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ARTICLE INFO ABSTRACT

Keywords: Two-dimensional (2D) nanocomposites are increasingly being used as advanced anode materials for lithium-ion
MoS2 batteries (LIBs). 2D materials such as MoS: deliver appropriate anode potentials in LIBs due to their tunable
MXene . electrical properties, extensive surface area, and effective transport pathways. However, MoS: anodes have low
:::;i]:‘;t:;glzls electrical conductivity, polysulfide shuttle effect and exhibit significant volume growth after repeated lithiation/
Lithium-ion batteries delithiation, severely restricting their practical limitations to use in LIBs. In the present work, a MoS:2@TisCz
Nanocomposites (MXene) heterostructured nanocomposite was effectively produced using a hydrothermal route followed by
thermal treatment and evaluated as an upgraded anode material for LIBs. Structural characterization confirmed
the uniform growth of MoS: nanoflowers anchored on TisCz sheets with strong interfacial coupling. Electro-
chemical tests demonstrated that the MoS:@TisCz (10%) composite delivered an excellent reversible specific
capacity of approximately 250 mAh g~! at a reasonably high current density of 2 A g~*. The MoS2@TisCz (10%)
composite half-cell also preserved approximately 87% capacity retention after prolonged cycling, which is
significantly greater than that of pristine MoS.. The reduced charge transfer resistance and stable cycling
behaviour highlight the synergistic effect between MoS: and TisCz in improving charge transport and mechanical
stability. The integration of MoSz nanosheets with conductive TisCz layers produces a uniformly interconnected
2D heterostructure that boosts electronic transport, accelerates Li™ diffusion, and resists volume expansion, as
confirmed by post-cycling characterisations. These findings identify the MoS:@TisCz> nanocomposite as a po-
tential high-performance anode material with enhanced stability and rate capability for lithium-ion batteries.

1. Introduction

Numerous studies have been conducted on energy storage devices
because of the increased energy demand. The energy reserve sector has
relied heavily on lithium-ion batteries (LIBs) [1]. Over the next ten
years, the market demand for LIBs is expected to increase owing to the
substantial usage of electric cars, renewable energy systems, and
portable electronics. Since their commercialization in the 1990s, LIBs
have extensively covered the consumer market in portable devices due
to their extended cycle life, high energy density, lightweight design, and
quick charging speed [2]. Despite their extensive use, the advancement
of performance improvements is still hampered by significant issues,

* Corresponding authors.

such as long-term capacity fading, high cost, limited lithium supply, and
safety problems [3,4]. High-capacity and reliable anode materials are
required to enhance LIB performance. Commercial graphite has a
modest energy density as an anode in LIBs, with a theoretical capability
of approximately 372 mAh g’1 [5]. Other anode substances that have
been explored include silicon-based compounds, tin oxide (SnO»), tita-
nium dioxide (TiO2), and various metal sulphide systems. [6-7]. Among
these, molybdenum sulphide (MoS,) is particularly promising because
of its layered 2D structure, fast Li" intercalation, and higher theoretical
capacity (~ 670 mAh g~!) [8]. Nevertheless, pure MoS:z has poor
intrinsic electrical conductivity (~107° S em™1) and suffers severe vol-
ume changes during lithiation/delithiation, as well as the dissolution of
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intermediate lithium polysulphides that induce a polysulphide shuttling
effect, causing pulverization and capacity fading [9]. To address these
challenges, MoS; is often hybridized with conductive and mechanically
robust materials. According to the literature, carbon-based supports,
such as graphene, carbon nanotubes (CNTs), and amorphous carbon,
enhance electrical conductivity and assist the volume expansion of
MoS,, resulting in composite materials with enhanced properties, such
as cycling stability and rate capability [10]. However, carbon allotropes
still offer lower electron mobility and form weak interfaces with MoSz,
restricting the full utilization of active sites [11].

Recently, a novel family of two-dimensional (2D) transition-metal
carbides and nitrides known as MXenes, have emerged as superior al-
ternatives to carbonaceous materials [12-13]. MXenes, represented by
the generic formula M, ;1 X, T, (where M is a transition metal, X is carbon
or nitrogen, and Tx denotes surface terminations such as —0O, —OH, and
—F), are synthesized by the selective etching of the MAX phases. The
standard formula for MAX phases, which are layered ternary carbides or
nitrides, is My 1AX,, where A is a group 13 or 14 element (e.g., Al or Si)
[14]. TisCzTx is a highly investigated MXene because of its large specific
surface area, hydrophilicity, strong metallic conductivity (up to 1071°S
em™ 1), and exceptional mechanical strength [15-16]. These properties
make MXenes highly effective as conductive scaffolds for anchoring
active materials such as MoSz, thereby improving both ion transport and
structural stability [17].

The MoS:@MXene composite design integrates the advantages of
both components: MXene provides a conductive framework and me-
chanical support, while MoS: contributes to high lithium storage ca-
pacity. The intimate hetero-interface between MoS2 nanosheets and
TisC2Tx layers promotes fast charge transfer, reduced impedance, and
stable Li* diffusion pathways, resulting in improved rate kinetics and
enhanced cycling retention [18-19]. Moreover, the flexible 2D structure
of MXene effectively mitigates volume fluctuations of MoS: during
lithiation, preventing electrode pulverization and maintaining integrity
over extended cycling [20]. MoS: nanosheets and TisC>Tx layers pro-
vides an intimate hetero-interface that facilitates rapid charge transfer,
low impedance, and stable Li* diffusion routes, leading to improved rate
kinetics and long-lasting cycling retention [18-19]. Additionally,
MXene's flexible 2D structure successfully reduces MoS: volume varia-
tions during lithiation, avoiding electrode pulverization and preserving
integrity throughout prolonged cycling. This structural confinement and
strong interfacial interaction further suppress polysulfide shuttling ef-
fect, leading to improved coulombic efficiency, enhanced cycling sta-
bility, and superior long-term electrochemical performance [20].

