CS2 exhibits a higher binding energy toward LiPS
compared to Ti2CF2 and Ti2CO2 MXenes (Fig. 7a). Besides, Ti2CS2 can
also facilitate electrochemical activity due to its metallic features [93].
Wei et al. proposed an universal atomic surface group modification
approach to enhance the adsorption and electrocatalytic effect of
Ti3C2T2 MXene for Li-S batteries. They investigated Ti3C2T2 with five
different surface terminations (T = N, O, F, S, and Cl), all of which
exhibited metallic conductivity. Among them, Ti3C2S2 and Ti3C2O2 can
promote the conversion from LiPS to Li2S due to their lower decompo-
sition barrier of Li2S6. Ti3C2S2 and Ti3C2O2 also exhibit a lower Li+

diffusion barrier, which may enhance the high-rate performance.
Meanwhile, Ti3C2 with single − S/-N/-O surface group offer moderate
adsorption energies to LiPS, which can suppress LiPS dissolution and
shuttling. Similarly, Wang et al. calculated the LiPS adsorption strength
of various surface groups on Ti3C2Tx. They observed that adsorption
strength increases in the following order: Cl, F, N, O, S [94]. Among
these surface groups, − O and − S terminated Ti3C2 exhibited superior
electrocatalytic properties for Li2S decomposition. Interestingly, they
also found that vacancies can significantly impact the adsorption ability.
Although the adsorption strength of Ti3C2Cl2 to Li2S8 is only 0.7–1.1 eV,
it can be increased to 2.5–3.5 eV by creating 1/16Cl deficiencies [94].
For vanadium carbide MXenes, bare V2C without terminations showed
extremely high adsorption energies, ranging from − 6.42 eV for Li2S to
− 19.52 eV for S8. Although the strong adsorption energies effectively

Fig. 7. (a) Comparison of the binding energies of polysulfides with Ti2CS2, Ti2CO2, Ti2CF2, and electrolyte solvent molecules (DME and DOL). Reproduced with
permission: Copyright 2018, Elsevier [93] (b) Band Structures of Ti3C2I2. (c) Band Structures of Ti3C2O2. Reproduced with permission: Copyright 2022, American
Chemical Society [99] (d) Schematic illustration of the synthesis of Magnolol-modified Ti3C2Tx (M− Ti3C2Tx). Reproduced with permission: Copyright 2022,
Elsevier [103].
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immobilize Li2Sn, excessive adsorption can lead to the decomposition of
Li2Sn, preventing their further reduction. Meanwhile, V2C with sulfur
terminations (V2CS2) demonstrated moderate adsorption, which pro-
vides sufficient capability to address the shuttle effect while preventing
the decomposition of Li2Sn and facilitating Li2Sn conversion. Besides,
V2CS2 can maintain metallic properties after adsorbing LiPS, thereby
enhancing electrochemical activity during battery cycling [95].

Experimentally, several approaches have been employed to intro-
duce different surface groups aimed at enhancing LiPS adsorption and
conversion. As discussed in section 2, the etchant composition and
etching environment influence the composition of surface groups of
MXene. MXenes prepared by HF etching contain more –OH and − F
groups [26]. They primarily adsorb polysulfides via Lewis acid-base
interaction. The –OH groups would react with LiPS to produce thiosul-
fate, followed by forming Ti-S bonds to absorb polysulfides [74,96]. The
surface groups of MXenes can also be tuned by post-treatment. Dang
et al. fabricated Nb2C MXene with a uniformly O-terminated surface
through heat treatment [97]. They demonstrated the superior catalytic
activity of Nb2CO2 compared to other surface groups and bare surfaces.
Another work reported the oxygen-functionalized Ti3C2 MXene (O-
Ti3C2) prepared via pyrolysis [98]. The oxygen groups on the O-Ti3C2
can regulate the D-band center of Ti atoms, bringing it closer to the
Fermi level and thereby enhancing electrocatalytic activity. The O-Ti3C2
was utilized on both the anode and cathode sides: it improved the
electrode affinity towards LiPS and the reaction kinetics of LiPS con-
version on the cathode side; Meanwhile, it enabled the formation of a
dendrite-free Li anode by promoting high-flux Li diffusion. A practical
and flexible Li-S pouch cell employing this design achieved an impres-
sive areal capacity of 5.2 mAh cm− 2 over 30 cycles with sulfur loading
up to 6.7 mg cm− 2 and lean electrolytes of electrolyte-to-sulfur ratio of
6.0 mL g− 1 [98]. However, the preparation of O-terminated MXenes
essentially involves oxidizing the surface of MXenes. Therefore, it is
crucial to precisely control the degree of oxidation during post-
treatment to avoid the formation of TiO2, as it would significantly
reduce the conductivity of MXene. In contrast, an I-terminated Ti3C2
MXene (I-MXene) was produced by annealing a mixture of potassium
iodide and the few-layer MXene under an inert gas environment at high
temperature [99]. The I-MXene effectively immobilizes LiPS through Ti-
S bonds and boosts the reaction kinetics of LiPS conversion. Notably, the
band gap of Ti3C2I2 is near 0 eV (Fig. 7b), which is much lower than that
of Ti3C2O2 (Fig. 7c), indicating the high electronic conductivity of I-
MXene. Leveraging these advantages, the cell employing I-MXene
exhibited a notable initial discharge capacity of 1308 mAh g− 1 and
retained 761 mAh g− 1 after 100 cycles at 0.2C.

In addition to single-atom surface groups, larger groups can also be
utilized to graft on MXene surface. Ammonia and Ti3C2 MXene were
used to synthesize Ti3C2-NH2 nanosheets through a straightforward
sealed thermal method. The presence of –NH2 effectively enhanced the
mechanical strength of MXene [100,101]. Amide- and imino-terminated
MXenes can be synthesized by reacting halogen-terminated MXenes
with deprotonated organic amines [102]. As shown in Fig. 7d, The re-
action between magnolol and Ti3C2Tx in N,N-Dimethylformamide
(DMF) can be represented by the following equation: Ti3C2Ox(OH)yFz
+ nROH = Ti3C2Ox(OH)y(OR)z-n + nHF. When the magnolol-modified
Ti3C2Tx (M− Ti3C2Tx) was employed as a sulfur host material, the sur-
face chemistry not only facilitated the formation of C-S bonds, but also
resulted in the uniform dispersion of sulfur atoms through inverse
vulcanization owing to the symmetrical bisphenol and diallyl groups of
magnolol. The as-prepared S/M− Ti3C2Tx electrode delivered a high
reversible capacity of 7.68 mAh cm− 2 at a high sulfur loading of 7.2 mg
cm− 2 and a low decay rate of 0.07% [103].

3.3. Heteroatom doping

Unlike surface engineering, which only modifies the outermost layer,
atomic-scale doping can replace atoms within the lattice of MXene. The

reconstitution of the electronic state for MXene, modified by heteroatom
doping, creates a more uniform distribution across the MXene surface,
thus improving the conductivity [31], adsorption, and catalytic con-
version of LiPS [104]. Heteroatom doping is categorized as anion
doping, cation doping, and co-doping, depending on the different
dopant atoms.

3.3.1. Anion-doped MXene
Nitrogen doping on graphene is widely studied and is considered

beneficial for charge transfer and LiPS immobilization for Li-S batteries
[105]. Recently, there have also been some reports about nitrogen-
doping MXene, inheriting the same idea. Unlike graphene, where ni-
trogen atoms can only substitute carbon atoms, there are three possible
nitrogen-doping sites on carbide MXene: surface adsorption on MXene;
substitution of other terminations to form − N surface groups; lattice
substitution of carbon to form Ti-N bonds. [94,106,107]. The lattice
substitution of carbon atoms tunes the Fermi level to a lower state as
nitrogen contains more electrons, thus enhancing the electrical con-
ductivity [31]. A DFT study demonstrated that replacing some carbon
atoms with nitrogen in Ti2CO2 can increase the conductivity from
semiconductive to metallic conductive [108].

The interaction between MXene and LiPS also changes after nitrogen
doping, directly impacting Li-S batteries. The binding energy between
nitrogen-doped Ti3C2 (N-Ti3C2) and Li2S4 (14.27 eV) is much higher
than that of Ti3C2 (10.59 eV) as shown in Fig. 8a [109]. The strong
chemical adsorption of N-Ti3C2 significantly improves the confinement
ability towards LiPS. It should be noted that this work utilizes MXene
without functional groups to simulate the Lewis acid-based chemical
bonds, as there is no binding energy shifts for − F terminations on MXene
surface. The effect of surface groups was carefully considered for other
cases since the adsorption effect significantly differs among different
surface groups [94]. Song et al. utilized melamine formaldehyde (MF)
spheres as a sacrificial template along with a nitrogen source to prepare
porous N-doped Ti3C2 MXene (P-NTC), demonstrating enhanced elec-
trocatalytic ability for Li-S chemistry [107]. As depicted in Fig. 8b, after
removing the MF templates by annealing in Ar gas at 500 ◦C, nitrogen
dopants were uniformly distributed on MXene. Ti-N bonds were detec-
ted by XPS, confirming successful doping. The N-doped surface
increased the electron density and exhibited larger adsorption energy to
Li atoms, enhanced the interfacial interaction with Li2S clusters, and
facilitated nucleation of Li2S from LiPS. Regarding the reverse oxidation
process, the decomposition energy barrier for Li2S on the N-doped
MXene (0.14 eV) is also lower than on pure MXene (0.19 eV), indicating
a superior bidirectional electrocatalytic effect towards the redox reac-
tion of Li-S chemistry. As a result, the N-doped MXene contributed to a
long-life Li-S battery with a low capacity decay rate of 0.033% per cycle
at 2C over 1200 cycles. In another study, MF spheres were again utilized
as the sacrificial template and nitrogen source to prepare a freestanding
N-Ti3C2@S/graphene cathode for Li-S battery via a straightforward
slurry-free method [110]. The as-prepared electrode provided a high
initial capacity of 1342.6 mAh g− 1 at 0.1C with a low capacity decay rate
of 0.067% per cycle. HCl-treated melamine can also be utilized as the
nitrogen source to prepare the N-doped MXene. For example, 3D N-Ti3C2
MXene@CNT microspheres were prepared via spray drying and subse-
quent pyrolysis propress [111]. The resulting sample contained CNTs in
its 3D network, which improved porosity and conductivity. Meanwhile,
the N-doped MXene exhibited enhanced adsorption to LiPS species,
which aided in trapping the LiPS in the porous microspheres. When
applied as a sulfur host material, N-Ti3C2 MXene@CNT showed superior
cycling stability at high current density (647 mAh g− 1 after 650 cycles at
4C) and high sulfur loading (3 and 6 mg cm− 2).

N-Ti3C2 MXene was also utilized to adjust the Li+ stripping/plating
performance, which is important for the anode design of Li-S batteries
[112]. As shown in Fig. 8c, N-Ti3C2Tx was applied to both cathode and
anode of a Li-S battery. On the anode side, the N-Ti3C2Tx was 3D printed
on the top of Li foil, which reduced overpotentials for the Li+ stripping/
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plating. The overpotential remained low after 1600 h (~15 mV), which
was much lower than that of pure Li (Fig. 8d).

In addition to the extensively studied N-Ti3C2 MXene as sulfur hosts,
N-MoxC nanosheets were successfully synthesized and utilized as sepa-
rator modifiers [113]. The N-MoxC contained multi-dimensional net-
works, which improved both physical blocking and chemical adsorption
to LiPS while providing many active sites to catalyze Li-S reversible
reactions. The Li-S battery with N-MoxC modified separator exhibited a
remarkable capacity of 1067 mA h g− 1 at 0.5C, and an enhanced cycling
performance of 610 mA h g− 1 after 500 cycles at 1C with a capacity
decay rate of 0.09% per cycle.

