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A B S T R A C T

As the lightest family member of the transition metal disulfides (TMDs), TiS2 has attracted more and more
attention due to its large specific surface area, adjustable band gap, good visible light absorption, and good charge
transport properties. In this review, the recent state-of-the-art advances in the syntheses and applications of TiS2
in energy storage, electronic devices, and catalysis have been summarized. Firstly, according to the physical
presentation of the TiS2 synthesis reaction, it can be divided into a solid phase synthesis, a liquid phase synthesis
and a gas phase synthesis. Secondly, we summarize the applications of TiS2 in energy storage, electronic devices
and catalytic: (1) The applications of TiS2 nanostructure in energy storage direction from the aspects of Li-ion
battery (LIB), Li–S battery (LSB), Na-ion battery (NIB), K-ion battery (KIB), Mg-ion battery (MIB), solar cells
and hydrogen storage; (2) The applications of TiS2 nanostructures in various electronic devices from thermo-
electric devices, high power lasers and flexible devices; (3) Applications based on energy catalysis and envi-
ronmental catalysis. Based on the various synthetic technologies and wide applications of TiS2, we firmly believe
that the challenges of TiS2 will be solved and become a hot star material in the future. Finally, we discuss the
future scope and the current challenges arising from this fascinating material.
1. Introduction

Since Geim successfully isolated single-layer graphite by micro-
mechanical exfoliation method, two-dimensional (2D) materials have
become a hot topic in the field of materials science [1]. However, because
graphene is a zero bandgap material, the use of graphene in field effect
transistors and logical devices has been limited [2]. Recently, transition
metal disulfides (TMDs) with a chemical formula of MS2 (where M¼Mo,
Ti, W, Nb, etc.) have attracted great interest because of their direct
bandgap, tunable interlayer space, and nonlinear optical properties [3].
TMDs can serve as metallic, half-metallic, semiconducting, and super-
conducting materials, which depends on their d-electron number of M
and crystal structures. In the crystal structure of TMDs, two layers of S
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atoms are intercalated by a layer of M atoms. M � S is strongly
covalent-bonded, while the interaction between MS2-MS2 layers is weak
van Der Waals forces. Thus, single- and few-layer MS2 can be isolated
from bulk materials by chemical and mechanical exfoliation method.

After the discovery of graphene, molybdenum disulfide (MoS2) has
become the most studiedmaterial in the TMDs family due to its structural
similarity to graphene. Due to its high carrier transport, low cost, and
tunable bandgap, MoS2 has been explored in various applications such as
energy storage and conversion, photocatalysis, and environmental
remediation. Since the beginning of 1977, titanium disulfide (TiS2) has
been widely concerned by researchers since its application in lithium-ion
battery battery (LIB) anodes [4–8]. TiS2 exhibits a semimetallic to sem-
iconducting behavior, depending on the its form from bulk to monolayer
n), chenbin@szu.edu.cn (B. Chen).
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structure [9]. Theoretical calculations reveal the conduction band min-
imum and valence band maximum of monolayer TiS2 appear partially
overlapping, and its band structure can be modulated by strain engi-
neering [9,10]. However, a semiconducting behavior can be observed in
monolayer TiS2 under nonstrain conditions. The tiny nonstoichiometric
feature induces the discrepancy of electronic structure between the
theoretical calculation data and experimental data. It has been demon-
strated that the physical properties of TiS2 rely on the number of layers,
suggesting that the electrical structure can be tuned by adjusting the
layer number. The Ti atomic layer in TiS2 is sandwiched between two
tightly arranged S atomic layers, which then form the S–Ti–S structural
morphology. (Fig. 1a) [11–13]. Single layer TiS2 extracted from natural
bulk form has been found either in octahedral (1 T) or hexagonal (2H)
phase [14]. The 1 T phase is more energetically stable than the 2H phase
using density functional theory (DFT) calculations. The mechanical
properties of TMDs are crucial for the durability and performance of the
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device. The Young's modulus of TiS2 (1 T) nanotube with a diameter of
8–9 nm is about 228 GPa, and Young's modulus of monolayer TiS2 rea-
ches 85.20 N/m [15]. The mechanical properties of TiS2 calculated by
DFT method is greatly dependent on the size and structure of the
calculation models. Monolayer TiS2 is well recognized as a good elec-
trode material for rechargeable metal ion battery due to the high metal
ion adsorption energies and low diffusion barriers. The theoretical ca-
pacity of TiS2 reaches 957.2 mAhg�1 and 1914 mAhg�1 for alkali metal
(Na, Li and K) ions and alkaline earth metal ions (Mg and Ca), respec-
tively [14]. 2D TiS2 has broad spectral absorption properties from visible
to infrared bands, which can be employed to develop nonlinear photonic
devices [16].

The band structure of TiS2 calculated by DFT is shown in Fig. 1b and
c. The highest valence band of TiS2 is between A and L with an indirect
overlap of about 0.11 eV [17]. The lowest energy band from �14.1 to
�11.2 eV is mainly composed of the 3p orbital of S. The upper Fermi level
Fig. 1. a) Simulated crystal structure of TiS2 (ICSD
5295) showing layered morphology of the compound
(left); a stick-ball model of TiS2 crystal structure
depicting the inter-layer spacing in a typical TiS2
crystal. Band structure of TiS2. b) Electronic band
structure along high-symmetry directions (left) and
DOS (right) of TiS2 at optimized lattice parameters
(strain-free system). c) Calculated energy band struc-
ture of 2D TiS2 by density functional theory, indi-
cating the semimetal characteristics [12,17,19].
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is from 0 eV to 5 eV, and the 0.7, 1.9 and 3.0 peaks are composed of 3
d orbital of Ti. The density of states of the Fermi level is occupied by the
3p orbital of the hybridized S and the 3 d orbital of Ti. This hybridization
results in the calculated density of states can not reach the vicinity of the
0 Fermi level, indicating TiS2 is a semimetal material. Hall measurements
show that TiS2 has n-type carriers at high electron concentration. The
resistivity of TiS2 decreases with decreasing temperature due to the in-
crease of carrier Hall mobility. From experimental measurements and
theoretically, it is concluded that overwhelmingly, TiS2 is a typical
semimetal material [17–21].

Up to now, following the upsurge of interest in graphene, wide ap-
plications of TiS2 in electrochemical energy storage, solar energy utili-
zation, catalytic and electronic devices have been explored. To our
knowledge, there is no systematic review on the synthesis and applica-
tion of TiS2 nanostructures. As shown in Fig. 2, this paper summarizes the
synthesis methods and application status of TiS2, and points out some
potential research directions of TiS2.

2. Synthesis of TiS2

In recent years, a lot of research has been done on the synthetic
methods of two-dimensional materials, which provides ideas for the
effective synthesis of TiS2, and tries to find an effective and controllable
method to prepare TiS2 with specific properties by using different syn-
thetic techniques. Generally, the preparation of layered TiS2 can be
divided into solid phase synthesis, liquid phase synthesis, and gas phase
synthesis according to its physical state, which are applied in different
fields according to its inherent characteristics. The three synthetic
methods are briefly described below.

2.1. Solid phase synthesis

The most common method for preparing TiS2 is high-temperature
solid-phase reaction, which has the advantages of simple production
process, large-scale production, and controllable cost. Various nano-
materials have been produced by high-temperature solid-phase synthe-
sis, such as TiO2 [22–24], ZnO [23,25,26], MoS2 [23,27], TiS2 [17,23],
and so on. In particular, it has become the main method for synthesizing
layered TiS2, which significantly promotes the study of layered TiS2. As
Fig. 2. Synthetic methods and application diagrams of TiS2 nanomaterials.
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shown in Fig. 3a and b, in a typical one-step solid phase reaction, Ti and S
powder are uniformly mixed and placed in a quartz tube, then vacuum
sealed and heat-treated at a high temperature [6,28–32]. In order to
obtain TiS2-x, a certain amount of TiS2 is placed on one side of the
Y-shaped quartz tube, and the other side is passed through a certain
amount of Ti powder to absorb sulfur vapor at a high temperature [33,
34]. Other vapors such as iodine can also be used as the transmission
medium [35]. The product prepared by this method presents platelet-like
morphology as shown in Fig. 3c [30].

