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ABSTRACT: Several studies have reported a growing interest in nanomaterials beyond conventional graphite,
driven by the rapid global demand for sustainable, high-performance energy storage. Among these materials, two-
dimensional (2D) transition metal chalcogenides (TMCs), molybdenum- and tin-based systems such as molybdenum
disulfide (MoS,) and tin (IV) disulfide (SnS,) in particular, have emerged as promising candidates for next-generation
electrochemical energy storage devices (EESDs). This is owing to their unique X-M-X sandwich architectures, tunable
electronic properties, and versatile intercalation chemistry. Despite several studies on 2D TMCs and their applications
in EESDs, a gap still exists, as there is no comprehensive review that integrates advanced synthesis routes and
multi-scale characterization with phase engineering (particularly the 2H-to-1T transition) and defect engineering
strategies, not just for MoS; and SnS; but also for other 2D TMCs (e.g., WS; and ReS;), while taking advantage of
Density Functional Theory (DFT) as a predictive tool for electronic structure, ion adsorption energies, and diffusion
barriers. Additionally, the review examines the sustainable utilization of local mineral precursors, such as Nigerian
lithium-bearing ores, for the production of 2D TMCs. Overall, this review provides a comprehensive framework for
the rational design and optimization of 2D chalcogenide-based nanomaterials for high-capacity lithium-, sodium-,
and potassium-ion storage devices.

KEYWORDS: 2D transition metal chalcogenides; MoS,, phase engineering; defect engineering; density functional
theory; electrochemical energy storage; intercalation kinetics

1 Introduction

Energy generation and sustainable energy storage present critical challenges for both developing
and industrialized nations. While many developing countries, such as Nigeria, possess abundant natural
resources for energy generation, concerns regarding the sustainability and efficient utilization of these
resources persist [1]. Globally, the rapid proliferation of electric vehicles, portable electronics, and renewable
energy technologies has further intensified the demand for high-performance, cost-effective, and sustainable
electrochemical energy storage devices (EESDs) that offer high energy density, high power density, long
cycle life, and compatibility with earth-abundant ion chemistries beyond lithium [2-5]. Conventional
graphite-based anodes have historically dominated commercial batteries; however, their limited theoretical
capacity and slow ion diffusion, particularly for larger Na* and K* ions, present significant obstacles for
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next-generation high-power energy storage applications [6]. Among all the potential materials used for
electrochemical energy storage, 2D TMCs, which are currently considered one of the most promising
material platforms for such applications, have attracted greater interest from researchers to alleviate these
limitations. Their layered van der Waals structure, customizable electrical characteristics, high theoretical
surface area, adjustable interlayer spacing, and remarkable chemical adaptability across many compositions
and crystal phases are all credited with this promise [7-9]. Reversible intercalation, conversion, and
pseudocapacitive storage of Li*, Na*, and K* ions are possible due to the unique X-M-X layered configuration
that provides electrochemically accessible sites in large quantities while promoting rapid intercalation and
adsorption of ions [5,7,10-12]. High surface-to-volume ratios and the tunability of interlayer spacing in
materials such as MoS;, WS, and SnS; provide improved ion transport rates and electrochemical access.
Besides the two-dimensional morphology, the outstanding electrochemical behavior of 2D TMCs is
attributed to the evolution of structure and composition of those materials [13]. This structural diversity
is caused by the coexistence of metastable and thermodynamically stable crystalline phases with different
electrical properties. For group-6 TMCs, including MoS; and WS,, the semiconducting 2H phase that has
trigonal prismatic coordination of transition metal atoms is the thermodynamic ground state [14,15]. In
turn, the metastable metallic 1T phase with octahedral metal coordination is very suitable for fast electro-
chemical processes owing to enhanced electronic conductivity and decreased ion diffusion barriers [7,15,16].
Consequently, precise control over crystal phase transformation, particularly the conversion from the
semiconducting 2H phase to the metallic 1T phase, together with the intentional introduction of atomic
defects such as chalcogen vacancies, has emerged as one of the most effective strategies for improving
electronic conductivity, increasing active sites, and accelerating ion transport [10,17,18] (see Fig. 1).
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Figure 1: (a) Crystal structures of 1T WS,, where W and S atoms coordinate in an octahedral configuration and
stack in an A/A’-B/B’-C/C’ mode. (b) Crystal structures of 1H WS;, where W and S atoms coordinate in a trigonal
prismatic configuration and stack in an A-B-A mode. (c) Top view (upper) and side view (lower) of crystal lattices
when overlapping of a layer of 1T/ WS, on top of a layer of 1H WS,. Color code: blue and orange spheres represent
W and S, respectively. The broken W-W and W-S bonds are labeled by dash lines, and the directions of W and S
atoms displacements are indicated by orange arrows. Each S atom that dissociates from a W atom after breaking
the W-S bond moves to a new position (marked by a dotted line circle) and forms a new W-S bond. Reproduced
from [19] under a Creative Commons Attribution 3.0 Unported Licence.
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Beyond the well-researched MoS; systems, the variety of 2D chalcogenides has been greatly expanded
by recent breakthroughs. Vanadium chalcogenides like VS, and VSe,, rhenium-based layered compounds
with intrinsically anisotropic crystal structures, and selenium-based materials like WSe,, SnSe;, and ReSe,
display special combinations of orbital hybridization, chalcogen polarizability, interlayer spacing, and phase
stability that are not possible in sulfide-only compositions [11,17]. Several of these materials provide electro-
chemical performances that are comparable to or better than those of traditional MoS; in certain ion-storage
applications, according to experimental and theoretical studies [20,21]. Thus, heterointerface engineering
successfully suppresses nanosheet restacking, minimizes phase reversion, permits volumetric expansion
during cycling, and produces electrochemical performances better than those of the individual compo-
nents [2,18,22]. his is demonstrated by the development of mixed-dimensional hybrid architectures that
combine 2D chalcogenides with graphene, carbon nanotubes, metal oxides, and metal-organic frameworks.

Significant advancements in synthesizing techniques have been accomplished concurrently with these
experimental discoveries. While bottom-up methods like chemical vapor deposition (CVD), hydrothermal
synthesis, and solvothermal synthesis offer better control over crystal quality, layer thickness, morphology,
defect concentration, and phase purity, top-down methods like liquid-phase exfoliation offer scalable
production of few-layer nanosheets [23,24]. However, despite significant advancements in experimental
synthesis, understanding the atomistic mechanisms behind crystal growth, defect formation, phase evolution,
and electrochemical activity remains a fundamental challenge.

As aresult, Density Functional Theory (DFT) has developed from a post-synthesis interpretive tool into
predictive design software that helps with electrochemical performance engineering, materials discovery,
and synthesis optimization [3,25,26]. DFT uses charge-density difference analysis, Bader charge partitioning,
projected density of states (PDOS), crystal orbital Hamilton population (COHP) analysis, and nudged elastic
band (NEB) calculations in addition to standard calculations of adsorption energies and ion diffusion
barriers to uncover the atomistic origins of charge transfer, chemical bonding, diffusion pathways, and
redox behavior [3,25,27]. By facilitating effective exploration of compositional and structural design areas
that are otherwise unreachable through experimentation alone, the recent integration of DFT with machine-
learning algorithms has further expedited computational materials discovery [25,28]. As a result, DFT is
being used as a theoretical microscope to anticipate new high-performance chalcogenide compositions
before production and to supplement experimental characterization [28,29].

Despite these impressive developments, a number of significant obstacles still stand in the way of turning
laboratory-scale findings into useful energy storage solutions. Due to differences in phase composition,
defect density, layer thickness, and microstructural uniformity, electrochemical performance frequently varies
significantly between nominally identical synthesis protocols, with two- to five-fold differences commonly
reported across independent laboratories [30-32]. Furthermore, despite a number of stabilization techniques,
the intrinsic trade-off between improved electrochemical performance and long-term structural stability is
created by the thermodynamic metastability of the metallic 1T phase [10,15]. Comparably, there are still few
systematic quantitative comparisons between sulfide and selenide chalcogenides across various alkali-ion
chemistries, and little is known about the atomistic mechanisms controlling potassium-ion storage, which
is distinguished by a larger ionic radius, higher diffusion barriers, and greater volumetric expansion than
lithium or sodium [3,5,21,29].

This research work combines the practical outcomes with theoretical insights derived from Density
Functional Theory for a critical assessment of recent advances in 2D transition metal chalcogenides as
electrochemical energy storage materials. The mechanisms of interaction between phase engineering,
defect chemistry, and ion diffusion; the thermodynamic limitations of the metallic 1T phase; comparisons
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of the storage mechanisms of Li*, Na*, and K*; benchmarking sulfides and selenide chalcogenides; and
design strategies for hybrid electrode systems are all discussed. To offer a comprehensive and useful
framework for rational design of the next generation of 2D chalcogenide-based electrochemical energy
storage systems, the current obstacles, future perspectives and opportunities, including local mining sources,
are finally addressed.

2 2D Chalcogenide Nanomaterials

2.1 Definition and Dimensionality in Nanoscale TMCs

The term two-dimensional (2D) chalcogenide nanomaterials is reserved for inorganic compounds with
anisotropic bonding, comprising very strong in-plane covalent bonding but relatively weaker out-of-plane
van der Waals bonding. The distinctive feature of these compounds is that the layered or chain-type
structure leads to anisotropic optical, electrical, and physical properties [11,14]. The TMC, designated
as MX,, where M is the transition metal and X is the chalcogen, is considered a nanomaterial when its
thickness is reduced to the atomic level (100 nm or lower).

At this thickness, electron confinement leads to an indirect-to-direct transition of bandgaps in com-
pounds such as MoS,, affecting their redox potential, thus making them more suitable for use as an energy
storage material. The higher theoretical capacity of TMCs compared with their bulk analog is associated
with this transformation [13].

2.2 Comparison of TMCs with Other 2D Nanomaterials

The 2D era was pioneered by numerous other 2D nanomaterials. Graphene is among the most well-
known. Highly regarded and thoroughly investigated, graphene is suitable for nearly every use in materials
science, including the regeneration of bone tissue [8]. One issue with graphene, however, is that it lacks
the chemical diversity needed for sophisticated electrochemical storage. This is because graphene’s sp2-
hybridized carbon atoms make it chemically inert. Despite its superior electron transport capabilities, it is
unable to store large amounts of energy through redox processes due to the absence of surface functional
groups [18]. This gap is filled by 2D chalcogenide nanomaterials, which offer:

+  Variable Oxidation States: Transition metals in TMCs can exist in a variety of oxidation states,
such as Mo*" to Mo®", which enables faradaic (battery-like) charge storage that graphene is unable
to accomplish.

. Polymorphism: TMC nanoparticles can exist in several structural phases, such as 2H, 1T, and 1T, in
contrast to graphene’s inflexible hexagonal lattice. DFT is essential for predicting which phase will
offer optimal electronic conductivity for a given battery chemistry [25].

2.3 Advantages of Nanostructuring for Electrochemical Energy Storage Devices (EESDs)

Electrochemical Energy Storage Devices (EESDs) are one of the key areas where 2D chalcogenide
nanomaterials are applied. This is due to their unique nanoscale architecture resulting from shortened
diffusion pathways. For instance, by reducing the material thickness to a few nanometers, the diffusion
distance for ions (Li*, Na*) is minimized, leading to ultra-fast charging capabilities [21].

Furthermore, nanomaterials have a high percentage of atoms residing on the surface, leading to a
shift in the energy storage mechanism from slow, bulk-controlled diffusion to fast, surface-controlled
pseudocapacitance. This is known as surface-dominated kinetics. Additionally, another unique architectural
feature is defect density. This comes into play when synthesizing at the nanoscale, allowing the precise
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introduction of chalcogen vacancies. These vacancies serve as ‘hotspots’ that reduce the adsorption energy
of ions, thereby increasing the overall energy density of the storage device [17,21].

2.4 Atomic and Crystal Structure
2.4.1 The X-M-X Sandwich Layering

Various layers, including monolayer, bilayer, and trilayer, form part of the 2D chalcogenide nanomate-
rials. The trilayer structure, which involves two outside layers of chalcogen anions (X) surrounding the
middle layer of transition metal atoms (M), is a distinct property of these materials. Different coordination
symmetry among the metals (such as molybdenum sulfide MoS;, and titanium diselenide TiSe; or the
post-transition metal in tin sulfide SnS,) defines these properties.

The thickness of a single tri-layer is approximately 0.6 to 0.7 nm, but the true potential for energy
storage lies in the van der Waals gallery—the physical gap between these sandwiches. Unlike other 2D
materials, the layers are held together by weak dispersion forces rather than ionic or covalent bonds. This
allows the lattice to “breathe” during the insertion of large ions, providing excellent structural flexibility
and resilience during repeated charge-discharge cycles [11] (see Fig. 2).
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Figure 2: Schematic illustration of the X-M-X sandwich layered structure of two-dimensional transition metal

chalcogenides (e.g., MoS;), showing in-plane covalent bonding and interlayer van der Waals gap. Adapted from [11].
2.4.2 Intralayer Covalent Bonding vs. Interlayer van der Waals Forces

Nanomaterials, especially 2D chalcogenides, derive their chemical stability from the strong in-plane
covalent bonding between the d-orbitals of metals and chalcogen p-orbitals. The high-energy bonds derived
from this structure ensure that nanosheets remain intact during high-rate charge or discharge cycles [14,33].

Additionally, the weak interlayer van der Waals forces represent a low energy barrier for ion diffusion.
Lu et al. [34] showed that by calculating the cleavage (exfoliation) energy of these layers using a DFT
approach, researchers can identify which TMCs are the most easily exfoliated. The findings from their
research suggest that materials with lower cleavage energies are easier to synthesize into 2D forms and
offer faster pathways for alkali metal (e.g., Na* and K*) ion transport.

2.4.3 Coordination Geometries: Trigonal Prismatic vs. Octahedral

One unique aspect of the atomic arrangement of transition metals is that they are not fixed, meaning
mobile electrons dictate a material’s electronic personality [35]. Two major phases exist with regard to
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coordination geometries of 2D chalcogenide nanomaterials: trigonal prismatic (2H phase) and octahedral
(1T phase). In the 2H phase, metal atoms are coordinated by six chalcogens in a D3, symmetry. Such
an arrangement leads to the splitting of the d-orbitals, creating a bandgap and making the material a
semiconductor. On the other hand, in the 1T phase, metal atoms are coordinated in an octahedral geometry.
This leads to overlapping of electronic states at the Fermi level, resulting in metallic behavior [35,36].

In recent times, there has been more focus on structural development. One such study highlighted
the transition from the 2H to 1T phase structure as a result of a subtle glide of one chalcogen plane [37].
This structural glide is energy intensive, and their study provides a new DFT-based roadmap for lowering
this transition energy through the introduction of specific lattice strains, which is vital for creating highly
conductive electrodes needed in high-power supercapacitors (see Fig. 3).
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Figure 3: Model of the 2H-1T phase transition in MoX, films. The 2H phase is trigonal prismatic and the material
is a semiconductor. The 1T phase is octahedral and the material is metallic. The 1T’ phase is an intermediate state.
Reproduce from [35] under a Creative Commons Attribution (CC BY 4.0) license.

2.5 Phase Engineering, Defect Chemistry, and Their Coupled Mechanistic Framework in
2D Chalcogenides

Phase engineering is the manipulation of the atomic arrangement within a 2D lattice to tune its
electronic conductivity and electrochemical reactivity. Phase engineering of 2D materials not only covers
conventional structural and metal-insulator transitions but also magnetic states, strongly correlated band
structures, and topological phases [38]. Li et al. [17] demonstrated that strategic phase engineering of
TMDs (particularly the 2H to 1T transition) significantly enhances their performance in surface-enhanced
Raman scattering (SERS) due to improved electronic conductivity and charge transfer in the metallic 1T
phase. These results demonstrate how phase control can be used to customize electrical characteristics for
a variety of uses, such as electrochemical energy storage.