It is worth mentioning that there are other anion-doped MXenes
being prepared, although not all of them have been employed in Li-S
batteries. For example, phosphorus (P) atoms tend to occupy titanium
vacancies due to the lowest formation free energy (ΔGP* = -0.028
eV⋅Å− 2), and subsequently form bonds with surface groups on MXene
(ΔGP* = 0.013 eV⋅Å− 2) [114]. Additionally, sulfur and iodine atoms are
more likely to bond with titanium as surface groups to form Ti3C2S2
[115] or Ti3C2I2 [99], which has already been discussed in section 3.2.

3.3.2. Cation-doped MXene
Various metal species, including Nb [116], V [117], Co [118], and

Ru [119], have successfully doped MXenes and promoted their catalytic
effect. For instance, Co was used to occupy Mo positions in Mo2CTx
MXene and there was no cobalt-containing phases was detected [118].

Furthermore, the diverse coordination of Co atoms with other anions
would enhance the adsorptive and catalytic activity of MXene [120].

Atomic-level metal doping on MXene can create new catalytic active
sites, thereby reducing the reaction barrier for LiPS conversion. Yang
et al. investigated the effect of Zn metal doping in Ti3C2 MXene [121].
During the etching process of Ti3AlC2 MAX with zinc chloride molten
salt, single-atom zinc was implanted into the MXene (SA-Zn-MXene). As
shown in the aberration-corrected high-angle annular dark-filed scan-
ning transmission electron microscopy (HAADF-STEM) image (Fig. 8e),
the white (or brighter) dots correspond to the doped Zn atoms in Ti3C2.
The implantation of Zn atoms has increased the DOS around Fermi level,
resulting in an elevation of energy levels within the valence band and
thereby is beneficial for electron excitation in the SA-Zn-MXene. When
introduced into a sulfur cathode, SA-Zn-MXene exhibited superior af-
finity to LiPS because of the high electronegativity of zinc in the MXene.
The utilization of SA-Zn-MXene lowered the reaction barrier for the
conversion from Li2S2 to Li2S, decreasing it from 0.92 eV in pristine
MXene to 0.71 eV. Consequently, the SA-Zn-MXene with 89 wt% sulfur
delivered a high capacity of 1210 mAh g− 1 at 0.2C and a high areal
capacity of 5.3 mAh cm− 2. In 2023, Yang et al. reported another effec-
tive strategy for enhancing Li-S battery performance by doping single-
atom Zn on S-terminated Ti2C MXenes (Ti2-xZnxCS2) [122]. Doping
single-atom Zn can create new Lewis acid-base sites, offering suitable
adsorption towards LiPS. The lithium diffusion barrier on the surface of
Ti2-xZnxCS2 is only 0.215 eV, which is lower than a lot of other well-

Fig. 8. (a) The optimized structures and adsorption energies of Li2S4 on the surface of Ti3C2 (left) and N-Ti3C2 (right). Reproduced with permission: Copyright 2019,
Elsevier [109]. (b) Schematic illustration of the melamine–formaldehyde (MF) templating synthesis of P-NTC: the blue sheets represent MXene, and the yellow
spheres represent MF spheres. Reproduced with permission: Copyright 2020, Elsevier [107]. (c) Schematic diagram of the preparation of Li-S battery dual electrodes
utilizing of 3DP framework of N-pTi3C2Tx. (d) Voltage-time graph of Li symmetric cells in the presence/absence of 3DP N-pTi3C2Tx interlayer at 0.5 mA cm− 2 with a
Li stripping/plating capacity of 0.5 mAh cm− 2. Reproduced with permission: Copyright 2021, Elsevier [112]. (e) The aberration-corrected high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) image of SA-Zn-MXene, showing the presence of many single zinc atoms as marked with blue
circles. Reproduced with permission: Copyright 2022, Wiley [121]. (f) Magnified atomic-resolution HAADF-STEM image and the illustration of the structure model.
(g) Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS) fitting curves of Cu SA/N-Ti3C2Tx. The inset shows the local atomic structure of Cu (Ti,
cyan; C, gray; N, blue; Cu, orange). Reproduced with permission: Copyright 2023, Wiley [125]. (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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researched electrode materials such as graphite (~0.40 eV), graphene
(~0.28 eV), O-terminated Ti3C2 MXene (~0.28 eV), and MoS2 (~0.22
eV).

Metal species have also been introduced onto the MXene surface in
the form of metal nanoparticles. This approach can enhance the
anchoring strength of MXene to LiPS and accelerate Li-S redox reactions.
Zhang et al. reported outstanding Li-S battery performance using Co
nanoparticles-loaded Ti2C MXene [123]. However, the enhanced per-
formance is not attributed to the modified properties of MXene after Co
loading, but rather to the synergistic effect of the two individual
materials.

3.3.3. Co-doped MXene
Non-metal and metal atoms co-doped MXene may combine the ad-

vantages of both types of doping and deliver superior catalytic effects on
Li-S batteries. For example, in the case of N, V-co-doped Ti3C2Tx MXene,
N-doping enhances electrical conductivity, while V-doping, with its
highly polar features, contributes to inhibiting LiPS shuttling [124].
Moreover, the atomic size of vanadium is close to that of titanium, yet
vanadium possesses a wider range in valence state, which is beneficial to
accelarate the speed of electron transport. In 2023, Chen et al. reported a
general vacancy-assisted strategy for implanting several metal atoms
into the metal layer of nitrogen-doped MXenes (M− SA/N-Ti3C2Tx, M =

Cu, Co, Ni, Mn, Zn, In, Sn, Pb, and Bi) [125]. Firstly, the few-layer
Ti3C2Tx nanoflakes with plenty of Ti vacancies were synthesized using
an improved delamination method. The Ti vacancies exhibited high
activity for reducing metal ions and served as anchoring sites for single
metal atoms. Taking Cu SA/N-Ti3C2Tx as a study instance: CuCl2, mel-
amine, and Ti3C2Tx were mixed together and annealed at 500 ◦C. Cu2+

underwent the reduction process to occupy Ti vacancies, while nitrogen
from melamine was doped onto the MXene. The introduction of nitrogen
into MXene resulted in the redistribution of electronic structure and
electrnegativity environment, thereby stabilizing the new implanted
metal atoms and decreasing energy barriers to facilitate the conversion
from LiPS to Li2S2/Li2S. The isolated Cu atoms coordinated with N and C
atoms to form the Cu-N1C2 unit, as shown in Fig. 8f and g. These
asymmetric Cu-N1C2 units acted as new active sites for LiPS conversion,
exhibiting higher binding energies and larger electron clouds compared
to pristine Ti3C2Tx. When Cu SA/N-Ti3C2Tx was used as a separator
modifier, the Li-S battery showed the best performance among all tested
metal dopants. It delivered high rate performance of 925 mAh g− 1 at 3C,
long cycling stability for over 1000 cycles, and high sulfur utilization
(5.28 mg cm− 2 with a sulfur loading of 7.19 mg cm− 2) [125].

4. Heterostructures and derivatives preparation from MXene

Although several internal modification methods have enabled
MXene to improve the performance of Li-S batteries, MXenes still face
the restacking issue due to intermolecular interactions such as Van der
Waals forces and hydrogen bonding [126]. Fortunately, MXene-derived
heterostructures can solve the restacking issue. The formation of het-
erogeneous interfaces on MXene affects its chemical composition,
morphology, band structure, and charge carrier concentration [127].
When tuned properly, the chemisorption and conversion kinetics of LiPS
on MXene-based heterostructures can be greatly improved while
avoiding MXene restacking [128]. Moreover, the 2D layered structure
and diverse metal compositions of MXenes provide the possibility to
serve as templates for preparing morphology-controllable compounds
[129]. This section summarizes the application of MXene-derived het-
erostructures and its derivatives in Li-S batteries.

4.1. Mxene-derived heterostructures

Many studies confirmed that transition metal oxides have strong
adsorption to polysulfides, which can suppress the shuttle effect and
increase the cycling life of Li-S batteries [130–133]. However, due to the

poor conductivity of oxides, adding plenty of conductive carbon in
electrode is usually necessary, which will inevitably sacrifice sulfur
loading and energy density. Inducing partial surface oxidation, a simple
but effective method to create MXene-metal oxide heterostructures, is a
way to enhance the chemisorption to LiPS and promote its conversion
while maintaining the high conductivity of the MXene matrix.

From the perspective of crystal structure, the mismatch of lattice
parameters causes the occurrence of stress at the interface between
Ti3C2 MXene and the oxidation layer TiO2. Chen et al. performed sim-
ulations to investigate the electronic configuration and its impact on the
surface adsorption properties of sulfur species after applying strain
[134]. Compared to Ti3C2 with a surface oxidation layer (o-Ti3C2) in
Fig. 9a, 5% lattice tensile strain was applied to the sample of o-TS-Ti3C2
(Fig. 9b). This small tensile strain did not impact the geometric config-
uration of o-TS-Ti3C2, but the length of Ti-Ti bond was extended
compared to o-Ti3C2, which weakened the atomic interactions between
each atom, resulting in a narrowed energy band. The partial DOS of the
d-band was further analyzed to elucidate the changes in its band
structure after applying the tensile strain. The o-Ti3C2 initially exhibited
a d-band center of ~1.39 eV. However, in the case of o-TS-Ti3C2, there
was orbital splitting coupled with an upshift of the d-band center,
resulting in a significantly enhanced metal-absorbate interaction
(Fig. 9c). Additionally, an increased DOS above the Fermi level and a
reduced band gap were both evident in o-TS-Ti3C2, suggesting improved
electrical conductivity. The o-TS-Ti3C2 also exhibited a much higher
binding energy (2.75 eV) to Li2S compared to o-Ti3C2 (2.12 eV), which
would promote the nucleation and growth process of Li2S on o-TS-Ti3C2
surface.

Hydrothermal treatment is a common technique to form MXene-
oxide heterostructures by partially oxidizing MXenes. Yang’s research
showed that the hydrothemal duration effectively regulates the con-
version from Ti3C2Tx MXene to TiO2 [135]. During the initial stage of
hydrothermal treatments, the − F groups on the MXene surface is largely
removed and replaced by − O groups. Then, some MXene flakes are
further oxidized to TiO2, crafting a TiO2-MXene heterostructure. With
longer oxidation time, the particle size of TiO2 grows larger while its
color changes from black to cloudy-white. This oxidation process during
the hydrothermal treatment was verified by X-ray diffraction (XRD) and
XPS measurements. As shown in Fig. 9d, the MXene’s characteristic
(002) peak decreased gradually as the oxidation proceeded, and the
signature peaks for TiO2 became stronger. XPS analysis in Fig. 9e
examined the evolution process of F and O elements from 0 h to 4 h of
hydrothermal treatment. The F terminals were gradually removed as the
Ti-O bonds became increasingly stronger. Notably, only Ti-O peaks
remained after 8 h of hydrothermal treatment, indicating that Ti3C2Tx
MXene was fully oxidized. Although TiO2 has a strong adsorption ability
for polysulfides, its conductivity is poor. It is necessary to balance the
ratio between TiO2 and MXene to achieve the optimal effect of both
adsorption and conductivity. As illustrated in the schematic diagram
(Fig. 9f), the TiO2 nanoparticles serve as adsorption centers to trap LiPS.
Meanwhile, the hetero-interface between MXene and TiO2 guarantees
fast diffusion of anchored LiPS from TiO2 to MXene for further conver-
sion. This TiO2-MXene heterostructure combines several advantages,
including high conductivity, large surface area, strong adsorption, and
excellent catalytic activity for Li-S batteries. The heterostructure pre-
pared by 4 h of hydrothermal treatment exhibited the best performance
in Li-S batteries among all hydrothermal-treated samples. Its capacity
decay rate was only 0.028% per cycle under 2C after 1000 cycles.