Fig. 3d and e demonstrate the synthesis of typical TiS3 nanoribbon
arrays. The Ti source was first sputtered onto the carbon-coated Al(C–Al)
foil with the assistance of a magnetron sputtering system to form a thin
film, which was then successively loaded into the same quartz tube along
with the S powder. The quartz tube needs to be vacuumed and heated in
an oven for a few hours before being flame sealed, then it is removed and
quickly quenched. Next, the TiS3 nanoribbons need to be converted into
TiS2-x nanoribbons. The conversion process requires placing the prepared
substrate with TiS3 coating and an appropriate amount of Ti powder into
a new quartz tube, where glass wool plugs can be used as isolation plate
to prevent direct contact of the Ti powder with the TiS3 substrate during
processing and sealing. The new quartz tube containing the TiS3 sub-
strate and Ti powder was evacuated and flame sealed under vacuum. The
sealed quartz tube was then treated at high temperature for several hours
and cooled to room temperature to obtain TiS2-x nanoribbons [28,34].
The specific morphological features of TiS2-x nanoribbons can be
observed in Fig. 3f–i. The TiS2 powder particles synthesized by
high-temperature solid-phase reaction have no agglomeration, uniform
particle size, high crystallinity, and generally exhibit 2H phase. There-
fore, it can be suitable for applications in energy storage, energy con-
version, and electron transport.

2.2. Liquid phase synthesis

Compared with the high-temperature solid phase synthesis strategy,
the liquid phase synthesis strategy has great advantages in controlling the
morphology and size of nanomaterials, and it has higher production ef-
ficiency at lower energy consumption [36,37]. At present, a variety of
nano materials have been prepared by liquid phase synthesis strategy,
such as various metals [38,39], metal oxides [38,40,41], and metal sul-
fides [38,42–45]. In particular, various layered nanomaterials have been
successfully prepared by a liquid-phase synthesis strategy, which has
promoted the research on TiS2.

Fig. 4a demonstrates the liquid-phase synthesis of TiS2 nanocrystals.
In an argon atmosphere, CS2 (or S powder) and oleylamine were added to
a three-necked flask. The mixture in the three-necked flask was pre-
treated for a period of time to remove air and other impurities. After
purging with argon, when the reaction temperature reached 250–300 �C,
TiCl4 was injected into the reaction mixture. After a period of time, the
reaction was stopped and cooled to normal temperature naturally. Then,
excess butanol was added to the reacted mixture and centrifuged to
obtain the desired TiS2 crystal powder. The obtained powder was thor-
oughly washed in a mixed solution of ethanol and ethane, and collected.
As shown in Fig. 4b, different sized of TiS2 nanocrystals can be obtained
by varying the concentration of the reactants, and the size distribution is
between several tens of nanometers and two hundred nanometers [16,
32,46–48].

TiS2 nanotubes can be prepared by the following procedure: Place
Na2S⋅9H2O on P2O5 and vacuum anneal at 200 �C for sufficient time to
remove crystal water. Meanwhile, tetrahydrofuran (THF) was refluxed in
the presence of LiAlH4�8THF for a period of time and then distilled under
an argon atmosphere to obtain a pure THF solution. Then the TiCl4 and
pure THF solution were mixed in an anhydrous and oxygen-free envi-
ronment to form a new solution. Then Na2S without water of crystal-
lisation was added to the new solution at 40 �C with constant stirring.
After the reactionwas completed, it was cooled to room temperature, and
thoroughly washed with a mixed solution of THF and methanol to obtain



Fig. 3. Schematic illustration of the synthesis pathways of (a) TiS2, (b) TiS2-x. (c) SEM image of TiS2 showing its platelet morphology. Schematic depiction of the
arrangement of the sealed quartz ampule for the synthesis of TiS3 (d) and TiS2-x (e) nanobelts. SEM images of TiS3 (f, g) and TiS2-x (h, i) nanobelts [30,33,34].
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a dark brown solid powder. The powder was rinsed in a H2 atmosphere at
200 �C for a period of time to remove the solvent, and at the same time
pure TiS2 nanotubes were obtained. The multi-walled structure of TiS2
nanotubes can be observed in Fig. 4c [49].

In the liquid phase synthesis strategy, in addition to preparing TiS2 in
solvent, TiS2 with a certain nano-morphology can also be synthesized by
a simple molten salt method. As shown in Fig. 4d, TiS2 nanosheets with
large size and ultrathin were synthesized by molten salt interfacial re-
action [50]. In a typical reaction, quantities of anhydrous Na2S, NaCl, and
KCl are mixed well and transferred into a quartz reactor with a graphite
steel pot. The reactor was thoroughly washed with argon to remove
interfering gases such as oxygen, and then TiCl4 gas and argon were
introduced at the same time and annealed. The annealing temperature
was controlled between 700 �C and 850 �C. After reacting for a period of
time and cooling to room temperature, the target TiS2 nanosheets can be
obtained. The SEM image of TiS2 nanosheets is shown in Fig. 4e. As
shown in Fig. 4f, TiS2 nanosheets can also be prepared by mechanical
milling followed with a liquid-phase exfoliation process. A suitable
amount of a mixture of Li3N and TiS2 was mechanically ground at room
temperature. TiS2 nanosheets were prepared by liquid phase stripping of
the prepared mixture of Li3N and TiS2. In all procedures, exposure to
ambient air was avoided by sealing the sample under argon [51].

The TiS2 prepared by the liquid phase synthesis strategy has
controllable nano-morphological characteristics, which is a feasible
method for the preparation of ultrathin TiS2. Therefore, this method can
be used to regulate the morphology of TiS2, increase its specific surface
area and electron transport performance, and enhance its application in
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extreme electron transport and extreme energy conversion.
2.3. Gas phase synthesis

Although the gas phase synthesis is rarely used in the preparation of
TiS2, this method has the advantages of high production precision, small
product size, etc. As shown in Fig. 5a, the gas-phase synthesis of TiS2 used
a vertically designed apparatus as the reactor instead of the commonly
used horizontal apparatus. This apparatus allows TiCl4 and H2S gases to
flow in opposite directions in the reactor and contact the reaction, while
the temperature is controlled between 650 and 850 �C. A filter several
tens of degrees lower than its temperature was placed under the reactor
to collect the TiS2 powder. Among them, TiCl4 vapor can be generated by
the device shown in Fig. 5b, and the temperature of the precursor in the
apparatus is controlled at about 120 �C. It can be found in Fig. 5c and
d that TiS2 prepared with this device exhibits a closed cage-like structure.
As shown in Fig. 5e, appropriate reduction of the synthesis reaction
temperature can reduce the size of TiS2 [52].

TiS2 nanomaterials, such as TiS2 whiskers, can also be obtained using
a conventional horizontal device. First, a thin layer of Ni metal catalyst is
firmly supported on one side of the Si wafer. Then, the Si wafer was
placed above the quartz boat filled with an appropriate amount of Ti
powder, and the Ni metal layer and the Ti powder had a certain distance
for the steam to flow. Next, another quartz boat containing S powder was
placed upstream of the gas flow of the pipeline, heated to above 600 �C
under the protection of argon gas flow, reacted for a period of time to
cool and collect the Si wafer substrate. As shown in Fig. 5f–i, the TiS2



