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ABSTRACT: Transition metal chalcogenides and halides (TMCs and TMHs) have
been extensively used and reported as electrode materials in diverse primary and
secondary batteries. This review summarizes the suitability of TMCs and TMHs as
electrode materials focusing on thermal batteries (utilized for defense applications)
and energy storage systems like mono- and multivalent rechargeable batteries. The
report also identifies the specific physicochemical properties that need to be
achieved for the same materials to be employed as cathode materials in thermal
batteries and anode materials in monovalent rechargeable systems. For example,
thermal stability of the materials plays a crucial role in delivering the performance of
the thermal battery system, whereas the electrical conductivity and layered structure
of similar materials play a vital role in enhancing the electrochemical performance of
the mono- and multivalent rechargeable batteries. It can be summarized that
nonlayered CoS2, FeS2, NiS2, and WS2 were found to be ideal as cathode materials
for thermal batteries primarily due to their better thermal stability, whereas the layered structures of these materials with a coating of
carbon allotrope (CNT, graphene, rGO) were found to be suitable as anode materials for monovalent alkali metal ion rechargeable
batteries. On the other hand, vanadium, titanium, molybdenum, tin, and antimony based chalcogenides were found to be suitable as
cathode materials for multivalent rechargeable batteries due to the high oxidation state of cathode materials which resists the
stronger field produced during the interaction of di- and trivalent ions with the cathode material facilitating higher energy density
with minimal structural and volume changes at a high rate of discharge.

1. INTRODUCTION
Metal chalcogenides and halides are multivalent materials in
the field of energy storage and conversion, which have gained
significant attention due to their potential to deliver high
specific capacity, approaching theoretical limits, owing to their
semiconducting nature and appropriate energy bandgaps.1

Transition metal chalcogenides (TMCs) exist in the form of
either metal tellurides, selenides, or sulfides (metal cation, M =
Co, Fe, Ni, Mn, V, Ti, Zn, Mo, W and chalcogen anion, X =
Te, Se, S) and can be classified as layered and nonlayered
metal chalcogenides.2,3 TMCs are promising materials for
rechargeable batteries, particularly due to their ability to
facilitate fast intercalation and deintercalation of both
monovalent and multivalent ions. Figure 1 depicts the recent
advances and historical development in the electrode materials
of thermal batteries. This property is crucial for enhancing the
charging and discharging rates of batteries, leading to improved
overall performance and efficiency. These materials typically
have an open structure with weak interactive van der Waals
forces between individual layers, allowing for efficient ion
diffusion within the material. However, due to strong covalent
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Figure 1. Historical development in the electrode materials of thermal
batteries.
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bonds, atoms are bound with X-M-X layers and form a
graphene-like sandwich structure which can play a crucial role
in their stability and suitability as host materials for a variety of
ions (Li, Na, K, Mg, Zn, Al) in rechargeable batteries.4−6 Solid-
state diffusion kinetics is the foremost existing problem in
TMCs cathode materials making the kinetics sluggish. A few
approaches that can be used to overcome the ion transport
kinetic constraints associated with solid-state diffusion in
TMCs cathode materials are (1) the band gap energy effect:
Formation of a heterojunction alters the band gap energy at
the interface of different materials which induces an electron
flux and creates a stronger electric field at the heterointerface
during the electrochemical cycle. This enhanced electric field
promotes excellent ionic diffusion kinetics by facilitating faster
movement of ions within the material. (2) Lattice vacancy
effect: Lattice vacancies, such as S atom, F atom, or Se-atom
vacancies, are intentionally created during the synthesis of
heterostructured metal chalcogenides. These halide or
chalcogenide interstitial atoms vacancies act as effective
negative charge centers, attracting alkali metal ions and
inducing excess electrons, thus promoting ionic diffusion
kinetics. Lattice vacancies act as electronic charge carriers,
enhancing Coulombic efficiency by providing additional active
sites for redox reactions. (3) Synergistic effect: Metal
chalcogenides possess a high adsorption ability toward poly
sulfides, -fluorides, and selenides. It can facilitate the
conversion of polyhalides, acting as catalytic agents in various
electrochemical reactions. Metal chalcogenides with hetero-
structures create rich active interfaces, enabling efficient
trapping and conversion of polyhalides, thus enhancing the
overall battery performance.7,8

In the current context, lithium-ion batteries (LIBs) are
considered the predominant and benchmarked candidates
among various battery technologies which have made them the
preferred choice for a wide range of applications, contributing
to their dominance in the battery market especially in the
context of portable electronics, electric vehicles, and grid
energy storage.9 The key advantages of LIBs that contribute to
their widespread use and recognition include high operating
voltage, high reversible capacity, high energy density, high
mechanical stability, and high efficiency. Rechargeable batteries
have seen significant research focus, particularly in the
development of electrode materials, across various types. The
four major types that represent different classes of rechargeable
batteries, each with its unique characteristics and research
priorities are as follows: (a) Alkali metal-ion batteries, viz., Li-
ion, Na-ion, and K-ion, (b) multivalent metal-ion batteries viz.,
Mg-ion, Al-ion, and Zn-ion, (c) Li-S battery, and (d) metal-air
batteries.10,11 Under the metal-air rechargeable type series,
there are two categories namely (a) electrically rechargeable
batteries and (b) mechanically rechargeable metal-air batteries,
which are neither electrically rechargeable nor primary type
such as Li-air, Mg-air, Al-air, and Zn-air.8 In the realm of
primary (nonrechargeable) batteries, each with its own specific
characteristics and applications, there are several batteries
which include the following: alkaline batteries (Zn-carbon, Zn-
AgO, Zn-MnO2, Zn-HgO, Cd-HgO), sea water batteries (Mg-
AgCl, Mg-CuCl, Al-AgCl) and Li-MX2/ MX3 (Li-FeS2, Li-
CoS2, Li-FeF3, Li-CuF3) based molten salt thermal batteries,
and a few other primary batteries which include Li-MnO2, and
Mg-MnO2.

11 The choice of primary battery chemistry depends
on the specific requirements of the application. Factors such as
energy density, shelf life, environmental considerations, and

cost play a role in selecting the most appropriate battery type.
Some primary batteries, like alkaline batteries, are widely
available and used for everyday devices, while others, like
seawater batteries and molten salt thermal batteries, have more
specialized strategic applications.12

One of the examples is thermal batteries, which are a unique
class of high-temperature reserve primary batteries known for
their reliability and long-shelf life. These are categorized into
different generations based on their chemistry and functional
properties. The first-generation thermal batteries (Ca/
CaCrO4-based batteries) were initially developed in the
1940s. These batteries typically consist of a calcium anode
and a cathode material containing calcium chromate (CaCrO4)
and iron disulfide (FeS2) and are known for their ability to
provide high-energy output over a relatively short duration,
making them suitable for applications where a burst of power is
required.13 The second generation of thermal batteries is
exemplified by lithium/sulfides-based systems, which serve as
an alternative to first-generation Ca/CaCrO4-based batteries.14

These batteries have become prevalent in military applications
due to several attractive features like fast activation, large
discharge plateau with power and time, long shelf lives, easy
installation, and high thermal stability.15 Second-generation
thermal batteries, such as Li/FeS2 batteries, are used to power
various military devices, including actuators for guided
weapons, torpedoes, nuclear weapons, and space vehicle
weapons.16 The choice of thermal battery based on the
generation and chemistry depends on the specific requirements
of the application, including the need for high-temperature
operation, long shelf life, and reliable power output. The
second-generation lithium/sulfides-based thermal batteries,
like Li/FeS2, have gained popularity in military and aerospace
applications due to their superior properties and versatility.
However, the Li-Si/LiCl-KCl/FeS2 thermal battery fails to
fulfill certain requirements, and new developments on thermal
battery are significantly required to fulfill the overall needs.17

As technology and operational demands continue to evolve,
ongoing research and development in thermal battery
technology are crucial to meet the ever-changing needs of
various industries, including military and aerospace. In general,
thermal batteries consist of three main components, which are
cathode (transition metal (TM) sulfides/fluorides/metal
chloride/oxides), separator, molten salt electrolyte (LiCl-
KCl), anode (Li(Si)/ LiAl/LiB alloy), and a pyrotechnic
ignition source.18 During the missile’s operation, the thermal
battery is activated by the stimulation of a molten salt
electrolyte using exhaust/waste heat generated from the
missile. During the indolent state, the battery can be stockpiled
for more than 10 years of lifetime, and during the energy
requirement, it can be thermally activated at high temperatures
of about 350−550 °C using a pyrotechnic source included
within the battery.19 The two distinct pyrotechnic sources
which are used include a fuse strip (i.e., “heat paper”), which is
made with a blend of Zr/BaCrO4 material, and another source
is a “heat” pellet, which is made with a blend of Fe/KClO4.
Through direct contact, the heat pellet (Zr/BaCrO4) ignites
each of the “heat paper”, and after which it proceeds with the
thermal activation (100s milliseconds for larger power batteries
and 40 ms for small pulse batteries are the time ranges required
for thermal activation). KCl-LiCl eutectic mixture is employed
as a desirable electrolyte in thermal batteries due to its high
ionic conductivity (1.85 S cm−1 at 500 °C). However, the
drawback of the above system lies in the formation of dendrite-
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like structure (upon melting) on the electrode material leading
to low open circuit voltage and low operating energy density,
resulting in poor electrochemical performances.20,21 Hence a
highly compatible system with electrode and electrolyte
countering these drawbacks needs to be designed and
developed.