The surface oxidation process is also influenced by hydrothermal
temperature. For example, Xiao et al. treated V2C MXene by hydro-
thermal method at different temperatures of 140, 160, and 180 ◦C for
12 h [136]. The morphology of the corresponding products V2C-140,
V2C-160, and V2C-180, are completely different. As shown in SEM
images, the structure of V2C-140 was very similar to its precursor V2C
MXene, exhibiting a particular accordion-like structure (Fig. 10a).
There were only tiny nanoribbons between the adjacent V2C layers.
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Fig. 9. Illustration for the design of strained Ti3C2: crystal structure and bond length of a)Ti3C2 MXene with oxidation layer (o-Ti3C2) and b)o-Ti3C2 was applied 5%
lattice tensile strain (o-TS-Ti3C2); c) Density of states of Ti-3d orbitals for o-Ti3 C2 and o-TS-Ti3C2. Reproduced with permission: Copyright 2021, Wiley [134]. (d)
XRD patterns of Ti3C2Tx MXene with different oxidation times from 0 to 8 h. (e) Ti2p XPS spectra of Ti3C2Tx MXene with different oxidation times from 0 to 8 h. (f)
Schematic illustration of LiPS trapping and conversion process on TiO2-Ti3C2Tx heterostructures. Reproduced with permission: Copyright 2019, Wiley [135].

Fig. 10. (a) SEM image of V2C-140 (140 ◦C hydrothermal treatment). (b) SEM image of V2C-160 (160 ◦C hydrothermal treatment). (c) High-resolution transmission
electron microscopy (HRTEM) images of V2C-160 with the V2C-VO2 heterostructure. (d) Transmission electron microscopy (TEM) images of V2C-180 (180 ◦C hy-
drothermal treatment). (e) Cycling performance of a flexible Li-S pouch cell at 0.2C based on the V2C-160/S electrode under various bending angles. (f) and (g)
Photographs showing the flexible bracelet battery powering an electronic watch. Reproduced with permission: Copyright 2021, Royal Society of Chemistry [136].
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When the temperature increased to 160 ◦C, more nanoribbons aggre-
gated between V2C layers, forming an interlaced 3D structure
(Fig. 10b). In the sample V2C-160, the hetero-interface between V2C
(004) planes and VO2 (110) planes was observed by high-resolution
transmission electron microscopy (HRTEM) (Fig. 10c), which
confirmed the formation of V2C/VO2 heterostructure. However, the
layered structure of V2C MXene completely vanished after hydrother-
mal treatment at 180 ◦C. Instead, a large number of randomly
distributed entwined nanoribbons were observed (Fig. 10d). V2C-160
demonstrated the largest specific surface area (156 m2 g− 1) compared
to V2C-140 (52 m2 g− 1) and V2C-180 (99 m2 g− 1). The nanoribbons
between V2C MXene layers prevented the restacking of MXene, which
was beneficial for LiPS trapping and charge transfer. More importantly,
V2C-160 retained enough mechanical strength to fabricate free-
standing electrodes after partial oxidation and sulfur loading. A
pouch Li-S battery was assembled based on S/V2C-160 cathode with a
mass loading of 6.0 mg cm− 2 and lean electrolytes (4.5 μL mgsulfur

-1 ). The
battery exhibited a capacity of 1052 mAh g− 1 at a flat state, and there
was no obvious capacity decay after physical bending/folding
(Fig. 10e). Furthermore, the authors manufactured a wristwatch
powered by this flexible Li-S pouch battery (Fig. 10f and g), demon-
strating its enormous potential in flexible electronics applications.
Additionally, V2C MXene can be partially oxidized to different vana-
dium oxide species (e.g., VO2 and V2O5) due to the wide range valence
of vanadium. Both V2C/V2O5 and V2C/VO2 heterostructures were
verified to improve the sulfur confinement and accelerate the redox
reaction kinetics [137,138].

Wei et al. proposed a one-step universal hydrothermal approach to
prepare MOx-MXene (M stands for Ti, V, and Nb) heterostructures
directly from the MAX phase [139]. First, the MAX phase precursor
(Ti3AlC2/V2AlC/Nb2AlC) was sealed with LiF/HCl solution for hydro-
thermal treatment. The sealed condition prevented the leakage of the in-
situ formed HF and enhanced the etching efficiency. Simultaneously, an
oxidation layer formed on the surface of MXene during the hydrother-
mal process. Among all the synthesized samples, VOx-V2C showed the
best catalytic ability based on the Li2S nucleation experiment. The VOx-

V2C/S cathode also exhibited the best performance with 1645.98 mAh
cm− 3 or 1135.16 mAh g− 1 (based on the whole mass of the composite
cathode) at 0.2C.

High-temperature annealing under oxygen-containing gases (e.g.,
CO2 and H2O) was also used to oxidize MXene. Lee et al. oxidized
delaminated Ti3C2Tx MXene using CO2 at high temperatures [140].
They found that the annealing temperature significantly impacts the
properties of the resulting MXene. The MXenes annealed at 400, 500,
and 600 ◦C could form free-standing films via filtrations. In comparison,
the samples annealed at 700, 800, and 900 ◦C were fine powder-like
after filtration due to the formation of the crystal rutile phase TiO2.
Song et al. prepared a Nb2C/Nb2O5 heterostructure by annealing MXene
under water steam environment at 600 ◦C for 10 min [141]. Notably,
Nb2C MXene can be fully oxidized after 30 min of annealing. This should
be avoided as full oxidation leads to complete consumption of MXene
and, hence, low conductivity. More importantly, the heterostructure
offered unique electronic states that played a crucial role in the
adsorption of LiPS, the diffusion of Li-ions, and the nucleation and
decomposition of Li2S. To investigate the adsorption ability, Li2S6 was
taken as an example to construct adsorption structure with Nb2C,
Nb2O5, O-Nb2C, and C-Nb2O5 (both from Nb2C/Nb2O5 heterostructure),
as shown in Fig. 11a. The adsorption energies of Li2S6 on Nb2C (002),
Nb2O5 (180), O-Nb2C (002), and C-Nb2O5 (180) surfaces were estimated
to be − 1.98, − 1.49, − 2.35, and − 1.72 eV, respectively. The enhanced
adsorption energies at the hetero-interface are advantageous for inhib-
iting the migration of LiPS. Furthermore, O-Nb2C and C-Nb2O5 exhibited
lower Li+ diffusion energy barriers than the pure Nb2C and Nb2O5. It has
also been observed that the decomposition energy barriers of Li2S on O-
Nb2C (0.46 eV) and C-Nb2O5 (0.53 eV) were much lower than that of
Nb2C (0.57 eV) and Nb2O5 (0.95 eV), indicating enhanced catalytic ef-
fects of O- and C-Nb2O5.

In oxygen-free or inert gases, MXenes can be oxidized because of the
existence of oxygen-containing surface groups or the addition of other
organics [142]. This process is similar to those used to increase the
oxygen surface groups through heat treatment [97]. But the oxidation
procress of MXenes goes further until the formation of metal oxides. For

Fig. 11. (a) Optimized configurations of Li2S6 adsorption on the surface of Nb2C, O-Nb2C, Nb2O5, and C-Nb2O5. Reproduced with permission: Copyright 2022,
Elsevier [141]. (b) Electron paramagnetic resonance (EPR) spectra of Ov-Nb2O5/Nb2C and Nb2O5/Nb2C tested at room temperature. Reproduced with permission:
Copyright 2021, Elsevier [150]. (c) Photographs of the supercompression and elasticity of Mo-Ti/Mx-GN aerogel. Reproduced with permission: Copyright 2022,
American Chemical Society [151]. (d) Schematic illustration of the conversion process of sulfur on the MXene, TiO2@MXene, and TiS2/TiO2@MXene, respectively.
Reproduced with permission: Copyright 2023, Wiley [152]. (e) TEM image of Ti3C2Tx-TiN heterostructure (MX-TiN). (f) HRTEM image of Ti3C2Tx-TiN hetero-
structure. Reproduced with permission: Copyright 2022, Springer [153].
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example, delaminated Ti3C2 MXene was annealed with polydopamine
(PDA) at 800 ◦C to fabricate N-doped carbon-coated Ti3C2-TiO2 heter-
ostructure (Ti3C2-TiO2@NC) [143]. During the high-temperature py-
rolysis, the rich hydroxyl and carbonyl from PDA facilitated the
oxidation from Ti3C2 to TiO2. Ta4C3 MXene shows higher air stability
than Ti-based and other metal-based MXenes. Ta4C3 also possesses good
mechanical properties with a high Young’s modulus of 384 GPa [144].
For this kind of highly stable MXenes, pretreatment with oxidizing
agents is necessary before the annealing process. First, dilute H2O2 was
used to pre-oxidize and provide additional oxygen elements. Then,
Ta4C3 was partially oxidized into quantum dot-sized Ta2O5 decorated on
the surface of MXene during calcination under Ar/H2 at 900 ◦C. The
corresponding Li-S battery reached a high initial capacity of 801.9 mAh
g− 1 with a low decay rate of 0.086% per cycle for 500 cycles.

Modifying the electronic states of metal oxides presents a promising
opportunity for achieving efficient surface catalysis, which is a critical
factor in controlling the redox reactions of polysulfides in Li-S batteries
[145]. For example, titanium dioxide with vacancies (TiO2-x) showed a
favorable adsorption ability towards LiPS. It can also catalyze the con-
version of LiPS and the nucleation of Li2S [146,147]. The oxide species
generated by partially oxidizing MXenes typically contain a significant
number of oxygen vacancies when there is insufficient oxygen. Alter-
natively, reduction treatments can also generate oxygen vacancies, such
as annealing in a reducing atmosphere [148,149]. For example, oxygen
vacancy-rich Nb2O5/Nb2C heterojunction (Ov-Nb2O5/Nb2C) catalysts
were prepared from Nb2C MXene by annealing it under H2/Ar atmo-
sphere. The oxygen vacancies only appeared in the sample annealed
under H2/Ar, not in the sample annealed in pure Ar, which was
confirmed by the characteristic electron paramagnetic resonance (EPR)
signal at g = 2.004 (Fig. 11b) [150]. In another work, TinO2n-1/Ti3C2Tx
hierarchical bifunctional electrocatalyst anchored on graphene was
synthesized for free-standing and high-energy Li-S battery [151]. It is
noteworthy that the incorporation of TinO2n-1/Ti3C2Tx enhanced the
mechanical properties of graphene aerogel. The composite aerogel can
recover its original size even under high compression strain (Fig. 11c).

Nevertheless, the formation of oxides will inevitably reduce the
electrical conductivity, which is undesirable in battery systems as it may
lead to battery failure in practical applications. Compared to oxides,
sulfides and nitrides, when combined with MXenes, can maintain higher
conductivity and catalytic performance, making them more promising
for applications of sulfur cathodes. For instance, TiS2/TiO2 was grown
on the surface of Ti3C2 MXene (TiS2/TiO2@MXene) through a one-step
partial sulfurization process [152]. During the sulfurization process,
sulfur powder turned into sulfur gas at 600 ◦C, and then reacted with the
exposed MXene. The sulfurization reaction can be expressed as Ti3C2Tx
+ S → Ti3C2Tx’ + TiS2 + CS2 (g). Simultaneously, part of Ti3C2 was
oxidized to TiO2 due to the presence of − O/–OH groups. TiS2 and TiO2
on the MXene surface played different roles in the redox reactions of Li-S
battery. TiO2 showed a much larger binding energy with Li2S6 (3.78 eV)
compared to TiS2 (1.12 eV) and F-terminated Ti3C2 MXene (1.05 eV).
However, the high energy barrier for the Li2S decomposition into pol-
ysulfides on the TiO2 (1.31 eV) and MXene (0.89 eV) impeded reversible
reactions. In contrast, the dissociation of Li2S from TiS2 should be easily
due to the low energy barrier of 0.31 eV. Hence, the presence of both
TiO2 and TiS2 led to the synergistic effect, which enabled the effective
adsorption and rapid conversion of sulfur species (Fig. 11d). Simulta-
neously, the highly conductive MXene guaranteed fast electron transfer.
Due to all the merits mentioned above, the S/TiS2/TiO2@MXene cath-
ode delivered an initial capability of 1232 mA h g− 1 at 0.1C, and superb
cycling stability with 86.7% capacity retained after 100 cycles. Addi-
tionally, the cathode exhibited a highly compact structure with a high
bulk density of 1.76 g cm− 3. Hence, the cathode showed an outstanding
volumetric capacity of 1315 Ah L-1 (based on the the whole cathode)
under the sulfur loading of 5.2 mg cm− 2 and low electrolyte/sulfur ratio
of 6 μL mg− 1 [152].

