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Abstract

:

Ethylene, an important phytohormone, significantly influences plant growth and the ripeness of fruits and vegetables. During the transportation and storage of agricultural products, excessive ethylene can lead to economic losses due to rapid deterioration. Metal oxide semiconductor (MOS)-based chemo-resistive sensors are a promising technology for the detection of ethylene due to their low cost, high sensitivity, portability, etc. This review comprehensively summarizes the materials, fabrications, agricultural applications, and sensing mechanisms of these sensors. Moreover, the current challenges are highlighted and the potential solutions are proposed.
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1. Introduction


Ethylene is an important phytohormone that has a major impact on the growth and ripeness of fruits, vegetables, and ornamental plants [1,2,3,4]. Most of the ethylene comes directly from plants and agricultural products [5]. For fruits and other ornamental cut flowers, the pathways of ethylene synthesis and the mechanisms of controlling ripeness have been extensively studied [6]. Some agricultural products produce excessive amounts of ethylene, which can lead to the rapid deterioration of agricultural products during transportation and storage, resulting in economic loss [7,8]. Precisely regulating ethylene levels in the environment helps keep agricultural products fresh. For plants, mature cells of seedlings, leaves, flowers, and roots of higher plants can produce ethylene [9]. Ethylene is closely associated with the processes of seed germination [10], cell elongation [11], fertilization [12], fruit ripeness [13], seed dispersal [14], pathogen defense [15], and stress response [1,16]. Even at low concentrations (0.01 ppm–1 ppm), the effect of ethylene on agricultural products can be observed. Therefore, precise detection of ethylene concentration is of great importance in the agricultural industry [17,18].



Gas chromatography (GC) is one of the most widely utilized and well-characterized analytical techniques used for the detection and quantification of ethylene [19]. Although GC displays a low detection limit, typically at the parts per billion (ppb) level, it requires complex measurement in the specific laboratory by professionals using specialized equipment, which hinders field monitoring of ethylene for agricultural products [20]. Optical ethylene sensors mainly utilize the light-absorption properties in the near-infrared region [19,21]. This method can achieve very low detection limits (less than 1 ppb) and rapid response speed (typically within seconds) [19,22,23]. However, expensive equipment hinders the wide application of this method, especially in agriculture [19]. Moreover, ethanol and acetaldehyde tend to interfere with the infrared measurement of ethylene [20]. Electrochemical gas sensors are based on the change in current from the redox reaction occurring between the electrode and the gas being analyzed. Despite the relatively low cost and accuracy of detection, their highly active electrodes are sensitive to interfering substances, resulting in poor selectivity [20]. Carbon nanotube (CNT) sensors detect the presence and concentration of a gas by measuring the change in the conductivity of a carbon nanotube material when exposed to a gas. Despite its high sensitivity and selectivity, it is sensitive to environmental conditions, expensive to prepare, and insufficiently selective [24].



Compared to the conventional measurement methods, a metal oxide semiconductor (MOS)-based gas sensor is another promising technique [25], featuring low cost, high sensitivity, long service life, and portability [26,27]. When exposed to analyzed gases, the conductivity or dielectric constant of these materials changes. According to the detection principle, MOS-based ethylene sensors are categorized as chemo-capacitive or chemo-resistive types, which can convert the effects of ethylene action into capacitive or resistive signals, respectively [20,28,29,30]. Compared to chemo-capacitive sensors, chemo-resistive sensors offer the advantages of simpler structure and lower cost [31]. Moreover, chemo-resistive-based sensors can respond swiftly to changes in ethylene concentration and exhibit extended longevity, which can deliver a stable and reliable detection [32,33,34,35,36,37,38,39]. Thus, MOS-based chemo-resistive sensors have great potential for simple, rapid, and in-field detection of ethylene.



Herein, this article provides a comprehensive review of the materials, fabrications, applications in agriculture, and sensing mechanisms of MOS-based chemo-resistive sensors (Figure 1). In Section 2, we summarize the materials of the mainly used MOSs, tin dioxide (SnO2) and zinc oxide (ZnO), and the others, as well as their fabrication methods, including chemical vapor deposition (CVD), ultrasonic spray pyrolysis (USP), sputtering, wet chemical method, and electrochemical deposition, reflux method, and hydrothermal method. In Section 3, we review the pioneer works of applying MOS-based chemo-resistive ethylene sensors in agriculture, mainly including ripeness monitoring of post-harvest fruits. In Section 4, we introduce the sensing mechanisms of n-type and p-type MOSs. Finally, we point out the existing limitations in this area, including low selectivity, poor limit of detection and high operation temperature, low anti-humidity capability, long-term instability, and sensor discreteness, as well as propose possible solutions such as structure engineering and doping.




2. Materials and Fabrications


MOSs used for ethylene sensors can be fabricated using multiple methods, such as CVD, USP, sputtering method, wet chemical method, electrochemical deposition, reflux method, and hydrothermal method. In this section, we will review the fabrication methods for specific MOSs, including the two mainly used ones for ethylene sensors, SnO2 and ZnO, and others. The fabricated gas sensors will be illustrated to demonstrate the features of the corresponding methods.



