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Abstract

:

In this work, 2-butanone-sensitive Ag-decorated In2O3 nanocomposites were successfully prepared using a facile one-step hydrothermal method to enhance the sensing performance of In2O3 nanocubes. The methods of scanning electron microscopy (SEM), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), X-ray diffraction (XRD), energy dispersive spectroscopy (EDS) analysis, and X-ray photoelectron spectroscopy (XPS) were used to observe the morphology, microstructure, crystalline phase, and the existing state of the elements in the produced nanomaterials, respectively. The gas sensing test results show that the prepared compounds could respond to 100 ppm of 2-butanone with a high response (242), fourfold that of the pure In2O3 material, at the optimum working temperature of 240 °C. Moreover, the Ag@In2O3-based sensor also showed excellent selectivity, good repeatability, and even long-term stability. In addition, noble metal surface modification not only decreased the optimum operating temperature (from 270 °C to 240 °C) but also decreased the lowest detection limit (from 5 ppm to 0.25 ppm). In the final section, the gas sensing mechanism of the Ag@In2O3-based sensor and the probable reason for 2-butanone’s enhanced sensing properties are both discussed.
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1. Introduction


2-Butanone, a colorless, transparent, acetone-smelling liquid, has always been used in industrial production as an organic solvent and pharmaceutical production as an intermediate of pharmaceutical products [1]. In addition, as a volatile organic compound (VOC), the inflammable and gasified nature of 2-butanone has also been the focus of attention [2]. In addition, it also has a few toxic features; for example, eyes, nose, throat, and mucous membranes can be irritated as a result of the short-term inhalation of or exposure to a 2-butanone environment [3]. The central system can be inhibited, leading to coma and death as a result of long-term exposure [4]. Furthermore, it can also be used as a medical diagnostic test to detect Helicobacter pylori infection and, thereby, confirm stomach cancer [5]. For the reasons above, the research and development of a device to achieve rapid, precise, long-term in situ monitoring of 2-butanone are of great importance to production safety and human health.



There are so many ways to conduct 2-butanone detection—be it via an optical sensor, a quartz microbalance (QMB) sensor array [6], photochemistry [7], chromatography [8], electrochemistry [9], gas chromatography with a mass spectrometer (CG-MS) [10], or cataluminescence sensors [11]. Though some of the above-mentioned methods can accurately monitor low-concentration target gases, the expense of detection, the inability to perform suit detection, and the complicated detection operation can be a problem.



On the contrary, metal oxide semiconductors (MOS) used as chemo-resistive gas sensors have positive features, such as rapid detection speed, cheap detection cost, and simple operation. However, poor selectivity, high working temperature, and unreachable low detection limit are all problems that researchers need to solve. To deal with the mentioned issues, morphology adjustments, noble metal doping and decoration, heterogeneous structure construction, and the addition of graphene and organic materials are all used to improve the gas properties of MOS. Zito et al. [12] fabricated a nanoparticle-constructed bicone-like ZnO structure using a template-free microwave-assisted method. The material has good sensitivity (29.4) to 100 ppm of butanone with a low detection limit of 0.41 ppm at 400 °C. Oliveira et al. [13] constructed pt-decorated twin-rod ZnO materials that improved 2-butanone response by a factor of nearly three and had a fast response speed at a slight elevation in operating temperature. Zhang et al. [14] synthesized a Cr2O3/WO3 p-n junction using a facile two-step hydrothermal method to enhance the response and decrease the operating temperature of the WO3 nanosheet. However, these materials have a low gas response, a high detection limit, and poor chemical stability.



In2O3, a representative n-type MOS, has been commonly applied in detecting and monitoring different kinds of VOCs because of its wide band gap (3.55 eV–3.75 eV), chemical stability, high response value, and fast response speed [15,16]. An et al. [17] prepared an In2O3-based Zn-In binary compound to detect 50 ppm of n-butanol, achieving a high response (99.5) at a low temperature (180 °C). Gao et al. [18] developed a corundum-based In2O3 nanosheet for NO2 sensing with a response of 167 to 50 ppm of NO2 at 50 °C and an ultra-fast response time of 5 s. However, there are few reports concerning In2O3-based materials detecting 2-butanone.