In our previous study, ultrathin Ti3C2-TiN (MX-TiN) heterostructures

were synthesized by annealing Ti3C2 MXene under Ar/NH3 at 800 ◦C
[153]. The surface of Ti3C2 MXene was oxidized to TiO2 (MX-TiO2)
when NH3 was absent. The sample annealed for 30 min was chosen for a
case study to prevent the complete conversion of MXene to TiN. TEM
images in Fig. 11e validated that the MX-TiN maintained the 2D layered
structure. Upon further inspection with high-resolution TEM, the
boundary between TiN and Ti3C2 MXene was discernible (Fig. 11f). DFT
simulations indicated that all kinds of sulfur species (Li2S8, Li2S6, Li2S4,
Li2S2, and Li2S) interacted stronger with MX-TiN than with pristine
Ti3C2Tx MXene. The high-resolution S2p XPS revealed the coexistence of
polysulfide (LiPS), thiosulfate ([S2O3]2-), and polythionate ([O3S2-(S)x-2-
S2O3) after immersing MX-TiN in Li2S4 solution. The formation of sulfur
species other than the polysulfides further confirmed the strong chem-
ical interaction between MX-TiN and LiPS [154]. Based on the conver-
sion energy calculated across multiple steps of LiPS conversions, it was
identified that the transformation from Li2S2 to Li2S should be the rate-
limiting step. The conversion of Li2S2 to Li2S on the surface of MX-TiN
showed a much lower energy barrier than that of pristine MXene.
Additionally, compared to S/MX-TiO2 and S/MXene cathode, the high
conductivity of TiN resulted in the lowest resistance for the cell with the
S/MX-TiN cathode. The cathode using MX-TiN as the sulfur host mate-
rials achieved high-rate capability (593.9 mAh g− 1 at 5C), long cycling
stability (79.8% capacity retention after 1000 cycles), and high-areal
capacity (8.27 mAh cm− 2) at a high mass loading of 10.16 mg cm− 2

with lean electrolytes.
The above discussion highlights the heterogeneous structures

derived from MXene in combination with oxides, sulfides, and nitrides.
Each of these materials exhibits unique advantages. What if these ma-
terials were integrated to synthesize a highly chaotic MXene-based
heterostructure? In a very recent report, Ti3C2 MXene simultaneously
underwent oxidation, sulfuration, and nitridation to produce TiO2, TiS2,
and TiN, together with the pristine MXene (TiS2/TiN/TiO2/Ti3C2Tx) to
create a high-entropy heterostructure [155]. This MXene-derived high-
entropy heterostructure acts as an excellent electrocatalyst in sulfur
cathode. Compared to the moderately chaotic MXene-based hetero-
structure (TiO2/TiN/Ti3C2Tx), it exhibits superior catalytic ability,
especially in lowering the Gibbs energy barriers in both of Li2S2/Li2S
reduction and decomposition.

4.2. MXene derivatives

As an alternative approach to the partial oxidation/sulfuration/
nitridation of MXenes, many researchers also worked on the complete
transformation of MXene [129,147,156]. Sun and his colleagues fabri-
cated porous carbon nanosheets decorated with oxygen vacancy-rich
TinO2n-1 quantum dots(OV-TnQDs@PCN) from the Ti3C2Tx MXene pre-
cursor [129]. As shown in Fig. 12a, H2O2 was used to oxidize MXene,
which was then annealed at 1000 ◦C under Ar/H2 to create oxygen va-
cancies. The porous carbon nanosheets in the final product originated
from the carbon elements in Ti3C2Tx, and they inherited the 2D
morphology of the MXene nanosheet (Fig. 12b). The OV-TnQDs@PCN
sheet, with a thickness of ~3.5 nm, showed a rough surface, which
provided enough space to accommodate the volume change during
discharge. The confinement effect of porous carbon prevented further
growth and aggregation of crystalline oxides. The ultrafine TinO2n-1
quantum dots, with a diameter of only ~3.3 nm, exposed more surface
oxygen vacancies, improving interaction with LiPS. First-principle DFT
calculations revealed that introducing oxygen vacancies enhanced the
chemical interaction for Li2S4 by shortening the bond lengths between
Li2S4 and TnQDs. To investigate the electrochemical reactions during
battery cycling, the authors performed in situ Raman, as shown in
Fig. 12c. During the initial discharge process from open circuit potential
(OCP) to 2.30 V, the primary characteristic peaks for S8 and S8

2- gradually
diminished, following by the formation of polysulfides (Sx

2-, x = 4–8) and
S2O3

2-. Afterward, the peaks of Sx
2- and S2O3

2- vanished, while new peaks
of S4

2- and SxO6
2- emerged and increased during further discharge

H. Wang et al.



Chemical Engineering Journal 506 (2025) 159924

15

(2.30–2.05 V). The S2- peak appeared and gradually increased to become
the dominant peak at the final discharge from 2.05 to 1.60 V. The re-
action process was concluded as S8 → Sx

2- + S2O3
2- → S4

2- + SxO6
2- → S2-.

During the charging process, the opposite reaction was observed,
implying good reversibility under the catalytic effect of OV-
TnQDs@PCN. As a result, the OV-TnQDs@PCN/S cathode exhibited high
capacity retention of 88% after 1000 cycles at 2C. In another report,
Ti3C2Tx MXene was utilized as the sacrificial material to construct TiO2
anatase/rutile homojunction (A/R-TiO2) with oxygen vacancies. Such
configuration was reported to exhibit efficient LiPS immobilization and
highly effective catalytic effects on the LiPS conversion [147].

A similar strategy was also applicable for preparing metal oxides/
sulfides by sacrificing non-Ti-based MXenes. Nb2C MXene was oxidized
to prepare Nb2O5 with an amorphous carbon composite (Nb2O5/C)
[156]. The Nb2O5/C with high conductivity was directly employed as a
sulfur host, which mitigated the shuttle effect and accelerated LiPS
conversion. In addition, V2CTx was applied as both a vanadium source
and structural template to obtain 3D V3S4@C flakes by annealing it with
thioacetamide [157]. Temperature optimization revealed that the
sample obtained from 700 ◦C annealing achieved the best performance.
The corresponding Li-S battery delivered high-rate capability (690.1
mAh g− 1) and long cycling life with a low capacity decay rate of 0.06%
over 1000 cycles at 2C.

5. Fabrication of MXene-based composites

Besides MXene-based heterostructures directly derived from
MXene’s precursor, combing MXene with other materials to fabricate
MXene-based composites allows for the selection of other materials
tailored to address specific issues. In this way, the composites inherit the
material properties of each component, which can exert synergistic ef-
fects to address the issues that cannot be solved by MXene (or another
material) alone. This also provides more options and possibilities for the
application of MXene in the cathode of Li-S batteries. This section

summarizes and categorizes various MXene-based composites used in Li-
S batteries, including MXene-carbon, MXene-transition metal com-
pounds, MXene-MOF, and MXene-organic composites, and provides
principles for selecting suitable materials for composite integration.

5.1. MXene-carbon composites

MXenes exhibit good dispersibility in water due to their hydrophilic
surface terminations and negatively charged surface. However, they
tend to restack during the drying process, losing accessible surface area.
The restacking problem also hides the active sites, preventing their
interaction with sulfur species. Besides, the interfacial ion transport
resistance will also be larger, leading to lower rate capability. To address
the restacking issue of MXenes, researchers incorporated MXene with
various carbon materials, which could bring about good conductivity,
large specific surface area, and diverse morphologies to the composites.

Mesoporous carbon possesses a large pore volume, an interconnected
porous framework, and high conductivity, making it suitable for sulfur
storage. The abundant pores can also accommodate the sulfur expansion
during lithiation and provide space for electrolyte infiltration. In 2009,
Nazar and her co-workers utilized a well-known mesoporous carbon
CMK-3 as a sulfur host, which exhibited a high reversible capacity of
1320 mAh g− 1 [17]. The mesoporous carbon not only served as the high-
speed electron transport pathway but also confined sulfur within its
porous structure. However, due to the nonpolar characteristics of carbon
materials, their adsorption with LiPS is very limited, leading to poor
cycling stability. A porous 2D carbon/MXene composite was synthesized
by uniformly grafting mesoporous carbon on both sides of the MXene
(OMC-g-MXene) [158]. During the synthesis process, the organic
Polyether-F127/resol composites were attached on both sides of MXene
flakes due to the interaction between the –OH/-F terminations of MXene
and the polymer groups. By annealing the as-synthesized precursor
under H2/Ar at 500 ◦C, the organic F127/resol was transformed into
ordered mesoporous carbon. Meanwhile, the bonds between the

Fig. 12. (a) Schematic preparation procedure of OV-TnQDs@PCN. (b) TEM image of OV-TnQDs@PCN. (c) First discharge/charge profiles and corresponding in situ
Raman spectra of OV-TnQDs@PCN/S. Reproduced with permission: Copyright 2021, Wiley [129].
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organics and MXene were converted into electronically conductive
bridges. Due to the constructed mesoporous structure, the OMC-g-
MXene exhibited a high specific surface area of 202.36 m2 g− 1, which
is much larger than the densely packed MXene with a surface area of
17.52 m2 g− 1. Moreover, many vacancies and defects were formed
during the synthesis process, benefiting ion migration and catalysis ef-
fect. As shown in the discharge/charge curves in Fig. 13a, Q1 and Q2
represented the capacity of the first and second plateau, respectively. Q1
represents the capacity for the reduction of S8 to Li2Sn (n ≥ 4), while Q2
is the capacity for further conversion of Li2S4 into Li2S/Li2S2. In this
situation, the Q2/Q1 represents the amount of LiPS conversion to the
final product, which also reflects the catalytic ability of the LiPS con-
version. The battery with OMC-g-MXene exhibited a high Q2/Q1 ratio of
2.25 (Fig. 13b) and a longer second plateau than pure MXene or OMC,
indicating enhanced sulfur utilization.

