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Abstract

The urgent demand for sustainable energy solutions in the face of climate change and
resource depletion has catalyzed a global shift toward cleaner energy production and
more efficient storage technologies. Lithium-ion batteries (LIBs), as the cornerstone of
modern portable electronics, electric vehicles, and grid-scale storage systems, are contin-
ually evolving to meet the growing performance requirements. In this dynamic context,
two-dimensional (2D) materials have emerged as highly promising candidates for use in
electrodes due to their layered structure, tunable electronic properties, and high theoreti-
cal capacity. Among 2D materials, molybdenum disulfide (MoS,) has gained increasing
attention as a promising low-dimensional candidate for LIB anode applications. This
review provides a comprehensive yet concise overview of recent advances in the appli-
cation of MoS; in LIB electrodes, with particular attention to its unique electrochemical
behavior at the nanoscale. We critically examine the interplay between structural features,
charge-storage mechanisms, and performance metrics—chiefly the specific capacity, rate
capability, and cycling stability. Furthermore, we discuss current challenges, primarily poor
intrinsic conductivity and volume fluctuations, and highlight innovative strategies aimed
at overcoming these limitations, such as through nanostructuring, composite formation,
and surface engineering. By shedding light on the opportunities and hurdles in this rapidly
progressing field, this work offers a forward-looking perspective on the role of MoS; in the
next generation of high-performance LIBs.

Keywords: 2D material; molybdenum disulfide; Li-ion battery; anode; energy storage

1. Introduction

The growing demand for efficient and sustainable energy-storage solutions has driven
both academic and industrial research to focus on the development of highly engineered
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materials. Two-dimensional (2D) materials are layered materials, the thickness of which
can be reduced to the nanometer scale (theoretically up to the monolayer, but generally
with a thickness spanning from 1 to a few nanometers); this is usually thanks to the weak
Van der Waals interactions between layers that enable their facile exfoliation while retaining
robust mechanical strength within each layer [1]. In the last two decades, 2D materials
have garnered the attention of the scientific community thanks to this ultimate scaling in
the 2D limit, where they often exhibit a range of remarkable properties that are absent—or
distinct—from those of their bulk counterparts. Prior to this recent surge of interest, bulk-
layered materials had been extensively investigated for various applications in catalysis
and lubrication [2]; however, the experimental realization of monolayer graphene sparked
a tremendous amount of research activity toward the exploration of the exotic phenomena
arising from its linearly dispersing energy bands and massless Dirac fermions [3]; more-
over, its exceptionally high room-temperature electron mobility (50,000 cm? (V-s)~!) has
naturally motivated applications in high-speed electronic devices [4].

There are many production routes for 2D materials, which can be grouped in two
categories: bottom—up and top—down [5]. The bottom—up approaches (chemical and
physical vapor deposition) are the best performing for the production of high-quality
materials but they are hard to scale-up at very large scale [6,7], with the exception of
templated wet synthesis. Templated synthesis is quite interesting both for scale-up and
tunability, but it requires very efficient purification post-synthesis steps [8]. The top—down
routes (i.e., exfoliations [9] or grinding [10]) are easy to scale-up, but their outputs are not
as good as the materials obtained from bottom—up routes in terms of controlled size and
morphology [11].

Beyond the graphene family of materials [3,4,12], the most studied and widely explored
2D materials for electrodes are layered transition metal dichalcogenides (TMDs) [13-15], such
as molybdenum disulfide (MoS;), but also extend to post-transition metal chalcogenides
(e.g., InSe and BiySe3) [16,17], 2D carbides or MXenes (e.g., Ti3C and Nb,C) [18], layered di-
halides and trihalides (e.g., Pbl, and Crl3) [19,20], 2D oxides (e.g., MoO3) [21], perovskites [22],
and 2D elemental materials, including silicene [23] and black phosphorus [24]. Amongst
these, MoS, has emerged as a promising candidate for battery applications due to its unique
layered structure, high theoretical capacity, and tunable electronic properties [25]. Particularly,
low-dimensional MoS; has gathered a great deal of attention due to its electrochemical per-
formance and structural stability [26]. With respect to more conventional 3D materials, the
understanding of electronic transport and carrier dynamics in 2D materials is significantly
complicated by the extreme anisotropy intrinsic to their crystal structure and their large
compositional and structural variability [27]. Beyond the obvious consequences arising
from their chemical composition, some of the main aspects affecting electronic transport in
2D materials are structural polymorphism; the number of layers composing the material;
the electronic coupling between different layers; sources of scattering, including structural
and/or chemical disorder; the environment in which the material is embedded; and the
contact resistance against carrier injection in the 2D material [28].

The extreme chemical richness of 2D materials, enabled by the wide palette in both
their chemical composition and available crystal structures, results in an incredible vari-
ety of different electronic properties in this family of materials, ranging all the way from
wide-band-gap insulators such as hexagonal boron nitride [29], to Dirac semimetals such
as graphene [30], superconductors such as NbSe; [31], and topological insulators such as
BiySes [27]. Overall, the diversity of electronic properties in 2D materials offers numerous
opportunities in the fields of electronics and optoelectronics, catalysis, chemical and biologi-
cal sensing, electrochemistry, energy storage, CO, splitting, and hydrogen evolution [17,32].
As shown in Figure 1, the application of MoS; in LIBs has received increasing attention
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from the scientific community in recent years, while the number of review and perspective
articles has remained rather poor, thus limiting the overall vision on this topic. Accordingly,
in this concise review, we are focusing on MoS,, offering an overview on some of its key
features and the most relevant and best performing solutions for facing the most intriguing
challenges in its use as an electrode for Li-ion battery (LIB) applications, with some recent
and future trends to guide innovative research in the field. This will provide a handy
benchmark for experts and newcomers.

200 - _ _
B Review Articles
I Research Articles
150 -
w
Q@
C 100 -
£
<
50
0 .

2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Figure 1. Number of original research and review articles published from 2014 until 2024 as reported
in the Scopus database using the search keywords “MoS,” and “Lithium batteries”.