As a type of noble metal catalyst, Ag has always been used to improve the gas properties of MOS [19,20]. There are also some examples of it improving the gas performance of In2O3 materials and 2-butanone sensing. Liu et al. [21] decorated In2O3 nanotubes with silver nanoparticles, which not only greatly improved the sensitivity of NO2 sensing but also reduced the response and response times by several factors.



Herein, a high selectivity and low detection limit 2-butanone sensing material based on the Ag nanoparticle-decorated n-type semiconductor material In2O3 was fabricated using a one-step hydrothermal method. Subsequently, gas sensing tests were carried out on the prepared materials to obtain the optimum doping ratio. It was found that the Ag@In2O3 decorated with an atomic ratio of 2% maximally increased the response and decreased the operating temperature of In2O3 nanocubes due to its synergistic effect of electronic sensitization and chemical sensitization. XRD, EDS, TEM, SEM, and XPS were applied to characterize the Ag@In2O3 and to investigate the possible gas sensitive mechanism.




2. Experimental


2.1. Materials


All the reagents and solvents, including indium (|||) nitrate tetrahydrate (In(NO3)3·4H2O ≥ 99.99%), silver nitrate (AgNO3 ≥ 99.99%) polyethylene glycol 12000 (PEG 12000 ≥ 99%), urea (≥99%), and ethanol (≥99.5%), which were purchased from Sinopharm Chemical Reagent Co., Ltd., were of analytical grade and used as received without further purification. Ultrapure water was used during the whole experiment.




2.2. Synthesis of Pure In2O3 Materials


The In2O3 nanocubes were prepared via a simple hydrothermal route and the subsequent annealing strategy. The detailed experimental process is shown in Figure 1. In a typical one-pot synthesis method, first of all, 1 mmol of In(NO3)3·4H2O and 6 mmol of urea were dissolved into 16 mL of deionized water in a beaker under violently magnetic stirring for 5 min. Subsequently, 0.25 g of PEG 12000 was quickly added into the above homogeneous solution and continuously stirred for 30 min. After mixing, the prepared transparent solution was transferred into one Teflon-lined stainless-steel autoclave with a volume of 25 mL and heated continuously in an oven at 200 °C for 12 h. After waiting for the oven to naturally cool down to room temperature, the white precursor was collected by centrifugation, washed five times with alternating ethanol and deionized water, and dried in air at 60 °C for 12 h. Finally, the indium oxide precursor was annealed in a tubular furnace at 500 °C for 2 h at a heating rate of 2 °C min−1 to obtain the pale yellow In2O3 powder.




2.3. Synthesis of Ag-Decorated In2O3 Materials


The Ag nanoparticle-modified In2O3 nanocomposites were prepared in a similar method. The above operating steps remained unchanged, only different concentrations of silver nitrate were added to the above-mentioned solution to produce the Ag nanoparticle-decorated In2O3 compounds. According to the additive silver-containing reagent amounts, the obtained materials were denoted as In2O3, In-Ag-1, In-Ag-2, and In-Ag-3.




2.4. Characterization


The morphology and microstructure of the prepared materials were observed via scanning electron microscopy (SEM), transmission electron microscopy (TEM), and high-resolution transmission electron microscope (HRTEM). X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental composition on the surface. The element components of the Ag-In-2 were verified by energy dispersive spectroscopy (EDS). The crystal structure of the material was characterized by X-ray diffraction (XRD), with a scanning speed of 5°/min and a scanning 2θ angle range from 20° to 80° using Cu Kα radiation (λ = 0.15418 nm).




