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Abstract

:

In recent years, two-dimensional layered material MXene has attracted extensive attention in the fields of sensors due to its large specific surface area and rich active sites. So, we employed multilayer Ti3C2TX and SnO2 microspheres to prepare SnO2/MXene composites for enhancing gas-sensing properties of pristine SnO2. The composite was brushed on a microelectromechanical system (MEMS) platform to make resistance-type gas sensors with low power consumption. The gas-sensing results show that the SnO2/MXene sensor with the best composite ratio (SnO2: MXene mass ratio is 5:1, named SM-5) greatly improves gas sensitivity of SnO2 sensor, among which the sensitivity to ethanol gas is the highest. At the same time, the composite also speeds up the response recovery speed of the sensor. When the SM-5 sensor worked at its optimal temperature 230 °C, its response value to 10 ppm ethanol reaches 5.0, which is twice that of the pristine SnO2 sensor. Its response and recovery time are only 14 s and 26 s, respectively. The sensing mechanism of the composite is discussed according to the classical the space charge or depletion layer model. It is concluded that the Schottky barrier of composites and the metal properties of Ti3C2Tx are responsible for improvement of the gas-sensing properties of the composite.
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1. Introduction


Volatile organic compounds (VOCs) not only pollute the environment, but also cause acute and chronic effects on human health through respiratory and skin pollution. VOCs exist in common items, such as air fresheners, paints, cleaners and disinfectants, wood preservatives and automotive products [1,2]. Excessive intake will stimulate and excite people. When ethanol reaches a certain concentration in human blood, people’s reaction ability and control ability to judge the external situation will decline. In recent years, there are more and more traffic accidents caused by drunk driving [3,4,5]. Gas sensors can not only monitor the atmospheric environment in real-time, but also prevent public safety accidents [6]. They play a more and more important role in life. The commonly used ethanol-detection methods include Raman spectrum, electrochemical sensor and amperometry biosensor. Nowadays, the more rapid, more timely and more accurate detection method is semiconductor gas sensors. Semiconductor gas sensors are widely concerned by the market and the public because of their low cost and easy manufacture [7,8,9,10]. Although the traditional semiconductor gas sensor has good response value, its disadvantages such as large volume, high power consumption and high cost could not be ignored. In recent years, with the rapid development of microelectromechanical system (MEMS) technology, gas sensors have a new research direction [11,12,13,14,15]. The fabrication of MEMS micro hot plate gas sensors with small volume, low power consumption, easy integration and mass production have become the focus of research [11,16,17,18]. Tin dioxide (SnO2) is one of the most widely used gas-sensing materials up to now since its excellent conductivity, wide bandgap (Eg = 3.6 eV), adjustable resistance, sensitivity to a variety of gases and adjustable selectivity [19]. In order to meet the detection standards of specific places and the development requirements of intelligence, optimizing the morphology, specific surface area, etc. of SnO2 has been studied to further improve the gas-sensing performance of SnO2 [20]. Many methods can be used to improve the performance of SnO2 gas sensors, such as mechanical mixing of mesoporous materials with high specific surface area, precious metals composite, preparation of nanomaterials with heterojunctions, etc. For example, Li et al., modified the sensitivity and selectivity of SnO2 gas sensor by mechanically mixing a novel high surface area mesoporous material [20], and Wang et al., prepared Au-SnO2 composite nanoparticles to increase the sensitivity of the hydrogen sensor [21]. Additionally, NiO/SnO2 hollow spheres and constructed p-n heterojunction were synthesized to improve the sensitivity of the triethylamine sensor [22].



