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            Abstract
          
        

        
          The rise of the Internet of Things (IoT) and artificial intelligence has made chemical sensors crucial for applications such as environmental monitoring, hazardous chemical detection in industry, smart farming, and medical diagnostics. Among various sensor types, chemoresistive gas sensors are particularly well-suited for IoT integration due to their simple design, low manufacturing cost, and strong compatibility with electronic systems. However, conventional metal oxide-based sensors face limitations, requiring high operating temperatures and having rigid atomic structures, which restrict their use in emerging technologies like wearable and biocompatible sensors. MXene, a class of two-dimensional transition metal carbides, nitrides, and carbonitrides, has gained attention for its potential in sensing applications. This is due to its high electrical conductivity, ease of surface modification, mechanical flexibility, and large surface area. In this review, we provide an overview of recent advancements in MXene synthesis and its role in chemoresistive gas sensing. We also discuss the underlying mechanisms that allow MXene to detect gases at room temperature. Furthermore, we examine strategies such as surface functionalization and the formation of heterostructures with nanocomposites to improve the sensitivity and selectivity of MXene-based sensors for specific analytes, including NO2, NH3, and C2H5OH. Finally, we highlight current challenges and suggest promising avenues for future research to develop practical, multifunctional MXene-based gas sensors.
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      1. INTRODUCTION
      With the rapid advancement in artificial intelligence (AI), the demand for sensors capable of detecting pressure, gas, liquid, and light has increased owing to their integration with Internet of Things (IoT) technologies [1,2]. Gas sensors are crucial for applications such as human health diagnostics, environmental monitoring, smart agriculture, and industrial safety [3-5]. Among gas sensors, chemoresistive sensors detect gas molecules by measuring changes in electrical resistance. This offers advantages such as a simple device structure, low fabrication cost, and easy integration with electronic components, making them ideal for IoT systems [6,7]. Metal oxide-based materials have dominated chemoresistive gas sensors due to their high sensitivity, chemical stability, and reliable performance [8,9]. However, metal oxide sensors typically require operating temperatures between 200°C and 400oC due to their high activation energies [10]. High-temperature operation introduces challenges such as increased fabrication complexity, high power consumption, and difficulties in deploying sensors in wearable or portable devices. To enable gas detection at room temperature, 2-dimensional (2D) materials, such as graphene [11,12], halide perovskite (HP) [13], and transition metal dichalcogenides (TMDs) [14-16], have been used owing to their high surface-to-volume ratio and relatively low activation energies. However, graphene-, HP-, and TMD-based gas sensors generally exhibit slow responses, low recovery rates, and poor selectivities.

      Recently, MXenes, a family of 2D hexagonal carbides, nitrides, and carbonitrides, have emerged as promising materials for room-temperature gas sensing (Fig. 1) [17,18]. MXene materials have the general formula Mn+1XnTx, where M represents an early transition metal (such as Co, Cr, Ti, or Zr), X is carbon or nitrogen, and Tx denotes surface termination groups like hydroxyl (-OH), oxygen (-O), and fluorine (-F). MXenes are synthesized by selectively etching an atomic layer (IIIA or IVA elements with Al, Si, Ga, Ge, In, or Sn) from the MAX phases using fluoride-containing acidic solutions, resulting in abundant functional groups on their surfaces. MXene exhibits metallic-level electrical conductivity, provides high electron mobility, and enables the rapid detection of low-concentration gases with reduced signal-to-noise ratios [19]. Additionally, the abundance of surface functional groups facilitates efficient interactions with polar gases, enhancing gas reactivity [20]. Many MXene based gas sensors using Ti3C2Tx [21], V4C3Tx [22], and Mo2CTx [23] been reported for the detection of NO2, NH3, CO2 and volatile organic compounds (VOCs). Moreover, various strategies, such as surface functionalization (ADOPA [24] and FOTS [25]) and heterostructure formation (CuO/Mxene [26], SnO2/Mxene [27], and WSe2/Mxene [28]), have been investigated to enhance the gas detection properties. Fig. 2 shows the recent publication trends and citation counts related to MXene-based gas sensors, highlighting the rapidly growing research interest in MXene-based sensor technology.

      
        
        

        Fig. 1. 
				