During the early stages of MXene application in Li-S batteries in
2017, carbon nanotubes (CNTs) were already being used as interlayer
spacers [74]. By introducing merely 10 wt% of CNT to Ti2C and Ti3C2
MXene, or 20 wt% to Ti3CN MXene, the surface area of MXene-CNT
composites increased significantly, exceeding the sum of pristine
MXene and CNT (Fig. 13c). In these composites, CNTs were well
dispersed in-between MXene sheets, effectively inhibiting the restacking
of MXene and increasing the porosity of composites to accommodate
more sulfur. Additionally, the presence of CNTs increased the electronic
conductivity in-plane and across the nanosheets. Compared to the S/

Ti2C cathode without CNTs, enhanced electrochemical performance was
observed even at a higher sulfur content (83 vs. 70 wt%) and a larger
areal loading (1.5 vs. 1.0 mg cm− 2). Under more precise control, MXene
and CNTs can form more regular and complex structures. As shown in
Fig. 13d, a unidirectional freeze-drying method was applied to fabricate
MXene/CNT aerogels [159]. During this process, ice crystals grew in a
specific direction, aiding the alignment of MXene nanosheets to create
lamellar aerogels. After the freeze-drying process, the open structure of
the aerogels (Fig. 13 e-g) improved the electrode/electrolyte contact.
This structure was capable of physically blocking LiPS shuttling and
increased the exposure of LiPS to the MXene surface to enhance chem-
ical trapping and catalytic conversion. Moreover, the CNTs also estab-
lished a highly conductive network, facilitating rapid charging/
discharging capabilities [96]. The corresponding Li-S battery delivered a
remarkable capacity of 712 mAh g− 1 with a high sulfur loading of 7 mg
cm− 2. Additionally, it demonstrated exceptional cycling stability, with
only 0.025% capacity loss per cycle over 800 cycles at 0.5C. In our
previous work, we fabricated a 3D cage-like S-CNT@MXene framework.
First, nano-sized sulfur particles were attached to CNTs to form S-CNT
spheres. Then, S-CNT was coated with a layer of MXene. The addition of
highly conductive CNTs prevented the MXene restacking and expanded
the Li+ diffusion channels, which ensured stable cycling under high
currents. Additionally, the MXene that is coated as the outer layer
confined the sulfur conversion within the cage, inhibiting the shuttle
effect. The synergistic effect resulted in a high Li-S battery performance

Fig. 13. (a) Comparison of discharge–charge profiles of Li-S batteries based on various modified separators at 0.2C. (b) The corresponding summaries of ΔE and Q2/
Q1 ratio at 0.2C. Reproduced with permission: Copyright 2023, American Chemical Society [158]. (c) Comparison of the surface area of delaminated MXene
nanosheets and CNT-MXene composites, measured by the BET method. Reproduced with permission: Copyright 2017, Wiley [74]. (d) Schematic assembly process of
PA-MXene/CNT aerogel by unidirectional freeze-drying. SEM images of (e) top-view (inset is a photo of the PA-MXene/CNT-50 monolith), (f) SEM image of side-view
and (g) high magnification of the PA-MXene/CNT-50 aerogel. Reproduced with permission: Copyright 2021, Wiley [159].
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that the battery delivered a high capacity of 557.3 mAh g− 1 at 8C and
experienced minimal capacity loss after 150 cycles under a high current
density of 4C [96].

Graphene, the most extensively investigated 2D material, possesses
great structural flexibility and conductivity. Graphene can be combined
with MXene to construct a 3D conductive network, shortening the ion/
electron transport distance and enhancing the reaction kinetics and rate
performance [160]. Due to its lightweight and 2D structure, graphene is
a suitable material for preparing conductive aerogels [161]. The
MXene/graphene hybrid (MX/G) aerogel can easily be synthesized using
a one-step hydrothermal process followed by freeze-drying [162]. It’s
worth noting that adding some ascorbic acid during the hydrothermal
process promotes the reduction of graphene and prevents the oxidation
of MXene. The as-prepared MX/G aerogel is 3D porous-structured and
free-standing. It can be used directly in Li-S batteries by loading Li2S6
catholyte as cathodes without using conductive carbon, binder, and
current collector. The aerogel with 30 wt% MXene (MX/G-30) delivered
a high capacity of 946 mAh g− 1 at 1C after activating for 3 cycles at
0.05C. Additionally, the MX/G-30 electrode exhibited only 0.07% ca-
pacity decay per cycle and maintained a high Coulombic efficiency of
close to 100%. In another research, the oxidation resistance of Ti3C2Tx
MXene was significantly improved because of the presence of reduced
graphene (rGO) [163]. Liu et al. employed a Ti3C2Tx/GO composite as a

functional interlayer between the separator and sulfur to trap LiPS
species. The porous and rough surface of the Ti3C2Tx/GO composite also
improved the wettability of the commercial separator in an ether-based
electrolyte [164].

5.2. Mxene-transition metal compound composites

MXene-transition metal compound compositions are among the most
widely studied in Li-S batteries due to their diversity and simple syn-
thesis process. For instance, transition metal oxides exhibit natural
surface polarity and possess high adsorption affinities to LiPS. Transition
metal sulfides, selenides, and antimonides show moderate adsorption
ability to LiPS and demonstrate outstanding catalytic effects to facilitate
the conversion of LiPS [165,166]. The shuttle effect can also be allevi-
ated by the rapid nucleation and decomposition of Li2S [22]. Moreover,
metal compounds usually possess higher bulk material densities than
carbon, which is advantageous for preparing compact electrodes and
achieving higher volumetric energy density [128].

A MoS2-MXene composite was reported to modify the separators of
Li-S batteries. As shown in Fig. 14a, ionic liquid-assisted ultrasonic
exfoliated MoS2 (IL-MoS2) and Ti3C2Tx MXene were mixed and filtered
to obtain a 2D/2D heterostructure. This structure effectively integrated
the advantages of two materials: MXene offered abundant surface

Fig. 14. (a) Schematic of the preparation process and mechanism of IL-MoS2/MX interlayer. Reproduced with permission: Copyright 2023, Elsevier [167]. (b)
Surface energies of the 1 T-VS2 -MXene heterostructure and 1 T-VS2. (c) Total density of states (TDOS) plots of main orbital contributions for V and S elements of the 1
T-VS2-MXene heterostructure and 1 T-VS2. Reproduced with permission: Copyright 2022, Elsevier [169]. (d) Schematic illustration and work functions of 1 T-
VSe2 and MXene before and after contact each other. (e) Schematic illustration of the adsorption and electro-catalytic mechanism of the 1 T-VSe2-MXene hetero-
structure for bidirectional sulfur redox. Reproduced with permission: Copyright 2023, Elsevier [170]. (f) The relationship between adsorption energy and the EA/r.
Reproduced with permission: Copyright 2023, Royal Society of Chemistry [171].

H. Wang et al.



Chemical Engineering Journal 506 (2025) 159924

18

functional groups and high electronic conductivity, while IL-MoS2 pro-
vided the catalytic ability for LiPS conversion [167]. CoS2 is also
regarded as a good catalyst for Li-S batteries due to its high binding
energy to LiPS and commercial feasibility. Peng et al. proposed a strat-
egy to load CoS2 nanoparticles on an alkali-treated Ti3C2Tx MXene
(MX@CoS2) [168]. The alkali-treated MXene contained more oxygen
groups than pristine MXenes, which promoted the growth of CoS2 on the
MXene surface. Moreover, Ti-O-Co bonds at the interface of MX@CoS2
guaranteed rapid electron transfer from MXene to CoS2. CNTs have been
further introduced to the MX@CoS2 to modify the commercial poly-
propylene (PP) separator (MCCoS/PP). CNTs prevented MXene layers
from restacking and retained more active surface sites. This well-
designed multi-dimensional frame resulted in rapid reaction kinetics
and long cycling stability. The Li-S battery utilizing the MCCoS/PP
separator showed a high capacity of 368.6 mAh g− 1 at an extremely high
current density of 20C and a low capacity-decay rate of 0.033% for 1000
cycles at 7C.

The transition metal sulfide-MXene composites have also been used
as the sulfur hosting material. For example, compared to the semi-
conducting 2H-VS2, the 1 T metallic phase of VS2 (1 T-VS2) stands out as
a more promising sulfur host material, attributed to its enhanced elec-
tronic conductivity, outstanding hydrophilicity, and electrochemically
reactive sites. When integrating 1 T-VS2 with Ti3C2Tx MXene, 1 T-VS2-
MXene displayed better electronic properties than bare 1 T-VS2 [169].
The conductivity of 1 T-VS2-MXene (98.2 S m− 1) was slightly lower than
that of pure MXene (102.5 S m− 1), yet significantly higher than that of
2H-VS2(35.2 S m− 1). As shown in Fig. 14b, the surface energy of the 1 T-
VS2-MXene heterostructure (0.250 eV Å− 2) exceeded that of 1 T-VS2
nanosheets (0.101 eV Å− 2), indicating that the 1 T-VS2-MXene exhibited
more superior catalytic activity for rapid redox kinetics and more uni-
form Li2S nucleation than the 1 T-VS2. The total DOS further revealed a
higher Ep position of V and S DOS on 1 T-VS2-MXene than 1 T-VS2,
suggesting stronger LiPS adsorption on the composite (Fig. 14c).
Moreover, the S-loaded 1 T-VS2-MXene showed a high material density
of ~ 1.91 g cm− 3. As a result, the S-loaded 1 T-VS2-MXene achieved a
large initial volumetric capacity of 1571 Ah L-1 at 0.1C based on the
volume of the whole cathode, a gravimetric capacity of ~1430 mAh g− 1

based on sulfur, and a good long-term cycling stability with ~75% ca-
pacity retention after 500 cycles at 1C.

Transition metal selenides show similar crystal structures to the
transition metal sulfides because of the similar ionic radius and elec-
tronegativity of Se and S. Meanwhile, selenides may be more appealing
as sulfur hosts since they possess higher electronic conductivity than
sulfides [128]. Similar to the preparation of 1 T-VS2-MXene, a 1 T-VSe2-
MXene electrocatalyst was synthesized using a simple solvothermal
method. The 1 T-VSe2-MXene exhibited an interfacial built-in electric
field (BIEF) effect [170]. Specifically, the electrons would transfer from
MXene to 1 T-VSe2 until a thermodynamic equilibrium was reached in
the 1 T-VSe2-Ti3C2Tx (Fig. 14d). The decrease of the charge density near
Ti atoms resulted in an accumulation of charge density of the adjacent Se
atoms. Such an electron transfer process promoted the formation of
strong Li-Se bonding between 1 T-VSe2 and LiPS. The enhanced Li-Se
bonds would weaken the binding energy of Li-S bonds in LiPS/Li2S,
which reduced the energy required for dissociating Li-S bonds and
accelerated the conversion of LiPS and nucleation/decomposition of
Li2S (Fig. 14e).

Atomic metal doping into transition-metal dichalcogenides has been
explored to promote the multi-step sulfur redox in Li-S batteries. Li et al.
proposed a rational design principle for selecting suitable metal-cation
dopants to adjust their catalytic activity [171]. Several metal dopants
were doped into WSe2 and mixed with Ti3C2Tx to prepare M− WSe2/
MXene (M = V, Co, Mo, Zn, Ni, and Cu) catalysts. In this case, MXene
served as the highly conductive scaffold in M− WSe2/MXene to facilitate
the rapid electron transfer. They discovered a strong correlation be-
tween catalytic ability and the ratio of EA/r, where EA is the electron
affinity and r is the ionic radius of metal dopants. The authors further

suggested that a low EA/r value of doped metal atoms could significantly
enhance the bidirectional sulfur conversion and reduce the activation
energy. Metal-dopants with small electron affinity tend to lose electrons,
which leads to electron accumulation on the surface of adjacent atoms,
thus affecting the catalytic performance [171]. Metal cation dopants,
including V, Co, Mo, Zn, Ni, and Cu, are prone to lose electrons to Se-M
bonds following the order: V (1.194 e), Co (0.839 e), Mo (0.640 e), Zn
(0.359 e), Ni (0.348 e), and Cu (0.335 e). The reconstruction of elec-
tronic structures of M− WSe2 enhanced the conductivity and catalytic
activity, as well as increased the electron density on the Se surface sites.
Hence, stronger Li-Se bonds can be formed, leading to increased
adsorption capability to LiPS on the surface of M− WSe2(Fig. 14f). As a
result, the V-MSe2/MXene with the lowest EA/r presented the highest
reversible capacity of 1402.5 mAh g− 1 at 0.1C and the most stable
cycling performance of ~70.8% capacity retention after 800 cycles at
1C.

In addition to the above mentioned transition metal chalcogenides,
various other transition metal compounds, including metal oxides
[172], phosphides [173], borides [174], and metal nanoparticles [175],
have been incorporated with MXene matrix to enhance the performance
of Li-S batteries. These composites were designed to modulate the
adsorption-diffusion-conversion behavior for sulfur species, yielding
significant advancements in performance. Among these composites, Li-S
batteries with transition metal selenides and borides usually exhibited
better rate performance due to their higher electronic conductivity.

5.3. MXene-MOF composites

Metal-organic frameworks (MOFs) possess favorable properties such
as tunable pore size, large surface area, high porosity, and controllable
structure. These advantages make MOFs and their derivatives highly
attractive for Li-S battery applications [176]. For example, MOF-based
separators can act as ionic sieves, which can selectively screen Li+

ions while efficiently suppressing undesired LiPS shuttling to the anode
side [177,178]. However, most MOFs are electrically insulative due to
ligands blocking active metal sites, which inevitably worsens the rate
capacity.