Fig. 4. (a)The synthetic scheme for TiS2 materials. (b) SEM images of TiS2 NSs, inset shows the 3D morphology of a single TiS2 NS, the size and thickness of which are
defined as L and H, respectively. Top-view and side-view low-resolution TEM images of TiS2 NSs. Corresponding top-view and side-view high-resolution TEM images.
Detailed selected area electron diffraction (SAED) of a single TiS2 NS. (c) Representative low-magnification and high-resolution TEM images of multiwalled TiS2
nanotubes. (d) Schematic showing the synthesis of TiS2 flakes by the gas/liquid reaction between TiCl4 and S2� in molten NaCl–KCl melts. Cross section of the cooled
graphite crucible after completion of the reaction. Typical optical photo of the collected TiS2 flakes prepared at 750 �C. (e) SEM images of as-synthesized TiS2 at 750 �C
for 5 h; the enlarged image of the dash circle part in; at 850 �C for 6 h and represent high-resolution image of the aggregated small particles as shown in the dash circle
parts. (f) Schematic diagram illustrating preparation of TiS2 nanosheets (TiS2-NS) and their application in bulk-type all-solid-state lithium-ion batteries (ASLBs) using
sulphide SEs [17,49–51].
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Fig. 5. (a) Schematics of the reactor, used for the synthesis of IF-TiS2. (b) The gas-washing bottle with a bypass, used for the advanced preparation of the precursor: ‘I’
is the valve position used for flushing the system with pure nitrogen gas; ‘II’ is the position of the valves during the reaction. This bypass prevents the flow of the highly
reactive TiCl4 precursor during the heating up and cooling down steps of the synthesis. (c) TEM image of a typical IF-TiS2 nanoparticle. The interlayer distance is 5.8 A
and the diameter of the nanoparticle is larger than 70 nm. (d) The fast fourier transform (FFT) of the nanoparticle. (e) TEM image of the small (20 nm) TiS2
nanoparticle, received in the low-temperature synthesis (650 �C). Note the almost complete empty hollow core. The interlayer distance is 5.8 A. (f) and (g) Low
magnification SEM image of TiS2 whiskers; (h) high magnification SEM image of TiS2 whiskers; and (i) whisker terminate with a nanoparticle implying the VLS
mechanism for TiS2 whisker [52,53].
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whiskers were grown uniformly and vertically on the Si wafer [53].
Tuning the connection configuration of the gas-phase synthesis device
can also control the morphology of TiS2 nanomaterials. The TiS2 sample
synthesized by the gas phase reaction have a small particle size and
generally exhibits a 1 T phase. 1 T-TiS2 has interesting physical proper-
ties such as pressure-induced superconducting phase transition and
single-layer charge density wave phase transition, and is considered as a
model material for Fermi liquids. Studying the fundamental electronic
structure and properties of 1 T-TiS2 materials is of great significance for
understanding quantum physics phenomena, single-layer charge density
wave phase transition mechanisms, and exploring potential applications
in advanced electronic and optoelectronic devices.

We briefly summarizes several synthetic methods including solid
phase reaction, liquid phase reaction and gas phase reaction for the
synthesis of TiS2 nanomaterials. From these synthetic methods, we can
see that solid phase synthesis is the easiest and most common used
method. This method has the advantages of simple production process,
high production efficiency and low cost. We believe that the large scale
preparation of TiS2 nanostructure by using this method can be achieved
recently. However, solid phase reaction is relatively difficult in
morphology control, as most of the synthesized products are irregular
block or particle structures with small specific surface area, which is not
conducive to the stability of energy storage materials and the charge
transfer of electronic devices and catalytic reactions. However, liquid and
gas phase reactions can easily control the morphology of TiS2 under
certain conditions, such as TiS2 nanodisks and TiS2 nanowhistlers, and
even monolayer TiS2 materials. These materials with small dimensions
and large specific surface area often have good photoelectric conversion
performance and relatively stable ion storage capacity. Therefore, we
hope to explore the synthesis methods of TiS2 nanostructures with
smaller dimensions and larger specific surface area in the future, in order
to improve the performance of TiS2 nanomaterials in various
applications.

3. Application of TiS2

In this section, we will focus on the main applications of TiS2 and
make a brief analysis of its potential applications based on its excellent
performance and novel features.

3.1. Energy storage and coversion

With the continuous pursuit of the quality of daily life and the
depletion of fossil energy, the energy issue has become one of the most
important issues in today's society [17,54–57]. In the past decade, the
prices of traditional fuels have been rising, and energy storage and cov-
ersion have become a major concern in the world. Therefore, how to use
high-tech electrochemical energy storage technology to solve this prob-
lem has more potential than ever before, such as rechargeable battery
technology, fuel cell technology and solar cell technology [27,33,58].
Here, we will summarize some of the research results of TiS2 from the
perspective of energy storage and conversion.

3.1.1. Li-ion battery
LIBs are clearly the most successful compared to other energy storage

devices since Sony commercialized them [25,51,59,60]. Over the past
few decades, LIBs have found numerous applications in devices such as
mobile phones, laptops, electric vehicles, and smart grids. However, the
safety and durability issues of commercial LIBs have not been well solved
[4,27,61]. How to improve its durability and efficiency on the basis of
ensuring safety has become the main problem currently faced by LIBs.
Therefore, it is necessary to select suitable electrode materials and
technologies to ensure that they are commercially viable and sufficiently
safe [28,59,62].

Because of their ideal theoretical capacity, transition metal sulfides
have become popular electrode materials for LIBs [28,63]. As a typical
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transition metal sulfide, TiS2 has the advantages of high energy density
(239 mA h g�1), low discharge voltage (2.1 V), fast ion separation speed,
and small volume expansion, and is a potential electrode material for
LIBs [64,65]. The application of TiS2-based electrode materials in LIBs
has been extensively studied [12,28,34]. Zhang et al. [66] conducted a
systematic study on the chemical reaction mechanism of TiS2 as an
electrode by operating in situ X-ray absorption spectroscopy combined
with DFT calculations. The comparison of specific capacity before and
after 100 cycles clarifies that the charge-discharge of TiS2 is a highly
reversible intercalation reaction. During the charging and discharging
process, transfer electrons exist on both the Ti 3 d orbital and the S 3p
orbital, which proves the participation of Ti and S in the redox reaction
process of the electrode. However, the intercalation reaction of TiS2 is
only partially reversible during the first charge-discharge cycle. How-
ever, as the number of electrode cycles increases, the reversible reaction
becomes more complete. However, if the cycle is continued, Ti–O related
compounds will be generated inside the electrode, thereby reducing the
reversibility of the intercalation reaction and the capacity fading. In
addition, after further cycling, the carbonate formed in the
solid-electrolyte interfacial layer gradually loses its activity, which
eventually also leads to a rapid capacity decay.

Casey G et al. [34] converted TiS3 nanoribbons into TiS2-x nano-
ribbons by a nondestructive desulfurization procedure and carefully
studied their structural and optoelectronic properties. The study
confirmed that the transformed TiS2-x nanoribbons have typical metallic
properties. Furthermore, the non-stoichiometric TiS2-x nanoribbons
exhibit excellent electrochemical performance on the basis of their spe-
cial physical properties. Not only has high specific capacity, but also has
sustainable capacity retention. Thus, TiS2 optimized nanostructures are
promising materials for high-power, stable and long-life LIBs. TiS2 can
also be used as the anode for LIBs with “water-in-salt” electrolytes. Sun
et al. [67] took advantage of the excellent properties in the “water--
in-salt” electrolyte not only to improve the electrochemical reversibility
of TiS2, but also to effectively suppress side reactions during charge and
discharge. Their pair-assembled full cells using LiMn2O4 and TiS2
exhibited high energy density and discharge voltage, and also exhibited
considerable rate capability.

In addition, TiS2 materials also have considerable prospects in the
application of solid-state LIBs [56,62,63]. Unemoto et al. [59] success-
fully achieved 300 charge-discharge cycles using an all-solid-state bat-
tery composed of a LiBH4 electrolyte and a TiS2/Li paired electrode. The
battery has a high specific capacity and reaches 85% of the theoretical
capacity of TiS2. Even after 300 cycles, the discharge specific capacity can
reach 88% of the second cycle, showing good charge-discharge stability.
The better stability can be attributed to the stable interface between the
TiS2 and LiBH4 electrolytes, which was confirmed to have highly inert
Li2B12H12.

3.1.2. Li–S battery
Because of the high theoretical energy density of Li–S batteries, they

have received much attention in the field of electric vehicles. S is one of
the ideal materials for large-scale application of energy storage devices
because of its abundant reserves and low cost [33,68]. However, in
general, lithium-sulfur batteries have lower effective energy utilization
and faster capacity decay. Themain reason for this is that S and Li react to
form an intermediate called polysulfide rather than an ideal end product
(Li2S) [69–71].

Therefore, to avoid the interference of intermediate products, sulfur
and the soluble polysulfides it forms must be restricted to the cathode of
Li–S batteries [68,72]. Currently, the study of S cathode structure can be
divided into two categories: (1) based on mesoporous or microporous
carbon nanostructures, which can retain a large amount of S; (2) Addi-
tives containing polysulfides [33,68,73]. These two types of structures
either physically or chemically limit the outward diffusion of poly-
sulfides, resulting in improved energy efficiency and cycle stability. Of
course, these structures also increase the proportion of inactive materials,
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which reduces the overall energy density. Therefore, researchers hope to
find a multifunctional structure or additive that can provide additional
capacity to increase the energy density of cathode materials [33]. One of
the typical examples of multifunctional cathode additives is TiS2. Next,
we will discuss the latest progress in the study of TiS2 as a multifunctional
cathode additive.