Defect engineering and phase engineering have been separately discussed as two different techniques
that can be applied to enhance the electrochemical properties of 2D transition metal chalcogenides. However,
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it is important to note that there is no clear-cut distinction between these two phenomena from a mechanical
perspective. Defects in the lattice, lattice strains, and phase changes are interrelated phenomena at the
atomistic level, all of which regulate the charge-storing capacity, ion transport kinetics, and electronic
structure of these materials.

The principal issue related to the application of the DFT approach is the capability of the 2D chalco-
genide nanomaterials to undergo phase transitions between semiconductor and metal phases. This factor
dictates the efficiency of electron transfer during the charging process.

2.5.1 The 2H to 1T Transition: Structural Mechanism and Energy Landscape

In TMCs such as MoS,, the 2H to 1T phase transition is marked by an ordered glide of the chalcogen
plane relative to the core metal layer. As a consequence, the coordination of the metal is changed from
trigonal prismatic (D3p) to octahedral (Oy) symmetry. It involves more than mere rearrangement of
geometry; rather, it involves the rearrangement of the d-orbital splitting of the transition metal, resulting
in the reduction of the band gap in the 2H phase and the emergence of degenerate states in the 1T phase at
the Fermi level, responsible for the metallic character of the 1T phase. The energy barrier for the 2H to 1T
phase transition in pristine MoS; is calculated using density functional theory (DFT) to be around 0.84 eV
per formula unit under ambient conditions [39].

2.5.2 Influence of Chalcogen Vacancies on Transition Barrier and Electronic Structure

The chalcogen vacancies disturb the symmetry of the crystal field in which the metal ion is located
and thus act as effective structural defects that facilitate the 2H to 1T transformation. Coordination of
the molybdenum atom in the vicinity of the defect changes from trigonal prismatic to pentagonal due to
the creation of the sulfur vacancy in MoS,. Even before a full structural transition takes place, this local
symmetry breaking provides mid-gap electronic states that partially occupy the conduction band minimum,
moving the Fermi level into the metallic regime [40,41].

Sulfur vacancies lower the effective 2H to 1T transition barrier by up to 0.3 eV when compared to
the pristine lattice, according to DFT simulations utilizing the nudged elastic band (NEB) approach. This
reduction occurs because the bonding environment of the vacancy-perturbed metal center is already
asymmetrically distorted, requiring less mechanical effort to undergo chalcogen plane glide. Interestingly,
the structural change is preceded and facilitated by the electronic reconfiguration caused by vacancies,
suggesting that phase engineering and defect engineering are simultaneous processes functioning within
the same atomic framework [40,41].

Chalcogen vacancies modify ion transport via three mechanistically different routes in addition to
decreasing the transition barrier. First, the adsorption energy of alkali metal ions is greatly decreased by the
localized electrostatic wells that vacancies produce at the material’s surface. According to DFT estimates,
the adsorption energies for Li* on defect-engineered MoS, vary from about —1.8 to —3.2 €V, depending on
the number of vacancies, while on pristine 2H-MoS; they are about —1.2 €V. This differential provides a
significant thermodynamic driving force for ion uptake. Second, the diffusion barrier for ion migration
along the interlayer gallery is directly lowered by the local expansion of the interlayer van der Waals spacing
caused by lattice distortion surrounding each vacancy. Third, local charge-transfer kinetics at the electrode-
electrolyte interface are improved by the somewhat metallic electronic character generated by vacancy-
associated mid-gap states, which lowers the charge-transfer resistance as determined by electrochemical
impedance spectroscopy. Ion adsorption, interlayer accessibility, and charge transfer are all simultaneously
enhanced by vacancy-driven electronic structural alteration; these effects are synergistic rather than additive.
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Defect-engineered transition metal chalcogenide (TMC) electrodes routinely outperform both pristine
2H-phase and chemically converted 1T-phase counterparts in electrochemical benchmarking studies, which
can be explained by this synergy [42].

2.5.3 The Role of Lattice Strain as a Coupled Variable

In this concept, lattice strain is a third mechanistically related variable. Similar to vacancy formation,
biaxial tensile strain acts at a collective rather than a local scale, changing chalcogen-metal bond lengths
and weakening the crystal field splitting energy through substrate engineering, heterostructure growth, or
mechanical bending. According to DFT simulations, the 2H to 1T transition barrier can be lowered below
the thermal energy available at moderate processing temperatures with a biaxial tensile strain of roughly
3 to 5%, allowing strain-assisted phase conversion without the need for chemical intercalation or high
synthesis temperatures [15,43,44]. Tensile strain not only promotes phase conversion but also raises the
interlayer van der Waals gap in MoS, above its native value of about 0.62 nm. For big ions like Na™ and K*,
whose ionic radii would ordinarily result in considerable intercalation stress and structural deterioration
during repeated charge-discharge cycling, this expansion immediately lowers the diffusion barrier [45-47].

Instead of acting individually, strain and vacancies work together. Because the local lattice weakening
close to defect sites increases the bond-length response to applied strain, vacancy-rich regions show
increased strain sensitivity. This implies that local phase conversion in vacancy-dense domains can be
triggered by even small substrate-induced strain, leaving vacancy-free regions in the thermodynamically
stable 2H phase. The outcome is a spatially heterogeneous electrode microstructure where semiconducting
2H and metallic 1T domains coexist. Electrochemically, such microstructural coexistence is beneficial: 2H
domains offer chemical stability and structural integrity during repeated cycling, whereas 1T domains give
excellent electronic conductivity and quick charge-transfer kinetics. By simultaneously designing vacancy
concentration and applied strain within a single design strategy, it is possible to adjust the percentage of
these domains and, consequently, the overall electrochemical performance [43,48,49].

2.5.4 Unified Mechanistic Framework

Chalcogen vacancies, lattice strain, and the 2H to 1T phase transition are not three distinct engineering
factors, but rather an interrelated trinity, as shown by the mechanistic linkages described above. The
presence of vacancies modifies the density of electronic states and reduces the transition energy barrier.
This is further enhanced and locally modulated by strain. All these three parameters, namely charge
transfer resistance, kinetics of diffusion, and ion adsorption energy, are simultaneously regulated by
the resulting phase composition. In this regard, instead of individually fine-tuning all three parameters,
they need to be optimized simultaneously through a single DFT-based design methodology to optimize
the electrochemical activity of the two-dimensional chalcogenides [50-52]. The preparation process,
characterization procedures, and theoretical modeling discussed in the following sections are rooted in
this perspective.

2.6 Thermodynamic Metastability of the 1T Phase: Stability Limits, Phase Reversion, and
Cycling Degradation

In Section 2.5, we have seen some of the known electrochemical advantages of the metallic 1T phase
in 2D transition metal chalcogenides. The metastability of the 1T phase relative to the 2H phase from a
thermodynamic point of view, under ambient and electrochemical operating conditions, is an important
yet often overlooked limitation. The thermodynamic driving force for reversion to the 2H phase, the
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experimental evidence of phase degradation upon cycling, and the effects that such instability would have
on the long-term behavior of devices must be considered for 1T-phase TMDCs [53].

2.6.1 Thermodynamic Basis of 1T Phase Metastability

The position of the 1T phase on the energy surface of TMC polymorphs plays a critical role in
determining the metastability of the materials. In the case of group-6 TMCs such as MoS; and WS,, DFT
calculations have revealed that the total energy of the 1T phase is higher than the 2H phase energy by 0.2
to 0.8 eV per formula unit. This range depends on both the nature of the chalcogen and the method of
computation [54-57]. Because of the energy difference, the 1T phase cannot be a thermodynamic ground
state but occupies a local energy minimum that is isolated from the 2H global minimum by a kinetic barrier.
Thus, the 1T phase can be considered kinetically stabilized and remains stable only while there is insufficient
thermal energy in the system to overcome the energy barrier to reversion. Under ambient temperature
conditions, the energy barrier is sufficient for the appearance of stability for short periods of time, which is
one explanation for why fresh 1T TMCs may seem stable during initial electrochemical tests [58,59].

However, several destabilizing factors that do not exist under static storage conditions are created by
the electrochemical system. These include mechanical stresses due to lattice strains from the disruption of
the octahedral coordination symmetry of the 1T phase by the ion insertion during the charging process.
The increased temperature caused by resistive heating during high-rate cycling contributes to the thermal
activation energy needed to cross the reversion barrier. Overall, these electrochemical factors facilitate
the 1T-2H reversion in ways that cannot be identified by static stability measurements done outside the
operating cell [60].

2.6.2 Experimental Evidence for Phase Reversion during Cycling

The phenomenon of phase reversion to the 1T phase upon electrochemical cycling has been confirmed
experimentally in various TMC systems and characterization techniques. The transformation of phases
has been commonly observed by Raman spectroscopy through phase-specific vibrational signatures de-
termined by the positions and intensities of the E;, and A bands. In all cases of 1T-MoS; studied by the
chemical exfoliation method, 2H-phase Raman lines gradually appear after prolonged cycling. An increased
temperature and high current density expedite the phase reversion process [53,61].

These findings are additionally corroborated by X-ray photoelectron spectroscopy (XPS), which reveals
systematic changes in Mo 3d binding energy toward 2H-characteristic values. This demonstrates that the
phase reversion observed by Raman spectroscopy is not a surface-only phenomenon but rather a true bulk
structural shift. The formation of 2H-phase domains within initially 1T-dominant microstructures has
been directly seen by high-resolution transmission electron microscopy (HR-TEM) analyses of cycled 1T-
MoS; electrodes. Increased mechanical stress concentration occurs at the boundaries between these stages.
Increased local resistance and preferred structural degradation in later cycles are linked to these phase border
locations. Establishing a mechanistic connection between the capacity decrease frequently seen in long-term
cycling studies of 1T-phase TMC electrodes, phase reversion, and microstructural evolution [53,60,62].

A distinct but equally important type of structural deterioration has been documented in SnS;,-based
systems that adopt the 1T coordination geometry as their ground state instead of a metastable polymorph.
During deep sodiation, SnS; electrodes experience increasing amorphization and tin nanoparticle exsolution
rather than phase reversion. This process irrevocably destroys the layered structure and is driven by a
conversion reaction mechanism. This discrepancy between conversion-dominated degradation in SnS,
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and intercalation-dominated degradation in MoS; highlights the importance of considering the specific
degradation mechanism of each TMC chemistry when assessing long-term cycle stability [63,64].

2.6.3 Structural Evolution and Capacity Fade Mechanisms

Beyond phase reversion, a number of parallel processes are involved in the structural evolution
of 1T-phase transition metal chalcogenide (TMC) electrodes during prolonged cycling. Fatigue results
from mechanical stress caused by volume increases due to ion intercalation and deintercalation within
the electrode microstructure. Such fatigue is encouraged by factors such as restacking of nanosheets,
exfoliation, and a gradual decrease in accessible surface area. Restacking of the nanosheets is particularly
harmful, as it reduces the effective inter-layer spacing of ions resulting from ion diffusion, which hinders
the electrochemical benefits associated with the expanded van der Waals gallery of the 1T phase. Chalcogen
vacancies may serve as nucleation sites for structural changes. The activation barrier for both phase reversal
and amorphization is lowered by the local lattice distortion surrounding these vacancies [65,66].

Electrochemical impedance spectroscopy (EIS) analysis of aged 1T-phase TMC electrodes has con-
sistently shown a progressive increase in charge-transfer resistance (Rct) with increasing cycle number.
Parallel Raman and X-ray photoelectron spectroscopy (XPS) investigations show that this rise is correlated
with a decrease in the metallic 1T domain percentage. These results suggest that phase reversion, rather
than electrolyte breakdown or solid electrolyte interphase (SEI) evolution, which are the main degradation
mechanisms in graphite-based anodes, is mechanistically linked to capacity fade and rate performance
degradation [65,67].

2.6.4 Strategies for Stabilizing the 1T Phase against Reversion

To prevent thermodynamically induced reversion to the 2H phase during prolonged cycling, a number
of techniques have been devised to kinetically stabilize the 1T phase. By sterically impeding the chalcogen
plane glide necessary for the 1T to 2H structural transition, covalent functionalization of the TMC surface
with organic molecules or polymer coatings has been demonstrated to prevent reversion. By partially filling
the d-orbital manifold and decreasing the energy advantage of the 2H configuration, heteroatom doping,
especially with electron-donating species like nitrogen or rhenium, stabilizes the 1T phase and hence lowers
the thermodynamic driving force for reversion. By mechanically limiting the interlayer geometry and
offering continuous conductive pathways that reduce local heating during high-rate cycling, substrate
confinement techniques—in which TMC nanosheets are anchored to carbon nanotube networks, graphene
scaffolds, or metal-organic framework matrices-simultaneously suppress phase reversion and nanosheet
restacking [58,68-71].

Despite these developments, a stabilization technique that works for all TMC chemistries, operating
temperatures, and ion storage systems has not yet been shown. Therefore, the development of stabilizing
techniques that are efficient, scalable, and compatible with existing electrode manufacturing procedures is
essential for the actual deployment of 1T-phase TMC electrodes in commercial energy storage devices. A
thorough grasp of the present state and potential future course of two-dimensional chalcogenide research
for energy storage applications requires a serious evaluation of this constraint in addition to the proven
electrochemical benefits of the 1T phase.

2.6.5 Quantitative Benchmarking of Key Electrochemical and Theoretical Parameters

The Use of qualitative performance comparisons between transition metal chalcogenide (TMC) systems
is a major drawback of the review articles that are currently available in this sector. To close this gap,
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Table 1 shows quantitative DFT-calculated and experimentally observed parameters for representative
electrode systems based on MoS;, WS,, and SnS,. This technology enables direct numerical benchmarking
across phase variations, ion storage chemistries, and synthesis techniques. Adsorption energies (Eads),
diffusion barriers (Ea), experimentally determined electronic conductivity values, and reported specific
capacities under established testing conditions are among the gathered parameters. To enable a direct
comparison of 2H and 1T phase performance within the same material system, phase identity is specifically
mentioned in the aforementioned studies. Table 1 is intended to be a helpful guide for researchers selecting
material compositions and phase engineering targets for certain ion storage applications.

Table 1: Quantitative comparison of DFT-calculated and experimental parameters for representative MoS,-, WS,-,

and SnS,-based electrode system.

Conductivity  Specific Capacity

Material Phase Ion System  Eads (eV) Ea (eV) (S/m) (mAh/g) Ref.
MoS, 2H Li* —1.20 0.49 ~1073 167 (theoretical) [72,73]
MoS; 1T Li* -2.15 0.21 ~10° 335 (theoretical) [72]
MoS; (vacancy- 1T Li* ~3.20 0.15 ~10° 1290 [74,75]
engineered) (experimental)
MoS ded
MoS; (expande 2H/1T Na* ~1.68 0.28 ~10° 854 (experimental)  [61,73,76]
interlayer)
MoS, 2H K* —0.89 0.56 ~1073 98 (experimental) [61]
MoS; 1T K* -1.74 0.31 ~10° 245 (experimental) [53]
WS, 2H Li* -1.35 0.44 ~1072 174 (theoretical) [73,77]
WS, 1T Li* —2.28 0.19 ~10° 348 (theoretical) [77,78]
WS, 2H Na* —1.52 0.38 ~1072 195 (experimental) [78,79]
WSZ + 4 :
—2. .2 ~ 6,79

(heterostructure) 1T Na 41 0.22 10 508 (experimental) [76,79]
SnS; 1T Li* -1.94 0.33 ~10! 645 (experimental)  [80]
SnS; 1T Na* -1.71 0.41 ~10! 583 (experimental) [64]
SnS, (N-doped) 1T Na* —2.18 0.29 ~10% 738 (experimental) [81]
SnS b

nS; (carbon 1T K* ~1.58 0.35 ~102 426 (experimental)  [82]
composite)
MoS,/graphene . 5 . .

