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As an emerging star in the family of two-dimensional (2D) materials, 2D transition metal carbides,
carbonitrides and nitrides, collectively referred to as MXenes, have large specific surface area, rich ac-
tive sites, metallic conductivity and adjustable surface chemical properties. These features make MXenes
promising candidates for gas-sensing materials. For the past few years, MXene-based sensors have drawn
increasing attention due to their enhanced sensor performance. Based on this, this review systematically
represents the structure, synthesis methods and properties of MXenes, and summarizes their applica-
tions in gas sensors. Firstly, the types, structure, main synthesis methods and properties of MXenes are
introduced in a comprehensive way. Next, the corresponding design principle and working mechanism of
MXene-based gas sensor are clarified. Subsequently, the sensing performances of pristine MXenes and the
MXene-based nanocomposite are discussed. Finally, some future opportunities and challenges of MXene-
based sensors are pointed out.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Gas sensors are essential for monitoring of environmental
health in real time [1-3]. Air quality monitoring is driving the mar-
ket of gas sensors. According to verifiable market research con-
ducted by BBC Research, the worldwide market for gas sensors had
a value of USD 999.36 million in 2019 and is expected to reach
USD 1642.46 million by 2027, expanding at a compound annual
growth rate (CAGR) of 6.91% from 2020 to 2027 [4]. The applica-
tion fields of gas sensors include industrial production, food safety,
medical diagnosis, environmental monitoring, intelligence home as
well as national security [5-9]. The function of gas sensors is to
convert gas composition and concentration into electrical signals
that can be measured. The ultimate goal of research is to develop
gas-sensing materials with high sensitivity, selectivity, stability and
fast response, low power consumption, and low cost. Achieving
all of the above goals is very difficult, and researchers must bal-
ance performance trade-offs. Various types of gas sensing materials
have been found, such as metal oxide [10-12], conductive polymer
[13-15], carbon-based nanomaterials [16], and 2D materials [17-
20]. Metal oxides semiconductor (MOS) are the most widely used
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in gas sensors. In recent years, various strategies have been devel-
oped to improve the gas sensing performance of MOS, such as oxy-
gen vacancy construction. The existence of oxygen vacancy could
effectively tune the surface redox reactivity and charge carrier mo-
bility [21-23]. However, the gas molecules’ adsorption and desorp-
tion of MOS sensors need to be promoted by heating to change the
conductive properties of the sensors (such as resistance), thereby
realizing the purpose of gas detection [24]. The optimal operat-
ing temperature of metal oxide semiconductors generally exceeds
180 degrees, which brings greater power loss and the risk of ignit-
ing flammable gases [25-29]. Therefore, it is imperative to develop
gas-sensing materials with low detection limit that can work at
room temperature.

Mp,1AX, is a ternary layered ceramic material, where M rep-
resents early transition metals, such as Sc, Ti, Zr, Cr and Co. A in-
cludes IIIA or IVA elements, such as Al, Si, Ga, Ge, In and Sn. X
refers to C and/or N, n=1, 2, 3 or 4 [30,31]. The crystal structure
of the MAX phase is layered hexagonal with the space group be-
ing P63/mmc. The X atoms occupy the center of the octahedron
of the M atomic layer, and the A atomic layers are alternately ar-
ranged in the octahedron. 2D transition metal carbides, carboni-
trides and nitrides, collectively referred to as MXenes, are recently
discovered by selectively etching the A atomic layer from the MAX
phase. MXene takes its name from MAX phase and its graphene-
like properties. The general chemical formula is My 1X,Tx, where
M represents the transition metal elements, X refers to C or N,
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Fig. 1. Periodic table showing the elements in MAX phases and MXenes, surface terminations and intercalant cations based on experimental studies. Reprinted with permis-

sion [31]. Copyright 2019, Springer Nature.

n is generally 1-4, and Ty indicates surface groups (such as 02—,
OH~ and F~) [32]. In Fig. 1, the reported surface terminations are
highlighted in yellow and the transition metals in blue. Specifically,
transition metals (TM) in both MAX and MXenes are in solid blue,
while TMs only in MAX in blue with horizontal stripes (Sc, Lu and
Mn). More than 30 different MXenes have been prepared in the
laboratory and more than 100 theoretically predicted MXenes have
different physical and chemical properties [33,34]. Additionally, the
formation of diverse solid solutions and the possibility of surface
termination make MXenes large and diverse in the family of 2D
materials. MXenes have been applied extensively in many fields,
like energy storage devices [35,36], photovoltaic cells [37], lithium-
sulfur batteries [38,39], biomedical applications [40,41], superapac-
itors [42], humidity sensing [43], and environment-related applica-
tions [44].

According to the chemical composition and crystal structure of
the material, MXenes are divided into three categories: (1) A sin-
gle transition metal with only one transition metal M and no va-
cancy structure, denoted by the formula: My, 1XnTx. (2) The solid
solution double transition metal with disordered distribution of M’
and M" in the same plane [45]. The distribution has no regular-
ity. It is recorded as the formula: (M'M"),,1X;Tx, such as TiVC,
TiNbC, VNDC, (Tip7Vg3)C. (3) Ordered double transition metals:
(i) If M’ and M" can be independent on their respective atomic
planes, forming a non-independent plane order, called o-MXene,
the formula: (M';M")X,Tx or (M’,;M";) XTx such as: MoTiC. (ii)
If two transition metals have planar order in the same layer and
form alternating M’ and M" atoms, called i-MXene, M" atoms will
be etched during the etching process, resulting in ordered vacan-
cies, denoted M’y 33XTx, such as Moq33C and Nb;33C [32]. In Fig. 1,
SS represents the existence of solid solutions in transition metal
atomic planes (marked blue) or A-element planes (marked red).
1M and 1A represent the possibility of a single transition metal
and A-element MAX phase (and MXene) formation for those spe-
cific elements. 2M represents the formation possibility of an or-
dered double transition metal MAX phase. The green background
shows the cations intercalated into MXenes. The structures of MX-
enes were shown in Fig. 2.

The physical properties of MXene are relatively scarce, espe-
cially for multilayer MXene. In general, theoretical research is
based on single-layer MXene. The effective Young’s modulus of
0.98 nm monolayer Ti3C,Tx MXene film was reported in the labo-
ratory to be 333430 GPa with the 17.3+1.6 GPa breaking strength
[46]. According to molecular dynamics simulations, the Young’s
modulus of Ti3C, is 502 GPa [47]. This is due to the presence of
surface functionalization and defects, resulting in a lower value
determined experimentally. Furthermore, both the in-plane stiff-

ness and out-of-plane bending stiffness of MXene are fundamen-
tal parameters of its mechanical properties. By first-principles cal-
culations, Hu et al. drew several important conclusions [48]: (1)
In-plane stiffness increases with atomic layers. (2) Surface func-
tional groups have a certain impact on in-plane stiffness, and oxy-
gen functional groups will increase in-plane stiffness relatively. (3)
The bending stiffness of single-layer MXene is much higher than
that of graphene, which is about 3-130 times that of graphene.
(4) Flexibility of MXenes decreases as the layer thickness increases.
Thinnest MXenes show better flexibility but the in-plane stiffness
reduces. The electrical properties of MXene are affected by its el-
emental composition. As a polyatomic composition material, each
part has effect on electrical conductivity. If the transition element
is different, the conductivity will be different. In addition, nitride
and carbonitride MXenes are more conductive than carbide MX-
enes [49]. Finally, the electrical conductivity of MXene is also in
relation to surface functional groups, defects, number of layers and
thickness. Surface modification by heat treatment and intercala-
tion alkali treatment could be an effective approach to improve
the electrical properties, whose experimental results show that the
electrical conductivity is increased by two orders of magnitude
[50].