2. An Overview of Key MoS; Properties

MoS; is widely recognized for its excellent lubricating performance, which is largely
due to its layered crystal structure and inherently low friction coefficient [2]. This mate-
rial demonstrates superlubricity—a phenomenon whereby the shear strength increases
concurrently with the coefficient of friction. Measurements of MoS;’s friction coefficient
and shear strength across various environments yielded values of 0.150 (evaluated) and
56.0 MPa (estimated), respectively, under standard ambient conditions [26]. The tribological
performance of MoS, can be further enhanced through chromium (Cr) doping. Micro-
indentation tests on Cr-doped MoS; nanopillars revealed a rise in yield strength from
821 MPa (undoped) to 1017 MPa at a 50% Cr concentration [33]. The increase in mechanical
strength also corresponds to a shift in failure behavior—from ductile bending in pure MoS,
to brittle fracture in Cr-doped structures.

In the context of flexible electronics, the mechanical characteristics of MoS, have be-
come the subject of intensive research. Monolayer MoS; exhibits notable tensile strength
(albeit inferior to graphene) and elasticity comparable to that of graphene oxide, with a
reported Young’s modulus of 0.33 & 0.07 TPa [34]. Unlike conventional semiconductors,
MoS; maintains its crystalline structure under mechanical strain, avoiding deformation
and band-gap shifts. Nonetheless, strain engineering is actively used to tune its electronic
properties, transforming it from a semiconductor to a conductor by converting the di-
rect band-gap of the monolayers into an indirect one. High levels of strain can close the
band-gap, resulting in metallic conduction [35]. Using atomic force microscopy, nanoscale
bending experiments on exfoliated MoS, flakes deposited on perforated substrates esti-
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mated the yield strength to be 270 GPa for monolayers [36] and 330 GPa for multilayer
flakes [37].

Optically, MoS; demonstrates high absorption in the 400-500 nm spectral range, fol-
lowed by a steep decline past 500 nm [38]. Its band-gap tunability to thickness and structure
underlies its prominence in optoelectronic devices, enabling customized photoresponsivity,
detectivity, and response times [39]. The refractive index, which exceeds 2 for both single
and multilayer forms, supports its role in advanced photonic applications. Photolumi-
nescence (PL) varies depending on the band-gap, doping, and structural configuration.
Monolayer MoS; exhibits distinct PL peaks at approximately 630 and 670 nm, which are
associated with B and A excitons, respectively. Treatment with hydrogen peroxide has
been shown to enhance PL without altering the crystal structure [40]. Although TMDs
typically suffer from low PL quantum yield (QY) values, ranging from 0.01 to 6%, chemical
treatment using an organic superacid led to an increase in MoS;’s QY to 95% [35]; along-
side a measured carrier lifetime of about 10.8 ns, this highlights its potential in laser and
photovoltaic technologies.

In its multilayer form, MoS; has an indirect band-gap of 1.2 eV, which transitions to
a direct band-gap of 1.8 eV as the layer count is reduced to a monolayer [41]. As previ-
ously mentioned, mechanical strain can induce a direct-to-indirect band-gap transition,
modulating its electronic character. The electronic behavior of MoS; is primarily governed
by interactions between the molybdenum 4d and sulfur 3p orbitals. While the projected
density of states (PDOS) is similar for both bulk and monolayer MoS,, the monolayer’s
PDOS features sharper peaks, unlike the broader distribution observed in bulk material [42].
Doping MoS, alters its electronic type: chromium (Cr), copper (Cu), and scandium (Sc)
induce n-type behavior, whereas nickel (Ni) and zinc (Zn) produce p-type characteris-
tics [43]. Titanium (Ti) doping, depending on both the concentration and site (interstitial
or substitutional), can yield p-type, n-type, or half-metal properties [44]. For instance, at a
2.04% doping level, interstitial Ti results in p-type behavior [45]; at 3.57%, n-type behavior
is observed due to stronger covalent bonding and an increased surface dipole that reduces
the electron affinity to 0.49 eV. At a 7.69% Ti content, MoS, becomes a ferromagnetic half-
metal with full spin polarization. Interestingly, substitutional Ti doping across the same
concentrations does not significantly impact MoS,’s electronic profile.

Bulk Mo$S, has garnered attention as an anode material for LIBs owing to its unique
capacity to accommodate Li* through both intercalation and conversion mechanisms,
achieving a high lithium storage capacity of roughly 670 mAh g~!, which is nearly double
that of graphite (the standard LIB anode) [46]. However, limitations such as poor electrical
conductivity, slow lithium diffusion, and structural instability during cycling hinder its
practical use. These challenges can be addressed through nanostructuring approaches,
such as producing MoS; in forms like nanosheets, quantum dots, nanoflowers, nanotubes,
and heterostructures, which offer increased surface area, shortened diffusion paths, and
enhanced mechanical stability [47].

As nanotechnology and spintronics evolve, understanding the spin dynamics in MoS,
has become increasingly important. Although TMDs are intrinsically non-magnetic, intro-
ducing magnetic properties is key to their use in spin-based electronic applications [48].
Research by Tongay et al. [49] revealed that single-crystal MoS; exhibits a mix of diamag-
netic and ferromagnetic responses under magnetic fields of up to 5 T and temperatures
down to 10 K. The observed ferromagnetism is attributed to structural features such as
zigzag edges at the grain boundaries and sulfur vacancies. Given the minimal interlayer
magnetic coupling, these findings are likely limited to monolayers. Complementary studies
on multilayer MoS; by Liang et al. [50] report a substantial spin diffusion length of 235 nm
and note that in-plane spin polarization effectively reduces spin relaxation. The intrinsic
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electronic structure of low-dimensional MoS; supports its candidacy for electrochemical
applications [51].

