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Abstract

:

The development of high-performance acetone gas sensor is of great significance for environmental protection and personal safety. SnO2 has been intensively applied in chemical sensing areas, because of its low cost, high mobility of electrons, and good chemical stability. Herein, we incorporated nitrogen atoms into the SnO2 nanostructure by simple solvothermal and subsequent calcination to improve gas sensing property for acetone. The crystallization, morphology, element composition, and microstructure of as-prepared products were characterized by X-ray diffraction (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy (XPS), Electron paramagnetic resonance (EPR), Raman spectroscopy, UV–visible diffuse reflectance spectroscopy (UV–vis DRS), and the Brunauer–Emmett–Teller (BET) method. It has been found that N-incorporating resulted in decreased crystallite size, reduced band-gap width, increased surface oxygen vacancies, enlarged surface area, and narrowed pore size distribution. When evaluated as gas sensor, nitrogen-incorporated SnO2 nanostructure exhibited excellent sensitivity for acetone gas at the optimal operating temperature of 300 °C with high sensor response (Rair/Rgas − 1 = 357) and low limit of detection (7 ppb). The nitrogen-incorporated SnO2 gas sensor shows a good selectivity to acetone in the interfering gases of benzene, toluene, ethylbenzene, hydrogen, and methane. Furthermore, the possible gas-sensing mechanism of N-incorporated SnO2 toward acetone has been carefully discussed.
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1. Introduction


Gas sensor has many important applications such as environment monitoring, industrial and personal safety, and medical diagnostics, etc. In recent years, the indoor pollutions of volatile organic compounds (VOCs) have been much concerned as the inhalation of the slowly released VOCs could induce chronic toxic effects to human health. Acetone is one of the typical VOCs, which has been frequently applied in scientific labs and industries. High concentration of acetone (>173 ppm) can anaesthetize the central nervous system and cause damage to important organs of the human body. Consequently, some major environmental safety agencies including National Institute of Occupational Safety and Health (NIOSH) and European Agency for Safety and Health at Work (EU-OSHA) have established guidelines to limit the exposure of human to acetone in indoor and workplace air [1]. For example, the cumulative exposure limits of acetone gases measured in an average user-adjusted period of 4–16 h is 250 ppm and 1000 ppm prescribed by NIOSH and EU-OSHA, respectively. Therefore, high sensibility with a ppm-level detection limit and good selectivity towards acetone are required for acetone gas sensor applied in indoor and workplace. Among the versatile candidate materials for gas sensor towards acetone, metal oxides such as SnO2 [2], WO3 [3], ZnO [4], and In2O3 [5] are most commonly used due to their good sensitivity and low power consumption. In particular, SnO2 shows excellent gas sense performance and has been intensively investigated, because of its low cost, high electron conductivity, and good thermal and chemical stability [6,7]. It has been widely known that the sensitivity is an important parameter for the gas sensor, besides other parameters such as selectivity and response-recovery time [8]. The higher sensitivity means better capability to detect the target gas. However, the sensitivity towards acetone of the above-mentioned metal oxides materials is still to be improved for practical applications [9].



One feasible way for increasing the sensitivity is to choose the materials with large surface area to provide more active sites [10]. In this regard, many ingenious synthetic strategies have been used to prepare various types of nanostructured SnO2 such as porous hierarchical flower-like nanomaterials [11], hollow microcubes [12], porous microtubules [13], nanorods [14], nanowires [15], hierarchical micro-nanostructures [16]. Theoretically speaking, the improvement of the sensitivity by utilizing large surface area materials is limited as the properties of gas sensors are dependent primarily on the electronic and structural properties of the materials [17]. From this perspective, as a common method for modulating the electronic and structural properties of a semiconductor, the extrinsic ion incorporation is considered as an important competitive method. For instances, Singh et al. synthesized Er-doped SnO2 [18] and Gd-doped nanostructures [19] with enhanced sensor response resulted from large surface area and enormous oxygen vacancies [20]. Li et al. pointed that oxygen vacancies were beneficial to the adsorption of surface oxygen species, which was attributed to the enhanced gas sensitivity of Pr-doped SnO2 [21]. Gao et al. studied the acetone sensing properties of La-doped SnO2 nanoarrays [22]. Patil et al. reported the acetone gas sensing properties of Co-doped SnO2 thin films [23].



Despite the tremendous researches on the influence of cationic incorporation on SnO2 gas-sensing properties, researches on anion incorporation are rather limited. Guo et al. reported that the sensitivity of SnO2 gas sensor towards H2 was significantly improved by Fluorine (F) doping because of the increased conductivity [24]. Basu et al. studied the enhanced gas sensing behaviour of F-doped SnO2 towards alcohol [25]. When compared with F element, nitrogen (N) is another ideal dopant for SnO2 because of the similar ionic radii of nitrogen and oxygen [26]. It is reported that the intrinsic electrical resistance and signal noise level could be well reduced by nitrogen (N)-incorporation of metal oxides [27]. Sun et al. showed that the N-doping would result in a reduction in band gap and it was energetically favourable for substituting O with N [28]. In bulk N-incorporated SnO2, significantly enhanced conductivities were observed [29]. However, there is no gas sensor implication for N incorporated SnO2 nanostructure and it is still unclear whether N incorporation can effectively enhance the gas-sensing property of SnO2.



Here, we report our first step toward this direction and show that the incorporation of nitrogen into the SnO2 nanostructure enhances its gas sensing properties towards acetone. The relevant acetone gas-sensing mechanism of N-incorporated SnO2 gas sensor was discussed.




2. Materials and Methods


2.1. Sample Preparation


In the experiment, the samples were prepared by simple solvothermal and subsequent calcination. For the synthesis of N-incorporated SnO2 sample, 1.0518 g SnCl4·5H2O (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) was dissolved in 32 mL ethanol (Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) and then 1.2608 g hexamethylenetetramine (C6H12N4, Sinopharm Chemical Reagent Co., Ltd, Shanghai, China) was added to the transparent solution with vigorous stirring, which formed a white suspension. The suspension was put into a 45 mL Teflon-lined stainless-steel autoclave, which was heated at 180 °C for 24 h and cooled naturally. The resultant product was washed by water and ethanol several times, and then dried in air at 80 °C for 12 h. Finally, the dried product was calcined at 550 °C for 2 h to obtain N-incorporated SnO2 nanostructure. For the synthesis of pure SnO2 sample, no C6H12N4 was used, while the other experiment conditions were the same. The key synthesis process of N-incorporated SnO2 nanostructure is shown in Figure 1.




2.2. Sample Characterization


X-ray diffraction (XRD, MiniFlex II, Rigaku, Tokyo, Japan) and transmission electron microscopy (TEM, JEM-2010, JEOL, Tokyo, Japan) were used to characterize the phase structures and microstructures of the samples, respectively. Scanning electron microscopy (SEM, JSM-6700-F, JEOL, Tokyo, Japan) and energy dispersive spectrometer (EDS, Oxford INCA Energy 250, Oxford Instruments, Abingdon, UK) were employed to study the elements distribution. X-ray photoelectron spectroscopy (XPS, ESCA-LAB250XI, Waltham, MA, USA) was used to characterize chemical compositions and valence states of the samples with a monochromatic Al Ka X-ray source. Electron paramagnetic resonance (EPR, Bruker-BioSpin E500, Rheinstetten, Germany) was performed to study the defects of the samples. Raman spectroscopy (Horiba, Labram HR800 Evolution, Kyoto, Japan) was employed to characterize structural information of the samples. UV–visible diffuse reflectance spectroscopy (UV-vis DRS, UV-2600) was measured to study the band-gap energies of the samples. The surface area and porosity analyzer (ASAP2460, Micromeritics, Norcross, GA, USA) were used to investigate the pore size distribution and specific surface area by Barrett–Joyner–Halenda (BJH) model and Brunauer-Emmett-Teller (BET) method, respectively.