Manthiram et al. [68] developed a simple and practical cathode
material consisting of a mixture of TiS2 and polysulfides to improve the
inherent electrochemical instability and low efficiency of Li–S batteries,
as well as to avoid undue manufacturing parameters such as low S con-
tent. TiS2 functions as a conductive polymer adsorbent in the composite
electrode. To demonstrate the excellent polymer stability and high load
capacity of the mixtures, they encapsulated the electrochemically stable
TiS2-polysulfide mixture in a carbon electrode. Fig. 6a depicts the
manufacturing process for a mixed TiS2-polysulfide cathode. Fig. 6b and
c shows the SEM images of the fresh and recycled mixed cathodes after
200 cycles, respectively. Fig. 6d–i shows the electrochemical properties
of hybrid cathodes. Through adsorption simulation experiments and
electrochemical measurements, Zhao et al. [33] showed that TiS2-x pro-
moter has better S adsorption capacity than TiS2, which is helpful to
inhibit the shuttle effect, accelerate the reaction kinetics of Li and S, and
improve the charging and discharging performance and service life of
Li–S batteries. Huang et al. [74] synthesized a sandwich-like ultra-thin
TiS2 nanosheet by a newmethod. Its special porous structure is very good
for adsorption of polysulfides, thus improving the utilization rate of S.

3.1.3. Na-ion battery
The Na-ion batteries (NIBs) have attracted great attention from

related industries because of their large storage capacity, low cost, low
toxicity and environmental friendliness [28,75]. Especially recently
CATL released a comprehensive push on the use of sodium ion batteries
in electric vehicles. However, the major challenge facing NIBs at present
is to find high capacity and high power electrode materials [76]. Because
both the mass and radius of Na ions are larger than that of Li ions, the
influence of voltage lag is greater, resulting in a relatively poor power of
NIBs [55,77]. Most of the high performance electrode materials that can
Fig. 6. (a) Schematic fabrication process of the hybrid TiS2-polysulfide cathode. Mic
cycled cathode after 200 cycles. Cell performance of the hybrid cathodes and a contr
sulfur mass of 12mg/cathode at low electrolyte/sulfur ratios of 6 and 5 μL mg�1. (d) C
of the hybrid cathodes with electrolyte/sulfur ratios of (e) 6 and (f) 5 μL mg�1. (g) Cy
the hybrid cathodes with electrolyte/sulfur ratios of (h) 6 and (i) 5 μL mg�1 [68].
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be used normally in LIBs batteries are no longer suitable for NIBs, such as
graphite [47,75,77]. However, TMDs found in recent years still have
great potential in NIBs battery system.

Because TMD materials are connected by weak van der Waals forces
and have large spacing between layers along the vertical direction of the
[0001] two-dimensional interface, sodium ions can be easily stored and
released in the middle of this atomic layer, and their volume will not
change much during storage and release. NIBs assembled from low-cost
TMD materials such as MoS2, SnS2, WS2 and TiS2 have been shown to
have recyclable potential and good charge-discharge performance [31,
47,55].

Han et al. [55] successfully observed the Na insertion into TiS2
nanotablets using in situ TEM. Local volume expansion and a small
amount of structural breakdown occurred at the edge of TiS2 lattice
because the rate of original sodium embedded phase boundary was
greater than the rate of migration at the transition phase boundary,
resulting in a deterioration of performance during the cycle. About a
quarter of the cells in each atomic plane are occupied by sodium,
resulting in the superstructure of 2 � 2. When sodium is embedded, a
repulsive force is formed, which effectively reduces the formation of this
superstructure, resulting in the destruction of its structure. Tang et al.
[78] designed a special carbon-coated TiS2 nano-tablet for NIBs. The
NIBS assembled with this material has ideal charging and discharging
performance, rate performance and cyclic stability up to 5000 times.
They believe this is due to the synergistic effect between the intrinsic
properties of TiS2 and the sodium ion intercalation mechanism. Hu et al.
[75] synthesized ultra-thin TiS2 nanosheets using a simple shear mixer
and showed good performance in NIBs applications. Like Tang et al. they
explained the reason why the electrodes had excellent electrochemical
properties in mechanism.

3.1.4. K-ion battery
Compared with other alkali metal ion batteries, K-ion Battery (KIBs)

have some unique advantages. First, potassium can be uniformly
deposited on the electrode surface. Secondly, KIBs have higher open
circuit voltage than NIBs and other batteries. Then, potassium is
rostructural analysis with SEM and EDX of the (b) freshly made cathode and (c)
ol cathode with a sulfur loading of 12 mg cm�2, sulfur content of 65 wt %, and
yclability analysis at a C/10 rate and the corresponding discharge/charge curves
clability analysis at a C/5 rate and the corresponding discharge/charge curves of
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abundant on the earth. In addition, KIBs can use aluminum foil to replace
copper foil to reduce cost. Wang et al. [8] applied layered TiS2 cathode
material to KIBs. The battery assembled with it and ether based elec-
trolyte has excellent charge discharge performance and rate perfor-
mance. They found that ether based electrolytes have higher charge
transfer rates and ionic conductivity than carbonate based electrolytes.
Liu et al. [79] made some defects on the surface of TiS2 through specific
methods, and believed that such functional defects could alleviate the
volume expansion, thus improving the stability of its assembled battery,
and its dynamic performance was also improved. At the same time, they
also proved this view through calculation.

3.1.5. Mg-ion battery
Mg-ion battery (MIBs) have higher volume energy density, better

safety and lower cost than LIBs. There is no dendrite growth during the
charge and discharge process, and magnesium metal can also be directly
used as a negative electrode to assemble batteries. Because layered TiS2
can provide a stable charge discharge capacity of 115 mA h g�1 in MIBs,
Sun et al. [30] consider it an ideal MIBs cathode material. They observed
the staged insertion and uneven distribution of magnesium in the
experiment, and thought that this phenomenon could make TiS2 store
more magnesium. Yoo et al. [80] also reported that the specific discharge
capacity of TiS2 nanotubes in the mixed magnesium lithium battery is
220 mA h g�1 at 0.1 C. Tao et al. [81] believed that the increase of active
sites in TiS2 materials could improve the charge discharge performance
of MIBs batteries.

3.1.6. Solar cell
With the intensification of the world energy crisis and the enhance-

ment of human awareness of environmental protection, solar power
generation is considered as an important energy source in the next few
hundred years due to its safety, pollution-free, simple maintenance, long
life and abundant energy resources [82–84]. Since the 1980s, the
photovoltaic industry formed by it has developed rapidly and become
one of the fastest growing emerging industries in the world. As the core of
photovoltaic industry, solar cells have received great attention and
Fig. 7. a). Top-view SEM images for the perovskite film before and after deposition o
of a typical perovskite device. The different layers are identified on the right panel. d)
no-HTM for comparison. e) Maximum power point tracking (MPPT) of one of the be
power output of 12.34%. Inset: Histogram of PSC efficiencies obtained for more than
spectra of the perovskite material based on TiS2 and spiro-OMeTAD as HTMs and n
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achieved rapid development due to their high energy conversion effi-
ciency and low manufacturing cost. The TiS2 discussed in this paper has
good application prospects in dye sensitized solar cells (DSSC) and
perovskite solar cells (PSC) [85]. For examples, Huckaba et al. [46]
synthesized a new low-cost hole transport material based on TiS2 nano-
particles by a simple two-step thermal injection method. When applied to
PSC, more than 13.5% of PCE can be obtained. Fig. 7a–c shows the
structural layer of a perovskite solar cell device by low-cost TiS2 as
hole-transport Material. Fig. 7d–f shows the performance characteristics
of perovskite solar cells with TiS2. Yin et al. [86] prepared TiS2 nano-
sheets by a simple solution stripping method and applied them as an
effective electron transport layer to PSC, showing 17.37% of PCE. Huang
et al. [87] used 2D TiS2 prepared by stripping aqueous solution at room
temperature as an electron transport layer in a planar n-i-p PSC. After
inserting a 2D TiS2 electron transport layer by UV-ozone treatment, the
PCE of a planar PSC was optimized to 18.79%. In addition, Licklederer
et al. [88] prepared highly catalytically active and conductive TiS2 from
TiO2 nanotube arrays, and tested electrochemical activity as a counter
electrode in DSSC. A PEC of 6.1%was obtained, which is very close to the
reference value obtained for Pt (6.2%).