Crystal-phase polymorphism plays a crucial role in 2D materials like MoS;, where
small phase variations lead to significant changes in their electronic behavior, ranging
from metallic to semiconducting or even superconducting [52-54]. Layer thickness also
greatly influences electronic characteristics such as band-gaps and plasmon frequencies
due to quantum confinement effects [16,55]. Charge carrier mobility is often degraded
by scattering, which may originate from intrinsic factors (electron—-phonon and electron—
electron interactions) or extrinsic ones (structural defects, surface roughness, Coulomb
interactions, or substrate phonons) [56,57]. Given the large surface-to-volume ratio and
poor electrostatic screening of 2D systems, the surrounding environment—particularly the
substrate—has a marked impact on electronic performance. This environmental sensitivity
is critical in determining intra-layer transport, while inter-layer transport is shaped by the
coupling between adjacent layers. Weak Van der Waals interactions act as tunneling barriers,
creating significant anisotropy in carrier mobility [58]. Additionally, charge injection into
2D materials, which is often hampered by contact resistance at interfaces with metals, can be
a bottleneck. Factors like energy-band alignment, interface transparency, and the presence
of tunneling barriers all play a role [59,60]. Similar considerations apply to composite
structures of 2D flakes, where the nature of inter-flake contacts dictates whether transport
is diffusive or hopping-dominated [61,62]. These multifaceted transport characteristics
must be carefully evaluated when integrating 2D materials like MoS, into functional
electronic systems.

3. On the Use of MoS; as a Li-Ion Battery Anode

MoS; is under investigation for its potential use as an electrode material in various
battery chemistries, chiefly in lithium-sulfur (Li-S) and beyond lithium-ion technologies, as
well as in supercapacitors [63]. The main limitations in the utilization of low-dimensional
materials such as 2D-MoS; in commercial devices are related to their cost, which still
remains high at up to thousands of USD/g [64]. Furthermore, the absence of shared
standard practices for their production and characterization has risen doubts and slowed
their entry into the market. Nevertheless, nanosized MoS, can match the performances
of few-layered MoS,, considerably reducing the price [65]. As reported by Tao et al. [66],
nanomaterials can be combined with advanced manufacturing techniques to improve
overall LIB production. Fang et al. [67] discussed the readiness of MoS,-based LIBs to be
commercialized in the near future, highlighting cost and stability as issues to be properly
addressed than a major breakthrough can be reached. As reported by Bisset et al. [68],
MoS;, based aqueous supercapacitors in the form of coin cells at the laboratory-scale can be
implemented using sodium sulphate as an aqueous electrolyte and graphene-containing
membranes. The combination of these elements increased the specific capacity (through an
intercalation/pseudo-capacitance mechanism), proving the feasibility of layered 2D MoS,
for practical uses. Conversely, pouch-cell-based set-ups have been used more for other
chemistries, including for lithium sulfur [69,70], potassium [71], and calcium [72].

Low-dimensional MoS; has gained attention for battery applications due to some
unique features that are related to both its morphological and electronic properties. Con-
sidering lithium-based systems, Li diffusion into bulk MoS; is hindered by the interlayer
spacing of up to 0.62 nm, while few-layered MoS, shows expanded interlayer spacing with
a significant reduction in the energy barriers for Li insertion [73,74]. MoS, heterostructures
can further boost mobility, partially compensating for the poor electrical conductivity.
Accordingly, MoS; has been widely used for applications in LIBs using several routes as
shown in Table 1, including mixing with carbon-based species such as graphene oxides
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(GO), reduced GO (rGO), single- and multiwalled carbon nanotubes (SWCNTs, MWCNTs),
and inorganics.

Table 1. Overview of research studies focused on the utilization of MoS, in LIBs.

Material Specific Capacity (mAh g—1) Coulombic Efficiency Reference
Amorphous bulky MoS, 100 54% after 100 cycles [75]
Nanoflake MoS, 1175 96% after 40 cycles [76]
Eﬁ?ﬁ;ﬁiﬁpﬁfsi 1661 929% after 300 cycles [77]
gjjfy'ggﬁg 1160 51% after 70 cycles 78]
Plasma-treated MoS; 1038 50% after 70 cycles [79]
Nitrogen-doped MoS; 1130 86% after 100 cycles [80]
Stacked 2D MoS, 569 90% after 200 cycles [81]
Vertically alighed MoS, 1100 83% after 200 cycles (82]
Mesoporous o
silica-templated 1T-MoS, 1100 80% after 50 cycles [83]
i’gvsﬂ;g:s“ﬁz‘é‘j 1137 54% after 50 cycles [84]
MoS; nanotubes 1253 16% after 50 cycles [85]
MoO;@MoS; 564 99% after 50 cycles [86]
MoOz;@MoS, 864 39% after 1000 cycles [87]
MoOs;@MoS; 1531 78% after 100 cycles [88]
Core-sheath MoO;@MoS; 1531 98% after 150 cycles [89]
ZnS@MoS, 1346 73% after 300 cycles [90]
TiO,@MoS, 827 73% after 100 cycles [91]
TiO,@MoS, 871 54% after 80 cycles [92]
SnO,@MoS, 530 75% after 150 cycles [93]
SnO,@MoS; 707 71% after 100 cycles [94]
CoMoO,@MoS, 1100 55% after 100 cycles [95]
Co304@MoS, 1200 67% after 100 cycles [96]
VS,@MoS, * 585 * na.* [97]
MoS,@MWCNTs 1214 85% after 60 cycles [98]
MoS,@SWCNTSs thin film 1066 93% after 60 cycles [99]
MOSZ@ggIV:;gEZ:ayered 670 75% after 80 cycles [100]
TiO,@Mo0S,@MWCNTs 680 85% after 200 cycles [101]
M"Szgijgﬁggfd on 877 62% after 60 cycles [102]
Mo‘f;yitgg?gfgpigsefew 1229 77% after 60 cycles [103]
Né‘r’gé ﬁggf‘a’g‘;‘;ﬁ“ 1140 91% after 60 cycles [104]
MoS, supported on 863 ~99% after 60 cycles [105]
graphene cryo-aerogel
Ver:f;gzr?ifgidc%(’& 1077 87% after 400 cycles [106]
N:i‘;’ggrvt“:foifrl‘é"o& 1250 54% after 250 cycles [107]
Nsa;‘:ggr"tveefoif}éoo& 1150 77% after 60 cycles [108]
I\g;’f;}fggﬁ‘:;ﬁ o 653 ~99% after 600 cycles [109]
MoS, supported on 1040 97% after 100 cycles [110]

