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Abstract: Two-dimensional (2D) inorganic compounds, MXenes, are the most promising candidate
for chemical sensors and environmental remediation. Since the first synthesis of TizC;Tx MXene
from the Ti3AlC, MAX phase in 2011, 2D materials have been attracting significant attention from
a wide range of scientific communities because of their unique physicochemical properties. The
attractive properties of MXenes motivated us to explore the new wave of front-end research and
applications. Over the past 12 years, there have been more than 10,000 theoretical and experimental
studies on MXenes. All these publications have primarily focused on TizC,Tx MXene because of its
fascinating material properties and tunability towards target applications. To provide readers with a
fundamental understanding of this emerging 2D material, this review discusses the recent trends
in the design of Ti3C,Tx MXene for gas sensors and energy harvesting applications. For the most
updated information, this review focuses on important findings and applications reported in the
last decade.

Keywords: Ti3C,Tx MXenes; gas sensors; composites; response; energy harvesting

1. Introduction

Ever-growing power consumption, the accumulative demand for smart materials, and
the need for green electronics for low-power and low-voltage devices have led to increased
demand to develop alternatives for supercapacitors and batteries, which is exemplified by
self-powered wearable microelectronic devices [1-3]. Therefore, it is crucial to find smart
materials that can be applied to photocatalysis, electrocatalytic sensors, chemical adsorbents,
energy conversion, gas sensors, and biomedical applications. To this end, by the end of
2004, Novoselov et al. [4] actively explored graphene, which is considered the pioneering
work of two-dimensional (2D) nanomaterials. Subsequently, an increasing number of 2D
nanomaterials such as phosphorene, transition metal dichalcogenides, transition metal
carbides/nitrides, and hexagonal boron nitrides have been discovered [5-7]. Among these
2D materials, new 2D materials referred to as MXenes have been at the forefront and
become suitable candidates for electrodes, detectors, additives, and separators or hosts for
numerous applications because of their outstanding properties [8,9].

Since the first publication on 2D Ti3C,Tx from Drexel University, an increasing number
of researchers have focused on producing TizC,Tx MXene, demonstrating its attractive
qualities, and exploring its diverse applications [10]. The formula for MXenes is My, 11 Xn Tx,
where M, X, and Ty represent an early transition metal (Ta, Hf, Mo, Ti, Mo, Nb, and V), car-
bon and/or nitrogen, and surface terminations (-OH, -F, =O), respectively; n = 1-4 [11-13].
MXenes have tremendous compositional variety and tunable qualities depending on their
structural atomic arrangement, because transition-metal atoms are grouped in a layered
pattern with carbon or nitrogen atoms [14-16]. Furthermore, in such atomic sandwiches,
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some of the transition-metal atoms are arranged in the surface layers while the remaining
metal atoms are placed in the inner layers. Different transition metals can merge into
MXenes, such as Mo, TiC, or Mo, Ti,C3 [17,18].

As members of the “wonderful material family,” MXenes have been rapidly expanding
because of the growing diversity of their parent materials, MAX phases, and advancements
in their processing methods [19,20]. The ability to manipulate the structure and morphology
of MXenes using multiple methodologies offers the possibility to create a variety of 2D
materials with customizable compositions and favorable surface qualities [21-23].

Thus far, more than 35 stoichiometric MXenes have been explored as solid solutions
with different combinations of M and X sites recorded [24,25]. From theoretical calculations,
a considerably larger number of solid solutions have been obtained, and their experimental
syntheses remain pending. A wide range of surface terminations, including Cl, F, O, OH, [,
and Br, further expand the number of stoichiometric MXenes, endowing them with unique
physical and chemical properties [26-28]. Thus, MXenes have been used in a variety of
potential applications, including electromagnetic interference shielding, optoelectronics,
photocatalysis, gas sensors, and energy storage [29-31]. Although metallic conductivity
facilitates TizC,Tx MXene-based chemiresistive gas sensors running at room temperature,
gas sensors prepared with pure Ti3CpTx MXene suffer from poor selectivity (only NHj
or VOCs) and low response during gas detection [22,32]. Therefore, integrating TizC,Tx
MXene with other materials is a promising strategy to enhance catalytic activity, facilitate
efficient charge transfer, and reduce energy barriers [33-36]. These effects cooperatively
contribute toward enhancing the selectivity of the gas-sensing system and enable operation
at room temperature.

Among all MXenes, TizCoTx MXenes offer an exceptionally appealing platform for
a wide range of applications, especially for gas sensing and energy harvesting, because
of their remarkable electrical qualities and unique tunability. The two applications are
important and can stimulate the design of multifunctional Ti3C,Tx MXene-based flex-
ible, high-performance, and cost-effective smart materials. Although there have been
several comprehensive reviews on the synthesis, properties, and applications of Ti3CyTx
MXene [37-43], reviews on the detailed and prospective preparation and applications of
multifunctional TizC,Tx MXene for gas sensors and energy harvesting are very rare. The
need for batteries and electrical power sources can be dramatically overcome by combining
energy harvesting technologies with gas sensor systems, which also makes the gas sensors
more sustainable and easier to deploy in both remote and hard-to-reach locations. In addi-
tion, energy harvesting can reduce the maintenance costs of the gas sensors and enhance
the overall lifetime of the devices [44-46].

To this end, we highlight recent advances in Ti3C,Tx MXene implementation for gas
sensing and energy harvesting in various environments. Using a self-assembly method,
rGO-assisted method, and framework-supported method to prepare Ti3C,Tx MXene can
efficiently prevent it from stacking together, which promotes the diffusion of toxic gas
molecules. Finally, we discuss future research difficulties and techniques to further investi-
gate the unique properties and potential applications of Ti3C,Tx MXenes.

2. Synthesis of Ti3C,Tx MXene
2.1. Etching

The functional group of Ti3CpTx MXene critically affects its electrical conduction
properties, serving as covalent linking sites with other nanostructures and as active sites
for adsorbing gas molecules. TizC,Tx MXenes are created by selectively etching specific
atomic layers from their parent MAX phases, where A is an A group (groups 13 and 14, or
IIIA, IVA) of the periodic table [47]. Selective etching is the main experimental method for
synthesizing Ti3C,Ty MXene, which has a metallic Ti-Al bond strength weaker than that
of Ti-C bonds [48]. Aqueous solutions with the fluoride group have been mostly used to
remove Al layers from the Ti3 AIC, MAX phase, such as direct hydrofluoric acid (HF, 50%)
or the in situ creation of HF from lithium fluoride (LiF) and hydrochloric acid (HCI), as



Chemosensors 2023, 11, 477

30f26

X = :

F

: o

K Ca Fe|Co Ni|Cu|Zn Se/Br

Rb Sr Y Tc Ru |Rh | Pd |Ag Sh(Te| |

m s Ba Lu W Re s Ir | Pt|aulng i |Po| At

shown in Figure 1 [49-52]. Both ammonium fluoride (NH4F) and ammonium hydrogen
bifluoride (NH4HF;) have also been effectively applied for making TizC,Tx MXene. Only
Al has been effectively removed from MAX phases from the 12 elements of groups 13 and
14. The chemical reactions that happen during the HF etching of the Ti3AlIC, MAX phase
are given below [53-55]:

T13A1C2 + 3HF — Ti3C2 + 1.5H, + A1F3 (1)
Ti3A1C2 +2H,O — Ting(OH/O)z + H, (2)
Ti3A1C2 + 2HF — TizC,F, + Hy (3)
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Figure 1. Schematic of TizC,Tx MXene preparation from the Ti3AIC; MAX phase. Reprinted and
adapted with permission from [11]. Copyright 2021, Elsevier.