2.5. Fabricating and Testing of Gas Sensors


The schematic diagram of the test system is exhibited in Figure 2 [22,23]. The experimental platform was mainly composed of seven parts: a programmable DC power supply DP832A (manufactured by RIGOL Technologies, Beijing, China), a precision digital source unit B2902A (manufactured by KEYSIGHT Technologies,Santa Rosa, CA, USA), a computer, an enclosed gas cylinder (1 L), an air bottle, a thermocouple, and several types of sample gases. The sensors in this paper were all side-heat sensors composed of one ceramic tube, two parallel Au electrodes, a Ni-Cr alloy heater wire, four Pt wires, a rubber base, and coated nanometer materials. Both ends of the Ni-Cr resistance wire were connected to the DP832A to control the operating temperature of the sensor by controlling the power. Four Pt wires were connected to the B2902A to accurately test the changing resistance of the nanomaterials.



Before the test, the prepared materials were stirred with a small amount of anhydrous ethanol and then evenly coated on the surface of the ceramic tube to wrap the Au electrode. After coating the prepared materials onto the sensor, one day of thermal aging was required to ensure the sensor produced a stable test. The testing process was achieved in the gas chamber with an 8 V voltage provided by the DC power supply. The testing data were transmitted to the computer through the Labview software. During the test, the sensor was placed in the center of the bottom of the gas chamber. When the resistance value was stable and remained so for a period of time, the gas to be tested was passed in. The round of testing was completed when the sensor reached a new stable point, which was held for some time. Then, the synthetic air was passed in so that the resistance returned to the initial value. In order to eliminate interference and ensure the accuracy of the experiment, synthetic air was pumped into the chamber for a period of time before each test. In this work, the injection concentration of the tested gases was calculated as in Equation (1):


  C =    V i  ∗  P 0     V c  ∗  P a     



(1)




where C is the target gas concentration volume of the measured gas, Vi is the injection volume of the injection gas, Vc is the volume of the gas chamber, and P0 and Pa are the saturation vapor pressure of the injected gas at room temperature (25 °C) and the standard atmospheric pressure, respectively. The dry synthetic air used throughout the experiment consisted of 79% nitrogen and 21% oxygen. Testing the different concentrations of test gases was achieved by varying the syringe size and injection volume. The response value of the fabricated gas sensor to the target gases was calculated according to Equation (2):


  S =    I g     I a     



(2)




where S is the sensitivity of the gas sensor, Ig is the current value of the gas sensor stabilized in a normal gas environment, and Ia is the current value of the gas sensor in the detected gas. In addition, the response time (τres) and the recovery time (τrec) can be defined as the time that the current value climbs and drops to 90% of the maximum variation, respectively.





3. Result and Discussion


3.1. Characterization of the Samples


The relevant crystal phase, the crystal construction message of the corresponding materials, and even the degree of its crystallinity are demonstrated in the XRD characterization results. Figure 3 shows that the XRD patterns of In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 essentially have the same shape. The characteristic peaks of the four samples correspond to the standard PDF card for In2O3 (JCPDS: 71-2194) without any pattern peak for other impurities in the samples, which verifies that all these In2O3-based materials have high purity and crystallinity. The absence of characteristic peaks related to the Ag element in the decorated samples of In-Ag-1, In-Ag-2, and In-Ag-3 can be explained by the fact that the amounts of Ag decoration were mixed and difficult to detect. In order to calculate the crystallize size (d) of the mentioned materials, the Debye–Scherer equation was used.


  d =   k λ   β c o s θ    



(3)




where k is a constant, k = 0.89, λ is the wavelength of the X-ray, λ = 0.1542 nm, θ is the Bragg diffraction angle, and β is the full width at half maximum (FWHM). The three most intense peaks in the XRD spectrum of the In2O3-based materials corresponding to (222), (440), and (622) diffraction planes were used to calculate the FWHM. The crystalline parameters are shown in Table 1 and the average crystallize sizes of the In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 were 14.4 nm, 14.6 nm, 15.7 nm, and 15.5 nm, respectively. The trend of change in crystallize size matches the trend of change in gas response, which laterally confirms that Ag decoration affected the crystallize size and, thus, enhanced the gas-sensitive properties.