2.1. SnO2


SnO2 is the most prevalent sensing material used for ethylene sensors due to its high sensitivity [40], reliability, and electrical conductivity [41]. The common SnO2 fabrication methods include CVD, USP, and sputtering methods.



2.1.1. CVD


CVD is a process that utilizes gaseous substances to chemically react on a solid and produce solid deposits. By regulating the conditions of CVD, the properties of products, such as film size, crystallinity, and number of layers, can be precisely controlled [42]. The produced film has the characteristics of high purity, high quality, and low defects. Moreover, it can also uniformly deposit materials on complex surfaces and microstructures, which is particularly important for microelectronics and nanotechnology applications [43,44].



The typical fabrication procedures of SnO2 using CVD [45,46,47] are outlined as follows. In the initial step, Sn particles were deposited onto carbon fiber paper (CFP). Anhydrous SnCl2 powder was positioned in a quartz boat placed at the center of a tube furnace, with CFP situated downstream to serve as a support for Sn particles. Subsequently, the samples underwent annealing under atmospheric conditions at 300 °C for 60 min to oxidize Sn into SnO2 (Figure 2(ai)).



The chemical structure of the sample was characterized by X-ray diffraction (XRD). XRD spectra exhibit peaks such as (110), (011), and (121) corresponding to standard SnO2 (ICSD # 98-005-8477) [45] (Figure 2(aii)). The result demonstrates that the fabricated samples are SnO2 with a tetragonal rutile structure. The fabricated samples were characterized by scanning electron microscopy (SEM). The SEM shows the diameter of the fabricated SnO2 nanowires is about 42 nm (Figure 2(aiii)) [45]. This structure has a high aspect ratio (L/D) and sufficient active sites for gas adsorption and desorption, which can increase the sensitivity of the sensor. The response characteristics of the sensor toward different concentrations of ethylene gas were investigated at the temperature of 450 °C (Figure 2(aiv)) [45]. It is evident that the resistance of the sensors sharply decreases upon exposure to ethylene and gradually increases after being exposed to air. This indicates that the sensor exhibits a relatively high response and good recovery to ethylene, proving the excellent performance of SnO2 prepared by the CVD method.




2.1.2. USP


USP refers to the technology of droplet generation induced by ultrasound [51]. As a conventional deposition technique, it has been employed for the production of various nanostructures. USP presents advantages such as low cost, stable coatings, wide applicability, and great flexibility in a continuous process for synthesizing oxide materials [48].



The typical fabrication procedures of SnO2 using the USP method [48,49] are as follows. The USP system consists of three main parts (Figure 2(bi)). An aqueous solution of SnCl4·5H2O was stirred for 20 min in a flask, and hydrochloric acid was subsequently added to create a homogeneous solution, which was then transferred to an ultrasonic transducer, where it was converted into an aerosol. Subsequently, this aerosol was conveyed into the reaction zone using N2 as the carrier gas. Quartz substrates were positioned in the reaction zone, and the reaction proceeded for 2 h at 400 °C. The aerosol was then heated, vaporized, pyrolyzed, and sintered to obtain the final product.



As shown in Figure 2(bii), the peaks presented by the XRD of the samples match those of the standard SnO2, proving that SnO2 has a cassiterite structure. In addition, the sharp peaks prove that tin dioxide has good crystallinity, which contributes to the gas-sensitive properties. Using the Scherrer equation, the grain size of SnO2 is calculated to be 15.2 nm, which can provide more surface area to improve sensitivity. An SEM image of the prepared SnO2 is shown in Figure 2(biii) [49]. It reveals a uniform polycrystalline SnO2 thin film. Moreover, SnO2 exhibits a small crystal size, which could increase surface area, thus enhancing sensitivity. Compared to the thicker film sensor, this sensor can offer excellent unit-to-unit consistency and shorten stabilization time. They also tested the sensor’s response to ethylene at 350 °C (Figure 2(biv)). The sensor resistance changes at a relatively fast rate and has good recovery, which indicates that the sensor prepared by this method has good performance.




2.1.3. Sputtering Method


Sputtering method uses a beam of inert gas ions to vaporize the solid, which is a common method to fabricate nanoparticle films [52]. The sputtered films are well combined with the substrate, and they also have high purity, good compactness, and uniformity. Moreover, the sputtering process has great repeatability, and the film with a uniform thickness can be obtained on a large area substrate [53].



The typical fabrication procedures of SnO2 using sputtering method [50] are as follows. A SnO2 ceramic target of 99.99% purity was subjected to radio-frequency (RF) sputtering at 80 W over 25 min, maintaining a total gas mixture flow rate at 30 sccm. Subsequent annealing was executed at 650 °C for 1 h in ambient air using a tube furnace. Before the SnO2 deposition, a Pt electrode of 100 nm thickness was added to the alumina substrate via direct current. Using a shadow mask, an interdigitated layout was crafted, maintaining a 4 mm gap and width for the electrodes (Figure 2(ci)).