2.3. Sensor Fabrication and Test


A home-made system [30] was used to characterize the sensor. In brief, the sensing film of N-incorporated or pure SnO2 samples were formed by drop-coating on the substrate of Al2O3 with two Ag electrodes, whose two ends were connected with Au wires. The structure of the sensor and test device are shown in Figure 2. For the fabrication of Ag electrode, Ag paste was first printed on the Al2O3 substrate and Au wires and then dried by irradiation under an infrared lamp, which made Au wires, Ag powder, and the Al2O3 substrate stick together. All of them were heated at 550 °C for 30 min to sinter together. Since the work function of SnO2 studied in this work is ~3.1–3.6 eV, Ag seems to be the best electrode for conductive contact due to the high work function of Au and Pt. The obtained sensor was then put in to a quartz chamber for the test of the sensitivity. Before the test, the sensor was preheated and stabilized at 400 °C for 20 h to achieve good ohmic contact. The linear V-I curves of the N-incorporated sample on Ag electrodes coated Al2O3 substrate at 300 °C clearly imply good ohmic contact of the sensing film and the metal electrode (Figure S1). When the test began, the quartz chamber was fulfilled with target gas for ~0.65 min with 600 mL min−1 gas flow. The target gas was introduced into the quartz tube by mixing the certified gas “mixtures” (Beijing Hua Yuan Gas Chemical Industry Co., Ltd., Beijing, China) and dry air in a proper ration controlled by the mass flow controllers (CS-200C, Beijing Sevenstar Qualiflow Electronic Equipment Manufacturing Co., Ltd., Beijing, China). The bias on the sensor was set to 5 V. Keithley 4200 Sourcemeter was used to record the current. The response was defined as the ratio of sensor resistance in air and in the detected gas (Rair/Rgas − 1), in which Rair and Rgas represent the electrical resistance of the sensor in air and test gas, respectively. The response/recovery time is defined as the time required for the resistance of the sensor to change to 90%/10% of the saturation value after exposure to the test gas/air. The coefficient of variation (CV) is used to represent the repeatability of the sensor, which is defined as


CV = RSD/Raverage × 100%,



(1)




where RSD and Raverage are the standard deviation (SD) and average value of responses, respectively.





3. Results and Discussion


3.1. Morphology and Structural Characterization


The XRD patterns of N-incorporated SnO2 and pure SnO2 samples were shown in Figure 3. All diffraction peaks of N-incorporated SnO2 sample matched well with the standard diffraction data (PDF. No. 41-1445) for rutile structure SnO2. Comparatively, the diffraction peak positions of the pure SnO2 sample remained unchanged, while the diffraction peaks were apparently sharpened and the peak intensity became stronger. It indicates relatively higher crystallinity and larger crystallite size of the pure SnO2 sample than those of the N-incorporated SnO2 sample. In both samples, no other diffraction peaks of impurities phase were found. Based on the data of the (101) diffraction peaks, the average crystallite sizes of both samples were calculated by Scherrer’s formula [31]; these were 12 nm for the N-incorporated SnO2 sample and 30 nm for the pure SnO2 sample, respectively.



To study the morphology and microstructures of N-incorporated SnO2 and pure SnO2 samples, TEM, high-resolution TEM (HRTEM), and selected area electron diffraction (SAED) patterns were measured, as shown in Figure 4. Figure 4a shows that the N-incorporated SnO2 sample was composed of nanoparticles of 10–20 nm in diameter, which were aggregated together to form porous structure. Comparatively, as shown in Figure 4b, the particle size of nanoparticles of the pure SnO2 sample was increased to 15–40 nm in diameter. The pore sizes of the pure SnO2 sample were also apparently larger than that of the N-incorporated SnO2 sample. The phenomenon of particle size reduction in SnO2 nanoparticles induced by nitrogen incorporation was also reported by Wang et al., which could be due to the suppression role of nitrogen atoms in the long-range order formation of host lattices [32]. The SAED pattern of the N-incorporated SnO2 sample (inset in Figure 4a) was featured by diffuse diffraction rings, as compared with distinct polycrystalline diffraction rings with some bright spots in the pure SnO2 sample (inset in Figure 4b). HRTEM images (Figure 4c,d) of both samples reveals distinct lattice lines with spacings of 0.33 and 0.26 nm, which are attributed to the (110) and (101) planes of rutile structure SnO2 [33]. Thus, both samples were well crystallized, which is consistent with the XRD results.



In order to verify the existence of the nitrogen incorporation in SnO2 nanoparticles, we carried out a detailed study on elements distribution and chemical compositions by EDS and XPS. As shown by EDS mapping results in Figure 5, only elements Sn, N, and O were found and they were homogeneously distributed in the N-incorporated SnO2 samples. Since no impurity phases were found in XRD detection, it indicates that nitrogen atoms could be incorporated into SnO2. The nitrogen incorporation is also confirmed by XPS analyses (Figure 6). A peak at 399.3 eV of N1s was only observed in N-incorporated SnO2 sample (Figure 6a), which confirmed the nitrogen incorporation into the surface of the sample [34]. Quantitative results show that the N content was 1.79 at% in N-incorporated SnO2 sample. Figure 6b shows the Sn 3d spectra of N-incorporated and pure SnO2 samples. For pure SnO2 sample, the peaks at 486.7 eV and 495.1 eV were identified to the standard Sn 3d5/2 and Sn 3d3/2 peaks of rutile SnO2, respectively. It indicates the existence of Sn4+ [35]. The difference of Sn 3d5/2 and Sn 3d3/2 peaks is 8.4 eV, which is in agreement with that in the literatures [36]. However, for N-incorporated SnO2 sample, the core binding energy of Sn 3d5/2 and Sn 3d3/2 peaks shifted toward lower binding energy by 0.6 eV. Such blueshift to lower binding energy has been reported in nitrogen-incorporated SnO2 films [37] and defective black SnO2 [38]. It could be ascribed to (i) the shift of 3d orbital energy level resulted from N3− that has higher coulombic potential than O2− [37]; and (ii) the formation of oxygen vacancies caused by charge compensation effect, which resulted in fewer O neighbours around Sn on average [38].



The existence of oxygen vacancies in N-incorporated SnO2 sample was confirmed by the EPR signals. As shown in Figure 7, N-incorporated SnO2 sample exhibited a strong signal at g = 2.00, which is attributed to the electrons trapped on oxygen vacancies. In contrast, no apparent signal for pure SnO2 sample was observed. Thus, nitrogen incorporation is indicated to promote the formation of oxygen vacancies. Because the radius of nitrogen atom is close to that of the oxygen atom, the nitrogen atom can replace the oxygen atom. Since the nitrogen atom is trivalent and the oxygen atom is divalent, the doping of two nitrogen atoms will theoretically form an oxygen vacancy. Moreover, it is reported that nitrogen doping also reduces the formation energy of oxygen vacancies [39], which is also beneficial to the increase in oxygen vacancy concentration.