Due to its large specific surface area, unique interstitial void space and
abundant electrochemical active sites, TiS2 shows great potential in en-
ergy storage devices. In particular, the small size and thinness of TiS2
allow them to adapt quickly and reliably to the intercalation cycle,
making them particularly attractive for the manufacture of high perfor-
mance batteries and capacitors. In Table 1, we summarize the electro-
chemical performance of TiS2 and its composites. Electrochemical results
confirm that layered TiS2 materials may be suitable candidates for energy
storage applications. On the other hand, TiS2 nanomaterials play an
important role in the hole or electron transport layer in PSCs and DSSCs.
3.2. Electronic devices

Ultra-thin 2D nanomaterials such as graphene and TMDs have
received much attentions due to their microscopic compressibility and
macroscopic scalability, which facilitate their applications in
f TiS2 nanoparticles. b,c) Device schematic (b) and cross-sectional SEM image (c)
J-V curve of the champion cells employing TiS2 and spiro-OMeTAD as HTMs and
st performing devices based on TiS2 HTM for 60s, which results in a stabilized
50 devices containing TiS2 nanoparticles. f) Steady-state photoluminescence (PL)
o-HTM [46].



Table 1
Summary of electrochemical performance of TiS2 and its composites in energy storage.

Material Preparation Method Application Capacitance Cycling stability Ref.

TiS2 powder Commercial TiS2 All-Solid-State Lithium Batteries 205 mA h g�1 87.8% after 300 cycles [59]
TiS2 powder Commercial TiS2 All-Solid-State Lithium Batteries 278 mA h g�1 78% after 600 cycles [56]
TiS2 powder Commercial TiS2 All-Solid-State Lithium Batteries 208 mA h g�1 72% after 50 cycles [63]
TiS2 powder Commercial TiS2 All-Solid-State Lithium Batteries 220 mA h g�1 89% after 40 cycles [62]
TiS2 powder Commercial TiS2 Aqueous Lithium Secondary Battery 140 mA h g�1 45% after 40 cycles [60]
TiS2 powder Commercial TiS2 Aqueous Lithium Secondary Battery 270 mA h g�1 [138]
TiS2 powder Commercial TiS2 Aqueous Lithium Secondary Battery 130 mA h g�1 80% after 20 cycles [7]
TiS2 powder Commercial TiS2 Calcium Ion Battery Fundamental Studies [139]
TiS2 powder Commercial TiS2 LiMn2O4/TiS2 full cell 58 mA h g�1 74% after 50 cycles [67]
TiS2 nanobelts Sputter sintering Lithium and Sodium Ion Batteries Li:225 mA h g�1 99.5% after 100 cycles [28]

Na:217 mA h g�1 89.7% after 100 cycles
TiS2 powder Commercial TiS2 Lithium Ion Batteries 240 mA h g�1 79% after 300 cycles [140]
TiS2 powder Commercial TiS2 Lithium Ion Battery 208 mA h g�1 88% after 100 cycles [34]
TiS2 Nanobelts Solid phase sintering Lithium Ion Battery 225 mA h g�1 90% after 100 cycles [30]
TiS2 Nanosheets Commercial TiS2 Lithium Ion Battery 291 mA h g�1 98.7% after 50 cycles [51]
TiS2 single crystals Solid phase sintering Lithium Ion capacitors 212 mA h g�1 99% after 120 cycles [12]

131 F g�1 95% after 500 cycles
TiS2 powder Commercial TiS2 Lithium-Sulfur Batteries 825 mA h g�1 83% after 200 cycles [68]
Sulfur-Deficient TiS2-x Solid phase sintering Lithium-Sulfur Batteries 1170 mA h g�1 78.9% after 100 cycles [33]
TiS2 Nanosheets Commercial TiS2 Lithium-Sulfur Batteries 690 mA h g�1 77% after 250 cycles [69]
TiS2 powder Commercial TiS2 Lithium-Sulfur Batteries 1000 mA h g�1 96% after 40 cycles [72]
TiS2 powder Commercial TiS2 Magnesium and Calcium Ion Battery Fundamental Studies [141]
Layered TiS2 Solid phase sintering Magnesium Ion Battery 140 mA h g�1 82% after 40 cycles [25]
TiS2 powder Commercial TiS2 Potassium Ion Battery 145 mA h g�1 87% after 120 cycles [54]
TiS2 powder Commercial TiS2 Potassium ion battery 80 mA h g�1 79% after 600 cycles [8]
TiS2 Nanosheets Solid phase sintering Sodium Ion Batteries 386 mA h g�1 175% after 250 cycles [75]
TiS2 powder Solid phase sintering Sodium Ion Batteries 1040 mA h g�1 336% after 9000 cycles [31]
TiS2 powder Solid phase sintering Sodium Ion Batteries 146 mA h g�1 100% after 50 cycles [6]
TiS2 powder Commercial TiS2 Sodium Ion Batteries 210 mA h g�1 71% after 40 cycles [142]
TiS2 nanoplates Hot injection Sodium Ion Batteries 188 mA h g�1 76% after 300 cycles [47]
TiS2 powder Commercial TiS2 Sodium Ion Batteries Fundamental Studies [55]
TiS2 single crystals Solid phase sintering Sodium Ion Batteries 148 mA h g�1 85% after 50 cycles [77]
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nanoelectronic devices. TiS2 is a highly conductive material with a gra-
phene like structure and is therefore an ideal candidate for graphene and
TMDs [89].Layered TiS2 has proven to be an excellent material for
electronic devices, a variety of applications of TiS2, including thermo-
electric devices, high power lasers, memory devices, ultra-pulse
Fig. 8. (a) Our prototype thermoelectric devices composed of a p-type PEDOT:PSS
flexible PET substrate. (b) The generated power output at different temperature grad
[92,93].
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generation and all-optical threshold devices, as well as biomolecular
detectors and Ion detector, have been explored in recent years.

3.2.1. Thermoelectric device
Unlike the previous energy storage devices, thermoelectric devices do
film and n-type TiS2/organic superlattice film, both being deposited onto the
ients. (c) The calculated power density as a function of the temperature gradient
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not need to be charged frequently or replaced due to performance
degradation, which makes them a power supply device that can be built
on a larger scale. The thermoelectric materials with high power factor
and performance play a key role in the thermoelectric device. Light,
flexible, non-toxic and high-performance materials are desired for
advanced c [90,91]. Researchers are paying much attention to TiS2
because of its high thermoelectric performance, low material cost,
controllability and highmechanical flexibility. Tian et al. [92] proposed a
simple stripping and recombination method to prepare a flexible film
hybridized by TiS2 and organic compounds. This flexible film shows a
special lattice structure consisting of alternating layers of TiS2 and
organic molecules stacked along the c-axis. Because the addition of
organic molecules promotes charge transfer, the conductivity of this
flexible film has been greatly improved. At the same time, the Seebeck
coefficient can be further improved by properly annealing this film in
vacuum environment. As shown in Fig. 8a–c, such material is deposited
on a permeable PET substrate and the module is free to bend or twist.
Wan et al. [93] The inorganic layer is injected outside the thermoelectric
material, and then the organic cations are used to stabilize electrons, so
as to provide n-type carriers for electron transport and energy transfer
during operation. This hybrid superlattice is more mechanically elastic
than TiS2 single crystal. The bending modulus measured at 300 K is about
145MPa, which is much lower than that of TiS2 single crystal, even lower
than some common plastic materials. When the device assembled with
three materials is attached to the surface of glass tubes of different sizes,
it shows that it has high sensitivity. In order to further understand the
current application of TiS2 and its composites in thermoelectric devices,
we have simply summarized the research achievements in recent years in
Table 2, and compared their power factor (PF) and thermoelectric per-
formance (ZT).