Owing to their fascinating physicochemical and electro-
chemical properties and due to the ease in modification of their
structure, metal-chalcogenides (TMCs) and halides (TMHs)
are versatile materials that find applications in various energy
storage systems, including both thermal batteries and
rechargeable metal-ion batteries. These materials have the
potential to serve as cathode materials in thermal batteries and
as electrocatalysts in rechargeable metal-ion batteries.22 For a
material to be qualified as an ideal negative electrode, the
material is expected to possess high operating potential and
multivoltage plateaus and should undergo multiphase for-
mation and prevent oxidation during its discharge in the case
of monovalent ion batteries. (Figure 2 shows the variations in

operating voltage and specific capacity associated different
electrode materials for rechargeable/nonrechargeable metal
ion batteries). On the other hand, when employed as positive
electrode in thermal batteries, the material is expected to
possess (1) high thermal decomposition temperature in
addition to the reduction in ohmic polarization resistance,

(2) less emission of halogen gases accompanied by inevitable
chemical reactions, (3) minimized self-discharge reactions to
reduce the solubility rate of cathode materials in molten
electrolytes, and (4) inert toward moisture or oxygen.23

The above-mentioned characteristics have prompted re-
searchers to continuously explore new materials to meet the
specific demands of these applications and create materials that
provide efficient and reliable energy storage and electro-
catalytic capabilities, contributing to advancements in battery
technology for various purposes, from military to renewable
energy storage. Among the Li free electrode materials, metal
chalcogenides and halides have become potential electro-
catalysts, especially in secondary batteries, such as LIB and
NIB and considered as a replacement for inert carbon
materials. Figure 2 depicts the different synthetic strategies
adopted for preparation of TMCs and TMHs.

Various synthetic techniques have been employed (Figure 3)
for the preparation of TMC and TMHs such as hydrothermal,
thermal sulfuration, reflux method, spray pyrolysis, electro-
chemical deposition, chemical vapor deposition, and mechan-
ical milling.24 Due to the ease of operation and scalability,
hydrothermal and solvothermal techniques are widely
employed, and in the context of electrode fabrication,
researchers ought to focus on developing a thin cathode
fabrication process which involves addressing key factors for
surpassing the technical challenges likely high specific capacity
(which allows the battery to store more energy) and good
electrochemical stability to ensure a long cycle life. To achieve
these beneficial properties, the ideal choice of metal salts with
the right combination of chalcogenides or halides with proper
active material and binder needs to be achieved.

Furthermore, the fabrication of the electrode material also
plays a crucial role in attaining the uniform thickness and
porosity to facilitate facile electronic and ionic conduction. The
most common electrode fabrication processes are tape casting
and spray coating which render uniform thickness and porosity
to achieve the desired electrochemical performance. The
specific surface area (SSA) of the electrode material is another
critical factor in the battery performance. High SSA provides a
larger contact area between the electrolyte and the active
material thereby providing high reversible specific capacity and
energy density.25 This increased contact area promotes
electrochemical reactions and enhances the efficiency of the

Figure 2. Graph displaying the variations in the operating voltage and
specific capacity for different metal chalcogenides and halide-based
electrode materials.

Figure 3. Different synthetic strategies adopted for TMCs and TMHs.
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battery, consequently confining the ionic transfer pathways.
However, inherently there are few bottlenecked properties,
which include huge volume expansion, low electronic
conductivity, and thermally unstable structure. Recently, the
researchers have undertaken effective strategies to promote
structural integrity and cycling stability by incorporating lattice
defects (vacancies or dopants) in electrode materials, an open
layered structure with expanded spacing (>6 Å), and
coalescence of MOFs/rGO with metal chalcogenides, which
can provide high conductivity and a specific surface area.26

This review summarizes the physicochemical and electro-
chemical properties and identification of ideal TMCs and
TMHs as cathode and anode materials for primary (thermal)
and secondary batteries. Figure 4 depicts radar plots charting
the performances of TMCs and TMHs.

2. TMCs AND TMHs AS CATHODE MATERIALS FOR
PRIMARY RESERVED THERMAL BATTERIES

Iron disulfide (FeS2) can be synthesized via the hydrothermal
method using FeSO4, Na2S2O3, and S as precursors. The
synthetic FeS2 can exist in two crystal structures, namely pyrite
(simple-cubic) and marcasite (orthorhombic). (FeS2), com-
monly known as pyrite, is a thermally stable material and found
to exhibit a relatively high discharge voltage (2.1 V), making it
suitable as a cathode material for thermal batteries. Its high
theoretical capacity (1206 As g−1), makes it an ideal material to
store a significant amount of electrical charge per unit mass,
which is crucial for maximizing the energy storage capability of
a battery. Being a semiconducting material with an
approximate bandgap of 0.95 eV (absorption coefficient >
105 cm−1) and a thermal stability of 550 °C helps to maintain
its structural integrity and electrochemical properties even at
high temperatures, thus making it a suitable choice for
electrode materials in high temperature energy storage
applications. However, FeS2 has its own limitations such as
the decomposition at a temperature above 550 °C temper-
ature, which can restrict its use in very high-temperature
environments. At higher temperatures greater than 550 °C,
FeS2 was found to thermally decompose to pyrrhotite FeS1.14
and as sulfur gas (S2) as given in eq 1.

FeS FeS 0.43S2 1.14 2+ (1)

The FeS1.14 produced at these temperatures can be
separated, if the S2 gas is perpetually evacuated from FeS2.
Embedding FeS2 grains in a liquid LiCl-KCl salt and trapping
S2 gas within FeS1.14’s porous layer can indeed affect the
decomposition behavior of FeS2. This configuration can act as
a barrier to S2 gas diffusion and influence the overall thermal
stability of the system.27,28

The thermal decomposition of FeS2 into FeS1.14 and sulfur
gas can lead to the formation of a porous structure on the outer
surface of FeS2 grains, which can reduce the structural integrity
of the electrode and active centers where new reactions can
occur. These new reactions might not be reversible, leading to
a capacity fade over time. As the decomposition reaction
progresses, the particle size of FeS2 decreases. Smaller particles
tend to have a higher surface area, which can lead to higher
reactivity with the electrolyte or other components in the
system. This increased reactivity can contribute to capacity
fading by causing side reactions and irreversible changes in the
electrode material. The presence of molten salts in the system
can affect the stability of pyrrhotite (FeS1.14). Pyrrhotite may
partially dissolve in the molten salts, leading to the loss of
active material from the electrode, which can reduce the overall
capacity of the cathode over time, contributing to capacity
fade. However, if FeS2 contains contaminants, viz., oxides,
sulfates, and elemental sulfur, a high voltage transient (“spike”)
occurs upon thermal activation. During the discharging
process, FeS2 undergoes three steps of phase transformation,
which are segregated into three parts of inversion voltage
plateaus as given in eq 2. First step reaction is the Z-phase,
which occurs at 1.85 V where the Li reacts with FeS2 forming
Li2Fe2S4, the second step reaction is the J-phase, which occurs
at 1.65 V where Li3Fe2S4 is formed, and the X-phase, the final
step, occurs at 1.3 V during which elemental Li, S, and Fe are
produced.

FeS Li Fe S Li Fe S Fex x2 3 2 4 2 1 2+ (2)

Addition of lithium oxide (Li2O) to the pyrite favors faster
reaction kinetics and promotes the formation of Li3Fe2S4.
Moreover, a small amount (1−2 wt %) of Li2O/Li2S (as a
lithiation agent) addition overcomes the problem of Fe2O3
formation, which is likely to be formed due to the thermal
decomposition of sulfides. The pyrite is highly stable and
remains unchanged with a minuscule addition of Li2O material.
However, the addition of a higher amount of Li2O favors the
reduction of pyrite’s decomposition temperature by ∼100 °C.
The sulfides which are unstable get dissolved in the eutectic
LiCl-KCl molten salts, and its formation in the eutectic salt can
be enhanced with the presence of oxides. Further, the new
phase, Li2FeS2, is formed due to the reaction between the
remaining pyrrhotite and dissolved sulfides as shown in eq 3.