—2. . ~ 3

hybrid 1T Na 2.53 0.18 10 916 (experimental) [83]
WS,/CNT hybrid 1T K* -1.92 0.26 ~10* 389 (experimental) [84-86]

Table 1 shows a number of tendencies that are not apparent from qualitative comparisons alone. First,
moving from the 2H to the 1T phase lowers the diffusion barrier (Ea) by around 50 to 60 percent in all three
transition metal chalcogenide (TMC) systems and ion chemistries. This result shows that phase change
always improves kinetics. Second, the inclusion of vacancies in 1T-MoS; significantly reduces the adsorption
energy (Eads) and Ea, outperforming the outcomes of phase conversion alone. This is consistent with the
mechanistic approach in Section 2.5 and illustrates the combined benefits of engineering both phase and
faults. Third, K* storage systems exhibit the biggest differences between experimental specific capacities
and the theoretical values predicted by density functional theory (DFT). As discussed in Section 2.6, this is
caused by partial phase conversion, nanosheet restacking, solid electrolyte interphase (SEI) development,
and the instability of the 1T phase during cycling. Fourth, the highest experimental specific capacities in all
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ion systems are obtained by hybrid electrodes that mix 1T-phase TMCs with graphene or carbon nanotube
scaffolds. This supports the heterointerface engineering techniques discussed later. All things considered,
these figures establish a baseline for assessing upcoming materials advancements in this area.

2.7 Theoretical Foundation: The DFT Approach

While DFT gives the mechanical justification for these discoveries, experimental synthesis and charac-
terization provide actual physical confirmation of a material’s performance. Before experimental production
and testing, DFT serves as a reliable computational framework for predicting electrical characteristics,
phase stability, ion transport kinetics, and defect formation energetics in the context of 2D chalcogenide
nanomaterials [17]. To speed up the identification of new materials, DFT has advanced beyond standalone
computer studies and is now increasingly coupled with machine learning. Kim et al. [28] illustrated this inte-
gration by developing a DFT-verified database and machine learning framework for producing high-entropy
carbides with enhanced mechanical properties. One obvious use of this method is the rapid screening and
optimization of 2D TMCs for electrochemical energy storage applications. Band structure analysis and
total energy calculations are only two aspects of the present DFT toolkit for researching 2D chalcogenides.
It now includes crystal orbital Hamilton population analysis, charge-density difference analysis, Bader
charge partitioning, projected density of states decomposition, and nudged elastic band pathway mapping,
each of which offers a unique and complementary window into the atomistic mechanisms controlling ion
storage performance.

2.7.1 Introduction to Density Functional Theory in Material Science

All condensed matter systems, whether crystalline, amorphous, molecular, or nanoscale, consist of
collections of atoms and electrons bound together by electromagnetic interactions. The complete quantum
mechanical description of such a system is contained in the many-body Schrédinger equation:

N N
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where &(r; t) is the many-body wavefunction for N particles, where each particle has its own mass m;,
charge Z; and position r;. Despite its apparent compactness, this equation is computationally intractable for
systems containing more than a few electrons, owing to the exponential scaling of the wavefunction with
particle number [87].

Density Functional Theory (DFT) is a quantum mechanical modeling method used to investigate
the electronic structure of many-body systems. Instead of attempting to solve the complex Schrédinger
equation for every individual electron, which is computationally impossible for large systems, DFT relies
on the Hohenberg-Kohn theorems. These theorems state that all ground-state properties of a system
are determined by its electron density n(r) rather than by its individual wavefunctions. For 2D TMCs,
researchers solve the Kohn-Sham equations to determine the spatial distribution of electrons. This method
makes it possible to calculate the crystal lattice’s total energy, which is essential for figuring out whether
the 2H or 1T phase is more stable in a given setting [25].

2.7.2 Electronic Density of States and Band Structure Modeling

The Density of States (DOS) is a valuable outcome of DFT calculations for energy storage applications.
By mapping the DOS, it is possible to clearly display the electronic energy distribution within a material.
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This technique allows for the accurate identification of the bandgap, or the energy range devoid of electronic
energy levels. According to DFT simulations, the bandgap shifts from indirect to direct when the material is
reduced to a monolayer, which dramatically changes the material’s electrochemical and optical properties.

Important details on metallic behavior are also provided by the DOS. According to DFT investigations,
the 1T phase possesses a sizable density of states at the Fermi level (EF), a crucial indicator of metallic
conductivity. According to recent research, doping TMCs with early transition metals like vanadium can
induce metallic-like characteristics and improve charge-transfer performance by shifting the Fermi level
into the conduction band [31].

2.7.3 Projected Density of States and Orbital-Resolved Electronic Structure

The projected density of states (pDOS) reveals which particular atoms and orbitals dominate the
electronic states at and near the Fermi level by breaking down the total electronic contribution into in-
dividual atomic and orbital components, whereas the total DOS gives an overall picture of electronic
structure. Because it pinpoints the exact electronic states involved in charge transfer during ion adsorp-
tion and intercalation, this orbital resolution is essential for understanding ion-storage mechanisms in
2D chalcogenides.

Mo d-orbitals, particularly the dz? orbital in the valence band maxima, dominate the states close to
the Fermi level in the 2H phase of MoS,, according to pDOS analysis, with a minor contribution from
sulfur p-orbitals at the band margins. The Mo d-orbital character is dramatically redistributed in the pDOS
upon transition to the 1T phase, with the previously divided dz? dxy/dx? — y? and dxz/dyz manifolds
collapsing into overlapping contributions at the Fermi level. Changes in conductivity and charge-transfer
resistance that have been measured experimentally can be directly linked to this orbital collapse, which is
the electronic fingerprint of the 2H to 1T transition.

Furthermore, pDOS analysis of vacancy-containing supercells reveals the emergence of localized mid-
gap states with mixed Mo d and S p character, providing atomistic confirmation that chalcogen vacancies
introduce electronic states that enhance ion adsorption and modify charge-transfer kinetics as discussed
in Section 2.5. The degree of orbital hybridization between the alkali metal s-orbitals and the TMC d
and p states is revealed by pDOS calculations of TMC surfaces with adsorbed Li*, Na*, or K" ions for
ion-specific storage studies. This directly quantifies the strength and nature of the ion-surface chemical
interaction [88-91].

2.7.4 Charge-Density Difference Maps and Electron Transfer Visualization

Charge-density difference (CDD) maps, which provide real-space information about where electrons
accumulate and deplete within the crystal, provide a spatially resolved visualization of electron redistribution
upon ion adsorption or phase transition, in addition to the energy-integrated view of the DOS and pDOS.
CDD maps are produced by subtracting the electron densities of the distinct subsystems (the TMC surface
and the adsorbed ion separately) from the electron density of the combined adsorbed system:

Ap(r) = p(TMC + ion) — p(TMC) — p(ion) (2)

Positive Ap(r) regions suggest electron accretion, while negative Ap(r) regions indicate electron
depletion. Strong electron accumulation between the adsorbed ion and the nearest chalcogen atoms is
routinely shown in CDD maps for alkali metal ion adsorption on MoS;, with comparable electron depletion
surrounding the alkali metal center. This demonstrates that ion adsorption is more than merely electrostatic



14 Chalcogenide Lett. 2026;23(8):2

contact; it also entails significant charge transfer from the TMC surface to the adsorbed ion. This charge-
transfer property directly affects the magnitude of the local work function change at the electrode-electrolyte
interface, the strength of ion binding, and the reversibility of adsorption during cycling.

CDD maps made between the 2H and 1T phases of MoS; are used to visualize the spatial redistribution
of electron density associated with the chalcogen plane glide for phase transition research. Consistent
with the loss of crystal field stabilization energy that propels the metallic behavior of the 1T configuration,
these maps show how electron density shifts from metal-chalcogen bonding regions in the 2H phase
to non-bonding regions in the 1T phase. By localizing the electronic perturbation caused by chalcogen
vacancies to within approximately two unit cells of the defect site, CDD maps determine the spatial range
over which vacancy-induced electronic restructuring influences ion adsorption and charge-transfer kinetics
in defect-containing systems [92,93].

2.7.5 Bader Charge Analysis and Quantitative Charge Transfer

Bader charge analysis offers a rigorous mathematical framework for dividing the total electron density
of a system into contributions linked to individual atoms, whereas CDD maps offer qualitative spatial
representation of charge redistribution. This method, developed by Bader and colleagues, uses zero-flux
surfaces in the electron density, where all electron density is attributed to the enclosing atom, to determine
atomic volumes. A quantitative indicator of ionic character and charge transfer magnitude, the Bader
charge for each atom is then calculated as the difference between its nuclear charge and its assigned
electron population.

Bader analysis measures the exact amount of charge transferred from the TMC electrode to adsorbed
alkali metal ions in the context of 2D chalcogenide ion storage. Bader analysis usually assigns 0.85 to
0.90 electrons to the deposited lithium core for Li* adsorption on virgin 2H-MoS,, showing near-complete
ionization and strong electrostatic interaction. The transferred charge for Na™ adsorption under similar
conditions is usually lower, ranging from 0.78 to 0.84 electrons [94,95]. This is in line with the greater
diffusion barriers and poorer adsorption energies for sodium compared to lithium shown in DFT-NEB
experiments. According to Bader analysis, chalcogen vacancy production redistributes electron density
from the vacancy site to nearby metal atoms, increasing their effective negative charge and strengthening
their electrostatic attraction for positively charged alkali metal ions. This quantitative charge redistribution,
which links the defect engineering techniques covered in Section 2.5 to an accurately measured electronic
driving force, causes the experimentally observed increase in ion adsorption capacity at vacancy sites.
Bader analysis provides a quantitative electronic basis for the enhanced ion adsorption and charge-transfer
kinetics of the metallic phase in phase transition studies by confirming that Mo atoms in the 1T phase carry
a systematically higher effective negative charge than their 2H counterparts due to the different orbital
occupancies associated with octahedral versus trigonal prismatic coordination [91,96,97].

2.7.6 Crystal Orbital Hamilton Population Analysis

Direct evaluation of the bonding or antibonding nature of electronic states as a function of energy
is made possible by crystal orbital Hamilton population (COHP) analysis, which offers a bond-resolved
breakdown of the overall band structure energy into contributions from individual atom pairs. COHP
analysis provides an orbital-level interpretation of structural stability, phase preference, and bond evolution
during ion intercalation by identifying which occupied electronic states stabilize and which destabilize
particular chemical bonds, in contrast to the DOS, which counts states regardless of their bonding role.
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According to COHP analysis of the metal-chalcogen bond [98], the occupied electronic states close to
the valence band maximum in the 2H phase of 2D TMC systems are mostly bonding in character, which
contributes to the thermodynamic stability of the trigonal prismatic coordination. The structural lability
of the 1T phase and its thermodynamic metastability relative to the 2H configuration are directly caused
by the transition to the 1T phase, which introduces partial occupation of metal-chalcogen antibonding
states near the Fermi level, lowering the net bonding strength of the metal-chalcogen interaction [99]. This
COHP-derived understanding links macroscopic phase stability behavior to the bonding type of certain
electronic states, offering a rigorous quantum mechanical justification for the experimental finding of 1T
phase reversal covered in Section 2.6.

In order to determine whether ion adsorption strengthens or weakens the host lattice metal-chalcogen
interactions, COHP analysis of the ion-TMC interaction quantifies the bonding contribution of the hybridized
alkali metal and TMC orbitals revealed by pDOS analysis [100]. Lithium insertion partially populates
Mo-S antibonding states, gradually reducing the intralayer covalent bonding with increasing lithiation
depth, according to studies on Li intercalation in MoS,. The prediction of this bond weakening by COHP
analysis before experimental testing demonstrates the predictive and preventive value of this computational
approach in directing electrode design toward operating voltage windows that avoid irreversible structural
degradation. This bond weakening is the atomistic precursor to the structural amorphization and conversion
reactions observed experimentally at deep discharge states.

2.7.7 Nudged Elastic Band Calculations for Ion Diffusion Pathways

The classic DFT-based method for mapping the minimal energy pathway (MEP) for ion migration
between neighboring stable adsorption sites inside the TMC lattice is the nudged elastic band (NEB) method.
To prevent image collapse onto either endpoint, the NEB approach builds a chain of intermediate atomic
configurations (images) connecting the initial and final states of the diffusion event. All of the images
along the chain are concurrently relaxed under a spring force constraint. The energy maximum along the
relaxed chain defines the transition state, and the energy difference between this maximum and the initial
adsorption minimum defines the diffusion barrier Ea [43].

Two distinct migration paths for in-plane diffusion within a single TMC layer are shown by NEB
simulations for MoS,: a direct hopping track between adjacent hollow sites above the hexagonal Mo lattice
and an indirect approach via bridge sites between surrounding S atoms. The indirect pathway consistently
displays a lower Ea in DFT-NEB calculations, indicating that the favored mode of ion migration in MoS; is
bridge-site hopping rather than direct hollow-to-hollow transit. Strategically positioning sulfur vacancies
along the favored migration pathway can lower Ea by eliminating the electrostatic repulsion that takes
place at bridge-site transition states because bridge sites are located adjacent to the Mo-S bonds that are
most prone to vacancy formation. Defect engineering can benefit from this route selectivity.

Particularly for Na® and K*, whose ionic radii approach or surpass the native interlayer gap, NEB
calculations reveal much larger Ea values for interlayer diffusion compared to in-plane migration. For thick
electrode films, interlayer diffusion is the rate-limiting step because it regulates ion transport between
neighboring TMC layers. Interlayer NEB simulations on expanded-spacing MoS, structures show that
increasing the interlayer distance from 0.62 nm to around 0.90 nm reduces the interlayer Na* diffusion
barrier by up to 40%. This gives the interlayer expansion options discussed in Section 2.5 quantitative
atomistic support. The NEB calculations on 1T-phase MoS; consistently produce lower Ea values than
comparable estimates on the 2H phase for all three alkali metal ions. This demonstrates that the electronic
structural change associated with the phase transition directly increases ion diffusion kinetics rather than
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only improving electronic conductivity and establishes a twofold kinetic benefit of phase engineering that
is only fully exposed through NEB analysis [45].

2.7.8 Adsorption Energies and Their Role in Ion Storage Capacity

The ion adsorption energy (Eads) calculated by DFT quantifies the thermodynamic driving force for
ion binding at a specific surface or subsurface site and is defined as:

Eads = E(TMC + ion) — E(TMC) — E(ion) (3)

where stronger and thermodynamically more favorable ion binding is indicated by a higher negative Eads.
The electrode’s theoretical storage capacity is directly correlated with this number: sites with sufficiently
negative Eads values facilitate reversible ion storage, sites with insufficiently negative values do not retain
ions during discharge, and sites with excessively negative values may trap ions irreversibly, reducing
Coulombic efficiency [26,42,101].

DFT calculations of Eads over the MoS; surface at various lithiation levels show a consistent impact
of adsorption strength on surface coverage. Electrostatic repulsion between co-adsorbed ions causes
Eads to become less negative as ion coverage rises. By defining a theoretical maximum storage capacity
beyond which further ion adsorption becomes thermodynamically unfavorable, this coverage-dependent
behavior offers a DFT-derived upper bound for experimental capacity optimization. Chalcogen vacancy sites
consistently exhibit greater negative Eads values than pristine basal plane sites in all alkali metal ions and
TMC systems studied; the augmentation is highest for K* because potassium adsorption is more sensitive to
the local electrostatic environment than lithium. It is clear from systematic DFT Eads mapping [42,102,103]
that vacancy engineering is a more successful performance enhancement method for K-ion storage than
for Li-ion storage. This conclusion would not be apparent from experimental capacity measurements alone.
Practical design implications result from this ion-specific vacancy sensitivity.

2.7.9 Integrating the DFT Toolbox: From Atomistic Insight to Electrode Design

Combining the computational methods described in Sections 2.7.2-2.7.8 is more efficient than using
them separately. A thorough DFT characterization of a 2D chalcogenide electrode material for ion storage
applications incorporates total energy calculations for phase stability assessment, pDOS and COHP analysis
for electronic structure and bonding characterization, CDD maps and Bader analysis for charge transfer
quantification, Eads mapping for storage capacity prediction, and NEB calculations for diffusion kinetics
evaluation. Together, these tools provide an atomistic description of how phase identity, defect concentration,
lattice strain, and composition all contribute to self-consistent and mutually validating electrochemical
performance [103,104].