3.2.2. High power lasers
The rapid development of high power lasers has promoted the

industry's demand for efficient optical restraint materials to protect eyes
and sensors. TMD materials with unique structure have attracted much
attention in many applications including optical confinement due to their
excellent physical and chemical properties. The optical limiting effect of
some TMD materials is even smaller than that of fullerene (C60) and
graphene. As shown in Fig. 9a and b, Varma et al. [94] studied the optical
Table 2
Summary of TiS2 and its composites in thermoelectric devices.

Material Preparation Method

Al:[TiS2 nanosheets] Commercial TiS2 SPS
TiS2 superlattice Commercial TiS2 and liquid exfoliation
Te/TiS2 nanocables Hydrothermal PVD
TiS2 single crystal liquid exfoliation self-assembly process
PbS nanoparticle embedded TiS2 Solid phase sintering SPS
Copper intercalated TiS2 Solid phase sintering SPS
CuxTiS2 ceramics Solid phase sintering SPS
(SnS)1⋅2(Cu0⋅02Ti0⋅98S2)2 Solid phase sintering SPS
(SnS)1⋅2(Co0⋅02Ti0⋅98S2)2
(BiS)1⋅2(TiS2)2 Solid phase sintering SPS
xMoS2-TiS2 Solid phase sintering SPS
TiS2-xPbSnS3 Solid phase sintering SPS
Co0⋅04TiS2 Ta0⋅1Ti0⋅9S2 Solid phase sintering SPS
CoxTi1-xS2 Solid phase sintering SPS
Ti1�xNbxS2 Solid phase sintering SPS
TiS2:Snx Solid phase sintering Secondary sintering
(SnS)1⋅2(TiS2)2 Solid phase sintering centrifugal heating
Ti1�xNbxS2 Solid phase sintering Mechanically alloyed
(SnS)1⋅2(TiS2)2 Solid phase sintering SPS
TiS2(HA)0.096(EG)0.31 Solid phase sintering electrochemical intercalation
TiS2 [(HA)0.08(H2O)0.22(DMSO)0.03] Solid phase sintering electrochemical intercalation
TiS2(HA)x Solid phase sintering inkjet printing deposition pr
FexTiS2 Solid phase sintering Secondary sintering
(BiS)1⋅2(TiS2)2 Solid phase sintering SPS
TiS2 monolayer Using first-principle calculations
TiS2/hexylamine Solid phase sintering
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limiting activity of TiS2 and graphene slices using an improved method
and compared themwith C60. The optical restriction activity observed in
TiS2 nanotablets was greater than that observed in C60 and graphene. It
is believed that the process of induced excitation state absorption and
two-photon absorption in TiS2 sheet promotes the enhancement of op-
tical restriction activity. This idea has been confirmed by corresponding
measurement techniques, providing evidence for the use of TiS2 nano-
materials as potential candidates for photoelectric applications. Li et al.
[95] demonstrated a passively Q-switched Er:YAG laser at 1645 nm using
a prepared TiS2 saturated absorber (Fig. 9c–e), and it has a pulse energy
of 37.4 μJ under certain conditions, so they believe that the TiS2 satu-
rable absorber is an important candidate for the preparation of optical
modulators. Tian et al. [96] preparedmultilayer TiS2 by easy liquid phase
stripping. This multilayer TiS2 can be used as an alternative material for
an effective light modulator because of its ultra-fast non-linear optical
response caused by unbalanced electrons and helps the effective light
modulator to obtain ultra-fast optical lasers near the optical communi-
cation band. Using this effective light modulator, they observed a stable
femtosecond mode-locked spectrum.

3.2.3. Flexible devices
Flexible electronic devices have attracted much attention as one of

the development directions of electronic devices in the future. As a result,
concepts such as wearable devices [97,98], medical implantable devices
[99], electronic skin [100] and smart electronic fabrics [101] have been
proposed continuously, which form part of the blueprint of human life in
the future. With the rapid development of flexible wearable electronic
technology, electronic equipment has gradually evolved from a rigid
system to a flexible system, and finally to a flexible wearable electronic
product. In recent years, the field of flexible electronic devices has been
expanded due to the rapid development of flexible high-temperature
superconducting film and wearable resistance-switched memory [102,
103]. Lin et al. [29] succeeded in preparing a novel hydrogenated TiS2
nanosheet with less than five atomic layers by an effective chemical
stripping method. Hydrogenated TiS2 achieves unprecedented high
conductivity in assembled films up to 6.76 � 104 S/m at 298 K, which is
even better than the traditional conductive ITO. The high pressure
tolerance and transfer mode for transferrable assembled hydrogenated
TiS2 film are illustrated in Fig. 10a–d. Lyu et al. [104] obtained a
ZT PF Ref.

216.7 μW/m K2 at 298 K [143]
0.17 at 298 K 210 μW/m K2 at 298 K [92]
1.91 at 300 K 0.58 mW/m K2 at 30 K [144]
0.12 at 393 K 1.15 mW/m K2 at 300 K [145]
0.5 at 573–673 K 1.23 mW/m K2 at 573–673 K [146]
0.45 at 800 K 1.7 mW/m K2 at 325 K [147]
0.5 at 800 K 1.9 mW/m K2 at 800 K [148]
0.42 at 720 K 0.68 mW/m K2 at 720 K [149]

0.3 at 750 K 0.69 mW/m K2 at 750 K [150]
0.29 at 573 K 1 mW/m K2 at 573 K [151]
0.44 at 650 K 1.45 mW/m K2 at 500 K [152]
no change at 300 K [153]
0.0293 at 310 K 3.93 μW/cm K2 at 310 K [154]
0.24 at 700 K 0.69 mW/m K2 at 700 K [155]
0.46 at 623 K 1.53 mW/m K2 at 623 K [156]
0.23 at 623 K [157]
0.3 at 700 K 1.6 mW/m K2 at 300 K [158]
0.37 at 700 K 0.97 mW/m K2 at 523 K [159]
0.17 at 298 K [160]
0.28 at 373 K 0.45 mW/m K2 at 298 K [93]

ocess 0.08 at 298 K 281 μW/m K2 at 298 K [161]
κab ¼ 3.4 W/mK at 300 K κc ¼ 1.06 W/m K at 300 K [162]
0.24 at 700 K 0.69 mW/m K2 at 700 K [163]
0.95 at 298 K 5 W/m K2 at 30 K [164]
0.4 at 430 K 1460 μW/m K2 at 430 K [165]



Fig. 9. a) Schematic of the experimental setup used for the OPAZ measurements (TiS2 structure simulated using VESTA software). b) OPAZ data of TiS2 sheets (blue
solid line represents the acoustic signal from TiS2 due to absorption of the incident laser). c)Schematic diagram of passive Q-switched laser using TiS2-SA. d) The
typical pulse sequence, e) the temporal pulse profile. Ultrafast all-optical switching enabled by TiS2 switch near optical communication band [94–96].
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nonvolatile resistance switching memory device based on a 2D TiS2 nano
film. The manufactured Al/TiS2-PVP/ITO/PET Resistive switching
memory device exhibited a good retention time of more than 104s and a
cycle durability of 100 cycles. The device's set and reset voltages are less
than 2 V. Also, the resistance switch of the device has a very stable
bending cycle performance. According to the fitting result of the I–V
curve, the dominant conduction mechanism of the low resistance state is
the Poole-Frenkel effect, and the high resistance state is mainly
controlled by the Shockley equation (Fig. 10e–j).