FeS 2Li S Li FeS2
2 2+ ++ (3)

Development of a FeS2/LiCl-KCl based composite cathode
using the plasma spraying method revealed the result of low
impedance, i.e., almost 3.5 fold lower than the discrete pressed-
powder. The diffusion coefficients of FeS2 in eutectic LiCl-KCl
and without a eutectic mixture are 1.68 × 10−7 cm2 s−1 and
4.21 × 10−8 respectively.29−31 A FeS2 thin cathode is
developed with an addition of polyimide-co-siloxane (PIS)
binder using a tape casting technique, and the binder was
thermally stable only up to 400 °C and decomposed at 450 °C
leading to the disintegration of the cathode material. During
thermal decomposition, the organic binder melted and

Figure 4. Radar chart comparing the performance parameters of
TMCs and TMHs.
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produced gas, resulting in residual materials that created
polarization resistance, negatively impacting the electro-
chemical performance. To address the issue of thermal
stability, multiwalled carbon nanotubes (MWCNTs) were
introduced as a binder and conductor in the FeS2 material.
This approach aimed to improve both thermal stability and
electrochemical performance. The FeS2-MWCNT composite
demonstrated a higher specific capacity and better thermal
stability with only a 5% mass reduction rate at 500 °C. Single
cells using FeS2 foam and Fe metal foam as electrodes achieved
high discharge capacities of 538 As g−1 and 404 As g−1,
respectively, at a cutoff voltage of 1.3 V. Notably, when using
nanoscale FeS2 (n-FeS2) as a cathode material, the cutoff
voltage increased to 1.67 V at a current density of 50 mA cm−2,
with an average operation time of 1205 s, showing a 20.9%
increase in operation time compared to microscale FeS2 (μ-
FeS2) at the same current density. This indicated that n-FeS2
had a significant advantage in terms of extended operation
time. The trend of high specific capacity and longer operation
time was maintained even at higher current densities of 200
mA cm−2, suggesting the potential suitability of n-FeS2 for
high-power applications.32−34 Although FeS2 is available in
abundance, the lower thermal stability and lower cell voltage
and lower specific capacity rendered to the thermal battery
system have prompted researchers to look for alternate
materials suitable for high temperature power generating
systems.

CoS2 is considered a promising alternative to FeS2 as a
cathode material for specific high-power and long-discharging
thermal batteries. It offers several advantages, including flat
voltage discharge plateaus at a high nominal voltage (∼1.8 V),
a high theoretical capacity (1045 As g−1), high thermal stability
(up to 650 °C which is an advantage over FeS2), high
electronic conductivity, poor solubility in eutectic molten salt
electrolytes, and low polarization even under high current
densities. In general, a Co−S phase diagram includes four
distinct phases viz., CoS2, Co3S4, Co9S8, and CoS with the
space group of Pa3̅, Fd3̅m, Fm3̅m, and P63/mmc respectively,
each with its own crystal structure and properties.35−37 Similar
to FeS2, CoS2 has a pyrite structure with Co atoms bonded to
six sulfur atoms, forming a face-centered array of Co atoms
with distorted corner atoms. Co3S4 exhibits a spinel structure
with two types of Co sites: tetrahedral and octahedral, both
coordinated by sulfur atoms. Co9S8 has two sites at the
vertices, with Co atoms at the center of both octahedral and
tetrahedral sites. CoS forms an hcp (hexagonal close-packed)
structure with CoS6 octahedra, and Co atoms are positioned at
the center of trigonal prisms with sulfur atoms in the CoS6
octahedra. CoS6 (octahedra) share corners with the CoS4
tetrahedra and are isolated from each other, whereas CoS4

tetrahedra are linked to each other by their edges and corners.
When CoS2 is employed as a cathode material for thermal
batteries, cobalt disulfide undergoes several phase trans-
formations during the discharge reaction, which are associated
with multisteps of voltage plateaus, with each voltage plateau
corresponding to the formation of distinct cobalt sulfide
compounds. The discharge mechanism is given in eq 4:

CoS (1.6 V) Co S Li S (1.4 V) Co S Li S

(1.2 V) Co Li S (1.1 V)
2 3 4 2 9 8 2

2

+ +

+ (4)

Table 1 summarizes the list of various TMCs and TMHs
employed as cathode materials in thermal batteries. All the
phase transformations of chemical reactions have been
correlated with the help of a Co−S phase diagram and
confirmed with the Payne’s powder neutron diffraction
pattern.38 During the CoS2 cell discharge, the observed
electrochemical voltage plateau between 1.8 and 1.6 V
corresponds to the phase transformation of CoS2 to CoS and
Li2S. At 1.6 V, CoS2 is no longer present in the diffraction
pattern; only CoS and Li2S are observed. The plateau between
1.6 and 1.4 V corresponds to the phase transition of CoS (via
CoS1−y) to Co9S8. At 1.2 V, the Co9S8 phase exists in the
diffraction pattern. The final plateau between 1.2 and 1.1 V
corresponds to the phase transition of Co9S8 to Co. At 1.1 V,
only Co exists in the diffraction pattern. The potential below
1.1 V is the cutoff point for practical applications. During
discharging, it is found that there is a presence of the hexagonal
CoS phase, but there is no evidence for the formation of the
Co3S4 spinel phase. The sulfur deficiency increases the lattice
parameters of the hexagonal CoS crystalline phase. Further
discharge leads to the formation of the Co9S8 phase with a high
sulfur loss, which favors the formation of the Li2S phase on
discharge.39−41 The newly proposed discharge mechanism is as
shown in eqs 5−7:

CoS 2Li CoS Li S2 2+ + (5)

CoS 2/9Li 1/9Co S 1/9Li S9 8 2+ + (6)

1/9Co S 16/9Li Co 8/9Li S9 8 2+ + (7)

The novel CoS2/CNTs composite and carbon coated CoS2
material offers a better electronic conductivity and superior
pulse discharge over the conventional CoS2 by preventing the
high self-discharge rate and oxidation during air exposure. The
CoS2/CNTs composite developed using a hydrothermal
method was found to provide a discharge specific capacity of
215 mA h g−1 at a terminating voltage of 1.7 V and exhibited a
thermal stability up to 625 °C. After 30 cycles of pulse
discharge, 64% of the power was found to be retained at a
current density of 500 mA cm−2. During discharge, the carbon

Table 1. List of Various TMCs and TMHs Employed As Cathode Materials in Thermal Batteries

cathode materials anode alloy specific capacity (A g−1) operating voltage (V) cut-off voltage (V) discharge temperature (°C) references

FeS2 Li-Si 1100−1200 1.9−2.1 1.3 500 42, 43
CoS2 Li-B/Li-Si 1800/1200 1.8−2.0 1.1 500−520 44, 45
NiS2 Li-B 1350 1.8−2.0 1.4 500 46
MoS2 Li-Si 275 1.8 1.2 450 47
WS2 Li-B 1200 1.4 1.4 500 48
FeF3 Li-B 290−575 2.5 1.5 500 49
NiF2 Li-B 900 2.0 0.5 550 50
CuF2 Li-B 600−1900 3.25 1.5 500 51
NiCl2 Li-B 900 2.0 1.6 500 52
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coated CoS2 cathode revealed superior behavior compared to
bare CoS2 in terms of its discharge capacity and resistance.
Bare CoS2 when exposed to air for a longer period undergoes
surface oxidation with moisture absorption, whereas the
carbon coated CoS2 remained unaltered and stable.

Carbon-coated CoS2, synthesized at 400 °C through
pyrolysis using sucrose, outperforms bare CoS2 due to the
prevention of self-discharge reactions by blocking pores of
dissoluted anodic Li atom on the CoS2 cathode material during
discharge. It significantly increases the discharge specific
capacity to 243 mAh g−1 at a current density of 100 mA
cm−2, achieving 65% of the theoretical capacity. At 500 mA
cm−2, the specific capacity of pristine CoS2 and carbon-coated
CoS2 is 258 mAh g−1 and 283 mAh g−1, respectively. DSC
analysis shows that the thermal stability of pristine CoS2 and
CoS2/C remains unchanged, with an endothermic peak at the
same temperature (724 °C). Yu et al. synthesized Fe-doped
CoS2 (CoxFe1−xS2) materials to enhance the chemical stability
of CoS2 in air exposure. Battery cells with CoS2 and CoS2/
CNTs at different cutoff voltages exhibited specific capacities.
At the highest cutoff voltage of around 1.7 V, the CoS2 and
CoS2/CNTs battery cell revealed a specific capacity of 200 and
220 mAh g−1, respectively. Moreover, at a low cutoff voltage of
1 V, the CoS2 and CoS2/CNTs battery cell revealed a specific
capacity of 630 and 668 mAh g−1, respectively.53,54

In another approach, nickel sulfides were also employed as
cathode materials in thermal battery systems, due to their
semiconducting nature and moderate thermal stability (590
°C) existence in various stoichiometric crystalline phases
including NiS, NiS2, Ni3S2, Ni3S4, Ni6S5, Ni7S6, and Ni9S8. Like
other metal sulfides, nickel sulfides face issues such as capacity
fading and significant volume expansion during charge/
discharge cycles. These shortcomings can lead to cracking,
particle pulverization, and loss of contact with current. NiS2 is
considered an attractive cathode material for thermal batteries
(theoretical capacity ∼870 mAh g−1) due to its inherent
thermal and electrochemical performance and cost-effective-
ness. A single-phase NiS2 cathode exhibited a specific capacity
of 820 mAh g−1. Nanocrystallization of NiS2 results in
increased density of lattice defects and surface energy, which
enhances its electrochemical performance. However, nano-
crystallization may slightly reduce the thermal stability of NiS2.