The morphologies of the In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 materials are illustrated through SEM at different magnifications in Figure 4. The cube-like constructions of the four materials can be clearly seen, but the decorated Ag nanoparticles cannot be obviously observed in Figure 4c–f because of their tiny size. Due to the effect of the surfactant PEG 12000, the nanocubes with a thickness range from 3 μm to 5.3 μm were evenly distributed. The increasing amount of the Ag element had a slight impact on the microstructure. However, the saturation and shortage of the noble metal decoration led to a poor gas response.



EDS was used to establish the existence of the Ag element because Ag particles were not observed in SEM. Figure 5a is the EDS diagram of In-Ag-2. The perfect correspondence between several peaks and the three elements of In, O, and Ag proves the existence of In, O, and Ag. It can be observed that the atomic content ratios were 1.8% for Ag, 38.4% for In, and 59.8% for O. Figure 5b–e are the distribution diagrams of each element of a unit of the In-Ag-2 material, which vividly shows the spatial distribution of In, O, and Ag. The above pictures show that In, O, and Ag were all present in the nanocubes and were uniformly distributed.



TEM and HRTEM were used to obtain further evidence of the successful decoration and information on the lattice stripe spacing [24]. Figure 6 shows to the TEM and HRTEM images of In-Ag-2 at different magnifications. Among them, Figure 6a–c are TEM images with different magnifications, showing the cubic microstructure of In2O3. In addition, in Figure 6c, it can be observed that Ag nanoparticles with a particle size of about 30 nm adhered to the In2O3 nanocube without changing the morphology and structure of the initial materials. Figure 6d–f show the HRTEM images. The lattice stripe spacings in Figure 6d,e are 0.236 nm and 0.237 nm, which are consistent with the (111) crystal plane of Ag, and in Figure 6f, the lattice stripe spacing is 0.29 nm, which is consistent with the (222) crystal plane of In2O3.



The surface chemical state of pure In2O3 and In-Ag-2 were investigated using XPS and are shown in Figure 7. In Figure 7a, the element information about In, O, C, and In from pristine In2O3 and In-Ag-2 is marked in the full XPS spectra. Figure 7b shows an amplified spectrum of elemental Ag with two signals at 368.3 eV and 374.2 eV, which correspond to the metal peaks of Ag 3d5/2 and Ag 3d3/2, respectively. Figure 7c is the high-resolution spectra of In 3d. Figure 7c details the XPS spectra of In 3d in In2O3 and In-Ag-2, where In-Ag-2 shows two strong peaks at 452 eV and 444.5 eV and In2O3 at 452 eV and 444.3 eV. Details of the O 1s XPS spectra of the In2O3 nanocubes and In-Ag-2 are shown in Figure 7d. These two peaks at 530 eV and 531.4 eV are lattice oxygen (OL) and chemisorbed oxygen (OC), respectively. Chemisorbed oxygen plays an important role in gas sensing. The spillover effect of silver nanoparticles and the formation of Schottky junctions between Ag and In2O3 can lead to electron transfer between the two, thus changing the oxygen species. According to the well-known spillover effect, Ag particles increase the ability to capture elemental oxygen in air through their catalytic effect, making it easier to convert elemental oxygen into chemisorbed oxygen spillover on the material surface. In addition, it can be observed that the addition of Ag elements transformed the oxygen elements on the material surface, resulting in a lower lattice oxygen content and an increased chemisorbed oxygen content. Both the increasing content of oxygen and the conversion of chemisorbed oxygen content can benefit gas sensing.




