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Abstract

Although the development of industry has significantly improved the living standards of human beings, it has also
inevitably caused serious pollution of the atmosphere, which has greatly aroused concern about gas detection
technology. In recent years, two-dimensional transition metal dichalcogenides (TMDs) have attracted great
attention in the field of air sensing due to their excellent adsorption ability for harmful gases at room temperature.
However, their inherent performance deficiencies have caused problems with weak sensor responsiveness and
long response/recovery times. Research targeting the performance tuning of stand-alone system TMDs is
necessary to radically improve the performance of sensors. This review summarizes a series of strategies that
researchers have adopted in recent years to improve the performance of stand-alone TMDs materials. Firstly, the
application of TMDs materials in gas sensors is described. Then, the methods and mechanisms for enhancing the
gas sensing performance of stand-alone TMDs through different strategies are highlighted. Finally, the future
development of TMDs gas sensors is summarized and projected.

Keywords: Transition metal dichalcogenides, gas sensors, morphological adjustment, crystal phase modulation,
defect introduction
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INTRODUCTION

Nowadays, human society has long entered the information age. While technology and industrial upgrading
have helped mankind create great wealth, they have caused serious pollution and damage to the ecological
environment. The emission of a series of toxic and harmful gases has brought about such serious
environmental issues as greenhouse effect, acid rain, ozonosphere hole, etc. The leakage of combustible
gases, including liquefied petroleum gas, natural gas, and coal gas, poses significant risks of fire, explosion,
carbon monoxide poisoning, and other safety hazards due to their flammable and explosive nature. Rapid
and accurate quality testing of ambient air appears to be essential. The market for gas sensors, as the
primary means of air detection, has been expanding steadily over the past few years. Widespread
deployment of gas sensors to build sensor networks in applications such as the Internet of Things (IoT) and
Industrial Internet of Things (IIoT) is considered to be the focus of future construction to achieve green and
smart development' . Therefore, the preparation of gas sensors with excellent sensing performance is a
research direction of great practical significance and development prospect.

According to the different signal conversion methods, gas sensors can be categorized as electrochemical,

optical', acoustic”, resistive®”, and others. Among them, resistive gas sensors are widely used in important
fields such as environmental monitoring, industrial production and scientific research due to their ease of
operation, simple structure, low cost and ease of integration”. Their response process usually consists of
two aspects: recognition of target gas molecules and signal conversion. The gas sensing phenomenon is
mainly based on the adsorption/desorption process of gas molecules on the active layer of the gas sensor.
Charge transfer occurs between the gas molecules and the surface of the sensing material, which changes the
|. Thus, the resistance of the sensor varies with the gas
concentration at a specific operating temperature, leading to the detection of the gas molecule content.
During the desorption of the gas molecules, the resistance of the sensor returns to the initial conditions. For
now, metal oxides (MOs, such as ZnO, SnO,, TiO,, etc.) are mainly used on the market as sensitive materials
for resistive gas sensors. A typical MOs gas sensor is the tubular structure illustrated in Figure 1A. Although
19l MOs must operate at
high operating temperatures (> 250 °C), which not only increases power consumption of device, but also

11,12

carrier concentration of the sensitive material'

their high responsiveness to toxic gases can be produced in a short response time!

causes nanomaterials to agglomerate, shortening service life and posing safety risks"”'*. Besides, the poorer
gas selectivity and humidity stability of MOs also limit their development in the field of gas sensing.

In recent years, the unique atomic layer structure of transition metal dichalcogenides (TMDs), one of a
family of two-dimensional (2D) materials, has been found to possess excellent physical and chemical
properties, including high specific surface area near theoretical extremes, excellent semiconductor
properties, abundant surface-active sites, and electronic properties highly susceptible to adsorption of
chemical molecules”*. These properties provide TMDs with significant “inherent” advantages for gas
sensing applications. In particular, the ability of TMDs to work at room temperature (RT, 25 °C) with
strong interactions with gas molecules not only reduces device energy consumption but also improves
stability and practicality, which is a major challenge for conventional MO semiconductors. Researchers have
mostly used the planar structure illustrated in Figure 1B to investigate the gas sensing performance of TMDs
and demonstrated their sensitivity to numerous gas molecules such as ethanol, NO,, NH,, etc.”**”,
indicating their potential in the field of gas sensing. Moreover, a comparison with conventional MOs
[Figure 1C and D] shows that TMDs have certain performance advantages, indicating their strong potential
in the field of gas sensing. However, so far, TMDs still suffer from low responsiveness and slow response
kinetics relative to MOs. Therefore, the improvement and tuning of the material properties of TMDs have
become a key concern for researchers in the past few years.
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Figure 1. Device schematics of (A) tubular MOs gas sensor and (B) planar TMDs gas sensor; Radar plot for performance evaluation of
(C) MOs and (D) TMDs gas sensors. MOs: Metal oxides; TMDs: transition metal dichalcogenides.