        

        
          Schematic illustration of MXene-based gas sensors, highlighting the structural, electronic, and surface chemical properties relevant to gas sensing. Reprinted with permission from Ref. [29], Copyright (2019) American Chemical Society. Reprinted with permission from Ref. [30], Copyright (2015) Royal Society of Chemistry.
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          Number of publications and citations related to MXene-based gas sensors, with data obtained from the Web of Science Core Collection using the keywords “MXene gas sensor” and “MXene gas detection”.
        
        

        

      

      This review systematically evaluates recent advances in MXene-based gas sensors, focusing on synthesis methods, intrinsic material properties, sensing mechanisms, and potential practical applications. It highlights the unique characteristics of MXenes that enhance the performance of chemoresistive gas sensors, such as tunable surface functional groups, metallic conductivity, structural flexibility, and high surface-to-volume ratios. The review also addresses critical challenges facing MXene gas sensors, including long-term stability, humidity resistance, and integration with AI technologies. Finally, it identifies key future research directions needed to advance MXene-based chemoresistive gas sensors for practical deployment in emerging sensing technologies.

    

    

  
    
      2. FUNDAMENTALS OF MXene-BASED GAS SENSORS
      MXene materials have attracted interest for gas-sensing applications owing to their unique properties, including metallic conductivity, versatile surface functionalization, and mechanical flexibility. These characteristics enable MXene-based chemoresistive gas sensors to deliver rapid response and a low signal-to-noise ratio at room temperature, distinguishing MXene from conventional metal oxides and other 2D materials, including TMD and graphene. This section provides a comprehensive overview of the fundamental properties of MXene, its synthesis from MAX phases, its unique structural features, and the gas detection mechanisms of MXene-based gas sensors.

      
        2.1 Synthesis Methods of MXene
        MXenes are synthesized by the selective etching of the A atomic layer (elements such as Al, Si, Ga, Ge, In, and Sn) from the MAX phase [31]. MAX phases have distinct bond strengths in M-X and M-A bonding, allowing for the selective removal of the A layers through chemical etching. Gogotsi et al. first demonstrated the synthesis of Ti3C2Tx MXenes by selectively removing the Al layer from Ti3AlC2 using HF (Fig. 3 (a)). During etching, the Al atoms in Ti3AlC2 reacted preferentially with HF to form soluble aluminum fluoride (AlF3), facilitating the removal of the Al layer. Subsequently, the synthesized MXene was washed and purified using a centrifuge to remove the residual etchant and impurities. Subsequently, MXene was subjected to ultrasonication to facilitate exfoliation. Figs. 3 (b) and 3 (c) present scanning electron microscopy (SEM) images of the TiAlC2 and resulting Ti3C2Tx, exhibiting a characteristic accordion-like morphology [32]. Similar HF-based etching methods have been used to successfully synthesize MXenes from other Al-containing MAX phases, such as Ti2AlC and Ta4AlC3, as shown in Figs. 3 (d) and (e).

        
          
          

          Fig. 3. 
				
          

          
            Synthesis process of MXenes from MAX phases. (a) Schematic illustration of the etching process from MAX phases to MXene. (b) Ti3AlC2 particle before treatment, representing unreacted MAX phases, (c) Ti3AlC2 after HF treatment, (d) Ti2AlC after HF treatment, (e) Ta4AlC3 after HF treatment. Reprinted with permission from Ref. [31], Copyright (2019) American Chemical Society.
          
          

          

        

        However, HF etching methods require careful handling owing to the due to the toxicity and surface stabilization issues associated with residual HF. As a result, alternative, milder approaches have been explored, combining HF with less aggressive acids, such as hydrochloric acid (HCl) [33] or sulfuric acid (H2SO4) [34]. In particular, lithium fluoride (LiF)- and HCl-based minimally intensive layer delamination (MILD) etching has been developed as an effective method for MXene production [33]. This MILD approach enables high-yield synthesis of defect-free flakes with minimal structural damage. During MILD etching, Li+ ions serve as intercalants, expanding the interlayer spacing and facilitating subsequent delamination. Ghidiu et al. demonstrated MXene synthesis using LiF/HCl mixtures, resulting in hydrophilic MXene with fewer structural defects and larger lateral dimensions compared to the HF-only method [35].