Figure 2(cii) shows the XRD spectra of the deposited films at different argon-to-oxygen ratios. The diffraction peaks of the substrate contain only the peaks of the Al2O3 substrate and the Pt electrode, while three characteristic peaks of (110), (101), and (211) corresponding to SnO2 are observed on the deposited films. The surface topography of the prepared SnO2 was analyzed (Figure 2(ciii)) [50]. It can be clearly seen that its structure is relatively complete and closely arranged, and there is no obvious crack. The advantage of this is that the obtained material has good stability, which also helps to improve the electrical conductivity. The gas response of the product is shown in Figure 2(civ) [50]. The measurement was conducted at 25 ppm ethylene concentration. The sensitivity values for post-annealed and as-deposited films are calculated to be approximately 6.5 and 2.7, respectively. It is evident that post-annealing can improve sensitivity, mainly attributed to the optimization of crystallization quality.





2.2. ZnO


ZnO is the other commonly used MOS for ethylene sensors. Besides excellent sensing performances, ZnO has high specific surface area, high crystallinity, high cost-effectiveness, and scalable production [54,55,56,57,58]. ZnO is widely fabricated by wet chemical method, electrochemical deposition, and sputtering method.



2.2.1. Wet Chemical Method


Wet chemical method is a common method, mainly including co-precipitation, hydrothermal method, and sol-gel method. This method begins with the dissolution of the oxide in a solvent, which is then precipitated or crystallized. Compared to other preparation methods, wet chemistry method usually does not require expensive equipment or complex operation, and the material properties can be relatively controlled. In addition, it also performs well in synthesizing complex structures and multi-component materials at relatively low cost [59].



The typical fabrication procedures of ZnO using wet chemical method are as follows [60]. As shown in Figure 3(ai), Zn(CH3COO)2 and CO(NH2)2 were dissolved in water and stirred for 1 h. The resulting transparent solution was enclosed in a conical flask and subjected to a 100 °C heating process for 6 h. Subsequently, the obtained products were cooled to ambient temperature, followed by centrifugation, washing, drying, and annealing [60].



The chemical structure of ZnO nanosheets is shown in XRD spectra (Figure 3(aii)). The peaks of the ZnO nanosheets correspond to those of the fibrillar zincite ZnO. In addition, the XRD spectra of the fabricated samples show weak Pd Peaks, proving the ZnO nanosheets are successfully doped with Pd. The SEM image of the obtained materials shows many randomly placed nanosheets with a large number of mesoporous pores (Figure 3(aiii)). A large number of mesoporous nanosheets can provide sufficient active sites, which contributes to the adsorption and detection of ethylene molecules and increases the sensitivity. The ethylene response of the prepared ZnO is plotted in Figure 3(aiv). The sensor could respond to the minimal concentration of 10 ppb. This low-limit detection is crucial for the monitoring of trace ethylene in the environment. When the ethylene concentration increased from 10 ppb to 1 ppm, the response also increased. The excellent sensing performance indicates the high quality of ZnO prepared using this method.




2.2.2. Electrochemical Deposition


Electrochemical deposition uses electrical energy to produce layers and usually involves the oxidation or reduction of highly soluble substances on the electrode surface [63]. The electrochemical deposition method offers the advantages of low-temperature conditions, high-throughput mass production, and low cost.



The typical fabrication procedures of ZnO nanorods using electrochemical deposition are as follows [61,64]. The whole preparation process is relatively simple (Figure 3(bi)). The substrates, comprising polyethylene terephthalate-indium doped tin oxide (PET-ITO), underwent a thorough sequential cleaning process. A precursor solution was formulated by combining equimolar proportions of Zn(NO3)2·4H2O and C6H12N4 in deionized water. Ag was introduced into the precursor through the addition of 0.5 mM AgNO3. Then, the solutions were aged for a duration of 2 h. The electrodeposition procedure was carried out utilizing an electrical potential of −1.2 V at a temperature of 10 °C for a duration of 2 h.



The XRD of the samples doped with different percentages of silver is shown in Figure 3(bii). The positions of the ZnO diffraction peaks match with the ICSD number 98-016-3380. In addition, the diffraction peak of silver is located at 2θ = 44o, matching Miller index of (002). The result also shows that the diffraction peaks of silver are increasing with the increase in silver percentage. During electrodeposition, the ZnO-Ag structure shows (002), (010), and (011) multi-directional growth. Moreover, the higher amount of Ag is quantitatively seen by the stronger Ag peaks in the ZnO-Ag0.6 and ZnO-Ag0.7 (Figure 3(bii,2) and Figure 3(bii,3)) than those of ZnO-Ag0.5 (Figure 3(bii,1)).The SEM image shows the obtained samples were nanosheets with thickness between 300 and 500 nm (Figure 3(biii)) [61]. Nanosheet structures usually have a large specific surface area, which helps to improve the reactivity of the material. The response of the sensor to ethylene is shown in Figure 3(biv). We can see that the response increases with the ethylene concentration. However, the response is relatively low, and the response time is on the minute scale, mainly due to the room temperature working conditions.