There is another technique to prepare MXenes from nonMAX phases, which is etching
aluminum carbide (Al3C3) from a nonMAX phase. In this nonMAX phase precursor, Al-C
units separate either M3C, or M,C layers, e.g., Uy Al3Cz. M0,CTx MXenes have also been
prepared via Ga layer etching from Moy Ga,C [10,56-58]. MXenes can be synthesized using
molten fluoride salt at high temperatures, as demonstrated by the synthesis of TigN3 from
Tig AIN3 at 550 °C under Ar flow. The TiCx nanostructure was synthesized by annealing a
mixture of molten LiF and Ti, AIC at 900 °C [59]. This method was not efficient and removed
either the M or A element because of the specific treatment environment. These results and
the morphologies of Ti3C,Tx MXene suggest that the aqueous fluoride-containing acidic
technique is suitable for synthesizing Ti3C,Tx MXenes. Moreover, etching in the presence
of a metal halide such as LiF tends to intercalate the cation (Li*) and water, increasing the
distance between each layer [60-63].

Halogen etching is a new technique for preparing TizC,Tx MXene. In 2021, Jawaid
et al. [64] explored an etching method to prepare TizCoTx MXene using halogens (IBr,
IC], I, Brp) in anhydrous media. The halogen-based etching is conducted in a glove
box for 8 h with an inert ambient (H,O:O, was around 1:3) at room temperature, as
shown in Figure 2. The recommended mechanism implies that continual halogen addition
will provide reaction productivity and increase the yield of halogenated TizC;X, with
halogen-terminated surfaces (~1% yield of MXene on 1 mg/mL). The etching process with
different halogens led to a variety of halogen-terminated surfaces (X = Br, I, C, F) at room
temperature. A low-dielectric organic solution was used to obtain the purified size-selected
TizCo X, MXene. In the same context, a fluoride-free TizC, Tx MXene with O-rich terminal
groups was generated using an iodine-assisted etching method in anhydrous acetonitrile
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(CNCHs3) [65]. The Al layer was removed from the MAX phase by iodine because the
Ti-C bond is stronger than Ti-Al. The I,-etched MXene was washed several times using
a 1 M HCl solution to dissolve All; and exfoliate multilayer Ti3C,Tx MXene by manual
shaking. The I-etched Ti3C,Tx MXene has excellent conductivity (1250 S/cm), ultimate
thickness (5 nm), and large size (1.8 pm) with oxygen-rich termination groups. These
abundant oxygen functional groups are good for gas-sensing performance and energy
storage because they act as active sites and take up hydrogen ions.

Step 2: Purification
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Figure 2. (A-E) Halogen etching procedure of the MAX phase. Tetrahydrofuran was used as the
stable colloidal solution. Reprinted and adapted with permission from [64]. Copyright 2021 American
Chemical Society.

Yang et al. [66] prepared Ti3C,Tx using NH4Cl and tetramethylammonium hydroxide
(TMA.OH) using electrochemical etching with low potential (+5 V). The exfoliated single-
layer and bilayer Ti3CyTx MXenes were collected with high yield (90%) because of the
delamination of the positive charge ions (TMA™*) and as Cl~ ions have a strong binding
with Al This technique does not require any dangerous F-containing agents, and the Al
layers are replaced by hydroxide and the oxygen group. The average lateral size of the
obtained TizCyTx MXene is ~2 pm, which is larger than that of the traditional HF etching
process. This method offers a safe technique to scale the preparation of Ti3;C,Tx MXene.
In 2018, Tengfei et al. [67] attempted to directly utilize 27.5 M NaOH to etch 100 mg of
the TizAlC, MAX phase in an Ar atmosphere with excellent efficiency (92 wt%). The
obtained samples were synthesized at 270 °C via alkali treatment and had a (002) plane
spacing of 23.4 A, which was larger than that of Ti3C, Ty prepared using an HF-related
technique. This technique offers an alkali etching process for TizC,Tx MXene in which the
pure MAX phase must be uninvolved. Moreover, Ti3Cp,Tx MXene can be cationized with
poly(diallyldimethylammonium chloride) (PDDA) as a stabilizer to better compound with
negatively charged materials through self-reduction and/or electrostatic interaction [68].

2.2. Delamination

Delaminating any 2D material is important for achieving interlayer interaction. Ti3C, Ty
MXenes can be intercalated and exfoliated in polar organic molecules, followed by man-
ual shaking or mechanical vibration in water to obtain monolayer and few-layer TizC,Tx
MXenes. Ultrasonication is the main tool for separating and delaminating TizC,Tx MXene
sheets with precision to dramatically accelerate the procedure and process an advanced
fraction of high-quality nanosheets. Ti3C,Tx can be exfoliated with dimethyl sulfoxide
(DMSO) or tetrabutylammonium hydroxide (TBAOH) by manual shaking, and it can
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then be filtered to obtain the freestanding MXene “paper” [16,27,69]. Etching the Ti3AlC,
MAX phase in the presence of a fluoride salt makes it easy to obtain few-layer TizCyTx
MXene without any delamination step because of the effect of metal cations in halide salts
(Figure 3) [70-72].
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Figure 3. Schematic of an increase in the d-spacing of Ti3CyTx MXene with intercalation using cations.
Reprinted and adapted with permission from [70].

The resistance of Ti3C,Tx MXene without intercalation is smaller than that with
intercalation because intercalation-induced interlayer swelling retards the out-of-plane
electron transport. Metal ion intercalation is one of the effective techniques for improving
the diffusion coefficients of gas molecules and ionic species [16,73]. Consequently, scientists
focused on using metal ion intercalation to enhance the gas-sensing performance and the
energy storage activity of Ti3CpTx MXene-based composites. The enhanced gas-sensing
mechanism of metallic Ti3C, Ty MXene is more sophisticated than the electron movement
and surface adsorption in traditional 2D materials. Suitable cation exfoliation can contribute
to the swelling of Ti3C,Tx MXene, which can improve the conductivity change when
exposed to reducing gases or oxidizing gases.