NiS2 with a crystallite size of 70 nm exhibited excellent
discharge performance at 500 °C, with a specific capacity of
831 mAh g−1, close to its theoretical capacity, at a current
density of 0.1 A cm−2 and terminate voltage of 0.5 V.
Hierarchical carbon modification of NiS2 increases its thermal
decomposition temperature from 400 to 590 °C. The carbon-
coated NiS2 material exhibits improved discharge performance
at 500 °C, with a specific capacity of 610 mAh g−1. Multiple
shielding effects of carbon modification effectively impede the
dissolution and shuttling of sulfide ions, enhance electronic
conductivity, and improve thermal stability. The polarization
resistance of the carbon-coated NiS2 cell is approximately 0.27
Ω, which is significantly lower than the 0.54 Ω resistance of the
uncoated NiS2 cell. Thus, nanocrystallization and carbon
modification can significantly enhance the performance and
thermal stability of NiS2 as a cathode material in thermal
batteries, making it a promising option for practical
applications.55,56

Due to the superior thermal stability of CoS2 and NiS2
relative to FeS2, and due to the limited formation of sulfur gas
during the discharge process, CoS2 and NiS2 can be considered

as alternate materials for the conventional FeS2. But their
limited availability and high-cost may be considered as
impediments in commercializing the CoS2 thermal battery
systems, unless these sulfides are prepared from available
secondary sources especially from the spent LIBs.

In another approach, TMHs based cathode materials such as
FeF3, NiF2, CuF2, and NiCl2 are employed in thermal batteries.
It was found that the pristine FeF3 provides an initial discharge
voltage of 3.20 V and a specific capacity of 82 mAh g−1 at a
current density of 100 mA cm−2 and also is highly thermal
stable up to 800 °C, whereas modified FeF3 with 1 wt %
MWCNTs provides an initial discharge voltage of 3.27 V with
a specific capacity to 160 mAh g−1.57

When PbCl2 was employed as the active cathode material
due to its discharge plateau and high utilization rate, it
provided a new direction for the development of thermal
batteries with chloride-based cathode active material. More-
over, PbCl2 resulted in a discharge specific capacity of 168
mAh g−1 at 450 °C and 0.5 C current rate, the voltage plateau
reaches 1.8 V, and the active material utilization rate was found
to be as high as 87.5% when the cutoff voltage was 0.5 V.58

Figure 5 displays the requirements essential for high perform-
ance cathode materials in thermal batteries.

3. TMCs AND TMHs AS ANODE MATERIALS FOR
RECHARGEABLE MONOVALENT METAL-ION
BATTERIES

The previous section deliberated the suitability of TMCs as
cathode materials in thermal battery systems which operate at
temperatures above 500 °C. In this section the utilization of
TMCs as anode materials in rechargeable monovalent metal-
ion batteries is discussed in detail. Unlike thermal battery
systems, where abrupt chemical reactions occur through a
reaction of TMCs with Li based alloys, here monovalent metal
ion batteries (Li, Na, and K) continuously undergo
intercalation and deintercalation within the graphite layers
(anode) during electrochemical reactions. Graphite is a
suitable anode material for LIBs but is not suitable for the
intercalation of larger sodium (Na+) and potassium (K+) ions.
The larger ionic radii of Na+ (1.02 Å) and K+ (1.38 Å) make
them less compatible with graphite, which is optimized for
lithium (Li+) ions with a smaller ionic radius (0.76 Å).
However, attaining a high energy density of LIBs is still in
demand due to the low specific capacity and cyclic stability of

Figure 5. Characteristic properties of cathode materials in thermal
batteries.

ACS Omega http://pubs.acs.org/journal/acsodf Review

https://doi.org/10.1021/acsomega.3c08809
ACS Omega 2024, 9, 7357−7374

7362

https://pubs.acs.org/doi/10.1021/acsomega.3c08809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08809?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c08809?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c08809?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the graphite anode. TMCs are considered as alternative anode
materials for LIBs, sodium-ion batteries (SIBs),59 and
potassium-ion batteries (KIBs).60,61 TMCs are classified as
layered metal chalcogenides and nonlayered metal chalcoge-
nides. Layered metal chalcogenides, such as SnS2, SnSe2,
MoSe2, MoS2, VS2, and WS2, are suitable for intercalation-type
anode materials and can exhibit excellent lithiation ability and
increased specific capacity when compared to graphite.
Nonlayered metal chalcogenides, including FeS, FeS2, FeSe2,
CoS2, CoSe2, NiS2, Sb2S3, and Bi2S3, can be used as either a
conversion-type anode or cathode materials for these battery
systems.62,63 However, sulfide-based chalcogenides face several
challenges during electrochemical reactions, including the
shuttle effect (sulfur dissolution), poor electrical conductivity,
large volume expansion (the transfer of multiple electrons per
metal ion via conversion reaction leads to extended diffusion
path length), and sluggish reaction kinetics. During the
charge−discharge process in sodium-ion batteries, the
formation of sodium suphide (Na2S) as a reaction intermediate
gets solubilized in the electrolyte,64 leading to material
loss.65−67 To address these issues, various strategies have
been attempted, such as wrapping FeS nanoparticles with
reduced graphene oxide (rGO) or porous carbon nanosheets,
lamination with MnS, and the fabrication of 1D micro-/
nanostructured porous FeS/carbon fibers. Other approaches
include encapsulating FeS with a 3D carbon nanofiber aerogel
and forming yolk−shell FeS2@C spheres. These nano-
structured FeS materials, when combined with a carbon
matrix, prevent the shuttle effect, reduce diffusion path lengths,
enhance electrical conductivity, increase the interface area
between active materials and the electrolyte, and improve
reaction kinetics.68,69

FeS2 reaction mechanism are given in eqs 8 and 9:

x x xFeS e Li Li FeS (0 2; 1.5 1.7 V)x2 2+ + = < <+

(8)

x xLi FeS (4 )Li (4 )e

Fe 2Li S ( 1.5 V)
x 2

2

+ +
= +

+

(9)

Micron-sized FeS2 faces capacity fading issues due to particle
pulverization and sulfide exfoliation during charge−discharge
cycles. Three different strategies have been employed to
mitigate the capacity fading of FeS2: (1) voltage control:
operating the battery in a controlled voltage range (0.5−3 V)
to limit the conversion reaction, which can help in maintaining
capacity. (2) Use of polyacrylic acid (PAA)-Na binder:
replacing traditional binders like PVDF with PAA-Na binder
to prevent structural collapse and enhance the stability of FeS2.
(3) Graphene coating: coating FeS2 with graphene to improve
the kinetics of ion intercalation and deintercalation.

Anode materials such as micron-sized FeS2/carbon nano-
fiber (m-FeS2/CNF) and reduced graphene oxide (rGO)-
wrapped Fe3S4 nanoparticles exhibit high reversible capacity,
with 1400 and 950 mAh g−1 respectively at a current density of
100 mA g−1 over 100 cycles. These materials maintain a
capacity of 782 mAh g−1 at high current densities (up to 10 A
g−1) and are stable up to 800 cycles for LIBs.70,71

In the context of sodium ion batteries (SIBs), MoS2- like
layered materials experience sodium ion intercalation during
charging (0.4−3 V) and deintercalation during discharging
(below 0.4 V)59

Na ion intercalation reaction:

MoS e Na NaMoS2 2+ + =+ (10)

Irreversible conversion reaction:

x x xNaMoS e Na 2Na MoS ( 3)x2 1 2+ + +
+ (11)

Na MoS Na MoS 3e 3Nax x1 2 2 2 + ++
+

(12)

Reversible conversion reaction:

y y yNa MoS e Na Na MoS ( 3)x x y2 2 2 2+ + =+
+

(13)

MoS2/carbon nanofiber (CNF) anode material exhibited
specific capacities of 1220 mAh g−1 for LIBs and 450 mAh g−1

for SIBs at a current density of 1 A g−1 after 1000 cycles. In
comparison, bare MoS2 achieved a specific capacity of 676
mAh g−1 for LIBs at the same current density. MoS2/CNF
showed 1.8 times better performance than bare MoS2 for LIBs.
Nanocrystalline MoSe2 displayed a specific capacity of 782
mAh g−1 during the initial discharge at a 0.1 C capacity rate for
LIBs.72−74 A uniform coating of SbS2 (stibnite) on graphene
with reduced nanoparticles significantly enhanced the sodium
diffusion coefficient and reaction kinetics, and the material
exhibited a high capacity of 730 mAh g−1 at a current density
of 50 mA g−1 and retained 95% of its reversible capacity after
50 cycles. These findings highlight the performance of different
anode materials in terms of specific capacity, cycling stability,
and the impact of various factors such as the addition of carbon
nanofibers or graphene coatings. These results suggest that
these materials have the potential to improve the efficiency and
performance of both LIBs and SIBs.75

