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Abstract: Molybdenum disulfide (MoS,) has emerged as a promising two-
Review info dimensional material for applications in energy storage and environmental
remediation due to its unique layered structure and tunable electronic
properties. However, a comprehensive understanding of the relationship
between synthesis strategies, defect engineering, and performance
remains limited. This review critically evaluates various synthesis
approaches, including top-down and bottom-up methods, and correlates
them with structural characteristics such as layer thickness, morphology,
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1. Introduction

MoS,, a representative transition metal dichalcogenide, has attracted extensive attention owing to its
tunable electronic structure and rich physicochemical properties. These characteristics enable MoS; to
serve as a versatile platform for applications ranging from energy storage and catalysis to environmental
remediation and biomedicine [1-4]. MoS, comprises stacked monolayers held together by weak van der
Waals forces and strong S-Mo-S covalent bonds connecting the Mo and S atoms. MoS, exists in several
crystalline phases, including 1T, 2H, and 3R, each exhibiting distinct electronic and catalytic properties.
The metallic 1T phase provides high electrical conductivity, whereas the semiconducting 2H and 3R
phases offer superior stability, making phase engineering a key strategy for tailoring MoS, toward
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specific applications [5-7]. The electronic structure of MoS; strongly depends on its thickness, evolving
from an indirect bandgap in bulk to a direct bandgap in monolayer form due to quantum confinement
effects. This transition significantly enhances light absorption and carrier dynamics, enabling promising
optoelectronic and photoelectrochemical applications [8-10]. The 1T phase exhibits superior
performance in electrochemical reactions, while the 2H phase is not conductive to electrochemical
energy storage [11]. The nanostructure of MoS; includes OD (quantum dots), 1D (nanotubes, nanorods),
2D (nanosheets), and 3D (flowers, cubes). MoS, quantum dots (QDs) exhibit a high electron transfer, high
activity, n-type semiconductor characteristic. The size distribution of MoS, QDs is relatively narrow
between 1 nm and 7 nm, with an average diameter of 3.6 nm [12]. MoS; nanotubes have a diameter of
about 200 nm and an average length of a few microns [13]. MoS; microspheres feature a hollow spherical
shell, approximately 200 nm in diameter [14]. MoS, nanosheets have a large specific surface area,
generating numerous electrochemical reaction active sites. They tend to agglomerate during material
preparation or electrochemical reactions and diminish electrochemical performance. Nanostructure,
porous structure and hollow structure can increase the reactive site and specific surface area, reduce the
diffusion distance of electrolyte ions, and improve the stability of electrode materials [15]. The maximum
specific surface area of porous structure is limited to 100 m2/g [16]. The hollow structure can expose
more electrochemically active atoms and improve the stability of the electrode material circulation [17].

In addition, in recent years, several research groups have successfully studied many factors affecting the
structure, phase transformation, crystallization of CuNi [18], AgAu [19] alloys and their applications [20].
The obtained results show that there is a great influence of doping concentration, atomic number,
temperature, etc. on their properties. This review focuses on the synthesis methods and applications of
MoS, nanostructures such as nanosheets, nanospheres, nanoflowers, etc. in energy storage devices,
catalysis, wastewater treatment through adsorption, photocatalysis, membrane filtration and
antibacterial activity. Although numerous studies have reported the synthesis and applications of MoS,, a
comprehensive understanding of the interdependence between preparation methods, structural features,
and application performance remains insufficient. In particular, the trade-offs among scalability,
structural controllability, and functional efficiency have not been systematically analyzed. This review
aims to bridge this gap by critically evaluating recent advances in MoS, preparation and applications,
highlighting current limitations and future research directions. Despite extensive research on MoS,
synthesis and applications, existing review articles primarily focus on individual preparation techniques
or specific application domains. A systematic correlation between preparation strategies, resulting
structural features, and application-oriented performance remains insufficiently addressed. Despite
significant progress, existing review studies mainly focus on either synthesis methods or individual
applications without establishing a clear relationship between structure, defects, and performance. In
particular, the effects of layer number, morphology, and defect density on functional efficiency have not
been systematically analyzed. This limitation restricts the rational design of MoS,-based materials.
Therefore, this review aims to establish a comprehensive framework linking synthesis strategies to
structural features and application performance. The structure of this review is organized as follows:
Section 2 discusses synthesis methods, Section 3 presents characterization techniques, Section 4 reviews
applications, and Section 5 outlines future research directions. This work provides a unified
structuredefect—performance framework that has not been systematically reported in previous reviews.