MXene (the general formula of MXene is Mn+1XnTx, in which M represents transition metal elements, such as Sc, Ti, Zr, Hf, V, Nb, Ta, Cr, Mo, etc.; X is carbon or nitrogen element, Tx is a terminal functional group composed of O, H, F and Cl. Generally, hydroxyl, oxygen(O2), fluorine and a small amount of chlorine exist on the surface of MXene [23,24,25,26,27,28,29,30,31], and play a role in linking other nanomaterials or directly use as active sites for mass-type sensor [32]. Single layer Ti3C2Tx and V2CTx have been successfully developed as gas-sensitive materials [24,26,30,33,34,35,36,37]. Furthermore, multilayer MXene can also improve the gas-sensing performance. Angga et al., compounded multilayer Ti3C2Tx with CuO through electrostatic self-assembly, which greatly improved the sensitivity to toluene gas of CuO nanoparticles [38]. Yang et al., prepared the Ti3C2Tx/ZnO crinkle ball by spray pyrolysis, which included a large number of oxygen vacancy and p-n heterojunction. The device effectively improves the selectivity and response value of Ti3C2Tx to NO2 gas [39]. The above reports are all non-tin oxides, as so far, few studies have involved the combination of multilayer Ti3C2Tx and SnO2 for gas detection.



In this paper, SnO2/MXene composites were prepared by a solvothermal method from the precursor of K2SnO3·3H2O and synthesized multilayer Ti3C2Tx etc. Then, we coated the composite on the MEMS platform for the gas-sensing test. The gas-sensing test results show that the SnO2/MXene sensor with the best composite ratio greatly improves the sensitivity of the SnO2 sensor to gases (ammonia, nitrogen dioxide, hydrogen sulfide, paraxylene, toluene, benzene, methanal, acetone and ethanol), among them the sensitivity to ethanol gas is the highest. Meanwhile, the composite also speeds up the response/recovery rate of the sensor. In addition, the sensing mechanism of the composite are discussed according to the classical the space charge or depletion layer model. It is concluded that the Schottky barrier of composites and the metal properties of Ti3C2Tx are responsible for the improvement of the gas-sensing properties of the composite.




2. Experiment


2.1. Chemicals


All reagents and solvents received from designated suppliers were used without further purification. Ti3AlC2 (325 mesh) was purchased from Shanghai Bohan Chemical Technology Co., Ltd. (Shanghai, China) Hydrofluoric acid, Potassium stannate, Urea, Polyvinylpyrrolidone and absolute ethanol were purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China).




2.2. Preparation of Materials


2.2.1. Preparation of Multilayer Ti3C2Tx


In total, 15 mL of 40% hydrofluoric acid solution was measured with a plastic measuring cylinder and was added into the polytetrafluoroethylene reactor as an etchant. In total, 1 g of commercial Ti3AlC2 powder was added slowly (within 10 min, mainly to prevent a large amount of gas overflow). Then, the solution was stirred vigorously at 60 °C for 48 h. After etching, the solution was washed with a large amount of deionized water until the pH of the supernatant was greater than 5, and then ethanol was used to wash the solution for three times. After that, the fewer layered powder was dried in vacuum at 60 °C for 12 h. The obtained black powder is multilayer Ti3C2Tx, which has a multilayer structure of MXene. We called it multilayer MXene (ML-Ti3C2Tx).




2.2.2. Preparation of SnO2 and SnO2/MXene Composites


Three mixed solutions with 30 mL ethanol and 50 mL deionized water were prepared. In total, 0.198 g K2SnO3·3H2O was then added to the mixed solution under a continuous stirring. Then, 0.3 g urea and 1g polyvinylpyrrolidone (PVP) were added to control the morphology of SnO2. After that, a certain amount of ML-Ti3C2Tx was added into the mixed solution and stirred at 25 °C for 30 min. The black solution was quickly transferred to a 100 mL polytetrafluoroethylene reactor and reacted in a blast oven at 200 °C for 18 h. The obtained product was centrifuged and washed repeatedly with ethanol, deionized water. Finally, the sample was dried at 60 °C for 12 h. The products were named as SM-10, SM-5 and SM-2 for different weight amounts of added MXene, which were 10 wt %, 20 wt % and 50 wt %, respectively. In the last step of the synthesis of single-phase SnO2, ML-Ti3C2Tx was not added.