Cobalt sulfides, a unique class of semiconducting material
with various stoichiometric crystalline phases, exhibited
specific capacities in the range of 300−800 mAh g−1 in LIBs
through conversion reactions. However, like iron sulfides,
cobalt sulfides also face challenges, including capacity fading,
sluggish reaction kinetics, and polysulfide dissolution due to
particle pulverization and sulfide disintegration.76−78 CoS2
nanospheres have shown a high specific capacity of 800−900
mAh g−1 and relatively good cyclic stability, retaining about
75% of their capacity after 500 cycles in LIBs. Co3S4 quasi-
polyhedron in combination with multiwalled carbon nanotubes
(MWCNTs) as nanocomposites have achieved a reversible
capacity of 1280 mAh g−1 over 50 cycles at 200 mA g−1 and
975 mAh g−1 over 500 cycles at 2 A g−1 in LIBs.79,80 Co0.85Se
microspheres exhibited a specific capacity of 581 mAh g−1

during the first cycle but faced capacity retention issues,
retaining only 29% of their capacity after 50 cycles in LIBs.41

CoS2@CuxS nanostructured anode material demonstrated a
high specific capacity of 535 mAh g−1 at a current density of
0.1 A g−1 and 333 mA h g−1 at 5 A g−1. It retained 76% of its
capacity after 300 cycles in SIBs. Bare CoS2 exhibited a high
specific capacity of 249 mA h g−1 at 0.5 A g−1 over 1000 cycles
in SIBs. These findings illustrate the diverse performance of
cobalt sulfides, selenides, and their composites in various
battery systems, with some materials exhibiting promising
specific capacities and cyclic stability.81,82

Nickel sulfides, another class of semiconducting material in
various stoichiometric crystalline phases, have also similar
challenges such as capacity fading and huge volume expansion
issues that attributes to cracking, particle pulverization, and
loss of contact with current collectors. Yolk−shell NiS2
nanoparticles embedded on carbon fibers demonstrated a
high specific capacity of 679 mAh g−1 at 0.1 C, 245 mAh g−1 at
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10 C, and excellent cyclic stability of 76% over 5000 cycles for
SIBs. NiS1.03 hollow spheres and cages achieved a high specific
capacity of 127 mAh g−1 after 6000 cycles at 8 A g−1. Co/
NiSx/C hollow spheres exhibited a high specific capacity of
823 mAh g−1 and maintained it over 200 cycles for LIBs. NiSe/
C and Ni3Se2 nanospheres, used as anode materials for both
LIBs and SIBs, displayed a reversible capacity of 400−650
mAh g−1 and good cyclic stability of 70%−80% over 100
cycles.83−85 Copper sulfides are a class of functional semi-
conductors with various stoichiometric compositions (CuS,
Cu1.75S, Cu1.8S, Cu1.95S, Cu2S, and CuS2). Cu1.81S, as an anode
material for SIBs, exhibited a high specific capacity of 331 mAh
g−1 after 1000 cycles at 3 A g−1.86−88 TiSe2, used as an anode
material, achieved a high specific capacity of 103 mAh g−1 at 10
A g−1 for SIBs and 75 mAh g−1 at a capacity rate of 0.75C for
KIBs.89 VS2 in the electrolyte of 0.5 M KPF6 in EC/EDC
delivered a high specific capacity of 410 mAh g−1 at 0.1 A g−1

over 60 cycles and 360 mAh g−1 at 0.5 A g−1 over 100 cycles
for KIBs. V5S8/C nanosheets in the electrolyte of 1 M KFSI in
EC/PC achieved a high specific capacity of 500 mAh g−1 over
100 cycles at 0.05 A g−1 and 190 mAh g−1 over 1000 cycles at 2
A g−1 for KIBs. WS2/N-doped graphene exhibited a high
specific capacity of 900 mA h g−1 at 100 mA g−1 and
maintained 83% of capacity retention for SIBs. WSe2 achieved
a high specific capacity of 498 mA h g−1 at 100 mA g−1 and
maintained 83% of capacity retention for SIBs.90,91 CuSe
nanosheets displayed a high electrochemical reversible capacity
of 350 mAh g−1 at 0.5 A g−1 and retained cycling stability of
92.6% at 2 A g−1 for KIBs. MnS on reduced graphene oxide
(rGO) sheets revealed high electrochemical performance with
specific capacities of 720−847 mAh g−1 for both LIBs and
SIBs.92,93

Sulfides (SnS, Bi2S3, and Sb2S3) and selenides (SnSe, Bi2Se3,
and Sb2Se3) based chalcogenides are promising anode
materials for KIBs. Their electrochemical behavior and
reaction mechanisms as anodes can be understood from cyclic
voltammetric studies. During a cathodic scan, the following
four reduction reactions take place during the initial
potassiation process. At a potential of 1.1 V, a secondary
electrolyte interface (SEI) layer forms. The potassium
conversion reaction takes place at a potential of 1.3 V,
resulting in the conversion of BiSbSe3 to K3(Bi,Sb)Se3 and
(Bi,Sb), Another conversion reaction occurs at 0.7 V, leading
to the transformation of K3(Bi,Sb)Se3 to K2Se and (Bi,Sb).
Additionally, alloy formation involving (Bi,Sb) and potassium
(K) takes place. In the final stage of reduction, at 0.1 V further
alloy formation takes place where K(Bi,Sb) → K3(Bi,Sb). In
the anodic scan, the oxidation peak 0.7 and 1.3 V corresponds
to the dealloying reaction where K3(Bi,Sb) is converted into
K(Bi,Sb) and further gets converted to (Bi,Sb), respectively.
The oxidation peak at 2.2 V corresponds to the formation of
K3(Bi,Sb)Se3 from the depotassiation of K2Se and (Bi,Sb).66

In another approach, iron trifluoride (FeF3) is a promising
cathode material for both LIBs and NIBs due to its unique
electrochemical properties. FeF3 is known for its high charge
transfer capability, making it an excellent candidate for
cathodic materials. During the initial stages of intercalation
at approximately 3.0 V, FeF3 undergoes lithiation and forms
LiFeF3, providing a specific capacity of 237 mAh g−1. As the
electrochemical process continues, FeF3 can be further
lithiated to voltages below 2.0 V. At this stage, LiFeF3
undergoes a conversion reaction, resulting in the decom-
position of LiFeF3 into Fe and LiF. This conversion reaction

contributes to an extended specific capacity of 475 mAh g−1.
The formation of Fe and LiF is characteristic of conversion-
type cathode materials, where the material undergoes a
significant change in composition during cycling. FeF3’s
ecofriendliness and low cost, coupled with its high capacity
and stability, make it a promising material for next-generation
rechargeable batteries, both in the field of LIBs and SIBs.59 Its
ability to undergo both intercalation and conversion reactions
adds to its versatility as a cathode material.94

FeF e Li LiFeF3 3+ + =+
(14)

LiFeF 2Li 2e Fe 3LiF3 + + = ++
(15)

It was observed that the cosubstitution of Co and O atoms
in FeF3 (Fe0.9Co0.1OF) unveiled a high specific capacity of 420
mAh g−1 at 70 mA g−1 over 330 cycles, or 350 mAh g−1 over
1000 cycles at a high rate of 500 mA g−1. Moreover, Co and O
substitution in FeF3, significantly reduced the potential
hysteresis to 0.27 V. The performance of FeF3·0.5H2O and
the nanostructured FeF3·0.5H2O-rGO cathode materials
displayed a maximum capacity of 135 mAh g−1 and 266
mAh g−1 respectively, in LIBs. The anhydrate iron fluoride
compounds, such as NaFeF3 and FeF3/C composites,
exhibited capacities of 170 and 100 mAh g−1, respectively.
The charge transfer resistance of bare FeF3·0.5H2O is 110 Ω,
while the nanostructured FeF3·0.5H2O-rGO is 306 Ω. The
FeF3·3H2O/C, FeF3·0.33H2O/C and FeF3/C nanocomposites
were electrochemically tested between the voltage range of
2.0−4.5 V for LIBs. It was found that FeF3·0.33H2O, with an
orthorhombic structure with trace amounts of crystal water
displayed the best electrochemical performance.95 FeF3·
0.33H2O/C composite delivered an initial discharge capacity
of 177 mAh g−1 at 0.1 C and 105 mAh g−1 at 5 C. After 100
cycles, their capacity retentions remained as high as 83%.
Armstrong et al. in their work have enhanced the cathodic
efficiency of CoF2 and FeF2 nanoparticles in LIBs where CoF2
revealed a maximum specific capacity of 650 mAh g−1 at 1.2 V
and FeF2 revealed a maximum specific capacity of 1100 mAh
g−1 at 1.0 V. Combining transition metal fluorides with carbon
materials, such as C-FeF2 and C-NiF2, resulted in different
electrochemical performance where C-NiF2 could exhibit a
higher reversible capacity of 350 mAh g−1 after 20 cycles
compared to C-FeF2 with a capacity of only 180 mAh g−1.
From the cyclic voltammogram readings, it can be understood
that NiF2 nanoparticles revealed a significant reversible peak
current density of 0.12 mA g−1, which was not observed in the
case of CoF2 and NH4MnF3, which could only provide low
current densities (0.08 mA g−1 and 0.069 mA g−1 respectively).
The CNT/CoF2 multifunctional nanocomposite material
provided a specific capacity close to the theoretical value of
500 mAh g−1 with a capacity retention of 93% after 200 cycles
at 100 mA g−1 and maintained nearly 50% even after 10000
cycles at 1000 mA g−1.96,97

Although graphite is the commonly employed anode
material primarily in the case of LIBs, altogether it can be
concluded that TMCs and TMHs can be employed as anode
materials for LIBs, SIBs, and KIBs. Unlike the thermal battery
systems, here the metal chalcogenides are expected to have
superior electronic conductivity, a layered structure (for
efficient intercalation and deintercalation of alkali metal
ions), and an electrically conducting carbon allotrope coating
to prevent any material loss or parasitic reactions for enhanced
electrochemical performance. Table 2 summarizes the list of
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TMCs and TMHs reported as anode materials for monovalent
metal-ion batteries.