In order to obtain more detailed information of oxygen vacancies, Raman spectra were further performed to study the structure difference between N-incorporated SnO2 and pure SnO2 samples, as shown in Figure 8. It is well known that the normal lattice vibration modes of rutile structure SnO2 at the Γ point of the Brillouin zone are given by


Γ = 1A1g + 1A2g + 2A2U + 1B1g + 1B2g + 2B1U + 1Eg + 4EU,



(2)




Among these lattice vibration modes, three modes of A1g, B2g, and Eg are Raman active. Other modes including A2g, A2u, B1g, B1u, and Eu are Raman inactive because they do not appear in the single-crystal SnO2 according to symmetry analysis [40]. It was observed that both N-incorporated SnO2 and pure SnO2 samples clearly exhibited three characteristic vibration modes of A1g, B2g, and Eg, which confirmed the rutile structure of SnO2. We noticed that the Raman inactive vibration modes of Eu and A2g were also observed, which were located at around 300 and 578 cm−1, respectively. The appearance of these inactive vibration modes has been ascribed to the existence of oxygen vacancies in rutile SnO2 [41]. Notwithstanding similar spectral features in both samples, the intensities of A1g, A2g, and Eu peaks appeared to be much stronger in N-incorporated SnO2 sample in comparison with the pure SnO2 sample. It is well documented [42] that oxygen vacancies in SnO2 could be classified as three types of subbridging, bridging, and in-plane oxygen vacancies, which are responsible for Eu, A1g, and A2g modes, respectively. The peak intensities of these modes are proportional to the density of oxygen vacancies [43]. Thus, the incorporation of N atoms into SnO2 apparently increased the concentration of these oxygen vacancies, which is well consistent with EPR result. Additionally, it is noted that the Eu peak exhibits a decrease in wavenumber (redshift) in N-incorporated SnO2 sample. It has been widely accepted that oxygen has a Pauling electronegativity of 3.5, which is larger than that of 3 for nitrogen. Thus, the ability of an oxygen nucleus to attract electrons from the Sn atom is stronger than that of N atom. Therefore, the substitution of N3− for O2− would result in the increase of electron density around Sn atom in the O-Sn-O structure, as well as the formation of oxygen vacancies ascribed to the charge compensation effect. In consequence, the spatial charge between O and Sn could be redistributed to weaken the strength of the Sn–O bond, leading to the redshift of the Eu peak. Thus, above results provide an insight into the impact of nitrogen incorporation in the Raman behaviour of oxygen vacancies in SnO2 nanomaterials.



To investigate the influence of nitrogen incorporation and oxygen vacancies on the band-gap width of rutile SnO2, UV–visible diffuse reflectance spectroscopy of N-incorporated SnO2 and pure SnO2 samples were performed. As shown in Figure 9, the absorption edge of N-incorporated SnO2 sample shifts to a longer wavelength as compared to that of pure SnO2 sample. Such a red-shift phenomenon is consistent with other experimental findings [37]. The band-gap energy can be calculated by the following equation:


αhν = A (hν − Eg)n,



(3)




where α is the absorption coefficient, Eg is the band-gap energy, hν is the photon energy, n equals 0.5 for direct allowed transition or 2 for indirect allowed transition, respectively. Since SnO2 is a direct type semiconductor, n equals 0.5 in this case. Thus, the value of Eg can be obtained through extrapolating the linear portion towards zero absorption by fitting the plot of (αhν)2 as a function of hν, as shown in the inset in Figure 9. It is seen that the value of Eg for pure SnO2 is 3.6 eV, similar to the reported value for bulk SnO2 [44], while the value of Eg for N-incorporated SnO2 was decreased to 3.1 eV. Since it was well documented that the reduction of particle size could increase the band gap of SnO2 [45], we believe that the nitrogen incorporation is the main reason for the decrease of the band-gap of N-incorporated SnO2 sample. In this regard, Sun et al. [28] have performed the density functional theory (DFT) calculations of nitrogen doping behaviours on the single-crystalline rutile SnO2. Their calculation has drawn a conclusion that the N atom is energetically favourable to be incorporated to the O site. As N atom is incorporated, the N 2p states are delocalized and contributory to the formation of some gap states hybridized by O 2p states and Sn 3d states, which results in a band to gap states transition and causes the reduction of the band-gap.



The impacts of N incorporating on the surface areas and pore distribution of the samples were investigated by the surface area and porosity analyzer. The surface area of N-incorporated SnO2 and pure SnO2 samples were calculated by BET method, which are 38.2 and 29.7 m2/g, respectively. The absorption–desorption isothermals of N-incorporated SnO2 and pure SnO2 samples are shown in Figure 10a. As can be seen, N-incorporated sample shows a typical IV type isotherm with a H2 hysteresis loop as classified by International Union of Pure and Applied Chemistry (IUPAC) [46], which is a characteristic of mesoporous system [47]. The sharp infection of the hysteresis loop is located at a range of P/P0 =0.6–0.8. Comparatively, pure SnO2 samples show a similar type isotherm, while the sharp infection of hysteresis loop shifted toward higher P/P0 value. It indicates that the pore diameter of the mesoporous system increased. The pore size distribution curves for the mesoporous structures were determined from the desorption branches using the BJH model [48], as shown in Figure 10b. The N-incorporated SnO2 sample exhibited a narrow pore size distribution centered at about 5 nm, while pure SnO2 sample showed a broad pore size distribution centered at 8.7 and 16.5 nm. Therefore, the N-incorporated SnO2 sample exhibits larger surface area and smaller mesopores than pure SnO2 sample does, which may be beneficial to accelerating the adsorption and diffusion of target gas.




3.2. Gas sensing Properties


According to the increased oxygen vacancies concentration and mesoporous structure of the N-incorporated SnO2 sample, we anticipate that it may probably possess good gas sensing properties. Sensor measurements were explored by using acetone as the target gas. We firstly studied the influence of working temperature on the sensor response of the N-incorporated SnO2 sample to 100 ppm acetone gas, as well as that of pure SnO2 sample for comparison, as shown in Figure 11. It can be seen that the sensor response of N-incorporated SnO2 sample initially increased with the increasing of working temperature, and reached to a maximum response (Rair/Rgas − 1 = 357) at 300 °C, and finally decreased with further increase of working temperature. Comparatively, the pure SnO2 sample showed similar temperature dependent responses to 100 ppm acetone, except that its maximum response is only 215 at 300 °C. As shown in Figure S3, the poor response speed (>3 min) and the failure to recover to 10% of the resistance change clearly indicate that temperature higher than 200 °C is necessary for the N-SnO2 sample. It has been reported that higher temperature can provide thermal energy for the reaction of the target gases and oxygen ions on the surface of SnO2, which is responsible for the increase of gas response with the increasing working temperature. At the same time, higher temperature can promote the desorption of oxygen ions from the surface of SnO2, which reduce the gas response of SnO2. In this work, the role of thermal energy is dominant below 300 °C, while the desorption of oxygen ions plays more significant role above 300 °C. In addition, it seems that nitrogen incorporation has no apparent impact on the optimal working temperature of SnO2. Thus, the optimal working temperature of 300 °C is applied in the subsequent gas sensing measurements.