3.2. Gas Sensing Characteristics


It is common knowledge that the optimal operating temperature is one of the most important gas sensing characteristics of MOS gas sensors. Temperature not only regulates the conductivity and carrier mobility of the MOS sensors but also provides active energy for gas adsorption to break the energy barrier between the target gas and the adsorbed oxygen [25,26]. As is shown in Figure 8a, the optimal operating temperatures of In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 were 250 °C, 230 °C, 240 °C, and 270 °C, respectively. Obviously, Ag decoration reduced the optimal working temperature from 270 °C to 240 °C and improved the response from 53 to 242. The optimum operating temperature curves for all four materials show an increasing–maximum–decreasing trend. The essence is that when the operating temperature is below the peak point, the 2-butanone molecules are less adsorbed and do not have enough energy to react with the adsorbed oxygen on the sensor, leading to the response value not being sufficient to reach the maximum. As the operating temperature gradually increases, the 2-butanone gains more energy to react faster. However, at too high a temperature, the 2-butanone gas rapidly detaches from the sensor and cannot react with the adsorbed oxygen, and the response value gradually decreases. The decrease in operating temperature is probably due to the catalytic properties of the element Ag, which reduces the energy required for the reaction.



As is universally known, selectivity is a challenge for In2O3-based gas sensors. In general, the selectivity of In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 is evaluated by examining the response of the four sensors to several different gaseous molecules (ammonia, formaldehyde, benzene, toluene, acetone, 2-butanone, ethyl ether, methanol, and ethanol) at the same concentration (100 ppm) at 240 °C. As shown in Figure 8b, it was clearly demonstrated that the response of the In-Ag-2 sensor toward 100 ppm of 2-butanone was at least tenfold that of the other seven reducing gases, and twofold that of acetone. However, it produced a similar response to the pure In2O3 sensor for 100 ppm of 2-butanone, ethanol, and acetone. According to the result above, the noble metal-decorated method enhanced the gas selectivity properties of the In-Ag-2 gas sensor to 2-butanone.



The response time and recovery time are also two of the main sensing performance targets of gas sensors. The dynamic test curves of the In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 gas sensors to 100 ppm of 2-butanone gas at their optimal operating temperature are shown in Figure 9. Among them, In-Ag-3 and In-Ag-2 had the fastest response time (13) and recovery time (16), respectively. It is obvious that the response time of Ag-decorated sensors was quicker than the pure In2O3 sensors. The phenomenon indicates that Ag nanoparticles can be used to quicken the response/recovery time. The different response/recovery times might be explained by the diffusion of the gas molecule in the sensing body and the catalytic effect of the noble metal silver. The addition of Ag improved the catalytic efficiency and decreased the reactive energy. In addition, the fast response time/recovery time of In-Ag-3 might be because high temperature provided more energy to adsorb and desorb target gas. Finally, the reason for the different response shapes of In-Ag-3 from the other three is explained below. The high temperature and the noble metal catalytic effect caused the response to quickly reach its peak. However, the high temperature, in part, also led to the desorption of 2-butanone, causing the response value to decrease. The sensor response tended to be a balance condition in the process of desorption and adsorption.



The real-time response value curves of the gas sensor based on the In-Ag-2 nanocubes to different 2-butanone concentrations and the following fitting curve are presented in Figure 10. Figure 10c shows the increasing response trends of the In2O3 sensor in the 2-butanone concentration range of 5 ppm to 800 ppm. Figure 10a,b reveal the increasing response trends of the In-Ag-2 sensor in the 2-butanone concentration range of 250 ppb to 800 ppm. The lowest detection was 20 times lower than that of the In2O3 sensor. In addition, the lowest detection of the In-Ag-2 gas sensor reached 250 ppb and had a response of 2.25. The results revealed that the gas sensor based on In-Ag-2 had a higher response and a lower detection limit at a lower working temperature [27].