        In addition to LiF/HCl-based etching, organic intercalants such as dimethyl sulfoxide (DMSO) [36] and tetramethylammonium hydroxide (TMAOH) [37] have also been employed. Mashtalir et al. reported successful intercalation and delamination of Ti3C2Tx MXene using DMSO, resulting in hygroscopic and readily dispersible MXene powders [38]. Similarly, Xuan et al. utilized TMAOH for Ti3C2Tx MXene synthesis, demonstrating efficient Al-layer etching by formation of soluble Al(OH)4- ions [39]. Moreover, the bulky TMA+ cations were effectively intercalated between the MXene layers, enhancing the delamination efficiency. Therefore, MXenes are typically synthesized via selective chemical etching from MAX phases using acidic solutions coupled with various intercalation and delamination techniques to produce MXene materials.

      

      
        2.2 Unique Structural Properties and Sensing Mechanisms of MXene-based Chemoresistive Gas Sensors
        MXenes possess several unique properties that make them ideal materials for gas sensors. They feature abundant surface functional groups, such as -F, -OH, and -O, which play a critical role in gas sensing by selectively interacting with target gas molecules. For example, NO2 shows a strong affinity for -O groups, while acidic gases exhibit enhanced selectivity through hydrogen bonding interactions with -OH groups [20,21]. In terms of mechanical properties, the layered structure of MXenes provides high tolerance under external strain, with the Ti3C2Tx monolayer demonstrating a tensile strength of up to 15.4 GPa and a Young's modulus of approximately 0.484 TPa [40]. This combination of mechanical strength and flexibility makes MXenes suitable for flexible gas sensor applications. Additionally, MXenes exhibit metallic-level electrical conductivity, attributed to strong metal-carbon bonding and filled conduction-band states resulting from d-band electrons [41]. Their high conductivity leads to a low signal-to-noise ratio, allowing for effective gas detection at low concentrations. Furthermore, the rapid electron-hole mobilities in MXenes contribute to fast gas-sensing responses and quick recovery times.

        The sensing mechanism of MXene gas sensors involves two primary phenomena: charge-transfer interactions between MXenes and gas molecules, and intercalation-induced interlayer swelling. Most MXenes, including Ti3C2Tx and V4C3Tx, exhibit p-type semiconducting properties. In the charge-transfer mechanism, when reducing gases (such as H2, NH3, and VOCs) are introduced to MXenes, they donate electrons to the MXene, reducing the hole concentration and increasing electrical resistance [42]. Conversely, when oxidizing gases (such as NO2 and O3) are introduced, they accept electrons from the MXenes, increasing the hole concentration and decreasing the resistance.

        Another key mechanism is gas-induced interlayer swelling. The MXene films exhibited an accordion-like layered morphology, with gas molecules entering the interlayer spaces either physically or chemically, causing structural swelling and an increase in interlayer spacing [43]. This expansion disrupts the electron conduction pathways between adjacent MXene layers, leading to an overall increase in electrical resistance. Additionally, the adsorbed gas molecules contribute to electron scattering, which reduces carrier mobility. When the swelling-induced modulation of resistance exceeds the charge transfer effects, the MXene-based sensors show an increase in resistance, regardless of whether the gas is reducing or oxidizing.

      

    

    

  
    
      3. RECENT PROGRESS IN MXene-based GAS SENSORS
      MXenes provide notable advantages for gas sensors owing to their tunable surface functional groups, high conductivity, and high surface-to-volume ratios. Surface functional groups facilitate strong interactions with gas molecules, and high electrical conductivity reduces noise and improves detection limits. Various MXene-based gas sensors including Ti3C2Tx [44], Nb2CTx [45], V2CTx [46], and Mo2TiC2Tx [47] have been extensively investigated for the detection of diverse gases, including NO2, NH3, ethanol, acetone, and humidity. However, pristine MXenes exhibit limitations, including low response signals and humidity instability, which hinder their practical sensor applications. To address these challenges, the enhancement of MXene sensing performance has been explored through controlled surface functionalization and the creation of heterojunctions with nanostructures. Surface functionalization, such as polymer or fluorine treatment, improves MXenes' reactivity to specific gases, as well as their long-term and humidity stability [25]. In the case of heterojunctions, MXenes form composites with TMDs or metal oxides, leading to a high response to target gases through numerous junctions [28]. This section comprehensively discusses recent advances in pristine MXene-based gas sensors, surface functionalization of MXenes, and MXene-based nanocomposite heterostructures, highlighting specific strategies and performance improvements.