DFT’s function in 2D chalcogenide research has changed as a result of this integrated computational
framework. It is now a predictive design platform that directs synthesis choices before experiments, rather
than a supporting tool that verifies experimental results after the fact. Researchers can find the best material
configurations computationally and focus experimental synthesis efforts on the most promising candidates
by creating DFT-derived phase stability maps, adsorption energy landscapes, and diffusion barrier profiles
as functions of composition and defect concentration. This greatly speeds up the development cycle from
conceptual framework to functional electrode. Future experimental and computational developments in 2D
chalcogenide energy storage research can be systematically assessed using the quantitative benchmarks
created by this toolbox, which are listed in Table 1 of Section 2.6.5 [104,105].
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2.7.10 DFT as a Synthesis Optimization Tool

From being a post-synthesis characterization tool, DFT has developed into a potent prediction frame-
work that is used throughout the actual synthesis planning phase. DFT calculations now allow researchers
to anticipate phase stability under certain processing conditions, find energetically advantageous reaction
paths, and optimize synthesis parameters before investing experimental resources, instead of validating
experimental results after the fact. To be more precise, DFT is used to simulate surface diffusion and
nucleation processes on particular substrates, determine the lowest-energy synthesis pathways toward a
target phase, and compute the decomposition energies of precursor molecules. DFT can thereby forecast the
ideal growth temperatures and pressures for the intended 2H or 1T phase; and assess the thermodynamic
stability and formation energy of the metastable 1T phase as a function of dopant concentration and identity,
directing the choice of stabilizing agents compatible with scalable fabrication processes [25,106].

The predictive power of DFT-guided synthesis optimization is well illustrated by the work of
Hojaji et al. [26], who explored 1T-MoS; as a cathode host for lithium-sulfur batteries by examining the
adsorption affinity of pristine and defect-engineered 1T-Mo$S; substrates toward lithium polysulfides (LiPSs).
A major performance limitation of lithium-sulfur batteries is the polysulfide shuttle effect, arising from the
rapid migration of dissolved LiPS intermediates to the anode and the sluggish conversion kinetics of the
LiPS reaction chain. Using DFT, Hojaji et al. calculated the adsorption energies of LiPS species on pristine
1T-MoS; and on 1T-MoS; surfaces containing one and two sulfur vacancies, mapped the Gibbs free energy
profiles for the full LiPS conversion chain, and identified the preferred migration pathways and activation
energies for the rate-limiting Li,S4 to Li,S conversion step. A clear example of computation-first synthesis
design in the 2D chalcogenide area was established by the experimental validation of the optimized 1T-MoS,
structures found computationally (Fig. 4), which showed better Li-S battery performance commensurate
with the DFT predictions.

(D)

Figure 4: The optimized structures of (A) 1T-MoS,, (B) 1T-MoS,-1S, and (C) 1TMoS;-2S and (D) Li2Sn (n = 1, 2, 4, 6,
and 8), where teal, violet, and yellow colours denote Mo, Li, and S atoms, respectively. Atom bond lengths are in A.
Reproduced from [26] under a Creative Commons Attribution (CC BY 4.0) license.
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Li-S systems are not the only ones that can benefit from this DFT-guided synthesis optimization method.
The same computational methodology has been used to screen heterostructure combinations for suppressed
nanosheet restacking, determine dopant concentrations that stabilize the 1T phase against thermal reversion,
and predict ideal CVD growth temperatures for phase-selective MoS; deposition. By combining DFT synthe-
sis optimization with the advanced characterization toolbox described in Sections 2.7.2-2.7.9, researchers
can create a closed computational-experimental loop in which DFT predictions guide synthesis, charac-
terization validates the predicted structures, and differences between prediction and experiment inform
improved DFT models, gradually converging on materials with optimized electrochemical performance.

2.8 Comparative Analysis of Sulfide and Selenide 2D Chalcogenides: From MoS2 to WSez, SnS3,
and ReSe,

While MoS, has been the standard 2D transition metal chalcogenide for electrochemical energy
storage research, a comprehensive assessment of the field requires a methodical comparison with other
chalcogenide systems like SnS;, WSe,, and ReSe;. The substitution of selenium for sulfur as the chalcogen
atom fundamentally changes the orbital hybridization, electrical conductivity, ion polarizability, redox
kinetics, and structural stability of the MX; lattice. Understanding how chalcogen identity regulates these
properties is necessary to select the optimal TMC chemistry for specific ion storage applications [5].

2.8.1 How Chalcogen Identity Controls Orbital Hybridization and Electronic Conductivity

The shift from sulfide to selenide chalcogenides introduces a heavier and more polarizable chalcogen
atom with a larger atomic radius (1.84 A for Se versus 1.04 A for S), a higher primary quantum number,
and more diffuse valence orbitals. Taken together, these differences alter the metal-chalcogen bond in
three mechanistically important ways. First, compared to the analogous sulfide, stronger covalent metal-
chalcogen bonding is produced by the greater orbital overlap between the more diffuse Se 4p orbitals and
the metal d-orbitals, which narrows the bandgap and changes the electronic structure toward metallic
behavior. This explains why selenide-based TMCs often have higher intrinsic electrical conductivity than
their sulfide counterparts and why WSe; has a smaller bandgap of about 1.2 eV in the monolayer limit
compared to 1.8 eV for WS,. Second, the 1T phase is thermodynamically closer to the 2H phase in selenide
systems and can be accessible under milder synthesis conditions due to the reduced crystal field splitting
energy in selenides compared to sulfides, which lowers the energetic cost for the 2H to 1T transition.
Third, the dielectric screening of Coulombic interactions within the TMC layer is improved by the greater
polarizability of the Se anion, which lowers the effective electron-electron repulsion and further stabilizes
metallic behavior in the 1T configuration [57,107-109].

2.8.2 SnSy: Intercalation and Conversion Mechanisms

In contrast to MoS,, where the 1T phase must be induced by external intervention, SnS; adopts the
CdI, crystal structure with tin atoms octahedrally coordinated by six sulfur atoms in a 1T configuration that
represents the thermodynamic ground state rather than a metastable polymorph. Because of its native 1T
coordination, SnS; has intrinsic metallic-like electronic conductivity without requiring phase engineering,
which makes it a desirable electrode material for ion storage applications where ease of production is
crucial. Interlayer expansion techniques similar to those used for MoS, are motivated by the mild limits on
Na* and K* intercalation kinetics imposed by the approximately 5.9 A interlayer spacing of SnS,, which is
slightly lower than that of MoS, [110-112].
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Unlike the primarily intercalation-based mechanism of MoS;, the electrochemical storage mechanism
of SnS; comprises a dual-stage procedure. The Sn-S bonds are broken, and SnS, is reduced to metallic tin
nanoparticles embedded in a Li,S or Na,S matrix during the initial lithiation or sodiation. Following this
conversion, the tin nanoparticles undergo an alloying reaction with either sodium or lithium, resulting in
the formation of Li-Sn or NaSn alloy phases. When conversion and alloying contributions are taken into
consideration, SnS;’s potential capacity for lithium storage is roughly 1232 mAh/g, which is significantly
greater than MoS,’s theoretical capacity for intercalation alone. However, the main problem for SnS,-based
anode materials is electrode pulverization and capacity decline over prolonged cycling due to the significant
volume expansion associated with the alloying reaction, which can reach up to 300% for full lithiation [28,38].
By offering mechanical confinement and lowering the absolute volumetric change per particle, carbon
matrix encapsulation and smaller nanosheet dimensions have been shown to partially mitigate this volume
expansion. This has resulted in experimentally measured capacities of 583 to 738 mAh/g for Na* storage in
optimized SnS; architectures, as compiled in Table 2 [80,113-116].

2.8.3 WSey: Enhanced Conductivity and Selenide Advantages

The selenide analog of WS,, WSe,, has the identical trigonal prismatic 2H ground state coordination.
However, because of the chalcogen identity effects discussed in Section 2.8.1, its electrical and electro-
chemical properties are very different from those of its sulfide counterpart. Compared with WS,, WSe,’s
narrower bandgap lowers charge-transfer resistance at the electrode-electrolyte interface and increases the
pseudocapacitive contribution to total charge storage, resulting in better rate capability under comparable
cycling conditions. DFT calculations show that Li* adsorbs on the pristine basal plane of WSe, with energies
typically in the range of —1.2 to —1.5 €V, and adsorption is substantially strengthened at selenium vacancy
sites [117], representing stronger adsorption than the equivalent sulfide values for WS; due to the enhanced
polarizability of the Se anion and the stronger orbital hybridization between Li s-orbitals and Se 4p states.

The interlayer spacing of WSe, in its native 2H phase is approximately 6.5 A, slightly larger than MoS,
and WS,, which provides marginally improved accommodation of Na* and K* ions during intercalation
and reduces the diffusion barrier for large ion transport [118-120].

In heterostructure configurations combining 1T-WSe;, with carbon nanotube scaffolds, experimentally
measured specific capacities of 508 mAh/g for Na* storage have been reported alongside charge-transfer
resistance values of less than 50 Q, demonstrating that the combination of selenide-enhanced conductivity
and heterostructure architecture delivers electrochemical performance exceeding that of equivalent WS,-
based systems [5,121]. The DFT-predicted conductivity enhancement is experimentally validated by
recent work by Ismail et al. on tungsten-based chalcogenides, which shows that the selenide substitution
consistently provides 15 to 25% improvements in rate capability relative to the sulfide analog at high current
densities [122-124].

2.8.4 ReSey: Anisotropic Structure and Unique Ion Transport Properties

Because of its deformed 1T crystal structure, where rhenium atoms form diamond-shaped Rey clusters
within each layer instead of the regular hexagonal arrangement typical of MoS; and WSe;, ReSe; has a
unique place among 2D chalcogenides. This structural distortion breaks the MX; lattice’s in-plane isotropy,
resulting in a highly anisotropic electronic structure with direction-dependent ion transport and electrical
conductivity. In order to improve rate performance beyond what isotropic TMC electrodes can accomplish,
orientated electrode manufacturing can take advantage of the preferred ion diffusion paths created by the
significantly higher in-plane conductivity of ReSe;, along the Re4 chain direction than perpendicular to it.
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ReSe,’s distorted 1T structure also provides remarkable interlayer decoupling: its weak and anisotropic
interlayer interactions result in an interlayer spacing of about 6.7 A with a much lower interlayer binding
energy than MoS, or WSe,, allowing for stable cycling performance without the interlayer expansion
engineering strategies needed for Na*™ and K* storage in tightly coupled TMC systems [125,126]. ReSe,
is a high-rate SIB anode material whose kinetic advantages come from structural anisotropy rather than
phase engineering or interlayer expansion [126,127]. DFT calculations of the Na* diffusion barrier in ReSe;
yield values of roughly 0.18 to 0.24 eV along the Re4 chain direction, which is significantly lower than the
0.62 eV barrier in 2H-MoS, and even competitive with values achieved in engineered expanded-spacing
MoS, structures.

2.8.5 Quantitative Comparison of Sulfide and Selenide Systems

Key electrical and electrochemical parameters for representative sulfide and selenide TMC systems
are compiled in Table 2, allowing for a direct quantitative comparison of how chalcogen identity affects
performance throughout the property space pertinent to ion storage applications.

Table 2: Comparative electronic and electrochemical parameters for sulfide and selenide 2D chalcogenide elec-
trode systems.

. Bandgap Interlayer Eads Li* leflfsmn Experl.mental Ion
Material Structure (V) Spacing (A)  (eV) Barrier Capacity Svstem Ref.
pacing Na* (eV) (mAh/g) Y
Trigonal 167 . o
MoS; (2H) prismatic 1.8 (ML) 6.2 ~1.20 0.62 (theoretical) 1 [26,128]
MoS; (expanded . . e .
interlayer) 2H/1T Octahedral Metallic 6.2 2.15 0.28 854 Na [32,76,128]
Trigonal 174 .
. B -1 . + 124
WS, (2H) prismatic 20ML) 6.2 1.35 0.44 (theoretical) 1 [88,124]
WS,
(heterostructure) Octahedral Metallic 6.2 —2.28 0.22 508 Na* [79,129]
1T
SnS, (1T) Octahedral ) Loy 59 ~1.94 0.41 583t0738  Na' [79,120]
(native)
WSe, (2H) Trigonal 1.2 (ML) 6.5 152 0.38 195 Na* [79,123]
prismatic
WSe,/CNT (1T) Octahedral Metallic 6.5 —241 0.22 508 Na* [79,126]
ReSe; (distorted Distorted .
- octahedra] 13 0ul) 67 1.78 018t00.24 420 to 560 Na [130]
VS, (17T) Octahedral =\ e 5.8 —2.05 0.19 466 Na* [120,131]
(native)

ML = monolayer; Eads = adsorption energy; diffusion barrier and Eads values from DFT calculations; experimental capacities from
cited references.

3 Synthesis Methods for 2D Chalcogenides

The synthesis of 2D chalcogenide nanomaterials is the most critical step in determining the final
material’s phase (2H or 1T), defect density, layer thickness, and overall electrochemical performance. The
choice of synthesis technique has a major impact on the material’s scalability, cost-effectiveness, and
environmental friendliness in addition to its structural quality and phase purity as 2D chalcogenide research
advances from fundamental laboratory examination to practical device application. You et al. [132] outlined
four typical pathways for the synthesis of TMD materials. A closer look at these pathways shows that



Chalcogenide Lett. 2026;23(8):2 21

synthesis techniques can be broadly classified into two categories: top-down and bottom-up methods.
Each of these approaches has specific trade-offs in terms of cost, environmental impact, throughput, and
structural quality that must be carefully balanced against the requirements of the intended application [133].

The benefits of top-down approaches include low capital costs, simple equipment needs, and interoper-
ability with large-scale manufacturing facilities. They start with bulk layered crystals and transform them
into monolayer or few-layer sheets. Mechanical exfoliation, liquid-phase exfoliation (using shear force
or ultrasonication), and electrochemical exfoliation are examples of top-down techniques. Among these,
liquid-phase exfoliation has shown that large-scale production is feasible [134,135]. Even though these
techniques typically maintain high crystalline quality, they frequently have low yield and little control
over phase purity; defect concentration and the polydisperse nanosheet dimensions created by mechanical
exfoliation processes reduce batch-to-batch reproducibility in a way that is challenging to overcome without
downstream size-selection processing, which raises costs and decreases yield [106,136,137].

By building the 2D structure atom by atom from molecular precursors, bottom-up techniques, on the
other hand, offer greater control over phase composition, defect engineering, and layer number uniformity.
But compared to top-down approaches, they have a much higher capital cost and a lower throughput.
Bottom-up synthesis techniques include colloidal synthesis, chemical vapor deposition (CVD), hydrother-
mal/solvothermal synthesis, and atomic layer deposition (ALD). Because these synthesis techniques offer
more control over morphology, phase composition, and intentional fault introduction, they are more appro-
priate for scalable manufacture and tailored electrochemical properties [138]. For instance, because CVD
necessitates specialized reactor systems, high-purity precursor gases, elevated processing temperatures,
and stringent control of growth parameters, it has substantially higher capital and operating costs than
liquid-phase exfoliation even though it can produce high-quality, wafer-scale films. Hydrothermal and
solvothermal methods, in contrast to CVD, provide greater scalability and lower equipment costs while
maintaining a respectable level of control over crystal form and composition. Their batch-processing
nature limits continuous manufacturing, and their use of aqueous or organic solvents necessitates solvent
recovery, wastewater treatment, and energy-intensive drying and annealing. These factors must therefore
be considered in life-cycle and techno-economic assessments [139].