In order to improve the performance index of TMDs for gas detection, researchers have experimented with
many different methods. They are mainly divided into the following three categories: (i) Modification of the
TMDs material itself. By promoting their adsorption properties to gas molecules and improving the electron
transfer rate, the gas detection capability can be effectively enhanced; (ii) Modification of TMDs with noble
metal nanoparticles. Based on the “electron sensitization” and “spillover effect”, the electrical properties of
TMDs can be regulated and the activation energy required for adsorption and desorption can be effectively
reduced™}; (iii) Building heterogeneous structures with other semiconductor materials to achieve carrier
redistribution in the junction region and improve the electronic structure and carrier flow, thus enhancing
the gas-sensitive performance™. Although many articles on TMDs gas sensors have been summarized in
recent years, most of them have focused on the heterostructure and composite materials of TMDs, and few
systematic reviews have been conducted on the performance improvement strategies of the TMDs materials
themselves. Therefore, this review focuses on the classification and summary of the modulation means for
TMDs materials themselves. Firstly, the molecular structure and physical and chemical properties of TMDs
are introduced, the reasons for their inadequate performance are analyzed, and the strategies to improve
their own performance are summarized. Then, the performance enhancement mechanisms and
implementation methods are analyzed for different strategies, and their advantages and challenges are
summarized. Finally, potential solutions to these challenges and key perspectives for future research in this
field are outlined.
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GAS SENSING PROPERTIES OF TMDS

Properties, advantages and disadvantages of TMDs

TMDs are a huge branch in the family of 2D materials. They are usually represented by the chemical
formula MX,, where M stands for transition metal elements (e.g., Ti, Zr, Nb, Mo, W, Pd, etc.) and X stands
for three elements of the sulfur group (S, Se, Te). Elemental distribution and molecular structure are shown
in Figure 2. The monolayer TMDs are typical sandwich atomic structures”*. The transition metal M
atomic layer separates the upper and lower six atomic layers of the sulfur group elements X. The atoms
within the layer are connected by covalent bonds, while the layers are connected to each other by weak van
der Waals forces”™". Therefore, single or few-layer TMDs materials can be obtained by mechanical
exfoliation or electrochemical intercalation due to this weak interlayer bonding and can also be prepared
directly using methods such as CVD or hydrothermal®". Despite belonging to the same branch, the
compounds composed of these elements have different electronic properties depending on the difference in
the number of electrons in the unbound d orbitals and the coordination geometry of the metal atoms”. For
example, NbTe, and TaTe, are metallic in nature, NbSe, and TaS, are superconducting in character. While
materials with typical semiconductor properties, such as MoS,, WSe,, and SnS,, are excellent candidates for
use as gas-sensitive sensors.

The continuous spontaneous adsorption and desorption of gas molecules on the material surface makes the
gas sensing mechanism a dynamic and complex process. Here, we take the adsorption (< 200 °C) of NO, gas
as an example to explain the gas response process. When the TMDs material is placed in air, a portion of O,
molecules will be preferentially adsorbed on the surface of the material and undergo charge transfer until
the state is stabilized. The reaction is written as follows:

02¢5) © O3y + h*(< 200 °C) (1)

At this point, if the surface of the material comes into contact with NO, gas molecules, the NO, molecules
will extract electrons from the adsorbed oxygen negative ions or directly capture electrons from the
conduction bands of the TMDs, which will lead to an increase in the concentration of holes in the TMDs
material since NO, (electron acceptor) has a stronger electron affinity energy than O,, as given by

NOZ(g) < NOE(ad) + h+ (2)
NOZ(g) + OE(ad) L NOZ_(ad) + 2061(1) + 2h+ (3)

As we know, semiconductor materials can be classified into n-type (electron type) and p-type (hole type)
due to the different types of most carriers. The decrease in electron concentration makes the conducting
properties of n-type TMDs decrease, which is manifested by the decrease in device conductivity. As the
concentration of NO, gas increases, this phenomenon will further intensify until the concentration remains
constant or reaches the upper limit of adsorption of the material in order to reach dynamic equilibrium.
When the NO, concentration decreases, the NO, gas molecules leave the surface of the material and return
the transferred electrons, thus restoring the sensor conductivity to its initial state. By analogy, electron
acceptors can raise the resistance of n-type TMDs semiconductors and also lower the resistance of p-type
TMDs semiconductors. In contrast, electron donors can lower the resistance of n-type semiconductors and
also raise the resistance of p-type semiconductors.

Table 1 compares the sensing properties of traditional MOs with TMDs. The unique physicochemical
properties of semiconductor TMDs as sensitive materials for gas sensors have several distinct advantages: (i)
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Table 1. Comparison of sensing properties of traditional MOs and TMDs
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Sensitive materials

Advantages

Limitations

MOs

TMDs

Higher response
Fast response/recovery speed
Low preparation costs

Relatively high carrier mobility
Large surface area exposing more active sites
RT workability

Require high operating temperature (> 200 °C)
Low carrier mobility at RT

Nanomaterials are prone to agglomeration
High device power consumption

Poor gas selectivity

Slower recovery
Higher preparation costs
Long-term stability needs to be improved

Excellent mechanical toughness
Device miniaturization and low power consumption

MOs: Metal oxides; TMDs: transition metal dichalcogenides; RT: room temperature.
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Figure 2. Elemental distribution of partial TMDs, where red elements indicate that the synthesized material is 2D TMDs and purple
elements indicate that the synthesized material is partly 2D TMDs. The top of the figure shows a model of a monolayer 2H-TMDs
atomic arrangement. TMDs: Transition metal dichalcogenides; 2D: two-dimensional.

Its atoms are arranged in a 2D pattern, which gives TMDs a large specific surface area, and brings an
abundance of active sites on the surface, which can fully interact with gas molecules; (ii) The electronic
structure of TMDs is extremely sensitive to gas molecules and has a high adsorption energy and charge
transfer degree for some gas molecules, so that they can effectively recognize the presence of low
concentrations of gases*!. Table 2 shows the adsorption energy and charge transfer degree of TMDs for
some gases; (iii) The ability to operate at RT avoids the safety hazards and energy consumption associated
with higher operating temperatures, and extends the lifetime and operating stability of the devices; (iv)
TMDs have excellent mechanical properties and flexibility. Young’s modulus of several layers of MoS, is
reported to be as high as 0.33 = 0.07 TPa, which exceeds that of stainless steel and graphene oxide!*. It is
more suitable for use in wearable flexible devices and other specialized fields.