      
        3.1 Gas Sensors Based on Pristine MXenes
        Various pristine MXenes, including Ti3C2Tx, Nb2CTx, V2CTx, and Mo2TiC2T, have been explored as chemoresistive gas sensors. Kim et al. reported a pristine T3C2Tx MXene gas sensor for the detection of VOCs at low concentrations (50-100 ppb), which was synthesized by selective Al-layer etching from Ti3AlC2 using a LiF/HCl etchant (Fig. 4 (a)) [21]. The sensors were fabricated by coating Ti3C2Tx flakes between gold electrodes. The sensor response, defined as resistance variation relative to baseline resistance (ΔR/Rb (%)), was tested with gases including acetone, ethanol, ammonia, propanal, NO2, SO2, and CO2 (Fig. 4 (b)). The highest sensor response was observed for ethanol (1.7%), as shown in Fig. 4 (c). In particular, acidic gases showed high responses, which were attributed to strong interactions with the-OH groups on the Ti3C2Tx surfaces. Fig. 4 (d) compares Ti3C2Tx responses with other 2D materials, including reduced graphene oxide (RGO), MoS2, and black phosphorus (BP), for the detection of 100 ppm acetone, ethanol, and ammonia. Semiconducting materials with BP and MoS2 demonstrated higher responses to ammonia, whereas those with RGO and Ti3C2Tx exhibited stronger responses to VOCs. Ti3C2Tx exhibited a positive response to both ammonia (reducing) and NO2 (oxidizing), enabling effective discrimination between the gases (Fig. 4 (e)). Ti3C2Tx exhibited the lowest measured signal-to-noise ratio (0.005%) under N2 flow, outperforming BP (1.5%), MoS2 (1.0%), and RGO (0.02%), owing to its high electrical conductivity of Ti3C2Tx. Thus, the pristine Ti3C2Tx MXene demonstrated superior sensing performance for VOC detection at room temperature with excellent low-concentration sensitivity.

        
          
          

          Fig. 4. 
				
          

          
            Gas sensors based on pristine MXenes. (a) Schematic illustration of Ti3C2Tx gas sensors with their structural and surface characterizations. (b) Dynamic response and (c) response plots of Ti3C2Tx sensors to 100 ppm of acetone, ethanol, ammonia, propanal, NO2, SO2, and 10000 ppm of CO2 at room temperature. (d) Gas response behaviors and (e) response plots of BP, MoS2, RGO, and Ti3C2Tx sensors to 100 ppm of various gases. (f) Electrical noise levels of the sensors under N2 exposure. Reprinted with permission from Ref. [21], Copyright (2018) American Chemical Society. (g) Schematic illustration of a V2CTx gas sensor. (h) Dynamic gas response and (i) response plots of V2CTx gas sensor to 100 ppm of H2, ethanol, acetone, methane, ammonia, and H2S at room temperature. Reprinted with permission from Ref. [48], Copyright (2019) American Chemical Society.
          
          

          

        

        In addition to Ti3C2Tx, other MXenes such as Nb2CTx and V2CTx, have also been widely investigated as target gases. Lee et al. demonstrated a V2CTx MXene-based gas sensor for the room-temperature detection of H2 at the ppm level (Fig. 4 (g)) [48]. V2CTx was synthesized from the V2AlC MAX phase via HF etching for selective Al removal. After etching, tetra-n-butyl ammonium ions (TBA+) were used for intercalation to delaminate the V2CTx sheets (d-V2CTx) with ~1.75 thickness. The surface of d-V2CTx exhibited highly active states owing to the presence of–F,–O, and–OH functional groups. X-ray photoelectron spectroscopy (XPS) analysis confirmed the presence of surface species such as V-O, V-C-O, V-C-(OH)x, and fluorine terminations (V-F and C–F bonds). Gas-sensing performance tests of the d-V2CTx films showed an increase in resistance upon exposure to reducing gases, indicating p-type sensing behavior. The responses (ΔR/Rb) at 100 ppm gas exposure were 0.2435 (H2), 0.0816 (ethanol), 0.0226 (acetone), 0.0166 (ammonia), 0.0167 (methane), and 0.005 (H2S). The highest response to H2 gas was attributed to the active vanadium surface sites, similar to those of vanadium oxide and V-doped metal oxides [49,50]. The response and recovery times to H2 (reaching 90% of the steady-state response) were 2 and 7 min, respectively, with a theoretical detection limit of 1.375 ppm, calculated using a signal-to-noise ratio of 3. These results highlight the effectiveness of pristine MXenes for rapid, sensitive, and low-noise gas detection.