2.2.3. Sputtering Method


Sputtering method is also used in the preparation of ZnO. The advantages of this method have been described in the previous article, but the specific operation steps are different when used to prepare ZnO. The typical fabrication procedures of ZnO nanorods using sputtering method are as follows [62,65]. A film of ZnO with thickness of 300 nm was deposited from a ZnO target onto a substrate with interdigitated electrodes. Throughout the sputtering process, the substrate was secured onto a holder that rotated at 80 rpm and was positioned 3.5 cm away from the ZnO target. The deposition parameters were set at an input power of 100 W, a growth pressure at 3 × 10−3 Torr, and maintained argon gas flow of 10 sccm (Figure 3(ci)).



As shown in Figure 3(cii), the unirradiated sample exhibits a strong peak (002), which almost disappears after irradiation with 200 kGy. This is related to structural changes due to collisions between the incident radiation photons and the sample nuclei. The surface morphology of the obtained ZnO films is shown in Figure 3(ciii), which was relatively rough. ZnO with rough surface morphology usually has a larger specific surface area, which helps to improve the sensing performance. The response of the sensor to ethylene (red line) is shown in Figure 3(civ). Under atmosphere, the resistance of the sensor was stably maintained at a high level. When it was exposed to 1.2 ppm of ethylene at 350 °C, the resistance began to decrease until the saturation state. After being re-exposed to atmosphere, the resistance almost returned to the initial value. However, apart from ethylene, the ZnO sensor also demonstrated response to ethane (black line).





2.3. Other MOSs


In the previous sections, we have comprehensively summarized fabrication methods of the two commonly used MOSs for ethylene gas sensors. These materials and fabrication methods all have their advantages and disadvantages. In addition to SnO2 and ZnO, TiO2 [29], Fe2O3 [66], and Co3O4 [67] are also applied for ethylene sensors due to their decent sensing performance, non-toxicity, and stability [68]. They are fabricated in a slightly different way than SnO2 and ZnO. Here, we introduce a typical preparation method for each of these three metal oxides.



2.3.1. TiO2 Fabricated by Reflux Method


Reflux method is a synthetic chemical method commonly used in laboratory. It allows for prolonged control over temperature and pressure, contributing to the increased purity of the synthesized compounds. This method can also be very convenient to heat the solution. Reflux systems also prevent the loss of volatile compounds during the reaction, helping to maintain the concentration of reactants and enhance reaction efficiency.



The typical fabrication procedures of TiO2 using reflux method are as follows (Figure 4(ai)) [29]. The apparatus used in the reflux method consists of a flask with a condenser. TiCl4 is first mixed with distilled water. Then, ammonia water is added to the mixed solution and refluxed for 5 h to adjust the PH to 8–9. Finally, the sediment is filtered, washed, and dried.



The nano powders were characterized by XRD (Figure 4(aii)). The XRD pattern of TiO2 confirms that the product has a single-phase property and a tetragonal structure. The particle size of TiO2 was calculated as 33 nm using Scherrer equation. In addition, the diffraction peak is very sharp, indicating that it has good crystallinity. The field emission scanning electron microscopy (FESEM) image of the prepared TiO2 is shown in Figure 4(aiii). It has a monoclinic structure with a particle size of 27 nm. This structure can increase the surface area and thus improve the ethylene sensitivity.



The sensing characteristics of the sensor toward different concentrations of ethylene gas were investigated at the temperature of 250 °C (Figure 4(aiv)). It can be seen from the response curve that the sensor shows good linearity in the measurement range. This allows the sensor to perform more consistently under different operating conditions, improving reliability and stability. Even when the ethylene concentration is less than 10 ppm, it still has a certain sensitivity. Although the number is not high, this is a problem that needs to be solved in the future. In summary, the sensor prepared by this method has good performance.




2.3.2. Fe2O3 Fabricated by Wet Chemical Method


Wet chemical method is also used in the preparation of Fe2O3. The advantages of this method have been described in the previous section, but the specific operation steps are different when used to prepare Fe2O3. The typical fabrication procedures of flower-like hierarchical porous α-Fe2O3 using the wet chemical method are as follows (Figure 4(bi)) [66]. First, 0.6 g of ferric chloride (FeCl3·6H2O), 3.6 g of tetrabutylammonium bromide (TBAB), and 1.35 g of urea are added to 90 mL of ethylene glycol (EG). The resulting red liquid is then transferred to a flask and constantly stirred. The stirred mixture is heated to a boil, with continued stirring of boiling water for 20 min until the mixture turns green, indicating that the reaction is complete. Finally, the green precipitate is washed, dried, and calcined to obtain the final product α-Fe2O3.