3. Structure and Properties

Ti3AlC; is the most commercially available, low-cost MAX phase for producing
TizC,Tx MXene with superior metallic conductivity and low diffusion barriers. In terms
of electrical properties, Ti3C,Tx MXenes were almost like multilayer graphene. The con-
ventional HF-etched TizC,Tx MXene and additive-free Ti3Cy Tx MXene film have shown
volumetric capacitances around 300 F and 1500 F per cubic centimeter, respectively [74,75].
In addition, the multilayered structure of Ti3CyTx MXene provides a high cycling rate
and stability. Benefitting from the electronic sensitization and synergistic effect of Ti on
MXenes, the charge carrier transportation, response, and other electrical parameters of
Ti3CyTx MXene-based electrical devices can be enhanced significantly.

Similar to its parent, TisCyTx MXene has a hexagonal close-packed structure, and the
C atoms occupy the octahedral interstitial sites composed of 6 Ti atoms. Ti3C,Tx MXenes
are prepared using hydrofluoric acid and have surface functional groups Tx (-OH, -F, =O).
Moreover, they can have another kind of Ty, such as -Cl, -Br, and -1, when different etching
and delaminating agents are employed [76-78].

The etchant plays a crucial role in the delamination quality of MXene. For example,
a HF-etched Ti3C,yT has thicker multilayer lamellas and narrower interstack gaps than
those of (LiF + HCl)-etched Ti3C,Tx. The space between each layer of (LiF + HCl)-etched
TizC, Ty is around 2.8 A due to the presence of metal cation, which is larger than that of
HF-etched Ti3CyTx MXene [79]. The product from a lower HF concentration yields a larger
O:F ratio [80-83]. For the removal of the Al layer in the Ti3AlC, MAX phase, at least 18 h of
HF etching (30 wt%) is necessary, which was established by the shift of a main peak ((002)
peak) from 9.5° to 9.0° in the XRD measurement, as shown in Figure 4. In fact, Ti3CyTx
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MXenes with less open structures were collected when etched with HF solutions of 5 wt%
and 10 wt% for 24 h and 18 h [5].
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Figure 4. (a—c) XRD results of Ti3C,Tx MXene prepared with different concentrations of HF solution.
Reprinted and adapted with permission from [5]. Copyright 2017 American Chemical Society.

Multilayer Ti3CyTx MXenes are not stable in an ambient environment with water and
oxygen molecules; however, they are stable in dry air and oxygen-free degassed water. Con-
sequently, it is highly recommended to store Ti3C,Tx MXene colloids at low temperatures
in refrigerators and in dark environments. Further, the standard manufacturing procedure
yields high-quality TizC,Tx MXene with high stability [84-87]. However, TizC,Tx MXene
powders can be stored in a vacuum environment; vacuum drying or lyophilization can
be active in preserving MXene powders, because they eliminate the solvent and reduce
the potential for deprivation or agglomeration. In terms of suitability during experiments,
using Ti3CpTx MXene powder can have certain advantages over colloidal suspensions.

4. Applications of Ti3C,Tx MXenes in Gas Sensors

The main function of gas sensors is to detect gases at low concentrations (ppm, ppb, or
even ppt level), which are lower than the recognition of the nose olfactory nerve. In industry,
gas-sensing devices are utilized to control the concentration of toxic gases such as volatile
organic compounds (VOCs), NO,, and H;S to guarantee that the working atmosphere is
safe for workers. Moreover, it can also be used to control the concentration of explosive
and flammable gases. The gas-sensing material plays the main role in the operation of gas
sensors, which should be normally stable; however, they should sensitively respond to
target gases at room temperature. The gas sensor response is determined by calculating the
relative change in the sensor material’s resistance in an air environment (R,;,) versus its
resistance in the specific gas being tested (Rgs) after the injection of gas. The calculation is

Rgas - Rair

x 100 4
Rair ( )

Response(%) =

4.1. MXene Gas Sensors

Multilayered Ti3C,Tx MXene has been considered a potential candidate for gas sen-
sors because of its large surface area, high electrical conductivity, and wealthy surface
functional groups that can act as active sites. Ti3zCoTx MXene provides an excellent path for
electron transport at room temperature because of its metallic conductivity, which results
in enhanced gas-sensing signals [87-92]. Table 1 shows that pure Ti3C,Tx MXene and
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TizC,Tx composites can interact with various toxic gas molecules with a good response
and fast recovery time. The resistance of metallic Ti3CpTx MXene was almost increased
when exposed to a toxic gas in both oxidizing and reduced gas environments at room
temperature [6,38,93,94]. One study by Lipatov et al. [94] examined the effect of different
gas environments on the electrical conductivity of TizCoTx MXene films. The authors dis-
covered that exposure to ambient air, which can be classified as an oxidizing environment,
led to an increase in the resistance of the MXene films because of the formation of a thin
surface oxide layer. Unlike the rise in resistance in oxidizing environments, several studies
have shown that Ti3C, Tx MXenes exhibit enhanced electrical conductivity in reducing gas
environments [95-97]. For example, Doan et al. [95] revealed that the electrical conductivity
of Ti3C,Tx MXene films massively increased upon exposure to hydrogen gas, which acts as
a reducing agent. A convincing gas-sensing mechanism of metallic Ti3C, Ty MXene needs
to be developed to fully understand the sensing process and create a breakthrough for
further applications of Ti3CyTx MXenes.

Table 1. Gas-sensing activities of pure Ti3C,Tx MXenes and their composites.

Materials Gas Tem})oecr)ature Con(c;;:rrstlon Response (%) tres/tRec (8) Reference
TizC,Tx Acetone RT 5 3.7 91/103 [98]
TisCy Ty NH; RT 100 28.88 1/201 [99]
TizC, Ty /CuO Toluene 250 50 11.5 270/10 [100]
Ti3C, Tx@TiO,@MoS, NO, RT 50 55.1 1.8/70 [101]
Ti3Cy Ty /SnO, NH;, RT 50 41 36/45 [102]
TizC,Tx/MoS, NO, RT 10 25.1 530/140 [103]
TizC,rTx/MoS, NO, RT 20 40.1 525/155 [103]
TisC,Tx/Co304 HCHO RT 10 9.3 84/6 [104]
TizC,Tx/ZnO NO, RT 20 22.3 34/103 [105]
TisCy T/ WOs5 NH; RT 1 24 120/229 [106]
TizC,rTx/PANI Ethanol RT 200 42 0.4/0.5 [107]
TizCoTx/W18049 Acetone 300 0.18 14 5.7/7 [108]
Ti;C, Tx/PEDOT:PSS NH; RT 100 37 117/40 [109]
TisCy Ty /O3 Methane RT 5 30 6.6/4 [110]
Ti3Cy Ty /SnS, NO, RT 1000 116 65/10 [111]
TisCyTx/WSe, Ethanol RT 40 25 10/6 [112]
TisC,Tx /GO NH; RT 100 8 -/- [113]
TizC;Tx/Co304/PEIL NOy RT 100 30 2/74 [114]
TisCy Ty /Fey(MnOy)3 N-butane RT 100 44 19/25 [115]