The MoS:@MXene composite is described in this study as an
advanced anode material for lithium-ion batteries. Because of the firm
interaction between conductive Ti3C,Tx layers and MoSz nanosheets, the
optimized material (10% MXene) exhibits exceptional electrochemical
behaviour. An integrated architecture like this improves structural sta-
bility, stops MoS, restacking, and speeds up ion/electron transit.
Consequently, it maintains a specific capacity of ~250 mAh g~! with
almost 100% Coulombic efficiency after 200 cycles of operation at
reasonably high current density of 2 A g~1. Strong integrity and efficient
Li* diffusion made achievable by the MoS,-MXene interface are
demonstrated by the improved cycle stability and decreased charge-
transfer resistance. All things considered, the cooperative relationship
between these two-dimensional components provides a workable way to
develop complex anodes for the upcoming generation of durable, quick-
charging LIBs.

2. Experimental section
2.1. Synthesis of MoS:
Sigma-Aldrich and Sisco Research Laboratories Pvt. Ltd. (SRL) pro-

vided analytical-grade reagents, which were utilised without additional
purification. Molybdenum disulfide (MoS2) was synthesized using a
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hydrothermal method. Ammonium molybdate tetrahydrate [(NHa)
sM07024-4H20] and thiourea (CH4N2S) were mixed in 50 mL of deionized
(DI) water and swirled for 30 min to create a uniform solution. The
mixture was then emplaced in a 100 mL Teflon-lined stainless-steel
autoclave and heated to 200 °C for 24 h. The black powder product was
collected, repeatedly cleaned with ethanol and DI water, and dried for
12 h at 60 °C after the autoclave naturally rested until it reached room
temperature. The obtained sample was labelled as MoS..

2.2. Synthesis of MXene (TizC2Tx)

MXene (TisC2Tx) was synthesized by selectively etching the
aluminium layer from titanium aluminium carbide (TisAlCz2). Typically,
1 g of TisAlCz powder was slowly added to 40 mL of hydrofluoric acid
(HF, 30-40%) under continuous stirring. The entire reaction was
allowed to run for 48 h at room temperature. Following etching,
deionized water was used to wash the mixture multiple times until the
pH reaches neutral. The resulting layer of silt was dried for 12 h at 60 °C
to produce TisC.Tx MXene powder, which was used to prepare the
composite.

2.3. Synthesis of MoS:@TisC> nanocomposite

To ascertain the effect of MXene content on electrochemical per-
formance, MoS: and MXene were combined in varying weight ratios (5%
and 10%) to create the MoS:@TisC> composite. To guarantee even
mixing, precisely weighed volumes of MoS: and TisC-Tx MXene were
distributed in 20 mL of ethanol while being continuously stirred. To
promote strong interfacial contact between MoS2z nanosheets and MXene
layers, the mixture was sintered at 400 °C for an hour. The suspension
was kept at 65 °C after sintering until the solvent had completely
evaporated. The resultant black powder was cleaned using ethanol,
dried at 70 °C for 12 h, and marked MoS:2@TisCz (5%) and MoS-@TisC2
(10%), which correspond to 5% and 10% MXene, respectively.

2.4. Materials characterization

To verify its structural and surface characteristics, the MoS:2@TisCz
composite made by the hydrothermal process was assessed using a range
of analytical methods. The crystalline phase and purity of the composite
were analysed by X-ray diffraction (XRD) using a Bruker D8 Advance
diffractometer with Cu K, radiation (A = 1.5418 A). Raman spectroscopy
(HORIBA LabRAM HR Evolution) with a 633 nm excitation laser was
employed to examine the vibrational modes and verify the interaction
between MoS: and TisCz layers. Field emission scanning electron mi-
croscopy (FESEM, Zeiss Ultra Plus) along with energy dispersive X-ray
analysis (EDAX) characterization tool was used to inspect the particle
size, shape distribution, surface morphology and elemental distribution
of prepared samples and fabricated electrodes. Furthermore, X-ray
Photoelectron Spectroscopy (XPS, PHI Versa Probe III) with an Al K,
source was performed to examine the elemental composition and
chemical bonding environment within the MoS-@TisC2 composite.

2.5. Electrode preparation and Li-ion battery fabrication

The synthesized pristine MoS;, MXene and MoS;-MXene nano-
composite has been described using a variety of methods. CR2025 coin
cells were used for electrochemical tests; these cells were constructed in
an argon-filled glovebox to avoid moisture contamination. To create a
homogenous slurry for the working electrode, 80 wt% active materials,
10 wt% carbon black, and 10 wt% Polyvinylidene fluoride (PVDF)
binder were combined with N-methyl-2-pyrrolidone (NMP). This slurry
was uniformly spread onto copper foil and left to dry at 70 °C under
vacuum for 12 h to remove residual NMP. The active material loading
density of the prepared electrodes was calculated to be in the range of
1.25-1.34 mg cm ™2, which is consistent with commonly reported values
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for laboratory-scale lithium-ion battery studies and ensures reliable
evaluation of electrochemical performance. Both the reference and
counter electrodes were made of lithium foil, and a polypropylene
separator (Celgard 2025) was used to separate the electrodes. The
electrolyte consisted of 35 pL of LP40, containing 1 M LiPFs dissolved in
a 1:1 (v/v) combination of dimethyl carbonate (DMC) and ethylene
carbonate (EC). Galvanostatic charge/discharge tests were carried out
through a variety of current densities across a potential window of 0.001
to 3 V using a battery tester.