Notably, MXenes have drawn increasing attention in the sensor
field for their high metallic conductivity, hydrophilicity, and large
specific surface area. Therefore, MXenes are regarded as revolution-
ary 2D materials and expected to go beyond the boundaries of ex-
isting sensor technologies, serving as alternative sensor materials.

2. Synthesis of MXenes

The synthetic method has a determining impact on the prop-
erties of MXene. The MXene obtained after selective etching is
generally a multi-layer two-dimensional material, and after sim-
ple ultrasonic treatment, the multi-layer MXene can be exfoliated
to obtain MXene nanosheets with single-layer or few-layer [51].
Unlike the weak van der Waals forces between carbon atoms in
graphene, the strong M-X bonds in the MAX phase have mixed
covalent/metallic/ionic properties and the M-A bonds are metallic
ones, so the MAX phase cannot be sheared or other similar me-
chanical method destroyed [52]. Since the M-X bond and the M-
A bond have different bonding strengths, this can be used to se-
lectively break the M-A bond to etch the A layer while retaining
the M-X bond. The My X, surface obtained after etching has high
chemical activity, and it is easy to form My, XnTx with surface
functional groups. After selectively etching the A atomic layer from
the MAX phase, the ions in solution such as hydroxyl and fluoride
ions, will combine with the unsaturated MX layer to form vari-
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Fig. 2. Schematic illustration of the MXene structures. Reprinted with permission [32]. Copyright 2021, American Association for the Advancement of Science.

ous functional groups. Different etching environments will lead to
the existence of different types and numbers of functional groups
on the MXenes surface, affecting the surface hydrophilicity, ion
adsorption and diffusion speed of MXenes materials. In fact, the
surface functional groups of MXene can also be tuned by various
strategies, such as Lewis-basic halides treatment, substitution and
elimination reactions in molten inorganic salts [53,54]. The surface
functional groups in MXene offers possibilities for surface state en-
gineering and regulation of band structure and electrical proper-
ties. For instance, a large number of hydroxyl groups could effec-
tively enhance the hydrophily of MXene.

2.1. Hydrofluoric acid etching

As we all know, 2011 is the first year of MXene. Yury Gogotsi
et al. discovered the preparation of Ti;C,Tx by selectively etch-
ing the Al layer in the MAX material Ti3AlC, material using hy-
drofluoric acid (HF) at room temperature [55]. Having immersed
about 10 g of TizAlC, powder in about 100 mL of a 50% con-
centrated HF solution for 2 h at room temperature, they decided
to name it as “MXene” to emphasize its graphene-like morphol-
ogy. By ab initio simulation, they predicted that the characteris-
tics of MXene could be modified by altering the surface termina-
tions. Fig. 3a shows the etching mechanism. Fig. 3b shows the XRD
patterns of the samples before and after etching. In reaction with
HF etchant, the characteristic Ti3AIC, peak located at 39° disap-
peared, demonstrating the etching of MAX completed. Ti3C,Tx was
the first member of MXenes family, immediately after the second
year more MXenes were synthesized by etching with HF, such as
Ti,C, TayCs, TiNDC, (Vg5,Crgs5)3C, and TisCNy [51]. They all came

from Al-containing MAX phase, such as TiyAlC, and Ta4AlCs. The
morphologies of the Ti3AlC, MAX phase and the above five Al-
containing MAX derivate are shown in Fig. 3d. As seen, all the
products reveal an accordion-like multilayer structure, proving the
universality of HF in etching the Al-containing MAX phases. Since
then, many more MXenes were successfully prepared by etching
their precursor Al-containing MAX phases, e.g., V4C3, V,C, NbyCs,
MoyVC,4 and Cr,C [56-60]. Based on the above research results,
for the Al-containing MAX phase, the operative reactions are pre-
sumed to be:

M4 1 AlX, + 3HF = AlF; + My 1 Xn + 1.5H; (1)
Mn+1Xn+2H20=Mn+1Xn (OH)2+H2 (2)
Mn+]Xn+2HF=Mn+]Xn F, +H, (3)

Reaction 1 indicates the generation of M, {X, layers from
My, 1AlX;, and Reactions 2 and/or 3 reveal the formation of sur-
face terminations (-OH and-F) on M;_X,. The experimental re-
sults show that the above-mentioned materials are immersed in
different concentrations of hydrofluoric acid solution for different
times, the concentration range is 10-50 wt%, and the time range
is 10-72 hours. To investigate the effect of hydrofluoric acid con-
centration, reaction time and operation temperature on the final
product, Alhabeb et al. used HF etchant with different concentra-
tions and time periods to etch Ti3AlC, at room temperature [61].
Their experiment revealed that the etching time was shorten by
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Fig. 3. (a) Ti3C,Tx obtained from the MAX phase etching by HF. (b) XRD pattern for Ti3AlC,, Ti3C,F, and Ti3C,(OH),. Reprinted with permission [55]. Copyright 2011,
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. (c) TisC,Tx MXene flakes prepared using different HF concentrations and scatter plot of defect concentration from images.
Reprinted with permission [62]. Copyright 2016, American Chemical Society. (d) (i) Ti3AIC, particle before HF treatment and (ii) Ti3AlCy, (iii) TiyAlC, (iv) TazAlCs, (v) TiNDAIC,
and (vi) Ti3AICN after HF treatment. Reprinted with permission [51]. Copyright 2012, American Chemical Society. (e) (i) Ti3AlC, (MAX) powder, (ii-iv) multilayered Ti3C,Tx
powder synthesized with different HF concentrations, (v) multilayered NH,4-Ti3C,Tx and (vi) MILD-Ti3C,Tx powder. Reprinted with permission [61]. Copyright 2017, American

Chemical Society.

higher HF concentration, as shown in Fig. 3e. Increasing the con-
centration of hydrofluoric acid can indeed improve the synthesis
efficiency, but it also produces more surface defects and smaller
flake size [62]. Fig. 3c shows Ti3C,Tx prepared using etchants with
different HF concentrations. After etching with a concentration of
2.7 wt% HF, vacancy clusters were detected seldom, but after etch-
ing with a concentration of 7 wt% HF, vacancy clusters were ob-
served often. We should selectively change the experimental con-
ditions according to the desired properties and application to con-
trol the size and number of defects in the product. MXenes of large
flake size with few defects are more suitable for optics, electronics,
and electromagnetism application. Comparatively, MXenes of small
flake size and few defects are more suitable for catalysis and gas
sensing applications, providing basis for strengthening the applica-
tion of MXene in gas sensors.

The etching condition for one transition metal in Al-containing
MAX phases vary from another in terms of the structure, atomic
bonding and particle size of the material [35]. Many studies have
shown that the hydrofluoric acid concentration, etching time, and
etching temperature required to prepare different MXenes are dif-
ferent [63,64]. Two parameters need to be focused on to discuss
the stability of MAX materials. One is the atomic number of M
that makes up the M-Al chemical bond, and the other parame-
ter is the value of n. On the one hand, the atomic number of
M is different, and so is the bond energy of M-A in the MAX
phase. To be specific, the larger the atomic number of M is, the
greater the bond energy of M-A is. For example, the bond ener-
gies of Nb-Al in Nb,AIC are larger than the bond energies of Ti-Al
in Ti,AIC [65]. Therefore, the etching of the Al layer in Nb,AIC re-
quires longer time or higher HF concentration than Ti,AlC [51,66].
On the other hand, in My 1XsTx, the larger the n value, the bet-
ter the stability of MAX, and the longer time or higher HF con-
centration is required [34]. For instance, immersing Ti,AlC pow-
ders in 50% HF resulted in their complete dissolution, but Ti3C,
was yielded in the same conditions. Ti,C can only be obtained

from Ti,AIC by decreasing the concentration of HF from 50% to 10%
[51].