2. Preparation methods
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2.1. Mechanical stripping method
The top-down method involves the conversion of bulk materials into a single layer or a few layers of MoS;
nanostructures by breaking down the block MoS, material’s interlayer van der Waals force under the
influence of outside forces. Each of the top down stripping techniques has its benefits and drawbacks.
Mechanical stripping is a technique that uses weak bonding between layers to peel off large crystals layer
by layer to form 2D material. The adhesive of transparent tape delaminates crystals into a sheet. Single or
multi-layer nanosheets retained on the substrate can be obtained by stripping the transparent tape [21].
The mechanical peeling method can produce 1-4 layers of MoS; with varying thickness. However, the
mechanical stripping method finds it challenging to meet the needs of large scale production in industrial
practical applications and substrate contamination impacts film quality that is not suitable for biomedical
applications [22].
2.2. Liquid phase stripping method
This method separates bulk crystals into single or multi layer 2D structures within water or organic
solvents by ultrasonic or shear forces. The solvent molecules can weaken the interaction between the
material layers that are separated into individual layers under ultrasonic action. The weak van der Waals
forces between MoS; layers enable it to be decomposed into several layers or single layers by acoustic
processing. The nanosheets obtained through liquid phase stripping exhibit excellent dispersion and
stability in water. This method has a higher yield than the mechanical stripping approach. However, this
method uses high ultrasonic energy that often results in the production of small sized nanosheets.
Organic solvents used in liquid phase ultrasonic stripping can lead to environmental contamination, so
have few practical uses [23].
2.3. lon-intercalation method
This method inserts small-radius cations such as alkali metal ions (Li+, Na*, K*) between bulk material
layers, weakening the interlayer van der Waals interaction force. The covalent bonds present within the
same layer, while van der Waals forces of interaction maintain the different layers in layered materials.
lons of suitable size enable them to be inserted into the spaces between layers. When lithium reacts with
water to produce hydrogen gas which encourages stripping [24]. In the electrochemical intercalation
approach, the experimental setup involves a graphite cathode and a lithium anode, a MoS; block material
serving as the active material. The thickness and size of MoS2 nanosheets can be altered by varying the
electrode voltage. However, this method cannot produce large area MoS, nanosheets or separate
multilayer nanosheets into single layer MoS,. This process requires a prolonged reaction time and the
organic intercalation compounds used are prone to explosion [25].
2.4. Hydrothermal/Solvothermal method
The bottom up approach was characterized by its ability to prepare large-area nanosheets and has
attracted widespread attention. Through the growth of atoms and molecules, this method enables the
synthesis of nanoparticles with precise shape, size, and chemical composition [26]. The
hydrothermal/solvothermal process occurs in a high-temperature sealed autoclave to yield the desired
material. This method can produce large-scale MoS; powders or thin film nanostructures. By controlling
reaction time, temperature, pH, and precursors, we can synthesize MoS, with various morphologies such
as nanoflowers, nanosheets or nanotubes. The pressure in the reactor can be controlled by adjusting the
heating temperature and the volume ratio of the liquid to the reactor tank. This method does not
necessitate specialized procedures or equipment, suitable for large-scale production [27].
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2.5. Physical vapor deposition (PVD) method

It is a solid gas solid phase conversion process, including evaporation, sputtering under vacuum
condition into gaseous atoms, molecules, ions, then nucleation and growth process on the target
substrate through the low-pressure deposition. The crystal growth can be controlled through regulating
temperature, temperature gradient, evaporation temperature, concentration, gas flow, etc. MoS, powder
was used as precursor, Ar as the carrier gas, the temperature was maintained at 900°C in the evaporation
region of the source material and 650°C in the growth region of the target substrate. However, the PVD
method can only be applied to produce thin layer MoS; [28].