XRD patterns of α-Fe2O3 are shown in Figure 4(bii). The pattern of Fe2O3 shows many sharp peaks, which are highly correlated with hematite α-Fe2O3 (JCPDS No. 89-0597). Next, the surface topography of the prepared α-Fe2O3 was analyzed (Figure 4(biii)). Some flower-like hierarchies can be clearly seen from SEM. The structure is maintained from precursor to calcined porous Fe2O3, and it is self-assembled from ultra-thin nanosheets with a thickness of about 20 nm. The self-assembled flower-like layered porous α-Fe2O3 structure of these nanosheets has a high specific surface area, which can provide a larger adsorption area for ethylene and accelerate the diffusion of gas across the surface. Thus, the sensitivity of the sensor is improved. The real-time response curves of α-Fe2O3 to ethylene with concentration ranging from 1 to 100 ppm are shown in Figure 4(biv). Obviously, the gas sensor based on α-Fe2O3 exhibits notable sensitivity to ethylene, even within a low concentration range. At 1 ppm of ethylene exposure, the response (Ra/Rg) is 6. As the concentration rises, the response demonstrates an almost linear increase. The excellent response indicates the high quality of the sensor prepared by this method.




2.3.3. Co3O4 Fabricated by Hydrothermal Method


The hydrothermal method offers notable advantages over alternative approaches. It is particularly advantageous for generating nanomaterials that may not exhibit stability at elevated temperatures. The hydrothermal method allows for the production of nanomaterials characterized by high vapor pressures, minimizing material loss. Additionally, the hydrothermal synthesis process enables precise control over the composition of the synthesized nanomaterials through liquid-phase or multiphase chemical reactions.



The typical fabrication procedures of Co3O4 using hydrothermal method are as follows (Figure 4(ci)) [69]. A solution is formulated by dissolving cobalt (II) nitrate hexahydrate (Co(NO3)2·6 H2O) and sodium oxalate (Na2C2O4) in a blend of deionized water and ethylene glycol with a water-to-ethylene glycol ratio of 1:2. This process yields a pinkish transparent solution. The prepared solution is then sterilized, heated, and cooled to room temperature. It is then centrifuged, washed, dried, and annealed to obtain the final product.



The chemical structure of the sample was characterized by XRD (Figure 4(cii)). The primary peaks observed in the XRD pattern corresponded to the crystallographic planes (220), (311), (400), (511), and (440) of the face-centered cubic phase of Co3O4, as identified by JCPDS No. 042–1467. Notably, no evident peaks associated with impurities or alternative phases were discerned, affirming the successful formation of a single-phase Co3O4 material. The FESEM image of the prepared Co3O4 is shown in Figure 4(ciii). The resulting sample presents a porous nanostructure consisting of spheroidal nanoparticles with diameters between 10 and 30 nm. The formation of this porous nanorod gives it a larger surface area, enhancing its ability to sense ethylene. The gas response of the product is shown in Figure 4(civ). It depicts the dynamic resistance of the sensor under the influence of pulses with varying ethylene concentrations, all conducted at the optimized working temperature of 250 °C. The sensor showcases remarkable sensitivity and responsiveness, facilitating the precise detection of even minute quantities of ethylene. Furthermore, the sensor displays commendable recovery performance after exposure to ethylene. Thus, the Co3O4-based ethylene sensor prepared by hydrothermal method shows good performance.



The advantages and disadvantages of the above fabrication methods are summarized in Table 1. Among these methods, CVD, wet chemical method, and electrochemical deposition are more suitable for agricultural applications. As a sensor applied to the agricultural field, it needs to have the characteristics of low price, high production efficiency, and stable performance. These methods are capable of producing high-quality, uniform films or structures to ensure consistency and stability of sensor performance. Next, we will review the MOS-based chemo-resistive ethylene sensors applied in agriculture, which are fabricated by CVD, electrochemical deposition, and wet chemical methods.






3. Applications in Agriculture


Nowadays, MOS-based chemo-resistive ethylene sensors are applied in agriculture, which can significantly increase production efficiency and quality. Fruit quality detection, fruit freshness assessment, and banana maturity detection have been performed using chemo-resistive ethylene sensors based on SnO2 and ZnO.



3.1. Pd-Loaded SnO2 Sensor for Fruit Maturity Detection


Zhao et al. proposed a chemo-resistive ethylene sensor based on Pd-loaded SnO2 [70]. The sensor exhibited excellent detection performance, such as a low detection limit (50 ppb), good sensitivity (0.58 ppm−1), and excellent response time (1 s). Then, the researchers further explored the application of this sensor in fruit maturity detection. Four fruits (banana, lemon, apple, and pear) were separately placed in four transparent bottles, and the sensors were inserted into the bottles to real-time detect the ethylene released by the fruits (Figure 5(ai)). The response curve of different fruits shows a large variability. According to the response, the banana released the most ethylene while the apple released the least. In addition, sensor response curves were explored for different numbers of bananas (Figure 5(aii)). We can see that the response of this sensor shows a non-uniform rise with the number of bananas, which was relatively slow at first but became fast when the number of bananas surpassed 4. This effect indicates that ethylene emissions are mutually reinforcing [2]. To further explore the potential application of this sensor in fruit storage, they also looked at how the sensors respond to a banana (Figure 5(aiii)) and a lemon (Figure 5(aiv)) at different stages of ripeness. According to the response curve, we can see that the response of the sensor to the banana first rises fast and then drops, and the transition happens at the climacteric period. The reason for this result is that banana, as a respiratory climacteric fruit, is easily affected by the ethylene concentration in the process of senescence and metamorphosis. In contrast, lemon, as a non-respiratory climacteric fruit, has a relatively slow metabolism and is not easily affected by ethylene concentration. This result also suggests that lemon is more storable than banana. These curves demonstrate the great potential of Pd-loaded SnO2 ethylene sensors in estimating different species, quantities, and storage states of fruits.