nitrogen-doped graphene
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Table 1. Cont.
Material Specific Capacity (mAh g-1) Coulombic Efficiency Reference
MoS; supported on o,
nitrogen-dered graphene 727 97% after 100 cycles [111]
2D MoS; supported on 709 95% after 520 cycles [112]
carbon nanosheets
MoS; supported on 521 ~99% after 100 cycles [113]
amorphous carbon
MoS; incorporated into 1813 ~99% after 100 cycles [114]
carbon spheres
MoS; incorporated into 784 86% after 100 cycles [115]
carbon sponges
MoS,; incorporated into 1372 91% after 100 cycles [116]
carbon nanocages
MoS; supported on 1210 ~99% after 100 cycles [117]
poly(dopamine)
MoS; supported on 888 97% after 100 cycles [118]

poly(aniline)

(*) value obtained based on DFT calculation.

LIBs are the most widely used energy-storage devices due to their high energy density,
long cycle life, and relatively high power density [119]. First commercialized by Sony in
1991, LIB functioning mainly relies on the reversible movement of Li* ions between the
graphite (generally referred to as its lithiated form LixCg) anode and the layered oxide
(Li;_xTMO,) cathode, thus allowing for reversible energy conversion (i.e., the process of
transformation of stored chemical energy into electrical energy) and storage. Here, TM
refers to a transition metal; while cobalt is the most extensively researched TM material,
other transition metals such as nickel and manganese are also commonly used [120,121]. At
present, graphite is the most popular anode electrode material in commercially produced
LIBs because it has good cycling stability as well as being an abundant and inexpensive
natural resource [122-125]. In graphite anodes, lithium ions are intercalated between the
graphene layers, with one lithium atom per six carbon atoms, and the resulting fully lithi-
ated graphite (LiCy) has a theoretical specific capacity of 372 mAh g~!. However, this
capacity value of graphite anodes is insufficient to meet the higher energy and, particularly,
power requirements of current and future technologies such as advanced electric vehi-
cles [122,123,125-128]. In addition, when graphite is used as the anode material in LIBs, the
slow interface kinetics causes the anode voltage to drop to below 0 V vs. to Li* /Li under
fast charging conditions, thus coating the graphite surface with metallic lithium [129]. The
typical morphology of Li dendrites corresponds to the branched or tree-like structures of
the Li metal, in which Li ions are not homogeneously deposited onto the anode surface but
form random protuberances on it [130]. The formation of dendrites causes a significant loss
of capacity during high-speed cycling, as well as burning, and even exploding, LIBs due to
short-circuits [129]. For these reasons, scientific studies on the development of new anode
materials that can be used in LIBs are very important [131]. Among the many alternative
anode materials, MoS,, the theoretical specific capacity of which is almost twice than that
of graphite, has been extensively investigated as an anode material for LIBs [132-134]. The
reaction pathways that may occur in the use of MoS; in LIBs are given in Figure 2.
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First discharge First charge

";‘%";';‘;i\‘,’“ 2H MoS, + xLi*+xe© 1T Li;MoS, 1.5V Mo +Li;S+xe  MoS, +Lit  WREESUS

C0°;‘5V_°0“(;§’,“ Li;MoS,+4Li"+4e"  Li;Mo+2Li,S WO Mo+ Li,S  MoS, + Li*+Mo (unreacted) |ty
|
MoS,+MoS,+Li+Mo (unreacted)

LiMo+2Li,S+Li MoS,(Unreacted)

Subsequent discharge Subsequent charge

2.0-0.0V S+2Li*+xe  LiS, L5V Mo+Li,S  MoS, +Li* Reversible
2.3V LiS, S+2Li*

IWAY Mo +Li,S  MoS, + Li*+Mo (unreacted) RaElL

1.2-0.55V MoS, + Li*+ xe  LiMoS,

0.55-0.0V LiMoS, Mo +Li,S

MoS,+MoS;+Li+Mo (unreacted)

Figure 2. Reaction pathways occurring at the MoS, anode in LIBs. Reprinted with permission from
Zhao et al. [135] (Copyright © 2024 Elsevier).

During discharge, Li ions intercalate the MoS, due to the layered structure of MoS;
assembled through weak Van der Waals forces. Accordingly, the insertion/extraction
of Li* ions is very easy during the first charge/discharge process [134], preserving the
structure and producing a moderate and stable capacity, while further lithiation induces
the formation of Mo and Li,S. This phenomenon significantly improves the capacity but
simultaneously causes volume expansion and structural instability [25], as directly observed
by in situ TEM by Zeng et al. [136] (Figure 3).

Figure 3. TEM analysis of the (A) diffusion and (B) structural modification of MoS, during the
discharge/charge process. Reprinted with permission from Zeng et al. [136] (Copyright © 2015,
American Chemical Society).

During the charging process, Li is extracted, restoring the MoS; structure, but this
process is not fully reversible, leading to gradual capacity loss over multiple cycles [137].
Restructuring MoS, into nanoflowers, nanofibers, nanosheets, and nanospheres enhances
its structural features by increasing the interlayer spacing and enlarging the surface area.
These modifications facilitate Li* intercalation and provide more active sites for the conver-
sion reaction [126].

Going down to the atomic scale, the lithiation mechanism of MoS, is quite complex,
as shown in Figure 4.
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Figure 4. Structural overview of MoS; showing the changes under different degree of lithiations.
Reprinted with permission from Caputo et al. [138] (Copyright © 2018 Wiley).