2.6. Chemical vapor deposition (CVD) method

CVD method is used to prepare 2D layered MoS; and MoS;-based heterostructures with large scale, high
purity, high crystallinity, controllable morphology, adjustable thickness, and minimum structural defect.
CVD technology deposits gaseous chemicals on the substrate surface, the precursor reacts or decomposes
on the substrate material under vacuum and high temperature conditions to achieve 2D MoS,. The
thickness, size and morphology of MoS: film can be controlled by adjusting the deposition parameters
such as gas flow rate, growth temperature, growth time, pressure, precursor types, and substrate
materials [29]. The CVD process is typically carried out in a tubular furnace, the prepared substrate (SiO-)
is positioned at one end of the furnace, the precursor (sulfur powder or H.S, MoOs powder) is placed at
the opposite end, Ar is used as a carrier gas, the product is 2D MoS; with the transverse size in the range
of 10-30 nm [30]. The type of precursor can be chosen based on the material properties, however, the
high reaction temperature makes it difficult to use traditional flexible substrates for making thin film
devices in many applications. CVD and PVD enable the preparation of few-layer or single-layer
nanosheets with controllable form and structure. They are suitable for growing large areas of MoS,.
However, their disadvantages are time consumption and high cost. Hydrothermal and solvothermal
methods are often used for electrode preparation because of their low cost. Although diverse preparation
methods have been developed, no single approach simultaneously fulfills scalability, precise structural
control, and cost efficiency. Mechanical and liquid-phase exfoliation are advantageous for laboratory-
scale studies, while hydrothermal and solvothermal methods offer scalable routes for electrochemical
applications. In contrast, CVD and PVD techniques enable high-quality film growth but remain
constrained by high cost and processing complexity [29, 30].

Table 1 Comparison of MoS, synthesis methods in terms of layer control, defect control, cost, scalability, and

applications.

Method Layer Control Defect Control Cost Scalability Application
Mechanical Excellent Low High Poor Research
exfoliation
Liquid Moderate Medium Medium Moderate .

. Coatings
exfoliation
lon intercalation Moderate High High Low Few-layer
Hydrothermal Moderate Moderate Low High Energy
CvD Excellent Excellent High Moderate Electronics

As summarized in Table 1, hydrothermal synthesis provides the best trade-off between cost and
scalability, making it suitable for large-scale applications, whereas CVD offers superior crystallinity but
suffers from high operational costs. Notably, defect density varies significantly across synthesis methods
and plays a critical role in determining electrochemical and catalytic performance.
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3. Characterizations

Figure 1la shows the scanning electron microscope (SEM) images of flower-like MoS, microspheres. The
thickness of MoS; nanosheets is tens of nm, this structure has a large specific surface area. SEM image of
MoS2 microsphere depicts hollow spherical shell with 2-4 ym in diameter (Figure 1b). Figure 1c is the
TEM image of MoS; nanotube with a diameter of about 15 nm and the length of hundred nanometers.
Figure 1d is the SEM image of MoS; microrods with diameter ranging from about 5-10 um and length of
around 100 um. Three morphologies of MoS; structure are micro-nano structure, porous structure, and
hollow structure. The micro-nano structures possess limited specific surface area, the porous structure
can greatly increase the specific surface area but its maximum specific area is limited to 100 m2/g, the
hollow structure possesses the highest specific surface area. The thickness, porosity, shape, and size of
hollow structure can be adjusted to give various surface properties. The ultraviolet-visible (UV-Vis)
absorption spectra of semiconducting (S-MoS;) (Figure 2a) shows two absorption bands at 613 and 660
nm due to the energy splitting from the valence band spin-orbital coupling with wide lateral dimension.
Another absorption band at 442 nm is due to the quantum effect of small lateral-sized MoS: nanosheets.
On the other hand, the absorption spectrum of M-MoS; has no absorption band but a monotonic change,
showing its metallic property [31]. Figure 2b shows the photoluminescence (PL) spectra from the bilayer
and monolayer of the MoS; flake on the SiO,/Si substrate, the photoluminescence (PL) emission peak
located at 675 nm, the PL intensity gradually decreases with increasing film thickness, the quantum yield
drops rapidly from monolayer to bilayer due to rotational stacking disorder [32].