      

      
        3.2 Gas Sensors Based on Surface Functionalized MXenes
        Various studies have focused on controlling the surface chemistry of MXenes to enhance their sensitivity and selectivity to target gases. MXene surfaces contain diverse functional groups (–O,–OH, and–F) that influence gas adsorption properties. Density functional theory (DFT) calculations indicated that the-OH-terminated MXene strongly adsorbed acidic molecules, whereas the-F-terminated group improved the hydrophobicity and enhanced the humidity stability for practical sensor applications. Chen et al. demonstrated surfacefunctionalized Ti3C2Tx MXenes with superhydrophobic fluoroalkylsilane protective layers, specifically (3-chloropropyl) trimethoxysilane (CPTMS) and 1H,1H,2H,2H-perfluorooctyltriethoxysilane (FOTS), termed Ti3C2Tx-Cl and Ti3C2Tx-F, respectively [25]. Ti3C2Tx nanosheets were synthesized from Ti3AlC2 via LiF/HCl etching (Fig. 5 (a)). After surface functionalization with CPTMS and FOTS, Brunauer-EmmettTeller (BET) analysis showed increased surface areas of 20.4 m2/g for Ti3C2Tx-Cl and 32.9 m2/g for Ti3C2Tx-F. Water contact angle measurements demonstrated enhanced hydrophobicity, with values of 96o for Ti3C2Tx-Cl and 156o for Ti3C2Tx-F, compared to 33o °for pristine MXene (Fig. 5 (b)). Zeta-potential measurements also confirmed increased surface charge, with Ti3C2Tx-Cl and Ti3C2Tx-F exhibiting more negative zeta potentials of -35.8 mV and -50.1 mV, respectively, compared to -28.7 mV for pristine Ti3C2Tx (Fig. 5 (c)). These results indicate a substantial increase in the hydrophobicity of the FOTS and CPTMS functionalizations. To assess environmental stability, pristine Ti3C2Tx and Ti3C2Tx-F were stored under 5% and 100% relative humidity (RH) conditions (Fig. 5 (d)). Both the materials exhibited stable electrical conductance under dry conditions (5% RH). However, at 100% RH, pristine MXene rapidly degraded to only 2.7% of its initial conductance, whereas Ti3C2Tx-F retained 92.5%, indicating effective humidity protection. Sensor performance evaluation with ethanol concentration ranging from 5 ppm to 120 ppm at room temperature showed consistently higher responses (ΔR/Rb (%)) for Ti3C2Tx-F compared to pristine Ti3C2Tx (Fig. 5 (e)). In addition, Ti3C2Tx-F exhibits a nearly linear response (R2 > 0.98). DFT calculations supported these experimental results, revealing a higher ethanol adsorption energy for Ti3C2Tx-F (-0.745 eV) compared to pristine Ti3C2Tx (-0.621 eV). Moreover, the interlayer distance of Ti3C2Tx increased from 12.5 to 16.0 Å after FOTS functionalization, which facilitated gas diffusion, leading to enhanced gas detection (Fig. 5 (f)). Thus, surface functionalization with FOTS protection improved both humidity stability and ethanol detection capabilities.

        
          
          

          Fig. 5. 
				