Moreover, the corresponding fitting curve between the concentration and response values of the In-Ag-2 gas sensor to 2-butanone at the operating temperature of 240 °C can be seen in Figure 10d. It obviously depicts a climbing trend when the concentration of the 2-butanone gas gradually increased. This might have been due to the increased amount of 2-butanone molecules added being involved in the reaction with adsorbed oxygen. However, an interesting phenomenon is that the response values of the sensor show a form of linear increase at low concentrations and another type of nonlinear rise at high concentrations, i.e., logarithmic fitting. In-Ag-2 conformed to the power law property of the sensor. That is to say, there was a good correlation between the resistance R of the sensor and the partial pressure of the target gas in question. The resistance value was fixed at a stable baseline in the air. After exposure to the reducing gas, the O− ions were consumed by the reaction, causing them to decrease to a determined new stable value. However, if the pressure of 2-butanone was too low, the O− rate consumed by the reaction could not exceed the desorption rate of O− in the internal process. Under these conditions, the reaction could not effectively reduce O− or R. This situation corresponds to the situation described. Only when the gas pressure was sufficiently high could the reaction effectively reduce O− [28]. This is a form of the dynamic balance of the adsorption and desorption of 2-butanone molecules on the material surface [29]. It is thought that the decrease in the response increasing rate and the saturation condition was caused by the working temperature not providing enough energy to adsorb so many 2-butanone molecules or there not being enough area on the material surface to supply reaction sites.



The sensor repeatability shows that the equipment operated smoothly. Figure 11a reveals a repeatability test curve of the gas sensor based on In-Ag-2 for 100 ppm of 2-butanone at the optimum working temperature of 240 °C. After five cycles of testing, the observed value and shape from the five consecutive response curves of the In-Ag-2 gas sensor did not have much difference among them, indicating the In-Ag-2-based gas sensor possessed good reproducibility.



Additionally, the long-term stability of a gas sensor is of great practical importance. The long-term stability of sensors determines the service life of the equipment. Figure 11b vividly exhibits a one-month stability value test curve for the In-Ag-2 nanomaterial sensor to 100 ppm of 2-butanone at 240 °C every four days. The response curves of the sensor fluctuated less than 3% in one month, demonstrating the improved stability of the In-Ag-2 composite material [30].



Furthermore, the In-Ag-2 sensors were compared with those from previous studies as shown in Table 2. The In-Ag-2 sensor has good properties in terms of response and low detection limit.




3.3. Sensing Mechanism of the Ag@In2O3


The 2-butanone gas detection mechanism of the Ag@In2O3 sensor is shown in Figure 12. MOS gas sensors detect hazardous gases by adsorbing gases, which change their resistance values. It is general knowledge that In2O3 is a typical n-type MOS with a broad band gap (3.55 eV–3.75 eV). The gas sensing mechanism can be explained by the electron depletion layer (EDL) theory. In addition, Equations (4)–(7) are oxygen adsorption chemical equations. The equations can be explained as follows: when the material is exposed to normal air conditions, the material adsorbs oxygen from the air, turning free oxygen into adsorbed oxygen [38]. The adsorbed oxygen then traps electrons from the conduction band of the material to become negatively charged oxygen with a different charge and forms an EDL on the surface of the materials, increasing the resistance of the material [25]. Moreover, the reason that the adsorption oxygen type is mostly O− is because the operating temperature of Ag@In2O3 is 240 °C.


   O 2  ( g a s ) →  O 2  ( a d s )  



(4)






   O 2  ( a d s ) +  e −  →  O 2 −  ( a d s )   ( T < 100   ° C )  



(5)






   O 2 −  ( a d s ) +  e −  → 2  O −  ( a d s )   ( 100   ° C < T < 300   ° C )  



(6)






   O −  ( a d s ) +  e −  →  O  2 −   ( a d s )   ( T > 300   ° C )  



(7)







2-Butanone is a VOC with a reducing property. When the sensor is exposed to 2-butanone, the sensor adsorbs the 2-butanone from the gas onto the sensor surface. It then reacts with the adsorbed oxygen (O−) on the sensor surface. During the reaction, the adsorbed oxygen loses electrons and the material regains electrons, resulting in a narrowing of the EDL. Moreover, the reaction produces new products: water and carbon dioxide [24]. The reaction is depicted in Equation (8).


   C 4   H 8  O + 11  O −  → 4 C  O 2  + 4  H 2  O + 11  e −   



(8)







The excellent sensing properties of the Ag@In2O3 sensor for 2-butanone can be attributed to several characteristics. The SEM and TEM images show good dispersion and a unique three-dimensional cubic structure, both of which provide a sufficient number of adsorption sites and reaction scenarios for the adsorption of oxygen and 2-butanone. The gas adsorption diagram is depicted in Figure 12a.