For both tactics to be optimized, DFT is necessary. It is frequently used in growth mechanism modeling,
defect formation simulation, phase stability prediction, and formation energy estimates. This computational
guidance significantly reduces experimental trial-and-error, focuses research goals, and lowers research
costs by helping researchers select the optimal synthesis parameters, such as temperature, pressure, and
precursors, to favor the desired metallic 1T phase or controlled defect density [121]. Advances in these
areas have shown that integrating DFT-guided predictions with bottom-up synthesis routes provides the
most effective pathway for producing high-performance 2D chalcogenides with tunable electronic and
electrochemical properties for energy storage applications [33,140,141].

3.1 Top-down Synthesis: Exfoliation Methods

By overcoming the weak van der Waals interactions between adjacent layers, bulk layered crystals can
be mechanically or chemically separated into few-layer or monolayer 2D sheets using top-down production
techniques. These methods are typically straightforward, economical, and appropriate for large-scale
manufacturing. The most popular method among them is Liquid Phase Exfoliation (LPE). To delaminate
the layers in LPE, bulk powders are dissolved in suitable solvents and exposed to high shear mixing or
ultrasonication. To increase dispersion stability and reduce restacking of exfoliated flakes, recent efforts
have concentrated on using eco-friendly green solvents and surfactants [25,30]. Cyrene, a bio-based green
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solvent made from cellulose, was shown by Fernandes et al. [142] to perform exceptionally well as a liquid-
phase exfoliation medium for 2D materials, providing a less toxic and sustainable substitute for traditional
toxic solvents like NMP and DMF. Similar to this, Akeredolu et al. [2] created 2D MoS; and graphene
nanosheets from bulk materials using a modified LPE approach (see Fig. 5). Vertical heterojunctions were
made possible by the sequential deposition or hybridization of these nanosheets to create MoS,/graphene
heterostructures. Compared with devices based on individual materials or conventional LPE-derived films,
the photodetector device built using the resulting heterostructures demonstrated improved optoelectronic

performance (see Fig. 6).
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Figure 5: Schematic method of preparation of MoS;/graphene heterostructure Reproduce from [2] under a Creative

Commons Attribution (CC BY 4.0) license.
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Figure 6: AFM images of (a) graphene nanosheets, (b) MoS; nanosheets, and (c) MoS,/graphene heterostructure,
while (d-f) represent the corresponding thickness distributions of particles in the AFM images, respectively. Scale
bars are indicated in the original figure reproduce from [2] under a Creative Commons Attribution (CC BY 4.0) license.
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Ion intercalation, which involves inserting tiny ions like Li* into the van der Waals galleries of layered
crystals, is another potent top-down technique. This insertion makes exfoliation easier by increasing
interlayer separation and reducing interlayer interactions. In addition to encouraging layer separation,
chemically driven intercalation with organolithium reagents causes a structural phase transition from
the thermodynamically stable semiconducting 2H phase to the metallic 1T phase, which dramatically
increases electronic conductivity [17,143]. Within the framework of the top-down synthesis technique,
ion intercalation is a relatively new phenomenon. This is demonstrated by the work described in [31],
which produced thin, superior 2H phase MoS; nanosheets from bulk MoS; using a cathodic electrochemical
exfoliation technique. Large organic trimethylalkylammonium cations were used as intercalants in this
method. The resultant nanosheets retained the semiconducting 2H phase while displaying characteristics
appropriate for lithium-ion battery anodes. Significantly, these nanosheets outperformed materials made

using traditional liquid-phase exfoliation techniques (Fig. 7).
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Figure 7: Schematic of the intercalation and exfoliation of layered MoS, by tetraalkylammonium and alkyltrimethy-
lammonium cations. Intercalation and exfoliation of MoS, with (a) larger cross-section tetraalkylammonium cations,
and (b) alkyltrimethylammonium cations, with a smaller cross-section in the direction of the long alkyl chain. Repro-
duced from [31] under a Creative Commons Attribution (CC BY 4.0) license.

For mineral rich resource countries like Nigeria, top-down methods such as LPE hold special promise, as
they can potentially utilize locally sourced mineral precursors (e.g., lithium-bearing ores or natural molybden-
ite) for domestic production of 2D nanosheets [1]. See Fig. 8 for a comparison between the two methods.

Comparison of Synthesis Methods for 2D TMD Materials

TOP-DOWN BOTTOM-UP

Bulk Crystal Metal + Chalcogen
Mechanical Exfoliation Chemical Reaction
(LPE) (CVD/Hydrothermal)

Controlled Nucleation

J

Few-layer Sheets

2D TMD Nanosheets

Figure 8: Schematic comparison of top-down (exfoliation from bulk crystals) and bottom-up (growth from precursors)
synthesis approaches for 2D chalcogenide nanomaterials. Adapted from [32,106].
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3.2 Bottom-up Synthesis: Chemical Vapor Deposition (CVD) and Related Methods

Bottom-up approaches construct 2D chalcogenide layers atom-by-atom from vapor or solution precur-
sors, in contrast to Top-Down approaches. Among these, chemical vapor deposition (CVD) is the most widely
used technique for producing high-quality, large-area 2D films. Molybdenum trioxide (MoQOj3) and sulfur
powder are evaporated and interact on a heated substrate in a conventional MoS; CVD method [144-146].

CVD provides excellent structural control, enabling precise customization of layer number, domain
size, grain boundaries, and defect density by altering precursor ratios, temperature profiles, and carrier
gas flow rates [18,32]. Researchers may deliberately add chalcogen vacancies or change cooling rates to
produce defect structures that function as active sites for ion adsorption and diffusion, which is crucial for
high-power energy storage applications. For particular device layouts, other bottom-up techniques like
hydrothermal/solvothermal synthesis and atomic layer deposition (ALD) provide extra benefits in terms of
cost, uniformity, and substrate compatibility.

The efficiency of CVD for the production of nanosheets has been shown in numerous studies. For
instance, Tummala et al. [147] used atmospheric pressure chemical vapor deposition (AP CVD) to create
MoS; nanosheets. Amorphous SiO, (50 nm)/Si (100) substrates were utilized for initial development, whereas
sulfur powder (S, 99.98%, Sigma Aldrich) and molybdenum trioxide (MoQOs3, 99.97%, Sigma Aldrich) were
used as precursor sources. Later, pre-patterned SiO; and tantalum nitride (TaN) substrates were included in
the optimized growth formula. The upstream sulfur and downstream MoOj; boats were properly positioned
in a two-zone furnace with a 2-inch quartz tube (150 cm long) for their AP CVD experiments (see Fig. 9).
This work demonstrated a controllable and scalable route for synthesizing large-area MoS, ranging from
monolayers to few-layer structures.

Similarly, Seravalli et al. [146] reviewed the use of CVD for synthesizing 2D MoS; flakes. Owing
to the simplicity of the CVD setup (see Fig. 10), precursor delivery typically involves sulfur alone or a
combination of sulfur and molybdenum compounds in gaseous form. These precursors are transported
to a heated substrate placed on a graphite or similar susceptor, where the chemical reactions required for
MoS, deposition occur. By altering precursor chemistry and reactor setups, a number of researchers have
effectively modified CVD techniques to grow other TMDs, including WS,, building on these developments
in MoS; synthesis.

Xu et al. [148] proposed an alternative sealed-tube CVD approach for the creation of monolayer WS,
by using a homogeneous blend of WS; powder and sodium thiosulfate (Na;S;03) as precursor materials, as
opposed to the conventional WOs/sulfur precursor system. The precursor mixture was placed in a quartz
boat beneath a face-down SiO,/Si substrate, and crystal formation was conducted in an Ar/H; (5% H3)
environment at 500 and 700°C. Their results demonstrated that growth temperature significantly affected
crystal shape, with triangular monolayer domains formed at 500°C and leaf-like WS; films forming at 700°C.
The study shows how nucleation and growth kinetics may be successfully altered by temperature control
and precursor engineering, enabling morphology-controlled synthesis. Furthermore, the relatively low
growth temperatures employed in contrast to conventional CVD techniques suggest a potentially more
energy-efficient approach for WS, synthesis. However, the sealed-tube configuration inherently provides
limited control over precursor flux and vapor mobility, which may restrict scalability for continuous
wafer-scale manufacture and reduce process repeatability.

In contrast, Thangaraja et al. [149] employed a more conventional atmospheric-pressure CVD (AP-
CVD) technique based on sulfurizing WO3 powder in a two-zone quartz tube reactor utilizing sulfur vapor.
By spatially separating the tungsten precursor from the sulfur supply, the authors were able to independently
manage precursor evaporation and sulfurization. This made it possible to systematically investigate how
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growth temperature and precursor loading affect the production of WS, crystals. Their results showed that
these variables significantly affected layer thickness, crystal shape, and nucleation density. Growth at 750°C
was the primary source of triangular and star-shaped WS; crystals, while higher temperatures promoted
further crystal evolution and morphological modifications. The AP-CVD arrangement provides more
flexibility in controlling precursor movement and reaction kinetics than the sealed-tube method described
by Xu et al., which makes it more appropriate for process optimization and scaling up. However, the narrow
processing window associated with AP-CVD is highlighted by the strong dependence of crystal quality
on precise temperature control and precursor concentration, posing ongoing challenges for producing
uniform, defect-controlled, wafer-scale WS; films suitable for industrial production. Taken together, these
findings demonstrate the broad applicability of CVD as a dependable and adaptable method for creating
nanomaterials [45,106]. Fig. 11 shows the sample of the morphological modification, as demonstrated in
MoS,, while Table 3 outlines the various properties of the synthesis strategies.
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Figure 9: (a) Schematic diagram of the horizontal two-zone CVD furnace for the synthesis of flat-MoS,. (b) Modified
CVD setup used to synthesize vertical-MoS, nanosheets by adjusting the boat position during the growth temperature
ramp on different substrates. (c) Different steps of temperature profile (left y-axis) adopted for the synthesis of
flat-MoS, nanosheets with growth ramp at 750°C (solid line, SiO,/Si) and 650°C (dash line, TaN) for 20 min; in the
same graph the Ar flux changes during the CVD process are also plotted (blue solid line, right y-axis). (d) Three step
temperature profile (left y-axis) used for the synthesis of vertical-MoS, nanosheets with growth ramp at 750°C (solid
line, Si0,/Si) and 625°C (dash line, TaN) for 20 min; in the same graph the Ar flux changes during the CVD process
are also plotted (blue solid line, right y-axis). Reproduced from [147] under a Creative Commons Attribution (CC BY

4.0) license.
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Table 3: Comparison of synthesis strategies for 2D chalcogenides.
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Figure 11: Structural representation of the polymorphs of MoS,. Red/blue atoms indicate Mo, and yellow atoms
depict S. (A) Alignment of atoms in two adjacent layers of 2H MoS,, trigonal prismatic coordination of Mo atom,
and top view (c-axis direction) of 2H nanosheet plane. (B) Top view of c-axis plane of the 2H, 1T, and 1T’ MoS,.
(C) Alignment of two adjacent layers of 1T MoS,, octahedral coordination of Mo atom, and top view of 1T nanosheet
plane. (A,C). Reproduce from [53] under a Creative Commons Attribution (CC BY 4.0) license.

3.3 Critical Synthesis Parameters Governing Reproducibility

The remarkable variation in electrochemical performance observed across investigations using seem-
ingly equal or very similar synthesis techniques is one of the most enduring and significant issues in 2D
chalcogenide research. TMC electrodes with specific capacities, rate capabilities, and cycling stabilities that
differ by factors of two to five or more are frequently produced by nominally equivalent CVD or liquid-phase
exfoliation processes carried out in different laboratories, or even within the same laboratory under slightly
different ambient conditions. This disparity in repeatability is not solely due to measurement error and in-
consistent electrochemical testing protocols. This phenomenon stems from the remarkable sensitivity of 2D
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chalcogenide phase identity, defect concentration, layer number, and microstructural uniformity to a set of
synthesis parameters that are frequently underreported, poorly controlled, or regarded as secondary variables
in published studies. The CVD synthesis parameters covered by Tummala et al. [147] and Seravalli et al. [146],
include temperature profile, furnace zone arrangement, substrate selection, and precursor identity. When
these characteristics are not thoroughly described and controlled, they each have an independent impact
on the final material qualities in ways that make direct cross-study comparison unreliable. Therefore, a
thorough understanding of how each critical synthesis parameter affects the final material is necessary to
translate laboratory results into scalable and reproducible electrode production processes.

3.3.1 Precursor Purity and Phase Selectivity

Precursor purity is the key factor influencing synthesis repeatability in both CVD and solution-based
TMC production, despite being one of the most inconsistently reported parameters in the literature [150,151].
The vapor pressure profile of the molybdenum source during CVD synthesis of MoS; using MoOs and
elemental sulfur is altered by trace impurities in MoOs, particularly residual molybdenum suboxides
(MoO, and MoO) resulting from incomplete oxidation during precursor preparation, according to Tum-
mala et al. [147]. As a result, oxygen contaminates the developing TMC film, selectively stabilizing the 2H
phase through substitution at sulfur vacancy sites. Even under growth conditions that are supposed to
promote 1T formation, this suppresses the electronic reorganization required for the nucleation of the 1T
phase, leading to 2H-dominant films.

The purity of ammonium tetrathiomolybdate (ATM) precursors has a major impact on the sulfur
activity during crystallization for solution-based processes, such as the hydrothermal and solvothermal
methods described in Section 3.1. Commercial ATM reagents of nominally equivalent purity grades from
different suppliers exhibit measurable variations in residual oxide and water content during hydrothermal
treatment, which alter the local sulfur-to-molybdenum chemical potential and shift the phase equilibrium
between 2H and 1T products in ways that cannot be predicted from nominal synthesis conditions alone.
Researchers trying to duplicate published results must specify not only the precursor grade but also the
supplier, lot number, and storage conditions of all reagents because moisture absorption during storage can
alter precursor reactivity and phase selectivity even within a single batch of nominally identical material.

3.3.2 Sulfur-to-Metal Ratio and Chalcogen Stoichiometry

The sulfur-to-metal (S/Mo) ratio supplied during CVD synthesis is the primary determinant of chalco-
gen stoichiometry and vacancy concentration in the final TMC film. At stoichiometric and superstoichio-
metric S/Mo ratios, the growing film approaches the ideal MoS; composition with low intrinsic vacancy
density, producing a predominantly 2H-phase product with relatively low ion adsorption capacity but high
structural stability during cycling. At substoichiometric S/Mo ratios, sulfur vacancies are introduced at
concentrations proportional to the chalcogen deficit, enhancing ion adsorption and lowering diffusion
barriers as discussed in Section 2.5, while simultaneously increasing susceptibility to 1T phase reversion
during cycling as discussed in Section 2.6.

The practical challenge is that the effective S/Mo ratio experienced by the growing film is not simply
the ratio of precursor masses loaded into the CVD furnace. As demonstrated in the two-zone furnace
configuration employed by Tummala et al. [147] and shown in Fig. 9, it is determined by the vapor
pressures of the sulfur and molybdenum sources at the growth temperature, the carrier gas flow rate
transporting sulfur vapor to the substrate, the temperature gradient between the sulfur source and the
substrate, and the residence time of sulfur vapor above the substrate surface. Small changes in any of
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these variables alter the effective S/Mo ratio at the growth front independently of the loaded precursor
ratio, explaining why nominally identical precursor loadings in different furnace configurations or at
slightly different temperatures produce films with substantially different vacancy concentrations and
electrochemical performances. Systematic calibration of the effective S/Mo ratio through post-synthesis
XPS quantification of sulfur vacancy concentration, rather than reliance on loaded precursor ratios alone,
is therefore essential for achieving reproducible defect engineering in CVD-grown TMC electrodes.

3.3.3 Carrier Gas Flow Rate and Vapor Transport

The local chalcogen partial pressure at the growth front is determined by the carrier gas flow rate, which
also controls the movement of chalcogen vapor from the precursor source to the substrate surface [152,153].
As seen in the Ar flux patterns presented by Tummala et al. [147] in Fig. 9, argon is commonly used as the
carrier gas in CVD synthesis of MoS; and WS, at flow rates ranging from 10 to 200 sccm depending on
furnace design and tube diameter. Synthesis optimization studies often ignore the non-monotonic impact
of carrier gas flow rate on phase composition and film quality within this range [152,153].

