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MXenes are an emerging family of two-dimensional (2D) materials which exhibits unique characteristics such as metal-like thermal and electrical conductivity, huge surface area, biocompatibility, low toxicity, excellent electrochemical performance, remarkable chemical stability, antibacterial activity, and hydrophilicity. Initially, MXene materials were synthesized by selectively etching metal layers from MAX phases, layered transition metal carbides, and carbonitrides with hydrofluoric acid. Multiple novel synthesis methods have since been developed for the creation of MXenes with improved surface chemistries using non-aqueous etchants, molten salts, fluoride salts, and various acid halogens. Due to the promising potential of MXenes, they have emerged as attractive 2D materials with applications in various fields such as energy storage, sensing, and biomedical. This review provides a comprehensive overview of MXenes and discusses the synthesis and properties of MXenes, including the methods of etching, delamination, and modification/functionalization, as well as the electrical properties of MXenes. Following this, the recent advances in the development of various MXene-based sensors are presented. Finally, the challenges and opportunities for future research on the development of MXenes-based sensors are discussed.
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1 INTRODUCTION
Two-dimensional (2D) materials are composed of layers of strongly bonded atoms, held together by weak interlayer Van der Waals forces (Xu et al., 2013). 2D materials have attracted increasing research attention due to their unique physical, chemical, and electrical properties, such as high surface-to-volume ratio, inherent flexibility, and modifiable surface properties (Yi et al., 2018; Zhao et al., 2019). These properties have made 2D materials appropriate for various applications, such as energy storage, photonic devices, and sensing applications (Choi et al., 2017).
MXenes, which are transition metal carbides, nitrides, or carbonitrides, are an emerging family of 2D materials, first synthesized by Naguib et al., in 2011 (Naguib et al., 2011). MXenes are synthesized by selective etching of layer A from the layered ternary carbides and nitrides (MAX phase) precursors, which are layered materials formulated as Mn+1AXn, where M is an early transition metal (e.g., Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta), A is an element from the group 13 or 14 of the periodic table, and X is carbon and/or nitrogen (Figure 1) (Kalambate et al., 2019). The resulting MXenes have the general formula of Mn+1XnTx, where n is an integer from 1 to 3, and T refers to surface functional groups (–OH, –O, and–F). Depending on the application, surface functional groups can be removed by alkalization and calcination treatments (Anasori et al., 2017). MXenes have 2D layered structures, where each X layer is sandwiched between 2 M layers (Figure 2A). In 2015, two new families of MXenes, ordered double transition metal carbides, were predicted and synthesized, increasing the tunability of the MXene family (Figure 2B) (Anasori et al., 2015). These MXene families are formulated as M′2M″C2 and M′2M″2C3, where M′ and M″ are two different early transition metals.
[image: Figure 1]FIGURE 1 | (A) A periodic table of elements showing the elements forming MAX phases and MXenes. (B) Schematic representation of MXene synthesis through exfoliation process.
[image: Figure 2]FIGURE 2 | (A) The structure of MXenes with different formula: M2X, M3X2, and M4X3. (B) Two new families of MXenes, ordered double transition metal carbides with M′2M″C2 and M′2M″2C3 formula. M, M′, and M″ are early transition metals and X is carbon and/or nitrogen.
Flexible sensors have attracted significant research interest over the last several decades and have been utilized for developing biomedical devices, wearable devices, and soft robots (Wen et al., 2020). Carbon nanomaterials and 2D materials have been used for developing sensors with improved sensitivity and low power consumption due to their high surface-to-volume ratio, high ion transport properties, inherent flexibility, and modifiable surface properties (Choi et al., 2017). However, the incorporation of these materials in sensor development is limited by undesirable properties such as hydrophobicity, low biocompatibility, low electrical conductivity, and difficulty in surface functionalization (Khan and Andreescu, 2020). However, MXenes provide advantages for the fabrication of high-performance sensors due to their high metallic conductivities up to 24,000 S/cm (Zhang et al., 2017), high hydrophilicity, biocompatibility, ease of surface functionalization, low diffusion barrier, and good intercalation properties (Zhu J. et al., 2017; Hart et al., 2019), which distinguish them from most 2D materials. These advantages have attracted significant research interest in MXenes since 2015, and more than 3,000 MXenes-related articles have been published during the last decade (Carey and Barsoum, 2021; Firouzjaei et al., 2022).
To date, some research and review articles published on MXenes have shown the potential of this material for the development of sensors and electronic devices (Jun et al., 2018; Sinha et al., 2018; Kim et al., 2019; Rasool et al., 2019). However, a comprehensive review of recent progress in the development of MXene-based flexible sensors is missing. This review discusses recent advances in flexible MXene-based sensors (strain, pressure, gas, electrochemical, and optical sensors) and provides detailed discussions on sensing mechanisms and related MXene properties that make MXene a great candidate for sensing applications, as well as challenges and future outlooks. The review initially discusses the synthesis methods of MXenes, including methods of etching, delamination, and modification/functionalization, as well as the electronic structure of MXene. Following this, recent progress in the fabrication of MXene-based chemical, physical, and flexible optical sensors is presented. Finally, the challenges and opportunities for future research on the development of MXenes-based flexible sensors are discussed.
2 SYNTHESIS AND ELECTRONIC STRUCTURES OF MXENES
2.1 Synthesis of MXenes
Various methods have been used to synthesize MXene materials (Figure 3) (Huang et al., 2020). Typically, the synthesis of MXenes includes the etching process to obtain MX phase materials from MAX phase precursors and the delamination process to isolate monolayer MXene flakes. The first report on the synthesis of MXenes included wet-chemical etching with hydrofluoric acid (HF) and resulted in multilayered MXene flakes (Naguib et al., 2011). Using wet-chemical etching with HF, different multilayered MXene compositions were synthesized, such as Ti2CTx, Ti3CNTx, Nb2CTx, and V2CTx (Wang et al., 2016). In 2013, monolayer MXene flakes were synthesized by utilizing large organic molecules as intercalants (Mashtalir et al., 2013a). Since the delamination process plays a significant role in the synthesis of monolayer MXene flakes, increasing the delamination yield is of high importance. In 2015, increasing the delamination yield was investigated using organic intercalants such as isopropylamine and tetrabutylammonium hydroxide (TBAOH) (Mashtalir et al., 2015; Naguib et al., 2015). Most of the works reported on the synthesis of MXenes include using MAX phases containing aluminum. In 2018, the most common MAX phase, titanium silicon carbide, was used for large-scale synthesis of titanium carbide MXene (Alhabeb et al., 2018). The obtained delaminated Ti3SiC2-derived MXene samples were processed into flexible and conductive films (200 S/cm) with higher oxidation resistance when compared to Ti3AlC2-derived MXene. The methods and conditions used in the synthesis process impact the properties of the resulting MXene samples and their performance in the associated applications. In the following, we will discuss the two main processes for the synthesis of MXenes: etching and delamination.
[image: Figure 3]FIGURE 3 | Different approaches for the synthesis of titanium carbide MXene (Ti3C2Tx), Reproduced with permission from Huang et al. (2020), ©American Chemical Society.