3.2. Cr2O3-Tailored SnO2 Sensor for Fruit Maturity Detection


Recently, a new SnO2 sensor coated with the nanoscale catalytic Cr2O3 overlayer has been proposed in the literature [71]. Notably, the Cr2O3 overlayer has little or no oxidizing effect on the relatively stable ethylene but promotes the oxidation of the more reactive interfering gases, resulting in high ethylene selectivity. Moreover, the sensor has a low detection limit of 24 ppb. The researchers evaluated the sensor’s potential for detecting fruit ripeness. Five fruits (banana, apple mango, peach, kiwifruit, and blueberry) were separately placed in airtight containers, and the sensor responses to ethylene released from the fruits were monitored for 15 days (Figure 5(bi)). The response curves are shown in Figure 5(bii–vi). The response to ethylene increased as the fruit aged, which proves the increment in ethylene concentration. In general, banana, apple mango, and peach produced higher amounts of ethylene than the other two fruits, which is associated with whether the fruits are respiratory climacteric. During the monitoring process, the appearance of the peach, kiwifruit, and blueberry did not change significantly, but the ethylene content changed. Therefore, fruit maturity can be assessed by measuring the ethylene concentration before a visible appearance change. For real-time and on-site detection, researchers have developed a portable sensing module that connects wirelessly to cell phones (Figure 5(bvii,viii)), which successfully differentiated three bananas with different maturity levels.




3.3. ZnO Nanosheet Sensor for Banana Maturity Detection


Wang et al. fabricated a ZnO nanosheet sensor with good sensing performance and response speed for ethylene detection [72]. Researchers explored the potential of sensors for detecting fruit ripeness using bananas as an example. Six bananas of different ripeness levels (represented by color, i.e., all green, light green, half green, half yellow, all yellow, star) were placed in sealed containers separately (Figure 5(ci)). The gases in the containers were extracted using a syringe and detected by the sensor. The real-time response of the sensor to the banana during the ripeness process is shown in Figure 5(cii). We can see that the current of the sensor increases rapidly after exposure to ethylene. Moreover, the response of the sensor increases rapidly as the ripeness level increases. The response of the sensor to bananas of different maturity stages over time was also tested (Figure 5(ciii)). This suggests that the ethylene released by bananas first increased and then stabilized. As maturity increased, ethylene was released in greater quantities and at a faster rate. This proves that banana ripeness can be assessed by measuring the ethylene released from the bananas.





4. Sensing Mechanisms


MOS-based chemo-resistive gas sensors mainly use tin dioxide (SnO2), zinc oxide (ZnO), and others—including titanium dioxide (TiO2), iron trioxide (Fe2O3), and cobalt oxide (Co3O4)—as sensing materials [73,74,75,76,77,78,79,80,81,82]. According to carriers, MOSs are divided into n-type (electron-dominated), such as SnO2, ZnO, TiO2, and Fe2O3, and p-type (hole-dominated), such as Co3O4. MOS-based chemo-resistive ethylene sensors determine the ethylene concentrations via a resistance change [83]. The detection mechanism of the MOS-based chemo-resistive ethylene sensor is shown in Figure 6. When exposed to atmospheric conditions, oxygen molecules are chemically adsorbed on the surface of the MOS sensing layer. By trapping electrons in the conduction band, the oxygen molecules are converted to chemisorbed oxygen with negative charges, such as O2−, O−, and O2−. The process of chemisorbed oxygen formation can be expressed by the following equations:


O2 + 2e− ↔ 2O−



(1)






O2 + e− ↔ O2−



(2)






O− + e− ↔ O2−



(3)







Due to the chemisorption of oxygen, an electronic depletion layer (EDL) with low electron concentration is formed on the surface of n-type semiconductors, and a hole accumulation layer is formed on the surface of p-type semiconductors [83,84,85,86]. When exposed to ethylene, a type of reducing gas, ethylene molecules are adsorbed on the surface of the semiconductor sensing layer. The ethylene molecules react with chemisorbed oxygen and release electrons. Taking O− as an example, the reaction process is as follows:


C2H4 + 5O− ↔ 2CO2 + 2H2O + 5e−



(4)







The electrons are released to the sensing layer. For n-type semiconductors, an increase in the electron concentration leads to a thinning of the EDL and a decrease in resistance, while for p-type semiconductors, an increase in the electron concentration leads to a decrease in the number of holes, which leads to a thinning of the hole accumulation layer and the rise in resistance. As the ethylene concentration rises, the amount of resistance change (|Ra−Rg|/Ra) increases, in which Ra and Rg represent resistances in the atmosphere and in ethylene gas, respectively. |Ra−Rg|/Ra is typically defined as the response of the sensor, though Ra/Rg and |Ra−Rg|/Rg are also used. Consequently, the ethylene concentration can be derived from the resistance change [9]. Most ethylene sensors are based on n-type MOSs. The above mechanisms can also be applied to other reducing gases, which could lead to a selectivity problem. In the next section, we will discuss this problem and propose possible solutions.