2.3. Material Characterization


In this paper, DX-2700 X-ray diffractometer (XRD) of Liaoning Dandong Haoyuan Instrument Co., Ltd. (Dandong, China) is used with CuKα1 radiation (λ = 1.54056 Å), the step scanning is adopted, the scanning speed is 0.03 °/s, the range is 5–90°, the tube voltage is 40 kV and the tube current is 40 mA. The samples were analyzed by scanning electron microscope (SEM, SU5000, accelerating voltage 1 kV–30 kV, negative magnification 10–500,000×) and transmission electron microscope (TEM, JEM-200CX, accelerating voltage 160 kV) of Hitachi high-tech company in Japan. The adsorption desorption isotherm was measured at 77 K and a certain pressure by ASAP-2020 nitrogen adsorption specific surface area tester of American micromeritics company, and the specific surface area of the MXene material was calculated by multilayer adsorption theory.




2.4. Fabrication of Gas Sensor


The MEMS used in this study is shown in Figure 1a. The whole test platform is based on MEMS microdevices (The fabrication process of the device is detailed in Supplementary Materials Figure S1). The sensitive characteristics of the sensors are detected through the computer-controlled LP-002A test system (Shanghai Lingpan Electronic Technology Co., Ltd., Shanghai, China). By adjusting the plus and minus keys, the heating voltage (Vh) can be changed to make the sensor obtain different working temperatures. The voltage of the whole test circuit (VC) is 5 V, and the output voltage (Vout) is the voltage at both ends of the load resistance. The simplified circuit diagram is shown in Figure 1b. At a certain operating temperature, we first record the stable voltage (Va) of the sensor in the air. The resistance of the sensor is marked as R.



When the gas to be tested is injected into the cavity from the small hole above the test chamber and mixed evenly with the air, the mixed gas will gradually diffuse and adsorb on the sensor surface. At this time, the test system will record the output voltage Vg. After the adsorption is complete, we opened the upper cover of the test chamber, released the test gas, and exposed the sensor to the air again. Then, the sensor voltage value returns to Va. According to the formula:


  R =    (  5 −  V  o u t    )  *   10  5     V  o u t      



(1)







The resistance of the sensor in different states can be calculated. Then, the resistance values resistance in air (Ra) and resistance in gas (Rg) of the sensor in air and detection gas can be calculated, and the response value s of the sensor is defined, that is, the ratio of resistance


  S =    (   R a  −  R g   )     R g     



(2)




and the response time is the time required to reach 90% of the maximum response value.



MEMS gas sensor is prepared by a drop-coating method through mixing the sensing material with ethanol solution. The MEMS device structure is shown in Figure 1c, including a heater coated with a supporting film and an isolation film, and an interdigital electrode for conducting electricity. The composite materials generally need to be electrified and aged for 72 h at a voltage of at least 1.3 V (corresponding to the working temperature of 180 °C) to ensure the sensors with good stability. In addition, the ambient temperature tested in this paper is 25 °C and the ambient humidity is 45% RH (relative humidity is defined as ambient humidity) [7,40,41,42]. It is necessary to stabilize the baseline for more than 5 min before all tests.





3. Results and Discussion


3.1. Characterization of Materials


The crystal structure, phase purity and composition of as-synthesized samples were well analyzed and determined by X-ray powder diffraction. Figure 2 shows the XRD patterns of the five samples. The etched multilayer MXene has a standard peak at a low angle, corresponding to the (002) crystal plane of ML-Ti3C2Tx. The three standard peaks at 36.06°, 38.96° and 41.84° can be indexed to the standard card JCPDS-52-0875 of the original phase. The diffraction peak of the obtained SnO2 is sharp and free of other impurities, which can be completely consistent with the standard peak JCPDS: 41-1445, indicating that the SnO2 synthesized by solvothermal method is tetragonal structure and has the characteristics of high purity and good crystallinity. The diffraction pattern of the SnO2/MXene composites is basically consistent with that of SnO2, because the proportion of SnO2 in the composites is much larger than that of MXene. So, there is no obvious MXene diffraction peak in the patterns of SM-10. However, as the ratio of SnO2 and MXene gradually increases to 5:1 and 2:1, the standard peak intensity of MXene phase at a low angle gradually increases. Even several characteristic peaks of MXene near 40° can be seen in the SM-2 sample.