Figure 12a shows the dynamic responses of N-incorporated SnO2 sample to acetone gas with different concentrations in dry air (1~50 ppm) and to 100 ppm acetone with six successive assays. The current curve presents good response-recovery to a broad range of the acetone concentrations (1 to 100 ppm) and typical behaviours of n-type semiconductor chemiresistor gas sensor. Notably, low CV (1.33%) of six circles can be estimated, implying excellent repeatability of the device. According to the response equation of grain-based gas sensors and R = Rair/Rgas − 1, we can obtain the following equation (for resistance decrease) [49]:


logR = log(Rair/Rgas − 1) = logAg + βlogpg,



(4)




where pg is the gas partial pressure, Ag is a prefactor, and the exponent β is the response order.



The limit of detection (LOD) as low as 0.007 ppm (7 ppb) of acetone was estimated according to Equation (4) by setting R = 0.1 for N-SnO2 (Figure 12b). Satisfying values of response time and recovery time can be obtained, which were calculated to be 1.19 min and 1.52 min, respectively. It is found that recovery time obviously decreased with the increasing temperature, as shown in Figure S2. It is because that the additional thermal energy facilitates the adsorption/desorption of target gas molecules, thus good recovery at higher temperature can be accordingly observed.



Furthermore, the selectivity of the sensor is evaluated by the cross-sensitivity measurement for a series of reducing gas (100 ppm for each) at 300 °C, as shown in Figure 13. For the indoor air monitoring and breath analysis, benzene and alkanes are two typical interferences for acetone sensing. Thus, we choose other reducing gas including benzene, toluene, ethylbenzene, hydrogen, and methane as the interfering gases. It can be found that the N-incorporated SnO2 sample shows much higher sensibility to acetone than other reducing gas including benzene, toluene, ethylbenzene, hydrogen, and methane, which indicate good selectivity of the N-incorporated SnO2 sample toward acetone gas. The stability of the N-incorporated SnO2 sample towards 100 ppm acetone at 300 °C was evaluated over a week period, as shown in Figure S4 in supporting information. The results show that the gas sensor maintains 97% of its original response to acetone. Thus, the N-incorporated SnO2 sample is expected to have good long-term stability. The repeatability within a batch of three samples is good with the relative standard deviation (RSD) of 2%, as shown in Table S1.



For comparison, the sensing abilities of as-prepared N-incorporated SnO2 and other reported SnO2 nanostructures are listed in Table 1. It can be seen that N-incorporated SnO2 in this work exhibits outstanding gas sensing performance with the highest sensor response (Rair/Rgas − 1) value of 357 and the lowest LOD value as 0.007 ppm (7 ppb) at 300 °C, demonstrating more superiority than those reported in the literature. Considering the low power consumption towards practical application, further experiments on developing low-temperature (<200 °C) N-incorporated SnO2 gas sensors still need to be done in our future work. There are several good strategies such as the introduction of heterostructures [50], morphologies controlling [51], surface synergy [52,53], and molecule sieving layer coatings [49], etc.




3.3. Gas-Sensing Mechanism


It has been known that the gas-sensing mechanism of SnO2-based gas sensor is primary ascribed to the resistance change of SnO2 in different target gas atmospheres, which is caused by the adsorption and desorption of target gas molecules on the surface of SnO2. In air atmosphere, oxygen molecules are adsorbed on the surface of SnO2 and capture the electrons from the conduction band of SnO2, forming the surface adsorbed oxygen species such as O2− and O−. This progress could be described as follows:


O2(gas)↔O2(ads),



(5)






O2(ads)+e−↔O2−(ads),



(6)






O2−(ads)+e−↔2O−(ads),



(7)







Under this condition, the concentration of free electrons in the conduction band of SnO2 decreased, forming the electron depletion layer and potential barrier on the surface and at grain boundaries, respectively. As a result, the sensor resistance will increase vastly. The potential barrier could be described by Equation (8) [73]:


φB=ANdWD2,



(8)




where φB is the potential barrier, Nd is the donor density, WD is the width of depletion layer, and A is the constant. When in a condition of reducing gas of acetone, the surface oxygen species of SnO2 would react with acetone and free the trapped electrons back into the conduction band of SnO2, which would reduce the width of the depletion layer and thus lower the height of potential barrier. Consequently, the sensor resistance will decrease. The possible reaction is shown in Equation (9) [74].


CH3COCH3 (ads) + 8O− (ads) → 3CO2 (gas) + 3H2O (liq) + 8e−



(9)







Having aforementioned discussion in mind, we believe that the significantly enhanced gas-sensing property of the N-incorporated sample should be mainly attributed to the following three main reasons. Firstly, the incorporation of nitrogen into SnO2 resulted in rich surface oxygen vacancies. These surface oxygen vacancies tend to adsorb oxygen molecules, because of the lower adsorption energy of oxygen molecules on the oxygen vacancy sites than that on the perfect sites [60,75]. Therefore, these surface oxygen vacancies can act as electron donors, making a great quantity of electrons in the conductive band captured in air and released in acetone atmosphere. It would greatly increase the difference of the width of depletion layer (WD) and the height of potential barrier (φB) in different atmospheres, resulting in a higher response. Secondly, as N atom is incorporated, the N 2p states are delocalized and contributory to the formation of some gap states hybridized by O 2p states and Sn 3d states, which results in a band to gap states transition and causes the reduction of the band gap. It makes electrons more easily excited, which improves electron transport. Thirdly, the incorporation of nitrogen into SnO2 resulted in the reduction of particle size, along with the large surface area and unique mesoporous structure. These would provide more active sites on the surface of SnO2, and facilitate acetone diffusion and mass transport within sensing material. Therefore, the N-incorporated SnO2 shows a superior gas sensing property. The gas-sensing mechanism of as-prepared N-incorporated SnO2 sensor is shown in Figure 14.





4. Conclusions


In summary, mesoporous N-incorporated SnO2 and pure SnO2 nanostructures have been prepared by simple solvothermal and calcination procedure. The XRD and TEM results showed that the N incorporating led to the decreased crystalline size of SnO2, without changing the rutile crystal structure. EDS and XPS analysis confirmed the presence of nitrogen in the N-incorporated SnO2 nanostructure. It resulted in obviously increased surface oxygen vacancies, which has been revealed by EPR and Raman. It has been also observed that N-incorporated SnO2 nanostructure exhibited reduced band-gap width, larger surface area, and smaller mesopore size, in comparison with pure SnO2. The gas sensor based on N-incorporated SnO2 nanostructure exhibited excellent acetone gas-sensing property with high sensor response (Rair/Rgas − 1 = 357) and low limit of detection (7 ppb) at the optimal operating temperature of 300 °C. Moreover, the N-incorporated SnO2 gas sensor shows a good selectivity to acetone in the interfering gases of benzene, toluene, ethylbenzene, hydrogen, and methane. The enhancing role of N incorporation could be attributed to increasing the surface oxygen vacancies, reducing band-gap width, and lowering the crystal size of nanoparticles. Hence, N-incorporated SnO2 nanostructure could be a promising candidate material for highly sensitive gas sensor toward acetone gas. Our future studies will focus on the low-temperature N-incorporated SnO2 gas sensor to meet the demand of low power consumption towards practical application.
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Author Contributions


X.G. conceived, designed, performed the experiments, and wrote the paper; Y.W., P.L., Y.Y., D.C., and X.L. analyzed the data.