2.6. Electrochemical characterisations

The electrochemical performance of the fabricated MoS2, TisCz, and
MoS:@TisCz (5%) and (10%) composite electrodes was systematically
evaluated using CR2025 coin-type cells at room temperature. Based on
preliminary optimization and reported literature, higher MXene con-
tents (>10%) may induce restacking of TisC2 layers and block electro-
chemically active sites; therefore, MoS:@TisCz composites with 5% and
10% MXene were selected for detailed investigation. To investigate the
lithium-ion insertion and extraction behaviour, cyclic voltammetry (CV)
was carried out at a scan rate of 0.1 mV s~ ! in a potential window of
0.001-3.0 V (vs Li/Li"). Galvanostatic Charge-Discharge (GCD) mea-
surements were carried out at various current densities between 0.05 A
g ' and 2 A g7! to evaluate the cycling stability and rate capabilities.
The charge-transfer resistance and ion diffusion properties were evalu-
ated using electrochemical impedance spectroscopy (EIS) characteris-
tics. The frequency range from 100 kHz to 0.1 Hz is considered for EIS
studies. In order to study, the structural stability and diffusion param-
eter, the post-cycled Li-ion half-cell of MoS:@TisC> composite is
decrimped in the glove box.

3. Results and discussion
3.1. MoS:@TisC> (MXene) composite formation mechanism

The MoS:@TisC2 (MXene) composite is most commonly formed by an
in-situ growth strategy, typically hydrothermal/solvothermal or single-
step wet-chemical routes in which a molybdenum precursor (for
example, (NHa)2MoSs, NazMoOa4 with thiourea, or ammonium hepta-
molybdate plus S-source) is converted to layered MoS: directly on the
pre-exfoliated TisC2Tx sheets. During the reaction, the abundant surface
terminations and defects (—O, —OH, —F, vacancies) on TisC2Tx act as
preferential nucleation sites that lower the energy barrier for MoS:
nucleation and promote intimate 2D-2D contact between the two pha-
ses. Nucleation and growth can be tuned by reaction parameters (pre-
cursor concentration, temperature, time, pH, and solvent). Lower
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temperatures and mild conditions favour few-layer MoS: nucleation that
grows laterally on the MXene basal plane, while higher temperatures or
precursor supersaturation can give vertically aligned MoS2 nanosheets
or flower-like aggregates that expose more active edge sites. The MXene
substrate also promotes charge transfer and electronic coupling at the
interface, leading to improved electrical connectivity between MoS2 and
the conductive TisCz network, a key reason to why these hetero-
structures show enhanced electrochemical performance. Strong phys-
isorption and local chemical interactions usually combine to form the
interfacial interaction that results in creating a strong 2D/2D hetero-
junction [21-22]. Fig. 1 shows the schematic representation for the
synthesis mechanism of MoS2@TisCz.

This design reduces charge-transfer resistance and effectively buffers
the volume change of MoS: during lithiation/delithiation, improving
cyclic stability and rate capability in lithium-ion batteries. The
MoS:@TisC2 (10%) composite showed the best electrochemical charac-
teristics as compared to all other optimized electrodes, including low
charge-transfer resistance, high specific capacity, and outstanding rate
performance, demonstrating the synergistic impact of conductive TisCz
layers and MoS: nanosheets.

3.2. Structural and morphological studies

The XRD patterns of the synthesized MoSz, TisCz, and MoS:@TisCz
(10%) composite are exhibited in Fig. 2(a). The pure MoS: exhibits
distinct peaks of diffraction at 20 = 14.2°, 33.4°, 39.6°, 49.8°, and 58.4°,
which are indexed to the (002), (100), (103), (105), and (110) planes of
hexagonal 2H-MoS:, respectively (JCPDS No. 37-1492). The sharp and
intense (002) reflection confirms the ordered stacking of MoS: layers
with high structural regularity. The TisC2 MXene exhibits a strong low-
angle diffraction peak near 20 ~ 9.5°, which is related to the (002)
plane, confirming the formation of the few-layer TisC-Tx structure and
the effective removal of the aluminium layer through the etching pro-
cess from the TisAlCz MAX phase. The slight broadening of this (002)
reflection compared to TisAlC: indicates partial exfoliation and an
increased interlayer spacing because of the introduction of surface ter-
minations (—OH, —O, and —F), consistent with earlier MXene studies
[23].

In the MoS:@TisCz (10%) composite, characteristic reflections of
both MoS: and TisC: are observed, confirming the successful creation of
the heterostructure. The prominent (002) peak of MoS: migrating
somewhat in the direction of smaller angles in the composite suggests an
expansion of the interlayer gap. The high interfacial interaction between
the MoS: layers and the conductive MXene substrate, as well as the
intercalation of TisC> nanosheets, are the causes of this change. Addi-
tionally, the MoS: peak's intensity marginally decreases and broadens,

L QD,‘\

N
l B
L g'r.