The morphology of the SnO2 and its composites was observed by SEM and TEM. Figure 3a–c exhibits the morphologies of SnO2, multilayer MXene and SM-5, while Figure 3d–f shows the TEM images corresponding to the three materials. It can be seen that from Figure 3a the SnO2 obtained by this method has a typical spherical structure, the morphology of all microspheres is relatively uniform and the sizes are basically same. The enlarged view in the upper right corner shows that the diameter of microspheres is about 350–500 nm. A consistent conclusion can also be obtained in the corresponding Figure 3d. It is also found that SnO2 microspheres are a solid structure with rough surface and loose pores from Figure 3d, which is conducive to gas adsorption. Figure 3b shows that the multilayer Ti3C2Tx has a good accordion shape and the transverse size is 3–5 μm. The larger layer spacing proves that the aluminum atomic layer has been removed thoroughly and the overall etching effect is good. Compared with the SEM Figure 3c of the composite, it is found that the layer spacing of the hydrothermal ML-Ti3C2Tx decreases due to the thermal condensation. The (002) standard peak in the XRD spectrum shifts to a high angle, and the lamellar surface becomes rough. It can also be seen from the Figure that SnO2 and ML-Ti3C2Tx can be combined under hydrothermal conditions well. A small amount of SnO2 was loaded between the edge of the layer and the gap between layers. Most SnO2 microspheres are bonded or stacked on the surface of large layers due to electrostatic attraction. From Figure 3e,f, the changes of ML-Ti3C2Tx after compositing the SnO2 are observed. The composite sites are consistent with those in the SEM diagram, which are, respectively, located on the surface of the lamella and the side of the overall structure, indicating the good morphology of the composite. The SEM morphologies of SM-10, SM-5 and SM-2 are exhibited, respectively, in Figure 3g–i under the same multiple. With the decrease in the amount of SnO2 content, the number of SnO2 microspheres is also significantly reduced and the stacking phenomenon is gradually improved. The spheres are evenly distributed on the surface and structural side of ML-Ti3C2Tx lamella, which is conducive to give full play to the adsorption of gas.



Figure 4a–d shows the nitrogen adsorption desorption isotherms of SnO2 microspheres and three composites with different proportions (SnO2: MXene is 10:1, 5:1 and 2:1). Through calculation, it is found that the specific surface area (SSA, the calculation method of SSA shows in Supplementary Materials.) of SnO2 microspheres is 28.47 m2 g−1, while the BET specific surface area test data of ML-Ti3C2Tx (The BET test data of ML-Ti3C2Tx is shown in Figure S2 of Supplementary Materials) is 13.54 m2 g−1. The specific surface areas of SM-10, SM-5 and SM-2 after compounding with ML-Ti3C2Tx are 61.53 m2 g−1, 65.01 m2 g−1 and 40.40 m2 g−1, respectively. It can be seen from the above data that the specific surface area of the composite increases as a whole, which is caused by the contact between SnO2 microspheres and ML-Ti3C2Tx and the structure of ML-Ti3C2Tx accordion. The result indicates that the addition of ML-Ti3C2Tx is helpful to improve the gas-sensing performance of SnO2 microspheres. For different proportions of composites, the specific surface area of SM-5 is greater than SM-10 and SM-2, so the performance of SM-5 sensor is expected to be the best.