At low flow rates, sulfur vapor collects above the substrate and provides a locally high chalcogen partial
pressure that supports stoichiometric growth with low vacancy density. The chalcogen partial pressure is
lowered to a level that introduces regulated vacancy concentrations while preserving an adequate supply of
sulfur for ongoing film growth at intermediate flow rates. Rapid removal of sulfur vapor from the growth
zone at high flow rates produces a highly chalcogen-deficient environment that can promote phase-selective
1T nucleation at the expense of decreased film uniformity and increased surface roughness [152,153]. In
addition to its direct effect on chalcogen partial pressure, carrier gas flow rate influences the residence time
of volatile molybdenum suboxides above the substrate, which influences nucleation density and, in turn,
the final grain size and domain boundary density of the film. Grain boundaries are favored sites for both
ion intercalation and structural degradation during cycling; therefore, carrier gas flow rate simultaneously
influences stoichiometry, phase composition, and grain microstructure, which has a compound effect on
electrochemical performance.

3.3.4 Heating Ramp Rate and Nucleation Control

The heating ramp rate from ambient to the target growth temperature determines the nucleation
density of TMC domains, which in turn determines the ultimate grain size, layer number uniformity, and
phase composition of the deposited film. The temperature profiles published by Tummala et al. [147,154,155]
for flat and vertical MoS; development in Fig. 9 demonstrate how alternative ramp profiles applied to
the same furnace configuration result in films with distinct morphologies and phase compositions. This
demonstrates that the ramp rate is not a procedural feature but rather an independent synthesis variable.

In the early phases of growth, rapid heating ramps provide high supersaturation of reactive vapor
species at the substrate surface, which promotes high nucleation density and results in films with small grain
sizes, high domain border density, and generally uniform layer thickness [154,155]. Slow heating ramps
reduce the concentration of reactive monomer species available for surface nucleation and produce films
with larger grain sizes and more layer-to-layer thickness variability by allowing precursor decomposition
products to pre-react in the gas phase for extended periods of time at intermediate temperatures. The
ideal ramp rate for electrochemical energy storage applications is a compromise: while small grains with
high boundary density maximize surface area and edge site availability but add more sites for structural
degradation and phase reversion, large grains with low boundary density minimize structural degradation
during cycling but decrease accessible surface area for ion adsorption. Therefore, it is crucial for synthesis
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methods to precisely specify the heating ramp rate in order to direct researchers toward the appropriate
microstructural regime for their intended use.

3.3.5 Cooling Rate and Phase Preservation

A crucial but often overlooked synthesis parameter, the cooling rate after TMC film formation, impacts
whether the phase composition created during growth is maintained or changed upon return to ambient
temperature [147,152,155]. The cooling rate directly impacts the likelihood of 1T to 2H phase reversion
before the film reaches ambient temperature for 1T-phase TMC films formed under kinetic phase selection
conditions. This is because the cooling rate controls the thermal energy available to the system during the
post-growth period.

By quickly lowering the thermal energy available for chalcogen plane glide, rapid cooling from the
growth temperature to below around 200°C, which may be accomplished by removing the substrate from
the furnace hot zone right after development, kinetically traps the 1T phase composition [155]. By keeping
the film at temperatures where the reversion barrier may be thermally overcome for prolonged periods,
slow furnace cooling gradually transforms 1T domains into 2H and results in a final phase composition
that is significantly different from that at the growth temperature. Cooling rate variation within a single
CVD protocol results in measurably different structural outcomes, as demonstrated by the cooling profiles
reported by Tummala et al. [147] in Fig. 9. This provides direct experimental evidence that cooling rate must
be specified and standardized along with growth temperature and precursor conditions in reproducible
synthesis protocols. This cooling-rate-dependent phase evolution has been directly visualized by studies
using in situ Raman spectroscopy during controlled cooling. These studies show that the 1T phase fraction
in MoS; films decreases monotonically with decreasing cooling rate and that films cooled at rates below
about 5°C per minute retain less than 50% of the 1T phase fraction present at the growth temperature.

3.3.6 Substrate Selection and Epitaxial Constraints

Three mechanistically different pathways are used by substrate selection to affect TMC film growth:
chemical interaction between the substrate surface and TMC precursors, epitaxial strain imposed by lattice
mismatch between the substrate and the growing film, and substrate thermal conductivity, which determines
the local temperature gradient experienced by the growing film [147,156]. By comparing film morphology
and quality on SiO,/Si and TaN substrates using identical precursor conditions, Tummala et al. [147]
clearly illustrated the substrate dependence of MoS; CVD growth. They discovered that different substrates
required different growth temperatures and produced films with distinct structural characteristics despite
nominally equivalent synthesis protocols. This substrate sensitivity links the synthesis repeatability topic
to the larger context of TMC heterostructure production and is directly related to the review’s discussion
of TaN as a substrate material.

Through geometric lattice matching and van der Waals epitaxy, epitaxial substrates including c-plane
sapphire, mica, and hexagonal boron nitride encourage oriented TMC film formation, resulting in films
with preferred grain orientations and less rotational disorder than amorphous SiO; substrates. A direct
mechanistic connection between substrate choice and phase engineering results is established by the lattice
mismatch between the substrate and the TMC overlayer, which introduces biaxial strain that, as covered
in Section 2.5.3, can promote the 2H to 1T transition when tensile and suppress it when compressive.
In fundamental research contexts, the preference for epitaxially ideal substrates may be superseded by
practical constraints such as compatibility with electrode fabrication processes, electrolyte stability, and
current collector integration when choosing a substrate for electrochemical device applications [157,158].
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3.3.7 Defect Concentration Control and Characterization-Guided Synthesis

Achieving reproducible and targeted defect concentrations in 2D TMC electrodes requires a shift
from empirical synthesis optimization toward characterization-guided defect engineering [159,160]. Defect
concentration is not a directly controllable synthesis variable but an emergent property of the combined
influence of precursor purity, S/Mo ratio, carrier gas flow, temperature profile, and substrate chemistry
described in the preceding subsections. Small and difficult-to-control variations in any of these parameters
translate into significant and often unpredictable variations in final vacancy concentration, producing the
performance variability that currently limits direct comparison between studies in the 2D chalcogenide
literature [27,161].

Establishing a reproducible defect engineering protocol therefore requires closing the feedback loop
between synthesis and characterization. Post-synthesis XPS quantification of the S/Mo atomic ratio, as
employed across the studies reviewed in Section 4, provides a direct measure of bulk vacancy concentration.
Atomic-resolution ADF-STEM enables direct visualization and counting of individual vacancy sites, while
Raman spectroscopy provides a rapid non-destructive probe of vacancy concentration through the vacancy-
induced broadening and red-shifting of the A;; mode, enabling high-throughput screening across large
sample sets. By developing calibration curves that correlate specific synthesis parameters with XPS-
measured vacancy concentrations and Raman spectroscopic signatures, researchers can design synthesis
parameter windows that consistently produce targeted vacancy concentrations within predefined tolerance
ranges. This method transforms defect engineering from an empirical approach into a quantitatively
controlled fabrication workflow.

If the 2D chalcogenide research community embraced characterization-guided synthesis procedures,
the performance variability that currently hinders direct cross-study comparison and makes it challenging
to establish true material performance limits would be greatly reduced. For publications in this field that
aim to provide truly reproducible and actionable synthesis guidance, standardized reporting of all seven
synthesis parameters discussed in this section, along with post-synthesis characterization data verifying
phase composition, vacancy concentration, and microstructural properties of the electrode material, should
be regarded as a minimum reporting requirement [159,162,163].

4 Characterization Techniques for 2D Chalcogenides

Characterization is an essential link between synthesis and performance evaluation. It provides crucial
evidence of effective defect engineering, phase transitions, and structural alterations in 2D chalcogenide
nanomaterials. Density Functional Theory (DFT) theoretical predictions are correlated with modern spec-
troscopic, microscopic, and electrochemical techniques used to verify the quality of synthesized materials.

4.1 Spectroscopic Analysis: Raman and XPS

Researchers can examine the structural and chemical characteristics of 2D chalcogenide nanomaterials
without harming the sample by using spectroscopic techniques that provide non-destructive fingerprinting.
The most popular methods for verifying phase transitions, locating defect structures, and assessing chemical
composition are Raman spectroscopy and X-ray photoelectron spectroscopy (XPS).

Raman spectroscopy is particularly useful for distinguishing between the semiconducting 2H phase
and the metallic 1T phase. The 2H phase often exhibits two unique vibrational modes: the in-plane E%g
mode and the out-of-plane A;; mode. During the transition to the 1T phase, these peaks weaken, shift, or
widen due to changes in lattice symmetry. More importantly, new features known as J peaks (J1, J2, and J3)
show the decreased symmetry associated with octahedral coordination in the 1T phase.
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An excellent example of Raman spectroscopy’s capabilities is found in the publication MoS; Coexisting
in 1T and 2H Phases Synthesized by Common Hydrothermal Method for Hydrogen Evolution Reaction.
In this work, MoS,, including both 1T and 2H phases with improved catalytic capabilities, was generated
using a hydrothermal process followed by a solvothermal treatment. The two main activation modes for
the 2H phase was identified by Raman spectra (Fig. 12) A;g at 404 cm™ ', which corresponds to out-of-

plane vibrations of sulfur atoms, and E% g at 379 cm™!

, which results from in-plane vibrations of Mo and S
atoms [164,165]. These fingerprints verified the structural changes brought about by synthesis and directly

confirmed the coexistence of both phases.
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Figure 12: Raman spectrum of 1”T@2H-MoS, and 2H-MoS;. Reproduced from [166] under a Creative Commons
Attribution (CC BY 4.0) license.

The existence and strength of these J-peaks are trustworthy markers of a successful phase transition
to the metallic state [17,167].

The existence and strength of these J-peaks are trustworthy markers of a successful phase transition
to the metallic state [18,106]. Raman and XPS together provide complementary information, with one
revealing structural symmetry and phase identity, and the other revealing chemical composition and defect
chemistry, forming a robust foundation for understanding the quality of synthesized 2D chalcogenide
nanomaterials (see Fig. 13).
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Figure 13: X-ray photoelectron spectroscopy (XPS) spectra of (a) 2H-MoS; and (b) 1T@2H-MoS;, (c) XRD of 1T@2H-
MoS,. Reproduced from [166] under a Creative Commons Attribution (CC BY 4.0) license.

4.2 Microscopic Imaging: HR-TEM and AFM

While spectroscopic techniques provide averaged information about structural and chemical changes,
microscopic techniques provide direct visual evidence at the nanoscale and atomic scale. Among these,
high-resolution transmission electron microscopy (HR-TEM) and atomic force microscopy (AFM) are the
most commonly used tools for characterizing 2D chalcogenide materials.

High-Resolution Transmission Electron Microscopy (HR-TEM) allows direct observation of atomic
organization, grain boundaries, lattice fringes, and structural defects. It can clearly distinguish between the
trigonal prismatic (2H) and octahedral (1T) coordination, and it reveals lattice distortions associated with
chalcogen vacancies, strain, or phase transitions [32] (see Fig. 14).

Atomic Force Microscopy (AFM) is indispensable for measuring the thickness of nanosheets. By
measuring step heights with sub-nanometer precision, AFM confirms whether the synthesized material
consists of only a few atomic layers (typically 1 to 10 layers), thereby verifying the successful achievement
of true two-dimensionality (see Fig. 14).
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Figure 14: Field emission scanning electron microscope (FESEM) images (a—d) of the bulk MoS; and MoS,-NS,
atomic force microscope (AFM) images (e.f), height profiles (inset), (transmission electron microscope) TEM and
high-resolution transmission electron microscope (HRTEM) images of MoS; nanosheets (g-i), and the fast Fourier

transforms (FFT) pattern of MoS; NS (j). Scale bars are indicated in the original figure. Reproduced from [168] under
a Creative Commons Attribution (CC BY 4.0) license.

In the context of local resources, HR-TEM and AFM can also reveal whether natural impurities in
Nigerian ores act as natural pillars that maintain expanded interlayer spacing [1].

4.3 Electrochemical Characterization

Since the ultimate goal of developing 2D chalcogenide nanomaterials is their integration into energy
storage devices, electrochemical characterization techniques are essential to evaluate real-world perfor-
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mance under operating conditions. These methods directly assess how structural modifications, such as
phase transitions, defect engineering and heterostructure formation, translate into improved charge storage
capacity, rate capability, and cycling stability.

One essential method for locating redox peaks connected to ion intercalation and deintercalation
processes is cyclic voltammetry (CV). Increased peak current densities and a discernible change in peak
location toward lower potentials frequently signify improved electronic conductivity and a successful
transition from the semiconducting 2H phase to the metallic 1T phase. The electrochemical behavior
of MoS; electrodes made on fluorine-doped tin oxide (FTO) substrates was examined using CV in [169],
which confirmed the enhanced electrochemical activity of the produced material and revealed unique redox
characteristics related to ion transport (see Fig. 15).
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Figure 15: Graphical representation of CV signature of various samples of MoS, exfoliated in (A) ethanol, (B) EG,
(C) DMF, and (D) DMSO. Reproduced from [169] under a Creative Commons Attribution (CC BY 4.0) license.

Similarly, the energy barrier for ion insertion can be lowered by the presence of chalcogen vacancies,
leading to improved pseudocapacitive behavior and increased specific capacity [4,170].

To gain a deeper understanding of the kinetic limitations and resistance processes seen in CV, elec-
trochemical impedance spectroscopy (EIS) is employed as an additional method. While CV displays the
general charge-storage behavior, EIS measures the specific resistive and diffusive processes within the
electrode. In particular, it monitors the charge-transfer resistance (Rct) and ion diffusion kinetics at the
electrode-electrolyte interface. A significant decrease in Rct provides strong evidence of improved elec-
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tronic conductivity, typically resulting from the formation of the highly conductive 1T phase or optimal
defect topologies.

Furthermore, by examining the Warburg impedance zone in the Nyquist plot (see Fig. 16), ion diffusion
behavior can be comprehended. Improved Warburg characteristics suggest faster ion transport, which
is necessary for high power performance in supercapacitors and batteries [170]. Combining CV and
EIS provides a comprehensive understanding of how structural engineering methods lead to improved
electrochemical functionality.

-300

-200

Z"/lohm

=100 -+

80

Z'lohm

Figure 16: Figure 16: Plot showing Nyquist plot of MoS, samples exfoliated in (1) ethanol, (2) EG, (3) DMF, and
(4) DMSO along with equivalent impedance circuit diagram. Reproduced from [169] under a Creative Commons
Attribution (CC BY 4.0) license.

4.4 The DFT Approach to Characterization

While experimental methods provide direct measurements, Density Functional Theory (DFT) is a
powerful auxiliary tool that links experimental results with fundamental understanding. DFT is crucial not
just for prediction but also for the interpretation and validation of characterization data. DFT calculations
yield simulated Raman spectra and XPS binding energies that may be directly compared with experimental
results to accurately confirm phase identity (2H vs. 1T) and assess defect concentrations. Additionally, the
electron-density distribution and the Electron Localization Function (ELF) demonstrate how chalcogen
vacancies generate localized electronic states that act as hotspots for ion adsorption—electronic features
that are invisible through traditional spectroscopy or microscopy [25,106]. Thanks to DFT.

By combining DFT with experimental characterization, researchers are able to fully understand
structure-property connections. This combination approach not only verifies successful synthesis but also
guides further 2D chalcogenide tailoring for enhanced electrochemical energy storage performance. Table 4
(collected and amended based on the literature, particularly [27,164], and related investigations) lists the
primary characterization techniques.
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Table 4: Summary of key characterization techniques for 2D chalcogenides and their link to DFT.