4. TMCS AND TMHS AS CATHODE MATERIALS FOR
RECHARGEABLE MULTIVALENT METAL-ION
BATTERIES

The previous sections discussed the TMCs and TMHs as
cathode and anode materials for thermal and rechargeable
monovalent ion batteries primarily focusing on FeS2, CoS2, and
NiS2 based materials. This section will elaborate the utilization
of other transition metal chalcogenides such as Ti, V, Sn, Sb
and Mo. In multivalent metal ion batteries (like MIBs, AIBs
and ZIBs, metal ions like Mg2+, Al3+, and Zn2+) undergo
various electrochemical processes, including plating, stripping
of the metallic anode, and intercalation/conversion on the
cathode. The energy storage mechanism of MIB energy is
analogous to the AIBs and ZIBs.112 Mg2+ ions in MIBs have a
similar size (0.72 Å), hydrated ionic radii (4.28 Å), and charge
density to Li+ ions used in LIBs. However, not all cathode
materials suitable for LIBs work well for MIBs. MIBs are
gaining attention due to their high theoretical anodic potential
(−2.4 V), cell voltage (3.1 V), specific capacity (2200 mAh
g−1), energy density (6.8 kWh kg−1), safety, ecofriendliness,
dendrite-free deposition, lightweight properties, and cost-
effectiveness and also because of their abundance. A similar
intercalation/deintercalation of Mg2+ ions takes place within
the battery similar to that of LIBs. The primary challenge in
MIBs is the sluggish solid-state diffusion kinetics on cathode
materials, which leads to a voltage hysteresis loop and
incomplete magnesiation. Mg2+ ions, with their high charge
density, face energy barriers during interfacial charge transfer
reactions, resulting in slow diffusion kinetics and ion-ligand
pair breakage, which would be as twice as high as monovalent
(Li+, Na+, and K+) cations. During, a ion insertion/hopping
reaction on the host material, a strong Coulombic interaction
generated creates problems to adsorb electrons on the host
material. To overcome the cathode material challenges of
MIBs, hybrid Mg/Li ion batteries (MLIBs) have emerged as a
promising next-generation battery type. MLIBs combine a
cathode designed for rapid Li+ storage, a dendrite-free Mg

anode, and a chemically stable Mg2+/Li+ hybrid electro-
lyte.113,114

A chevral phase Mo6S8 was proposed as the first cathode
material for MIBs with an organohalo-aluminate based
electrolyte. Other cathode materials other than Mo6S8 revealed
slow kinetics and poor reversibility. When Mg2+ ions interact
with Mo6S8, it forms the MgxMo3S4 phase, and the
electrochemical reactions involve charge transfer to the axial
surfaces of sulfur material and Mg2+ insertion in the inner and
outer rings of host Mo6S8. Mo6S8 also has limitations, including
an operating voltage of 1.2 V, specific capacity of 110 mAh g−1,
and energy density of 126 Wh kg−1. During the second step of
the electrochemical reaction (2nd voltage plateau), reduction
of the Mo6 octahedron takes place with subsequent Mg2+

insertion in the outer ring of the host Mo6S8. Mai et al.
synthesized bimetallic diselenides (Ni0.75Fe0.25Se2) with micro-
flower morphology via a solvothermal method and showed
improved electrochemical performance in MIBs.115 This
bimetallic functional behavior promoted fast diffusion kinetics
compared with unary NiSe2 and Mo6S8 by inducing more
redox active sites with an initial discharge capacity of 190 mAh
g−1 and a 500th cycle’s discharge capacity of 150 mAhg−1 at a
current rate of 20 mAg−1. A TiO2x nanorod array decorated
with polypyrrole encapsulated CoS2 nanosheets (TiO2x/CoS2/
PPy) as a cathode for hybrid MLIBs has stable Ti−S bonds on
the array of TiO2x nanorod that can greatly reduce the
polysulfide dissolution and prevent the CoS2 exfoliation, which
contributes to the astounding structural and chemical stability,
fast charge transfer, and ion insertion/hopping during
cycling.116 Graphene-like G-MoS2/C sandwich-structured
microspheres had a positive effect on promoting ionic
conductivity and extending the interlayer distance in G-
MoS2/C. The large interlayer separation improved both charge
and ion transfer kinetics in G-MoS2. As a result, it delivered a
magnesium storage capacity of 170 mAh g−1 after the 50th
cycle, which was 24% lower than its theoretical capacity of 232
mAh g−1.117,118 In contrast, sandwiched MoS2/C exhibited a
capacity of 119 mAh g−1 after 20 cycles. Fast exfoliation of
MoS2 and MoSe2 nanosheets was synthesized via a super-
critical fluid (SCF) method. The exfoliated MoS2 and MoSe2
nanosheets exhibited improved the specific capacity (i.e., 81
mAh g−1 during 10th cycle and 55 mAh g−1 during fifth cycle
at a current density of 20 mA g−1, respectively) compared to
pristine MoS2 and MoSe2. These indicate that exfoliated
graphene-like MoS2 and MoS2/C cathode materials, as well as
MoS2 and MoSe2 nanosheets, have the potential to enhance
the performance of magnesium-ion batteries by improving
charge and ion transfer kinetics and achieving higher specific
capacities. The WSe2 cathode in MIBs cell exhibited a
maximum reversible capacity of 265 mAh g−1 after 100 cycles
with an excellent capacity retention of 90% for a current
density of 50 mA g−1 and 70% for high current density of 500
mA g−1.119,120 The following Mg2+ storage mechanism (eqs 16
and 17) was proposed as follows:

(1) Cathode: 6WSe 4Mg 8e Mg W Se2
2

4 6 12+ ++

(16)

(2) Anode: 4Mg 4Mg 8e2 ++ (17)

A micron sized TiSe2 as a cathode material has a larger
interlayer spacing than the size of Mg2+ ions, making it
favorable for Mg2+ ion diffusion. The weak vdW interaction
between the basal planes of TiSe2 reduces Coulombic

Table 2. List of TMCs and TMHs Employed As Anode
Materials in Monovalent Metal-Ion Batteries

Sl
no: materials

specific capacity
(mAh g−1)

current density
(A g−1) cycle reference

1. SnS2 767 0.1 50 98
2. SnSe2 515 0.1 100 99
3. MoSe2 199 5 10000 100
4. MoS2 200 5 10 101
5. VS2 350 0.1 500 102
6. WS2 215 1 10000 103
7. FeS2 609 0.1 100 104
8 FeSe2 222 50 5000 31
9. CoS2 112 1 200 105
10. CoSe2 406 0.1 4500 106
11. NiS2 558 1 600 107
12. Sb2S3 652 0.1 60 108
13. Bi2S3 603 0.1 A g−1 100 109
14. FeF3 461 0.5 10 110
15. CoF2 272 1 1000 111
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repulsion among Mg ions, facilitating their diffusion into the
interlayers of TiSe2. It exhibits good electronic conductivity,
which is essential for efficient charge transfer during the
electrochemical reactions. TiSe2 has a small electronegativity
when combined with anions, which can be advantageous for
the reaction mechanisms in MIBs. It also promotes a fading of
electrostatic interactions between Mg2+ ions and the host
material, allowing for reversible intercalation and deintercala-
tion redox reactions. The development of an MX2 open-tunnel
structure in TiSe2 helps in redistributing the charge and
enhancing electronic conductivity. Herein, due to the presence
of a large 4p orbital, strong d-p orbital hybridization in TiSe2,
resulting from the largely overlapping d and p orbitals,
facilitates charge displacement in metal-binding units and
supports reversible intercalation/deintercalation redox reac-
tions for Mg2+ ions. These insights into TiSe2 as a cathode
material may have implications not only for MIBs but also for
other multivalent ionic battery systems, such as aluminum-ion
batteries (AIBs)121 and zinc-ion batteries (ZIBs).122