3.2. Gas-Sensing Performance Test


Generally, a metal oxide semiconductor needs a certain temperature to stimulate chemical reaction activity of surface adsorbed oxygen, so the optimal operating temperature should be found at first [43,44,45]. Compared with the reported works of SnO2, the best operating temperature is usually located between 160 °C and 260 °C (which are shown in Table 1) [46,47,48,49,50,51]. Within this range, the operating temperature was adjusted so as to reach the highest response of SnO2 and its composites. As shown in Figure 5a, when the temperature changes from 150 °C to 290 °C, the ML-Ti3C2Tx has little response (only 0~0.1) to ethanol gas, while the response values of SnO2 and all composites own a similar tendency first increase and then decrease, and reach a maximum response value at 230 °C. Among the tested samples, SM-5 has the highest response value about 5.0. It indicates that the best composite ratio of SnO2 microspheres to ML-Ti3C2Tx is 5:1. After determining the operating temperature of 230 °C, the selectivity of the samples was further tested. As shown in Figure 5b, 10 ppm ammonia, nitrogen dioxide, hydrogen sulfide, paraxylene, toluene, benzene, methanal, acetone and ethanol were included the test at 230 °C. It is found that SnO2 microspheres has almost no response to inorganic gas and only has low response to H2S. Most of the target gases with high response are VOCs. The response trend of the three composites to various gases is consistent with that of SnO2 microspheres. The response value of the best composite ratio SM-5 to ethanol is S = 5.0, which is about twice that of pristine SnO2 microspheres. Therefore, in the composites, the semiconductor metal oxide SnO2 microspheres play an important role in adsorbing gas as the main body, and an appropriate amount of ML-Ti3C2Tx plays the role of sensitizer.



Figure 6a shows the dynamic response curves of the four gas sensors under different ethanol concentrations (0.5–50 ppm). It can be seen from Figure 6a that with the gradual increase in ethanol gas concentration, the response values of the four sensors also increase, and the four sensors show the ability of rapid response and recovery regardless of gas concentration. The gas adsorption of the four materials at a low concentration is in an unsaturated state, the response value increases rapidly. In a higher concentration of ethanol, that increases slowly owing to the adsorption near the saturation state. The response value of SM-5 to different ethanol concentrations is about 2–2.5 times that of SnO2, and the response values to 0.5 ppm, 1 ppm, 5 ppm, 10 ppm and 50 ppm ethanol gas are 0.5, 1.0, 2.5, 5.0 and 9.2, respectively. This result shows that SM-5 sensor can detect ethanol gas in a wide range of concentrations and has good detection ability for low concentration ethanol gas. Fitting curve of response value of four gas sensors to 0.5–30 ppm ethanol is shown in Figure 6b. The fitting formula for the four curves is


  y = A + B x + C  x 2   



(3)




and the parameters are shown in Table 2. As can be seen from Figure 6b, the R2 value for pristine SnO2, SM-10, SM-5 and SM-2 is 0.99091, 0.99571, 0.98796 and 0.99521, respectively. It can be observed that the response of the sensor increases fast with the ethanol concentration increase from 1 ppm to 10 ppm. At 25 ppm or above, the responses tend to saturate.



The response and recovery time of the gas sensor is an important parameter for practical application. Generally, the time required for the sensor to reach 90% of the total resistance change is defined as the response or recovery time in the case of gas adsorption or desorption. After intercepting and amplifying the responses of SM-5 and SnO2 under 10 ppm ethanol gas shown in Figure 7, we can find the composite sensor SM-5 not only enhances the response value of SnO2, but also shortens the response and recovery time of SnO2 from 20 s/41 s to 14 s/26 s.



The stability tests are mainly divided into two types: short-term repeatability and long-term stability test. Here, we explored the stability of SM-5, and the test results are shown in Figure 8. Figure 8a shows the 10-cycle test of SM-5 on 10 ppm ethanol at 230 °C. It can be seen that there is no significant difference in the response values of several tests, indicating that the SM-5 sensor has excellent signal reproducibility and excellent short-term repeatability. Figure 8b reveals the long-term stability of SM-5 sensor tested every 5 days for 10 ppm ethanol under the same environmental conditions. It is found that even after 50 days, the signal of the sensor remains stable (S = 5.0 ± 0.14). Although there is little fluctuation during the period, there is no obvious drift or downward trend, implying its good long-term stability. Meanwhile the moisture resistance of the sensor has been tested. As shown in Figure 8c, the response value of the SM-5 sensor fluctuates slightly in the range of 40–60% RH, decreases significantly in the range of 60–80% RH and decreases slowly in the range of 80–90% RH. Even under the environmental conditions of 90% RH, the response value of SM-5 can still reach S = 3.7, which is only 1.3 lower than its maximum sensitivity, meaning that the sensor has certain moisture resistance.