Etching process. Other layered materials, such as graphite and transition metal dichalcogenides (TMDs), have weak van der Waals interactions between their layers, and their exfoliation process is well studied. In contrast, MAX phases are held together by strong van der Walls interaction, and their exfoliation is more complicated (Ng et al., 2017). So far, different etching methods are used for the development of MXenes, which has led to different synthesis times, defect densities, and surface properties of MXenes (Hope et al., 2016; Hu et al., 2019). As mentioned before, the first etchant used to remove the A layer was hydrofluoric acid (HF). The concentration of HF can influence the synthesis time and properties of the MXene (Hu et al., 2019). Higher HF content decreases the time needed for the etching process, but it introduces more defects to the MXene flakes. According to literature, 2 h is enough for the etching process of Ti3AlC2 with ∼50 wt% HF at room temperature (Mashtalir et al., 2013b). The effect of using different HF contents (30 wt%, 10 wt%, and 5 wt% HF) for the etching process has been investigated (Alhabeb et al., 2017). It was observed that the 10 wt% and 5 wt% HF etchants did not result in an accordion-like morphology for the MXene, while 30 wt% HF led to MXene samples with an accordion-like structure (Figure 4). Also, it was found that HF content as low as 3 wt% can be used to synthesize Ti3C2Tx MXene.
[image: Figure 4]FIGURE 4 | SEM image of (A) Ti3AlC2 (MAX) powder showing the compact layered structure. Multilayered Ti3C2Tx powder synthesized with (B) 30 wt%, (C) 10 wt%, and (D) 5 wt% HF. Accordion-like morphology only observed for the 30 wt% HF etched powder (B). (E) Multilayered NH4-Ti3C2Tx powder synthesized with ammonium hydrogen fluoride and (F) MILD-Ti3C2Tx powder etched with 10 M LiF in 9 M HCl, both showing negligible opening of MXene lamellas, similar to what is observed in 5F-Ti3C2Tx, Reproduced with permission from Alhabeb et al. (2017), ©American Chemical Society.
Using HF for the MXene synthesis requires the handling of concentrated HF and a laborious multi-step procedure (Ghidiu et al., 2014). Some alternative MXene synthesis methods were used for in-situ HF formation in the etching process, which provides a less hazardous process when compared to using HF acid. As shown in Figure 4, the samples prepared by in-situ HF formation have multilayered structures and a negligible opening between MXene layers, which is similar to samples etched by low-concentration HF (Alhabeb et al., 2017). In 2014, Halim et al. used ammonium bifluoride (NH4HF2) salt to produce transparent Ti3C2Tx MXene films with metallic conductivity (Halim et al., 2014). As another alternative to HF, a mix of lithium fluoride (LiF) salt and hydrochloric acid (HCl) were used as the etchant for the MXene synthesis, which simplified the synthesis of the titanium carbide ‘clay’ MXene and resulted in films with high volumetric capacitances (Ghidiu et al., 2014). The chemical etchant used in the synthesis process will also influence the surface properties of the prepared MXene samples. Using different etchants will lead to different ratios of surface functional groups resulting in different surface behavior and adsorption kinetics. Hope et al. reported that MXene samples prepared using 50 wt% HF contain nearly four times higher -F surface functional groups compared to MXene samples obtained by HCl-LiF etchant (Hope et al., 2016).
Also, HF-free MXene synthesis methods have been developed, which are less hazardous compared to using HF acid and can result in MXene samples with different surface functional groups and electronic properties. In 2016, an HF-free method was used to synthesize MXene with aluminum oxoanions (Al(OH)4-) surface groups, showing superior photothermal therapeutic behavior (Xuan et al., 2016). Urbankowski et al. developed a new method using LiF, Sodium fluoride (NaF), and potassium fluoride (KF) molten salts to synthesize titanium nitride MXene (Ti4N3Tx) (Urbankowski et al., 2016). Li et al. reported a new MXene synthesis method, which is fluoride-free and provides MXenes with exclusively chlorine (Cl) terminations (Li M. et al., 2019). This method included replacing the Al from MAX phases with Zn from molten Zinc chloride (ZnCl2) to form Zn-containing MAX phases. The resulting MAX phases were then exfoliated in the presence of an excess of ZnCl2 to obtain Cl-terminated MXenes. This synthesis method paved the way for producing MXenes with new terminations and surface properties for applications in sensors and other electronic devices. Another fluoride-free method, reported by Yang et al. (2018), included anodic corrosion of Ti3AlC2 MAX phases in a binary aqueous electrolyte, resulting in large-scale Ti3C2Tx production with a high yield (90%).
Delamination. Generally, the samples resulting from the etching process have a multilayered structure, and a delamination step is necessary to obtain monolayer MXenes. The most common method of delamination is using large organic molecules as intercalants to weaken the interlayer interactions and increase the distance between MXene layers (Lv et al., 2018; Han et al., 2019). Generally, the intercalation and delamination processes include adding a mixture containing intercalants to the multilayered MXene, and a centrifugation process to isolate the delaminated material from the remaining multilayered MXene flakes. Depending on the etching method and the intercalant used, a sonication step might be required to complete the intercalation and delamination process. After the centrifugation process, the colloidal solution of functionalized MXene monolayers can be collected. The flake size, defects, and concentration of the resulted MXene monolayers depend on the sonication process (Malaki et al., 2019). Increasing the sonication power and time will lead to smaller flakes with more defects and may change the MXene sample’s concentration. The dispersed MXene nanosheets concentration also depends on other parameters, such as the etchant and intercalants used (Halim et al., 2016).
Alhabeb et al. investigated using different concentrations of LiF/HCl mixtures as the etchant (Alhabeb et al., 2017). It was observed that there was no need to add intercalants when using Lif/HCl etchant, and the necessity of using a sonication step for delamination depends on the concentrations of LiF and HCl. The delamination process for multilayered Ti3C2Tx MXene produced by 5 M LiF/6 M HCl etchant requires sonication, resulting in small MXene flakes with high defects. However, for the MXene synthesis method using 7.5 M LiF/9 M HCl, the delamination process can be done by hand-shaking of samples, resulting in large monolayer MXene flakes with fewer defects. This increases its electrical conductivity, but choosing the suitable flake size and defect density depends on the application of the MXene-based device.
2.2 Electronic structures of MXenes
The electronic structure of the obtained MXene samples depend on the M and X elements, as well as surface functional groups. During the MXene synthesis process, surface terminations will replace A layers of the MAX phases, such that the surfaces of the resulting MXene layers are functionalized, usually with -F, -O, or -OH functional groups. As discussed before, different MXene synthesis methods will lead to different properties such as flake size, defect density, and surface functional groups, which in turn affect their electronic structure. MXenes can have metallic or semiconductor-like behavior. Two outer transition metal layers have a significant effect on the electronic structure, and the metallic or semiconductor-like behavior of the MXene can be controlled by changing these two layers (Anasori et al., 2016). For example, some ordered double transition metal carbides, such as molybdenum titanium carbide (Mo2TiC2Tx), have semiconductor-like behavior (Anasori et al., 2016). Also, changing surface functional groups and intercalant molecules can lead to transitions between metallic and semiconductor-like behavior (Hart et al., 2019).