2.2. In situ HF etching

In view of the strong corrosiveness and relatively high cost of
hydrofluoric acid, researchers began to look for milder and more
economical etchants. To avoid the direct use of hydrofluoric acid,
a method to generate HF in situ using fluoride salts (such as LiF,
Na, and KF) mixed with strong acids (such as HCl and H,SO4) was
developed. In 2014, Ghidiu et al. found out a producing method
of this material by virtue of a solution of lithium fluoride and hy-
drochloric acid [67]. The synthetic route is shown in Fig. 4a. As
shown in Fig. 4b, the resulting hydrophilic material swelled when
hydrated and could be shaped like clay and dried into a highly
conductive solid or rolled into films tens of micrometers thick. The
advantage of this method is that the positive ions of fluorine salt
species will intercalate into the MXene layer during the etching
process, which will assist in the subsequent ultrasonic process. It
is convenient to obtain single-layer MXene. This method marks the
success of etching using low-concentration hydrofluoric acid, and
at the same time plays a role in reducing environmental pollution.
Lipatov et al. conducted experiments using two routes by adjust-
ing the different ratios of LiF to MAX phases, finding out when
the ratio of LiF to Ti3AlC, was 7.5:1, the produced Ti3C,Tx flakes
were significantly higher in both quality and size (Figs. 4c and d)
[68]. In addition, the prepared ML-MXene can be directly sepa-
rated into monolayers by hand shaking without sonication. More-
over, a single Ti3C,Tx flake exhibits high electrical conductivity and
field-effect electron mobility, and remains quite stable and excel-
lent even after being exposed to air for more than 24 h. Besides
LiF, other fluoride salts have also been used in this method. Pre-
sented by Liu et al. was the preparation of Ti3C, MXene and Ti,C
MXene by etching Ti3AlC, and Ti,AIC with various fluoride salts
in HCl, LiF, NaF, KF and NH4F [69]. In Fig. 4e, scanning electron
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Fig. 4. (a, b) Schematic of MXene synthesis and electrode preparation. Reprinted with permission [67]. Copyright 2014, Nature Publishing Group, a division of Macmillan
Publishers Limited. (c) Ti3C,Tx and (d) Ti3C,Tx flakes produced using route 1 and route 2, respectively. Reprinted with permission [68]. Copyright 2011, Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim. (e) Ti,AIC exfoliated by different fluoride salts respectively. Reprinted with permission [69]. Copyright 2017, Elsevier B.V. (f) Steps used to
produce epitaxial MXene films by magnetron sputtering. Reprinted with permission [70]. Copyright 2014, American Chemical Society. (g) Abridged version schematic of

synthesis. Reprinted with permission [72]. Copyright 2020, Elsevier Inc.

microscope (SEM) images of Ti3C, are shown. According to the re-
sults of tests on the adsorption of methane by MXenes made from
LiF and NH4F, these MXenes can absorb methane under high pres-
sure and can maintain methane under normal pressure. As a result,
these MXenes may have important applications in the sensing of
methane or other hazardous gas molecules. The different adsorp-
tion characteristics of MXenes may be traced, at least in part, to
the different surface structures of the MXenes in question. Accord-
ing to a theoretical calculation and the findings of XPS, the sur-
face structure of produced MXene is affected by the kind of pos-
itive ions (Li*, Na*, K*, or NH4") that are present in the etchant
solution.

In addition to fluoride, hydrogen fluoride has also been shown
to be an effective etchant. In fact, hydrogen fluoride was reported
earlier in the same year as LiF was reported. Halim et al. readily
made a sort of transparent conductive two-dimensional titanium
carbide epitaxial thin films at room temperature [70]. The syn-
thesis process is shown in Fig. 4f. Due to the intercalation with
NH3 and NH4 ™", products synthesized from hydrogen fluoride have
¢ lattice parameters (~25 A) that are 25% larger than films etched
with HF. Larger interlayer distance means greater specific surface
area, which should be beneficial for its sensing performance. The
large interlayer could not only enhance the surface to volume ratio
and make active sites greater, but also make ion transport wider,
which should be beneficial for its sensing performance. For exam-
ple, Kim et al. reported that the enlarged interlayer spacing effec-
tively showed a much higher signal-to-noise ratio upon exposure
to analytes [71]. Most of the reported etching methods are car-
ried out in aqueous solution. Naturt et al. creatively used an water-
free etching method, the etchant used is hydrogen fluoride, and
the etching process takes place in an organic polar solution [72]. A
brief synthetic route is shown in Fig. 4g. They further presented
the possibility of obtaining Ti3C,Tx flakes rich influorine termi-
nations by using this etching method. The electrodes made from
Ti3C,Tx etched in certain organic solutions such as propylene car-

bonate resulted in Na-ion battery anodes with double the capacity
to those etched in water.

2.3. Molten salt etching

Carbides are frequently reported MXenes, but nitrides are rarely
reported, which is attributed to the different chemical properties of
the nitride MAX phase from that of carbide MAX. Neither conven-
tional hydrofluoric acid nor in situ HF generation methods can pre-
pare nitride MXenes. Until 2016, Urbankowski et al. used a special
etching method to successfully prepare TiyN3; from TizAIN3 [73].
Fig. 5a depicts a schematic diagram of the synthesis and layering
process of TiyN3Tx. However, at present, this method is only ap-
plicable to the preparation of TigN3Tx MXene. Whether it can be
used for the preparation of other MXenes is still unknown. At the
same time, the corrosion of fluoride salt to equipment is serious
under high temperature conditions, which also restricts the large-
scale promotion of this preparation method.

The fluorine-containing compound etching method leads to the
inevitable F functional group on the surface of the synthesized
product, which not only affects the application of the material in
some aspects, such as supercapacitors and lithium-ion batteries,
but also do certain harm to environment. Li et al. provide a broad
strategy for the synthesis of a series of Zn-based MAX phases and
Cl-terminated MXenes, which originate from the replacement reac-
tion between the MAX phase and the late transition-metal halides
[74]. The etching action of Lewis acid in molten salts offers a green
and practical technique to synthesizing MXenes using an HF-free
chemical procedure. This is the first time that only Cl-terminated
MXenes have been created.

Li et al. produced a variety of MXenes using unorthodox MAX
phase precursors including Si, Zn and Ga [75]. They also developed
and confirmed redox-controlled A-site etching of MAX phases in
Lewis acidic melts. A diagram of the Ti3C,;Tx MXene synthesis from
the reaction of Ti3SiC, and CuCl, at 750 °C is shown in Fig. 5b.
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This molten salt synthesis process yields an anode of Ti3C, MX-
ene material with a Li* storage capacity of up to 738 C/g and a
high charge-discharge rate. The speical molten salt preparation of
MXenes technique may be useful in the development of high-rate
anode materials for electrochemical energy storage.

2.4. Other fluorine-free etching method

In addition to the Lewis acid molten salt method, there are
many other fluorine-free etching methods, such as alkali etching,
halogen etching, hydrochloric acid, hydrothermal etching, which all
indicate that the development of MXene etching is moving towards
low concentration, no fluoride, adjustable and diversified develop-
ment.

In 2018, MAX was etched for the first time using high-
concentration sodium hydroxide (NaOH) etching conditions, and
the etched MXene had an accordion-like structure [76]. This
method marked the first discovery of fluorine-free surface group
MXene. This synthetic route was inspired by the Bayer process
widely used in bauxite refining. The synthesis process yields mul-
tilayer Ti3C,;Tx with a purity of about 92 wt% and is completely
free of fluorine. The obtained Ti3C,Tx thin film electrode thickness
is only about 52 pm.