© (d)
Figure 1. SEM images of flower-like MoS; microspheres [34] (a), hollow MoS, microsphere [14] (b), TEM image of
MoS; nanotube [35] (c), SEM image of MoS; microspheres [36] (d).
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Figure 2. UV-Vis spectra (a) [9], PL spectra (b) [32], Raman spectra (c), XRD pattern(d) [33]
The results confirm the layered structure and crystallinity of MoS, materials. The optical and structural
analyses confirm the layered structure and crystallinity of MoS,. Figure 2c shows the Raman spectrum of
MoS; nanosheets. Two Raman characteristic bands appeared at 385 and 419 cm-1 corresponding to the

in-plane E;g and out-of-plane Aiq vibration modes of MoS; [33]. This parameter is crucial for tuning the

electronic structure and catalytic performance of MoS, The difference between the E,g* and A;g peaks
can be used to estimate the number of layers, with larger separation indicating thicker layers. XRD peak
broadening is associated with reduced crystallite size and increased defect density, which directly affects
electrochemical performance. Figure 2d depicts the X-ray diffraction (XRD) pattern of MoS; nanosheets.
Two intense peaks at 26 of 14.1° and 40° correspond to the (002) and (100) planes of MoS; [33]. Beyond
phase identification, characterization techniques provide essential insights into defect density, layer
number, and interlayer coupling, which directly influence charge transport and electrochemical behavior.
Establishing structure—performance correlations through these techniques is therefore critical for
rational MoS; material design [31-33].

Energy-dispersive X-ray spectroscopy (EDS) was used in identifying the elemental composition of
material. The EDS spectrum of MoS; nanoflowers in Figure 3a confirmed the appearance of S and Mo with
the weight percentages of 44.27% and 55.73%, respectively [37]. High-resolution transmission electron
microscopy (HRTEM) image (Figure 3b) shows distinct lattice fringes of 0.27 nm with 60° angles
attributed to the (100) and (010) planes of MoS; [38].
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Figure 3. EDS spectrum of MoS; nanoflowers [37] (a), HRTEM of MoS; nanosheets [39] (b).
These characterization techniques are essential for establishing the relationship between structure and
performance to ion diffusion mechanisms, charge transport efficiency, and catalytic activities, which are

crucial in practical applications.
4. Applications of MoS>

4.1. Energy storage applications

MoS, has been extensively investigated as an electrode material for lithium-ion and sodium-ion batteries
owing to its layered structure, large interlayer spacing, and multiple redox-active sites. However, pristine
MoS, suffers from intrinsic limitations such as low electrical conductivity and severe volume variation
during repeated charge—discharge processes. To overcome these challenges, various material design
strategies, including conductive matrix integration, defect engineering, and heterostructure construction,
have been widely employed to enhance charge transport and structural stability. As a result, MoS,-based
composite electrodes generally exhibit improved specific capacity, rate capability, and cycling
performance compared with pristine MoS,. Overall, these advances demonstrate that rational structural
and compositional engineering is critical for unlocking the full electrochemical potential of MoS, in
energy storage applications [40-44]. Despite promising performance, MoS, electrodes suffer from low
electrical conductivity and volume expansion during cycling. Compared to bulk MoS,, nanosheet
structures exhibit significantly higher specific capacity due to increased active surface area.