3.3. Sensitive Mechanism


According to the above gas-sensing test results, the space charge or depletion layer model was used to explain and analyze the gas-sensing mechanism of SnO2. This is mainly due to the change of surface resistance caused by the adsorption and desorption of measured gas molecules. The simplified schematic diagram of the whole process is shown in Figure 9. SnO2 is a typical n-type semiconductor metal oxide. When SnO2 sensors are exposed in air, a large amount of O2 is adsorbed on the material surface. O2 molecules can capture electrons from the conduction band, further generate oxygen ions (O−) on the surface of SnO2 microspheres and form a thick space charge layer [52,53,54]. It caused the potential energy barrier of the material to increase and the material kept high resistance. When ethanol molecules react with O− on the surface of SnO2 microspheres to produce CO2 and H2O. Then, the electrons are released back to the conduction band of the sensor material, so that the space charge layer becomes thinner and the sensor resistance decreases. When the ethanol gas is completely separated from the sensor, O2 will re-adsorb on the SnO2 surface to restore its original high resistance. So far, the whole response recovery process is completed.



The contribution of ML-Ti3C2Tx to the ethanol-sensing performance of SnO2/MXene sensor can be explained as follows. Firstly, the surface of ML-Ti3C2Tx contains rich functional groups, such as -O, -OH and -F, which provides active sites for the nucleation and growth of SnO2. From SEM and TEM photographs, we can find that SnO2 microspheres are in close contact with the interlayer and surface of ML-Ti3C2Tx. Therefore, compared with SnO2 microspheres, SM-5 can provide more active sites, which is conducive to the adsorption of O2 and ethanol.



Secondly, as shown in Figure 10, a Schottky barrier can be formed between ML-Ti3C2Tx and SnO2 [55]. It is well known that Ti3C2Tx materials have high metal conductivity even in the presence of functional groups. In the composite, due to the metal properties and high work function of Ti3C2Tx, electrons from SnO2 conduction band migrate to Ti3C2Tx. Therefore, when they were contacted, a Schottky barrier will be established at the interface to make the Fermi energy levels equal, and the formation of the Schottky barrier may also lead to the bending of SnO2 energy band [55,56,57]. In the air, electrons will be captured by O2 molecules to form O− and O2−, which reduces the electron density at the SnO2/MXene [56,58,59,60]. This causes the Schottky barrier to thicken at the SnO2/MXene interface and due to the existence of Ti3C2Tx, the electron depletion layer of SnO2 becomes thicker, so that the resistance value of SM-5 sensor is larger than that of the SnO2 sensor (Figure 11). When the SnO2/MXene composites are exposed to ethanol gas, due to the reaction between ethanol molecules and oxygen ions, electrons will be released, and the electron depletion layer on the surface of SnO2 will become thinner, resulting in a reduction in the resistance of the SnO2/MXene sensor. Due to the existence of the Schottky barrier and the thinner electron depletion region of SnO2 when contacting the target gas, the SnO2/MXene sensor shows greater resistance change, leading to a higher response, compared with the SnO2 sensor exposed to ethanol.



In addition, the ML-Ti3C2Tx may support the conductive layer and make the charge carriers migrate faster from SnO2 on one side to SnO2 on the other side, which is conducive to rapid response and recovery speed, which is consistent with the experimental results. We also believe that the metal properties of Ti3C2Tx will play an important role in gas sensing, but excessive Ti3C2Tx will destroy the Schottky junction. Therefore, SM-5 sensors show better gas-sensing performance.