Nevertheless, current studies have shown that TMDs still suffer from low response, slow speed of response,
long recovery time and even incomplete recovery. These have greatly limited their application prospects in
the field of gas sensing. It is mainly due to the following reasons: (i) The 2D surface of the TMDs is
extremely smooth, which is not conducive to its interaction with gas molecules and makes the sensing
response weak; (ii) The poor electrical conductivity and the slow carrier transport of the TMDs reduce the
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Table 2. DFT calculations of adsorption energy and charge transfer degree of TMDs

Materials E/AQ O, co NH, H,0 NO NO, H, Ref.

MoS, E, (eV) -0.07 -0.128 -0.250 -0.234 -0.195 -0.276 -0.07 [39]
AQ (e) 0.004 0.020 -0.069 0.012 0.0Mm 0.100 0.004

WS, E, (eV) -0.m -0.14 - -0.18 - - - [40]
AQ (e) 0.0134 0.0078 - 0.0048 0.0096 - -

WSe, E, (eV) -0.0087 -0.0092 -0.042 -0.045 -0.025 -0.067 - [41]
AQ (e) 0.0182 0.0089 -0.0172 0.0186 0.0346 0.165 -

MoTe, E, (eV) - -0.14 -0.24 - - 05 - [42]
AQ (e) - -0.02 0.03 - - -0.31 -

Eo = Ecrmpstgas) ~LEcrmps) + Eqgasy ) Eq 1S the adsorption energy; Erypseqas) IS the energy of the optimized structure of the gas molecule adsorbed on the
TMDs; E¢ryps) and E(gas),in turn, are the energies of the pristine TMDs layer and of the isolated gas molecule; a positive value of AQ indicates the
transfer of electrons from TMDs to the gas molecules. DFT: Density functional theory; TMDs: transition metal dichalcogenides.

response and reaction speed of the devices; (iii) The diffusion of gas molecules on the surface of TMDs is
slower, which may lead to longer adsorption and desorption processes, thus affecting the response and
recovery speed. Besides, TMDs face the same problems as other 2D materials, such as difficulty in preparing
large areas of high quality, poor air stability, and high production costs.

For these reasons, researchers have taken various approaches to optimize and develop the gas sensing
performance of TMDs in an attempt to address these challenges in an effective manner. Although the
introduction of new substances, such as material sensitization through noble metal nanoparticles or the
construction of heterojunctions with other semiconductors, has been proven to be effective in improving
the response degree and response speed. However, the sensing efficiency of TMDs can be fundamentally
improved if they can be optimized for the performance defects of the materials themselves. Compounding
with other materials on top of their own optimization can significantly improve the performance of gas
sensors from multiple perspectives. In other words, optimizing the performance of intrinsic TMDs is crucial
for advancing the performance of device over time, which has significant implications for research.

Strategies for improving gas sensing performance of stand-alone TMDs

For a range of obstacles, including the need to improve TMDs adsorption capacity, slow response rate, and
incomplete recovery, researchers have recently used a variety of strategies to intervene in the intrinsic
properties of materials. The main strategies are classified as [Figure 3]: morphological adjustment, crystal
phase modulation and defect introduction.

Morphological adjustment

One of the major advantages of 2D materials is their large specific surface area, which permits full access to
gas molecules. However, as research progresses, 2D TMDs materials with planar structures are no longer
sufficient. Meanwhile, the edge sites possess higher adsorption activity compared to the 2D planar sites of
TMDs. The three-dimensional (3D) structure of TMDs can be constructed by morphology adjustment,
which can not only further enhance the contact area between TMDs and gas molecules and increase the
number of adsorption sites, but also the 3D structure makes the edge active sites fully utilized. Therefore,
the response of TMDs to gases can be effectively enhanced.

Crystal phase modulation
Fast response speed is an important metric for gas sensors. However, limitations in carrier transport rates
make semiconductor TMDs have long response and recovery times. Depending on the atomic arrangement,
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Figure 3. Schematic diagram of gas sensing performance enhancement strategy for TMDs. TMDs: transition metal dichalcogenides.

the electrical properties of TMDs can change significantly; for example, 2H phase is a stable semiconductor
phase that can interact with gas molecules, and 1T phase is a metal phase with superior electrical
conductivity and carrier transport efficiency, which builds a high-speed network for electron transport. By
modulating the crystal phases through specific processes, multifunctional structures can be constructed
within the material and combined with the properties of each other to effectively enhance the overall gas
response of the material. Constructing the TMDs material into a 1T/2H mixed-phase structure with a
specific ratio not only improves its shortcoming of large RT resistance but also improves the carrier
transport efficiency on the basis of ensuring the gas adsorption, thus effectively accelerating the response
and recovery speed of the device.

Defect introduction

Since the 2D surfaces of pure TMDs materials are extremely smooth and do not contain any dangling
bonds, they interact weakly with gas molecules, which seriously affects their adsorption effect. The unpaired
electrons exhibited by the defect sites are extremely sensitive to specific gases. Therefore, more active sites
can be constructed by introducing vacancy defects on the material surface. According to the study, the
adsorption of gas molecules by defect sites is significantly stronger than that of planar sites, and even
changes from weak physical adsorption to strong chemical adsorption. Therefore, it can significantly
enhance the adsorption strength of the TMDs material on gas molecules and generate more charge transfer
to enhance the device response.
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Therefore, morphological adjustment, crystal phase modulation and defect introduction can enhance the
gas adsorption capacity, adsorption strength, and response speed of TMDs from different angles, thus
improving their gas sensing performance comprehensively. In the next chapter, the specific roles and
practical applications of different strategies are analyzed in detail.