A novel Ti3C2Tx/Ni-Co MOF composite was recently reported to
enhance the performance of Li-S batteries when used as a multifunc-
tional modifier of a commercial PP separator [179]. During its synthesis,
as illustrated in Fig. 15a, Ni2+, Co2+, and 1,4-Benzenedicarboxylic acid
were attached spontaneously on the Ti3C2Tx surface because of the
abundant functional groups of MXene. Then, the ultrathin Ni-Co MOFs
with a thickness of about 4 nm were in-situ grown on the surface of
Ti3C2Tx MXene through continuous ultrasonic treatment. After that, the
Ti3C2Tx/Ni-Co MOF was coated on the PP separator by vacuum filtra-
tion. The Ti3C2Tx/Ni-Co MOF@PP contained relatively smaller and
more dense channels than that of pristine PP or Ti3C2Tx@PP, leading to
less LiPS shuttling and lower Li+ diffusion resistance. The Li2S nucle-
ation tests with Ti3C2Tx/Ni-Co MOF as an electrode also exhibited a
higher Li2S precipitation capacity, demonstrating a remarkable elec-
trocatalytic effect toward Li2S nucleation. As a result, the Li-S battery
with the Ti3C2Tx/Ni-Co MOF modified separator achieved a high
reversible capacity of 1260 mAh g− 1 at 0.2C, along with good cycling
stability, retaining 91.1% after 350 cycles at 0.5C.

In another report, the large surface area and high porosity of MOFs
were utilized to provide abundant space for sulfur storage, accommo-
dating the volume change and favoring LiPS adsorption. Compared to
the layered Ti3C2Tx MXene with a limited surface area (58 m2 g− 1) and a
small pore volume (0.15 cm3 g− 1), Zr-MOF showed a large specific area
of 1054.7 m2 g− 1 and pore volume of 0.47 cm3 g− 1. After the in-situ
growth of Zr-MOF on Ti3C2Tx MXene, the Zr-MOF/Ti3C2Tx composite
maintained a high surface area of 911.5 m2 g− 1 and a high pore volume
of 0.36 cm3 g− 1 [180].

MOFs exhibit specific 2D or 3D morphologies due to different coor-
dination and metal centers. The MXene-MOF precursor can be utilized to
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prepare a morphology-controllable MXene-metal compound composite.
As illustrated in Fig. 15b, 0D bimetallic MOF (CoZn-MOF) was attached
to 2D Ti3C2 MXene via self-assembly [181]. The self-assembly occurred
due to the attraction between the electropositive cobalt/zinc ions and
the negatively charged MXene. Subsequently, 2-methylimidazole was
introduced to form CoZn-MOFs on the surface of MXene. After further
selenization, CoSe/ZnSe (CoZn-Se) was in-situ formed. At the same time,
the surface of MXene was doped with nitrogen due to the pyrolysis of 2-
methylimidazole. This 0D-2D heterostructure (CoZn-Se@N-MX) effec-
tively prevented the clustering of CoZn-Se nanoparticles and avoided the
restacking of MXene sheets. Furthermore, CoZn-Se@N-MX exhibited a
hierarchical porous architecture, featuring a substantial active area with
low Li+ diffusion resistance. This structure could also reduce the acti-
vation energy for Li2S deposition and dissolution. Consequently, the Li-S
battery achieved a high sulfur utilization and demonstrated a high areal
capacity of 6.6 mAh g− 1 at 0.01C, even with a high sulfur loading of 7.8
mAh g− 1 and a low electrolyte/sulfur ratio of 5 μL mg− 1 [181].

5.4. Mxene-organic composites

Some polymers with porous structures and large surface areas have
also been applied to boost MXene’s performance in Li-S batteries [182].
A conjugated polymer was grafted on both sides of the delaminated
Ti3C2Tx MXene to fabricate a 2D sandwich-structured electrocatalytic
sulfur host (named as CMP-M) [183]. The CMP polymer, as displayed in
Fig. 15c, was synthesized from 2,4,6-tris(4-aminophenyl)-1,3,5-triazine
(TAPT) and 2,7-dibromo[1]benzothieno[3,2-b]benzothiophene (DiBr-
BTBT). It was chosen because triazine and benzothiophene units can
capture various LiPS. In this composite, MXene facilitated rapid electron

transport and accelerated the electrochemical conversions of LiPS. With
CMP-M as a sulfur host material, the Li-S cell showed a high specific
capacity of 1402 mAh g− 1 at 0.1C, and an outstanding rate performance
of 610 mAh g− 1 at 4C. It is worth noting that the thick and dense
polymer coating on MXene surface could restrict the exposure of active
sites and hinder high sulfur loading. To tackle this problem, Mai et al.
introduced in-plane mesopores within the polymer and constructed a
thin 2D structured Ti3C2Tx MXene-poly(m-phenylenediamine)
(mPmPD/MXene) composite [184]. The mPmPD/MXene was synthe-
sized by a soft-templating approach, where MXene nanosheets acted as
the 2D interface, and the polymer cylindrical micelles functioned as
template for creating pores (Fig. 15d). The average pore size of mPmPD/
MXene was about 10 nm based on TEM images. These in-plane meso-
pores resulted in a specific surface area up to 138 m2 g− 1, providing
enough room to host sulfur, and facilitating smooth electrolyte infil-
tration in the cathode. In addition, the thin 2D structure of mPmPD/
MXene with a uniform thickness of 21 nm (Fig. 15e) ensured rapid
electron transport from inner MXene to the sulfur within the polymer.
Benefiting from the above benefits, the Li-S battery utilizing mPmPD/
MXene/S cathode performed a notable specific capacity of 1248 mAh
g− 1 at 0.1C and outstanding long-term cycling stability with only a
0.0593% capacity decay rate over 800 cycles at 1C.

Covalent organic frameworks (COFs) with controllable porous
structures and adjustable pore size can serve as “ion-sieves”, bringing
tremendous advantages to block LiPS shuttling [185,186]. The possi-
bility of precisely designing the porous structure and heteroatom
composition allows COFs to have controlled chemical interactions with
LiPS. However, COFs are typically electronic insulators and cannot be
directly used in energy storage devices [187]. One effective solution is to

Fig. 15. (a) Schematic illustration of the synthesis of the 2D/2D Ti3C2Tx/Ni-Co MOF heterostructure. Reproduced with permission: Copyright 2022, Elsevier [179].
(b) Synthesis process illustration of CoZn-Se@N-MX, the structure of the as-prepared electrocatalyst, and the application of catalytic cathode in a Li-S battery.
Reproduced with permission: Copyright 2021, Wiley [181]. (c) Synthetic routes used to prepare the CMP and the CMP-M. Reproduced with permission: Copyright
2022, Elsevier [183]. (d) The construction of the 2D mPmPD/MXene heterostructures with in-plane cylindrical mesochannels and their corresponding sulfur loading
process. (e) Atomic force microscopy (AFM) height profile of mPmPD/MXene. Reproduced with permission: Copyright 2023, IOP Science [184]. (f) Schematic
illustration of the synthesis of Ti3C2@iCON. Reproduced with permission: Copyright 2021, Wiley [188].
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form MXenes and COFs composites, which can improve the overall
conductivity and prevent the restacking of MXene. For example, Li et al.
reported the synthesis of a guanidinium-based ionic-covalent organic
nanosheet (iCON) heterostructure (Ti3C2@iCON) by coating the iCON
on the surface of Ti3C2 MXene utilizing electrostatic and hydrogen
bonding interactions (Fig. 15f) [188]. As the positively charged guani-
dinium units in iCON immobilize the negatively charged LiPS by elec-
trostatic attraction, the iCON can effectively suppress the shuttling

effect. Based on the Li2S nucleation experiments, the responsivity of Li2S
nucleation in Ti3C2@iCON is quicker than that on pristine MXene,
indicating a lower Li2S nucleation barrier on the Ti3C2@iCON surface.
The superior catalytic effect of Ti3C2@iCON on LiPS was also evident in
its higher Li2S precipitation capacity. Moreover, the Ti3C2@iCON can
facilitate the oxidation of solid Li2S to soluble LiPS. Hence, the
Ti3C2@iCON provided favorable bidirectional catalytic capabilities,
increasing sulfur utilization and improving cycling stability. As a result,

Table 1
The comparison of electrochemical performance of MXene-based Li-S batteries.

Materials Application Sulfur loading mg
cm–2

Low-rate capacity
mAh/g

High-rate capacity
mAh/g

Long cycling stability(retention/cycles/
current)

Ref.

Cu SA/N-Ti3C2Tx separator 1.2–1.4 1468/0.2C 925/3C 76.8%/400/2C [125]
SA-Zn-MXene sulfur host − 1136/0.2C 517/6C 88.7%/400/4C [121]
I-MXene separator 1 1308/0.2C 665/2C 58.2%/100/0.2C [99]
HE-MXene/G separator 1.2 1358.8/0.2C 1001.5/1C 68.9%/1200/2C [72]
CNT@MXene sulfur host 1.1–1.3 1375.1/0.1C 557.3/8C 67.1%/700/6C [96]
MXene-TiN sulfur host 1.0–1.2 1161.1/0.2C 593.9/5C 79.8%/1000/5C [153]

10.16 8.27 mAh cm− 2/0.2C − 81.6%/80/0.2C
V2C/VO2 sulfur host − 1360/0.1C 656/5C 40.6%500/5C [136]
Nb2C/Nb2O5 sulfur host 1.0 1148/0.2C 700/3C 77.9%/500/1C [141]
TiS2/TiO2@MXene sulfur host 2 1227/0.1C 690/4C 82.7%/500/1C [152]
Ti3C2Tx-CoMOF separator 2.5 1333/0.5 654/3C 94.4%/600/2C [190]

7.5 1096/0.2C − −

mPmPD/MXene sulfur host 1.2 1186.5/0.2C 413.1/5C 535/800/1C [184]
5.9 6.8 mAh cm− 2/0.1C − 94.9%/60/0.1C

Mesoporous Carbon/
MXene

separator − 952/0.5C 537/5C 68.7%/800/1C [158]
7.08 4.5 mAh cm− 2/0.1C − −

Fe3Se4/FeSe@MXene separator 1.2 1104.2/0.2C 758.8/4C 65.7%/600/2C [191]
5.8 862.6/0.2C − 92.3%/120/0.2C

MoS2/MXene separator 1.2–1.5 1050.7/0.2C 745.4/1C 58.7%/700/1C [167]
ZnS/MXene separator 0.8–1.2 1452.7/0.1C 640.9/5C 76.1%/250/1C [192]

5.2 1010.5/0.2C − 73.6%/60/0.2C
V-doped WSe2/MXene sulfur host 1.2 1402.5/0.1C 732.3/5C 66.3%/500/0.2C [171]

7 6.38mAh cm− 2/0.1C − 72.4%/300/0.1C
1 T-VSe2-MXene sulfur host 1.5 1321/0.1C 670/5C 67.8%/550/0.5C [170]

6.9 6.42mAh cm− 2/0.2C − 52.3%/300/0.2C
MXene@CoSe2/NC separator − 1063.14/0.2C 646.12/2C 71.3%/1000/1C [193]

3.5 3.34mAh cm− 2/0.2C − −

La2O3-MXene@CNF sulfur host 1 1165.3/0.2C 747.7/3C 73.3%/1000/2C [194]
7 805.4/0.2C − 86.7%/200/0.2C
​ ​ ​ ​

MXene/MoS2/SnS@C separator 1.0 1294.3/0.5C 693.4/4C 60.0%/1000/2C [195]
5.1 828.1/0.2C − −

SnS2-MXene sulfur host 1 1188.5/0.2C 603.6/5C 82.7%/500/1C [196]
8.0 917.9/0.05C − −