As reported by Caputo et al. [138], MoS; undergoes lithiation to form Li\MoS,
(x =4, 5, 6), in which the Mo-Mo rich planes are deformed by the presence of Li* in-
sertion. Accordingly, the overall lithiation process introduces several local lattice sides
around the Mo atoms. Interestingly, the structure changes from trigonal prismatic coordina-
tion in Lip sMoS; to octahedral coordination in LiMo0S,, and reaches a mix of octahedral and
trigonal prismatic coordination in Li; sMoS;, which turns back to an octahedral arrange-
ment in Li;MoS, [139]. These relevant morphological and crystal transitions deeply affect
both the mobility of Li*, limiting the lithiation process, and change the MoS, energy of the
valence band accordingly [140], while other dichalcogenide metal low-dimensional materi-
als such as NbS, and ZrS; promote intercalation as the preferred lithiation process [141].
Additionally, the discharge process involves a complex pathway that induces the forma-
tion of amorphous MoS; nanograins, contrary to the obsolete mechanism that leads the
production of Mo and S as fully delithiated products [142]. As reported by Py et al. [143],
lithium intercalation drastically increases the electronic energy of the semiconducting host
by charge transfer. This phenomena was also observed by the insertion of bigger species,
such as sodium, as reported by Cook et al. [144].

The other key feature that should be considered is MoS, polymorphism. The poly-
morphs of single-layer and low-dimensional MoS, are the hexagonal-phase 2H and the
metastable trigonal prismatic 1T, which are in the semiconductor and metallic phases,
respectively [145]. As shown in Figure 5, the diffusion of lithium species through these
different phases is characterized by different energetic barriers of lithium migration, with
an energy gap of ~0.5 and ~0.3 eV for 2H (Figure 5C) and 1T (Figure 5D), respectively.
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Figure 5. Insertion of Li and related energetic pathways into the 2H (A,C) and 1T (B,D) phases.
Reprinted with permission from Wang et al. [146] (Copyright © 2012 Royal Society of Chemistry).

Furthermore, the electrochemical performance of MoS; in LIBs is determined not only
by the bulk processes of insertion and de-insertion of Li ions but also by surface phenomena
taking place at the interface between the electrode and the electrolyte. In particular, of great
relevance is the formation of the solid—electrolyte interphase (SEI), which is a passivation
layer forming spontaneously on the anode surface during the initial charging cycles due
to the reductive decomposition of the electrolyte [147]. SEI plays a critical role in the
long-term performance and stability of the battery by preventing continuous electrolyte
breakdown while allowing lithium-ion transport (as deeply discussed by Zeng et al. [136]).
SEI stability is essential for maintaining the capacity and cycling performance of the battery,
and a thick SEI can hinder lithium-ion diffusion and increase cell impedance. Yu et al. [148]
suggested optimizing the SEI formation by incorporating stabilizing agents in the electrolyte
composition and by mixing MoS, with carbon fibers, thus achieving improved efficiency of
the LIB anode.

As reported by Kan et al. [145], lithiation induces an additional level of complexity
to the MoS, interplay, as shown in Figure 6, in which the increment in lithium induces a
significant distortion of both the H and T phases, promoting the creation of sub-phases
with distorted geometries.

Phase control is not the only method to finely tune MoS, activity, as reported by a very
seminal study by Miki et al. [75], in which bulky amorphous MoS, showed the highest
specific capacity of 100 mAh g~! with good stability after 100 reversible cycles. Since then,
the scientific community has focused its research on engineering and optimizing the MoS,
morphology to enhance its electrochemical performance. Feng et al. [76] produced MoS,
nanoflakes that exhibited an increased gravimetric capacity of up to 1175 mAh g~! with a
retention of 95% after 40 cycles. Similarly, Wu et al. [78] produced expanded MoS; worm-
like structures that showed an initial capacity of up to 1161 mAh g~! but a great decrement
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down to 585 mAh g~! after only 70 cycles of charge and discharge. The instability of
such materials opened the way to the exploration of new optimization/functionalization
routes, including heteroatom doping, as reported by Liu et al. [79], which used oxygen
plasma to sensibly improve the electrochemical performance of neat MoS,. Alternatively,
Liu et al. [80] unveiled the effect of nitrogen doping in MoS,, increasing the gravimet-
ric capacity by over 14% over neat material with also an enhancement in coulombic
efficiency (CE).

ZT-MoS,

Figure 6. Phase transition of low-dimensional MoS, during the lithiation process. Reprinted with
permission from Kan et al. [145] (Copyright © 2014 American Chemical Society).

Nevertheless, a more impressive advancement in MoS,-based LIBs has been the in-
troduction of low-dimensional materials, as reported by Han et al. [77]. The authors
modulated MoS; assembly using high pressure and cobalt addition to regulate the inter-
spacing distance, achieving a first-charge capacity of 1513 mAh g~! with a CE of 75%,
of which 25% was due to irreversible solid electrolyte interphase (SEI) formation, and
also demonstrating a stable high capacity even after prolonged cycling for 300 cycles at
0.1 A g~!. The authors suggested that this effect was due to the interfacial storage of
lithium ions that promoted the amorphization of active materials. Alternatively, the uti-
lization of different molecular architectures has been explored through the production of
highly ordered vertically stacked MoS,, with a CE up to 90% after 200 cycles, as reported
by Sun et al. [81]. Similarly, Jiao et al. [149] produced a metal-like material composed
of aligned MoS, nanotubes with an excellent reversible capacity of 1100 mAh g~—!. The
authors reported that their morphology and metallic behavior avoid the use of a conductive
additive, promoting electrolyte transportation and diffusion without the restacking of MoS,
nanosheets together with enhanced cycling stability. Zhao et al. [85] proved that the high
crystallinity of MoS; nanotubes is critical for its cyclability. The authors produced amor-
phous MoS, nanotubes with an initial specific capacity of 1253 mAh g~! that decreased
rapidly to 15% after 50 cycles. Venkateshwaran et al. [83] investigated the pure-phase
effect on MoS, performance. The authors used a templated approach to produce a stable
1T-MoS, with a high specific capacity of 1100 mAh g~! and a capacity retention of 80% after
50 cycles, while other routes allowed a self-assembling of MoS; monolayers into 3D struc-
tures using a wet-chemistry route [84].
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Nevertheless, neat MoS, electrodes show unneglectable drawbacks, including poor
electrical conductivity and structural degradation along several charge-discharge cycles, as
shown in Table 1. These originate from the physical properties of MoS,, particularly from
the weak interlayer interactions due to Van der Waals forces that beneficially boost lithium
ion intercalation but contribute to instability under the strain of continuous cycling [150].
Furthermore, the hindered electron transport across the MoS; layers significantly decreases
their effectiveness during high-rate charge and discharge processes.