In most MXenes, there is a small band gap between the p bands of C/N atoms and the d bands of the early transition metal (Figure 5) (Khazaei et al., 2017). Upon functionalization of MXenes, the hybridization between d orbitals of transition metal and p orbitals of terminating groups will generate new bands below the Fermi energy (Khazaei et al., 2019). Also, as transition metals have lower electronegativity than C/N atoms and the surface functional groups, the transition metal atoms become positively charged by donating electrons to C/N atoms and surface functional groups (Khazaei et al., 2013). The surface functional groups with different electronegativity influence the electrical and ion transport properties of MXenes, which impact their conductivity and charge transfer to their surfaces (Khazaei et al., 2017). Some of the OH-terminated MXenes, such as Sc2C(OH)2 and Hf2C(OH)2, have partially occupied nearly free electron (NFE) states. These NFE states are close to the Fermi energy since the OH-terminated MXenes have positively charged hydrogen atoms at their surfaces. NFE states can provide almost perfect transmission channels without nuclear scattering for electron transport.
[image: Figure 5]FIGURE 5 | Projected density of states [PDOS (states per eV per cell)] and projected band structures for (A) Ti2C, (B) Ti2CF2, and (C) Ti2CO2. The Fermi energy is located at zero energy, Reproduced with permission from Khazaei et al. (2017), ©Royal Society of Chemistry.
As discussed, the band structure and band gap of MXenes can be controlled by changing many parameters, which makes them promising materials for sensing applications. MXenes have been used for the detection of several gases and molecules due to the conductivity changes upon the adsorption of target species on the MXenes (Huang et al., 2018). Interactions of these molecules with the MXene’s surface lead to the change of terminations, which in turn changes the conductivity of MXenes. Also, the band gap of Ti2CO2 and Sc2CO2 MXenes experiences a considerable change by applying strain or an external electric field (Khazaei et al., 2017).
3 MXENES AS SENSORS
Although MXenes emerged less than a decade ago, they have attracted significant attention as potential materials for the fabrication of high-performance sensors due to their multiple unique properties. In this section, the application of MXenes for the fabrication of physical, chemical, and optical sensors is discussed.
3.1 Physical sensors
Physical sensors convert a physical quantity, such as force or temperature, into electrical signals. Pressure sensors, strain sensors, and temperature sensors are some examples of physical sensors. Among these sensor types, MXenes have been used extensively for the development of pressure sensors and strain sensors. Therefore, this review focuses on pressure sensors and strain sensors.
3.1.1 Pressure sensors
Pressure sensors are utilized in various applications such as human motion monitoring, tactile sensing, and artificial intelligence (Zang et al., 2015). There are different pressure sensing mechanisms, including piezoresistive sensing, capacitive sensing, and piezoelectrical sensing. In piezoresistive sensors, the applied pressure causes a change in the resistance of the sensor. In a capacitive sensing mechanism, an applied pressure deflects the capacitor’s plates, leading to a change in the capacitance. Piezoelectric-based sensors are based on certain types of solid materials which generate electrical charges in response to applied pressure. The rapid growth of novel nanomaterials and fabrication techniques has enabled the development of flexible pressure sensors with improved properties, such as high flexibility, low cost, and compatibility with large-area production. MXenes can be used for the fabrication of flexible pressure sensors since the distances and interactions between MXene layers can be changed under an external force which changes the electrical resistance, (Wu et al., 2021). However, there are challenges faced by MXene-based composites, such as the low mechanical strength and elasticity of MXene-based aerogel pressure sensors, which can be overcome by creating long-range ordered structures using bidirectional freezing or other technologies. In addition, the low sensitivity of MXene-based fabric pressure sensors can be resolved by chemical cross-linking or using cross-linking agents as bridges (Wu et al., 2021). Ma et al. investigated the pressure-sensing capabilities of MXene/reduced graphene oxide (MX/rGO) nanocomposite, which combines the large specific surface area of rGO and the high conductivity of MXene (Ti3C2Tx) (Ma et al., 2018). The porous structure of the synthesized MX/rGO nanocomposite led to superior pressure sensing performance compared to that of rGO or MXene. It was reported that the MXene flakes would be wrapped with large rGO nanosheets inside the aerogel, which can prevent the poor oxidization of MXene. The obtained light and elastic MX/rGO-based aerogels were used to fabricate piezoresistive pressure sensors with a 3D structure. The fabricated MX/rGO aerogel-based pressure sensors showed a sensitivity of 22.56 kPa−1, a response time of <200 ms, and good stability over 10,000 cycles, which can detect the pressure below 10 Pa.
Flexible and degradable pressure sensors have potential use in many applications such as electronic skins, flexible displays, and intelligent robotics. Guo et al. developed a flexible and degradable pressure sensor by sandwiching porous MXene-impregnated tissue paper between a biodegradable polylactic acid (PLA) thin sheet and an interdigitated electrode-coated PLA thin sheet (Figure 6) (Guo et al., 2019). The flexible pressure sensor exhibited a detection limit of 10.2 Pa, detection range up to 30 kPa, a response time of 11 ms, low power consumption (10–8 W), good stability over 10,000 cycles, and excellent degradability. The pressure sensors were attached to the arm muscle, cheek, throat, and wrist and showed promising responses for human motion monitoring. Also, E-skin assembled from the MXene/tissue-paper-based sensors with a size of four pixels × 4 pixels was used for pressure mapping. Remote touching monitoring was demonstrated using the wireless connection of the sensor to a mobile phone. Employing biodegradable and biocompatible materials in the fabrication of pressure sensors has the potential to decrease electronic waste, which is one of the fastest-growing pollution problems worldwide contaminating the environment (Heacock et al., 2015).
[image: Figure 6]FIGURE 6 | (A) Schematic illustration of the fabrication procedure of flexible wearable transient pressure sensors with MXene nanosheets. (B) Sensing performance of the pressure sensor attached to the arm muscle for reliable detection of radial muscle contraction resulting from reversibly making a fist. Inset: Photograph of the sensor attached onto the arm muscle while reversibly making a fist. (C) Sensing performance of the pressure sensor adhered onto a human throat for the timely sensing of swallowing. Inset: Photograph of the sensor attached onto a human throat. (D) Sensing sensitivity of the flexible pressure sensor to pressure. (E) I−V curves of the sensor with various applied pressures, Reproduced with permission from Guo et al. (2019), ©American Chemical Society.
Textile-based electronics enable the next generation of wearable electronic devices and has recently attracted significant research interest. Uzun et al. developed a fully knitted textile-based capacitive pressure sensor based on MXene-coated cotton yarn (Figure 7) (Uzun et al., 2019). The fabricated sensor exhibited a gauge factor of ≈6.02, a sensing range for up to ≈20% compression, and good stability over 2000 cycles. Integrating MXene in cellulose-based yarns can pave the way for the development of various textile-based electronic devices. Li et al. used MXene–coated textile, prepared by a simple dip-coating process, to develop a flexible piezoresistive pressure sensor (Li T. et al., 2019). The textile was dip-coated in Ti3C2Tx MXene, and the MXene-coated textile was sandwiched between two molybdenum (Mo) interdigitated electrodes and polyimide (PI) tape. The fabricated pressure sensors exhibited a sensitivity of 12.095 kPa−1 for the 29–40 kPa range and 3.844 kPa−1 for the pressures <29 kPa, a response time of 26 ms, and good stability over 5,600 cycles. The obtained conformal MXene–textile sensors demonstrated the potential of being used for monitoring human physiological signals, such as pulses, voice, or finger movements. Further, a 4 × 4 pressure sensor array was fabricated and used for pressure distribution mapping, thereby demonstrating the potential of the MXene-textile pressure sensors as wearable devices for human-machine interface applications.