          

          
            Gas sensors based on surface functionalized MXenes. (a) Schematic illustration of Ti3C2Tx functionalization for surface modification (b) Water contact angle measurements of Ti3C2Tx, Ti3C2Tx-Cl, and Ti3C2Tx-F film. (c) Zeta potential of Ti3C2Tx, Ti3C2Tx-Cl, and Ti3C2Tx-F film. (d) Changes in electrical conductance of Ti3C2Tx and Ti3C2Tx-F under 5% and 100% RH over two weeks. (e) Comparison of gas responses for the MXene sensors. (f) Schematic illustration of Ti3C2Tx and Ti3C2Tx-F under VOCs exposure. Reprinted with permission from Ref. [25], Copyright (2020) American Chemical Society.
          
          

          

        

        Kim et al. demonstrated surface-functionalized MXenes using ADOPA ligands for enhanced sensitivity to NH3 and VOCs along with improved long-term stability [24]. Ti3C2Tx MXene sheets were synthesized from the Ti3AlC2 MAX phase using a LiF/HCl etching solution. Amphiphilic ADOPA ligands, produced by the esterification of DOPA and perfluoroalcohol derivatives, were grafted onto the MXene surfaces. The catechol groups within the ADOPA ligands form strong hydrogen bonds with the-OH groups on the MXene surface. Moreover, the fluorocarbon tail groups impart hydrophobicity to the MXene films. Ultrathin ADOPA-functionalized MXene films (AD1MX) approximately 10 nm thick were fabricated using a solvent-solvent interfacial self-assembly method, resulting in uniform and well-stacked MXene layers. Surface energy measurements showed increased hydrophobicity, with water contact angles of 95o for AD1MX compared to 63o for pristine Ti3C2Tx, reflecting the contribution of the fluorocarbon groups. Gas-sensing performance tests were conducted at room temperature on MXene films prepared by self-assembly and spin coating for acetone, ethanol, ammonia, and NO2 detection at a concentration of 100 ppm. The films fabricated by self-assembly exhibited a higher response than the spincoated samples across all the gases tested. Further comparison of self-assembled MXene films fabricated using ethanol/toluene (AD1MX_E/T) and acetone/toluene (AD1MX_A/T) solvents AD1MX_E/T exhibited a higher response than AD1MX_A/T for all gas types. Compared to pristine Ti3C2Tx, AD1MX_E/T exhibited notably enhanced responses, which were attributed to ADOPA ligand functionalization. DFT calculations confirmed stronger NH3 adsorption on AD1MX (-0.59 eV) compared to pristine Ti3C2Tx (-0.49 eV). Similar results were observed when applying ADOPA to other MXene materials such as Mo2TiC2Tx, demonstrating its broad applicability in enhancing gas sensor performance. These findings highlight the effectiveness of surface functionalization strategies in improving both the humidity stability and sensitivity to target gas molecules in MXene-based sensors.

      

      
        3.3 Gas Sensors Based on MXene/Nanomaterial Heterostructures
        MXene-based gas sensors incorporate nanocomposite heterostructures to enhance the gas detection performance. Combining MXenes with nanomaterials such as metal oxides (ZnO [51], SnO2 [27], and WO3 [52]), TMDs (SnS2 [53], WS2 [54], WSe2 [55]), graphene [56], and metal-organic frameworks (MOFs) [57] exploits the advantages of each material to increase active sites For example, heterostructures involving metal oxides or TMDs can induce surface band bending, expanding the Debye region and thus improving both sensitivity and selectivity [58].