STRATEGIES FOR IMPROVING PERFORMANCE OF STAND-ALONE TMDS

Morphological adjustment

The gas sensing process is mainly manifested as an interaction process between gas molecules and sensitive
materials. In this process, in addition to the physicochemical properties of the sensitive material and the gas
molecules, the diffusion process and the surface chemical reaction (SCR) of the gas molecules on the
material surface are also crucial. An important factor affecting this aspect is the morphology of
semiconductor materials. Wang et al. constructed a model of the surface diffusion and reaction process of
gas molecules through a series of experiments on layered porous SnO, microspheres with different specific
surface areas and void sizes, and deeply investigated the relationship between SCR and gas diffusion and
their effects on gas sensing performance™. According to Knudsen diffusion theory and reaction kinetics,
the rates of SCR (k) and gas diffusion (D,) are expressed, respectively, by

k=A><exp(—}b;—;) (4)
4r 2RT
D=5 o )

where A is the pre-exponential factor, E, is the activation energy, r is the pore radius, R is the gas constant,
which is equal to 8.314 J-(mol-K)", T is the temperature, and M is the molecular weight. It can be seen that
the effect of T on k is significantly larger than that on D,. Combined with the experimental data, it can be
concluded that in the low T range (T < 180 °C), the slow SCR is responsible for limiting the sensor response.
In this case, a larger specific surface area provides more SCR and significantly improves the device response.
Therefore, building a large specific surface area is a key point for the performance improvement of RT gas
Sensors.

On the other hand, the edge sites of TMDs have been of interest for gas sensing and photocatalytic
applications"**.. Many research results based on density functional theory (DFT) have also demonstrated
that the edge active sites are more active for gas molecules and can promote rapid adsorption and charge
transfer of gases, resulting in a fast and significant electrical signal response**". Therefore, how to construct
the morphological structure of the material to maximize the specific surface area and fully expose the edge
active sites becomes one of the strategies to improve the gas-sensitive performance of the TMDs material
itself.

In recent years, researchers have constructed TMDs materials with 3D morphology (nanorods, nanowalls,
nanoflowers, efc.) using various processes, such as hydrothermal, chemical vapor deposition, and self-
assembly. Table 3 summarizes the different material morphologies that researchers have tried to improve
the gas sensing performance of TMDs and the performance levels achieved, including details of sensitive
materials, morphological structures, target gases, detection concentrations, responses, response times,
recovery times, limits of detection (LOD), and operating temperatures*> . Although numerous studies
have designed different material structures, including nanopillars, nanospheres, nanowalls and composite
multistage structures, the ultimate goal is to maximize the specific surface area of the material and fully
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Table 3. Comprehensive performance comparison of TMDs gas sensors with various morphological structures

Work

Target Concentration Response Response Recovery LOD temperature Ref.

Material Structure

gas (ppm) (%) time (s) time (s) (ppb) °C)
MoS, Hierarchical hollow NO, 100 403° 79 225 - 150 [59]
microspheres
Mos, Vertically aligned NO, 100 10° - - - RT [61]
WS, Nanotriangles NO, 0.8 55.9° - - <5 150 [57]
WS, Nanoflakes NO, 0.8 26.6° - - ~50 150 [57]
WS, 3D nanosheets NO, 0.5 ar° - - - 160 [58]
WS, Carbon nanofiber NO, 10 2n° 54 305 35 RT [56]
frame
WS, Vertical and planar  NO, 0.5 22° 600 1,400 - RT [53]
growth
WS, Hollow carbon NO, 5 48.2° - - 100 RT [60]
nanocages
WS, Multiwall carbon TMA - - - - 76 RT [55]
nanotube skeleton
WSe, 3D vertical growth  NO, 1 34.6° 66 1,020 4 RT [48]
WSe, Nanoflower NH; 40 24.65" 396 - 2,000 150 [54]
WSe, Nanoflower NO, 0.8 20.5° 196 - 0.1 100 [54]
Sns, Vertical flakes NO, 50 164° 40.2 309 - 120 [52]

) L : ) ) - Ra—R
The superscripts of the response indicate the difference in the calculation formula, a for Response = |R“R—Rg| x 100%, and b for Response = lkfg
a 9
x 100%, c for Response = ﬁ—“ x100%. R, is resistance of sensor when exposed to background gas, and R, is the resistance of sensor after it is
9

exposed to target gas. TMDs: Transition metal dichalcogenides; LOD: limits of detection; 3D: three-dimensional; RT: room temperature; TMA:
trimethylamine.