Among the members of the MXene family of 2D materials, a considerable amount of
research has been performed on Ti3C,Tx MXene to establish its synthesis routine and unveil
its qualities [116,117]. Lee et al. [118] developed a gas sensor using TizC, Tx MXene; the
sensor displayed good sensing performance to ammonia, ethanol, methanol, and acetone at
room temperature. For their study, TizC, Ty MXene was prepared using 9 M HCl and 1 g of
LiF at 35 °C, and a flexible polyimide film was used as the gas-sensing substrate (Figure 5).
The average response signals of the as-prepared material were 7.5, 11.5, 14.3, and 21% for
100 ppm of acetone, ethanol, methanol, and ammonia, respectively. All response signals
of TizC,Tx had positive signs for all types of gases, suggesting that MXene behaved like
a p-type material. Thus, the p-type behavior resulted from oxygen and water molecules
introduced during the etching process, which may have acted as the main active sites
and received electrons from the electron-donating gases, leading to a drop in the majority
carrier population. Thanh et al. [95] constructed palladium-decorated TisC,Tx MXene
using a polyol method to combine 1D Pd nanoparticles with multilayered Ti3C, Ty MXene
for multifunctional operation as hydrogen storage and a H, gas sensor. The responses of
the Pd-TizC,Tx composite to 10, 50, and 100 ppm of H, were recorded at 10, 20, and 25%,
respectively. The enhanced responses of optimized Pd-Ti3C, Tx composite could be ascribed
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Figure 5. (a,c,d) Schematic of the Ti3C,Tx gas-sensing material and (b) its sensing signals of various
toxic gases of 100 ppm at room temperature. Reprinted and adapted with permission from [118].
Copyright 2017 American Chemical Society.

Kim et al. [32] reported that the Ti3C,Tx MXene gas sensor exhibits high sensitivity to
volatile organic compounds with a very low detection limit (50 ppb) at room temperature.
The sensor’s signal-to-noise ratio was extremely high, twice as large as that for other
sensing materials. The response values of TizC,Tx films on exposure to 100 ppm of SO,
NO,, propanol, ammonia, ethanol, and acetone were 0.16, 0.21, 0.88, 0.80, 1.76, and 1.18%,
respectively. The low noise of the as-prepared TizC,Tx MXene can be attributed to the
high electrical conductivity and structural uniformity obtained by the vacuum-filtrated
technique, which has a comparative advantage over other techniques such as drop-casting.
Ti3CoTx MXene with a small thickness (25 nm) showed good sensitivity compared to
MXenes with 50 and 150 nm thicknesses; this is strongly correlated with the fraction of
active sites exposed on the surface (Figure 6). They demonstrated that the highly conductive
Ti3CyTx MXene could be used to sense different VOCs with clear response signals and low
electrical noise, realized by the support of the hydroxyl and oxygen groups. According to
the DFT calculations, Ti3Cy(OH), showed the toughest binding energy strengths (1.2 A and
—0.774 eV for acetone), stronger than those of other functional groups.

12
Ethanol (100 ppm)
10 ——150 nm
=50 nm
§ 8. —25 nm
~ Acetone (100 ppm)
@
2 o
=]
Q.
2 4
=
]
G 2
I —— |
04
L T
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Figure 6. Thickness-dependent responses of Ti3C,Tx MXene to various gases at a fixed concentration
of 100 ppm. Reprinted and adapted with permission from [32].
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Sanijit et al. [119] prepared accordion-like-TizCy Ty MXene from TizAlC, via 48% HF
etching for 15 h at 60 °C. The as-prepared Ti3C,Tx MXene displayed a macroscopic layer
separation of 200 nm. The resistance changed positively when the Ti3C,Tx sensor was
exposed to acetone at room temperature. The responses to 100 ppm and 0.25 ppm of acetone
vapor were 99%, and 17.3% with a fast response time (53 s), respectively. The hydrogen
bonding on the surface of MXene facilitated acetone-molecule interactions with the sensor
material. The O and C atoms in acetone gas strongly bound to the Ti3C,Tx MXene surface.
Multilayered TizCyTx MXene seems to promote a higher surface area and possibly a higher
gas adsorption capacity. Low-layered Ti3CyTx MXene offers faster response times, higher
sensitivity, and better accessibility to gas molecules, but with a lower surface area and
potential stability. The choice between these Ti3C,Tx MXene alternatives depends on the
specific requirements of gas-sensing applications.

Winston et al. [120] studied functionalizing multilayered TizC;Tx with a superhy-
drophobic protection layer using fluoroalkylsilane functionalization. The optimized sample
provided a superhydrophobic surface and enabled the sensor to operate normally even in
humid environments. The sensor yielded responses of 3, 5, and 14% to 5, 15, and 120 ppm
of ethanol, respectively. The improved responses could be attributed to local structure
deformation and adjacent oxygen atoms.

In 2020, Shoumya et al. [121] doped TizCoTx MXene with sulfur to design a room tem-
perature VOCs sensor. In their report, Ti3CpTx MXene was mixed with thiourea as a sulfur
source, and then heated to 500 °C under Ar flow. The optimal S-doped Ti3CTx MXene
showed an excellent response (12%) to 1 ppm toluene with long-term stability (1 month).
The -S functional groups play a key role for enhanced gas sensing, which is modified upon
doping, thereby increasing the binding energy of gas molecules substantially.

Wu et al. [22] used dimethyl sulfoxide to synthesize single-layered TizCoTx MXene
for toxic gas detection at room temperature. Among the eight different gases, the response
signal for NH3 was 6.1%, which is four times the response for ethanol (1.5%). The selectivity
of the NHj chemiresistive gas sensor was higher than others because of the clean surface
of the microstructure of TizC,Tx MXene, which had a higher adsorption area when using
HCI and NaF as the etchant. The potential of Ti3C,Tx MXene for NHj; detection was
demonstrated using first-principles calculation. The authors indicated that O-terminated
Ti3C, Tk was the most energetically favorable compared to the F-terminated Ti3Cp Ty and
OH-terminated TizC,;Tx. The calculations displayed that the adsorption energy of NHj3
(—0.078 eV /atom) has a considerably stronger interaction with O-terminated TizCyTx than
that of CHy (—0.022 eV /atom), H,S (—0.047 eV /atom). Further, the N atom in the NHj3
molecules lies straight above the Ti atom in O-terminated Ti3C,Tx (Figure 7). The adsorbed
geometry and adsorption energy results guarantee that the response of NHj3 molecules is
considerably better than those of other toxic gases; the O-terminated Ti3CpoTx MXene has a
high selectivity to ammonia at room temperature.