4.2. Supercapacitor

Supercapacitor is a high-capacity electrochemical capacitor, working as a fast charging energy storage
device. The main shortcomings of supercapacitors in practical application are low energy density and
high production cost [45]. MoS; is prone to fracture or agglomeration during charge and discharge,
reducing the stability of the electrode cycle. Combining carbon-based materials with MoS, using the
synergistic effect between two materials can improve the electrochemical activity of MoS; [46]. 3D MoS;
nanospheres with the help of carbon quantum dots can facilitate the insertion of ions into the MoS; layers
and improve the structural stability of the electrode material [47]. The addition of oxygen in MoS;
increases the interlayer spacing of electrolyte diffusion and reduces the band gap of charge transfer,
which is conducive to the mass transfer of electrolyte. The 3D nanostructure exposes the material to
more active sites and pores, provides a larger specific surface area and improves ion diffusion in
electrochemical processes [48]. MoS; grown on conductive substrates such as Ni foam and carbon cloth
provides a low-resistance channel for ion transport, accelerates ion diffusion and improves cycle stability.
MoS, grown by Ni foam has a large specific surface area and many active sites which improve the
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electrochemical performance of electrode materials [49]. In MoS,/Fe,0; composite, Fe;03 can supply
more active sites, facilitate faster electrolyte ion migration to the nanocomposite, enhance reaction rate,
and encourage capacitance growth. While MoS; promotes the cycle of the electrode material, improves
the electron transfer dynamics, shortens the electron transfer channel, and increases the electron
transfer capacity [50]. The nanosheet array offers abundant exposed electroactive sites which facilitate
the insertion and removal of ions. The robust interface between MoS, and NisS,/C04S; eases the
shrinkage and expansion of the volume during rapid charge and discharge, resulting in excellent
conductivity and cycle stability [51]. Layered structures formed by combining MoS; with carbon material,
conductive polymer or metal oxide possess the improved specific surface area and charge transfer,
expose more reactive sites, reduce the diffusion distance of electrolyte ions, and improve the stability of
electrode materials. Composites of MoS; nanostructures with carbon-based materials can develop high-
performance energy storage electrode materials [52]. However, the surface energy of MoS; is large,
making it easy to stack and agglomerate, thereby reducing the activity. The performance strongly
depends on electron transport and interlayer spacing optimization. However, their long-term cycling
stability remains inferior to carbon-based materials.