[image: Figure 7]FIGURE 7 | Evaluation of sensing performance of the capacitive knitted pressure sensor device. (A) Schematic representation of the capacitive pressure sensor (active area—16 mm × 26 mm) assembled by using two knitted fabric electrodes and a dielectric layer. (B) Electromechanical behavior of the knitted sensor. The applied strain is incrementally increased from 2.8 to 19.7%. Each cyclic deformation is repeated 20 times. (C) Capacitance as a function of time at different compression strains ranging from 2.8 to 19.7%. The hold time is 10 s. (D) Relative capacitance changes of the sensor at various strains. Gauge factor (GF) is derived from the linear fit. (E) Cyclic stability of the sensor based on relative capacitance change at 14.1% strain for 2000 cycles. (F) Top: Photograph of the knitted pressure sensor button (active area—16 mm × 5 mm). Bottom: capacitance output of the sensor when a gentle, moderate, or hard pressure is applied to the device by a finger, Reproduced with permission from Uzun et al. (2019), ©Wiley-VCH.
Recently, a sponge-based piezoresistive pressure sensor was developed by treating the backbone of polyurethane (PU) sponge with chitosan (CS) to obtain positively charged CS/PU sponge, followed by dip-coating of negatively charged Ti3C2Tx MXene sheets (Chen et al., 2019). The fabricated sensor exhibited a low detection limit of 30 μN (corresponding to a pressure of 9 Pa), a response time of 19 ms, good stability over 5,000 cycles, and stable piezoresistive response for compressive strains up to 85% with the stress of 245.7 kPa. The sensor also showed a stable performance after washing in water for 1 h. The developed sensor was used for detecting human physiological signals and insect movements, as well as non-contact signals such as voice and human breath. Also, MXene has been used to improve the piezoelectric response of polyvinylidene-fluoride-trifluoroethylene (PVDF-TrFE), which in turn was used to develop self-powered linear pressure sensors (Wang S. et al., 2021). The developed sensors exhibited improved output voltage, depending on the MXene content. The pressure sensor was fabricated by electrospinning PVDF-TrFE/MXene nanofiber mats. MXene has effective interaction with the dipoles of PVDF-TrFE molecular chains and can potentially increase the polarization of PVDF-TrFE during electrospinning due to MXene’s large amount of surface functional groups and its high electrical conductivity. The developed sensor exhibited a linear voltage-pressure response. Also, the sensor was capable of harvesting mechanical energy and sensing body motion, which can be used for developing self-powered pressure sensors for healthcare applications. A summary of MXene-based pressure sensors is listed in Table 1.
TABLE 1 | Summary of MXene-based pressure sensors.
[image: Table 1]3.1.2 Strain sensors
The working principle of a strain sensor originates from the resistance change under strain (ε), which is the relative change in length (ε = Δl/l). The resistance is given by R = ρl/A, where ρ, l, and A are electrical resistivity, length, and cross-sectional area. The gauge factors (GF), which is the ratio of relative resistance change to strain, is expressed as 1+2υ+Δρ/ερ, where υ is the Poisson’s ratio (Duan et al., 2020). Strain sensors have attracted significant research interest for various applications such as robotics, human motion monitoring, and electronic skin (Ge et al., 2018). It is desired to fabricate strain sensors that have high gauge factors (GF) and work for a broad range of strains. Also, the rapidly growing area of flexible and wearable electronics necessitates the development of flexible and stretchable strain sensors. Desired materials for strain sensing should be able to show large structural changes when a small strain is applied to the sensor. Novel nanocomposites, such as Graphene/PDMS and CNT/PDMS, have been used to develop flexible strain sensors (Yan et al., 2018). Generally, it is challenging to fabricate strain sensors with both high GF (>100) and a broad sensing range (>100%). Recently, MXenes have also been investigated for the fabrication of strain sensors. Due to possible interaction between adjacent layers of MXene, pure MXene structures have limited slippage between the layers under the applied strain and generate cracks to disperse the strain, which may lead to ultra-high GF in a small strain range but limits the operating range of the sensor (Zeng and Wu, 2021). To address this problem, MXene/polymer composites have been used to develop strain sensors, where a stretchable polymer absorbs the applied strain and generates the deformation, and conductive MXene layers generate electrical signal changes (Zeng and Wu, 2021).
Recently, the development of a highly sensitive strain sensor with a tunable sensing range based on Ti3C2Tx MXene/CNT composite has been reported (Figure 8A) (Cai et al., 2018). A soft latex rubber was used as the substrate, and Ti3C2Tx, as well as CNTs, were alternately deposited into sandwiched Ti3C2Tx/CNT thin films by air-spray coating. The MXene/CNT composite combined the sensitive MXene nanosheets with conductive and stretchable CNT crossing. The fabricated strain sensors with thin device dimensions (<2 μm in thickness) were able to detect small deformations (detection limit of 0.1% strain) and large deformations (up to 130% strain). Also, these sensors exhibited stretchability up to 130%, high sensitivity (GF ∼ 772.6), tunable maximum strain limit (up to 130% strain), and good durability for >5,000 cycles. The fabricated sensors were used for the detection of body motions. Recently, a wearable strain sensor based on an anti-freeze MXene nanocomposite organohydrogel (MNOH) has been developed for extremely low-temperature conditions (Liao et al., 2019). The self-healing and conductive MNOH, synthesized by immersing MXene nanocomposite hydrogel (MNH) in ethylene glycol (EG) solution, maintained flexibility and reversible bending capability at −40°C. The fabricated strain sensors, with a gauge factor of 44.85 under extremely low temperatures (−40°C), were able to measure strain levels up to 350%. The developed wearable strain sensors were used for the detection of human motion, such as finger bending and swallowing. MXenes are also used for the development of capacitive strain sensors. Zhang et al. developed a highly stretchable and self-healing electrode based on MXene (Ti3C2Tx)/polyvinyl alcohol (PVA) hydrogel (Zhang J. et al., 2019). Adding MXene to PVA increases the conductivity and self-healability of the hydrogel, leading to highly stretchable (≈1,200%) electrodes with a self-healing time of ∼0.15 s. The fabricated capacitive strain sensors showed high linearity up to 200% strain, a sensitivity of ≈0.40, and good durability for 10,000 cycles.
[image: Figure 8]FIGURE 8 | (A) Fabrication process of a sandwich-like Ti3C2Tx MXene/CNT layer, and typical relative resistance−strain curve of a Ti3C2Tx MXene/CNT/latex strain sensor at a stretching rate of 5% min. The inset shows the curve within 0.6% strain, Reproduced with permission from Cai et al. (2018), ©American Chemical Society. (B) Schematic of the fabrication process for the bioinspired Ti3C2Tx-AgNW-PDA/Ni2+ sensor fabricated through the screen-printing method. Schematic illustration of the structures for the “brick” materials (Ti3C2Tx and AgNWs), “mortar” material (PDA/Ni2+), and the Ti3C2Tx-AgNW-PDA/Ni2+ sensor based on the “brick-and-mortar” architecture is shown. Detailed gauge factor and linear behavior of the Ti3C2Tx-AgNW-PDA/Ni2+ strain sensor is illustrated. Regions I, II, III, IV, and V represent the fitting lines for strains ranging from 0 to 15% (with a linearity of 0.998), 15–35% (with a linearity of 0.981), 35–60% (with a linearity of 0.987), 60–77% (with a linearity of 0.987), and 77–83% (with a linearity of 0.971), respectively (GF = gauge factor). Typical relative resistance change as a function of applied strain curves for the Ti3C2Tx-AgNW, Ti3C2Tx-AgNW-PDA, Ti3C2Tx-AgNW-Ni2+, and Ti3C2Tx-AgNW-PDA/Ni2+ sensors is shown, Reproduced with permission from Shi et al. (2019), ©American Chemical Society.