Machine learning was applied to predict the appearance of VOCs molecules on the
Ti3CyTx MXene-based multivariable sensor [122]. Eight different gases with concentrations
from 100 to 800 ppm were used as the original data set (Toluene (TOL), methanol (MeOH),
hexane, ethanol (EtOH), dicholoromethane (DCM), acetone, acetonitrile (MeCN), and
isopropanol (IPA)). The principal component analysis (PCA) and linear discrimination
analysis (LDA) were executed as supervised pattern recognition tools. Therefore, the
VOC mixtures were well separated and had high data dimensionality. The correct cross-
validation value of 90.9% was reached, and it revealed that utilizing the Ti3C,Tx MXene-
based multivariable gas sensor is a potential method for detecting pure VOCs.

Very few studies have focused on the gas-sensing performance of other kinds of
MXenes than TizC;Tx MXene. For example, Lee et al. [123] demonstrated the great per-
formance of metallic V,CTx MXene gas sensors towards methane and hydrogen with
ultrahigh sensitivity at room temperature. Methane has high enthalpy (C-H bonds) and
nonpolarity, therefore, it is tremendously difficult to sense the gas at room temperature.
Multilayered V,CTx MXenes were prepared by Al etching from the V,AlIC MAX phase with
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(a)

HF acid. Monolayer V,CTyx MXene flakes were collected via tetra n-butyl ammonium cation
delamination. The gas responses of monolayer V,CTy MXene flakes are estimated to be
1.67% and 0.5% for methane and hydrogen sulfide, respectively (Figure 8). The outstanding
detection of V,CTy MXene is related to the oxygen-containing termination groups.
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Figure 7. (a,b) Side and top views of the optimized structure of eight gas molecules adsorbed on
Ti3CyTx MXene. Reprinted and adapted with permission from [22]. Copyright 2019 American
Chemical Society.
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Figure 8. (a—f) Gas response variation of monolayer V,CTx MXene flakes to different types of gases.
Reprinted and adapted with permission from [123]. Copyright 2019 American Chemical Society.

A toluene sensor using 2D MXene Mo,CTy was studied by Wenzhe et al. [124]. The as-
obtained sample successfully detected VOCs with an LOD of 220 ppb at room temperature.
The response to acetone, methanol, toluene, ethanol, and benzene was 0.14, 0.58, 2.81,
0.73, and 0.97%, respectively, indicating that Mo,CTx MXene was selective toward toluene
compared to other VOCs. The detecting mechanism of the sensor material was based on
the interaction between Mo,CTY flakes and the benzene ring in VOCs molecules, which
reduces the number of charge carriers. The methyl group further enhance the activity of
the phenyl ring in toluene molecules, supporting the evidence that toluene displays the
highest response compared to other gases.
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4.2. MXene Composites with Chalcogenides and Conductive Polymers

Le et al. [125] researched the effect of transition metal dichalcogenides on TizC,yTx MX-
ene for gas-sensing activity. WO3/TizCyTx and MoS; /TizC,Tx composites were prepared
by conducting a hydrothermal reaction for 8 h at 170 °C. As shown in Figure 9, the MoS,-
covered TizC,Tx MXene exhibited great sensitivity to 10 ppm of NO, gas (response = 35%),
which was two-fold higher than that of the WO3 /Ti3C,Tx composite (16%) at the same
conditions. The enhanced NO,-sensing capability of MoS; /TizC,Tx composites can be
explained based on the excellent interaction between MoS, and Ti3C,Tx MXene. Many
S-terminated edges with high d electron density can facilitate active electronic interactions
with NO, molecules. The electron donation movement can be addressed as

NO; + Oy 427 — NO, ™ +20~ 5)

M2 100 ppm

Gas response (%)

Ti,C,-MoS,

0 12l00 24‘00 36100 48'00 60'00 72‘00 0 1200 2460 .38100 48'00 60'00 72'00
Time (s) Time (s)

@1 Us OMo @C @0 @N @F UM

Figure 9. (a,b) Comparison of the response behaviors of MoS; / Ti3C,Tx and WO3/Ti3C, Tx compos-

ites to NO; gas. (c) NO;-sensing mechanism of MoS, /Ti3Cy Tx composite. Reprinted and adapted
with permission from [125].

The conductive polymer is suitable for improved gas sensing because of its high sensi-
tivity, high flexibility, and facile fabrication. Therefore, combining TizC,Tx MXenes with
conductive polymers to create nanocomposites is a good strategy in the field of wearable
devices [107,126]. Further, heterojunctions and Schottky junctions inside composites are
highly beneficial for gas sensor activities. Jun et al. synthesized the heterostructures of
TizC,Tx MXene and poly (3,4 ethylenedioxythiophane) polystyrene sulfonate (PEDOT:PSS)
using an in situ polymerization technique. The optimum heterostructure with 15% Ti3C,Tx
MXene exhibited the best response of 36.7% to 100 ppm of NHj3 gas with fast recovery
(40 s) and response (117 s) times. From a comparison with previously researched NHj3
sensors, they concluded that the direct charge transfers and chemisorption of oxygen play
a crucial role in improving the sensing performance. In addition, the sensor displays a
similar response signal regardless of the bending angles (240°, 180°, 120°, 60°), thereby
representing its tremendous mechanical stability and potential to be utilized in wearable
sensor devices, as indicated in Figure 10 [109].
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Figure 10. Gas-sensing signal of the as-prepared PEDOT:PSS/TizC,Tx composite to 100 ppm NHj
gas at a variety of bending angles (60°, 120°, 180°, 240°). Reprinted and adapted with permission
from [109]. Copyright 2020 American Chemical Society.

Wang et al. [9] prepared nanocomposites of PEDOT:PSS/TizCo Tx MXene for a methanol
sensor at room temperature. A gas sensor based on the composite with a mass ratio of 4:1
(Ti3CpTx MXene 20 wt%) revealed the highest response (5.5%) to 300 ppm methanol com-
pared to pure PEDOT:PSS (4.67%) and pristine Ti3CpTx MXene (1.13%) [9]. The presence of
TizC,Tx in the polymer matrix enlarges the interchain space of PEDOT:PSS, making electron
hopping difficult. The high metallic behavior enables the composite sensors to run under
0.1 V with low power consumption. The formation of heterojunctions at the interfaces
of the conductive polymers and Ti3C,Tx MXene significantly improves the mechanical
flexibility and practicality of wearable gas sensors.