expose the active edges. This can effectively increase the active sites of the material and expand the contact
space between the material and the gas molecules; combined with the strong adsorption effect of the TMDs
material itself on the gas molecules, the adsorption capacity of the gas can be significantly enhanced'*.
Typically, for example, Cho et al. synthesized three MoS, films with different alignment morphologies
(horizontally aligned, hybrid aligned, and vertically aligned) by CVD for rapid vulcanization [Figure 4A-D]
and compared the difference in their sensitivity to NO, gas'". By comparison [Figure 4E], it was found that
the vertically aligned MoS, films showed about five times higher sensitivity to NO, gas molecules compared
with the horizontally aligned MoS, films. The vertically aligned MoS, showed excellent resistance change
compared to the horizontally aligned MoS,, even with the same surface area exposed to the same
concentration of gas molecules. Also, the DFT calculations show that the binding energy of the edge sites is
generally lower and the adsorption distance of NO, is shorter, verifying the positive effect of MoS, edge site
exposure on the gas sensing performance. Also using MoS, as a sensitive material, Li et al. synthesized
layered hollow MoS, microspheres by the hydrothermal method and used them for NO, gas detection
[Figure 4F]*. The introduction of the micro-nano hierarchical structure exhibited a high specific surface
area and improved surface permeability, which assisted in exposing the MoS, active edge sites and improved
the carrier exchange and transport efficiency between the gas and the material during the reaction, which
contributed to the improved sensing performance in the synthesis. The sensing performance of the
nanosphere samples was improved by a factor of 3.1 compared to that of the smooth 2D structure
[Figure 4G]. Koo et al. introduced metal-organic frameworks (MOFs) into the preparation of WS,
nanoplates for the fabrication of highly sensitive NO, gas sensors®. The devices (called WS,_Co-N-
HCNCs) can produce a 48.2% response to 5 ppm NO, with a low LOD of 100 ppb. This is mainly attributed
to the hollow nanocages doped with Co and N that provide an excellent framework for embedding the WS,
nanoplates to facilitate their full display of the edge active sites [Figure 4H and I]. Meanwhile, the
adsorption and desorption kinetics showed significantly higher adsorption rate constants, reflecting the
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Figure 4. (A) Schematic diagram of the preparation of MoS, films with different arrangements; SEM images of MoS, films arranged in
(B) horizontally aligned, (C) hybrid aligned, and (D) vertically aligned; (E) Comparison curves between the responses of MoS, films in
various arrangements to various NO, concentrations™”. Copyright 2015, ACS Publications; (F) Schematic diagram of the growth
process for both solid and hollow hierarchical MoS, microspheres; (G) Response curves of MoS, spheres with different structures to
different concentrations of NO, at 150 °C[59].Copyright 2019, Elsevier; (H) Response mechanism of WS,_Co-N-HCNCs to NO,; (1)
Real-time response curves of WS,_Co-N-HCNCs to NO, after different heat treatments; (J) Adsorption rate constants (kads) and
desorption rate constants (kdes) of WS,_Co-N-HCNCs after different heat treatments™”. Copyright 2018, John Wiley and Sons. SEM:
Scanning electron microscopy.

high adsorption activity of the edge sites [Figure 4]]. Unique from other material designs, this research does
not stick to the morphological design of the material itself, but aids the construction of high specific surface
area structures by introducing a material framework, thus also broadening the possibility for the application
of TMDs with high active sites.

Structural design strategies are more homogeneous and reproducible for materials compared to several
other strategies. Improving the conditions or using auxiliary means based on the basic synthesis methods
makes it possible to achieve a certain degree of adjustment in material growth or assembly mode. However,
the structural design of sensitive materials often targets multilayer TMDs or a large number of nanosheets,
which will inevitably increase the contact interfaces of the materials. Despite it is investigated that van der
Waals interfaces between 2D materials have superior carrier transport properties, excessive introduction of
contact interfaces still leads to an increase in the internal resistance of the material, which limits the gas
response!®*l. Therefore, the tuning of the material structure also needs to be designed and controlled by the
researcher.

Crystal phase modulation

The physical properties of TMDs are influenced not only by the constituent elements but also by the
different coordination modes. It has been demonstrated that TMDs have several types of atomic structures,
including 2H phase, 1T phase, 1T" phase (distorted 1T), and other close distorted phases® . The 2H and
1T phases have received the most attention among them. The 2H phase is defined as a trigonal structure
consisting of six sulfur or selenium atoms with intermediate transition metal atoms [Figure 5A], while the
1T phase is defined as two tetrahedra consisting of the top and bottom three sulfur or selenium atoms
combined with intermediate transition metal atoms in an anti-ligand manner [Figure 5B]""". Despite being
composed of the same elements, the two atomic structures exhibit dramatically different electronic
properties. In the case of MoS,, for example, 1T-MoS, is in fact unstable without additional electrons
injected into its S-Mo-S framework, as it tends to aggregate and then transform into stable 2H-MoS, due to
S-S van der Waals interactions””. In 2H-MoS,, the d orbitals split into three bands, d,.,d,. .. ,and d
separated by energy bands"”. Consequently, 2H-MoS, exhibits semiconducting properties and weak carrier
mobility (band gap of 1.9 eV and charge carrier mobility of 0.1-10 cm>V":s” for monolayer 2H-MoS,)"*"),
which severely restricts its utilization in electrochemical catalysis, field effect tubes (FETs), thermoelectric
energy harvesting, and electrochemical sensing. In contrast, 1T-MoS, has substantially different electronic
properties from 2H-MoS, due to the localization behavior of d-band electrons in the transition metal. More
specifically, the partially filled d,,,, orbitals lead to a band structure in the 1T phase with metallic
properties'”’, making the electrical conductivity 10” times enhanced compared to the semiconducting nature

X2,y22

of the 2H phase””. This significantly enhances the efficiency of carrier conduction and utilization in it,
which provides evident advantages in electrochemical applications. For example, 1T-MoS, exhibits a low
overpotential and Tafel slope in the hydrogen evolution reaction (HER)", a high-power factor in
thermoelectric energy harvesting (73.1 pW/mK?® at RT)"”, and a small contact resistance in FET (200-
300 Q-um without gate bias for 1T-MoS, and 0.7-10 kQ-um for 2H-MoS,)"”.. Briefly, the 2H phase of TMDs
possesses semiconductor properties and is capable of stable electron exchange with gas molecules. In
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Figure 5. Schematic atomic structure of TMDs. (A) 2H semiconductor phase and (B) 1T metal phase. TMDs: Transition metal
dichalcogenides.