Shi et al. developed bio-inspired strain sensors based on a nacre-mimetic microscale “brick-and-mortar” architecture, with 2D titanium carbide (MXene) Ti3C2Tx/1D silver nanowire as “brick” and polydopamine (PDA)/Ni2+ as “mortar” (Figure 8B) (Shi et al., 2019). The sensor demonstrated a gauge factor of >200 over a range of working strains up to 83% and achieved a gauge factor exceeding 8,700 in the strain region of 76–83%. The microscale hierarchical architecture derived from the combination of the “brick” and “mortar” and the synergistic toughening effects from interfacial interactions of hydrogen and coordination bonding, layer slippage, and molecular chain stretching can lead to the combination of high sensitivity and large stretchability. The developed sensors were attached to the human wrist and knee and showed successful pulse monitoring and knee bending detection.
Seyedin et al. developed a wearable strain sensor based on Ti3C2Tx MXene/polyurethane (PU) composite fibers (Seyedin et al., 2020). A scalable wet-spinning technique was used to produce Ti3C2Tx MXene/PU composite conductive fibers with high stretchability. The fabricated strain sensor had a gauge factor of ≈129 (≈2.38 at 50% strain) and a strain range of ≤152%. The knitted MXene/PU fibers were used as wearable strain sensors and showed successful gait detection. This study presented strategies for producing MXene-based fibers to develop wearable electronic devices. Recently, Liu et al. developed a conductive polyimide nanofiber (PINF)/MXene composite aerogel using freeze-drying and thermal imidization process (Liu et al., 2021). The developed composite aerogel exhibited a low density (9.98 mg cm−3), temperature tolerance from −50 to 250°C, improved compressibility and recoverability (up to 90% strain), and fatigue resistance over 1,000 cycles. The composite aerogel was used to develop a strain sensor with a maximum strain limit of 90% (corresponding 85.21 kPa), a detection limit of 0.5% strain (corresponding 0.01 kPa), and good stability over 1,000 cycles. The composite aerogel exhibited a stable piezoresistive sensing ability in harsh environments, such as liquid nitrogen and a high temperature of 150°C. Also, the developed sensor exhibited good performance for the detection of human body motion. A summary of the characteristics and performance of MXene-based strain sensors is listed in Table 2.
TABLE 2 | Summary of MXene-based strain sensors.
[image: Table 2]3.2 Chemical sensors
Chemical sensors are used to convert a chemical property of an analyte into electrical signals. MXenes are used for the development of chemical sensors, including gas sensors, humidity sensors, and electrochemical sensors, which are discussed in this section. During the synthesis of MXenes, the usage of different etching agents and intercalation agents results in the surface functionalization of MXenes with different functional groups, offering numerous possibilities for surface state engineering (Khan and Andreescu, 2020; Mehdi Aghaei et al., 2021). It is also feasible to tune the number of valence electrons and the relativistic spin-orbit coupling using transition metals in the synthesis (Khazaei et al., 2017). The functionalization of MXenes surface with a particular functional group and tuning of its properties will exhibit affinity towards a certain analyte, and this provides the ability to selectively bind the analyte for specific targeting and recognition, which is essential for sensing. In other words, by changing the surface functional groups of MXenes, the interactions between analytes and the MXene can be controlled, resulting in the selective chemical sensing properties of MXenes. In addition, the selectivity of MXene-based chemical sensors can be controlled by varying the interlayer charge transport of the MXenes (Koh et al., 2019).
3.1.3 Gas sensors
Gas sensors typically consist of a transducer and an active layer, which converts a reaction with the target gas into an electronic signal, such as a change in the resistance, capacitance, or frequency (Nazemi et al., 2019). The development of gas sensors with high sensitivity and rapid response has attracted significant research interest for various applications, including air pollution monitoring, food quality control, and biomedical applications (Jian et al., 2020). The emerging novel nanomaterials with inherent flexibility, as well as deposition techniques for the fabrication of flexible devices, have been utilized to develop flexible gas sensors (Alrammouz et al., 2018). Recently, the gas sensing properties of MXenes have also been investigated. Metallic MXenes always show a resistance increase under oxidizing or reducing gases because they have metallic conductivity, and gas adsorption reduces their charge carrier density. This is distinctive from other 2D semiconducting materials where the resistance can be increased or decreased depending on the gas molecules’ electron-donating or accepting properties and the semiconducting material’s type (p- or n-type) (Chen et al., 2020a). Surface terminations of MXenes have significant effects on the gas sensing properties of MXenes (Hajian et al., 2018). The gas sensing mechanism mainly depends on the electron transfer between gas molecules and the MXene (Huang et al., 2018). MXenes facilitate room-temperature gas sensing and are one of the appropriate candidates for the development of low-power and low-cost gas sensors (Liu et al., 2017). The key challenge in developing MXene-based gas sensors is aggregation, which can decrease their sensitivity and selectivity (Joshi et al., 2021). In addition to modifying the surface functional groups, the sensitivity and selectivity of MXene-based gas sensors can be controlled by modifying the interlayer spacing and transport of MXenes (Koh et al., 2019). Another solution for improving selective gas sensing is to use artificial intelligence methods for analyzing the data from gas sensor arrays (Li et al., 2021).