4.3. Wastewater treatment

Untreated effluents from various sources (domestic, municipal, mining, industry, agriculture,
pharmaceutical) contain a wide range of toxic organic (dyes, pharmaceutical by-products and
ingredients, pesticides, surfactants, polyaromatic hydrocarbons, fertilizers, phenols, etc.) that enter into
the freshwater reservoirs and groundwater to take part in water pollution, which is dangerous for the
human, animals and marine creatures living on the planet. Therefore, significant efforts have been made
in water conservation and removing the toxic contaminants from water effluents before discharging them
into the water bodies or for consumption. MoS: nanomaterials have been applied in cleaning the
wastewater through adsorption, photocatalysis, membrane filtration and antibacterial activity. MoS;
exhibits unique properties, such as high active surface area, low cost, small band gap, and the possibility
of surface functionalization. MoS; and MoS;-based nanocomposites showed excellent absorbents and
photocatalysts to remove water contaminants [52]. S atoms on the MoS; surface can adsorb the cationic
water contaminants through Lewis acid and base interaction. MXene/NH.@MoS; facilitates hierarchical
porous structure formation and the specific area of 8.27 m2/g, leads to adsorption capacities of 1170
mg/g for malachite green (MG) and 1050 mg/g for crystal violet (CV) [53]. Electrostatic interaction
between the cationic dye and negative MoS, was the major driven force for the adsorption. Magnetic
Fes04/MoS; nanocomposites exhibited the maximum adsorption capacity for Congo red (CR) of 71 mg/g
from aqueous medium [54]. The high absorption capacity towards cationic dyes is the effect of the van
der Waals forces and the electrostatic interactions. However, the adsorption of anionic contaminants was
compelled by van der Waals interaction. MoS; can also remove inorganic heavy metal ions owing to
electrostatic interaction, complexation formation, and ion-exchange [55]. The MoS; surface exhibits a
negative charge with positive counter ions which allows the metal-sulfur bond to form complexation.
Multilayer adsorption involves the inner layer complex and outer layer complex formation. The metal
ions can intercalate into the MoS; nanosheets to widen the interlayer spacing to expose the interior sulfur
atoms and help the adsorption of metal ions. MoS; nanosheets can quickly adsorb Hg (1) with a capacity
of 2506 mg/g [56]. MoS; has also been used for the adsorption of oil and organic solvents from the water.
Hydrophobic interactions are the major forces for the adsorption of hydrophobic oils and organic
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solvents on the MoS; surface [57]. Photocatalytic degradation of water contaminant molecules can clean
wastewater without producing secondary waste. This advanced oxidation process exhibits several
advantages such as cost-effectiveness, complete mineralization, simple practice, and mild reaction
conditions [58]. Bulk MoS: exhibits a narrow band gap of ~ 1.3 eV, allowing the adsorption of most of the
solar spectrum. However, the small band gap is responsible for the quick recombination of the
photoinduced electron and hole pairs that negatively impact on its photocatalytic reaction. Few-layered
2D MoS; nanosheets or single-layered MoS; possess the larger band gap to improve the lifespan of charge
carriers to participate in the photocatalytic reaction [59]. MoS; doped with metal or non-metal and MoS,-
based heterojunction can produce hydrogen through photocatalytic reaction using solar energy [60].
PPy@MoS, composite exhibits high photoactivity in degrading methylene blue (MB) with decomposition
efficiency of 99.3%. Its high specific surface area and a remarkable heterostructure interface easily
separate holes and electrons to improve the photodegradation ability [61]. MoS; nanoflowers, prepared
through a hydrothermal method and thermally treated under Ag gas, were integrated with tetra(4-
carboxyphenyl) porphyrin (TCCP) to form hybrid photocatalyst which achieved 95.72% Rhodamine B
(RhB) degradation within 75 min under simulated sunlight. This enhanced efficiency stems from
inorganic-organic interface contact that leads to superior charge separation and transfer [62]. Adsorption
capacity can exceed 1000 mg/g for certain dyes. The adsorption mechanism is primarily governed by
electrostatic interactions and surface complexation.

4.4. Membrane filtration

MoS; can be used to make nanoporous membranes and layer stacked membranes with specific pore sizes
for wastewater treatment. These membranes act as a barrier for contaminants to block the passage of
unwanted species and are driven by pressure, thermal, osmosis, and electrical forces. Nanoporous
membranes are made using a few layers or single-layer MoS, nanosheets. Tannic acid-MoS;
nanosheets/calcium silicate hydrate filtration system reaches the separation efficiency for methylene
blue (MB) of 99.6%. The high filtration efficiency is due to the adjustment of the interlayer spacing and
surface charge modification as well as the synergistic effect of electrostatic adsorption by the
nanofiltration membrane and calcium silicate hydrate [63]. MoS; quantum dots doped with ZnO
nanoparticles showed a significant rejection performance against Rhodamine B (RhB) (> 95%) owing to
the synergistic effect of the quantum dots and semiconductor [64]. Cellulose acetate-MoS, nanocomposite
membrane achieved oil removal rate as high as 83.12% over an 80-minute filtration [65]. The cross-
linked polyvinyl alcohol (PVA) was intercalated between MoS; nanosheets, the composite displayed good
rejection achieving 91.6 and 96.4% of methylene blue (MB) and direct red 80 (DR80), respectively [66].
4.5. Antibacterial activity