Technique

Primary Information Gained

Link to DFT Approach

Raman Spectroscopy

Phase identification (2H vs. 17T),
vibrational modes

Comparison of experimental spectra
with DFT-simulated vibrational modes

X-ray Photoelectron Spectroscopy
(XPS)

Elemental composition, oxidation states,
vacancy concentration

Validation of experimental binding
energies against DFT-calculated values

High-Resolution Transmission Electron
Microscopy (HR-TEM)

Atomic-scale structure, lattice defects,
phase boundaries

Visual confirmation of DFT-predicted
lattice distortions and defect structures

Electrochemical Impedance

Charge-transfer resistance (Ry), ion
diffusion kinetics

Correlation with DFT-calculated
diffusion barriers (E,) and charge

Spectroscopy (EIS) transfer properties

5 Energy Storage Applications, Challenges, and Future Perspectives

To assess the practical performance of 2D chalcogenide nanomaterials in actual electrochemical energy
storage devices (EESDs), this final chapter combines the synthesis procedures, characterization methods,
and DFT-based theoretical insights covered in previous sections. It also suggests prospective paths for
converting laboratory success into industrial applications and critically evaluates the current obstacles.

5.1 Performance in Supercapacitors and Batteries

Because of their large surface area, adjustable interlayer spacing, and diverse electrical characteristics,
two-dimensional transition metal chalcogenides (TMCs) are mainly used in batteries and supercapacitors,
the two main types of EESDs. The layered X-M-X structure is a great host for reversible ion intercalation in
lithium-ion batteries (LIBs) and particularly sodium-ion batteries (SIBs). SIBs are more difficult because Na*
has a greater ionic radius than Li*, but TMCs’ metallic 1T phase dramatically reduces the diffusion energy
barrier, improving rate performance and cycling stability. Because of this, 2D TMCs are especially promising
for large-scale, affordable stationary energy storage [4,167]. Because they can combine electric double-
layer capacitance with pseudocapacitive charge storage, 2D chalcogenide nanomaterials are excellent in
supercapacitors. High power density and superior rate capability are produced by the 1T phase’s high
electrical conductivity combined with quick surface redox reactions made possible by chalcogen vacancies
and increased interlayer spacing (see Figs. 17 and 18). These features allow 2D TMC-based electrodes to
deliver fast charge—discharge behavior while maintaining structural stability over extended cycling.
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Figure 17: (a) Representation conversion of 2H-MoS, to 1T-MoS,, (b) comparison of XRD spectra of 1T-MoS, (MMI),
2H-MoS; nanosheets, and bulk MoS,, (c) UV-Vis-NIR spectra of 1T-MoS, (MMI) and 2H-MoS,, (d) Raman spectra of
1T-MoS; (MMI) and 2H-MoS,, (e) PL spectra of 1T-MoS, (MMI) and 2H-MoS,, demonstrating the enhanced charge
transfer in metallic 1T-MoS;, (f) comparison of electrical conductivities between 1T-MoS; (MMI) and 2H-MoS;
nanosheets, (g,h) XPS spectra of 1T-MoS, (MMI) and 2H-MoS,, showing the Mo 3d, S 2p, and (i) HRTEM image of
intercalated 1T-MoS,, zoomed images of two phases (2H and 1T phase), Reproduced from [171] under a Creative

Commons Attribution 3.0 Unported Licence.

These materials can endure rapid charge-discharge cycles with minimal structural degradation, out-
performing traditional carbon-based electrodes in high-power applications [22].
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Figure 18: Schematic representation of 2D chalcogenide nanomaterials (e.g., MoS;) in (a) lithium/sodium-ion batteries

(ion intercalation) and (b) supercapacitors (surface redox reactions). Adapted from [22,167].
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Dynamic in-Operando Phase Transitions during Electrochemical Cycling

The static characterization of 2H and 1T phase compositions in 2D chalcogenide electrodes, while
essential for understanding the initial material properties, does not capture the dynamic structural evolution
that occurs during the actual charging and discharging process in alkali-ion batteries. In-operando studies
employing synchrotron X-ray diffraction, in situ Raman spectroscopy, and operando transmission electron
microscopy have demonstrated that the phase composition of TMC electrodes evolves continuously and
reversibly during electrochemical cycling, with the degree and rate of dynamic phase evolution being
strongly dependent on the applied current density, the ion chemistry, and the depth of discharge [172].

During lithiation of 2H-MoS,, ion intercalation progressively expands the interlayer spacing and
transfers electrons to the MoS; layer, partially populating the conduction band and shifting the electronic
structure from semiconducting toward metallic [173]. In-operando XRD studies reveal that this electronic
restructuring is accompanied by a gradual shift of the MoS, (002) diffraction peak to lower angles, indicating
continuous interlayer expansion of approximately 0.3 to 0.8 A during initial lithiation, followed by the
emergence of a new diffraction peak corresponding to a lithiated MoS; phase (LiyMoS;) with a modified
stacking sequence [174]. At high lithiation depths corresponding to x greater than 0.5 in LiyMoS,, in-
operando Raman spectroscopy reveals the progressive weakening of the 2H-characteristic E3 g and Ajg
modes and the simultaneous growth of J-band features characteristic of local 1T coordination, confirming
that deep lithiation drives a partial in-operando 2H to 1T phase transition that is not present in the
as-synthesized electrode [174,175].

For sodiation of MoS;, the larger ionic radius of Na" amplifies the magnitude of interlayer expansion
during in-operando cycling, with operando XRD studies reporting interlayer spacings of up to 7.8 A at full
sodiation compared to the native 6.2 A. This expansion of approximately 26% is accompanied by a more
pronounced in-operando phase transition than observed during lithiation, with a larger fraction of 2H
domains converting to 1T-like coordination at equivalent intercalation depths. The greater driving force for
in-operando phase conversion during sodiation relative to lithiation is consistent with the DFT-predicted
lower 2H to 1T transition barrier in the presence of larger interlayer strain, as discussed in Section 2.5, and
provides a mechanistic explanation for the experimentally observed non-linear relationship between Na*
storage capacity and current density in MoS; electrodes: at low current densities, sufficient time is available
for the in-operando phase transition to occur and contribute additional metallic-phase capacity, while at
high current densities, the kinetic limitation of the structural transition suppresses this contribution and
reduces the total accessible capacity [176].

Crucially, complete desodiation or delithiation does not completely reverse the in-operando phase
change. The fraction of 1T-like coordination retained after a full charge-discharge cycle is consistently
higher in in-operando and ex-situ comparative Raman studies than in the as-synthesized material, suggesting
that each cycle leaves a residual accumulation of 1T domains that gradually alters the electrode’s phase
composition over prolonged cycling. By raising the conducting phase fraction, this cycle-by-cycle 1T
accumulation first improves electrode performance. However, as the accumulated 1T fraction increases, the
thermodynamic driving force for reversion during rest periods or elevated-temperature operation eventually
contributes to the thermodynamically driven 1T-to-2H reversion covered in Section 2.6. Optimizing the long-
term electrochemical performance of 2D chalcogenide electrodes in realistic alkali-ion battery applications
requires understanding and control of this dynamic phase evolution through temperature control, operating
voltage window selection, and synthesis-defined initial phase composition [7,176].
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5.2 Comparative Analysis of Li*, Na*, and K* Storage Mechanisms in 2D Chalcogenide Electrodes

It is common to consider the electrochemical storage of potassium, sodium, and lithium ions in 2D
chalcogenide electrodes as a single phenomenon controlled by the same intercalation mechanisms. These
three alkali metal ions, however, have sufficiently different physical and chemical characteristics that
their storage methods, kinetic constraints, structural implications, and ideal electrode design requirements
are essentially different [177]. Understanding why electrode compositions and synthesis conditions that
provide excellent performance in lithium-ion systems often underperform in sodium-ion and potassium-ion
applications, and vice versa, requires a thorough comparative analysis based on ionic radius, desolvation
energy, adsorption energy, diffusion barrier, volume expansion, and interlayer spacing requirements [5,177].

5.2.1 Ionic Radius and Its Structural Consequences

Li*, Na*, and K* have ionic radii of around 0.76, 1.02, and 1.38 A, respectively, which indicate an 81%
rise from lithium to potassium. The structural compatibility of each ion with the van der Waals gallery
of 2D chalcogenide hosts is directly and quantitatively affected by this size progression. MoS;’s native
interlayer spacing in its 2H phase is around 6.2 A, which permits Li* intercalation with minimal lattice
strain [47,178]. Na* intercalation into the same gallery requires an interlayer expansion of about 10 to 15%.
As a result, there is noticeable lattice strain, which accumulates over several cycles of charge and discharge
and causes structural degradation over time. K* intercalation is much more disruptive: compared to the
native MoS; gap, potassium’s solid-state coordination shell and 1.38 A ionic radius require an interlayer
expansion of about 35 to 45%. This expansion introduces intercalation stress of a scale that surpasses the
elastic recovery capability of pristine MoS, nanosheets, inducing irreversible structural deformation and
capacity decline during early cycling that is not observed in analogous lithium-ion devices [45,179,180].

Potassium storage imposes structural demands of a qualitatively different order of magnitude than
lithium storage, as confirmed by DFT calculations of the volume expansion associated with full lithiation,
sodiation, and potassiation of MoS;, which yield values of roughly 103%, 123%, and 140%, respectively [181].
These values directly reflect the ionic radius progression. These volume expansion values quantitatively
support the expanded interlayer spacing strategies covered in Section 2.5.3 as being especially significant
for K-ion storage applications [45,182], and establish interlayer spacing engineering as a more important
design requirement for potassium-ion electrodes than for lithium-ion electrodes.

5.2.2 Desolvation Energy and Its Impact on Rate Performance

Alkali metal ions must shed their coordination shell of solvent molecules at the electrode-electrolyte
interface before they can intercalate into the 2D chalcogenide electrode. The energy cost of this process is
measured by the desolvation energy. In widely used carbonate electrolytes, the desolvation energies of Li*,
Na*, and K* are roughly 496, 365, and 295 kJ/mol, respectively, reflecting the poorer solvent coordination
of larger alkali metal ions and declining charge density. Unlike the structural effects of ionic size previously
addressed, this inverse relationship between ionic radius and desolvation energy has important practical
implications for rate performance and electrode kinetics [183].

The high desolvation energy of Li* in lithium-ion systems means that the desolvation step at the
electrode surface is a major kinetic barrier to fast charging, which contributes to the rate performance
limitations of LIB electrodes at high current densities even when the electrode’s solid-state diffusion barrier
is low. The desolvation step is kinetically simple and does not restrict rate performance for potassium-ion
systems because of the significantly lower desolvation energy of K*. Rather, the solid-state diffusion barrier
inside the 2D chalcogenide host, which is raised by the large ionic radius of K* as covered in Section 5.2.3,
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is the main kinetic constraint in KIB electrodes. The mechanistic implication is that rate performance
optimization strategies for potassium-ion and lithium-ion systems are fundamentally different: for KIBs,
the greater rate performance benefit comes from interlayer spacing engineering to lower the solid-state
diffusion barrier, whereas for LIBs, electrode surface engineering to lower the desolvation barrier is a
high-impact optimization target [183,184].

5.2.3 DFT-Calculated Adsorption Energies and Ion-Specific Binding

DFT calculations of ion adsorption energies on MoS;, WS, and SnS; surfaces reveal systematic trends
across the Li*, Na*, and K* series that reflect the interplay between ionic charge density, orbital polarizability,
and surface binding geometry. On the pristine basal plane of 2H-MoS,, DFT-calculated Eads values are
approximately —1.20, —0.94, and —0.72 eV for Li*, Na*, and K" respectively, indicating that adsorption
thermodynamics become progressively less favorable with increasing ionic radius. This trend reflects the
decreasing electrostatic interaction between the lower charge density of larger ions and the chalcogen
surface, and is consistent with the experimentally observed decrease in theoretical storage capacity from
LIBs to SIBs to KIBs on equivalent electrode materials [120,185].

At chalcogen vacancy sites, the Eads values shift to approximately —3.20, —2.45, and —1.98 eV for Li",
Na®, and K" respectively, representing vacancy-induced enhancements of approximately 167%, 161%, and
175% relative to pristine surface values. The larger percentage enhancement for K* than for Li* at vacancy
sites indicates that vacancy engineering is proportionally more impactful for potassium storage than for
lithium storage, a counterintuitive result that is only revealed by systematic ion-specific DFT Eads mapping.
This finding has direct practical implications: synthesis protocols targeting high vacancy concentrations
are more valuable for KIB electrode optimization than for LIB electrode optimization, despite the greater
absolute adsorption energy enhancement that vacancies provide for lithium relative to potassium [186].

On the 1T phase surface, Eads values are consistently more negative than on the 2H phase for all three
ions, with the enhancement being largest for Na*, reflecting the particular sensitivity of sodium adsorption
to the electronic restructuring associated with the phase transition. This ion-specific sensitivity of Eads
to phase identity means that phase engineering delivers its greatest thermodynamic adsorption benefit
for sodium-ion storage, providing an additional DFT-derived rationale for the adoption of 1T-phase TMC
electrodes specifically in SIB applications beyond the general conductivity enhancement applicable to all
three ion systems [187,188].

5.2.4 Diffusion Barriers and Ion Transport Kinetics

DFT-NEB calculations of ion diffusion barriers within the MoS, van der Waals gallery reveal a strong
and systematic dependence on ionic radius that directly governs the rate capability of 2D chalcogenide
electrodes in different ion storage applications. For in-plane diffusion along the preferred bridge-site
hopping pathway identified by NEB calculations, the diffusion barriers for Li*, Na*, and K* in 2H-MoS;
are approximately 0.49, 0.62, and 0.89 eV respectively. In the 1T phase, these barriers are reduced to
approximately 0.21, 0.28, and 0.43 eV respectively, confirming that phase engineering provides a consistent
kinetic benefit across all three ion systems while preserving the fundamental ordering of diffusion barriers
by ionic radius [32,189].

When diffusion barriers are converted to ion diffusion coefficients using the Arrhenius relationship,
the practical relevance of this barrier progression becomes clear. Potassium diffusion in pristine 2H-
MoS; is fundamentally slower than lithium diffusion by a factor that cannot be overcome by electrode
engineering strategies targeting electronic conductivity alone. This is due to the approximately 0.40 eV
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difference in diffusion barrier between Li* and K* in 2H-MoS,, which corresponds to a diffusion coefficient
ratio of approximately three to four orders of magnitude at room temperature. Because the original
interlayer geometry of MoS; is simply incompatible with practically effective K* diffusion kinetics at
ambient temperature, this quantitative barrier difference proves that interlayer spacing expansion is a
mandatory rather than optional design element for KIB electrodes. MoS, structures with an increased
interlayer spacing of roughly 9.0 A were obtained. According to NEB calculations, the K* diffusion barrier
drops to about 0.31 eV, which is close to the values that can be achieved for Na* in native-spacing MoS,.
This confirms that interlayer engineering can make up for potassium’s inherently greater diffusion barrier.

5.2.5 Volume Expansion and Structural Stability during Cycling

For full lithiation, sodiation, and potassiation of MoS,, the volume expansion values of around 103%,
123%, and 140% determined by DFT in Section 5.2.1 result in different structural stability characteristics
during electrochemical cycling that call for ion-specific mitigation techniques. The mild 8% volume
expansion is within the elastic recovery range of MoS; nanosheets for most realistic electrode thicknesses
in lithium-ion systems, enabling stable cycling with no structural engineering beyond standard binder and
current collector adjustment. The 123% expansion associated with sodiation, which approaches the elastic
limit of pristine MoS; nanosheets and explains the progressive capacity fade observed in SIB half-cell studies
after extended cycling, motivates the adoption of reduced nanosheet lateral dimensions, flexible binder
systems, and carbon matrix encapsulation strategies that accommodate the larger volumetric change [181].