5. Challenges and Perspectives


MOS-based chemo-resistive ethylene sensors demonstrate the advantages of in situ detection, simple miniaturization [26], and cost-effective production [27], which makes them particularly suitable for agricultural applications [20,87]. However, the current applications in agriculture are restricted to the monitoring of ripeness of post-harvest fruits, mainly attributed to six challenges [88], including low selectivity, poor limit of detection, high operation temperature, low anti-humidity capability, long-term stability and sensor drift, and sensor discreteness. Thus, in this paper, we summarize the challenges and provide potential solutions (Figure 7).



	
Low selectivity. MOS-based chemo-resistive gas sensors are susceptible to multiple gases, such as ethane mentioned in Section 2.2.3, which interfere with the detection of ethylene. In particular, the complex composition of gases in agricultural environments, such as water vapor, ethanol, ammonia, and nitrous oxide, makes accurate detection of ethylene a huge challenge. In order to eliminate the interference of non-target gas, we can perform surface structure engineering on the gas-sensitive layer, such as coating microchannels to block interfering gas molecules from reaching the sensing layer [89]. In addition, utilizing the multi-sensor array is also an effective way to combine the response result of multiple sensors to identify ethylene concentrations [90].



	
Poor limit of detection. The limit of detection refers to the lowest concentration of ethylene that the sensor can reliably detect and measure. In the field of agriculture, trace amounts of ethylene can have a large impact on the growth and ripeness of fruits and plants. In addition, the ethylene content in agriculture is usually at the ppb level. It is important to optimize the limit of detection of ethylene sensors [91]. A possible solution is structure modification, such as creating a porous structure to increase the surface area, which can effectively reduce the limit of detection. In addition, doping with precious metals is also an effective strategy [61].



	
High-temperature operation. Due to the inherent nature of ethylene, ethylene sensors typically need to operate at high temperatures (such as 250 °C [70], 300 °C [49], and 350 °C [71]). The high temperature can easily cause damage to the surface of the detection object, limiting its application on plant surfaces and other scenes [72]. Also, the high temperature of the sensor puts higher requirements on the stability of the sensor. Moreover, considering the long working time of the ethylene sensor, the high working temperature also greatly increases the energy consumption. To solve this problem, doping with noble metals is an effective strategy, which acts as catalysts that can effectively reduce the activation energy of ethylene molecules and significantly reduce the working temperature. In addition, UV irradiation can energize the sensors, which can also lower the operating temperature [50].



	
Low anti-humidity capability. Water vapor decreases the sensitivity of the sensor to ethylene gas because water molecules compete with ethylene molecules for oxygen species and reduce the available surface area for the adsorption of ethylene molecules on the MOx surface. Therefore, an increase in humidity decreases the sensitivity of the sensor to ethylene gas. By using a temperature and humidity compensation algorithm, the sensor output can be corrected based on the temperature and humidity information of the environment, thus reducing the effect of humidity on sensor sensitivity. Additionally, it is possible to use the humidity sensor in conjunction with a target gas sensor [92].



	
Long-term instability. In the process of measuring ethylene, in reality, the concentration is often too low. Because the sensors at this stage are still not very sensitive to low concentrations of ethylene, the results will be unstable when measuring. Possible solutions to this issue are doping with precious metals or using bimetallic oxide-based sensors. Precious metals can act as catalysts. Bimetallic oxides increase the specific surface area of the material and thus provide more active sites. These improved methods make the sensor show high stability, even at a low-concentration detection [93].



	
Sensor discreteness. In practice, people find out that even the same series of sensors, due to small differences in the manufacturing process, can lead to slightly different performance between devices. The sensor’s working environment and long-term use or aging may also cause the performance of the sensor to change. The sensitivity, response time and other characteristics of the sensor may change with the change of these factors, resulting in the response difference of the sensor under the same conditions. This challenge may (at least partially) be overcome by proper calibration.