Kim et al. developed highly sensitive and low-noise MXene-based gas sensors with a very low limit of detection (LOD) for the detection of VOC gases at room temperature (Kim et al., 2018). The developed MXene-based gas sensors showed high selectivity toward hydrogen-bonding gases over acidic gases and the empirical LOD of 50 ppb. The signal-to-noise ratio of Ti3C2Tx-based sensors was two orders of magnitude higher than that of other 2D materials due to the high metallic conductivity of the Ti3C2Tx for low noise and abundant surface functional groups for a strong signal. It was revealed that the high sensitivity of Ti3C2Tx MXene could be attributed to the strong interaction of surface functional groups with gas molecules and the excellent metallic conductivity of the core channels. Lee et al. developed a room-temperature NH3 gas sensor based on Ti3C2Tx MXene, showing the promising performance of the titanium carbide MXene as the NH3 sensor (Lee et al., 2017). The sensing layer was formed by solution-casting of the synthesized Ti3C2Tx suspension on platinum-based interdigitated electrodes (IDEs) sputtered on a flexible polyimide film. The developed sensor showed the capability to sense an array of VOC gases such as ethanol, methanol, acetone, and ammonia at room temperature, showing a higher sensing response to ammonia (Figure 9A). The gas sensing mechanism of Ti3C2Tx involves the adsorption of gas molecules on defects and functional groups (Figure 9A). The Ti3C2Tx MXene exhibited a p-type sensing behavior, possibly attributed to the adsorbed molecules such as water and oxygen introduced during the MXene synthesis process, which would play the role of a p-type dopant for Ti3C2Tx. The possible sensing mechanism of the sensor included electron transfer from adsorbed gas molecules to the Ti3C2Tx, which decreased the concentration of majority charge carriers (holes), resulting in a resistance increase in the MXene-based sensing layer. The possible electron transfer process between chemical species of the Ti3C2Tx surface and NH3 gas was proposed based on the following routes:
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[image: Figure 9]FIGURE 9 | (A) Calculated average gas response of the Ti3C2Tx MXene-based gas sensor for different gases, and schematic illustration of the possible gas-sensing mechanisms of the Ti3C2Tx MXene for NH3 gas, Reproduced with permission from Lee et al. (2017), ©American Chemical Society. (B) Side view of the adsorption structures of the NH3 gas molecule on the surface of MXenes with different types of surface functional groups. Yellow, black, red, green, white, and blue atoms are titanium, carbon, oxygen, fluorine, hydrogen, and nitrogen, respectively. Binding distances are in Å, Reproduced with permission from Khakbaz et al. (2019), ©American Chemical Society. (C) Adsorption energies of gas molecules (including NH3, H2, CH4, CO, CO2, N2, NO2, or O2) on monolayer Ti2CO2 as a function of applied biaxial strains (from 0 to 4%), Reproduced with permission from Yu et al. (2015), ©American Chemical Society. (D) The adsorption energies of NH3 on monolayer Sc2CO2, Ti2CO2, Zr2CO2, and Hf2CO2, Reproduced with permission from Xiao et al. (2016), ©Elsevier.
The electrons generated through Eqs. 1, 2 leads to electron-hole recombination, followed by an increase of MXene film’s electrical resistance. Recently, alkaline-treated Ti3C2Tx MXenes have shown promising NH3 and humidity sensing performance (Yuan et al., 2018). Ti3C2Tx MXene was synthesized by the HF acid etching method, and alkalized Ti3C2Tx was obtained by further alkaline-treating of MXenes with a sodium hydroxide (NaOH) solution. Room-temperature gas and humidity sensors were fabricated utilizing the dip-coating method. The fabricated sensors showed ∼6,000% relative resistance change when the relative humidity (RH) varied from 11% to 95%. Also, the NH3 sensing test at room temperature revealed a 28.87% relative resistance change in response to 100 ppm of NH3. It was concluded that the intercalation of the alkali metal ion (Na+) and the larger ratio of -O to -F surface functional groups in the MXene could significantly enhance humidity- and gas-sensing properties of the MXene at room temperature. In another work, a 3D MXene framework (3D-M) has been used to develop a room-temperature flexible VOC sensor, using the electrospinning technique and a self-assembly approach (Yang et al., 2019a). The interconnected porous structure of the fabricated sensor allows easy diffusion of gas molecules. The obtained sensors were tested for various VOCs (acetone, methanol, and ethanol) and showed a sensing range from 50 ppb up to saturated vapor, response and recovery time of less than 2 min, and no performance decrease for 1,000 bending cycles. Recently, SnO-SnO2/Ti3C2Tx nanocomposites, developed by a one-step hydrothermal method, were used to develop acetone sensors (Wang Z. J. et al., 2021). The sensors exhibited a gas response value of 12.1, much higher than that of the pristine SnO-SnO2 and Ti3C2Tx, and a recovery time of 9 s, under 100 ppm acetone at room temperature. It was suggested that the superior acetone sensitivity of the SnO-SnO2/Ti3C2Tx nanocomposite is attributed to its unique layered structure, larger specific surface area, and more extensive oxygen vacancies than Ti3C2Tx gas sensors. Also, the p-n hetero-junction formation in the SnO-SnO2/Ti3C2Tx nanocomposite improves the response performance and reduces the induction temperature.
Density functional theory (DFT) calculations have been used to study the gas sensing properties of MXenes. As surface terminations play a significant role in the gas sensing of MXenes, optimizing the surface functional groups of MXenes is essential for improving the sensitivity of MXenes toward the target gas (Hajian et al., 2021). Khakbaz et al. used titanium carbide MXene models with different ratios of surface functional groups to represent MXene samples produced by different synthesis methods to study the impact of the synthesis method and surface terminations on the NH3 sensing properties of MXenes (Figure 9B) (Khakbaz et al., 2019). It was demonstrated that Ti3C2Tx MXenes with a low ratio of -F surface functional groups have a high NH3 sensitivity, and the presence of water molecules in MXene samples can decrease the electron transfer between NH3 molecule and the Ti3C2Tx significantly. Yu et al. utilized DFT calculations to analyze the gas sensing behavior of monolayer oxygen-terminated titanium carbide MXene (Ti2CO2) (Yu et al., 2015). The Ti2CO2 MXene showed higher sensitivity to NH3 when compared to other gases, including H2, CH4, CO, CO2, N2, NO2, and O2 molecules. Also, it was shown that the monolayer Ti2CO2 with biaxial strains larger than 3% could be used as an NH3 capturer (Figure 9C), taking the adsorption energy of -0.50 eV as the reference for the gas capturer (Xiao et al., 2016). The NH3 capture process is reversible, by releasing the applied strain. Xiao et al. investigated the effect of using different early transition metal elements for the adsorption of NH3 on MXenes (Xiao et al., 2016). DFT calculations were employed to compare the sensing behavior of different oxygen-terminated M2C MXenes (M = Sc, Ti, Zr, and Hf). It was shown that the impact of electron injection on the adsorption of NH3 on Ti2CO2 is significantly more than those of other M2CO2 MXenes (M = Sc, Zr, and Hf), revealing that Ti2CO2 is the most sensitive M2CO2 MXene for NH3 sensing (Figure 9D). Table 3 provides information about recently developed MXene-based gas sensors.
TABLE 3 | Summary of MXene-based gas sensors.
[image: Table 3]3.2.2 Electrochemical sensors
Electrochemical sensor is a device that converts the chemical information of a sample into an analytical signal. In a commonly used three-electrode electrochemical sensor, a potential is applied to the working electrode with respect to the reference electrode, while the counter electrode is used to complete the electrical circuit. In biosensors, bioreceptors such as enzymes, antibodies, and metal ions, are immobilized on electrodes for detection of target analytes and biomarkers, and techniques such as voltammetry and amperometry will be used to obtain the corresponding electrical signals which reflect the interaction between the bioreceptors and target analytes (Singh et al., 2016). Electrochemical sensors are utilized in various applications, such as the detection of heavy metal ions, glucose, and biomarkers of fatal diseases (Singh et al., 2016). Nanomaterials have received significant attention for the development of novel electrodes, which can improve electrochemical (bio) sensors’ properties, such as sensitivity, selectivity, detection limits, and dynamic ranges. Recently, MXenes have also been used for the fabrication of electrochemical sensors and biosensors. In addition to great surface chemistry and high conductivity, the biocompatibility of MXenes is one of the key factors that makes it a highly promising choice for the fabrication of biosensors (Soleymaniha et al., 2019). However, there are concerns about biosafety because most synthesis methods of MXenes include using environmentally unfriendly HF, which can be addressed by developing environmentally friendly synthesis methods. Also, synthesizing new types of MXenes and controlling their surface functional groups can help to expand the electrochemical sensing applications of MXenes (Cheng et al., 2021).