Ti,C,

il TS L 200°C,24h

—

(NH,):Mo0,0,.4H,0
.
CH4N.S

Fig. 1. Schematic representation of MoS:@TisCz composite synthesis mechanism.
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Fig. 2. (a) XRD patterns of MoS,, Ti3Cy and MoS,@Ti3C, (10%). (b) Raman spectra of TizCo, MoS,, and MoS,@Ti,Ca (10%).

indicating a reduction in crystallite size and enhanced MoS: dispersion enhance electronic conductivity and a large number of active sites for
throughout the MXene surface. The absence of additional impurity Li* storage [24].

peaks indicates that subsequent phases are not introduced during the The XRD patterns of TisAlCz, TisC2, and MoS:@TisC2 (10%) com-
composite production. The coexistence of both MoS: and TisC: re- posites are provided in the Supplementary Information (SI). Fig. S1
flections and the observed (002) peak shift clearly indicate tight inter- confirms the successful phase transformation from TisAlCz to TisC2
facial interaction between the two components, which is anticipated to MXene and the subsequent formation of the MoS:@TisC2 (10%)
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Fig. 3. FE-SEM showing low magnification images of (a) MoS:z nanoflowers, (b) TisC2 MXene nanosheets, and (c) the MoS:@TisC= composite (10%), Inset of Fig. 3(a),
(b) and (c) show corresponding high magnification images. (d-g) show elemental distribution of MoS:@TisC> composite (10%) and (h) EDAX spectra and data table of
MoS:2@TisCz composite (10%).
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heterostructure.

The Raman spectra of TizCz, M0Sz, and MoS2@TisCz2 (10%) compos-
ites are exhibited in Fig. 2(b). The distinctive peaks of MoS: observed at
approximately 383 cm ™! (Ezg!) and 408 cm™! (A+g) correspond to the
in-plane and out-of-plane vibrations of Mo and S atoms, respectively,
confirming the formation of the hexagonal 2H phase of MoSz [25]. In the
TisCz spectrum, the broad bands located within 200-800 cm™! are
attributed to Ti—C vibrations and surface terminations (—OH, —F, or
—O0), which align with previously documented MXene characteristics
[26]. The MoS:@TisC2 (10%) composite displays characteristic peaks
from both MoS: and TisC, indicating the successful integration of MoS2
nanosheets onto the MXene surface without structural degradation. The
slight broadening and reduction in intensity of MoS: peaks in the com-
posite suggest strong interfacial interactions and enhanced electron
coupling between MoS: and TisC.. In addition, a low-intensity secondary
vibrational feature observed near ~850 cm ™! in the composite, which is
absent in the individual components, may be attributed to Ti—O or
Mo—O-related vibrational modes formed at the MoS2/TisC: interface.
Such higher-frequency modes have been reported in partially oxidized
or surface-reconstructed MXene-based hetero-structures, supporting the
formation of chemical bonding between MoSz and TisC: rather than a
simple physical mixture [27].

The FE-SEM images presented in Fig. 3(a) show the morphology of
the synthesized MoSz, which exhibits a well-defined flower-like archi-
tecture formed by the self-assembly of numerous ultrathin nanosheets.
These nanosheets are tightly packed and radially arranged, producing a
hierarchical 3D structure. Inset [Fig. 3(a)] at higher resolution imaging
validates that the MoS: petals are composed of thin, curled nanosheets,
providing a large surface area and abundant exposed edges that are
favourable for electrochemical reactions and ion transport [28]. Such
nanoflower morphologies are commonly observed for hydrothermally
synthesized MoS: and are considered advantageous for energy storage
applications.

Results in Chemistry 27 (2026) 103381

The FE-SEM image of TizC> MXene shown in Fig. 3(b) reveals a
characteristic layered and accordion-like morphology. The sheets
appear stacked yet partially separated, indicating successful removal of
the Al layers from the TisAlC2 MAX phase during the etching process.
Also, inset of Fig. 3(b) displaying the higher magnified image, clearly
reveals the lamellar structure with well-defined layers and slight wrin-
kling, which is typical of few-layer TisCz MXene. This layered configu-
ration provides open channels that facilitate rapid ion diffusion and
efficient electron transport, making MXene an excellent conductive
framework for hybrid electrode materials. The morphology of the
MoS2@TisCz hybrid composite is shown in Fig. 3(c). It is seen that MoS2
nanoflowers are uniformly distributed on the surface of the MXene
sheets. The MoS: structures retain their flower-like morphology while
being anchored onto the layered TisC: substrate, suggesting strong
bonding at the interface between the two components. The MXene
sheets act as a conductive scaffold that helps disperse the MoS:z nano-
structures and prevents their aggregation. This intimate contact between
MoS: and TisCz is expected to enhance structural stability and facilitate
efficient charge transfer within the composite [29-30]. To further verify
the composition of the hybrid material, both EDAX and elemental
mapping were studied and the same shown in Fig. 3(d-g). The mapping
images confirm the uniform distribution of Mo, S, Ti, and C elements
throughout the composite, indicating successful integration of MoS2
with TisC2 MXene. The corresponding EDAX spectrum along with data
table shown in Fig. 3(h) further confirms the presence of these elements
without noticeable impurities, supporting the formation of the
MoS:@TisCz heterostructure.