From the data we have collected, TiS2 and its composites are most
commonly used in thermoelectric devices because of their reasonable
material power factor and relatively high thermoelectric properties, as
well as its light, mechanically flexible and non-toxic characters meeting
the mechanical and health requirements. Benefited by these advantages,
TiS2 nanomaterials may be an excellent candidates for other electronic
devices, such as bio-detectors and high-power lasers. Therefore, As
summarized in Table 3, the application of TiS2 nanomaterials and their
composites in various types of devices is worth exploring further.
3.3. Catalytic

Catalytic technology occupies a very important position in modern
industrial civilization [105–108]. It is also one of the leading technolo-
gies in the realization of energy conversion and control of environmental
pollution. It also provides a lot of help in promoting the development of
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human society and improving the earth's environment [109,110]. With
the continuous development of modern human society, the requirements
for catalytic technology are becoming more and more stringent. Various
research institutions around the world are striving to develop new cat-
alysts with more active sites, larger specific surface area and fewer re-
action paths [111–115]. The potential of TiS2 in the field of catalysis can
be reflected in three aspects: specific surface area, mechanical properties
and electronic properties. The large surface area associated with the
thickness of ultrathin TiS2 nanosheets is very beneficial for light trapping,
mass transfer, and high exposure of surface active sites. Second, the
ultra-thin properties of TiS2 nanosheets significantly shorten the
bulk-to-surface charge transfer distance and greatly accelerate the charge
transfer process. In addition, the excellent mechanical properties endow
the catalyst with durability and thermal conductivity, which are bene-
ficial to facilitate heat diffusion in exothermic reactions. Compared with
bulk materials, ultrathin TiS2 nanosheets are the material of choice for
building hierarchical composite catalysts, thus exhibiting excellent per-
formance in the field of catalysis.

3.3.1. Energy catalysis
Hydrogen evolution reaction (HER) [116], oxygen evolution reaction

(OER) [117], carbon dioxide reduction reaction (CO2RR) [118] and
oxygen reduction reaction (ORR) [119] are the core of future clean en-
ergy conversion technology. The development of efficient catalysts for
these catalytic reactions has important implications for clean and



Fig. 10. Excellent high-voltage endurance and improved dry-transfer method for transferrable assembled hydrogenated TiS2 film. (a) Time-dependent voltage value
curve showing the high-voltage endurance with high stability. (b) Schematic illustration of working model for endurance test. (c) Digital photograph of the stability
testing setup. (d) Schematic illustration of transfer-printing procedure (1–2) and the designed patterns (3–4). (e) A typical I–V curve of Al/TiS2-PVP/ITO/PET Resistive
switching memory devices. (f) The plot of low resistance state/high resistance state current ratio vs. voltage. (g) Retention characteristics under �0.7 V read voltage.
(h) Ddirect current sweeping endurance measured under the same read voltage, �0.7 V. (i) Set and reset voltage distributions among 100 sweeping cycles. (j) High
resistance state and low resistance state resistances measured after every 200 repeated bending cycles under �0.7 V read voltage [29,104].
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sustainable development. The rich chemical and physical properties of
TiS2 provide opportunities to explore its applications in energy catalysis.

TiS2, like other 2D materials, is single-atom and several-atom thick,
with unique bonding between layers. It has strong in-plane covalent
bonding and weaker van der Waals interactions between layers. This
weak van der Waals effect allows it to be easily exfoliated from the bulk
material to form ultrathin nanosheets. These ultrathin nanosheets have
completely different properties from the bulk material due to their
anisotropy. The potential of ultrathin TiS2 nanosheets for catalytic ap-
plications can be summarized in three aspects: large surface area, me-
chanical properties, and strong conductivity (thermal and electrical). The
large specific surface area of the ultrathin TiS2 nanosheets can provide
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more surface active sites; the excellent mechanical properties can provide
the persistence of catalysis; and the thermal conductivity can assist the
thermal diffusion generated in the reaction. In addition, the ultrathin
TiS2 nanosheets have tunable electronic properties that can better control
the catalytic performance; therefore, compared with the bulk materials,
the ultrathin TiS2 nanosheets have better catalytic stability and catalytic
activity. The ultrathin TiS2 nanosheets obtained by different methods
also have different catalytic activities. Zeng et al. [120] realized the
preparation of single TiS2 nanomaterials by optimizing the electro-
chemical lithium intercalation technology, and deposited Pt and Au
nanomaterials on single TiS2 nanomaterials to form composite materials
with catalytic function. The composite exhibits good catalytic activity in



Table 3
Summary of TiS2 and its composites in electronic devices.

Material Preparation
Method

Application Performance Ref.

TiS2
nanosheet

liquid phase
exfoliation

biomolecular
detectors

detection limit
of 0.01pM

[166]

TiS2
nanosheet

Sonication
assisted
exfoliation

biomolecular
detectors

detection limit
of 82.7pM

[167]

TiS2
nanosheet

chemical
Exfoliation

high power lasers 77% nonlinear
optical limiting

[94]

TiS2 flakes liquid phase
exfoliation

high power lasers output power
of 1.42 W

[95]

multilayer
TiS2

liquid phase
exfoliation

high power lasers modulation
response up to
~145%

[96]

TiS2
nanosheet

liquid phase
exfoliation

high power lasers an optical
modulation
depth of 8.3%
at 1560 nm

[168]

Sb2Te3–TiS2 Wet mixing high power lasers output power
of 0.35 W

[169]

TiS2-PEG Liquid phase
reaction

in vivo
photoacoustic
imaging and
photothermal
cancer therapy

Complete
eradication of
tumors in mice

[32]

HxTiS2
nanosheet
PANI/GCE

chemical
Exfoliation and
polymerization

Ion detector detection limit
of 0.7 nM

[170]

Al/TiS2 PVP/
ITO/PET

chemical
Exfoliation spin-
coated

memory devices the HRS and
the LRS can be
kept 104s

[104]

TiS2
nanosheet

chemical
exfoliation

memory devices electrical
conductivity of
6.76 � 104 S/
m

[29]

TiS2
nanosheet

Liquid phase
reaction

Ultra-pulse
generation and
all-optical
threshold devices

signal-to-noise
ratio 10.68 dB

[16]
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the hydrogen evolution reaction from electrolytic water. Huckaba et al.
[121] intercalated CoS between TiS2 sheets and compared the unmodi-
fied TiS2 material, the water oxidation overpotential was reduced by
more than 1.7 V at 10 mA/cm2. They believe that exfoliating the inter-
layer structure of TiS2 can improve its catalytic activity.

In general, the catalytic properties of TiS2 depend on the relative pH
of the surface atoms, which results from the interaction between cations
and anions. A convenient way to modulate this interaction to enhance
catalytic activity is to introduce foreign atoms into the crystal lattice of
the catalyst (denoted as doping). Replacing the parent atom in the host
material with a dopant greatly affects its physicochemical properties. In
general, heteroatom lattice doping can regulate the interaction between
cations and anions to affect the relative PH value of surface atoms, which
helps to improve the catalytic performance of TiS2. Heteroatom doping
also has a great influence on the physical and chemical properties of the
material, such as changing the conductivity and carrier density of the
material, thereby increasing the charge transfer process. Doping mate-
rials with different Fermi levels can be prepared according to different
doping modes (n or P doping). Therefore, based on the multiple changes
in the physical and chemical properties of TiS2 nanomaterials, hetero-
atom doping can adjust the degree of freedom of electrocatalytic activity
of metal sites in TiS2 nanomaterials. Huang et al. [74] modified ultra-thin
TiS2 nanotablets by N, S co-doping and found that Li–S batteries
exhibited high capture capacity for lithium polysulfide, as well as sig-
nificant electrocatalytic activity for reduction of polysulfides and
oxidation of lithium sulfide. In addition, they found that TiS2 can be
converted to S-doped TiO2 with visible photocatalytic activity. Based on
this conversion process, Wang et al. [122] successfully synthesized sulfur
doped TiO2 by reacting TiS2 with water under low-temperature
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hydrothermal conditions, and obtained high photocatalytic activity. Lin
et al. [123] prepared S-doped TiO2 with various impurity states by hy-
drothermal reaction of TiS2 for the first time in HCl solution. At the same
time, TiS2 in HNO3 can be converted into N-doped TiO2, both of which
are doped with TiO2, with good visible light catalytic activity.

Structural defects are believed to be an important cause of low
mobility of charge carriers in electrical transport and highly enhanced
catalytic activity. First, by creating defects in TiS2, the electronic struc-
ture of the electrocatalyst can be tuned to facilitate the activation of the
species involved in the catalytic reaction, thereby enhancing the intrinsic
catalytic activity of the electrocatalyst. Second, the low-coordinated and
unsaturated Ti sites can be tuned. More active sites created through
defect engineering can be exposed at the interface through interface
engineering, thereby enhancing the extrinsic catalytic activity of elec-
trocatalysts by increasing the number of active sites. Third, the selectivity
(Faraday efficiency) of the catalytic reaction can be improved by
adjusting the adsorption energy of the intermediate through the defects
of TiS2. Tisita et al. [124] performed first-principles calculations based on
DFT to comprehensively simulate the photocatalytic activity of TiS2
monolayers that also contain defects. It has a lower overpotential under
the influence of vacancy defects. Wu et al. [125] constructed a TiS2-x/NiS
heterostructure with abundant sulfur vacancy defects. Experimental re-
sults and theoretical calculations confirm that this non-stoichiometric
TiS2-x/NiS heterostructure accompanied by a large number of sulfur
vacancy defects effectively tunes the electronic structures of metallic Ti
and Ni atoms, thereby enhancing their HER catalytic kinetics.