1 T-VS2-MXene sulfur host 1.2 1473/0.1C 517/5C 60.6%/500/1C [169]
9.5 7.9 mAh cm− 2/0.05C − 77.0%/50/0.05C

Ti3C2/CoP separator 1.5 1349.8/0.2C 535.4/5C 54.1%/1150/1C [173]
5.3 7.8 mAh cm− 2/0.02C − 56.4%/120/0.1C

CeO2/MXene sulfur host 0.58 1051.1/0.5C 610.3/4C 87.7%/200 [197]
MnOx/MXene sulfur host ~1 − /3C 697.8/5C 72.6%/1000 [198]
Co2B@MXene separator − 1577/0.1C 597/5C 83.9%/2000/2C [174]

5.1 5.2 mAh cm− 2/0.2C − 78.8%/100/0.2C
MXene/MoS2 separator 2 1336/0.1C 652/3C 75.6%/500/1C [199]

5 − 1101/1C 63.6%/200/1C
SiO2@MXene sulfur host ~1.2 1263.0/0.2C 829.3/2C 67.0%/1000/1C [200]

3.6 1083.4/0.2C − 73.1%/100/0.2C
Co3Se4@N-C/Ti3C2Tx separator − 1448/0.2C 787/4C − [201]

2.24 1058/0.2C − −

MXene@WS2 separator 1 1613.7/0.1C 622.2/3C 56.4%/2C/2000 [202]
6.3 1034.3/0.3C − 60.0%/0.3C/240

1 T-MoSe2/MXene sulfur host 1.0 1307/0.1C 726.3/5C 64.2%/500/0.2C [203]
6.5 6.9 mAh cm− 2/0.1C − 73.1%/200/0.1C

MXene/SnO2QDs sulfur host − 1147.6/0.1C 515.7/2C 62.1%/900/1C [204]
VS4/Ti3C2Tx separator 1.2 1214/0.2C 673/4C 71%/500/1C [205]
Ti3C2Tx@CoSe2 separator 1.2 1183/0.1C 713/3C 54.2%/800/0.5C [206]

4 4.27 mAh cm− 2/0.2C − 78.9%/60/0.2C
Co-MoSe2/Ti3C2Tx sulfur host 1.5 1454/0.1C 759/5C 52.4%/500/0.5C [207]

13.5 8.2 mAh cm− 2/0.1C − 65.9%/200/0.1C
CoTe-MXene separator 1 1664/0.1C 905/3C − [208]

5.6 7.2 mAh cm− 2/0.02C − 55.6%/50/0.02C
MCCoS separator 1.2–1.5 1340.7/0.1C 368.6/20C 71.9%/1000/7C [168]
GO@MX@VS4 sulfur host 1.6–1.9 1443.9/0.1C 371.3/5C 79.6%/1200/5C [209]

7.39 6.9mAh cm− 2/0.05C − −
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by coating Ti3C2@iCON on a commercial separator, the Li-S cell deliv-
ered a remarkable initial capacity of 1186 mAh g− 1, corresponding to an
areal capacity of 9.01 mAh cm− 2 or volumetric capacity of 1201 mAh
cm− 3 at 0.1C. Notably, the capacity remained as high as 1092 mAh g− 1,
8.29 mAh cm− 2, and 1105 mAh cm− 3 after 200 cycles. Yang et al. re-
ported another COF-MXene-based heterostructure (CTF/TNS) of the 2D
covalent triazine framework on Ti3C2Tx MXene nanoflakes [189]. The
lithiophilic N sites in COF and the sulfurophilic Ti sites on MXene
facilitated dual-site chemical adsorption to LiPS, suppressing the shuttle
effect effectively. Additionally, the integrity of organic COF with or-
dered pores and inorganic MXene with high conductivity provided 3D
spatial confinement for sulfur and facilitated rapid electron/ion transfer
for high reaction kinetics.

Different modification strategies are applied in Li-S batteries,
enhancing the battery performance, as shown in Table 1.

6. Applications of MXene in other metal-sulfur batteries

Although Li-S batteries possess the highest theoretical gravimetric
energy density (~2672 Wh kg− 1) among all metal-sulfur batteries, other
nonlithium metal anodes including Na, K, Ca, Mg, and Al, which are
more abundant and less expensive than Li, have been considered
promising alternatives to the Li anode. In addition, several multivalent
metal sulfur batteries, such as Mg-S (3221 Wh L-1), Al-S (2981 Wh L-1),
and Ca-S (3202 Wh L-1) batteries, deliver higher volumetric energy
density than Li-S batteries (2955 Wh L-1) [7]. Despite these advantages,
nonlithium metal-sulfur batteries face significant challenges that
currently hinder their practical application. Similar to Li-S batteries, the
performance of nonlithium metal-sulfur batteries is challenged by the
polysulfides shuttle effect and sluggish polysulfides conversion kinetics.
Meanwhile, other problems arise with different metal anodes, such as
metal corrosion issues, distinct reaction pathways, and kinetic limita-
tions due to variations in ion sizes and valences [210]. This section

describes the application of MXene and MXene-based materials in non-
lithium metal-sulfur batteries, with a focus on material design strategies
tailored to different types of metal-sulfur batteries.

6.1. Sodium and potassium sulfur batteries

The most common issue for all alkali metal-sulfur batteries is the
large solubility of polysulfides in commercial ether-based electrolytes,
resulting in rapid capacity degradation due to the shuttle effect.
Compared to LiPS, the solubility of sodium polysulfides (NaPS) and
potassium polysulfides (KPS) is higher, exacerbating the shuttle effect
[211,212]. Moreover, the reaction processes of the S cathodes are also
different. For Na-S batteries, Na2S2 is commonly identified as one of the
discharge products based on XPS, Raman, and DFT calculations
[7,211,213]. Meanwhile, in a K-S battery, the discharge product is most
probably K2S3 at room temperature, because the thermodynamic sta-
bility of K2S3 (ΔG= − 528 kJ mol− 1, Gibbs energy of formation at 25 ◦C)
is higher than that of K2S (ΔG = − 410 kJ mol− 1) [7,214]. The reaction
barrier of the sulfur species is more significant in Na-S and K-S batteries,
resulting in slower reaction kinetics. Hence, the modification of MXene
should focus not only on enhancing the adsorption ability to polysulfides
but also on improving its catalytic performance to accelerate the elec-
trochemical reaction kinetics, which aims to increase the actual energy
density of Na/K-S batteries.

Since the relatively similar electrochemistry of Na-S and Li-S batte-
ries, the strategies applied in Li-S batteries may also benefit the design of
Na-S batteries. Heteroatom-doping into MXene proves to be an effective
approach for improving the performance of Na-S batteries. Wang et al.
synthesized porous nitrogen-doped Ti3C2Tx MXene@multiwalled CNT
microspheres (N-MXene@MWCNT-MP) by a facile spray drying and
annealing method (Fig. 16a) [215]. XPS measurements revealed the
coexistence of pyridinic N (32.18 at%), Ti-N metal bonds (23.68 at%),
pyrrolic N (27.12 at%), and graphic N (17.02 at%) on the N-doped

Fig. 16. (a) Schematic preparation procedure of porous N-MXene@MWCNT-MP/S microspheres. Reproduced with permission: Copyright 2021, American Chemical
Society [215]. (b) XRD patterns of DMX (orange, bottom), DMX/S after heat treatment (red, middle), and DMX/S (blue, top) powders. (c) CV curves of DMX/S. (d)
Cycling stability of DMX/S cathode. Reproduced with permission: Copyright 2022, Elsevier [221]. (e) Digital images (shown in inset) and the corresponding UV–vis
spectra of liquid electrolytes in optically transparent devices assembled with K@DN-MXene/CNT anode (or bare K foil) and SPAN powder immersed in liquid
electrolytes. Reproduced with permission: Copyright 2019, Wiley [222]. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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Ti3C2Tx. The pyrrolic N and pyridinic N exhibited strong affinity and
high binding energy with NaPS due to the Lewis acid-base interaction.
Additionally, the introduction of carbon nanotubes prevented the
restacking of MXene, thereby enabling high utilization of the N-doped
MXene surface. The structure of the microspheres also provided a uni-
formly porous and highly conductive network that allowed for high
sulfur loading and facilitated electron migration. As a result, the N-
MXene@MWCNT-MP/S cathode with a high sulfur loading of 5.5 mg
cm-2could deliver a high initial specific capacity of 821.7 mAh g− 1 and
maintained 70.28% after 500 cycles at 2C. Another study reported that
the sulfur-doped Ti3C2Tx MXene (S-Ti3C2Tx) enhanced affinity to NaPS.
This enabled the S-Ti3C2Tx/S cathode to achieve high cycling perfor-
mance, maintaining a reversible capacity of 577 mAh g− 1 after 500
cycles with a high areal sulfur loading of 4.5 mg cm− 2 [211].

In addition to anion doping, the effect of transition metal doping on
the performance of Na-S batteries was also investigated [216]. DFT
simulations were conducted on various transition metal (Fe/Co/Ni/Cu)
atoms attached to Ti2CS2 (TM@Ti2CS2), in order to reveal the correla-
tion between metal anchoring and sulfur host performance. The results
indicated that single-atom metal doping can enhance the chemical
interaction between MXene and NaPS because of the formation of TM-S
and Na-S bonds. Additionally, metal doping makes the reduction of
NaPS easier to occur on the surface of TM@Ti2CS2. In the reverse elec-
trochemical direction, the dissociation barrier of Na2S is also smaller
after metal doping. Hence, in theory, single-atom metal doping has a
bidirectional catalytic effect on Na-S batteries.

Similar to Li-S batteries, MXene-based composites have also been
prepared to enhance the performance of Na-S batteries. For instance,
cobalt nanoparticles were introduced to enhance the catalytic ability of
NaPS conversion, and the strong adsorption ability of TiO2 [217] and Ni
(OH)2 [218] was utilized to suppress the shuttle effect. Additionally,
composites such as hierarchical hybrid MXenes [219] and MXene@C
[220] were applied as separator modifiers to block the NaPS shuttling,
thereby improving the cycling stability of Na-S batteries.

To date, only limited works have reported the application of MXene
in K-S batteries. Kalra et al. prepared multi-layer Ti3C2Tx MXene,
enlarged its interlayer spacing via benzyl methyl ammonium chloride
(DHT) treatment, and then introduced sulfur by heat treatment [221].
The resulting material (DMX/S) showed enlarged d-spacing after the
heat treatment based on XRD measurements, indicating that amorphous
sulfur was loaded between its interlayer space (Fig. 16b). When DMX/S
was employed as the cathode for a K-S battery, a low cutoff voltage (0.1
V) was required to complete the reduction reaction due to its sluggish
kinetics compared to Li-S and Na-S systems (Fig. 16c). Meanwhile, rapid
capacity decay was observed at 0.2C due to the severe shuttle effect of
KPS (Fig. 16d). This rapid capacity decay was also partially attributed to
the destruction of large-sized K+ (0.276 nm) ions to the SEI layer. To
boost the performance of K-S batteries, Tang et al. prepared a titanium-
vacancy nitrogen-doped MXene/carbon nanotube freestanding frame-
work (DN-MXene/CNT) and used it as a host for K metal [222]. When
immersing the K-based anodes in KPF6-based electrolytes containing the
same amount of sulfur-poly(acrylonitrile) (SPAN) powder, the sample
without DN-MXene/CNT turned yellow after aging for 24 h (Fig. 16e).
According to UV–Vis spectroscopy, a strong peak located at 220–260 nm
was observed, confirming the dissolution of KPS in the electrolyte. The
electrolyte with K@DN-MXene/CNT showed a much lighter color,
indicating stronger adsorption to KPS and demonstrating its potential to
suppress the KPS shuttle effect.

6.2. Multivalent metal-sulfur batteries

For multivalent metal-sulfur batteries, including Mg-S, Ca-S, Zn-S,
and Al-S batteries, the shuttle effect still exists but is not as severe as
for alkali metal-sulfur batteries. The solubility of multivalent metal
polysulfides (e.g., MgSx, CaSx, and AlSx) in commonly used ether-based
electrolytes is also much lower than that of alkali metal polysulfides [7].