Wang et al. attempted directly utilizing hydrochloric acid to
etch the MAX phase fluoride-free Mo,C MXenes with excellent ef-
ficiency [77]. Because of the surface functional groups formed by

the HCI etch process, the Mo, C electrodes produced by this tech-
nique display exceptional electrochemical performance in superca-
pacitors and sodium-ion batteries. Fig. 5c depicts the schematic
process. This research should offer a lot of promise for the diver-
sification of MAX and MXenes analogues, as well as the activa-
tion/stabilization of perfect surfaces for a wide range of applica-
tions.

Halogen etching is an innovative etching technique that enables
control over the surface functional groups of MXene [78]. A room-
temperature etching approach utilizing halogens (Br;, I, ICl and
IBr) in anhydrous solutions is suggested for the production of MX-
enes from Ti3AIC, [78]. The radical-mediated process is very sen-
sitive to the molar ratio of halogen to MAX phase, halogen con-
centration, solvent, and temperature. Fig. 5d depicts the formation
process in general terms. The versatility provided by solvent-based
halogen etching will enable a broad variety of intriguing applica-
tions.

Up to now, almost all discovered MXenes were synthesized by
selective etching via one of the aforementioned methods in lab-
oratory. However, when it comes to the industrialization of MX-
ene, more factors have to be considered. For instance, the sur-
face groups and flake size are related to the properties of MXene
[79]. Therefore, scale-up and high-yield synthesis of MXene with-
out change of these characteristics is essential. To realize the wide
use of MXene, the long-term thermal stability under ambient en-
vironment must be enhanced. Various strategies have been devel-
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oped to overcome this problem, such as surface modifying, hydro-
gen annealing and capping the edges of MXene by polyanions [80-
82]. However, the practical application feasibility of these methods
remains to be verified. In addition, considering the practical com-
plex multicomponent systems, further basic research on the multi-
functionality of MXene should be conducted.

3. MXene-based gas sensors

MXenes have high electrical conductivity and an abundance of
functional groups, and their huge specific surface area provides an
abundance of active sites, making them popular in gas sensing. The
large specific surface area of MXenes promotes gas molecule diffu-
sion and interaction with gas-sensing materials and gas molecules.
Charge transfer happens at the surface of the MXene layered struc-
ture when gas molecules are exposed to it, resulting in a tuning
of the total conductivity of the sensing layer. In general, oxidizing
gas take electrons from MXene nanomaterials, whereas the major-
ity of volatile organic compounds (VOCs) provide electrons to MX-
ene nanomaterials. Furthermore, MXenes and their composites are
also promising room-temperature gas-sensing materials due to the
high sensitivity gas response. The carrier concentration and mobil-
ity are directly related to the conductivity of semiconductor ma-
terials. Higher conductivity will lead to higher carrier concentra-
tion and movement speed. Temperature and conductivity are also
highly correlated. Metal oxide semiconductors require higher op-
erating temperatures because, within a certain range, the conduc-
tivity of semiconductors increases with temperature. MXene has
a high carrier mobility, good metal conductivity, and a maximum
known conductivity of up to 20,000 S/cm, which can offers an
effective transport channel for electronic charges when combined
with the distinct layered morphology [83]. In addition, MXene pos-
sesses the characteristics of rapid charge transfer, abundant sur-
face functional groups, a sizable specific surface area, high poros-
ity, and a wealth of active sites for gas adsorption. Therefore, at
room temperature, MXene can quickly adsorb gas molecules from
the environment to realize the function of gas response. Gas sen-
sors made of MXenes and their composites have demonstrated ex-
cellent gas response at room temperature such as Ti3C;Tx, Mo, CTy,
Co304@PEI/Ti3C, Ty and Ti3C,Tx/ZnO [84-91].

Results from prior investigations have shown that the effec-
tive methods for enhancing gas sensing capabilities of MXenes in-
clude partial oxidation, metal ion intercalation, and sulfur doping.
MXene and other materials formed compounds with significantly
improved gas-sensing properties over the original materials. Thus,
many researchers focus on the gas-sensing properties of MXene-
based compounds, with the goal of developing better gas-sensing
enhancement strategies.

3.1. Pristine MXenes gas sensor

3.1.1. Ti,CTy MXene gas sensor

As one of the thinnest MXenes, Ti,C is a potential gas sens-
ing material. Researchers conducted both theoretical and experi-
mental studies to investigate the gas sensing properties of Ti,C.
The functional group, such as Ti,CO, with its semiconductor prop-
erties, TiyC, Ti,CF,, and Ti,C(OH), with its metallic properties,
greatly influences the electrical property of MXene [92,93]. Con-
sidering its semiconducting properties, there may be more possi-
ble uses for Ti,C with oxygen termination than for other termina-
tions. To explore its possible uses as a gas sensor, Yu et al. pro-
vide a research regarding the adsorption of CH4, NH3, Hy, CO, O,,
CO,, Ny, and NO on single layer Ti;CO, [94]. Only NH3 could be
chemisorbed on Ti,CO,, indicating that Ti,CO, MXene might be a
potential option for an NH3 sensor with excellent selectivity and
sensitivity. In terms of experimental research, Ti,CTy MXene was
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prepared from the Ti,AIC MAX phase powder by selectively etch-
ing off the Al layers after the HCI and LiF etching treatment [95].
Then it was incorporated into a visible-light-enhanced CH4 sensor.
The response/recovery time were also significantly shortened in
the Ti,CTx MXene-based sensor, which demonstrated a more than
seven-fold increase in CH4 sensing performance under visible-light
irradiation.

3.1.2. Ti3CyTy MXene gas sensor

TisC,Tx MXene has been prepared in experiments as early as
2011. Due to the unique properties of MXene, after more than ten
years of development, it has been currently used in heavy metal
ion adsorption, electromagnetic shielding catalysis, piezoelectric,
biological sensing, etc. In the future, there is great potential for
large-scale applications in electrochemical energy storage, super-
capacitors, etc. Sensors are not among the first predicted appli-
cation areas, especially gas sensors. Up till 2017, Lee et al. cre-
ated a Ti3C,Tx nanosheet-based room temperature gas sensor [96].
The Ti3C,Tx sensors successfully measured ethanol, methanol, ace-
tone, and ammonia gas at room temperature and showed a p-type
sensing behavior. A possible sensing mechanism of the sensor is
also proposed in terms of the transfer of majority charge carri-
ers through the interaction between the sensing substance and the
sensing material (Fig. 6a). Two alternative reactions may be used
to resolve the electron transmission from the Ti3C,;Tx film to Am-
monia gas, depending on the kind of surface termination.

2NH; 430~ — N, +3H,0 + 3e- (4)

NH; +OH~ — NH, + H,0 + e~ (5)

NH;3 gas molecules can be adsorbed on the surface functional
groups such as O~ and OH~ of Ti3C,Tx. Therefore, electrons will
be generated through Eqs. 4 and 5, resulting in hole-electron re-
combination and subsequent increase in resistance.

Early illness detection requires the identification of VOCs at
sub-parts per million (ppm) levels in exhaled breath. Low elec-
trical noise and high signal are two indispensable conditions for
high sensitivity, induced by high conductivity and abundant ad-
sorption sites respectively. Traditional gas-sensing materials can-
not meet these two requirements. According to research by Kim et
al., two dimensional metallic carbide MXenes exhibit higher metal-
lic conductivity, less noise, and completely functionalized surfaces
than conventional semiconductor channel materials [97]. Fig. 6b(i)
displays the gas response of MoS,, BP, rGO, and Ti3C,Tx sensors
when exposed to 100 ppm of acetone, ethanol, and ammonia in
real time. The graph shows the highest response of each sensor
to the different gases utilized. The Signal-Noise-Ratio values of the
MoS,, BP, rGO, and Ti3C,Tx sensors are compared in Fig. 6b(ii) for
100 ppm acetone, ethanol, ammonia, and propanal. For ammonia,
the SNR value of Ti3C,Tx was 160, which was about 3.8 times more
than that of BP.