        Chen et al. developed a heterostructure sensor composed of Ti3C2Tx MXene nanosheets and WSe2 nanoflakes prepared via liquid-phase exfoliation to achieve selective ethanol detection. Ti3C2Tx was synthesized by HF etching, and the WSe2 nanoflakes were exfoliated in cetyltrimethylammonium bromide (CTAB) to form positively charged CTA+-WSe2 flakes (Fig. 6 (a)). Mixing the negatively charged Ti3C2Tx (zeta potential: -29.5 mV, due to -OH and -O functional groups) with the positively charged CTA+-WSe2 (zeta potential: +30 mV) led to electrostatic attraction and stable heterojunction formation. Gas-sensing tests under ethanol exposure (1–40 ppm) at room temperature revealed distinct sensing behaviors, characterized by increased resistance to gas exposure and incomplete recovery owing to the adsorption of ethanol molecules. Conversely, the Ti3C2Tx/WSe2 heterostructure exhibited n-type sensing behavior with decreasing resistance upon ethanol exposure and improved recovery. The response slope (response per ppm) for Ti3C2Tx/WSe2 was approximately 12-fold greater than that for pristine Ti3C2Tx without saturation, even at higher ethanol concentrations. The improved sensing performance was attributed to the efficient electron transport facilitated by the Ti3C2Tx/WSe2 heterojunction. Ti3C2Tx nanosheets with high conductivity supplied electrons to WSe2, forming junctions that enhanced the catalytic activity and reduced the number of carrier-depletion layers. Upon ethanol exposure, adsorbed oxygen reacts with ethanol molecules, releasing electrons into the conduction band, thereby reducing the depletion region and improving the sensor response. Additionally, Ti3C2Tx/WSe2 demonstrated enhanced humidity stability (Fig. 6 (c)). After exposure to 80% RH for over 10 days, Ti3C2Tx/WSe2 maintained 88% of its initial resistance and recovered to 92% in a dry environment, whereas pristine Ti3C2Tx degraded to only 21% of its original resistance. The flexible Ti3C2Tx/WSe2 sensors, fabricated via inkjet printing, maintained a consistent response to ethanol after 1000 bending cycles (radius = 5 mm), demonstrating stable mechanical flexibility and sustained electrical performance under mechanical deformation (Figs. 6 (d) and (e)).

        
          
          

          Fig. 6. 
				
          

          
            Gas sensors based on MXene/nanomaterials heterostructures. (a) Schematic illustration of the synthesis process of Ti3C2Tx/WSe2 nano-hybrids. (b) Dynamic response of Ti3C2Tx and Ti3C2Tx/WSe2 sensors to 1-400 ppm of C2H5OH. (c) Variation in electrical conductance of Ti3C2Tx and Ti3C2Tx/WSe2 sensors under 5% and 80% RH over 10 days. (d) Optical image of a flexible Ti3C2Tx/WSe2 sensor. (e) Changes in C2H5OH sensing response and electrical conductance under bending cycles. Reprinted with permission from Ref. [28], Copyright (2020) Springer Nature. (f) Schematic illustration of the 3D MoS2/MXene heterostructure aerogel. (g) Gas-sensing responses toward 2-20 ppm of NO2 for pristine MXene aerogel (MA) and MoS2/MXene heterostructure aerogels (MMA). (h) 10 cycle exposures and recoveries to 10 ppm of NO2 on MA and MMA-90. Reprinted with permission from Ref. [59], Copyright (2023) American Chemical Society.
          
          

          

        

        Kim et al. demonstrated a MoS2/MXene heterostructured aerogel-based gas sensor designed for NO2 detection [59]. Ti3C2Tx MXene sheets were synthesized by selectively etching an Al layer from Ti3AlC2 using a LiF/HCl solution. MoS2 nanosheets were prepared from bulk MoS2 powder using hydrazine-assisted ball milling. The prepared Ti3C2Tx and MoS2 nanosheets were assembled into MoS2/MXene gels by mixing in an aqueous solution, facilitated by the similar hydrophilicity and negatively charged surfaces of the two materials. During freeze casting, the Ti3C2Tx sheets were interconnected to form a continuous three-dimensional (3D) network, with MoS2 nanosheets assembled uniformly onto the MXene frameworks. After freeze-drying, a MoS2/MXene composite aerogel (MMA) was obtained and designated as MMA-X, where X represents the mass percentage of Ti3C2Tx in the aerogel. The hierarchical 3D aerogel structure exhibited abundant heterojunctions and a highly porous framework, enabling efficient transport of analyte gases throughout the network (Fig. 6 (f)). The MMA demonstrated ultralow apparent density and an ultralight structure, capable of standing freely on a dandelion seed. These lightweight and porous characteristics are advantageous for applications requiring portability and space constraints, including wearable gas sensors. The gas-sensing performance of the MA (pure MXene aerogel) and MMA-X samples (MMA-95, MMA-90, and MMA-80) was evaluated with NO2 concentrations ranging from 1 to 20 ppm (Fig. 6 (g)). Increasing the MoS2 content in the MMA-X samples enhanced the sensors' response to NO2, demonstrating the catalytic effect of MoS2 decoration on the aerogel structure. Notably, the MMA-90 sample exhibited a response of 3.91% (ΔR/Rb (%)) upon exposure to 10 ppm of NO2, approximately 2.5 times higher than the response of MA. Cyclic tests involving 10 repeated exposure and recovery cycles at 10 ppm NO2 were conducted using MA and MMA-90 (Fig. 6 (h)). After five cycles, the response of MA degraded to 57.7% of the initial cycle's response, while MMA-90 retained higher stability, retaining 26.4% of its initial response. These results highlight the potential of MXene-based heterostructured aerogels as robust and sensitive architectures for chemoresistive gas-sensing applications.