4.3. MXene-Semiconductive Metal Oxide Composites

Metal oxide semiconductors (MOS) are the most used gas-sensing materials for a
variety of applications because of their facile synthesis, high sensitivity, and easy func-
tionalization. However, the high working temperature and low selectivity were the main
disadvantages of these MOS-based gas sensors. To solve this dilemma, a combination of
metallic Ti3C,Tx MXene and semiconducting MOS can overcome the low selectivity and
high operating temperature issues. The formation of the Schottky junction at the interfaces
of the metal oxide semiconductor and TizCyTx MXene can accelerate the movement of only
one type of charge carriers across the interface.

There are several extensive reports on the gas-sensing activities of MOS/MXene
heterostructures, where MXenes are a conductive layer and MOS is the main sensing
material [127-130]. Ta et al. [131] constructed a ZnO/TizC,Tx MXene heterostructure,
which consists of 1D ZnO nanoparticles and 2D few-layered Ti3C,Tx MXene, using a
simple technique. The optimized heterostructure exhibited responses of 54% and 25%
to 10 and 5 ppm of NO;, respectively. Partially oxidized TiO, /Ti3C,Tx composites were
synthesized by oxygen plasma treatment at 350 °C, substantially increasing the responses
to acetone (180% at 2000 ppb) and ethanol (22.5% at 100 ppm) [132,133]. Ti3C,Tx MXene
is partially converted to TiO, nanoparticles, and the oxygen termination groups play a
pivotal role in the enhancement of gas-sensing performance compared to the pure MXene,
as shown in Figure 11.
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Figure 11. VOC-sensing activity of oxidized TiO,/Ti3C,Tx composite. Reprinted and adapted with
permission from [132]. Copyright 2020 American Chemical Society.

Wang et al. [8] synthesized a SnO-5nO, /TizsC,Tx composite for an acetone sensor
at room temperature using the hydrothermal method. The creation of p-n junctions and
Schottky junctions in the SnO-SnO, /TizC,Tx composite was key to improving the acetone-
sensing responses (Rg/Ra = 12.1, 100 ppm), which were 11 and 4 times higher than those of
pure TizC,Tx and SnO-SnO,, respectively. After the connection, the electron moved from
the n-type SnO, and metallic Ti3C,Tx to the p-type SnO because of the differences in Fermi
energy; the electron depletion layer (EDL) decreases when acetone enters. Therefore, the
resistance of the sensing material increased, and the oxidation-reaction mechanism of the
entire process can be explained as

Oy +e~ — Oy (ads) (6)

CH3;COCH3 + 40, — 3CO; + 3H,0 + 4e™ )

Bimetallic oxide is also available for gas sensing because it has several oxygen va-
cancies. Zou et al. [115] prepared a Fep(MoOy)3/Ti3C,Tx MXene heterostructure using
a hydrothermal method and sensed 100 ppm of n-butanol at 120 °C (response = 43.1%).
The nanocomposite showed a large specific surface area (47 m?/g) with a small pore size
(10 nm), which was better than that of pure Fe,(MoOy)3 (11 m?/ g, 20.8 nm). The composite
with 1 wt% of TizC,Tx MXene showed a small pore size caused by nanoparticles blocking
the hole. Rich active sites and abundant chemical oxygen species were the main factors for
enhancing the gas-sensing performance with a short response time (18 s).

4.4. Self-Powered Gas Sensors

Gas sensors require external power sources, which restricts their application in wear-
able devices. Several researchers focused on self-powered gas sensors to tackle this problem.
Zhang et al. [104] studied a Co304/TizCyTx composite-based gas sensor, which was driven
by the ZnO/Ti3C,Tx nanostructure array piezoelectric nanogenerator (PENG) using the
titanium and aluminum foils as electrodes. ZnO/TizC,Tx nanowires on the Ti foil acted
as the power source, converting the mechanical energy of human movement into elec-
trical energy. The power generated from PENG could run the gas sensor device, which
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exhibited high sensitivity (Rg/Ra = 9.2) to 10 ppm of HCHO with a fast recovery speed
(recovery time =5 s) [104].

Wang et al. [134] studied CuO/Ti3C,Tx composites for a self-powered NH3 sensor at
room temperature. The sensor was driven by a triboelectric nanogenerator (TENG) using
latex and polytetrafluoroethylene (PTFE). The resistance of the CuO/TizC, Ty composite
increased when exposed to NH3 gas (0-100 ppm) which resulted in a voltage-resistance
(U-R) curve through the load, as shown in Figure 12. The output voltage versus gas
concentration curves can be obtained via sensing signals, and then can be converted to
resistance versus gas concentration curves using the corresponding U-R relationship. The
CuO/Ti3C,y Ty composite showed a good response (25%) to 100 ppm of NHj3 and could
detect the deterioration of pork because it releases NHj as it rots. Here, CuO showed
p-type semiconductor behavior with holes as the majority carriers; the hole concentration
increased when it was in contact with oxygen molecules. Many electrons jump into the
conduction band of CuO under exposure to an NH3 atmosphere, and this increases the
resistance of CuO. In the same context, the resistance of organ-like MXene increased in
an NHj environment. The excellent interaction between negatively charged MXene and
positively charged CuO led to an effective combination for improved NHj sensing. A
wearable TENG device had a short-circuit current of 34 pA (open-circuit voltage = 810 V)
and could light 480 LEDs with a power density of 10.8 W-m 2.
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Figure 12. Schematic and experimental results of a self-powered ammonia sensor driven by TENG.
Reprinted and adapted with permission from [134]. Copyright 2021 American Chemical Society.

Self-powered composites may be essential in the fields of Internet of Things (IoT) and
flexible devices. In this regard, CuO/Ti3C,Tx composites have the potential to be integrated
into wearable sensors powered by human motion. The improved chemiresistive gas sensor
mechanisms can be explained by

O, (gas) = O, (ads) ®)

O, (ads) +e~ — Oy~ (ads) )

4NH;3 + 50, (ads) — 4NO + 6H,O + 5e~ (10)
2NH;3; + 30" — Ny + 3H0 + 3e™ (11)

NH; + OH™ — NH, + H,O + e~ (12)
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5. Applications of TizC;Tx MXene for Energy Harvesting
5.1. MXene in Triboelectric Energy

Mechanical energy is converted into useful electrical energy through triboelectrifica-
tion and electrostatic induction. This phenomenon, commonly observed in our everyday
lives, causes random electrostatic charges. When two materials with different electron
affinities come into continuous contact and separate, they become oppositely charged
through contact electrification, which causes a transfer of electrons from one material sur-
face to another [135,136]. Wang et al. [137] proposed an energy harvesting technique that
provides a new approach for producing electricity through frictional energy such as body
movements, ocean waves, and mechanical vibrations. The efficiency of power generation
depends on the difference in the electron affinity of materials. Material pairs with large
electron affinity differences are preferred over materials with poor electron affinities [138].
Most triboelectric devices work on four principal modes: contact-separation, lateral sliding,
freestanding, and single electrode modes.