The gas-sensing properties of pure MXene materials are closely
related to the precursor carbon sources, atom defects and the lat-
eral dimension of the flakes. In order to produce MXene gas sen-
sors, Shuck et al. synthesized Ti3AIC, from titanium carbide, car-
bon lampblack, and graphite (Fig. 6¢) [98]. The three MAX phase-
converted MXenes show different morphologies and properties.
The responsiveness of the sensors to three VOCs (ethanol, ace-
tone and ammonia) was tested. The results show that MXene films
produced by titanium carbide have the highest response, followed
by graphitic carbon sources, with materials from carbon soot hav-
ing the lowest sensitivity. At the same time, MXene with titanium
carbide as carbon source shows good selectivity to ammonia. The
atom defects have a major impact on adsorption and electronic
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Fig. 6. (a) Schematic illustration of the possible gas-sensing mechanisms of Ti3C; Ty for NH; gas. Reprinted with permission [96]. Copyright 2017, American Chemical Society.
(b) (i) Real-time gas response behavior of BP, MoS,, RGO, and Ti3C,Tx sensors and (ii) maximal SNR values of sensors. Reprinted with permission [97]. Copyright 2018,
American Chemical Society. (c) Synthesis of TisAIC, from different carbon sources followed by Ti;C,Tx synthesis. Reprinted with permission [98]. Copyright 2019, American
Chemical Society. (d) Fabricated ultrathin MXene films and gas responses as a function of detected gas for each film. Reprinted with permission [100]. Copyright 2019,
American Chemical Society. (e) Gas sensing performance of NaOH-treated Ti;C,Tx sensors at room temperature. Reprinted with permission [101]. Copyright 2019, American
Chemical Society. (f) Synthesis schematic of MXene transparent thin films. Reprinted with permission [71]. Copyright 2021, American Chemical Society.

properties of MXene, which is vital for its gas sensing performance.
Lu et al. fabricated oxidized Ti;C,Tx crumpled spheres with numer-
ous Ti atom defects by ultrasonic spray pyrolysis technology [99].
The results showed that the adsorption energy of Ti3C,Tx with a
Ti-O vacancy to gas molecules was greatly reduced, and the charge
transfer was more obvious, which proved that the sensing ability of
Ti3C;Tx with Ti atom defect to gas was significantly enhanced. The
smaller lateral size and larger defect concentration mean that the
flakes have more active edges and reaction sites. This will boost
the material’s ability to detect gases by promoting the adsorption
of gas molecules to it. According to research, mechanical vibration
or sonication would reduce the size of MXene and add more de-
fects. Using an composite interfacial assembly method, Kim et al.
fabricated a thin Ti3C,Tx film capable of 320 signal-to-noise ratio
[100]. The film assembled from small MXene flakes had a gas re-
sponse 10 times that of the film assembled from large flakes. Films
morphology and gas-sensing properties is shown in Fig. 6d.

The preparation technology of single-layer MXene is not yet
mature. At present, most MXene materials are mostly few-layer
materials with less than or equal to 5 layers and multi-layer ma-
terials with more than 5 layers. Interlayer spacing also signifi-
cantly affects gas sensing performance. Using in-situ XRD measure-
ments, Koh et al. studied the interlayer spacing change of Ti3C;Tx-
MXene following gas introduction [101]. The findings reveal that
the concentration of intercalated sodium ions is critical for con-
trolling the swelling behavior and gas-sensing characteristics. The
degree of swelling was in excellent accord with the strength of the
gas response, and the Ti3C,Tx sensing channel treated with 0.3
mmol/L NaOH obtained the maximum gas selectivity to ethanol
vapor, as shown in Fig. 6e. This finding suggests that adjusting
the interlayer spacing of Ti3C,Tx is critical for improving gas sens-
ing characteristics. The interlayer spacing of MXenes can be ad-
justed by intercalation of different ions, molecules and ionic liq-
uid. For instance, Liang et al. synthesized MXene with different in-
terlayer spacings by intercalation of alkylammonium cations [102].

Chen et al. reported the interlayer spacing of MXene was increased
from 1.23 nm to 140 nm by intercalation of 1,4-butanediamine.
Self-assembly had been used by Kim et al. to create metal ion-
intercalated Ti3C,Tx-MXene films (Fig. 6f) [71]. The metal ion-
intercalated MXene films exhibited stronger gas sensitivity than
the pristine MXene films, which had a 10-fold higher signal-to-
noise ratio when the films were utilized as NH3 gas sensor. The
above studies all show that metal ion intercalation has a positive
effect on the gas sensing properties of pristine MXene materials,
which provides ideas for subsequent research.

3.1.3. Other MXene gas sensors

Carbon-based titanium compounds (Ti,CTx and Ti3C;Tx MXene)
gas sensors are most widely explored among all discovered MXene
family [103]. However, a few gas sensors have been reported based
on other MXenes, such as V,CTx, V4C3Tx and Mo, CTx. For instance,
the monitoring of flammable and explosive gases is the top priority
of industrial safety production, and effective monitoring can avoid
significant loss of personnel and property. Hydrogen and methane
are typical non-polar gases with weak adsorption properties, which
are difficult to identify and trace at room temperature by tradi-
tional gas-sensing materials. By using selective etching and inter-
calation, single-layer and multiple-layer V,CTx flakes were made
[104]. These flakes were then drop onto a polyimide platform to
make gas sensors. The results of the gas-sensing tests indicate that
the 2D V,CTy gas sensor is capable of detecting polar and non-
polar gases at ambient temperature. The detection limits for hy-
drogen and methane, respectively, are 2 ppm and 25 ppm, respec-
tively. It has made a breakthrough in the monitoring of non-polar
gases, which exceeds other 2D materials previously reported.

As a non-invasive medical diagnostic method, signature exhaled
breath detection has become increasingly popular. For example, the
exhaled marker of diabetes is acetone, and developing a gas sen-
sor that can detect low concentrations of acetone can help in the
clinical diagnosis of diabetes. Emerging MXene V,C3Tx was pro-
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duced by selective etching of V4AIC3 at room temperature, and its
potential as an acetone sensor was investigated [90] . The find-
ings demonstrate that V4C3Tx has strong acetone sensing capabil-
ity, with a detection limit of 1 ppm at ambient temperature, which
is lower than the 1.8 ppm diagnostic threshold for diabetes. In ad-
dition, the breath exhaled by the human body contains a lot of wa-
ter vapor, which will affect the detection results of the gas sensor.
The V4C3Tx-prepared sensor demonstrates good selectivity for ace-
tone in acetone-and-water-vapor-combined gases. and is a promis-
ing acetone gas-sensing material, which is expected to be applied
in the actual diagnosis of diabetes.

Toluene has been regarded as one of the most hazardous VOC
pollutants in air and the trace detection of toluene was important
implications for improved healthcare. Mo,CTx exhibiting superior
electronic conductivity and chemical activity, shows promising po-
tential in trace gas detection. Delaminated Mo,CTx was prepared
by selective etching of Mo,Ga,C precursor and evaluated as the
sensing material for toluene sensor [105]. The results showed that
toluene sensor had a low detection limit of 220 ppb and a sensitiv-
ity of 0.0366 Q2/ppm at a toluene concentration of 140 ppm, which
exhibited an excellent selectivity toward toluene against the other
VOCs.