Accordingly, the utilization of hybrid solutions has become very attractive for en-
hancing the durability of MoS, [151]. Indeed, the incorporation of other inorganic species
represents a solid pathway to mitigate this weakness of MoS; by leveraging the strengths
of both components. Generally, they form a supporting phase for MoS;, layers, preventing
the volume expansion and contraction that occur during lithiation and delithiation. This
structural reinforcement reduces the mechanical stress, which helps to maintain electrode
integrity during cycling and improves the overall cycling stability of the system [152]. The
simplest approach is represented by the phase engineering of hybrids with molybdenum
oxide at the surface and sulfide at the core, as reported by Faizan et al. [86]. The authors
combined MoQO3 with MoS; by a simple calcination at 300 °C, which resulted in a stable
capacity of about 564 mAh g~! while allowing for a greatly enhanced CE up to over 99%
after 100 cycles at 0.7 mAh. They suggested that this increased stability is attributed to
the formation of a MoOj5 passivation layer on the surface of MoS, together with a reac-
tive interface between the two phases, which positively affects the reversible Li* storage.
Zhao et al. [87] used the very same materials (just tuning their external shapes) to achieve
a high capacity of 864 mAh g~ ! at 0.1 A g~! with good capacity retention, resulting in
336 mAh g~ ! after 3000 cycles at 2.0 A g~ 1. Lei et al. [88], using a wet approach for the
preparation of the very same materials, achieved a capacity retention of 78% after 100 cycles
at 0.2 mAh g’l. Even better results were obtained by Zhao et al. [89], who produced a
core-sheath structure with a specific capacity of 1530 mAh g~! and a CE exceeding 98%
after 150 cycles. The authors suggested that the improved performance was due to the abil-
ity to reduce volume changes during the cycling processes. Similar results were obtained
using different metal species (i.e., ZnS [90], TiO, [91,92], SnO;, [93,94], Co clusters [95,96],
and VS, [97]).

Carbon-hybrid materials represent an alternative and a quite effective solution for
enhancing the electrochemical properties of MoS,-based electrodes, e.g., by using high-tech
species such as graphene and related materials, carbon nanotubes (CNTs), or templated
carbon [153].

Carbon nanotubes (CNTs) are able to create excellent electrical conductivity pathways
across MoSy, while their morphology promotes better ion penetration and diffusion. MoS,
anchored or embedded within a CNT network is generally able to retain its structure,
with an increase in the cycling stability and rate capability under high current densities.
The first example of this was reported by Bindumadhavan et al. [98], using multiwalled
CNTs (MWCNTs) added to the electrode by a simple dry-grinding procedure. The authors
achieved an initial charge capacity of 1214 mAh g~! with 85% retention after 60 discharge—
charge cycles at a current density of 0.5 A g~!. Wang et al. [99] used single-walled CNTs
(SWCNTs) for the preparation of hybrid thin films with an average thickness of 1 pm.
The authors reported a reduction in the original capacity of SWCNTs compared with
MWCNTs but superior retention properties after 60 cycles, reaching up to 93%. Furthermore,
degradation of the morphology of the SWCNTs-based composites was reported only after
100 cycles, while a neat MoS, thin-film analog displayed significant cracks. Yoo et al. [100]
proposed an alternative layer-by-layer approach in which MoS, was deposited onto a
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MWCNT carpet, despite not achieving comparable results for cyclability and reversibility.
Furthermore, an inorganic-CNT mix could be also produced with improved results [101].

The integration of MoS, with graphene and related materials improves the electrical
conductivity of MoS;, compensating for the low values of neat MoS, [126] and improving
the ion mobility, as shown in Figure 7.
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Figure 7. Improving lithium insertion and de-insertion using MoS; mixed with graphene. Reprinted
with permission from Wang et al. [154] (Copyright © 2017 Elsevier).

This is ascribed to the interaction between the two materials, which are often grown
one on the other with strong interfacial contact. This tight interaction reduces charge-
transfer resistance at the interfaces, supporting the rapid migration of Li* during lithiation
and delithiation and enhancing the overall reaction kinetics with a uniform charge dis-
tribution across the electrode. Furthermore, graphene and related materials improve the
mechanical and structural integrity of MoS, by preventing the stacking of MoS; layers. This
induces an increase in porosity with more exposed electrochemical sites. A preliminary
study was reported by Cao et al. [102], who coated MoS; with graphene flakes through
chemical vapor deposition (CVD). The authors reported a reversible capacity of 877 mAh
g~! that decreased to 53% after 10 cycles at very high current densities of up to 4 A g~!
Chen et al. [103] shifted toward a solvothermal synthesis process, using acid media to in-
duce the nucleation of MoS, onto graphene layers. The authors achieved a specific capacity
of 1229 mAh g~!, with a decrease to 77% after 50 cycles at 0.1 A g~!. Zhao et al. [104] made
further advances, producing an aerogel-like system with a remarkable stability of over
91% at 0.1 A g~ ! after 25 cycles. Similarly, Wang et al. [105] used a freeze-drying approach
to achieve a quasi-totally reversible system with a current density of 0.1 A g~!. Both the
production of graphene and its integration into these processes are difficult, but GO and
rGO represent a good compromise between feasibility and results. Teng et al. [106] created
a GO-based material through simple impregnation, achieving a specific capacity of up
to 1077 mAh g~ ! at 0.1 A g~ ! and a long cycle lifespan. The authors suggested that the
interfacial interaction between oxygen residues and molybdenum atoms enhanced the elec-
tron transport rate and structural stability of the MoS, hybrid composites. Graphene-rich
domains of GO concurrently improved the electrical conductivity and prevented volume
changes by being tightly stacked onto MoS,. Xiong et al. [107] coupled rGO with MoS,
nanoflowers, obtaining high specific capacity up to 1225 mAh g~! together with an excel-
lent cycling performance of up to 680 mAh g~ after 250 cycles. The authors reported that
the 3D network formed was able to improve both the electronic conductivity and strain
release during lithiation—delithiation. The crumpled RGO-decorated MoS;-nanoflower
anode exhibits high specific capacity. Similar results were also reported by Li et al. [155]
using a similar structure based on rGO, proving that the incorporation of rGO significantly
reduces contact resistance. The relevance of the 3D structure on the final performance was
also observed for neat graphene-based composites [156].
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Modification of graphene can also improve the overall properties, as reported by Wang
et al. [109]. The authors combined MoS; with graphdiyne oxide to achieve a capacity of
653 mAh g1 at 20 A g~! with nearly perfect reversibility even after 1000 cycles. This
was ascribed to the enlargement of the MoS; interlayer space, which provided additional
Li* diffusion channels and storage sites that mitigated the volume changes simultane-
ously. Additionally, the use of graphdiyne oxide created interfacial electrical fields that
improved the Li* transport kinetics regulating the interfacial charges distribution during
lithiation/delithiation processes. Similar results can be achieved by nitrogen-doping the
pristine graphene structure, as reported by Zhao et al. [110] using wet routes, or by using
plasma, as discussed by Jiao et al. [111].