3.3.2. Environmental catalysis
Catalytic technology is one of the important means to remove pol-

lutants in the environmental field, especially in the removal of water
pollutants. Ultrathin TiS2 nanosheets show stronger catalytic perfor-
mance than conventional catalysts due to their advantages of large spe-
cific surface area, abundant active sites, unique geometry, and short
diffusion paths.

The source of many diseases in the world is related to environmental
pollution, which brings great resistance to the healthy life of human
society [126]. In particular, water pollution has seriously affected the
development of human civilization on the earth [127]. With the rapid
development of industry and agriculture, the pollution is becoming more
and more serious. A large amount of wastewater containing inorganic
and organic compounds discharged into the environment has become a
serious threat to the survival of human society, such as the wastewater
formed by various chemical dyes in the textile industry. In view of this,
how to remove chemical dyes from polluted wastewater is very impor-
tant. The methods for removing dyes from wastewater include ion ex-
change, reverse osmosis, chlorination and adsorption. However, these
methods are used to transfer pollutants from one medium to another,
which has high costs and cannot be permanently removed. Their specific
applications are severely limited and do not conform to the concept of
sustainable development. Therefore, low-cost and efficient catalytic
degradation methods have emerged, which can rapidly and completely
oxidize pollutants into fixed products. In recent years, a large number of
catalytic materials related to wastewater treatment have been found by
researchers and modified by various means to improve their catalytic
performance. TiS2 nanomaterials are widely used as catalysts for waste-
water treatment due to their high surface activity, chemical stability,
adjustable band gap and large specific surface area. Parvaz et al. [128]
successfully synthesized Sb@TiS2 The photocatalytic degradation of
methylene blue dye by nanocomposites was studied. They found that the
degradation efficiency of pure TiS2 nano disk to methylene blue dye was
low, but with the increase of antimony weight percentage, the degra-
dation efficiency also increased. Liu et al. [129] firmly fixed TiS2 nano-
materials on the 2D-C3N4 surface by solvothermal method. They found
that this can effectively inhibit the recombination of electrons and holes,
thereby improving the photocatalytic degradation activity. Moreover,
the inherent metal properties of 1 T-TiS2 also help to improve the
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photocatalytic degradation activity. He et al. [130] found that the pho-
tocatalytic degradation activity of pure TiS2 material is much higher than
that of some S-doped TiO2 materials, and the photocatalytic degradation
activity of S-doped TiO2 powder depends on the content of S.

Azo colors are also one of the main industrial pollutants of textiles.
These azo colors are usually very stable in nature and will cause very
serious environmental pollution if discharged into the environment in
large quantities. Researchers have used various physical or chemical
methods to extract azo colors from these polluted wastewater, but the
effect is not ideal. In recent years, some scientists have achieved
remarkable results in the catalytic treatment of azo colors with TiS2. For
example, Rosy et al. [131] used TiS2–TiO2 nanoparticles as the catalyst
and H2O2 as the electron acceptor, which effectively prevented the
recombination of electron hole pairs, thus improving their photocatalytic
activity for the degradation of azo colors, and had good catalytic stability.

4. Summary and outlook

Extensive researches have been carried out on the basic aspects of the
synthesis, modification and application of layered TiS2. In this review, we
have summarized the preparation methods of TiS2 nanostructured ma-
terials, from solid phase, liquid phase, and gas phase synthesis. Among
these methods, solid phase and liquid phase reactions are widely used. In
addition, we present the progress in application of TiS2, including energy
storage and conversion, electronic devices and catalytic. The wide ap-
plications of nanostructured TiS2 benefited from its excellent physical/
chemical properties such as large specific surface area, adjustable band
gap, good visible light absorption characteristics and excellent charge
transport characteristics.

Given the current research results, there are many promising research
directions need to be explored. Most recent studies have focused on the
synthesis of large-area, high-crystallized, ultra-thin TiS2 nanosheets,
however, only a few reports have been conducted for morphology control
of TiS2. Previous studies reveal that the size and structural orientation of
the nanosheets can be adjusted using a suitable substrate (eg, an insu-
lating single crystal substrate, an amorphous SiO2/Si substrate)
[132–135]. Therefore, it is feasible to prepare novel TiS2 nanomaterials
by selecting appropriate substrates and controlling reaction conditions.
In addition, transition metals (such as Fe, Co, and Ni) may be doped into
the crystal lattice of the TiS2 to achieve changes in photoelectric prop-
erties and catalytic activity [136,137]. From the application of the TiS2
nanomaterials listed in this paper, the current application of TiS2 nano-
materials mainly focuses on energy storage and conversion. However, we
believe that TiS2 nanomaterials will become one of the hot materials in
the field of electronic devices and catalysis due to their strong visible
light absorption and high electron transport properties. Besides, TiS2 will
receive much attention in the field of drug delivery, biotherapy and
bio-imaging. There is still plenty of room to explore the application of
TiS2 in interdisciplinary areas. Below we summarize some of the chal-
lenges TiS2 currently faces:

First, one of the biggest challenges is how to synthesize TiS2 with
desired structural features in a highly controllable manner, since the
properties and applications of TiS2 are highly related to all these struc-
tural features, such as size, number of layers, doping, defects, vacancies,
interlayer spacing, crystallinity and phase. For example, in recent years,
the phase of 2D materials has been recognized as one of the key pa-
rameters affecting their performance and application performance.
However, it is still difficult to precisely design the purity of certain
phases, the ratio of different phases, or the phase patterns of 2D mate-
rials, a research topic in phase engineering of nanomaterials (PEN). We
believe that these characteristics of TiS2 are very important for its further
applications in catalysis and electronics.

Second, the large lateral size and atomic thickness of TiS2 endow
them with many excellent properties, but also inevitably make them
stack together during storage and further use, which will greatly diminish
their advantages. Therefore, the second challenge is how to prevent TiS2
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nanosheets from stacking or agglomerating during storage and applica-
tion, thereby avoiding the performance degradation of TiS2. Considering
that TiS2 has been widely used, challenges remain for each specific
application.

Third, the challenge of TiS2 in energy storage is how to understand
and control the energy storage mechanism and achieve long-term elec-
trochemical stability. Therefore, although TiS2 has been widely used in
solar cells, one of the main challenges in the application of TiS2 in solar
cells is to combine TiS2 with various functional materials to produce
synergistic effects, eliminate non-radiative charge recombination, and
have good compatibility with adjacent layers.

Fourth, a major challenge in the application of TiS2 in the field of
photoelectronics is the design and synthesis of narrow band gap TiS2
semiconductors for the fabrication of infrared photodetectors, especially
long-wave infrared photodetectors.

Fifth, although TiS2 has been proven to be excellent electrocatalysts
in many reactions, such as HER and OER, the performance of most TiS2-
based electrocatalysts decreases rapidly in the long-term stability test,
which is one of the main limitations of its practical application in
electrocatalysis.

Sixth, a major challenge for TiS2 in biological applications is to pre-
cisely design the structure and composition of TiS2 for specific biological
applications. With excellent sensitivity, selectivity, stability and repro-
ducibility, TiS2-based sensor platform has been successfully applied in
the fields of environmental monitoring, biochemical analysis, disease
diagnosis, food safety, public health security and even homeland secu-
rity. With the increasing demand for real-world detection, TiS2-based
sensor platforms are facing challenges.

Seventh, although TiS2 has a broad application prospects in the field
of biomedicine, TiS2-related biomedical applications are still facing
critical issues of structure/component control for stringent biomedical
applications.

Eighth, for TiS2 in environmental applications, how to reduce the
interference during operation, such as expansion, dirt and degradation,
in order to maintain the long-term stability of TiS2 in practical
applications.
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