In addition, the theoretical simulations were also carried out on
the gas sensing performance of some MXenes. For instance, Hu et
al. systematically simulated the adsorption of 17 kinds of gases (in-
cluding NH3, NOy, COx and SOyx) on the single-layer M,CS, (M =Sc
or Y) based on the first principle theory [106]. The simulation re-
sults show that Sc,CS, has high sensitivity and good selectivity to
NO, nicotine and ethanol. Compared with M,CS,, Y,CS, has higher
chemical reactivity and shows high sensitivity and selectivity to
NO. At the same time, the recovery time of M,CS, is very short,
and it can be reused, indicating that this material has good cy-
cle stability. Naqvi et al. conducted spin-polarized DFT calculations
with vdW correction to investigate the sensing propensity of vari-
ous gases, such as CHy, CO on MNS, (M=Ti, V) sheets [107]. The
results revealed that Ti;NS, and V,;NS, sheets possessed similar
gas-sensitive properties and can be utilized as a gas sensing mate-
rial for NO, NO,, H,S and SO,.
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3.2. MXenes composite gas sensor

The ability of pristine MXene to detect gases is mostly influ-
enced by their own structure and physical characteristics. The im-
provement of gas sensing performance by changing the carbon
source of the MAX phase precursor, reducing the lateral size of the
flakes, and increasing the defect concentration is very limited. Syn-
thesis of MXene composites proves to be an effectively approach
to drastically improve performance. Since MXenes show a higher
specific surface area than bulk materials due to their special lay-
ered structure, the multitudinous active sites on are exposed and
enable sufficient surface reactions. For instance, various inorganic
and organic species, such as metal oxide semiconductors, transition
metal dichalcogenides (TMDs), graphene and organic polymers, can
bind to the surface of MXenes, which improve their complexity
and functionality. Among them, metal oxides mainly include SnO,,
TiO,, ZnO, «-Fe,03, W03, In,03 and CuO. These active metal ox-
ides have already shown excellent gas sensing properties when
they are applied to gas sensors. Consequently, integrating them
with MXene may enhance the gas-sensing capabilities of MXene
materials.

3.2.1. MXene/TMDs

Two-dimensional TMDs have shown excellent electronic, mag-
netic, optical, mechanical, catalytic and sensing properties, of
which MoS, is the most widely used [108-110]. MoS, powder was
combined with Ti3C, MXene to produce Ti3C,-MoS, composites.
These composites had excellent metallic conductivity and a sur-
face that was functionalized (Fig. 7a) [111]. The composite mate-
rial offers a promising notion for the detection of hazardous gases
at room temperature due to its ability to detect not only low-
concentration NO, but also toxic gases like methane and ammonia.
Also as a NO, sensor, WS, is also an promising candidate material.
Xia et al. prepared a Ti3C,Tx/WS, hybrid film for room tempera-
ture radio and television NO, sensors [112]. The test results show
that the Ti3C,Tx/WS, gas sensor has good NO, selectivity, high re-
sponse/recovery rate, good stability and low detection limit. Com-
posites made of MXenes and TMDs also have a position in the de-
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tection of VOCs. A straightforward surface modification and exfoli-
ation procedure was used to create the Ti3C;Tx/WSe; nanohybrid
(Fig. 7d) [113]. Compared with the sensors made of pure Ti3C;Tx
and pure WSe,, the Ti3C,Tx/WSe, hybrid sensor was 12 times
more sensitive to ethanol, and the gas sensing performance was
greatly improved.

As can be seen from the above discussions, the MXene com-
posites hybridized with TMD overcome the instability and oxida-
tion tendency of a single MXene, thereby providing a novel way of
practical implementation of MXene materials. This opens the door
to new possibilities for the use of MXene materials.

3.2.2. MXene/MOS

A vast number of publications have described resistive gas sen-
sors based on metal oxide semiconductors (MOS). It has emerged
as the most promising candidate material in the area of gas sen-
sors due to its cheap cost, ease of production, high stability, and
response to many gases. MOS is classified into two types based on
carrier differences: n-type and p-type. n-type employs negatively
charged electrons as carriers, while p-type uses positively charged
holes as carriers. ZnO, SnO,, Fe;03, In,03 and WO3 are common
n-types, whereas CuO, Co304, and NiO are common p-types. In-
dium oxide is a novel n-type transparent semiconductor functional
material with a large band gap, low resistivity, and strong catalytic
activity that has found widespread use in optoelectronics, gas sen-
sors, and catalysts. In,O03 nanocubes/Ti3C,Tx-MXene nanocompos-
ites were created by Liu et al. via a straightforward hydrothermal
self-assembly process [114]. The findings of the characterization in-
dicated that the surface In,03 nanocubes are well disseminated on
the surface of the layered Ti3C,Tx-MXene and form a heterojunc-
tion structure. This contributes to an improvement in the mate-
rial’s gas sensing ability. And the composite material has a high
response and high selectivity to methanol (Fig. 7b), making it a
suitable material for detecting methanol gas at room temperature
because of these characteristics. While this is happening, the de-
tection limit may be lowered to the ppm level, and the time it
takes to respond and recover can be cut down to 6.5 s and 3.5
s, respectively. Xu et al. also reported the sensing performance of
MXene/SnO, to ethanol, which was twice that of the pristine SnO,
sensor [115]. The combination of layered MXenes with metal oxide
semiconductors presents a fresh opportunity for the creation of gas
sensors that operate at room temperature in the future.

Conventional acid solution etching of Ti3C,Tx nanosheets re-
sults in easy stacking and loss of high specific surface area, lim-
iting their gas sensing capabilities. To solve this problem, Yang et
al. prepared 3D wrinkled MXene Ti3C,Tx spheres and sphere/ZnO
samples by ultrasonic spray pyrolysis [91]. This method not only
maintained the original MXene’s high specific surface area but also
brought in plenty of active edges from the wrinkle. The structure
and adsorption demonstration of NO, gas molecules are shown in
Fig. 7e.

The oxygen vacancy-rich non-stoichiometric phases of tung-
sten oxides (WOy, x < 3) make them excellent candidates for use
as gas sensing materials because they offer more active edges
for gas adsorption. Based on this theory, Sun et al. produced
W1g049/Ti3C,Tx composites using a straightforward thermal sol-
vent technique [116]. The gas detecting test results demonstrated
the sensor’s low detection limit for acetone, high responsive-
ness, strong selectivity, long-term oxidative stability, and quick re-
sponse/recovery rate. Under the operating temperature of 300 de-
grees and the concentration of the gas to be tested at 20 ppm, the
sensitivity defined as the resistances of the sensors in the air to
that in the target gas (Ra/Rg) can reach 11.2, which is better than
the original Ti3C;Tx and W;g049 materials (Fig. 7c).

Ti3C, has low thermal stability and is easily oxidized to TiO,
at high temperature, which limits some of its development. How-
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ever, we can also use this feature to generate TiO, on the surface
of Ti3C, in situ and form a Schottky barrier with Ti3C, to improve
the performance of the material. Fig. 7f shows the influence of
Schottky barrier on the gas-sensing performance. Because of this
character, we can use some special properties or apparent short-
comings of materials to expand the research direction, and provide
novel ideas for our future scientific research work. Both Choi et
al. and Liu et al. used a basic hydrothermal technique to fabricate
TiO,/Ti3C, composite gas sensor [117,118]. In comparison to the
original Ti3C, MXene, the sensitivity to NO, has been enhanced
by a factor of ten, reaching the lower detection limit of ppb level,
which offers a more reliable method for detecting NO, gas.