Precious metal decoration also plays an important role in the performance of Ag@In2O3 sensors. As a typical catalyst material, Ag nanoparticles have been frequently used in many previous studies for doping or decoration to enhance the gas-sensitive properties of MOS gas sensors. The synergistic effect of electronic and chemical sensitization of Ag nanoparticles leads to a significant increase in the sensitivity of Ag@In2O3 sensors and a substantial decrease in the lower detection limit. Chemical sensitization refers to the use of Ag as a reaction catalyst to reduce the activation energy of the reaction between the reducing gas and the sensor, thereby improving the performance of the sensor [39]. Electronic sensitization can be explained by the significant increase in the adsorbed oxygen content of the material due to Ag decoration and the consequent thickening of the EDL layer to a larger resistance value, providing a larger resistance variation interval [40]. In addition, due to the spillover effect of the noble metal, more active O− spills over from the Ag nanoparticles to the outside of the composite and is uniformly dispersed, creating more active sites. Furthermore, when the noble metal Ag functionally modifies In2O3, electrons leap from Ag to the conductive layer of In2O3 until the Fermi energy levels of both reach equilibrium, as shown in Figure 12b. Moreover, energy band bending occurs at the boundary, prompting the formation of a Schottky barrier between Ag and In2O3, leading to a downward extension of the EDL. When the Ag@In2O3 sensor is in contact with 2-butanone, the 2-butanone molecule reacts with adsorbed O−, and electrons return to the In2O3 conduction band, leading to a simultaneous decrease in the Schottky barrier height and sensor resistance value [41,42]. In addition, the size of the particles was calculated using the Debye–Scherer equation. The result shows that the sensor coated with the Ag-decorated material in the ratio of 2 at% had the highest sensitivity and the largest change in particle size. Consequently, it can be assumed that the improvement in the particle size of the In2O3-based composite as a result of Ag nanoparticle decoration was an important factor in improving the sensitivity.





4. Conclusions


In this article, Ag nanoparticle-decorated In2O3 nanocubes with excellent 2-butanone sensing properties were successfully prepared via a one-pot hydrothermal method, using PEG 12000 as a structure-directing and porogenic agent. Following surface modification, the sensitivity of Ag@In2O3 nanocomposites to 100 ppm of 2-butanone reached 242, fourfold the value of the pure In2O3 nanomaterials, at an optimum operating temperature of 240 °C. Moreover, the lowest detection decreased from 5 ppm to 250 ppb, which is a relatively low level, and the higher detection concentration gradually reached saturation beyond 400 ppm of 2-butanone gas molecules. In addition, there was a degree of reduction (from 270 °C to 240 °C) in the optimum operating temperature, which cut the power consumption. The response time/recovery time also decreased a lot (from 86/62 to 50/16). The enhanced gas sensing performance of the Ag@In2O3 compound sensor could be attributed to the three-dimensional microstructure and catalytic effect of the noble metal. Hence, it might serve as a potential and promising material in 2-butanone detection.
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Figure 1. The detailed experimental process of Ag-decorated In2O3 nanocubes. 
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Figure 2. Schematic diagram of the gas sensor and the test platform. 
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Figure 3. XRD patterns of the In2O3, In-Ag-1, In-Ag-2, and In-Ag-3. 
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Figure 4. SEM images of different magnifications: (a,c) In2O3; (d) In-Ag-1; (b,e) In-Ag-2; (f) In-Ag-3. 
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Figure 5. EDS analysis of (a) In-Ag-2 and elemental mapping images of (b–e) In-Ag-2. 
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Figure 6. TEM images of different magnifications: (a–c) In-Ag-2. HRTEM images of different magnifications: (d–f) In-Ag-2. 
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Figure 7. (a) XPS survey spectra of In-Ag-2 and In2O3; high-resolution elemental spectra of (b) Ag 3d, (c) In 3d, and (d) O 1s in In-Ag-2 and pristine In2O3. 
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Figure 8. (a) Sensitivity of gas sensors based on the In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 to 100 ppm of 2-butanone gas from 180 °C to 300 °C; (b) selectivity of the In2O3, In-Ag-1, In-Ag-2, and In-Ag-3 gas sensors. 
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Figure 9. Response/recovery time of (a) In2O3, (b) In-Ag-1, (c) In-Ag-2, and (d) In-Ag-3 sensors to 100 ppm of 2-butanone at operating temperatures. 
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Figure 10. Response value curves of (a,b) the In-Ag-2 gas sensor from 0.25 ppm to 800 ppm to 2-butanone at 240 °C, and (c) the In2O3 gas sensor from 5 ppm to 800 ppm to 2-butanone at 250 °C; (d) fitting curve of response to different concentrations of 2-butanone. 
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Figure 11. (a) Repeatability test of the In-Ag-2 sensor to 100 ppm of 2-butanone at 240 °C; (b) the long-term stability curve of the In-Ag-2 sensor. 
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Figure 12. (a) The gas adsorption sensing mechanism diagram and (b) the energy band graph of the Ag-decorated In2O3 gas sensor. 
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Table 1. Crystallize size calculation parameters of In2O3, In-Ag-1, In-Ag-2, and In-Ag-3.
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Materials