In potassium-ion systems, the 140% volume expansion during full potassiation significantly surpasses
the elastic recovery capacity of conventional MoS; nanosheet electrodes [45,181]. This causes irreversible
structural deformation in the initial cycles, which permanently lowers accessible active material and results
in the significant first-cycle irreversible capacity losses typical of KIB chalcogenide electrodes. As a result,
the structural reaction to K* intercalation is a mechanical phase transformation rather than a gradual
degradation, wherein the electrode microstructure created during fabrication is permanently changed
during the first cycling and a new, partially degraded microstructure controls subsequent performance.
KIB’s first-cycle structural collapse mitigation. As shown by the expanded-spacing MoS; studies mentioned
in Section 2.5.3, electrodes need pre-expanded interlayer spacing in addition to void-containing electrode
architectures that allow volumetric expansion without producing enough stress to fracture the nanosheet

scaffold [52].

5.2.6 Interlayer Spacing Requirements and Design Implications

Rather than being variations on a common theme, the interlayer spacing requirements for effective ion
storage vary enough among the three alkali metal systems to constitute separate electrode design criteria.
The inherent interlayer spacing of 6.2 A is sufficient for Li* storage in MoS,, and interlayer expansion
techniques offer incremental rather than revolutionary performance gains. An interlayer spacing of roughly
7.0 to 8.0 A is ideal for Na* storage because it strikes a balance between the structural stability loss brought
on by excessive interlayer expansion and the diffusion barrier reduction that may be achieved by spacing
expansion. To lower the diffusion barrier to practically relevant values and allow volumetric expansion
during potassiation without irreversible structural collapse, K™ storage requires an interlayer spacing of at
least 8.5 to 9.5 A [47,190].

A single native-spacing MoS; electrode cannot simultaneously satisfy the ideal interlayer geometry
for all three alkali metal ions, so electrode designs optimized for one ion chemistry will unavoidably
compromise performance in the others. These ion-specific interlayer spacing requirements create a design
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hierarchy for multi-ion or dual-ion TMC electrode systems. The development of dynamically adjustable
interlayer spacing strategies, such as pillaring with molecules of tunable size or strain-programmable
substrates, which could theoretically deliver ion-specific interlayer geometries within the same electrode
architecture, is motivated by this fundamental geometric incompatibility, a crucial design constraint that has
not always been made explicit in the literature. In multi-ion chalcogenide energy storage research, Table 5
provides a quantitative reference for electrode design choices by summarizing the important ion-specific
parameters covered in this section [179].

Table 5: Ion-specific electrochemical and structural parameters for Li*, Na*, and K* storage in MoS;-based 2D

chalcogenide electrodes.

Parameter Li* Na* K*
Tonic radius (A) 0.76 1.02 1.38
Desolvation energy in carbonate electrolyte oy 365 295
(kJ/mol)
Eads on pristine 2H-MoS, (eV) —-1.20 —-0.94 —0.72
Eads on vacancy-engineered 2H-MoS, (eV) —3.20 —2.45 —1.98
Eads on 1T-MoS, (eV) —2.15 —1.90 —1.45
Diffusion barrier in 2H-MoS, (V) 0.49 0.62 0.89
Diffusion barrier in 1T-MoS, (eV) 0.21 0.28 0.43
Diffusion barrier in expanded-spacing MoS; 0.18 0.24 0.31
(eV)
Volume expansion at full intercalation (%) ~8 ~19 ~38
Optimal interlayer spacing (A) 6.210 6.8 7.0 to 8.0 8.5t09.5
Primary kinetic limitation Desolvation barrier Mlxeq desolvation and Solid-state diffusion
diffusion
. . . . C lative latti First-cycle structural
Dominant degradation mechanism SEI formation urr.1u attve fathice frstey(le striichura
strain collapse
Relative impact of vacancy engineering High High Very high
Relative impact of phase engineering (2H to High Very high High

1T)
Eads = adsorption energy; all DFT-calculated values unless stated otherwise. Conductivity values are approximate order-of-
magnitude estimates.

5.3 Interface-Engineered Hybrid Electrodes: Mixed-Dimensional Architectures for Enhanced
Electrochemical Performance

Hybrid electrode topologies have been developed in response to the intrinsic performance limitations
of isolated 2D chalcogenide nanosheets, including nanosheet restacking, 1T phase reversal during cycling,
limited accessibility of active sites, and slow ion transport in thick electrode films. These structures
combine complementary elements in mixed-dimensional arrangements with 2D chalcogenides. Synergistic
interactions between 2D chalcogenide nanosheets and materials including metal-organic frameworks
(MOFs), metal oxides, carbon nanotubes (CNTs), graphene derivatives, and carbon nitride (g-C3N,) are
utilized in heterointerface-engineered systems. This method shortens ion-transport channels, increases
the exposure of redox-active areas, suppresses restacking, and improves the integrity of the electrode
microstructure during repeated cycles.
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5.3.1 2D Chalcogenide/Graphene and Carbon Nanotube Hybrids

The most popular heterostructure partners for 2D chalcogenide electrodes are graphene and carbon
nanotube scaffolds because of their remarkable electrical conductivity (up to 10° S/m for single-layer
graphene), high mechanical flexibility, large specific surface area, and chemical compatibility with TMC
synthesis processes. The carbon scaffold performs three simultaneous functions when MoS; nanosheets are
anchored on networks of single-walled carbon nanotubes or reduced graphene oxide (rGO): it physically
separates adjacent TMC nanosheets and prevents van der Waals-driven restacking; it provides continu-
ous high-conductivity electron transport pathways that avoid the insulating grain boundaries between
TMC domains; and it mechanically limits the volumetric expansion of the TMC during ion intercalation,
preventing the structural degradation that causes capacity fade in unsupported nanosheet electrodes.

These architectural advantages have quantitatively substantial electrochemical effects. According to
Akeredolu et al. [2] MoS,/graphene hybrid electrodes show specific capacities of 916 mAh/g for Na* storage
with charge-transfer resistance values of 30 Q, while analogous unsupported MoS; nanosheet electrodes
show capacities of 430 mAh/g and 120 Q. The overall advantages of restacking suppression, improved
conductivity, and mechanical stabilization that the graphene scaffold offers are quantified by this capacity
gain of roughly 113% and resistance reduction of almost 75%. In a similar vein, WS;/CNT hybrid electrodes
attain specific capacities of 389 mAh/g for K* storage with cycling retention over 85% after 500 cycles. This
stability performance surpasses the retention of unsupported WS, electrodes, which is about 60% under
comparable conditions [5,121].

5.3.2 2D Chalcogenide/Metal-Organic Framework Composites

Unlike carbon scaffold composites, metal-organic frameworks offer a structurally organized porous
matrix that enhances the 2D chalcogenide nanosheet component in hybrid electrode topologies. The
permanent porosity of MOF matrices creates a three-dimensional ion transport network that provides
electrolyte access to TMC active sites throughout the electrode volume rather than only at the electrode-
electrolyte contact, with pore diameters typically between 0.5 and 3.0 nm. This volumetric accessibility
is particularly important for thick electrode films required for high energy density applications, where
diffusion limitation through the electrode thickness is a dominant performance constraint [191].

Zeolitic imidazolate frameworks (ZIF-8 and ZIF-67) and MIL-series MOFs have been employed as host
matrices for MoS; and SnS; nanosheet composites, with the TMC nanosheets grown in situ within the
MOF pores to produce spatially uniform nanosheet distribution at the atomic scale. These MOF-templated
composites exhibit charge-transfer resistances of 15 to 45 Q and specific capacities of 780 to 950 mAh/g for
Li* storage, with Coulombic efficiencies exceeding 98% after the first five cycles, performance metrics that
exceed those of both unsupported TMC and TMC/carbon hybrid electrodes in equivalent testing conditions.
The superior Coulombic efficiency of MOF-composite electrodes relative to carbon scaffold hybrids reflects
the chemically defined and electrochemically inert nature of the MOF pore walls, which do not contribute
parasitic redox reactions or SEI formation to the total electrochemical response as graphene-based scaffolds
occasionally do at the potentials relevant for Na* and K* storage [191,192].

5.3.3 2D Chalcogenide/Metal Oxide Composites

Metal oxide partners including TiO,, Fe;O3, MnO,, and Co304 have been combined with 2D chalco-
genide nanosheets to create composite electrodes that exploit the pseudocapacitive charge storage contribu-
tion of the metal oxide alongside the intercalation-based storage of the TMC component. The complementary
redox potential windows of the two components—the metal oxide contributes surface pseudocapacitive
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capacity at higher potentials and the TMC contributes intercalation capacity at lower potentials are the
source of the electrochemical synergy in these composites, resulting in a composite voltage window and
total capacity that surpasses the additive sum of the two individual components [193].

Sequential hydrothermal deposition-made MoS,/MnO; composites exhibit specific capacities of 620
to 840 mAh/g for Li* storage with energy densities of 180 to 240 Wh/kg. These performance parameters
put these composites in a competitive position versus well-known commercial anode materials. Because
of the work function difference between the two materials, the close interfacial contact between MoS,
nanosheets and MnO, nanoparticles at the heterointerface produces an inherent electric field that speeds
up charge transfer across the interface and lowers the effective charge-transfer resistance below what
would be possible with either component alone. This interfacial field-driven charge transfer enhancement is
analogous to the built-in potential at semiconductor heterojunctions and represents a genuinely synergistic
effect that is not captured by simple additive modeling of composite electrode performance [193-195].

5.3.4 2D Chalcogenide/Carbon Nitride Composites

Graphitic carbon nitride (g-C3Ny) has become a structurally distinctive heterostructure partner for
two-dimensional (2D) chalcogenides. It provides a nitrogen-rich surface chemistry, moderate electronic
conductivity, and inherent n-type semiconductor properties, which complement the p-type or ambipolar
behavior of many transition metal chalcogenide (TMC) systems. The nitrogen lone pairs on the g-C3Ny
surface form coordination bonds with transition metal atoms at the TMC nanosheet edges and vacancy sites,
providing strong anchoring that suppresses nanosheet migration and agglomeration during cycling. This
anchoring effect is particularly beneficial for vacancy-engineered TMC nanosheets, where the enhanced
surface reactivity of defect sites increases their susceptibility to irreversible aggregation in the absence of a
coordinating support [196].

MoS;/g-C3Ny composite electrodes demonstrate cycling retention of 91 to 95% after 1000 cycles for
supercapacitor applications, a stability improvement of approximately 20 percentage points relative to
unsupported 1T-MoS; electrodes cycled under equivalent conditions. The nitrogen coordination at the
TMC-g-C3Ny interface also suppresses 1T to 2H phase reversion by sterically hindering the chalcogen plane
glide at anchored nanosheet edges, providing a chemical stabilization mechanism that complements the
kinetic trapping strategies discussed in Section 2.6.4 [197].

5.3.5 Quantitative Comparison of Heterointerface Architectures

Table 6 compiles quantitative electrochemical performance metrics for representative hybrid electrode ar-
chitectures, enabling direct comparison of heterointerface composition with device-level performance outcomes.
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Table 6: Quantitative electrochemical performance of 2D chalcogenide hybrid electrode architectures.

Charge- . .
Electrode Transfer Spec1ﬁ.c Rate - Energy Cychn{;
. Ion System . Capacity Capability = Density Retention Cycles Ref.
Architecture Resistance (mAh/g) £ 10C (%) (Wh/kg) @)
Ret (Q) & a k g g

Unsupported .
TT-MoS, Na 120 430 52 95 68 500 [67,198]
MoSy/graphene . . ~30 916 78 210 88 500 [199,200]
hybrid
MOSZ./CNT Li* ~25 1290 82 285 91 500 [200,201]
hybrid
WSZ/.CNT K* ~45 389 71 112 85 500 [202,203]
hybrid
SnSZ/rG.O Na* ~55 738 65 168 82 300 [203,204]
composite
MoS,/ZIF-8 .
MOF Li 20 950 85 265 94 1000 [205,206]
MoS,/MnO, Li* ~35 840 74 240 87 500 [207,208]
composite
MoS;/g-CsN,

0S2/g-CsNe g ~18 485 F/g 88 145 93 1000 [209,210]
composite
WSe,/CNT Na* ~48 508 76 148 86 500 [211,212]
hybrid
ReSez/graphene 1., ~22 560 91 162 92 1000 [130,213]
hybrid

SC = supercapacitor; Rct = charge-transfer resistance; rate capability measured at 10C current density; cycling retention reported
at the stated cycle number; F/g = Farads per gram for supercapacitor entries.

5.4 Bridging Theory and Experiment: The DFT Impact

DFT has developed from a supporting tool to a crucial connection between theoretical prediction
and experimental realization in 2D chalcogenide research. DFT enables accurate voltage prediction by
calculating the average intercalation voltage (Open Circuit Voltage, OCV) of novel TMC compositions before
synthesis. By modeling the mechanical stress and volume changes during repeated ion insertion/extraction,
it also aids in predicting long-term cycle life and resistance to pulverization [25,106].

Because of this, DFT provides an atomistic insight into how phase transitions, flaws, and strain
engineering all impact electrochemical performance. This predictive power allows researchers to logically
design materials with optimal ion diffusion routes and electrical conductivity, dramatically accelerating the
development cycle from concept to functioning electrode [34].

5.5 Current Challenges and Future Perspectives

Despite impressive advancements, a number of crucial issues need to be resolved before 2D chalco-
genides may be widely used in commerce:

Phase Stability: The high-performance metallic 1T phase, which is often metastable, tends to revert
to the thermodynamically stable 2H phase during cycling. Creating methods to lock the 1T phase by surface
passivation, substrate contact, or doping is still a significant area of research.

Scalability and Uniformity: Although liquid-phase exfoliation provides scalability, it is still challeng-
ing to maintain uniform layer thickness, phase purity, and defect control across large quantities. Although
they are currently limited in scale, CVD-based bottom-up approaches offer superior quality [30,32].
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Sustainability and Local Resource Utilization: Integrating minerals that are readily available
locally is a significant opportunity. Utilizing natural sulfide ores and pegmatites containing lithium could
help Nigeria and other resource-rich developing countries cut manufacturing costs and their reliance on
imported raw materials [1].

6 Conclusion

According to the review, two-dimensional transition metal chalcogenides surpass graphene and other
chemically inert 2D nanomaterials as a structurally and electrically flexible platform for electrochemical
energy storage. Reversible ion intercalation is structurally supported by the X-M-X trilayer sandwich
structure, which has strong intralayer covalent bonds and weak interlayer van der Waals forces. The system
can be switched between the semiconducting 2H phase and the metallic 1T phase through controlled
external intervention thanks to the transition metal center’s adjustable coordination geometry.

Phase engineering, defect chemistry, and lattice strain are mechanistically related rather than indepen-
dent factors, according to a key finding of this research. Chalcogen vacancies enhance the local interlayer
spacing, lower the 2H to 1T transition barrier by up to 0.3 eV, and raise Li* adsorption energies from
roughly —1.2 eV on pristine surfaces to —3.2 eV at defect sites. The same transition barrier is independently
lowered by biaxial tensile strain of 3 to 5%, and both effects work together to create spatially heterogeneous
1T/2H microstructures that provide both structural resilience and high conductivity. According to NEB
simulations, the 1T phase consistently offers 50-60% lower ion diffusion barriers than the 2H phase in
all three alkali metal chemistries, establishing phase engineering as a repeatable and material-agnostic
kinetic benefit.

The main practical difficulty is still the thermodynamic metastability of the 1T phase, which is located
0.2 to 0.8 €V above the 2H ground state per formula unit. Experimental evidence from Raman spectroscopy,
XPS, and HR-TEM confirms progressive 1T-to-2H reversion during cycling, driving capacity fade through a
combination of phase transformation, nanosheet restacking, and structural amorphization. Stabilization
strategies including surface functionalization, heteroatom doping, and scaffold confinement offer partial
mitigation, but no universally effective solution has been demonstrated across all TMC chemistries.

Realizing the full potential of 2D TMC electrodes therefore requires simultaneous progress on synthesis
reproducibility, long-term phase stabilization, and integrated DFT-guided co-optimization of phase identity,
vacancy concentration, and lattice strain as a unified design framework rather than independent parameters.
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