4. Conclusions


In summary, the multilayer MXene with an accordion-like structure was prepared successfully through an acid-etching process. Additionally, then SnO2/MXene composites were fabricated through a facile hydrothermal method. Microsphere SnO2 with uniform particle size is evenly distributed between the layers of MXene. The gas-sensing test results show that the gas response to ethanol of the SnO2 sensor is remarkably improved after combining MXene. Thereinto, the response value of the SM-5 sensor is over twice that of the pristine SnO2 sensor at 230 °C. Furthermore, the SM-5 sensor also has faster response and recovery speed. The enhanced gas-sensing performance of the SM-5 sensor can be attributed to the rich functional groups of MXene and the formation of the Schottky barrier. This solution could become guide ideas for new gas sensors in the future.
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Figure 1. (a) Physical diagram of MEMS test platform, gas sensor and temperature control heating plate (b) schematic diagram of heating and test circuit (c) components and structure diagram of MEMS chip. 
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Figure 2. XRD diffraction patterns of as-prepared samples. 
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Figure 3. (a–c) SEM of SnO2, multilayer MXene and SM-5; (d–f) Corresponding TEM diagrams of SnO2, multilayer MXene and SM-5; (g–i) SEM images of different material ratios SM-10, SM-5 and SM-2. 
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Figure 4. (a–d) Nitrogen adsorption desorption isotherms of SnO2, SM-10, SM-5 and SM-2. 
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Figure 5. Gas-sensing properties of SnO2 microspheres and their composites. (a) Response sensitivity to 10 ppm ethanol at different temperatures; (b) Response value to 10 ppm different gases at the optimal working temperature of 230 °C. 
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Figure 6. (a) Dynamic response recovery curves of four gas sensors to 0.5–50 ppm ethanol. (b) Logarithmic fitting curve of response value of four gas sensors to 0.5–30 ppm ethanol. 
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Figure 7. (a,b) Response recovery curves of SnO2 and SM-5 to 10 ppm ethanol. 
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Figure 8. Overall, 10 ppm ethanol for (a) the short-term stability test of SM-5 sensor. (b) The long-term stability test of SM-5 sensor. (c) The relative humidity of 40% to 90% test of SM-5 sensor. 
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Figure 9. Schematic diagram of surface resistance control model of SnO2 sensor. 
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Figure 10. Schematic diagram of the sensitivity mechanism of the SnO2/MXene sensor. (a) An explanation of the whole process. (b) The formation and change process of composite materials. (c) Composite materials in the air. (d) Composite materials in the ethanol. 
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Figure 11. Schematic diagram of the sensitivity mechanism of the SnO2/MXene sensor. 
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Table 1. Optimum working temperature of different SnO2 composites.






Table 1. Optimum working temperature of different SnO2 composites.





	Gas-Sensing Materials
	Optimum Working Temperature
	Measured Gas
	Reference





	SnO2 nanofibers
	160–180 °C
	NO2
	[47]



	ZnO–SnO2 core–shell nanofibers
	200 °C
	Ethanol
	[48]



	WO3–SnO2 nanocomposites
	200 °C
	NO2
	[49]



	Cu-doped SnO2 nanoflowers
	260 °C
	Acetone
	[50]



	SnO2/Zn2SnO4 porous spheres
	250 °C
	Ethanol
	[51]



	Pd-loading SnO2
	250 °C
	Liquefied Petroleum Gas (LPG)
	[52]
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Table 2. The values of A, B, and C in Formula (3) of the fitting curves of different sensors.
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	Gas Sensors
	A
	B
	C





	SnO2
	0.242
	0.259
	   − 0.0044   ±   7.82567    e  − 4     



	SM10
	0.349
	0.283
	   − 0.00363   ±   7.50519    e  − 4     



	SM5
	0.767
	0.542
	−0.00767 ± 0.0021



	SM2
	0.571
	0.320
	   − 0.0039   ±   9.16123    e  − 4     
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