What is different for Zn-S batteries is the commonly utilized aqueous
zinc-based solutions [223]. At room temperature, it is thermodynami-
cally more favorable to form Zn(OH)4

2- or Zn(OH)2 (ΔG = − 156.3 kJ/
mol) rather than ZnS (ΔG = − 201.3 kJ/mol), which makes the key
challenge for Zn-S batteries is the occurrence of hydrogen evolution
reaction (HER). The aqueous electrolytes for Zn-S batteries also affect
the electrochemical mechanism of sulfur cathode, as the dissolution of
sulfur in aqueous media gives rise to the formation of various species
such as HS-, H2S, S2-, and Sx2- (x = 2–5) [224]. However, the reaction
rates of all mentioned multivalent metal-sulfur batteries are much lower
compared to alkali metal-sulfur battereis, especially for the oxidation
reaction of the discharge products (MgS, CaS, ZnS, and Al2S3). These
inactive sulfur species accumulate on the cathode due to the large ki-
netic barrier, leading to cathode passivation and rapid deterioration of
battery performance. Therefore, the MXene design strategy for high-
performance multivalent sulfur batteries should focus on improving
the kinetics.

Compared with carbon, Ti3C2Tx MXene has been proved to provide a
better conducting environment and Zn ion transport flux, which leads to
enhanced Zn ion storage in a flexible S@Ti3C2Tx cathode [225]. Paired
with Zn metal anode and iodine-added amphiphilic gel electrolyte, the
Zn-S battery delivered a high Zn ion storage ability of 772.7 mAh g− 1 at
300 mA g− 1. Yu et al. synthesized a 3D Ti3C2Tx/rGO composite with in-
situ formed TiO2 nanoparticles attached to MXene (s-MXTO@rGO) and
used it in hybrid Li/Mg-S batteries with Li+ and Mg2+ as charge carriers
[160]. The synergistic effects between TiO2-decorated MXene and rGo
are summarized in Fig. 17a. Compared with pure MXene, TiO2 nano-
particles showed a higher adsorption capability towards MgSx/LiPS,
effectively suppressing the shuttle effect. Moreover, DFT simulations
indicated that TiO2 can disperse the positive charge of Mg2+ by estab-
lishing Mg-O bonds. The strong Mg-O bonds can lower the energy to
break Mg-S bonds, accelerating the decomposition of MgS2 to MgS.
Based on this mechanism, TiO2 nanoparticles on MXene functioned as
both adsorptive and catalytic sites for polysulfides to alleviate the
shuttle effect and improve the electrochemical reaction kinetics.
Meanwhile, MXene flakes with strong mechanical strength can support
the porous structure and accommodate the volume expansion during
battery cycling. Furthermore, rGO layer can provide smoother Mg2+

diffusion for high-rate operations as the migration barrier of Mg2+ was
computed as 75 eV for MXene and 6.6 eV for rGO. As a result, the s-
MXTO@rGO-S cathode achieved a high initial discharge capacity of
1735.7 mAh g− 1 at 0.2C and an outstanding rate capability of 299.2
mAh g− 1 5C. For long cycling tests at 2C, a remarkable capacity of 445.6
mAh g− 1 was retained after 1000 cycles with a very low decay rate of
0.016%. Other transition metal compound decorated MXenes, such as
Ti3C2@CoO [226], and Co3S4@MXene [227], exhibited a similar func-
tion to TiO2-decorated MXene and enhanced the performance of Mg-S
batteries when used as S hosts.

In Al-S batteries, the decomposition barrier for Al2S3 is significant,
requiring a high energy of 332 kJ mol− 1 to break one Al-S bond. In
comparison, the energy required for each Li-S bond is 312.5 kJ mol− 1

[228]. A binder-free S@Ti3C2Tx film with sulfur nanoparticles homo-
geneously anchored on the MXene flakes was tested as S hosts in Al-S
batteries [229]. MXene exhibited advantageous properties compared
to graphene, including higher electronic conductivity and higher bind-
ing energies to S8 and Al2Sn. Consequently, the free-standing S@Ti3C2Tx
film exhibited the first discharge capacity of 489 mAh g− 1 at 300 mA g− 1

and maintained 415 mAh g− 1 after 280 cycles with an average
Coulombic efficiency of ~95%. In another work, DFT simulation was
employed to reveal the effect of single-atom metal doping on the per-
formance of Ti3C2O2 MXene-based (SA@MXene) Al-S battery [230].
Binding energies of 20 kinds SA@MXene with several possible Al2Sn
species and S8 (e.g., S8*, Al2S18*, Al2S12*, Al2S6*, and Al2S3*) were
summarized in Fig. 17b. Among all SA@MXenes, Sc, Pt, V, Cr, Mn, Y, Zr,
Nb, Mo, Tc, Ru, Rh, and Pd@Ti3C2O2 showed higher binding energies,
which indicated stronger adsorption to AlPS and better ability to
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suppress the shuttle effect. To investigate the catalytic ability of
SA@MXene for AlPS conversion, the authors calculated the Gibbs free
energy of the complete reaction pathway from S8 to Al2Sn (S8* → Al2S18*
→ Al2S12* → Al2S6* → Al2S3*) (Fig. 17c). The highest relative free en-
ergy (Ea) is used to determine the rate-limiting step among all steps.
Compared to pure Ti3C2O2 nanosheets (1.12 eV), Y, Rh, Tc, Mo, and
Nb@Ti3C2O2 exhibited lower Ea values of 0.23, 0.51, 0.80, 0.99, and
1.05 eV, respectively. These SA@MXenes are expected to demonstrate
lower overpotential for AlPS conversion and better catalytic ability
compared to pure MXene nanosheets. Taking all factors into consider-
ation, Y, Nb, Mo, and Tc@Ti3C2O2 should be the most promising can-
didates to improve the performance of Al-S batteries.

The electrochemical performance of MXene-based nonlithium metal-

sulfur batteries is summarized in Table 2.

7. Summary and perspectives

This work summarizes the design and modification strategies of
MXenes and their roles in enhancing the performance of Li-S and other
metal-sulfur batteries. The principles guiding the selection and modifi-
cation of MXene should focus on leveraging their unique properties to
effectively address the critical challenges faced by sulfur-based batte-
ries. By tailoring their composition, structure, and surface chemistry,
MXene can offer the following benefits: (a) Their metallic conductivity
facilitates rapid electron transfer, reducing cathode polarization and
enabling high-rate performance, which also improves sulfur utilization

Fig. 17. (a) Schematic diagram of performance improvement mechanism of the s-MX, s-MX@rGO, and s-MXTO@rGO-S electrodes for MLSBs. Reproduced with
permission: Copyright 2023, Wiley [160]. (b) Binding energy (Eb) values of S8 and Al2Sn species on SA@Ti3C2O2 nanosheets, where the Eb values of S8*, Al2S18*,
Al2S12*, Al2S6*, and Al2S3* are shown as short red, orange, green, blue, and purple lines. The colored solid lines represent the binding energies of Ti3C2O2 and S8/
Al2Sn species. (c) Relative Gibbs free energy for the S8 and Al2Sn species on SA@Ti3C2O2 nanosheets. The complete reaction paths of S8 and Al2Sn species are S8* →
Al2S18* → Al2S12* → Al2S6* → Al2S3*. Reproduced with permission: Copyright 2022, American Chemical Society [230]. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 2
The comparison of electrochemical performance of MXene-based nonlithium metal-sulfur batteries.

Type Materials Application Sulfur loading
mg cm− 2

Initial Capacity
mAh/g/Current

Cycle number
/Retention

Ref.

Na-S Ti3C2Tx/Ni(OH)2/C sulfur host 1.3–1.5 2399.4/0.22C 100/1175.3 [218]
Na-S S-Ti3C2Tx sulfur host 2.1 970/0.5C 200/690.3 [211]
Na-S Ti3C2Tx/Mo2Ti2C3Tx separator 1.0 992/0.1C 100/620 [219]
Na-S TiO2-Ti3C2 sulfur host − 1032.2/0.1C 100/435.76 [217]
Na-S Ti3C2Tx/RGo/Co sulfur host − 683/0.5C 200/360 [231]
Na-S N-Ti3C2Tx@MWCNT sulfur host 2.0 980/1C 500/676.3 [215]
Na-S MXene@C/Polyolefin/MXene@C separator 1.5 1159/0.2C 50/1011 [220]
K-S Ti3C2Tx sulfur host − ~1700/0.05C 300/450 [221]
Zn-S Ti3C2Tx sulfur host 0.8–1.0 772.7/300 mA g− 1 − [225]
Mg-S Ti3C2@CoO sulfur host 0.5–0.7 − /100 mA g− 1 70/540 [226]
Mg-S MXene-TiO2/rGO sulfur host ~0.5 1057.8/0.2C 100/1052.0 [160]
Mg-S Co3S4@MXene sulfur host 1.5 1220/0.1C 100/528 [227]
Al-S Ti3C2Tx sulfur host 0.54–0.65 489/300 mA g− 1 280/415 [229]
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and energy density. (b) The surface chemistry of MXenes influences their
interaction with polysulfides, enhancing their affinity toward poly-
sulfides and mitigating the shuttle effect. Moreover, certain surface
groups can catalytically promote the conversion of sulfur species. (c)
The ultrathin layered structure of MXenes provides a large surface area
and abundant active sites to interact with sulfur and polysulfides. (d)
The negatively charged surface of MXene enables good dispersion in
solvents, which facilitates to fabricate diverse morphologies, such as
hierarchical structures and 3D conductive networks, offer efficient ion
transport pathways and address the volume expansion of cathode during
cycling. (e) With over 50 synthesized variants, MXenes offer a wide
selection for specific applications. (f) The high mechanical strength of
MXenes allows the fabrication of free-standing electrodes, expanding
their use in flexible wearable electronics.

Several perspectives for the future development of MXenes in sulfur-
based batteries are proposed: (a) Further research into the catalytic ef-
fects of MXenes is needed. The catalytic activity can enhance sulfur
electrochemical reaction kinetics, but the instability of MXenes com-
plicates this research. More in-situ measurements, such as XRD, Raman,
and XPS, are expected to monitor dynamic changes during electro-
chemical reactions. Post-cycling analysis can also reveal changes in
surface chemistry. (b) Anode-free sulfur-based batteries offer a prom-
ising direction. In Li-S batteries, excess lithium metal is often used,
leading to lithium wastage and low energy density. MXene-Li2S batteries
could eliminate the need for additional cations, with MXenes serving as
both the sulfur host and lithium deposition site, significantly improving
energy density. (c) MXenes should be explored in solid-state sulfur-
based batteries. The shuttle effect in liquid electrolytes can be
completely avoided by using solid-state electrolytes, though sulfur
conversion remains a challenge due to poor charge transfer. Leveraging
MXenes’ conductivity could accelerate sulfur conversion, enhancing
solid-state battery performance while addressing dendrite formation
issues, improving both safety and energy density. (d) Improving MXene
stability is crucial. Their vulnerability to oxidation under harsh battery
conditions limits their potential in practical application. Developing
strategies to stabilize MXenes and prevent degradation during cycling is
essential for ensuring the long-term performance of sulfur-based batte-
ries. (e) Investigating MXenes beyond Ti3C2Tx is also important.
Although Ti3C2Tx dominate the recent research due to its high stability
and conductivity, exploring other compositions or surface groups could
yield materials with superior catalytic and adsorptive properties. (f)
Finally, evaluating MXene-based sulfur batteries under realistic condi-
tions is essential. Despite significant progress, few studies have tested
MXene-based Li-S batteries at the Ah level. Systematic studies using Ah-
level pouch cells and commercial-grade electrodes are needed to assess
factors like sulfur loading, electrolyte volume, and cycling stability
under practical conditions.
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