X-ray photoelectron spectroscopy (XPS) analysis was used to
examine the surface composition and chemical bonding conditions of
the MoS:@TisC2 (10%) composite, as illustrated in Fig. 4. The survey
spectrum presented as Fig. 4(a) clearly reveals the existence of Mo, S, Ti,
C, and O elements, confirming the successful formation of a hybrid
heterostructure consisting of MoSz and TisCz phases. The high-resolution

(a) o
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Fig. 4. XPS spectra of optimized MoS@TisC2 (10%) composite: (a) Survey scan, (b) Mo 3d region, (c) S 2p region, and (d) Ti 2p region.
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Mo 3d spectrum shown in Fig. 4(b) displays two dominant peaks at
229.4 eV (Mo 3ds/2) and 232.6 eV (Mo 3ds/2), corresponding to Mo**t
species in MoS2. A minor doublet at 233.8 eV and 236.0 eV is attributed
to Mo®", suggesting slight surface oxidation to MoOs upon air exposure.
These findings indicate that molybdenum predominantly exists in the
+4 oxidation state, confirming the semiconducting phase of 2H-MoS:
[31].

The S 2p spectrum presented as Fig. 4(c) can be fitted into two
distinctive peaks at 162.3 eV (S 2ps/2) and 163.5 eV (S 2p1/2), which are
equivalent to S~ in MoSz. A weak shoulder near 164.0 eV is attributed
to S—Ti—C interfacial bonding, evidencing strong coupling between
MoS: nanosheets and the TisC> surface. In the Ti 2p region [Fig. 4(d)],
the peaks located at 455.1 eV (Ti 2ps/2) and 461.0 eV (Ti 2pi/2) corre-
spond to Ti—C bonds, whereas those at 456.9 eV and 462.5 eV relate to
Ti-O/Ti-F surface terminations. The coexistence of Ti—C and Ti—O
species confirms that TisCz retains its layered MXene structure with
partial surface oxidation [32].

Overall, the examination of XPS verifies the coexistence of MoSz and
TisCz phases and the evolution of a well-defined MoS:@TisC interac-
tion. The presence of interfacial S-Ti-C bonds and partially oxidized Ti
atoms indicates a high level of electrical contact between both compo-
nents, which can enhance transfer of electrons and contribute to
improved electrochemical functionality of the composite electrode [33].
SI Fig. S2(a, b) shows the comprehensive XPS spectra of the C and O
elements, verifying their corresponding chemical states and surface
compositions.

3.3. Electrochemical performance and Li-ion battery testing

The lithium storage behaviour of pure MoS: and MoS2@TisCz (10%)
electrodes was evaluated using cyclic voltammetry (CV) at 0.1 mV s~}
over 0.01-3.0 V vs. Li/Li", as shown in Fig. 5(a) and 5(b), respectively.
In Fig. 5(a), the first cathodic sweep of pure MoS: exhibits two reduction
peaks at ~1.1 V and ~0.6 V, corresponding to Li" intercalation into
MoS: interlayers to form LixMoS:z (MoSz + xLi™ + xe~ — LixMoS2) and
the subsequent irreversible conversion reaction yielding Mo® nano-
particles embedded in a Li>S matrix (MoSz + 4LiT + 4e” — Mo + 2Li2S),
accompanied by SEI layer formation [34].

From the second cycle onward, these cathodic peaks are no longer
observed at their original positions but instead evolve into a new
cathodic peak at ~1.9 V, indicating that irreversible structural recon-
struction during the first lithiation alters the lithium storage pathway
from an intercalation conversion mechanism to a modified conversion
type reaction [34]. In the anodic direction, the first cycle shows a
relatively weak oxidation peak at ~2.27 V, corresponding to the
reconversion of Mo® and LizS to MoS. (Mo® + 2Li>S — MoSz + 4Li* +
4e7). In subsequent cycles, particularly from the 31 o 5t cycles, the
anodic peak current gradually increases while a broad feature around
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~1.6 V becomes more pronounced, indicating progressive electro-
chemical activation. However, the CV curves do not overlap, and slight
peak broadening and intensity variation are observed, reflecting limited
reversibility, increasing polarization, and structural degradation caused
by volume expansion and poor conductivity [34].

The MoS@TisC2 (10%) composite in Fig. 5(b) follows a similar first-
cycle reaction pathway, with cathodic peaks at ~1.09 V and ~ 0.52 V
corresponding to LixMoS: intercalation and subsequent conversion
accompanied by SEI formation, respectively. The slight negative shift of
the conversion peak compared to pure MoS: is attributed to the reduced
nucleation barrier for Li.S formation at the MoS—MXene interface,
where the conductive TisCz facilitates faster reaction kinetics [35,36]. In
subsequent cycles, these peaks similarly evolve into a stable cathodic
peak at ~1.9 V, confirming that this feature originates from the
restructured MoS: phase rather than the MXene component.

A key distinction is observed in the anodic behaviour: from the
second cycle onward, three well-resolved oxidation peaks appear at
~0.6 'V, ~1.73 V, and ~ 2.29 V and are consistently retained with high
current density through the 3™ to 5% cycles, exhibiting near-perfect
overlap [36]. The peak at ~0.6 V is attributed to the oxidation of
deeply reduced Li-S species, the intermediate peak at ~1.73 V reflects a
staged reconversion process, and the dominant peak at ~2.29 V corre-
sponds to the Mo® — Mo** reconversion. The excellent overlap of the CV
curves in successive cycles, with negligible peak shift and minimal
current decay, confirms highly reversible electrochemical reactions,
stable electrode structure, and fast charge-transfer kinetics.