3.2.3. MXene/rGO

In the realm of two-dimensional material gas sensors, graphene
has a significant place because to its ultra-high electrical conduc-
tivity as well as its vast specific surface area. Graphene is a typical
two-dimensional material. A shining example of this is the mix-
ing of materials that are just two-dimensional. When graphene is
coupled with MXene, it will exhibit unique physical and chemical
characteristics. This has the effect of increasing the gas-sensing ca-
pabilities of MXene, which is a win-win situation for everyone in-
volved. Flexible wearable sensing materials have broad application
prospects and are also an important research direction that can-
not be ignored in gas sensing, especially in early medical diagno-
sis. Graphene has high mechanical flexibility and weavability and is
manufactured as a hybrid fiber gas sensing material with Ti3C,Ty
MXene by a wet spinning fiber technique [84]. In the bending test,
the hybrid fibers demonstrated outstanding mechanical flexibility
and low noise resistance (Fig. 8a(i)), indicating their significant po-
tential for use in wearable devices. As demonstrated in Figs. 8a(ii)
and (iii), the hybrid fibers have greatly better ammonia sensing
capability, longer bending cycles, and other good features. A lab
coat was also made by the conventional weaving method, and the
material’s gas-sensing characteristics were preserved, which is a
reliable flexible, portable and wearable gas-sensing material. Tran
et al. prepared rGO/Ti3C,Tx composites with large specific surface
area by a simple ultrasonic method (Fig. 8b) [119]. The heterojunc-
tion structure not only shows a large response to NO, gas, but
also shows a response performance to toxic gases such as CHy,
which provides a research idea for the monitoring of toxic gases
at room temperature. Similar to graphene, one-dimensional carbon
nanotubes (CNTs) also have some special physic properties, such
as large specific surface area, abundant adsorption sites and high
electrical conductivity. When evaluated as a sensing material for
gas sensing, CNTs demonstrate p-type properties and target gas
molecules could be absorbed by van der Waals forces [120]. How-
ever, few research on the gas sensing properties of MXene/CNTs
was reported.

3.2.4. MXene/polymer

Due to their great sensitivity and cheap cost, polymers are
also widely utilized in MXene-based gas-sensing composites. PAM,
PANI, PPy, PEDOT:PSS, PE], etc., are the most widely used polymers
[121-126]. A very interesting phenomenon is that the composites
formed by MXene and conductive polymers all perform well in
ammonia gas sensing.

Zhao et al. produced a nanocomposite that could be used at
room temperature and was composed of Ti3C;Txy MXenes material
and cationic polyacrylamide (CPAM) [121]. A stage in the manufac-
turing process of CPAM/Ti3C,Tx nano-composites is shown in Fig.
8c. When utilized in an NH3 gas sensor, the composite material
demonstrates outstanding stability, with a response of 4.7% to 200
ppm ammonia gas as well as a quick response/recovery rate.

Wang et al. developed a polyaniline/Nb,CTy ammonia gas sen-
sor with rich three-dimensional structure, which can realize sen-
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Fig. 8. (a) (i) Schematic illustration of the fiber bending test, comparison of (ii) the gas response and gas selectivity of MXene film, (iii) comparison of the gas selectiv-
ity. Reprinted with permission [84]. Copyright 2020, American Chemical Society. (b) Schematic synthesis process, NO,-sensing mechanism and performance of rGO/Ti3C,Tx
heterostructures. Reprinted with permission [119]. Copyright 2021, Elsevier B.V. (c) Schematic illustration of fabrication and gas-sensing principle of CPAM/Ti3C,Tx nanocom-
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(ii) Nb,CTx/PANI sensor, and (iii) schematic diagram of the TENG-driven gas sensing system. Reprinted with permission [123]. Copyright 2020, Elsevier B.V.

sitive ammonia gas detection in humid environment [123]. Fig. 8d
depicts both the synthesis process as well as the gas sensing pro-
cedure. In the case of relative humidity of 62.0%, the response to
50 ppm ammonia gas is as high as 205.39%, far exceeding the
previously reported gas-sensing materials. It is an MXene-based
gas-sensing material with ultra-high sensitivity. The high respon-
siveness was maintained even at 87.1% relative humidity, which
was attributed to the hydrogen bonding formed between PANI and
Nb, CTx. This kind of gas-sensing material with anti-humidity prop-
erties has great application value in the diagnosis of human ex-
haled gas and gas sensing applications related to the marine envi-
ronment. In terms of agricultural ammonia detection, Li et al. syn-
thesized polyaniline (PANI)/Ti3C,Tx hybrid sensitive film and ver-
ified the feasibility of this material in the detection of ammonia
volatilization through agricultural simulation experiments [127].
The results show that the material can exhibit good NH3; sensing
performance at room temperature (10-40 °C) and a broad range of
relative humidities (20%-80%).

Jin et al. successfully prepared novel PEDOT:PSS/Ti3C,Tx com-
posites by in-situ polymerization [125]. Fig. 9a shows a diagram-
matic representation of the synthesis of PEDOT:PSS/MXene com-
posites as well as the construction process of a composite-based
gas sensor. In reaction to 100 ppm of NHs, the composites exhib-
ited a high response of 36.6%, which may be attributed to the syn-
ergistic impact of the PEDOT:PSS polymer and the Ti3C,Tx-MXene
2D materials. Because of the huge number of reaction sites in the
Ti3C,Tx MXene layer and the direct charge transfer between PE-
DOT:PSS and Ti3C,Tx MXene, the good performance may be due to
these factors.

3.2.5. MXene-based multicomponent composites
Combining MXenes with MOS is a potential approach for
enhancing room-temperature gas sensing capabilities. However,
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few investigations on MXene and MOS composites are available.
Through a combination of solution mixing and oxidation treat-
ment, Wu et al. successfully obtained a Sn0,-TiO,-Ti3C,Tx sensor
for gas detection at room temperature [128]. SnO,-TiO,-Ti3C,Tx
hybrid film was shown in Fig. 9b(i). At a temperature of 25 de-
grees Celsius, the sensor demonstrates good sensitivity, a low limit
of detection, outstanding selectivity, and long-term stability for
NO, measurements, shown in Fig. 9b(ii). The synergistic effect of
the three phases is essential for the marked improvement in NO,
sensing provided by the Sn0,-TiO,-Ti3C,Tx sensor when compared
with the Sn0,, Ti3C,Tx, and TiO,-Ti3C,Tx sensors, respectively.

Through a straightforward and productive hydrothermal treat-
ment, Liu et al. were able to effectively build a three-dimensional
Ti3C,yTx/rGO/CuO aerogel (Fig. 9c) [129]. At room temperature,
the aerogel sensor is capable of displaying excellent sensitivity to
very low quantities of volatile organic compounds (VOCs). The 3D
MXene/rGO/CuO aerogel has a high response reach to 50.09% at
100 ppm, rapid reaction and recovery speed (6.5 and 7.5 s, respec-
tively), and excellent selectivity to acetone gas. It has been shown
that the three-dimensional combination of MXene also has excel-
lent gas sensing characteristics.

Ranjbar et al. designed a Schottky structure synthesized from
Ti3C,Tx MXene sheets with chrysanthemum-like V,05/CuWO,
[130]. MXene/V,05/CuWO4-based sensors were exposed to vari-
ous analyte gas molecules. The comparison at the same concentra-
tion shows that the fabricated sensor has excellent selectivity and
ultra-high sensitivity to ammonia. The findings provide evidence
that the sensor has excellent characteristics, including high sensi-
tivity, an incredibly fast reaction time, strong selectivity, repeata-
bility, long-term stability, and a low working temperature. Fig. 9d
presents a possible mechanism for the ammonia detection process.
Due to the very high work function of the MXene, a Schottky bar-
rier is formed once the metallic Ti3C,Ty MXene comes in contact
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with V,05/CuWOy in the air. Then, surface adsorbed oxygen would
capture some electrons from the n-type V,05/CuWO, heterostruc-
ture to generate negatively charged oxygen molecules adsorbed at
its surface, resulting in the formation of a depletion layer of a cer-
tain thickness on the V,0s5 surface. When exposed to ammonia,
ammonia reacts with negative oxygen ions to form nitrogen and
water, the electrons trapped by O~ and 02~ would go back to the
V,05/CuWO, surface or its junction with MXene, causing a consid-
erable reduction in resistance.