Funding


This work was funded by Natural Science Foundation of Fujian Province (2017J01676), Key Research Foundation for Young Scholars of Fujian Education Department of China (JZ160486, JZ160484), Program for New Century Excellent Talents in Fujian Province University (Minjiaoke [2018] No. 47).




Acknowledgments


We acknowledge Mingshui Yao of Fujian Institute of Research on the Structure of Matter, Chinese Academy of Sciences for providing the measurement of gas sensing properties and valuable suggestion.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mirzaei, A.; Leonardi, S.G.; Neri, G. Detection of hazardous volatile organic compounds (VOCs) by metal oxide nanostructures-based gas sensors: A review. Ceram. Int. 2016, 42, 15119–15141. [Google Scholar] [CrossRef]

	



Gupta, P.; Sharma, S.K. A study of oxygen gas sensing in Zn-doped SnO2 nanostructures. Mater. Res. Exp. 2017, 4, 065010. [Google Scholar] [CrossRef]

	



Yin, M.L.; Yao, Y.; Fan, H.B.; Liu, S.Z. WO3-SnO2 nanosheet composites: Hydrothermal synthesis and gas sensing mechanism. J. Alloy. Compd. 2018, 736, 322–331. [Google Scholar] [CrossRef]

	



Bian, H.Q.; Ma, S.Y.; Sun, A.M.; Xu, X.L.; Yang, G.J.; Yan, S.H.; Gao, J.M.; Zhang, Z.M.; Zhu, H.B. Improvement of acetone gas sensing performance of ZnO nanoparticles. J. Alloys Compd. 2016, 658, 629–635. [Google Scholar] [CrossRef]

	



Mansha, M.; Qurashi, A.; Ullah, N.; Bakare, F.O.; Khan, I.; Yamani, Z.H. Synthesis of In2O3/graphene heterostructure and their hydrogen gas sensing properties. Ceram. Int. 2016, 42, 11490–11495. [Google Scholar] [CrossRef]

	



Wang, H.K.; Rogach, A.L. Hierarchical SnO2 nanostructures: Recent advances in design, synthesis, and applications. Chem. Mater. 2014, 26, 123–133. [Google Scholar] [CrossRef]

	



Zhao, Y.L.; Zhang, W.L.; Yang, B.; Liu, J.Q.; Chen, X.; Wang, X.L.; Yang, C.S. Gas-sensing enhancement methods for hydrothermal synthesized SnO2-based sensors. Nanotechnology 2017, 28, 452002. [Google Scholar] [CrossRef]

	



Zhang, R.; Wang, Y.; Zhang, Z.Y.; Cao, J.L. Highly sensitive acetone gas sensor based on g-C3N4 decorated MgFe2O4 porous microspheres composites. Sensors 2018, 18, 2211. [Google Scholar] [CrossRef]

	



Righettoni, M.; Tricoli, A.; Pratsinis, S.E. Si:WO3 Sensors for highly selective detection of acetone for easy diagnosis of diabetes by breath analysis. Anal. Chem. 2010, 82, 3581–3587. [Google Scholar] [CrossRef]

	



Neri, G. First fifty years of chemoresistive gas sensors. Chemosensors 2015, 3, 1–20. [Google Scholar] [CrossRef]

	



Xue, D.P.; Zhang, S.S.; Zhang, Z.Y. Hydrothermally prepared porous 3D SnO2 microstructures for methane sensing at lower operating temperature. Mater. Lett. 2019, 237, 336–339. [Google Scholar] [CrossRef]

	



Wan, W.J.; Li, Y.H.; Zhang, J.H.; Ren, X.P.; Zhao, Y.P.; Zhao, H.Y. Template-free synthesis of nanoarrays SnO2 hollow microcubes with high gas-sensing performance to ether. Mater. Lett. 2019, 236, 46–50. [Google Scholar] [CrossRef]

	



Ma, J.W.; Fan, H.Q.; Ren, X.H.; Wang, C.; Tian, H.L.; Dong, G.Z.; Wang, W.J. A simple absorbent cotton biotemplate to fabricate SnO2 porous microtubules and their gas-sensing properties for chlorine. ACS Sustian. Chem. Eng. 2019, 7, 147–155. [Google Scholar] [CrossRef]

	



Sharma, A.P.; Dhakal, P.; Pradhan, D.K.; Behera, M.K.; Xiao, B.; Bahoura, M. Fabrication and characterization of SnO2 nanorods for room temperature gas sensors. AIP Adv. 2018, 8, 095219. [Google Scholar] [CrossRef]

	



Amin, M.; Akhtar, M.S.; Ahmad, K.S.; Alghamdi, Y.; Revaprasadu, N.; Malik, M.A.; Shah, N.A. Optical and gas sensing properties of SnO2 nanowires grown by vapor-liquid-solid mechanism. J. Mater. Sci. Mater. Electron. 2017, 28, 17993–18002. [Google Scholar] [CrossRef]

	



Yu, H.; Yang, T.Y.; Wang, Z.Y.; Li, Z.F.; Xiao, B.X.; Zhao, Q.; Zhang, M.Z. Facile synthesis cedar-like SnO2 hierarchical micro-nanostructures with improved formaldehyde gas sensing characteristics. J. Alloys Compd. 2017, 724, 121–129. [Google Scholar] [CrossRef]

	



Mohanta, D.; Ahmaruzzaman, M. Tin oxide nanostructured materials: An overview of recent developments in synthesis, modifications and potential applications. RSC Adv. 2016, 6, 110996–111015. [Google Scholar] [CrossRef]

	



Singh, G.; Virpal; Singh, R.C. Highly sensitive gas sensor based on Er-doped SnO2 nanostructures and its temperature dependent selectivity towards hydrogen and ethanol. Sens. Actuators B Chem. 2019, 282, 373–383. [Google Scholar] [CrossRef]

	



Singh, G.; Singh, R.C. Synthesis and characterization of Gd-doped SnO2 nanostructures and their enhanced gas sensing properties. Ceram. Int. 2017, 43, 2350–2360. [Google Scholar] [CrossRef]

	



Wang, D.; Jin, J.; Xia, D.G.; Ye, Q.; Long, J. The effect of oxygen vacancies concentration to the gas-sensing properties of tin dioxide-doped Sm. Sens. Actuators B Chem. 2000, 66, 260–262. [Google Scholar] [CrossRef]

	



Li, W.Q.; Ma, S.Y.; Li, Y.F.; Li, X.B.; Wang, C.Y.; Yang, X.H.; Cheng, L.; Mao, Y.Z.; Luo, J.; Gengzang, D.J.; et al. Preparation of Pr-doped SnO2 hollow nanofibers by electrospinning method and their gas sensing properties. J. Alloys Compd. 2014, 605, 80–88. [Google Scholar] [CrossRef]

	



Gao, F.; Qin, G.H.; Li, Y.H.; Jiang, Q.P.; Luo, L.; Zhao, K.; Liu, Y.J.; Zhao, H.Y. One-pot synthesis of La-doped SnO2 layered nanoarrays with an enhanced gas-sensing performance toward acetone. RSC Adv. 2016, 13, 10298–10310. [Google Scholar] [CrossRef]

	