      

    

    

  
    
      4. PERSPECTIVES AND CHALLENGES
      MXenes have attracted significant attention as sensing materials for room-temperature chemoresistive gas sensors, particularly for the detection of NO2, NH3, and VOCs. The key properties of MXenes, including their high electrical conductivity, abundant surface functional groups, mechanical flexibility, and high surface-to-volume ratio, provide distinct advantages for gas detection. High electrical conductivity enables rapid electron transport upon gas adsorption, facilitating fast response and recovery. In addition, the intrinsically low signal-to-noise ratio allows for the detection of gases at low concentrations. MXene surfaces possess diverse functional groups, such as -O, -OH, and -F, which directly interact with the target gases. Specific functional groups selectively enhance the sensor responses to certain gases. For instance, -O groups strongly interact with NO2, -OH groups facilitate the binding of acidic gases through hydrogen bonding, and -F groups enhance the sensor stability under humid conditions. MXenes such as Ti3C2Tx, V3C2Tx, and Mo3C2Tx are effective active layers in chemoresistive gas sensing.

      Despite these promising properties, MXene-based sensors currently face several critical limitations, including instability in ambient air and moisture, insufficient sensor response compared to conventional metal oxide sensors, and limited gas selectivity. Regarding instability, MXenes are prone to oxidation in air and humidity, forming oxidized species (e.g., TiO2 in Ti3C2Tx). To address oxidation, protective layers such as PDMS and polyimide, and polymeric functional coatings such as FOTS and ADOPA have been effectively employed. The low response signal of MXene sensors compared to conventional metal-oxide-based gas sensors complicates practical electronic integration and signal detection. Constructing heterostructures between MXene and various nanomaterials (e.g., metal oxides, TMD, graphene, and MOF) enhances the sensing response through junction effects and improves catalytic activity. However, the limited gas selectivity, due to MXenes' broad reactivity with various gases, remains a challenge. Functionalization strategies involving noble metal nanoparticles (Au, Pd, Pt, and Ag) enhance selective responses through chemical and electronic sensitization mechanisms [60,61].

      Future directions for MXene-based gas sensors include the development of sensor arrays [62], IoT applications [63], photoactivated sensors [64], and neuromorphy-integrated sensors [65]. Sensor arrays based on MXene heterostructures or noble metal decorations enable the discrimination of complex gas mixtures using principal component analysis (PCA) and machine learning methods [66]. Photoactivated MXene gas sensors utilize high-optical-absorption materials to further enhance sensor responses and reduce response and recovery times at room temperature [67]. The flexibility and room-temperature operability of MXene-based sensors support their application in biocompatible gas sensing, expanding the scope of IoT implementations for wearable devices. Finally, integrating MXene sensors with neuromorphic architectures that mimic biological olfactory functions, such as stimulus-dependent synaptic plasticity, short- and long-term memory, and analog signal modulation, can enable multimodal sensing, low-power operations, and effective interfaces with artificial intelligence technologies [68].

    

    

  
    
      5. CONCLUSION
      This review comprehensively discusses the MXene synthesis methods, fundamental sensing mechanisms, and recent advances in gas sensors that employ MXenes. Strategies to address current limitations of MXenes, such as humidity sensitivity, low selectivity, and limited sensor responses, have been highlighted, with a focus on surface functionalization and heterostructure formation approaches. To overcome these challenges, MXene-based sensors show promise as alternatives to conventional gas sensors, especially for wearable and biocompatible applications that require reliable room-temperature operation. Continued research efforts aimed at optimizing MXene properties, stabilizing performance under environmental conditions, and integrating MXenes with advanced technologies will enable MXene-based chemoresistive gas sensors to effectively meet future sensing demands.
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