Other graphitic carbon materials can be fruitfully used by exploiting their complex
3D geometry to stabilize MoS;; these include carbon nanosheets [112], mesoporous car-
bon [157], amorphous carbon [113], carbon microspheres [114,158] or sponges [115], and
carbon nanocages [116].

Conductive polymers, such as poly(aniline) [118] or poly(dopamine) [117], provide
alternative solutions to pure carbon-based materials. These polymer-based composites can
increase the conductivity of the electrode but also act as a flexible matrix that can mitigate
volume changes and defectiveness introduced by structural changes in MoS,. Additionally,
they can participate in redox reactions, further boosting the MoS, capacity.

4. A Snapshot of Recent and Future Trends in MoS;,-Based 2D Materials
for Li-Ion Batteries and Beyond

The unique physicochemical properties of MoS;, a member of the TMD family, which
include a tunable band-gap, an ultrathin layered structure that facilitates Li*-ion intercala-
tion, a large surface-to-volume ratio, short lithium diffusion paths, and a variety of active
sites allowing for a relatively high theoretical capacity, make it particularly attractive for
LIB electrodes [159]. However, clearly, issues remain for the practical deployment of MoS,
in LIBs, mainly involving the significant volume expansion during lithiation/delithiation,
and the tendency for nanosheets to restack, which reduces the active surface area and
hinders ion transport.

As the drawbacks of conventional liquid electrolytes, such as flammability, leakage,
and dendrite formation, limit the widespread diffusion of advanced, high-energy-density
LIBs, solid-state lithium batteries (SSLBs) have emerged as a promising alternative. SSLBs
replace the liquid electrolyte with a solid-state counterpart, improving safety and thermal
stability, and they have great potential for higher energy densities by using lithium metal
anodes [160]. In this evolving paradigm, MoS; has shown notable promise not only as
an anode material itself (as detailed in the previous section), but also as an empowering
constituent in combination with other materials (e.g., it enhances structural stability along
with the reversible capacity and cyclic durability in a novel two-dimensional architecture of
MoS; NS@Li;P351; composite superlattice cathode [161]), and even as a component of the
solid electrolyte interface. For instance, studies have demonstrated that few-layered MoS,
nanosheets can serve as effective interfacial layers between solid electrolytes and electrodes,
mitigating interfacial resistance and enhancing ionic transport [162]. Additionally, when
engineered at the nanoscale, MoS; exhibits high mechanical flexibility and good interfacial
compatibility with sulfide- and oxide-based solid electrolytes for SSLBs. Results have
shown that such hybrid designs can stabilize the lithium interface, suppress dendritic
growth, and maintain long-term cycling performance [163].

To address the limitations of pure MoS,, researchers have developed hybrid nanos-
tructures by combining MoS, with conductive and/or structurally robust materials such
as graphene, CNTs, conductive polymers, or metal oxides. Amongst the emerging hybrid
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systems, researchers recently showed that those incorporating metal oxides (e.g., TiO,,
Fe;O3, M00Os,...) [164-168], transition metal phosphides [169], or MXenes [170] form
heterostructures that offer multiple lithium storage mechanisms, such as intercalation and
conversion reactions, within a single framework. This multi-modal approach is seen as a
path toward achieving both high-capacity and robust cycling performance.

Looking ahead, several advanced strategies are being pursued to further unlock the
potential of MoS, and similar 2D materials in LIBs:

s Phase engineering: Controlling the ratio of 1T to 2H phases can optimize the balance
between conductivity and stability. Methods such as lithium intercalation, chemical
doping, or plasma treatment are being used to manipulate the phase composition.

» Defect engineering and doping: Introducing defects or heteroatoms (e.g., N, S, or Se)
into the MoS, lattice can create additional active sites and modulate the electronic
properties to improve performance.

m  Scalable and green synthesis: Large-scale production techniques (such as CVD, hy-
drothermal methods, and electrochemical exfoliation) are being optimized to meet
industrial demands while minimizing environmental impacts and production costs.

= Artificial intelligence (AI) and machine-learning-guided optimization: Data-driven
approaches are being increasingly employed to predict material properties, screen
potential hybrids, and optimize battery performance with minimal trial-and-error
experimentation [171].

These critical points can also be addressed though breakthrough approaches, including
through the use of advanced artificial intelligence (Al), which can be used to boost the
optimization of MoS,-based LIBs. Specifically, Al can be trained by using the great available
dataset, particularly through machine learning algorithms based on large datasets derived
from density functional theory (DFT) calculations and experimental data to predict key
material properties such as specific capacity, lithium diffusion barriers, structural stability,
and electrical conductivity. Even though this research field is still very young, the very
same approach was used for optimizing both MoS; synthesis [172] and the formulation
of the whole electrochemical system (in that case, targeting electrocatalytic processes).
Nevertheless, there is still room for improvement in the battery field, as reported by Chen
et al. [173] and Kilic. et al. [174].