Recently, an H2O2 sensor was fabricated by the deposition of a nanocomposite of titanium carbide MXene and Pt nanoparticles on the surface of a glassy carbon electrode (GCE) (Lorencova et al., 2018). The fabricated sensor exhibited a limit of detection (LOD) of 448 nM, while the reduction started at the potential of ∼250 mV (vs Ag/AgCl). Moreover, the Ti3C2Tx/PtNP sensor was used to detect small redox molecules such as ascorbic acid (AA), dopamine (DA), uric acid (UA), and acetaminophen (APAP) at a potential higher than +250 mV, which showed high selectivity and low LOD (nM range). MXenes have been investigated for the development of wearable electrochemical biosensors for sweat analysis. A stretchable and wearable biosensor based on MXene/Prussian blue (Ti3C2/PB) composite has been fabricated for the detection of biomarkers (e.g., glucose and lactate) in sweat (Figure 10A) (Lei et al., 2019). Experiments performed by utilizing artificial sweat showed electrochemical sensitivities of 35.3 μA mM−1 cm−2 for glucose and 11.4 μA mM−1 cm−2 for lactate. The wearable sweat-monitoring patch was used to detect the glucose and lactate levels during the in-vitro perspiration monitoring of human subjects, thereby exhibiting high sensitivity and good repeatability. In another work, Kumar et al. used MXene for the development of a biosensor for the detection of cancer biomarkers (carcinoembryonic antigen, CEA), utilizing aminosilane-functionalized Ti3C2 MXene for the covalent immobilization of anti-CEA. The fabricated bioelectrode (BSA/anti-CEA/f-Ti3C2-MXene/GC) showed a sensitivity of 37.9 μA ng−1 mL cm−2 per decade and a linear detection range of 0.0001–2000 ng ml−1 (Kumar et al., 2018). As the coronavirus disease 2019 outbreak has threatened human health globally, rapid and sensitive detection of SARS-CoV-2 viruses is of high importance. MXene has been used for the detection of SARS-CoV-2 S Protein (Peng et al., 2021). In this work, Nb2C and Ta2C MXenes exhibited a remarkable surface-enhanced Raman spectroscopy (SERS) enhancement, synergistically enabled by the charge transfer resonance and electromagnetic enhancement. The detection limit of Ta2C MXene was 5 × 10–9 M, which helps real-time monitoring of novel coronavirus.
[image: Figure 10]FIGURE 10 | (A) Schematic illustration of the stretchable and wearable biosensor based on MXene/Prussian blue (Ti3C2/PB) composite, which is composed of a sweat-uptake layer, a sensor layer, and a cover layer. The optical images show the front-side and back-side of the sensor, as well as the sensor wristband laminated on human skin, Reproduced with permission from Lei et al. (2019), ©Wiley-VCH. (B) The schematic diagram of the fabrication of Ti3C2/DNA/Pd/Pt nanocomposite, and the linear calibration curve of the response current vs DA concentration for Ti3C2/DNA/Pd/Pt/GCE in stirred 0.1 M pH 7.0 PBS containing 0.2–5,000 μM DA. The error bars are standard deviations of three measurements, Reproduced with permission from Zheng et al. (2018a), ©Elsevier.
Song et al. used MnO2/Mn3O4 and MXene/Au nanoparticles composites to develop a biosensor for the electrochemical detection of organophosphorus pesticides (OPs) (Song et al., 2019). Under optimum conditions, the developed sensor detected methamidophos in the concentration range of 10–12 M to 10–6 M, with good linearity (R2 = 0.995), and a limit of detection of 1.34 × 10–13 M. In another work, dopamine (DA) sensors based on MXene/DNA/Pd/Pt nanocomposite were developed (Figure 10B) (Zheng et al., 2018a). The characterizations of the nanocomposite revealed that the DNA template plays a critical role in the formation of the nanocomposites. In the presence of DNA, the surface coverage ratio of MXene was increased, and the growth of PdNPs and Pd/Pt nanoparticles became more uniform in thickness. The fabricated sensor exhibited linear amperometric response in the DA concentration range of 0.2–1,000 μM, a detection limit of 30 nM, and high selectivity against ascorbic acid (AA), uric acid (UA), and glucose (Glu). Also, the fabricated sensors were used for the detection of DA in human serum samples. MXenes are also used for the detection of water contaminants. Recently, a sensor based on a lamellar Ti3C2Tx MXene-modified glassy carbon electrode has been developed for the detection of bromate (BrO3−) in water (Rasheed et al., 2018). The developed sensor exhibited a linear response for the BrO3− concentration from 50 nM to 5 M, a detection limit of 41 nM, and high selectivity for BrO3−, among other interfering ions. Recently, Zeng et al. used a Ti3C2Tx-PEDOT:PSS/PDMS piezoresistive composite to develop a biosensor (Zeng et al., 2021). Clustered regularly interspaced short palindromic repeats (CRISPR) and corresponding effector proteins (Cas) were used to develop the CRISPR-Cas12a-mediated biosensor for point-of-care of human papillomavirus (HPV)-related DNA. The developed sensor exhibited good reproducibility, a LOD of ∼15.22 p.m., and improved sensitivity compared to a traditional CRISPR-Cas12a fluorescence assay. Also, the signal readout from sensor devices and real-time wireless transmission were used to provide smartphone visual readout for remote monitoring of biomolecular signals. Table 4 includes some characteristics of MXene-based electrochemical sensors.
TABLE 4 | Summary of MXene-based electrochemical sensors.
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An optical sensor is composed of a light source, a sensing platform for light-matter interactions, and a detector to quantify spectral shifts in electromagnetic waves resulting from the interaction with targeted analytes, which can be translated into quantitative or qualitative measurements (Law et al., 2020). Recently, MXenes have been used to develop high-performance optical sensors due to their unique properties: MXenes have a large specific surface area, excellent conductivity, wider absorption band, favorable energy levels, and possess hydrophilicity, excellent biocompatibility, and non-toxic to living organisms, which makes MXenes promising materials for developing optical sensors for biosensing applications (Zhu et al., 2021). MXenes have been used to develop different types of optical biosensors compatible with detection techniques, including surface plasmonic, fluorescent, electrochemiluminescence (ECL), and SERS (Bhardwaj et al., 2022). However, some gaps and challenges should be resolved to expand MXene’s applications for optical sensing. MXenes have low quantum yields and photoluminescence in the UV region of the spectrum, which limits their applications in fluorescence and bio-imaging. Exploring more types of MXenes may help to resolve this problem and expand their applications in various optical sensing methods (Bhardwaj et al., 2022).