	
Diffraction Planes (hkl)

	
Diffraction Angles (°)

	
FWHM (β)

	
Crystallize Size (nm)

	
Average Crystallize Size (nm)






	
In2O3

	
(222)

	
30.632

	
0.586

	
14.3

	
14.4




	
(440)

	
51.044

	
0.627

	
14.2




	
(622)

	
60.699

	
0.635

	
14.7




	
In-Ag-1

	
(222)

	
30.617

	
0.589

	
14.2

	
14.6




	
(440)

	
51.067

	
0.615

	
14.5




	
(622)

	
60.745

	
0.623

	
15.0




	
In-Ag2

	
(222)

	
30.629

	
0.555

	
15.1

	
15.7




	
(440)

	
51.057

	
0.600

	
14.9




	
(622)

	
60.727

	
0.552

	
17.0




	
In-Ag-3

	
(222)

	
30.626

	
0.550

	
15.2

	
15.5




	
(440)

	
51.045

	
0.591

	
15.1




	
(622)

	
60.704

	
0.575

	
16.3
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Table 2. Performance comparison of 2-butanone gas sensors from the previous literature and this work.
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	Material
	T. (°C)
	Conc. (ppm)
	Lim. (ppm)
	τres/τrec (s)
	Resp.
	Ref.





	bicone-like ZnO
	400
	100
	0.41
	-/-
	29.4
	[12]



	ZnO/Pt twin-rods
	450
	100
	5
	8/-
	35.2
	[13]



	Cr2O3/WO3

nanosheets
	180
	100
	1
	9/15 (5 ppm)
	40.51
	[14]



	ZnO/go
	200
	-
	-
	2/40
	9.49 (ΔR/Ro)
	[31]



	WO3/Cr2O3

nanorods
	205
	100
	5
	10/80 (5 ppm)
	5.6
	[32]



	Er0.7Yb0.3FeO3
	170
	10
	0.5
	35/83
	12
	[33]



	SiO2@CoO
	350
	100
	5
	-/-
	44.7
	[34]



	Ce/SnO2
	175
	20
	0.5
	20/-
	23.9
	[35]



	Pd/SnO2
	250
	1000
	-
	1/35 (1000 ppm)
	451
	[36]



	Ce/SnO2 (film)
	210
	100
	10
	-/-
	181
	[37]



	Ag@In2O3 nanocube
	240
	100
	0.25
	50/16
	242
	This

work







Note: τres and τrec are the represented response times and recovery times, respectively. T and Conc indicate the optimal working temperature and the detection concentration, respectively. Lim is the abbreviation of the lowest detection limit. Resp and Ref represent the response and reference, respectively.
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