MoS, was functionalized to improve its application as an antibacterial agent. MoS; nanosheets prevent
bacterial multiplication via physical contact or penetrate into the cell wall of bacteria to kill them. The
photo-response of MoS; nanostructures helps in antibacterial activity due to the generation of reactive
oxygen species (ROS) on the MoS; surface. The antibacterial properties of MoS; follow a three-step
mechanism: direct physical contact, damage to the bacterial membrane, and create a disturbance in the
microbial redox reaction process. MoS; spherical nanoparticles with an approximate diameter of 40 nm
have been used as a promising material for antibacterial agents against Escherichia coli (E.coli) [67].
MoS:2 has been extensively explored as potent antibacterial agents to protect against antibiotic-resistant
bacterial infections owing to its unique physical and chemical properties, including its large surface area,
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high biocompatibility, biodegradability, strong light absorption, and low cytotoxicity [68]. MoS; has the
potential to combat microbial infections through membrane disruption, reactive oxygen species (ROS)
generation. The performance can be enhanced by combining MoS; with metals, carbon-based materials,
or biocompatible polymers [69]. MoS2 nanosheets and nanoflowers possess high surface area, provide
much space for physical contact and oxidative stress to the bacterial cells, which help in bacterial death.
An S-scheme WOs./MoS; heterojunction photocatalytic system coupled with micro-nano bubbles has
been developed for solar-powdered water disinfection. WO3.x/MoS, achieved 94.23% inactivation of
Escherichia coli (E. coli) and 93.09% of Staphylococcus aureus (S. aureus) within 20 min under simulated
solar irradiation [70]. The Bi/MoS: heterojunction demonstrated outstanding antibacterial efficacy
within 10-minute exposure to 808 nm near-infrared light. It effectively eradicated S. aureus through the
synergistic action of photo-thermal effects and ROS generation under NIR irradiation [71]. Despite
promising laboratory-scale performance, most MoS,-based systems still face challenges related to long-
term stability, material aggregation, and large-scale integration. Addressing these limitations requires
deeper mechanistic understanding and scalable fabrication strategies tailored to specific application
environments. The structure—performance relationship of MoS; is summarized in Table 2.

Table 2: Structure—performance relationship of MoS, nanostructures in different applications.

Application Structure Advantage Limitation
Battery Nanosheets High capacity Expansion
Supercapacitor Porous High surface Stability
Wastewater Nanoflowers Adsorption Aggregation

5. Future Research Directions

Future research should focus on defect engineering, heterostructure design, and scalable synthesis
methods. Advanced techniques such as in situ characterization and machine learning-assisted design are
expected to significantly enhance material performance. In addition, artificial intelligence and machine
learning approaches are expected to play an important role in predictive material design.

6. Conclusion

MoS; has been synthesized by various methods, including mechanical stripping, liquid phase stripping,
ion-intercalation, hydrothermal/solvothermal, CVD, PVD methods. The electronic structure of MoS, can
be regulated by designing the layered structure (3D, porous, hollow, etc.) and by regulating growth
methods. MoS; nanoflowers, nanospheres, nanotubes, nanorods, nanosheets have been characterized by
TEM, SEM, XRD, EDS, UV-Vis, PL, Raman, and HRTEM. MoS; possesses potential applications in high-
performance energy storage devices such as LIBs, SIBs, and supercapacitors. Introducing defects or
doping heteroatoms to MoS; can produce active sites and coordination effects, improve ion mobility,
increase the effective contact area between electrode materials and dielectrics, and improve the
conductivity of the material. However, to achieve practical application of MoS; in the energy sector, the
focus of future research should be the development of pore size structure and surface which is more
conductive to ion transport, simulation calculation to explore the mechanism and law of multi-
component MoS, composite to meet the needs of actual energy storage. MoS; has also been applied in
wastewater treatment through adsorption, photocatalysis, membrane filtration and antibacterial activity.
Therefore, the MoS: and MoS: based-composites are promising materials for environmental and
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biological applications. Future research should focus on precise phase engineering, defect-controlled
synthesis, and scalable fabrication of MoS,-based materials. In addition, integrating advanced
characterization with in situ techniques will be essential for uncovering structure—performance
relationships. These findings provide a theoretical and practical foundation for the rational design of
next-generation MoS,-based materials.
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