MXenes play a crucial role here because of their unique properties such as high surface
area, electrical conductivity, and tunable electronegativity, which make TizC,Tx MXenes a
suitable candidate for this approach to energy harvesting. Poly (tetfluroethylene) PTFE and
fluorinated ethylene propylene (FEP) are the most used as negative friction layers; however,
they exhibit poor conductivity. Dong et al. [139] reported the use of Ti3C,Tx MXenes as
active electronegative material triboelectric nanogenerators (TENG) for generating high
output powers, where Ti3C,Tx MXenes were considered to be as good as PTFE with the
PET-ITO electrode (Figure 13) [139-141].
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Figure 13. (a) Structure of TizCyTx MXene and MXene triboelectric nanogenerator (MXene TENG)
assembled as shown in the schematics. (b) MXene/PVA hydrogel flexible multifunctional TENG.
(c) Mechanical stability and reliability of EAPs-based TENG with diverse applications. (d) The
50 LEDs, calculator, and stopwatch were powered by the TENG. Reprinted and adapted with
permission from [139,142-144].

Further, MXenes can be used as nanofillers in other materials to improve mechanical,
physical, and surface properties. The incorporation of only 4% Ti3C,Tx MXenes into a
PVA (polyvinyl alcohol) hydrogel improves conductivity as well as the maximum output
voltage of 230 V and output current of 270 nA [142,143]. This system is effectively used for
self-recognizing handwriting systems with great sensitivity, reliability, and identifiability
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as a self-powered sensor. Moreover, MXene-based materials are being studied for use in
wearable flexible devices. For example, a stretchable and shape-adaptive TENG system
with MXenes and liquid metal electrodes was proposed to drive wearable electronics with
open-circuit voltages of 300 V [143]. Overall, the combination of Ti3C;Tx MXene and liquid
metal led to excellent fluidity and high electronegativity.

Further, a self-powered 3D-printed smart glove with a TizC,Tx MXene/ecoflex nanocom-
posite was developed for gaming and human-machine interfaces. Adding MXenes into
the ecoflex led to high charge density, ultraflexibility, high output TENG performance,
and wide pressure detection range (0-120 kPa). Interestingly, Ti3C,Tx MXenes flaxes with
added polymer matrices displayed a superior charge retention capability and highly sus-
tainable wearable TENG [144], which led to its application for operating small portable
electronic devices such as LEDs, a calculator, and a stopwatch. TizCyTx MXene-based
nanocomposites also realized a high dielectric constant and high surface charge density in
the poly(vinylidiene flouride-tetrafluoroethylene) PVDE-TrFE polymer matrix [145]. The
maximum power obtained was 4.02 W/m? under a 4 MQ external resistance.

5.2. MXene in Piezoelectric Energy Harvesting

Piezoelectric energy harvesting is a relatively new technique for converting mechanical
energy into electricity. Its simple manufacturing process makes it ideal for harvesting
energy and powering small-scale devices. Various materials show piezoelectric effects in
response to applied mechanical stress such as semiconductors, ceramics, and polymers.
When external force is applied to a piezoelectric material, the dipole moment of the material
changes and leads to imbalance at the two poles. The crystal lattice consists of ions with
asymmetric charges or molecular groups, and it is responsible for this dipole moment. A
typical example of piezoelectricity is the wurtzite structure of the ZnO crystal lattice. The
generated charge is collected by charge-collector materials. There is no dipole moment
on the ZnO crystal lattice when there is no external force because the two charge centers
of anion and cations cancel each other. This original state becomes disturbed through
compression or stretching with external force, which separates the cation and anion charge
centers. This is how the piezoelectric potential is generated and induces the flow of free
electrons through the external circuit to attain a new equilibrium state.

Tan et al. [146] reported the piezoelectricity of 2D Ti3C,Tx MXene in monolayer and
multilayer structures with a low band gap. They revealed that the generation of continuous
piezoelectric potential occurs in the direction of the armchair at an atomic structure level.
The double-layer structure does not have a piezoelectric polarization phenomenon because
the same and opposite polarization can cancel or superimpose each other. However, in
the monolayer TizC,Tx MXene, an inverse piezoelectric effect is inevitable. Li-doped
ZnO nanowires grown on MXenes result in the performance enhancement of PENG,
where MXenes (Ti3C,T) served as ground for the more effective polarization of Li-doped
ZnO [147], as shown in Figure 14.

Han et al. [148] designed an anisotropic PVDF/MXene device with directionally
oriented foam as the directional sensor and claimed to have a highest sensitivity of
41.3 nA/kPa, which outperforms the other polymer-based piezoelectric sensors. Other
reports showed that the incorporation of TizC,Tx MXene into the polymer matrix of PVDF
enhances the 3-phase, which directly affects the output piezoelectric performance [140].
Ma et al. [149] introduced a highly flexible piezoelectric sensor with the qualities of greatly
changed interlayer distance under external pressure, high sensitivity, and a fast response up
to 30 s. This Ti3CpTx MXene-based piezoelectric sensor could also detect human activities
with extraordinarily reversible compressibility.
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Figure 14. (a—f) Output performance of PENG fabricated with Li:ZnO/TizC, Tx composites. Reprinted
and adapted with permission from [147]. Copyright 2022 American Chemical Society.

5.3. MXene in Thermoelectric Energy Harvesting

This method involves directly converting heat into electricity using Ti3C,Tx MXenes as
both bulk and additives in thermoelectric energy harvesting applications. The temperature
gradient induced in the device resulted in the diffusion of charged carriers from the hot side
to the cold side. One side of the n-type and p-type junction absorbs heat and the other side
releases heat when a current is applied to the device. This utilizes energy harvesting and
cooling applications without the use of moving parts. Here, Ti3C,Tx MXenes are promising
candidates for thermoelectric materials because of their unique electronic structure.