Furthermore, the composite exhibits higher current response
compared to pure MoS:, indicating enhanced active site utilization and
reduced polarization. These improvements arise from the synergistic
effect of the TisC. MXene network, which provides efficient electron
transport pathways, suppresses MoS: restacking, buffers volume
expansion, and maintains structural integrity during repeated cycling
[37]. For comparison, the CV profiles of MoS2@TisCz (5%) and TisC: are
presented in Supplementary Fig. S3(a) and S3(b), respectively, further
confirming the superior performance of the optimized 10% composite.
Additionally, the pseudocapacitive contribution associated with surface-
controlled reactions enhances charge storage kinetics, resulting in
improved rate capability and cycling stability [37].

Fig. 6(a) summarises the rate capability of TisC2, MoS:, and
MoS:@TisC2 composites with different TisC2 loadings (5% and 10%) at
different current densities between 0.05 and 2 A g~!. The electro-
chemical response of the MoS:@TisC> composite was investigated to
determine its lithium storage capability and structural stability during
cycling. Due to its low Li storage capacity and minimal redox activity,
the pure Ti3Cy electrode exhibits a relatively low specific capacity of
about 90 mAh g~!. Additionally, because of slow Li* diffusion and
structural instability during cycling, pure MoS: demonstrates poor rate
performance despite delivering greater capacities due to the dissolution
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of intermediate lithium polysulfides, which induces a polysulfide shuttle
effect [37]. The rate capability of MoS: is greatly enhanced by the
addition of conductive Ti3Cz nanosheets. While the MoS2@TisCz (10%)
electrode performs the best overall, the MoS:@TisCz (5%) composite
shows greater specific capacities than pure MoSz. MoS:@TisCz com-
posite electrodes with higher weight ratios (15%) were prepared, but
their electrochemical performance was subpar; consequently, MoS-@-
TisC2 (10%) is considered an optimized composite electrode, indicating
that further increase in TisC:> content does not lead to additional
improvement. Specifically, the MoS:@TisCz (10%) delivers discharge
capacities of approximately 680, 540, 420, 310, 250, and 190 mAh g_1
at different current densities of 0.05, 0.1, 0.2, 0.5, 1, and 2 A g’l,
respectively. When the current density is lowered to 0.05 A g%, the
capacity almost returns to its initial value, confirming excellent struc-
tural stability and reversibility [38]. The synergistic interaction between
MoS: nanosheets and highly conductive TisCz layers is responsible for
the remarkable rate capacity of MoS:@TisC2 (10%). Rapid electron
transport channels, enhanced Li* diffusion kinetics, and accommoda-
tion of MoS: volume fluctuations during repeated lithiation/delithiation
are all provided by the Ti-C-Tx framework along with suppression of the
polysulfide shuttle effect by confining soluble intermediates. For
lithium-ion storage devices, this synergistic combination of MoS2 and
TisC:z efficiently improves conductivity and cycling stability.

Fig. 6(b) illustrates the cycling performance and Coulombic effi-
ciency of pristine MoS2, MoS:@TisCz (5%), and MoS:@TisCz (10%)
electrodes measured at a current density of 2 A g~* over 200 cycles. Due
to its inherently low electrical conductivity and significant volume
change over repeated lithiation/delithiation operations, pristine MoS2
has a comparatively low reversible capacity and observable capacity
fading upon extended cycling which is further aggravated by the poly-
sulfide shuttle effect leading to loss of active material [39]. Similarly,
TisC> delivers limited capacity, although its cycling stability is
comparatively better due to its metallic conductivity and layered
structure. The MoS:@TisC> composite electrodes, on the other hand,
exhibit noticeably improved electrochemical performance [39,40].
Notably, the MoS:2@TisC2 (10%) electrode shows the highest reversible
capacity and a gradual capacity increase during the initial cycles,
reaching approximately 250 mAh g~ after 200 cycles. This activation
behaviour is commonly observed in hybrid electrodes and is associated
with progressive electrode wetting, increased utilization of active sites,
and enhanced transfer of interfacial charge during cycling [39]. The
synergistic interaction between MoS:z and TisC: is responsible for the
MoS@TisCz (10%) composite's outstanding performance. The conduc-
tive TisC2 matrix effectively suppresses the aggregation of MoS: nano-
sheets, facilitates efficient electron transport, and buffers the volume
expansion of MoS: during cycling while also mitigating polysulfide
migration, thereby enhancing cycling stability [39,40]. In the mean-
time, MoS: adds more lithium storage sites, increasing capacity. The
optimized TisC: content in the 10% composite appears sufficient to form

an interconnected conductive network, whereas the 5% composite ex-
hibits moderate improvement but lower capacity retention. In contrast,
the absence of a similar activation behaviour in pristine MoS: and TisC>
can be attributed to their inherent limitations. Pure MoS: suffers from
restacking and structural degradation during cycling, which restricts
active site accessibility. Meanwhile, TisC2 mainly contributes to elec-
trical conductivity but possesses limited lithium storage capability. In
the MoS2@TisCz (5%) composite, the lower MXene content is insufficient
to establish an effective conductive network or fully stabilize the MoS:
structure, thereby limiting the activation process. As shown in SIFig. S4,
the MoS:@TisCz (10%) electrode exhibits stable cycling performance
with high coulombic efficiency at a current density of 1 A g1, along
with well-defined charge-discharge profiles.