Patil, S.B.; Patil, P.P.; More, M.A. Acetone vapour sensing characteristics of cobalt-doped SnO2 thin films. Sens. Actuators B Chem. 2007, 125, 126–130. [Google Scholar] [CrossRef]

	



Guo, X.Y.; Zhan, Q.R.; Jin, G.X.; Li, G.W.; Zhan, Z.L. Hot-wire semiconductor metal oxide gas sensor based on F-doped SnO2. J. Mater. Sci. Mater. Electron. 2015, 26, 860–866. [Google Scholar] [CrossRef]

	



Basu, S.; Wang, Y.H.; Ghanshyam, C.; Kapur, P. Fast response time alcohol gas sensor using nanocrystalline F-doped SnO2 films derived via sol-gel method. Bull. Mater. Sci. 2013, 36, 521–533. [Google Scholar] [CrossRef]

	



Luan, V.H.; Tien, H.N.; Hur, S.H.; Han, J.H.; Lee, W. Three-dimensional porous nitrogen-doped NiO nanostructures as highly sensitive NO2 sensors. Nanomaterials 2017, 7, 313. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Li, F.; Wang, D.W.; Tang, D.M.; Liu, C.; Ma, X.; Lu, G.Q.; Cheng, H.M. Electron field emission of a nitrogen-doped TiO2 nanotube array. Nanotechnology 2008, 19, 025606–025611. [Google Scholar] [CrossRef] [PubMed]

	



Sun, X.Q.; Long, R.; Cheng, X.F.; Zhao, X.; Dai, Y.; Huang, B.B. Structural, electronic, and optical properties of N-doped SnO2. J. Phys. Chem. C 2008, 112, 9861–9864. [Google Scholar] [CrossRef]

	



Fang, F.; Zhang, Y.Y.; Wu, X.Q.; Shao, Q.Y.; Xie, Z.H. Electrical and optical properties of nitrogen doped SnO2 thin films deposited on flexible substrates by magnetron sputtering. Mater. Res. Bull. 2015, 68, 240–244. [Google Scholar] [CrossRef]

	



Yao, M.S.; Hu, P.; Cao, Y.B.; Xiang, W.C.; Zhang, X.; Yuan, F.L.; Chen, Y.F. Morphology-controlled ZnO spherical nanobelt-flower arrays and their sensing properties. Sens. Actuators B Chem. 2013, 177, 562–569. [Google Scholar] [CrossRef]

	



Guan, X.F.; Li, G.S.; Zhou, L.H.; Li, L.P.; Qiu, X.Q. Template-free approach to core-shell-structured Co3O4 microspheres. Chem. Lett. 2009, 38, 280–281. [Google Scholar] [CrossRef]

	



Wang, L.P.; Leconte, Y.; Feng, Z.X.; Wei, C.; Zhao, Y.; Ma, Q.; Xu, W.Q.; Bourrioux, S.; Azais, P.; Srinivasan, M. Novel preparation of N-doped SnO2 nanoparticles via laser-assisted pyrolysis: Demonstration of exceptional lithium storage properties. Adv. Mater. 2017, 29, 1603286. [Google Scholar] [CrossRef]

	



Wang, X.K.; Li, Z.Q.; Li, Q.; Wang, C.B.; Chen, A.L.; Zhang, Z.W.; Fan, R.H.; Yin, L.W. Ordered mesoporous SnO2 with a highly crystalline state as an anode material for lithium ion batteries with enhanced electrochemical performance. CrystEngComm 2013, 15, 3696–3704. [Google Scholar] [CrossRef]

	



Pan, S.S.; Ye, C.; Teng, X.M.; Fan, H.T.; Li, G.H. Preparation and characterization of nitrogen-incorporated SnO2 films. Appl. Phys. A 2006, 85, 21–24. [Google Scholar] [CrossRef]

	



Zhang, L.; Ren, X.; Luo, Y.L.; Shi, X.F.; Asiri, A.M.; Li, T.S.; Sun, X.P. Ambient NH3 synthesis via electrochemical reduction of N2 over cubic sub-micron SnO2 particles. Chem. Commun. 2018, 54, 12966–12969. [Google Scholar] [CrossRef]

	



Li, L.L.; Zhang, W.M.; Yuan, Q.; Li, Z.X.; Fang, C.J.; Sun, L.D.; Wang, L.J.; Yan, C.H. Room temperature ionic liquids assisted green synthesis of nanocrystalline porous SnO2 and their gas sensor behaviors. Cryst. Growth Des. 2008, 8, 4165–4172. [Google Scholar] [CrossRef]

	



Jiang, J.; Lu, Y.M.; Kramm, B.; Michel, F.; Reindl, C.T.; Kracht, M.E.; Klar, P.J.; Meyer, B.K.; Eickhoff, M. Nitrogen incorporation in SnO2 thin films grown by chemical vapor deposition. Phys. Status Solidi B 2016, 253, 1087–1092. [Google Scholar] [CrossRef]

	



Dong, W.J.; Xu, J.J.; Wang, C.; Lu, Y.; Liu, X.Y.; Wang, X.; Yuan, X.T.; Wang, Z.; Lin, T.Q.; Sui, M.L.; et al. A robust and conductive black tin oxide nanostructure makes efficient lithium-ion batteries possible. Adv. Mater. 2017, 29, 1700136. [Google Scholar] [CrossRef]

	



Di Valentin, C.; Pacchioni, G.; Selloni, A.; Livraghi, S.; Giamello, E. Characterization of paramagnetic species in N-doped TiO2 powders by EPR spectroscopy and DFT calculations. J. Phys. Chem. B 2005, 109, 11414–11419. [Google Scholar] [CrossRef]

	



Xu, C.K.; Xu, G.D.; Liu, Y.K.; Zhao, X.L.; Wang, G.H. Preparation and characterization of SnO2 nanorods by thermal decomposition of SnC2O4 precursor. Scr. Mater. 2002, 46, 789–794. [Google Scholar] [CrossRef]

	



Wang, X.L.; Wang, X.; Di, Q.Y.; Zhao, H.L.; Liang, B.; Yang, J.K. Mutual effects of fluorine dopant and oxygen vacancies on structural and luminescenece characteristics of F doped SnO2 nanoparticles. Materials 2017, 10, 1398. [Google Scholar] [CrossRef]

	



Liu, L.Z.; Wu, X.L.; Gao, F.; Shen, J.C.; Li, T.H.; Chu, P.K. Determination of surface oxygen vacancy position in SnO2 nanocrystals by Raman spectroscopy. Solid State Commun. 2011, 151, 811–814. [Google Scholar] [CrossRef]

	



Liu, L.Z.; Li, T.H.; Wu, X.L.; Shen, J.C.; Chu, P.K. Identification of oxygen vacancy types from Raman spectra of SnO2 nanocrystals. J. Raman Spec. 2012, 43, 1423–1426. [Google Scholar] [CrossRef]

	



Fröhlich, D.; Kenklies, R.; Helbig, R. Bandgap assignment in SnO2 by two-photon spectroscopy. Phys. Rev. Lett. 1978, 41, 1750. [Google Scholar] [CrossRef]

	



Li, L.P.; Liu, J.J.; Su, Y.G.; Li, G.S.; Chen, X.B.; Qiu, X.Q.; Yan, T.J. Surface doping for photocatalytic purposes: Relations between particle size, surface modifications, and photoactivity of SnO2:Zn2+ nanocrystals. Nanotechnology 2009, 20, 155706. [Google Scholar] [CrossRef]