contrast, the 1T phase realizes metallic properties with higher electrical conductivity and carrier transport
capability, and is able to rapidly transmit the exchanged carriers to external circuits to generate response
signals. While the overall conductive efficiency of the material can be improved equally by combining 2H-
phase TMDs with various highly conductive auxiliary materials, such as graphene and polyaniline, these
approaches generally result in significant contact resistance between TMDs and the combination™".
Fortunately, transitions can occur between the crystalline phases of TMDs under certain conditions, such as
2H < 1T and 2H « 1T**. Meanwhile, this kind of junction composed of same material with different
crystal structures is called hetero-phase junction, which is significantly different from the heterojunction
composed of different materials. Hetero-phase junction have smaller lattice mismatch than heterojunctions,
which can significantly reduce the interface resistance and carrier transport barriers, resulting in smoother
transport and more obvious optimization effects. It has clear advantages. Notably, although the 1T phase is
superior to the 2H phase in terms of charge transport, the 2H phase, which senses gas molecules and
changes the electrical conductivity, is also indispensable. Therefore, if a portion of the 2H phase in TMDs
can be converted to the 1T phase in a reasonable manner to make them work synergistically, the electrical
properties of TMDs can be significantly improved and hence the device efficiency can be enhanced.

Currently, TMDs phase conversion strategies are mainly applied in the directions of energy storage,
catalysis, and optoelectronics™**, while only a few studies have applied them to gas sensing. Recently,
Duan et al. reported a study of the phase modulation of vertical WSe, nanosheet arrays by microwave
plasma and facilitating gas sensing [Figure 6A]"**). Based on the original 3D structure, a 1T/2H hybrid
phase structure of WSe, was constructed by phase modulation, and Se vacancies were introduced to
effectively improve its gas sensing performance [Figure 6B and C]. After only 60 s of treatment, the response
of the sample to 1 ppm NO, could reach 52.24%, and the response/recovery time were both significantly
improved. The experimental results demonstrate that microwave plasma is an effective phase conversion
process and can effectively enhance gas sensing performance. Chen et al. assisted the selenization of 3D
WO, nanoscrews into WSe, nanoscrews with a 1T/2H mixed-phase structure by a low-temperature plasma
process and controlled their shape growth using a grazing angle deposition (GLAD) system [Figure 6D]"*.
The large specific surface area of the cubic structure nanoscrews ensures sufficient contact between the
sensitive material and the gas, while the 1T/2H mixed-phase structure in WSe, reduces the potential barrier
height. The prepared NO sensors exhibit the best sensing capability at a ratio of 0.41 between the 1T and 2H
phases, with a response of more than 40% at 60 ppb at RT and a low LOD about 15 ppb [Figure 6E and FJ,



Duan et al. Chem. Synth. 2025, 5, 45 | https://dx.doi.org/10.20517/cs.2024.138 Page 13 of 24

A C .
Microwave / 9 100 _
Plasma 3 50 §
< 80 =
2 45 2
= =
e —o—Response |60 =
2!' 40 —o— 2H Phase §
= 35 e 40 =
% \ v
0 30 60 90 120
Treatment time (s)
F 200 1.0|—‘_
o Y=
:\;150 \o g
g o— 0.5%
c 100 &
2 8
¥ 50 (o] 3}
] [u}
(4 O/ \ o.o§
200 300 400 500 600 700
I Synthesis temperature (°C)
70
60
50
I § 40
1T phase 2H phase 30
= 32
"""""""""" 10 )
TNy °
mas 5 - 0 50 100 150 200 250 300 As-deposited 50 100 150 200 250 300

monolayer MoS, f Annealing temperature (°C) Annealing temperature (*C)

Figure 6. (A) Schematic diagram of microwave plasma phase modulation; (B) TEM images of 1T/2H mixed-phase structured WSe,
nanosheets; (C) Relationship curve between 2H phase content in WSe, nanosheets and processing time, as well as device response to
Tppm NOz[gf’].Copyright 2023, Elsevier; (D) Schematic diagram of 1T/2H 3D-hierarchical WSe, nanoscrews gas sensor structure and
response mechanism; (E) Response curves of a gas sensor based on 3D-hierarchical WSe, nanospiral and planar films for T ppm NO.
The inset shows the photograph of the sensing device'™. Copyright 2019, The Royal Society of Chemistry; (F) Response of 3D-
hierarchical WSe, nanospiral (left axis) and ratio of 1T to 2H phase (right axis) curves as a function of synthesis temperature; (G)
Schematic of 1T/2H mixed-phase structure MoS, FET; (H) Curve of annealing temperature vs. the content of 1T and 2H phases of MoS,;
(1) The response curves of MoS, with different annealing temperatures to the relative current of NO, gas[sgj.Copyright 2020, ACS
Publications. TEM: Transmission electron microscopy; 3D: three-dimensional; FET: field effect transistor.

which demonstrates their potential application as high-performance gas sensors. After annealing the
lithium-exfoliated MoS, monolayer nanosheets, Zong et al. found that the initial lithium-exfoliated 1T-
phase MoS, gradually transformed into 2H-phase, and the conversion ratio of the 1T and 2H phases could
be modulated by this operation (the structure is shown in Figure 6G)™'. The investigation results show that
the 1T/2H hybrid phase MoS, exhibits typical p-type semiconductor properties and significant adsorption
ability for NO, molecules. The 100 °C-annealed MoS, with 40% 1T and 60% 2H phases exhibited the best
gas sensing performance (up to 25% response to 2 ppm NO, at RT within 10 s and LOD down to 25 ppb,
shown in Figure 6H and I). This study demonstrates that a multiphase structure can improve the gas
detection capability of ML-MoS,, bringing new insights into transition metal disulfide gas sensors.