Furthermore, all composite electrodes maintain coulombic effi-
ciencies close to 100% after the initial cycles, indicating highly revers-
ible electrochemical reactions and minimal side reactions. The stable
coulombic efficiency of the MoS:@TisCz (10%) electrode further con-
firms its excellent structural stability and electrode integrity under high
current density conditions. The morphology of all battery electrode
samples, including MoSz, MoS2@TisCa (5%), and optimized MoS,@-
Ti3Cy (10%) has been presented in SI Fig. S5. Post-cycling structural
characterisations (Raman, XRD, FE-SEM, EDAX and elemental mapping)
confirms that the MoS:@TisCz heterostructure maintains structural
integrity after repeated cycling, with results provided in the SI
(Fig. S6-S8).

Fig. 6(c) presents the galvanostatic charge-discharge (GCD) profiles
of the MoS:@TisCz2 (10%) composite electrode recorded at a current
density of 2 A g~! over different cycles. During the first discharge pro-
cess, two well-defined voltage plateaus are observed at around ~1.1 V
and ~ 0.6 V (vs. Li/Li"), which are associated with the stepwise lith-
iation of MoSz, including Li* intercalation followed by a conversion
reaction. The initial discharge and charge capacities are approximately
258 mAh g1 and 230 mAh g™, respectively, resulting in a first-cycle
Coulombic efficiency of about 89%. The creation of a solid-electrolyte
interphase (SEI) layer and partial structural reorganisation of MoS:
after first lithiation are responsible for the permanent capacity loss in the
first cycle. With continued cycling, the GCD curves corresponding to the
50th, 100th, 150th, and 200th cycles show highly similar shapes with
nearly overlapping charge-discharge profiles and reduced voltage hys-
teresis. This behaviour indicates stable electrochemical kinetics, low
polarization, and excellent reversibility of the lithiation/delithiation
processes. Notably, even after 200 cycles, the electrode retains a
discharge capacity close to ~250 mAh g, demonstrating negligible
capacity decay compared to the initial value. The preserved voltage
plateaus and stable capacity retention confirm the robust structural
integrity of the MoS:2@TisCz (10%) electrode during repeated cycling.
The substantial synergistic effect between MoS: and TisCz in the hetero-
structured design is highlighted by the composite electrode's improved
electrical conductivity, quick ion diffusion, and long-lasting lithium
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have ability to retain charge during intense electrical load circumstances
[41-42].

The lithiation/delithiation process in MoS:@TisC2 (MXene) anode
materials primarily involve a conversion process between lithium ions
and MoSz, accompanied by interfacial Li* storage at the MoSz—TisCz
interface. The TisCz layers provide excellent electronic conductivity and
mechanical flexibility, stabilizing the MoS: structure during repeated
charge-discharge cycles [43]. During the first discharge (lithiation), Li*
ions intercalate between MoS: layers to form LixMoS:, followed by a
conversion reaction producing metallic Mo nanoparticles dispersed in a
Li2S matrix, as shown below:

MoSz +x Li" +x e”—Li,MoS2 (@)

Li,MoSz + (4 — x) Li* + (4 — x) e >2 LizS + Mo 2

1200 @ The,
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Upon charging (delithiation), the reverse reaction occurs where Li-S
and Mo are reversibly converted back to MoS:.

2 LiS +Mo=MoS2+4 Li" +4e” 3)

However, a small fraction of Li-S remains electrochemically inactive,
contributing to irreversible capacity during initial cycles. The highly
conductive TisCz matrix assists in the redox reaction kinetics by accel-
erating electron transport and maintaining close interfacial contact be-
tween active MoS:2 nanosheets. During subsequent cycles, a reversible
redox process occurs through Li™ insertion/extraction within the MoS:
layers and along the Mo-S/Ti-C interfaces. The MXene layers also
provide additional pseudocapacitive Li™ storage, improving the rate
capability and long-term stability. The overall lithiation/delithiation
mechanism of the MoS@TisC> composite can be represented schemat-
ically as a conversion—-intercalation coupled mechanism, where the TisCz
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Fig. 7. Electrochemical impedance analysis of electrodes: (a) Nyquist plots of TisCz, M0Sz, MoS2@TisCz (5%), and MoS2@TisC2 (10%) before cycling (b) Nyquist plots
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network functions as a conductive support, mitigating the volume
expansion of MoS: and ensuring mechanical integrity during char-
ge—discharge processes [44].