MXenes have been used for the fabrication of ultrasensitive surface plasmon resonance (SPR) biosensors for detecting carcinoembryonic antigen (CEA) (Figure 11A) (Wu Q. et al., 2019). The biosensor was developed on a Ti3C2-MXene-based sensing platform using multi-walled carbon nanotube (MWCNTs)-polydopamine (PDA)-Ag nanoparticle (AgNPs) signal enhancer It provided a dynamic range of 2 × 10−16 to 2 × 10−8 M and a detection limit of 0.07 fM for CEA detection. Also, the biosensor demonstrated good reproducibility and high specificity for CEA in real serum samples, providing a promising method for early diagnosis and monitoring of cancer. Wei et al. used MXene to develop a dual-mode ECL/SERS immunoassay for ultrasensitive determination of pathogenic bacteria, Vibrio vulnificus (VV) (Wei et al., 2021). The sensor was made with a multifunctional MXene material Rhodamine 6G (R6G)-Ti3C2Tx@ gold nanorods (AuNRs)-Ab2/ABEI which acts as an signal unit. The large surface area of MXene increased the number of signal tags and contributed to achieving a high detection sensitivity. The linear range of 1–108 CFU/ml and limit of quantification (LOQ) of 1 CFU/ml were measured for the ECL, and a linear range of 102–108 CFU/ml and LOQ of 102 CFU/ml were measured for the SERS. The sensors exhibited good stability, reproducibility, and selectivity and can potentially have broad applications in food safety and medical fields. Luo et al. used MXene quantum dots (QDs) to develop a biocompatibility nanoprobe for detecting intracellular Glutathione (GSH), where the N-Ti3C2 QDs acted as the fluorescence reporters (Luo et al., 2021). The developed N-Ti3C2 QDs/Fe3+ nanoprobe displayed a high sensitivity, a detection limit of 0.17  μM, and a linear range of 0.5–100 μM for GSH. The developed probe looked promising in detecting and displaying cellular imaging of GSH in MCF-7 cells, and it might be used to establish a new imaging-guided precision cancer diagnosis method. MXene has also been used to develop an ultrasensitive ECL biosensor for exosomes and their surface proteins by in-situ formation of gold nanoparticles (AuNPs) decorated Ti3C2 MXenes hybrid with aptamer modification (AuNPs-MXenes-Apt) (Figure 11B) (Zhang et al., 2020).
[image: Figure 11]FIGURE 11 | (A) Schematic of surface plasmon resonance (SPR) biosensors for detecting CEA, Reproduced with permission from Wu Q. et al. (2019), ©Elsevier. (B) Principle of the electrochemiluminescence (ECL) biosensor for detecting exosomes based on in-situ formation of AuNPs decorated Ti3C2 MXenes nanoprobes, Reproduced with permission from Zhang et al. (2020), ©American Chemical Society.
The synergistic effects of large surface area, excellent conductivity, and catalytic effects of the AuNPs-MXenes-Apt led to the high sensitivity of the ECL biosensor towards exosome. The developed biosensors possessed a detection limit of 30 particles μL−1 for exosomes derived from HeLa cell line, the linear range of 102 to 105 particles μL−1, and high selectivity toward exosomes and their surface proteins derived from different kinds of tumor cell lines (HeLa cells, OVCAR cells, and HepG2 cells). Wang et al. used MXenes to develop a label-free and visualized nanoplasmonic strategy for the detection of silver ions (Ag+). In this work, o nly Ti3C2 MXenes were employed due to their excellent adsorption affinity and reductive property toward metal ions (Wang et al., 2020). Ag nanoparticles were capable of the colorimetric assay with a detection limit of 0.615 μM. RGB analysis exhibited visualized results consistent with the results measured on a UV–vis spectrometer, and the detection limits of Ag+ in real samples met the Drinking Water Standards set by the World Health Organization (WHO) and the United States Environmental Protection Agency (U.S. EPA). This sensor promises low-cost, simple-operation and on-site detection of metal ions.
4 CONCLUSION AND OUTLOOK
Although MXenes were discovered just 11 years ago, these 2D materials have attracted significant research interest in a short time. Due to the promising physical and chemical properties of this material, MXenes have been used in various applications in healthcare, environment, and electronics for the development of various electronic devices, such as sensors, batteries, energy storage devices, nanogenerators, and antennas. MXenes are formulated as Mn+1XnTx, where M is an early transition metal (e.g., Sc, Ti, V, Cr, Zr, Nb, Mo, Hf, Ta), X refers to C and/or N, T refers to surface functional groups (–OH, –O and–F), and n is an integer from 1 to 3. Since MXenes can contain different transition metals, various MXene materials with a range of physical and chemical properties can be synthesized. Also, the recently developed double transition metal MXenes have expanded the MXenes family.
In this review, the application of MXenes for the development of different sensor types has been summarized. MXenes are promising candidates for the development of sensors due to their interesting properties, such as high metallic conductivity, easy functionalization, high hydrophilicity, and good intercalation properties. MXenes have been used for the development of wearable sensors and electronic devices. Also, they can be integrated into textiles to develop fabric-based electronic devices and pressure sensors with high stability and sensitivity. The MXene-based pressure sensors can detect not just high pressure ranges but also low/weak pressures, which can be employed for gait monitoring applications. MXenes are also used to develop strain sensors with high stability, sensitivity, and stretchability. MXene-based room-temperature gas sensors can be used in healthcare diagnostics by detection of biomarkers and environmental applications by the detection of air pollutants or toxic gases. MXenes can also be used for the development of biosensors for detecting various biomarkers that can have applications in early diagnostic purposes/disease detection. Also, the reported MXene-based electrochemical sensors have exhibited low LODs. In addition, the high conductivity and large surface area of MXenes with various functional groups make them potential candidates for the development of electrochemical sensors for selective detection of various analytes. Also, the high biocompatibility of MXenes makes them a promising material for biomedical applications.
MXenes are promising materials for the development of functional inks and suspensions for application in flexible hybrid electronics (FHE). MXenes are hydrophilic and can be dispersed in water and polar solvents effectively, which can be related to the polar surface groups of MXenes. In addition to the high dispersion stability of MXene-based suspensions and inks, the synthesis of MXene-based nanocomposites can broaden the applications of MXenes in various technology areas. MXene-based nanocomposites with modified electrical, chemical, and physical properties can be used to improve the performance of MXene-based sensors and electronic devices. Also, the incorporation of interlayer spacers can modify the properties of the MXene-based sensors.
Although MXenes have already been used for the fabrication of various sensors and electronic devices, further research is needed to develop novel MXenes and improve the synthesis process, fabrication, and performance of MXene-based devices. Most of the MXene-based sensors contain titanium carbide MXene, so there is a need to investigate other MXenes to find the best choice for the mass-production of flexible sensors. Also, most MXenes have different surface functional groups, while the development of MXenes with a single type of surface termination group is desirable for controlling surface properties of the MXene, such as the affinity towards specific chemicals (selectivity). Further, DFT studies have shown that the synthesis of MXenes with no surface functional groups can change the chemical properties of MXenes significantly (Junkaew and Arróyave, 2018), which can be of high research interest for the development of chemical sensors. One of the concerns for the development of MXene-based composites is the oxidation of MXenes in water, which needs more investigation to solve the problem. Specifically, water-based MXene suspensions can be used for the development of water-based inks that can be utilized for the fabrication of printed sensors and electronic devices using printed electronics techniques. Optimized MXene-based inks can be used for roll-to-roll mass-production of sensors, which reduces the final product cost and provides flexible sensors with a wide range of applications. Other challenges of the mass-production of MXene-based sensors include reducing the cost of MAX phases and improving the process of MXenes synthesis and modifications. Since HF-based synthesis methods are hazardous, safer methods are needed for the synthesis of MXenes. This review will help researchers by providing insight into the development of MXene-based physical and chemical sensors for a wide range of applications.
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