Nevertheless, the phase structure modulation strategy has some limitations. In general, the 2H/1T phase
transition of TMDs can be achieved by chemical and physical methods”***". Chemical methods, such as
assisted stripping using intercalating ions (e.g., Li* and Na")"*, promote the 2H/1T phase transition by
donating electrons from the corresponding atoms (Li and Na) to the van der Waals gap of 2H-TMDs and
producing a stable 1T phase. However, almost all chemical methods involve rather long reaction times and
the use of hazardous reagents (n-butyl lithium or Na electrodes)”***. Physical methods are mainly based on
strain effects and charge injection. All these methods undoubtedly cause an increase in process and time
costs. On the other hand, the random nature of many phase transition processes makes it difficult to
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precisely control the transition ratio and the distribution of the mixed phases, and the 1T phase is a
relatively unstable phase, which means that the device lifetime may be affected. In addition, the phase
transition process is likely to be accompanied by the generation of defects, the effects of which will be
discussed in the following subsection. Therefore, the strategy remains to be further developed and validated
by researchers.

Defect introduction

With the rapid development of high-resolution characterization techniques, delicate atomic vacancies and
the amazing effects they bring have attracted increasing attention from researchers. With their unique
electron distribution and dense energy fluctuations, vacancy defects of various sizes have been well
exploited. The presence of vacancies can potently modulate the morphology, elemental composition, lattice
structure and electron distribution of a material, thus having an impact on its actual properties”*. In the
field of catalysis, such configurations can serve as an ideal platform to reveal the catalytic mechanism and
precisely regulate the catalytic properties, becoming highly active sites or effective active promoters in
various catalytic reactions””*. Similarly, defect sites are also active adsorption sites for gas molecules in
TMDs gas sensing. Defects significantly enhance the gas sensing performance of TMDs by altering their
electronic structure and surface chemistry. Vacancy defects (e.g., missing sulfur or metal atoms) introduce
unpaired electrons and localized states within the bandgap in the material, lowering the energy barrier for
adsorption of gas molecules and enhancing the density of electronic states near the Fermi energy level. This
modulation of the electronic structure strengthens the chemical adsorption of gas molecules to the material
surface, promoting charge transfer and orbital hybridization, thereby amplifying the sensing signal. Defect
sites act as highly active adsorption centers, preferentially trapping target gas molecules and optimizing the
adsorption-desorption equilibrium by modulating the adsorption energy. In addition, defect engineering
can be used to enhance the selective response to specific gases by adjusting the defect type (e.g., point
defects, edge sites) and concentration in a targeted manner, ultimately realizing the gas sensing
characteristics of high sensitivity, high selectivity, and fast response. Numerous researchers have verified its
promotion of gas adsorption by means of theoretical calculations. Li et al. demonstrated by DFT
calculations that monolayer MoS, with vacancies showed higher adsorption energy and charge transfer for
NO and H,0 with greater resistance variation"*”. Ma et al. performed a theoretical analysis of the
adsorption effect of various gas molecules on Se vacancies in WSe,"*". The results show that H,O and N,
molecules are readily physically adsorbed on S vacancies, while CO and NO tend to undergo chemisorption.
On the other hand, if temperatures are higher, NO, and N,O molecules may engage in dissociative
chemisorption on the S vacancy, resulting in the formation of O-doped WSe, and fully filling the faulty
energy level the S vacancy had previously caused. Cui et al. looked into the effects of CO, NH,, NO, and
NO, adsorption in intrinsic and defective WS,"”. While the W vacancy showed a larger enhancement in the
adsorption energy of NO with NO,, the S vacancy demonstrated an improvement in the adsorption energy
for all four gases. The band gap of the flawed WS is also strongly influenced by the adsorption of all four
gases. Apparently, vacancies can considerably improve charge transfer and adsorption intensity, which
effectively improves responsiveness.

In addition to theoretical calculations, many experimental-based research results have reported the
enhancement of defects on the performance of gas sensors. Qin et al. obtained 1-3 layers with rich S defects
in SnS, nanosheets using a chemical exfoliation method and prepared NH, gas sensors [Figure 7A-C]"*.
Although the bulk SnS, showed insensitivity to NH,, the 2D SnS, nanosheets exhibited a fast response. The
response to 500 ppm NH, at RT was 420% with a response time of only 16 s. The response time of 500 ppm
NH, at RT was only 16 s. Such a fast response is attributed to the high-energy S vacancies generated on the
SnS, surface during the exfoliation process that effectively enhance the gas adsorption strength. Recently,
Qin et al. obtained WS, nanosheets within three layers and rich in S defects using chemical exfoliation and
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Figure 7. (A) Diagrammatic representation of the few-layer 2D SnS, exfoliation and transfer process; (B) 2D SnS, response-recovery
curves for a range of NH; concentrations; (C) Morphological structure and elemental ratios of bulk and exfoliated SnS, 1931 Copyright
2018, Elsevier; (D) Bendable sensors prepared by exfoliated WS, and their response curves to NH; and respiration; (E) XPS curves of W
and S of exfoliated WS,, demonstrating the presence of W and S defects™™. Copyright 2022, Elsevier. 2D: Two-dimensional; XPS: X-
ray photoelectron spectroscopy spectra.

vacuum filtration, and prepared NH, sensors on flexible paper substrates [Figure 7D]"*. The exfoliated WS,
containing both W and S defects was demonstrated by the fitted peak analysis of X-ray photoelectron
spectroscopy spectra (XPS), as shown in Figure 7E. RT NH, gas sensitivity results show that the response
intensity of 2D WS, with abundant S defects is almost three times higher than that of highly crystalline 2D
WS,, and can respond to device bending and gas introduction simultaneously.