3.3. Sensing mechanism

Gas sensors are used to detect the category, concentration and
composition of target gases, and convert them to electrical signals.
The basic sensing mechanism is that the resistance of pure MX-
enes and MXene-based composites changed after gas adsorption
due to electron-donating/accepting from target gases. The MXene
was supposed to possess the characteristics of p-type semiconduc-
tor at first [131]. On the basis of this mechanism, when MXene
is exposed to reducing gas (acetone, ethanol, methanol and am-
monia), reducing molecule are absorbed on the surface of MXene
and ionized by electron-donating. Thus, the number of majority
charge carriers of MXene decreases which results in the increase
of the resistance after reducing gas adsorption and decreases af-
ter the gas desorption. Following this mechanism, the resistance of
MXene should decrease when exposed to oxidizing gas because of
electron-accepting. However, the subsequent experimental results
show that the resistance of MXene always increase when exposed
to all the gas, regardless of the type of gases [97] . To explain this
phenomenon, many other different mechanisms were proposed:
(1) The universal increase of the resistance was due to its metal-
lic conductivity, where gas adsorption reduces the number of car-
riers and increases the channel resistance [97]. (2) The interlayer
swelled after gas adsorption, which hinders the out-of-plane elec-
tron transport and increase electrical resistance [101]. (3) The ad-
sorption of gas on the MXene surface increase the electron and
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decrease the conductivity of the MXene [132]. Even though those
mechanisms could explain the increase resistance of MXene when
exposed to all the gas, the exact gas-sensing mechanism of MXene
is still not completely.

The sensing mechanism of MXene composite mainly depends
on the nature of its component materials and the interfacial in-
teractions (such as Schottky junctions) between them. As for MX-
ene/MOS, metal oxides, an important component of the composite,
are divided into p-type and n-type semiconductors [133]. The re-
sistance changes of metal oxides are related to the type of semi-
conductors and target gases (oxidizing or reducing). For p-type
semiconductors, such as NiO and CuO, oxidizing gases (electron-
acceptor) decrease the resistance of semiconductors, while re-
ducing gases increase the resistance of semiconductors [134].
For n-type semiconductors, such as SnO, and ZnO, oxidizing
gases (electron-acceptor) decrease the resistance of semiconduc-
tors, while reducing gases increase the resistance of semiconduc-
tors [135]. Atomic vacancies, typically oxygen vacancies, are often
constructed in metal oxides, which can provide more free elec-
trons, act as active sites for adsorbing gas molecules and modify
baseline resistance [136]. The oxygen vacancies can be constructed
by various methods, such as thermal reduction treatment, atomic
doping, plasma etching and laser irradiation [137-140]. The ther-
mal reduction treatment is relatively common in many researches,
which can adjust the formation of oxygen vacancies and their con-
centration by controlling the relevant parameters (annealing tem-
perature, annealing time, pressure, and atmosphere). The hetero-
junction and Schottky junction are often formed at the interface
between MXene and metal oxides. For example, the work function
of Sn0, (~4.9 eV) is higher than that of Ti3C,Tx MXene (~3.9 eV),
therefore, the electrons inject from Ti3C,Tx to SnO, [141]. Then, an
electron depletion layer with a negative zone is formed on SnO,
side and the positive one is formed on the Ti3C,Tx MXene side,
which means a built-in electric field created. The built-in elec-
tric field counters the transfer of electrons until the Fermi level
equilibrates, leading to the formation of a Schottky junction. Thus,
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with the addition of MXene in SnO,, heterostructures are formed,
resulting in the creation of Schottky barriers. When MXene/SnO,
is exposed to oxidizing gas, the electrophilic gas molecules ab-
sorb on the surface and capture electrons from the conduction
band of the SnO,. Subsequently, the built-in electric field will
be destroyed and more electrons are transferred from MXene to
Sn0O,, which is contributed to the decrease of resistance. Mean-
while, the Schottky barrier height is also modulated by the surface
chemisorbed gases. Generally, MXene, metal oxides and the syner-
gistic enhancement effect (Schottky junctions) between them have
combined to change the resistance of MXene/MOS. The gas sensing
mechanism of other MXene composite has similar characteristics
to that of MXene/MOS. Taking Ti3;C;Tx/MoS, for example, 2H-MoS,
is a ready-state semiconductor material, and Schottky junctions are
also formed between composite materials [142]. Similar to that of
Ti3C,Tx/SnO,, the change of resistance depends on the nature of
Ti3C,Tx, MoS, and Schottky junctions between them.

4. Summary and perspectives

This study begins by providing an overview of the many kinds,
characteristics, and structures of MXenes. It then moves on to pro-
vide an in-depth look at the various ways that may be used to
synthesize MXenes. Some of these methods include HF etching, in-
situ HF synthesis etching, the molten salt approach, the Lewis acid
method, and others. Finally, a detailed introduction to the research
developments of pure MXene and MXene composites in gas sens-
ing is provided. The gas sensing mechanism is also discussed at the
same time. In addition to the classic Ti3C,, the original MXene also
includes V,C and V3C4, and the composite materials include the
composites of MXene and TMDs, MOS, graphene, and conductive
polymers. The results show that combining MXene with other ma-
terials can significantly improve its gas-sensing performance. Al-
though MXene and its composites have shown promising applica-
tion potential in gas sensing, many obstacles remain in the way of
commercializing MXene gas sensors.

Firstly, since the invention of MXene, the more dangerous HF
etching method has been used. Although the subsequent synthesis
methods have been continuously improved, other synthesis meth-
ods have been discovered one after another, but most of them can-
not be popularized. At present, the mainstream method is still HF
acid or in-situ HF synthesis etching method. This method has a
high-risk factor and is inconvenient to operate, and the surface of
the generated material contains toxic F functional groups, and can-
not be applied to mass production. As a result, there is an immedi-
ate need for the development of an MXene synthesis process that
is environmentally friendly, non-toxic, and highly effective.

Secondly, the easy oxidation of MXene limits its use to room
temperature. Although their antioxidant properties can be en-
hanced by means of modification, doping, and formation of com-
plexes, long-term signal stability is still not guaranteed.

Thirdly, the gas sensing mechanism of MXenes is more compli-
cated than that of traditional materials such as metal oxides. The
pristine MXenes exhibit resistance-increasing behavior to both oxi-
dizing and reducing gases, which is clearly in line with the con-
ventional gas-sensing mechanism of p-type semiconductors. The
current sensing mechanism analysis is still in the macroscopic
adsorption-swelling model, and further research on the micro-
scopic model is needed.

Finally, humidity is an important environmental factor that
need to be considered in practical applications. Typical application
scenarios include the detection of disease markers in human ex-
haled air containing a large amount of water vapor, the detection
of polluted gases in the port marine environment, and the detec-
tion of harmful gases in agricultural environments with high rela-
tive humidity. However, in previous reports, there are few studies
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using different humidity as an experimental variable. Therefore, in
the research process of gas sensors, the actual situation should be
fully considered, and objective factors such as humidity and cor-
rosion should be included in the experimental conditions, so that
the research results are more convincing.
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