Electrochemical impedance spectroscopy (EIS) Nyquist plots of
TisCz, pristine MoSz, and MoS:@TisC> composites with 5% and 10%
TisCz loading are presented in Fig. 7(a, b). Fig. 7(a) shows the Nyquist
plots before cycling, where all electrodes exhibit relatively larger
semicircles, indicating higher initial charge-transfer resistance due to
limited electrolyte penetration and inactivated electrode surfaces. A
gradual decrease in semicircle diameter is observed with increasing
TisCz content, confirming improved initial conductivity and interfacial
charge transfer in the composite electrodes. In Fig. 7(b), all spectra
display a reduced semicircle in the high-to-medium frequency region
followed by an inclined line at low frequencies, which are in connection
with charge-transfer resistance (Rz) at the electrode—electrolyte inter-
face and diffusion-controlled ion transport, respectively. After 200 cy-
cles [Fig. 7(b)] pristine TisC2 exhibits the smallest semicircle, indicating
a low charge-transfer resistance commencing from its high intrinsic
electrical conductivity [45]. In contrast, pure MoSz shows a much larger
semicircle with an R. of about 110-120 €, indicating sluggish charge-
transfer kinetics arising from its poor conductivity and layered
restacking behaviour. Upon incorporation of TisCz, the interfacial
resistance of MoS: is significantly reduced. The MoS:@TisCz (5%)
composite displays a smaller semicircle with an estimated R> of 80-90 Q,
suggesting improved electronic contact and partial enhancement of
charge-transfer processes. A further reduction in resistance is observed
for the MoS:@TisC2 (10%) electrode, which exhibits an R2 of approxi-
mately 55-60 Q, approaching the low resistance of pristine TisCz. The
low-frequency region of the MoS:@TisC> (10%) electrode shows a
steeper Warburg slope compared to pristine MoS., indicating enhanced
ion diffusion and reduced diffusion resistance. This behaviour can be
attributed to the conductive TisCz framework, which forms continuous
electron-transport pathways, suppresses MoS: aggregation, and main-
tains effective electrolyte penetration [45]. The significantly reduced
charge-transfer resistance and improved diffusion characteristics of the
MoS@TisCz (10%) composite explain its superior electrochemical ac-
tivity and stable cycling behaviour. These results confirm that the syn-
ergistic interaction between MoS: and TisC: effectively optimizes
interfacial charge transfer and ion transport, resulting in the composite
electrode's enhanced electrochemical performance.

Additionally, equivalent circuit fitting was performed for the
MoS:@TisCz (10%) electrode, as shown in Fig. 7(c, d), to quantitatively
analyze the impedance response before and after cycling. The fitted
curves show excellent agreement with the experimental data, validating
the proposed circuit model consisting of solution resistance (Rg), film
resistance (R1), charge-transfer resistance (R2), constant phase elements
(CPE1 and CPE»), and Warburg impedance (W). Notably, the fitted re-
sults after 200 cycles reveal a significant reduction in R= compared to the
initial state, confirming improved charge-transfer kinetics upon cycling.
The fitted impedance parameters further corroborate this behaviour.
Specifically, the charge-transfer resistance (R2) decreases markedly from
435.72 Q before cycling to 95 Q after 200 cycles, while the film resis-
tance (R4) is reduced from 436.82 Q to 247.43 Q, indicating improved
interfacial contact and structural stabilization. Additionally, the in-
crease in CPE values suggests enhanced capacitive behaviour and sur-
face activity. The significant reduction in the Warburg coefficient (c)
further confirms improved Li* diffusion kinetics after cycling. Table 1
summarises circuit fitting parameters of Nyquist plot before and after
cycles.
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To further evaluate Li* diffusion behaviour, the Warburg plots (Z' vs
1) derived from the low-frequency region are presented in Fig. 7(e)
and 7(f) before and after cycling, respectively [46]. The Warburg coef-
ficient () was determined from the linear relationship between Z' and
o %2 and the Lit diffusion coefficient was calculated using the
commonly reported equation:

R2T?

D = Spenipices

@

Both plots exhibit a good linear relationship, confirming diffusion-
controlled kinetics. It is observed that the Warburg coefficient (o) de-
creases significantly from 281 before cycling [Fig. 7(e)] to 32 after 200
cycles [Fig. 7(f)], indicating a substantial reduction in diffusion resis-
tance upon prolonged cycling. Based on these values, the calculated Li™
diffusion coefficient increases from 2.5 x 10~ * em?s™! t0 1.9 x 10712
em? 571, demonstrating enhanced ion transport kinetics after cycling.
This enhancement can be attributed to the gradual electrochemical
activation of the electrode, which enhances electrolyte penetration and
exposes additional active sites during repeated cycling. Add to this, the
synergistic interaction between MoS: and TisC- facilitates faster electron
transport and maintains structural stability, thereby promoting efficient
Li" diffusion [46,47]. Collectively, these findings demonstrate that the
MoS:@TisC2 (10%) electrode exhibits improved diffusion behaviour,
which directly contributes to its enhanced electrochemical performance.

4. Conclusions

In conclusions, the produced MoS:@TisC> (MXene) nanocomposite
shows great promise as a high-performance anode material for lithium-
ion batteries. The incorporation of TisCz layers effectively enhances the
electrical conductivity, ion transport, and structural integrity of MoS:
during repeated lithiation—delithiation cycles, while also suppressing
the polysulfide shuttling effect by confining soluble intermediates,
which contributes to improved capacity retention and coulombic effi-
ciency. The optimized MoS:@TisC>= (10%) composite achieved a
reversible capacity of approximately 250 mAh g™! at 2 A g~! with
excellent capacity retention (~ 87% after 200 cycles) and about 100%
Coulombic efficiency, confirming its superior reversibility and stability.
The strong interfacial bonding and synergistic coupling between MoS2
and TisC> promote rapid electron transfer and alleviate the volume
variation of MoSz, resulting in prolonged cycle life. Post-mortem char-
acterisations including FE-SEM, EDAX, XRD and Raman of MoS:@TisC:
(10%) composite Li-ion half cells (even after 200 cycles) confirm the
morphological and structural stability of the electrodes. These findings
demonstrate the significance of designing 2D heterostructures
combining transition-metal dichalcogenides with MXenes for achieving
fast-charging, high-capacity, and long-life lithium-ion batteries. Like-
wise, the structural and electrochemical flexibility of MoS:@TisC> in-
dicates that such an approach could potentially be extended to sodium-
ion and multivalent-ion storage systems, which can contribute to the
creation of scalable and affordable energy storage devices.
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