Chang et al. [150] studied the thermoelectric properties of MXenes (ScYCT;) and
showed that MXene structures have high thermoelectric properties. The n-type (ScYC(OH),)
showed a maximum power factor of 0.072 W/mK? at 900 K and a ZT value exceeding 3
and superior electron transfer properties. Further, the thermoelectric properties of Ti3C,Tx
MXene and its energy conversion efficiency can be improved effectively by surface modifica-
tions [151]. The addition of Ti3C,Tx MXene to the SWCNT film improved the thermoelectric
conversion efficiency by 25 times because of its diverse electronic properties [143]. The het-
erostructure of Ti3CyTxMXene helped enhance the Seeback coefficient up to —32.2 pV K1,

5.4. MXene for Hydroelectric Energy Harvesting

Ti3C,Tx MXenes are known to harvest hydroelectric energy because of their hy-
drophilic, high surface area, and three-dimensional (3D) nanosheet structure. Humid-
ity is abundantly available in nature and can be used to harvest clean energy from the
environment. Through water vapor pressure, the water molecules adsorb into the mi-
cro/nanochannels inside the material of interest and result in an electric charge transfer by
creating a ionic concentration gradient inside the material.

Owing to this ionic dissociation of the hydrophilic functional group, the free protons
(H") or mobile charges move along the concentration gradient until it reaches its maximum
value. This gradient disappears when the moisture supply is cut off [138,139]. Further,
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the largely functionalized surface group is a more active material for hydroelectric energy
harvesting, therefore, MXenes are suitable materials for hydroelectric energy harvesting
because of their availability to functionalized surface groups (-F, -OH, etc.). The porous
structure of Ti3CyTx MXene promotes the transport of water molecules [152]. Recently,
the TizC,Tx aerogel was used as a moisture-driven energy harvester for electric power
generation [153]. The 3D-structured bilayer of Ti3CyTx MXene with a PAN aerogel resulted
in high-output electric energy with a sustained voltage of around 430 mV in a wide range
of humidity. The presence of abundant ions such as Ca?* and CI” ions helps facilitate the
large moisture gradient. In addition, Ti3C,Ty MXenes were discovered to be good for
transpiration-driven power generators using water and electrolyte solutions [154]. This
was also used to charge a battery with a power density of 24.8 pW cm™. Li et al. [155]
studied Ti3CpTx MXene-based composite membranes with directional proton diffusion
to generate electricity with moisture stimuli. Here, a multifunctional soft actuator was
developed, as shown in Figure 15.
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Figure 15. MXene for harvesting energy with moisture stimuli. Reprinted and adapted with permis-
sion from [155]. Copyright 2021 American Chemical Society.

5.5. MXene for Solar Energy Harvesting

MXenes have great potential as a future material in solar cells. The continuous
improvement in solar cell systems is expected to replace conventional materials with
2D materials. Two-dimensional semiconductor materials such as graphene, transition-
metal dichalcogenide, and black phosphorous are potential candidates for making next-
generation ultrathin solar cells. Recently, perovskite solar cells (PSCs) with perovskite
crystal structures were highly studied for their quick energy conversion efficiencies [156].
The distortions in the crystallographic phase transition in the perovskite crystal structure
were induced by varying temperature from the cubic to the tetragonal phase. Ti3C,Tx
MXenes have also been used as additives in PSCs to overcome the potential challenges with
PSCs, including their high instability upon exposure to air. TizCoTx MXene has also been
used to enhance carrier mobility and to improve the performance of PSCs by retarding
the crystallization rate [157]. The charge transfer is facilitated through high electrical
conductivity and the mobility of TizC,Tx MXenes. Further, the addition of Ti3C,Tx MXene
in the perovskite film can shift the work function [149]. Zheng et al. [158] showed the
quality-controlling ability of SiO,/ Ti3C,Tx MXene in a perovskite film with defect density,
crystal size, etc. Similarly, interfacial defects are reduced with the addition of TizCyTx
QDs (TQDs), and they improve the carrier mobility of perovskite film (Figure 16) [156,159].
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Thus, TizC,Tx MXene has the potential to be used as an additive in perovskite film and
improve the performance of devices.
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Figure 16. (a) Perovskite solar cell, (b) Interface boosting charge transport. Reprinted and adapted
with permission from [156,159]. Copyright 2020 American Chemical Society.

Ti3C,Tx MXene is also used as a flexible electrode material in organic solar cells
(OSCs). OSCs are promising technologies for wearable and super flexible future electronics
because of their qualities such as flexibility, light weight, and portability. Although the
indium tin-oxide (ITO) electrode is used because of its high conductivity and transparency,
ITO-based electrodes need to be replaced with other flexible electrodes when develop-
ing ultraflexible wearable electronic devices. Nirmal et al. [160] introduced a multilayer
Ti3C,Tx MXene/Ag/MXene structure as a flexible electrode with sustained photovoltaic
performance and memory retention functionalities. This device showed reliable resistive
switching behavior at low operating voltages of 0.60 and —0.33 V, and stable endurance
performance (4 x 10%). Further, a Ti3C,Tx MXene/Ag NWs/ colorless polyimide hybrid
electrode with high conductivity was fabricated with considerably lower sheet resistance
(13.08 Ohm sq’l) [160,161]. The designed CuSe/TizC,Tx CE counter electrode showed
excellent electrocatalytic activity towards polysulfide redox reactions because of its unique
three-dimensional structure. Further, Ti3C,Tx MXene when added to a zinc oxide (ZnO)
precursor can also be utilized in the electron transport layer (ETL) [161,162]. The optimized
concentration of Ti3CpTx with 0.5 and 2 wt% in the ETL exhibited power conversion effi-
ciencies of 14.1% and 13.7%, respectively. The addition of MXene materials is a promising
approach for improving the efficiency and stability of OSCs.

6. Conclusions and Outlook

The review summarized the synthesis and applications of TizC,Tx MXenes and their
composites for toxic gas sensors. A brief review of MXene-based energy harvesting from
various ambient sources was also provided, including thermoelectric energy, piezoelectric
and triboelectric energy, hydroelectric energy, and solar energy. The effects of etching
techniques (HF etching, HF-free etching), intercalation, and exfoliation on the morphology
and structure of MXenes was examined. However, the review focused on HF etching
because it is well-established and easy to use.

The hydrophilicity, surface tunability, high electrical conductivity, high surface area,
and good optical transmittance of Ti3CpTx MXenes provide a tremendous opportunity
for these materials to be utilized in various areas of gas sensors and energy harvesting
for realizing advanced device performances. The high electrical conductivity and rich
surface termination groups may be the key features of TizC,Tx MXene for applications in
those fields. The hybridization of TizC,Tx MXene with other materials to form functional
composites is a good strategy to boost performance to an even higher level. Although
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the proposed mechanisms of gas adsorption and the resulting electron transport remain
debatable, we are indeed moving closer toward filling the gaps between known facts.

More MXenes and MXene-based composites must be explored in future to find their
unparalleled qualities and expand their breadth of applications. Gas sensors are expected
to become one of the key sectors that need these advanced nanomaterials.
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