	



Sing, K.S.W. Reporting physisorption data for gas/solid systems with special reference to the determination of surface area and porosity. Pure Appl. Chem. 1985, 57, 603–619. [Google Scholar] [CrossRef]

	



Velásquez, C.; Ojeda, M.L.; Campero, A.; Esparza, J.M.; Rojas, F. Surfactantless synthesis and textural properties of self-assembled mesoporous SnO2. Nanotechnology 2006, 17, 3347–3358. [Google Scholar] [CrossRef]

	



Toussaint, G.; Rodriguez, M.A.; Cloots, R.; Rubio, J.; Rubio, F.; Vertruyen, B.; Henrist, C. Characterization of surface and porous properties of synthetic hybrid lamellar silica. J. Non-Cryst. Solids 2011, 357, 951–957. [Google Scholar] [CrossRef]

	



Yao, M.S.; Tang, W.X.; Wang, G.E.; Nath, B.; Xu, G. MOF thin film-coated metal oxide nanowire array: Significantly improved chemiresistor sensor performance. Adv. Mater. 2016, 28, 5229–5234. [Google Scholar] [CrossRef]

	



Zhang, D.Z.; Liu, A.M.; Chang, H.Y.; Xia, B.K. Room-temperature high-performance acetone gas sensor based on hydrothermal synthesized SnO2-reduced graphene oxide hybrid composite. RSC Adv. 2015, 5, 3016–3022. [Google Scholar] [CrossRef]

	



Reddeppa, M.; Park, B.G.; Kim, M.D.; Peta, K.R.; Chinh, N.D.; Kim, D.; Kim, S.G.; Murali, G. H2, H2S gas sensing properties of rGO/GaN nanorods at room temperature: Effect of UV illumination. Sens. Actuators B Chem. 2018, 264, 353–362. [Google Scholar] [CrossRef]

	



Reddeppa, M.; Mitta, S.B.; Park, B.G.; Kim, S.G.; Park, S.H.; Kim, M.D. DNA-CTMA functionalized GaN surfaces for NO2 gas sensor at room temperature under UV illumination. Organ. Electron. 2019, 65, 334–340. [Google Scholar] [CrossRef]

	



Reddeppa, M.; Park, B.G.; Chinh, N.D.; Kim, D.; Oh, J.E.; Kim, T.G.; Kim, M.D. A novel low-temperature resistive NO gas sensor based on InGaN/GaN multi-quantum well-embedded p-i-n GaN nanorods. Dalton Trans. 2019, 48, 1367–1375. [Google Scholar] [CrossRef]

	



Li, L.; Lin, H.M.; Qu, F.Y. Synthesis of mesoporous SnO2 nanomaterials with selective gas-sensing properties. J. Sol-Gel Sci. Technol. 2013, 67, 545–555. [Google Scholar] [CrossRef]

	



Li, J.; Tang, P.G.; Zhang, J.J.; Feng, Y.J.; Luo, R.X.; Chen, A.F.; Li, D.Q. Facile synthesis and acetone sensing performance of hierarchical SnO2 hollow microspheres with controllable size and shell thickness. Ind. Eng. Chem. Res. 2016, 55, 3588–3595. [Google Scholar] [CrossRef]

	



Chen, D.; Xu, J.; Xie, Z.; Shen, G. Nanowires assembled SnO2 nanopolyhedrons with enhanced gas sensing properties. ACS Appl. Mater. Interfaces 2011, 3, 2112–2117. [Google Scholar] [CrossRef]

	



Sun, P.; Cai, Y.X.; Du, S.S.; Xu, X.M.; You, L.; Ma, J.; Liu, F.M.; Liang, X.S.; Sun, Y.F.; Lu, G.Y. Hierarchical α-Fe2O3/SnO2 semiconductor composites: Hydrothermal synthesis and gas sensing properties. Sens. Actuators B Chem. 2013, 182, 336–343. [Google Scholar] [CrossRef]

	



Zhang, S.F.; Ren, F.; Wu, W.; Zhou, J.; Xiao, X.H.; Sun, L.L.; Liu, Y.; Jiang, C.Z. Controllable synthesis of recyclable core-shell γ-Fe2O3@SnO2 hollow nanoparticles with enhanced photocatalytic and gas sensing properties. Phys. Chem. Chem. Phys. 2013, 15, 8228–8236. [Google Scholar] [CrossRef]

	



Hu, J.; Wang, Y.; Wang, W.D.; Xue, Y.; Li, P.W.; Lian, K.; Chen, L.; Zhang, W.D.; Zhuiykov, S. Enhancement of the acetone sensing capabilities to ppb detection level by Fe-doped three-dimensional SnO2 hierarchical microstructures fabricated via a hydrothermal method. J. Mater. Sci. 2017, 52, 11554–11568. [Google Scholar] [CrossRef]

	



Jiang, Z.Q.; Zhao, R.; Sun, B.; Nie, G.D.; Ji, H.; Lei, J.Y.; Wang, C. Highly sensitive acetone sensor based on Eu-doped SnO2 electrospun nanofibers. Ceram. Int. 2016, 42, 15881–15888. [Google Scholar] [CrossRef]

	



Jiang, Z.Q.; Yin, M.Y.; Wang, C. Facile synthesis of Ca2+/Au co-doped SnO2 nanofibers and their application in acetone sensor. Mater. Lett. 2017, 194, 209–212. [Google Scholar] [CrossRef]

	



Li, Y.X.; Guo, Z.; Su, Y.; Jin, X.B.; Tang, X.H.; Huang, J.R.; Huang, X.J.; Li, M.Q.; Liu, J.H. Hierarchical morphology-dependent gas-sensing performances of three-dimensional SnO2 nanostructures. ACS Sens. 2017, 2, 102–110. [Google Scholar] [CrossRef]

	



Lian, X.X.; Li, Y.; Tong, X.Q.; Zou, Y.L.; Liu, X.L.; An, D.M.; Wang, Q. Synthesis of Ce-doped SnO2 nanoparticles and their acetone gas sensing properties. Appl. Surf. Sci. 2017, 407, 447–455. [Google Scholar] [CrossRef]

	



Shaikh, F.I.; Chikhale, L.P.; Mulla, I.S.; Suryavanshi, S.S. Synthesis, characterization and enhanced acetone sensing performance of Pd loaded Sm doped SnO2 nanoparticles. Ceram. Int. 2017, 43, 10307–10315. [Google Scholar] [CrossRef]

	



Xu, J.; Li, Y.S.; Huang, H.T.; Zhu, Y.G.; Wang, Z.R.; Xie, Z.; Wang, X.F.; Chen, D.; Shen, G.Z. Synthesis, characterizations and improved gas-sensing performance of SnO2 nanospike arrays. J. Mater. Chem. 2011, 21, 19086–19092. [Google Scholar] [CrossRef]

	



Ma, X.C.; Song, H.Y.; Guan, C.S. Interfacial oxidation-dehydration induced formation of porous SnO2 hollow nanospheres and their gas sensing properties. Sens. Actuators B Chem. 2013, 177, 196–204. [Google Scholar] [CrossRef]

	