Visibly, proper defect engineering can significantly enhance the adsorption strength of TMDs to gases and
promote the occurrence of charge movement. Notably, however, the elevated gas adsorption energy not
only promotes the spontaneous adsorption of gas molecules onto the material surface, but also implies that
the desorption process requires higher energy. This would certainly exacerbate the problem of a slow
desorption process. At the same time, the incomplete coordination of atoms due to surface defects can also
reduce the air stability of the material and have an influence on its service life.

SUMMARY AND PERSPECTIVES

The performance requirements for gas sensors have always been strong responsiveness, quick sensitivity,
high selectivity, low LOD, long service life, and low power consumption"*"””. Research on gas sensing
using TMDs has been going on for more than two decades. Researchers have also developed various forms
of performance improvements in TMDs by integrating existing technologies and developing new
opportunities. Among them, the study of stand-alone TMDs for achieving high-performance gas sensing is
highly desirable and indeed necessary. It also provides a guiding experience and a solid foundation for the
synthesis and regulation of subsequent composites.

Unfortunately, despite a plethora of new and inspiring design concepts to improve the gas sensing
performance of TMDs, they are currently in the laboratory stage and are not available to replace traditional
MOs for the time being. Up to now, compared to MOs, the commercialization of TMDs-based gas sensors
still faces many challenges: (i) the chemical stability of TMDs materials is insufficient, and they are prone to
oxidation or degradation when working in humid or oxygen-containing environments for a long period of
time, leading to performance degradation; (ii) the large-area homogeneous film-forming process for TMDs
still needs to be developed, which has higher requirements for raw materials and equipment, and is
currently difficult to realize low-cost mass production; (iii) the gas response and response/recovery speeds
of TMD:s still need to be improved in comparison with those of commercialized metal-oxide gas sensors. As
mentioned above, no performance enhancement strategy is “perfect”. On the one hand, the gas adsorption
strength and device responsiveness of TMDs can be steadily improved by morphology modulation, phase
structure conversion and defect introduction. However, unlike other sensors, gas sensors cannot isolate the
sensitive material from the outside world through traditional encapsulation structures"*”. The introduction
of interface and defect elements at this point adds fuel to the fire for the accuracy and stability of device
detection. On the other hand, there is a certain instability in the process of phase transition. If the transition
region and ratio need to be precisely controlled, it has extremely high requirements for the precision of the
equipment, which also hinders its application in actual production. Therefore, it is difficult to determine
which strategy has the most significant effect on the enhancement of gas sensing performance of TMDs.
Additionally, it is necessary for researchers to optimize the material according to its characteristics and
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select the most suitable strategy to maximize the device performance.

In order to realize the transition of TMDs gas sensing from the laboratory to the market, a comprehensive
strategy must be developed to integrate advanced manufacturing, characterization and modeling
techniques, and encapsulation design to rationally design TMDs sensitive material systems to achieve the
combined requirements of high response, fast response/recovery, and a long lifetime. These points are
discussed separately below [Figure 8].

(1) Advanced manufacturing technology is an important requirement in almost all fields of micro- and
nano-processing. And the morphology design and stable realization of TMDs sensitive materials put higher
requirements on processing and manufacturing methods. In this case, 3D printing technology has great
application prospects. Numerous reports of 3D printing-based sensors have also verified the effectiveness of
their precise control of material morphology and device structure. However, TMDs-based 3D printing inks
are not yet well developed, and only a few applications in energy, catalysis, and optoelectronic sensing have
been reported"™". It is also a research priority to improve the printing accuracy, which enables more
complex structures to be obtained accurately. In addition, the proximity-field nanopatterning (PnP)
technology enables the preparation of ordered nanostructures in a shorter time than 3D printing. The
process is also highly compatible and can be seamlessly integrated with other device fabrication processes.
The 3D nanostructures prepared by PnP technology have a uniform network structure and a large surface
area, which is favorable for chemical sensor applications. Therefore, it can be further developed as one of
the powerful alternatives to the traditional morphological adjustment process.

(2) Advanced characterization and modeling technology. The detection mechanism of TMDs for gas
molecules is derived to some extent from the mechanistic model of MOs, which remains to be explored in
depth. Advanced in-situ characterization methods, such as in-situ Raman and in-situ infrared spectroscopy,
can visually identify intermediate states in the adsorption and resolution processes. These methods can then
be used in conjunction with scientific modeling to reduce carrier migration, energy band states, resistance
changes, etc., in adsorption systems to give researchers a clear understanding of exactly what is happening
in the reaction process. This is crucial for enhancing the performance of the sensing system.

(3) The encapsulation design. Due to the unique properties of gas sensors, it is challenging to completely
isolate sensitive materials, which has a significant impact on the responsiveness, selectivity, and stability of
devices. Especially in high humidity environments, the resistance and responsiveness of gas sensors is
generally significantly affected"'*"?), which will not be conducive to the universal application of sensors. The
advanced encapsulation technology can not only isolate the molecules such as H,O and O, in the air, but
also effectively shield other interfering gas molecules, which can significantly improve the gas selectivity and
device stability. This is essential for practical applications.

Overall, this paper reviews strategies to enhance gas sensing performance for stand-alone TMDs systems. It
will provide reasonable inspiration for researchers working in the fields of gas sensing, 2D material
properties, and semiconductor material processing. It is hoped that this review will generate research
interest and attention for gas sensing applications of TMDs.
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room temperature.
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