Aluminum-ion batteries (AIBs) have been an area of
research interest due to their potential for providing a high
specific capacity of 2980 mAh g−1, which is attributed to a 3-
electron transfer reaction. AIBs offer several advantages,
including low cost, high safety, ecofriendliness, nontoxicity,
and the potential for high electrochemical energy storage.
However, they also face significant challenges, such as low Al3+

ionic diffusion, electrode degradation or disintegration, and the
formation of a passive oxide layer. One of the key challenges in
developing AIBs is finding suitable cathode materials which
arise from the characteristics of hydrated Al3+ ions, which have
a relatively large ionic radius of 4.75 Å compared to other
multivalent charge carriers like Zn2+, Mg2+, and Ca2+. As a
result, cathode materials need to overcome severe kinetic
issues associated with the trivalent Al3+ ions and their strong
electrostatic interaction with cathode materials. Finding
cathode materials that can effectively address these challenges
is a critical aspect of advancing AIB technology. Researchers
continue to explore various materials and strategies to develop
high-performance cathodes for AIBs while mitigating these
kinetic issues.123

MoS2 nanosheets on graphene foam as a cathode material
for AIBs synthesized via a hydrothermal process extended the
interlayer spacing of MoS2 nanosheets to 1.0 nm, which helped
inhibit bulk volume changes of the nanosheets during Al3+

ionic interactions. This structural stability increased the
number of active sites for Al3+ ion storage, reducing diffusion
blockades and enhancing Al3+ ion retention. The cathode
material delivered a specific capacity of 105 mAh g−1 after 20
cycles and maintained a capacity of 87 mAh g−1 after 120
cycles, even at a high current density of 200 mA g−1.
Hydrothermally synthesized MoS2 microspheres have two
distinct active sites (A1 and A2 sites) and were identified for
Al3+ ions intercalation/deintercalation in the MoS2 micro-
spheres; i.e., the A1 site corresponds to the S−Mo−S bonding,
and the A2 site was associated with a vdW gap. Herein, during
the Al3+ ion intercalation/deintercalation process, S−Mo−S
bonding (A1) sites have a tendency to lose their storage
capacity, when they undergo a phase transition, whereas the
vdW gap (A2) sites are more stable during (de)intercalation
reactions. During the discharge process, Al3+ ions initially
intercalated at the A1 site and then continued to intercalate at
A2 sites. The reverse process of deintercalation from the vdW
gap occurred during recharge. A2 sites showed more stable

Al3+ ion intercalation/deintercalation, resulting in excellent
discharge capacity. The AIB exhibited a high Coulombic
efficiency and good performance. In S−Mo−S bonding (A1)
sites, more electrostatic interaction between S2− anionic and
Al3+ cationic network attributed to the MoS2 material’s
electrochemical polarization and was not found to be favorable
for the Al3+ reversible intercalation/deintercalation process,
which consequently promoted the storage capacity loss and
phase transition. Nevertheless, Al3+ ions adsorbed at vdW gap
(A2) sites (i.e., van der Waals force of attraction with an
infinitesimal electrostatic force) contribute to more reversible
intercalation/deintercalation.124 As a result, after 100 cycles,
the AIB delivered an excellent discharge capacity of 250 mAh
g−1 at a current rate of 20 mA g−1, whereas the same AIB
delivered a poor discharge capacity of 65 mAh g−1 at a current
rate of 40 mA g−1 after 100 cycles. Al3+ ions reaction
mechanisms have two vacant sites namely a X-Mo-X (A1) site
and vdW site (A2) of MoX2 (X: S, Se, and Te). MoSe2
exhibited a 95% higher Coulombic efficiency at a current
density of 100 mA g−1 compared to other MoX2 materials,
indicating its potential as a promising cathode material for
AIBs.125

Chevral phase Mo6S8 particles as cathode materials for AIBs
were identified as two distinct Al adsorption sites (AAS) within
the chevrel phase Mo6S8. These sites differ in size and
structural arrangement. AAS-1 consists of eight units of Mo6S8
forming a cubic-centered hexahedron, while AAS-2 is smaller
and arranged as a face-centered hexahedron. The research
revealed that Al3+ ions preferentially adsorb to AAS-1 sites due
to strong electrostatic interactions between the Al3+ ions and
AAS-1. As a result, Al3+ ions could more readily be stored on
AAS-1 sites compared to AAS-2 sites. This preferential
adsorption of Al3+ ions on the AAS-1 sites had a positive
impact on the performance of the AIB. The discharge capacity
of Mo6S8 promptly stabilized after the first cycle, and the
battery maintained a balanced discharge capacity of 70 mAh
g−1 after 50 cycles. This indicates the stability and reversibility
of the Al3+ ion intercalation/deintercalation process in the
cathode material. The Al3+ ions storage mechanism of the
chevral phase Mo6S8 particles is described in eqs 18 and 19 as
follows:

(1) Cathode: 8 Al Cl 6e Mo S

Al Mo S 14 AlCl
2 7 6 8

2 6 8 4

[ ] + +

+ [ ] (18)

(2) Anode: Al 7 AlCl 4 Al Cl 3e4 2 7+ [ ] [ ] + (19)

A composite material consisting of binary metal sulfides (S-
NiCo) was produced on reduced graphene oxide (rGO). This
composite exhibited a high specific capacity of 248 mAh g−1

with nearly 100% Coulombic efficiency at a high current
density of 1000 mA g−1. After 100 cycles, it retained a capacity
of 83 mAh g−1, indicating good cycling stability.126 Zhang et al.
synthesized a novel cathode material by combining Bi2S3 and
MoS2 nanorods through a hydrothermal method for AIBs. This
hybrid material exhibited a specific capacity of 133 mA h g−1 at
a high current density of 1000 mA g−1. The heterojunction
between Bi2S3 and MoS2 is believed to enhance structural
stability and contribute to the long cyclic life of the AIBs.125

Wu et al. developed cathode material by coating VS2
nanosheets with graphene (G-VS2) for AIBs via a physical
deposition route. The modified layered G-VS2 with an
interlayer distance of 5.75 Å demonstrated a specific capacity
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of 50 mAh g−1 at a current density of 100 mA g−1 and
maintained 100% Coulombic efficiency after 50 cycles. In
comparison, normal VS2 nanosheets exhibited a lower specific
capacity of 22 mAh g−1 under the same conditions. This
modification improved ion diffusion and promoted electron
transport, resulting in better ion diffusion kinetics and reduced
polarization resistance. The Al3+ ions storage mechanism of G-
VS2 is described in eqs 19 and 20 as follows:

x x(1) Cathode: VS Al 3 e Al VSx2
3

2+ ++
(20)

(2) Anode: Al AlCl Al Cl4 2 7+ (21)

Spinel based cubic Cu0.31Ti2S4 as a cathode material for AIBs
exhibited the performance of Al3+ ions intercalation/dein-
tercalation within layered TiS2, where Al3+ ions were
predominantly stored in the octahedral sites. An energy barrier
was raised during the Al3+ insertion and extraction process.
This was attributed to the strong Coulombic interaction
between the Al3+ ions and anionic sulfide sites within the TiS2
structure. Consequently, AIBs using layered TiS2 as a cathode
material exhibited sluggish diffusion kinetics for the insertion
and extraction of Al3+ ions. This sluggish diffusion limits the
rate at which Al3+ ions can move in and out of the cathode
material, which, in turn, affects the overall performance of the
battery reducing its discharge capacity to 70 mAh g−1.127

Zinc-ion batteries have garnered significant attention as
energy storage devices due to several favorable characteristics,
including their high redox potential (−0.763 V), theoretical
volumetric energy density (5855 mAh cm−1), safety,
abundance and low cost. Zinc-ion chemistry is suitable for
both aqueous and nonaqueous batteries.128 The ionic
conductance of Zn2+ in water (1000 mS cm−1) is much
greater than organic solvents (1−10 mS cm−1). However, one
of the challenges with zinc-ion batteries is the relatively poor
diffusion kinetics of Zn2+ ions in electrolytes. Zn2+ ions tend to
coordinate with water molecules in aqueous solutions, leading
to reduced mobility.112,128,129 Liang et al. modified or activated
layered MoS2 by replacing sulfur atoms with oxygen atoms
using a hydrothermal method. The introduction of oxygen
atoms led to the expansion of the interlayer spacings within the
MoS2 structure, resulting in greater distances between MoS2
layers (6.2−9.5 Å) subsequently increasing the hydrophilicity
and reducing vander wals interaction due to the Mo−O bond
formation. Oxygen atoms are smaller than sulfur atoms, and
the presence of oxygen significantly improved the diffusion
kinetics of Zn2+ ions. As a result, of these modifications, the
activated MoS2 material exhibited a higher specific capacity of
232 mAh g−1, representing a 10-fold increase over the
unmodified MoS2.