MoS, has also attracted significant attention as a promising electrode material for next-
generation batteries beyond LIBs, such as sodium-ion, potassium-ion, and magnesium-ion
batteries. Its layered structure, large interlayer spacing, and high theoretical capacity enable
efficient ion intercalation and diffusion, even for larger ions like Na* and K* [175,176]. More-
over, MoS; offers good mechanical flexibility and chemical stability, which are essential
for sustaining prolonged cycling performance in these systems [177]. Recent studies have
demonstrated that engineering MoS; nanostructures can further enhance ion-transport
kinetics and accommodate volume changes during cycling, making it a versatile candidate
for new upcoming energy-storage technologies, including high-energy post-Li batteries
and other high-power systems [178,179]. Indeed, both pure MoS, and its composites
with carbon-based materials, conducting polymers, metal oxides, carbides, and nitrides
have been extensively employed in developing novel supercapacitors with significantly
enhanced performances, including improved stability and overall capacitance [180]. Par-
ticularly for those devices that need the use/integration of flexible/wearable electrodes,
MoS; and its composites/hybrids show promising prospects due to their high mechanical
strength, flexibility, high surface area, and low toxicity [181]. Considering post-lithium
energy-storage devices, MoS; has also shown potential as an electrode material for Mg-ion
batteries owing to its layered structure and relatively wide interlayer spacing, which can
facilitate the insertion of divalent Mg?* ions [182]. Although Mg?* ions interact more
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strongly with the host material than monovalent ions, resulting in slower diffusion kinetics,
strategies such as nanostructuring and defect engineering have been employed to enhance
ion mobility and improve electrochemical performance. Recent studies have demonstrated
that exfoliated MoS, and related composites can deliver promising capacities and cycling
stability in Mg-based systems, indicating its versatility for multivalent ion storage [183].
MoS, has been already explored as cathode material in Zn-based batteries, which rep-
resents a significant area of research interest as a promising alternative technology for
large-scale energy storage, primarily due to the cost advantage of zinc over lithium as well
as due to the use of conventional aqueous electrolytes, which avoids flammability risks
while concurrently providing high ionic mobility [149]. The main challenges in reversibly
storing Zn?* in aqueous systems (hydrated zinc ions exhibit relatively large dimensions,
necessitating significant energy for intercalation into MoS, to break the bond with water
molecules) can be mitigated by fine-tuning the structure, particularly by interlayer expan-
sion, while concurrently enhancing the surface/interface hydrophobicity, as demonstrated
by Liang et al. [184], who achieved a ten-fold increase in specific capacity (232 mAh g~ ! at
100 mA g~ 1), opening up interesting opportunities for its use in aqueous Zn batteries.

5. Conclusions

The surge in energy-storage-related applications by our modern energy-voracious
society has accelerated the demand for high-performance LIBs that are not only energy-
dense but also safer, longer-lasting, and environmentally sustainable. This, in turn, has
heightened the need for promising next-generation candidates as electrodes for high-
performance LIBs. Within this framework, two-dimensional (2D) materials stand out as
transformative candidates for use both in high-energy and high-power-density devices due
to their unique physicochemical properties, including their layered structure that facilitates
Li* ion intercalation, a tunable band-gap, and a relatively high theoretical capacity.

Molybdenum disulfide (MoS;,), a member of the TMD family, consists of layers bonded
by weak Van der Waals forces, which allows for its easy exfoliation into atomically thin
nanosheets. These ultrathin layers offer a large surface-to-volume ratio, short lithium
diffusion paths, and a variety of active sites, making it particularly attractive for LIB
electrodes. The two primary crystalline phases, semiconducting 2H and metallic 1T, present
different electronic and electrochemical characteristics. While the 2H phase is more stable,
the 1T phase offers superior conductivity, which can be beneficial for enhancing rate
performance. The high capacity and layered structure of MoS, are complemented by
the excellent conductivity, flexibility, and mechanical stability of the secondary phase (s),
allowing for enhanced specific capacities (often >1000 mAh g~1), excellent rate capabilities,
and long-term cycling stability by maintaining a high surface area and accessibility of active
sites and resisting volumetric strain during charge/discharge cycles.

Despite its promising electrochemical properties, several inherent limitations and
key challenges must be addressed for MoS; prior to its widespread use in commercial
battery applications. Chiefly, these include poor intrinsic electrical conductivity, significant
volume expansion during lithiation/delithiation, and a tendency for nanosheets to restack,
which reduce the active surface area and hinder ion transport. These main issues, such as
poor conductivity and fragility, can be solved by combining MoS, together with carbon-
based materials or inorganic species with synergistic effects that boost the conductivity
and reduce structural instability during repeated charge/discharge cycling. Industrial
exploitation can be achieved only by enhancing the scalability of its synthesis processes,
which are often costly, energy-intensive, and difficult to control at large volumes. Moreover,
maintaining consistent material quality, such as uniform morphology and phase purity,
is critical and particularly challenging during large-scale production. The mechanical



Batteries 2025, 11, 269

17 of 24

References

instability of MoS, during long-term cycling, leading to electrode pulverization, also poses
a serious barrier to meeting industrial durability standards. Finally, integrating MoS,
into existing manufacturing lines without significantly increasing costs or complicating
electrode fabrication processes remains a major hurdle.

The integration of MoS, and other 2D materials into LIBs, particularly in solid-state
and hybrid configurations, represents a rapidly advancing frontier with the potential
to dramatically enhance battery performance. Continuous progress will depend on a
deep understanding of electrochemical mechanisms at the atomic level, as well as on
the development of scalable fabrication techniques and stable material combinations. By
bridging fundamental materials science with practical engineering, MoS,-based batteries
are poised to play a pivotal role in the future of energy-storage technology.
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