Kou, X.Y.; Xie, N.; Chen, F.; Wang, T.S.; Guo, L.L.; Wang, C.; Wang, Q.J.; Ma, J.; Sun, Y.F.; Zhang, H. Superior acetone gas sensor based on electrospun SnO2 nanofibers by Rh doping. Sens. Actuators B Chem. 2018, 256, 861–869. [Google Scholar] [CrossRef]

	



Hu, J.; Zou, C.; Su, Y.J.; Li, M.; Yang, Z.; Ge, M.Y.; Zhang, Y.F. One-step synthesis of 2D C3N4-tin oxide gas sensors for enhanced acetone vapor detection. Sens. Actuators B Chem. 2017, 253, 641–651. [Google Scholar] [CrossRef]

	



Tomer, V.K.; Singh, K.; Kaur, H.; Shorie, M.; Sabherwal, P. Rapid acetone detection using indium loaded WO3/SnO2 nanohybrid sensor. Sens. Actuators B Chem. 2017, 253, 703–713. [Google Scholar] [CrossRef]

	



Li, F.; Zhang, T.; Gao, X.; Wang, R.; Li, B.H. Coaxial electrospinning heterojunction SnO2/Au-doped In2O3 core-shell nanofibers for acetone gas sensor. Sens. Actuators B Chem. 2017, 252, 822–830. [Google Scholar] [CrossRef]

	



Xu, X.L.; Chen, Y.; Zhang, G.H.; Ma, S.Y.; Lu, Y.; Bian, H.Q.; Chen, Q. Highly sensitive VOCs-acetone sensor based on Ag-decorated SnO2 hollow nanofibers. J. Alloys Compd. 2017, 703, 572–579. [Google Scholar] [CrossRef]

	



Tang, W.; Wang, J.; Qiao, Q.; Liu, Z.H.; Li, X.G. Mechanism for acetone sensing property of Pd-loaded SnO2 nanofibers prepared by electrospinning: Fermi-level effects. J. Mater. Sci. 2015, 50, 2605–2615. [Google Scholar] [CrossRef]

	



Wongrat, E.; Hongsith, N.; Wongratanaphisan, D.; Gardchareon, A.; Choopun, S. Control of depletion layer width via amount of AuNPs for sensor response enhancement in ZnO nanostructure sensor. Sens. Actuators B Chem. 2012, 171–172, 230–237. [Google Scholar] [CrossRef]

	



Li, X.M.; Liu, Y.K.; Li, S.H.; Huang, J.Q.; Wu, Y.M.; Yu, D.P. The sensing properties of single Y-doped SnO2 nanobelt device to acetone. Nanoscale Res. Lett. 2016, 11, 470. [Google Scholar] [CrossRef]

	



An, W.; Wu, X.; Zeng, X.C. Adsorption of O2, H2, CO, NH3, and NO2 on ZnO nanotube: A density functional theory study. J. Phys. Chem. C 2008, 112, 5747–5755. [Google Scholar] [CrossRef]








[image: Nanomaterials 09 00445 g001 550]





Figure 1. Scheme of the synthesis process of N-incorporated SnO2 nanostructure. 
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Figure 2. Illustration of gas sensor structure and test device. 
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Figure 3. The XRD patterns of N-incorporated SnO2 and pure SnO2 samples. 
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Figure 4. Transmission electron microscopy (TEM) and high-resolution TEM (HRTEM) images of the samples: TEM image (a) and HRTEM image (b) of N-incorporated SnO2 sample; TEM image (c) and HRTEM image (d) of pure SnO2 sample. The insets in (a) and (c) show the SEAD patterns of the samples. 
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Figure 5. (a) Scanning electron microscopy (SEM) image and X-ray mapping of (b) Sn, (c) N, (d) O, and (e) energy dispersive spectrometry (EDS) spectrum of the N-incorporated SnO2 sample. 
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Figure 6. X-ray photoelectron spectroscopy XPS spectrum of (a) N 1s and (b) Sn 3d of N-incorporated SnO2 and pure SnO2 samples. 
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Figure 7. Electron paramagnetic resonance (EPR) signals of N-incorporated SnO2 and pure SnO2 samples. 
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Figure 8. Raman spectra of the N-incorporated SnO2 and pure SnO2 samples. 
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Figure 9. Optical diffuse reflectance spectra of the N-incorporated SnO2 and pure SnO2 samples. The inset shows the energy dependence of (αhν)2 for the samples. 
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Figure 10. (a) N2 adsorption-desorption isotherm curves and (b) pore size distribution curves of the N-incorporated SnO2 and pure SnO2 samples. 
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Figure 11. Temperature dependent responses comparison of N-incorporated SnO2 and pure SnO2 gas sensors. 
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Figure 12. (a) Typical response-recovery current curves toward acetone gas with different concentration, (b) log-log plots of concentration-responses of N-incorporated SnO2 gas sensor (the inset is the response and recovery time for the curve toward 100 ppm of acetone). 
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Figure 13. Cross-sensitivity toward 100 ppm of various reducing gas at 300°C of N-incorporated SnO2 gas sensor. 
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Figure 14. Schematic of acetone sensing mechanism of (a) pure SnO2 and (b) N-incorporated SnO2 samples. 
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Table 1. Gas responses to acetone of as-prepared N-incorporated SnO2 and other reported SnO2 nanostructures.
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	Sensing Materials
	Acetone Concentration

(ppm)
	Working Temperature (°C)
	Sensor

Response

(Rair/Rgas − 1)
	LOD
	Ref.





	SnO2 nanoparticles
	100
	240
	17
	0.2 ppm E
	[54]



	SnO2 hollow microspheres
	160
	200
	30
	5 ppm E
	[55]



	SnO2 nanoployhedrons
	100
	370
	29
	1 ppm E
	[56]



	α-Fe2O3/SnO2 composites
	100
	250
	15.8
	10 ppm E
	[57]



	γ-Fe2O3@SnO2 nanoparticles
	100
	370
	5
	10 ppm E
	[58]



	Fe-incorporated SnO2
	100
	200
	29
	0.1 ppm E
	[59]



	Eu-incorporated SnO2 nanofibers
	100
	280
	31.2
	0.3 ppm E
	[60]



	Ca2+/Au co-incorporated SnO2
	100
	200
	61
	NM
	[61]



	cone-shaped SnO2
	100
	325
	174
	NM
	[62]



	Ce-incorporated SnO2
	100
	270
	99
	NM
	[63]



	Pd loaded Sm incorporated SnO2
	100
	200
	15.7
	NM
	[64]



	SnO2 nanospike arrays
	100
	320
	39
	0.5 ppm E
	[65]



	SnO2 Hollow nanospheres
	100
	400
	7.5
	NM
	[66]



	Rh-incorporated SnO2 nanofibers
	100
	200
	132
	NM
	[67]



	C3N4-SnO2
	100
	380
	28 a
	0.067 ppm C
	[68]



	In loaded WO3/SnO2
	100
	200
	129
	NM
	[69]



	SnO2/Au-incorporated In2O3
	100
	280
	11.4
	NM
	[70]



	Ag/SnO2 hollow nano fibers
	100
	200
	74
	NM
	[71]



	Nanofibrous Pd-loaded SnO2
	100
	275
	97.8
	NM
	[72]



	N-incorporated SnO2
	100
	300
	357
	0.007 ppm C
	TW







a Response calculated as Vg/Va; C Calculated value; E measured value; NM: not mentioned; TW: this work.
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