130 Li et al. developed a novel structure by
growing vertically aligned MoS2 on 3D network of carbon
fibers, subsequently expanding the interlayer spacings of MoS2.
This assembled structure provided a larger surface area and
improved a better interfacial contact between electrolyte and
MoS2, which expedited the Zn2+ diffusion kinetics. The
expanded interlayer spacings within the MoS2 structure helped
reduce the energy barrier for Zn2+ ion diffusion (zincate
formation and the ionic resistance), thereby promoting faster
reaction kinetics. As a result, the expanded MoS2 exhibited a
discharge capacity of 200 mAh g−1 and impressive capacity
retention of 98.6% after 600 cycles demonstrating its suitability
for Zinc-ion batteries.131 The proposed Zn2+ storage
mechanism is shown in eqs 21 and 22 as follows:

x x(1) Cathode: Zn 2e MoS Zn MoSx
2

2 2+ ++
(22)

x x x(2) Anode: Zn 2e Zn+ (23)

Xu et al. employed defect engineering techniques to create
defect-rich MoS2 nanosheets through a hydrothermal route
with subsequent heat treatment. The introduction of defects,
including 100-plane stacking faults and disordered atomic
displacement, led to increased surface energy of the MoS2
nanosheets, making them more favorable for ion adsorption.
The defects nucleated new active sites within the material,
which could accommodate more ions and improve ion
adsorption. Moreover, it could expand the interlayer spacings
(6.86 Å) in the MoS2 structure, facilitating the diffusion of ions
within the material. As a result of these defect-induced
modifications, the defect-rich MoS2 nanosheets demonstrated
a discharge capacity of 102 mAh g−1 after 600 cycles at a high
current rate of 500 mA g−1, showcasing improved cycling
stability.132 Yang et al. fabricated novel MoS2 nanosheets with
a porous tubular/layered structure with an interlayer spacings
of 6.5 Å, which helped enhance their performance as cathode
materials for energy storage. The modified MoS2 nanosheets
demonstrated a specific capacity of 146 mAh g−1 and
impressive capacity retention of 74% after 800 cycles at a
current rate of 200 mA g−1, highlighting their suitability for use
as cathode materials in energy storage systems.133 Table 3
displays the list of various TMCs employed as cathode
materials and their electrochemical performance in multivalent
metal ion batteries.

He et al. prepared VS2 nanosheets (vanadium-based
transition metal dichalcogenides) via a hydrothermal reaction,
which are potential candidates for ZIB cathodes. The interlayer
spacing of the resulting VS2 nanosheets was measured to be
5.76 Å, which indicates a reasonably open structure favorable
for ion diffusion and intercalation. In ZIB applications, the
hydrothermally prepared VS2 nanosheets exhibited a high
specific capacity of 190 mAh g−1, and an impressive 98%
capacity retention was observed after 200 charge/discharge
cycles at a relatively low current rate of 50 mA g−1. The
proposed electrochemical reactions134 are shown in eqs 23 and
24:

(1) Cathode: VS 0.09Zn 0.18e

Zn VS,Zn VS 0.14Zn 0.28e

Zn VS

2
2

0.09 0.09 2
2

0.23 2

+ +
+ +

+

+

(24)

(2) Anode: Zn 2e Zn2 ++ (25)

Table 3. List of TMCs Employed As Cathode Materials and
Their Electrochemical Performance in Multivalent Metal
Ion Batteries

s.
no. materials

specific capacity
(mAh g−1)

current density
(A g-1) cycle references

1. MoS2 119 0.1 50 138
2. MoSe2 520 2 400 139
3. WSe2 265 0.5 100 119
4. TiSe2 108 5 50 140
5. VSe2 240 0.5 40 141
6. Bi2S3 150 0.67 100 109
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Jiao et al. developed an open flower structured VS2 directly
on a stainless-steel mesh (VS2@SS) without the need for
binder and conductive additives. The free-standing VS2@SS
with interlayer spacings (5.8 Å) promoted the interaction
between the electrolyte and active material, which is indicative
of a suitable structure for facilitating both ion and charge

transfer and shortening the Zn2+ diffusion path length.
Successively, it is preventing the electrode disintegration by
obliging volume expansion. However, the VS2@SS electrode
exhibited a maximum discharge capacity of 198 mAhg−1 at 50
mA g−1 and outstanding cyclic stability over 2000 cycles at
2000 mA g−1.135 Wu et al. synthesized ultrathin VSe2

Table 4. Comparison of Various TMCs and TMHs Employed As Cathode and Anode Materials in Thermal, Mono-, and
Multivalent Metal Ion Batteries

material thermal stability (°C) ohmic resistance (Ω·cm2) valency suitable for thermal (TB)/ secondary battery (SB) suitable for anode/cathode

FeS2 550 240 +2 TB, SB Cathode for TB, Anode for SB
CoS2 650 50 +2 TB, SB Cathode
NiS2 590 4 +2 TB Cathode
SnS2 400 300 +4 SB Anode
TiS2 400 400 +4 SB Anode
VS2 420 6 +5 SB Anode
WS2 410 11 +4 SB Anode
MoS2 650 25 +4 TB, SB Cathode
Sb2S3 190 30 +3 SB Anode
Bi2S3 685 1800 +3 SB Anode
SnSe2 680 280 +4 SB Anode
MoSe2 380 1600 +4 SB Anode, Cathode
CoSe2 300−550 250 +2 SB Anode, Cathode
FeSe2 260 40 +2 SB Anode, Cathode
NiSe2 320 600 +2 SB Anode
TiSe2 350 290 +4 SB Cathode
WSe2 220 900 +4 SB Cathode
FeF3 800 40 +3 TB, SB Cathode for TB, Anode for SB
NiF2 450 20 +2 TB, SB Cathode for TB, Anode for SB
CoF2 500 2 +2 TB, SB Cathode for TB, Anode for SB

Figure 6. Charge−discharge mechanism in multi- and monovalent metal ion batteries with TMC and TMH based electrode materials.137
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nanosheets via a wet chemical process. The aqueous ZIB
delivered specific capacities of 131, 114, 105, 94, and 79 mAh
g−1 at various current rates of 100, 200, 500, 1000, and 2000
mA g−1, respectively. When the current density returned to 100
mA g−1, the recovered specific capacity was measured at 118
mAh g−1. Additionally, the VSe2 nanosheets exhibited a
maximum specific capacity of 131 mAh g−1 at 100 mA g−1

and 80.8% capacity retention after 500 cycles.135 The possible
Zn2+ storage mechanisms are shown in eqs 25 and 26 as
follows:

(1) Cathode: VSe 0.23Zn 0.46e

Zn VSe Zn VSe 0.17Zn 0.34e

Zn VSe

2
2

0.23 2 0.23 2
2

0.4 2

+ +
+ +

+

+

(26)

(2) Anode: 0.4Zn 0.4Zn 0.8e2 ++ (27)

Zhu et al. fabricated a crystal chain framework of VS4 via a
hydrothermal method as a cathode material for ZIBs. The VS4
atomic chain framework is a loosely stacked structure, though
the atomic chains are bonded by a weak vdW force and
exhibited a capacity of 110 mAh g−1 after 500 cycles.136 The
proposed Zn2+ reaction mechanisms are shown in eqs 27 and
28:

(1) Cathode: VS 0.49Zn 0.98e

Zn VS Zn VS 0.54Zn 1.08e

Zn VS

4
2

0.49 4 0.49 4
2

1.03 4

+ +

+ +

+

+

(28)

(2) Anode: Zn Zn 2e2 ++ (29)

Table 4 compares various TMCs and TMHs reported and
employed as electrode materials in thermal, mono- and
multivalent metal ion batteries. From the table it can be
clearly understood that specific physicochemical properties of
TMCs and TMHs can be tailored to suit the applications of
these materials as either cathodes or anodes in thermal, mono-,
and multivalent ion battery systems. Due to the fascinating
physicochemical properties leading to attractive electro-
chemical properties, the structural properties of the transition
metal chalcogenides and fluorides can be tailor made to suit
and further enhance the voltage stability and specific energy of
the primary and secondary batteries. Since the availability of
the raw materials is a concern for making transition metal
chalcogenides and fluorides involving metals such as Ni, Co,
Mo, and W, exploration of extracting these metal values from
secondary sources will play a crucial role in sustainable
development of next generation batteries.

5. SUMMARY AND OUTLOOK
To be noted, in thermal batteries since conversion reactions at
higher temperatures play a crucial role in defining the
performance of the system, the material is expected to have
high thermal stability, low dissolution in the molten electrolyte
accompanied by multiphases during the discharge reaction at
higher temperatures, and hence TMCs and TMHs have either
a layered or nonlayered structure. On the other hand, since the
monovalent energy storage systems involve an intercalation
and deintercalation mechanism, for a material to be ideally
suited as electrode material, it is expected to possess a layered
structure to facilitate inward and outward diffusion of the
monovalent ions with higher electrical conductivity; hence,

TMCs and TMHs are employed as anode materials with a
carbon allotrope coating, whereas the multivalent energy
storage systems employ TMCs and TMHs with higher valence
and multivalent oxidation states, which is expected to resist the
stronger field produced during the interaction of di- and
trivalent ions with the cathode material facilitating higher
energy density with minimal structural and volume changes at
a high rate of discharge.
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