6. Conclusions


In summary, we have systematically reviewed the materials, fabrications, applications in agriculture, and sensing mechanisms of MOS-based chemo-resistive sensors. The sensing mechanisms vary depending on the conduction type. The two mainly used MOSs (SnO2 and ZnO) and others are typically fabricated by CVD, USP, sputtering, wet chemical method, electrochemical deposition, reflux method, and hydrothermal method. The MOS-based chemo-resistive sensors are typically used to monitor the ripeness of fruits in agriculture. Compared to traditional ethylene detection technologies, MOS-based chemo-resistive ethylene sensors have advantages such as low cost and on-site monitoring and are particularly suitable for agricultural applications. Despite these advantages, MOS-based chemo-resistive ethylene sensors are currently restricted to the monitoring of ripeness of post-harvest fruits in agriculture, mainly due to six challenges, including low selectivity, poor limit of detection, high operation temperature, low anti-humidity capability, long-term instability, and sensor discreteness. Accordingly, we have proposed reasonable solutions to address these challenges. With the continuous advancement in MOS-based chemo-resistive ethylene sensors, their applications will be significantly extended, not only in agriculture but also in other fields.
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Figure 1. Structure of the review. The concentric layers from inner to outer, correspond to sensing mechanisms, materials, fabrication methods, and applications sequentially. The outermost layer indicates the application of sensors to these fruits. 
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Figure 2. SnO2 fabricated by different methods. (a) CVD method: (i) Schematic diagram of CVD process, (ii) XRD of the fabricated sample, (iii) SEM of the fabricated sample, and (iv) The response curve to different concentrations of ethylene [45]. (b) USP method: (i) Schematic diagram of the USP [48], (ii) XRD of SnO2 thin film, (iii) SEM of SnO2 thin film, and (iv) The response curve to different concentrations of ethylene [49]. (c) Sputtering method: (i) Schematic diagram of magnetron sputtering process, (ii) XRD of the fabricated SnO2 thin film, (iii) SEM of the fabricated SnO2 thin film, and (iv) The response curve to different concentrations of ethylene [50]. 
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Figure 3. ZnO fabricated by different methods. (a) Wet chemical method: (i) Flow diagram of wet chemical method, (ii) XRD of the ZnO nanosheets, (iii) SEM of the ZnO nanosheets, and (iv) Real-time responses of the ZnO nanosheets to different concentrations of ethylene [60]. (b) Electrochemical deposition: (i) Schematic diagram of ZnO-Ag electrochemical deposition process, (ii) XRD of the obtained sample, (iii) SEM of the obtained sample, and (iv) The response curve of the sensor to ethylene [61]. (c) Sputtering method: (i) Schematic diagram of magnetron sputtering process, (ii) XRD of ZnO thin films, (iii) SEM of ZnO thin films, and (iv) Response curves of ZnO-based ethylene sensor to 1.2 ppm of ethylene (red dots) and to 1.2 ppm of ethane [62]. 
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Figure 4. Other MOSs and their fabrication methods. (a) TiO2 fabricated by reflux method: (i) Schematic diagram of reflux method, (ii) XRD of the TiO2, (iii) FESEM of the TiO2, and (iv) The sensitivity characteristics of the TiO2 to different concentrations of ethylene at 250 °C [29]. (b) Fe2O3 fabricated by wet chemical method: (i) Flow diagram of wet chemical method, (ii) XRD of the obtained sample, (iii) SEM of the obtained sample, and (iv) Real-time responses of the α-Fe2O3 to different concentrations of ethylene [66]. (c) Co3O4 fabricated by hydrothermal method: (i) Flow diagram of hydrothermal method, (ii) XRD of the obtained sample, (iii) FESEM of thin films, and (iv) The gas response of the product to different concentrations of ethylene [69]. 
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Figure 5. Applications in agriculture. (a) Pd-loaded SnO2 sensor for fruit maturity detection: (i) The real-time response curves of the gas sensor to four fresh fruits, (ii) The response curve of banana with increasing numbers of bananas, and (iii,iv) The response to banana and lemon over time [70]. (b) Cr2O3-tailored SnO2 sensor for fruit maturity detection: (i) Schematic diagram of the detection scene, (ii–vi) changes in response to the banana, apple mango, peach, kiwifruit, blueberry; (vii) Integrated inspection systems; and (viii) Online monitoring photo [71]. (c) ZnO nanosheet sensor for banana maturity detection: (i) Bananas at different ripeness stages, (ii) The real-time response of the sensor to the banana during ripeness process, and (iii) The response of the sensor to bananas beginning at different maturity stages over time [72]. 
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Figure 6. Sensing mechanisms of chemo-resistive ethylene sensors based on (a) n-type and (b) p-type MOSs. 
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Figure 7. Challenges and potential solutions of MOS-based chemo-resistive ethylene sensors. 
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Table 1. The summary of the fabrication methods.
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	Fabrication Methods
	Advantages
	Disadvantages
	Applicable MOSs
	Used in Agriculture
	Refs.





	CVD
	High controllability
	Limited material applicability
	SnO2
	Yes
	[43,44]



	USP
	Stable coatings
	Difficult operation
	SnO2
	No
	[48,51]



	Sputtering method
	Repeatability
	High cost
	SnO2, ZnO
	No
	[52,53]



	Wet chemical method
	Complex structure
	Limited production
	ZnO, Fe2O3
	Yes
	[59]



	Electrochemical deposition
	Low-temperature conditions
	Doping impurity
	ZnO
	Yes
	[63]



	Reflux method
	Uniform particle
	Long reaction time
	TiO2
	No
	[29]



	Hydrothermal method
	High crystallinity
	Complicated process
	Co3O4
	No
	[66]
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