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Abstract

:

Volatile organic compounds (VOCs) are among the most abundant air pollutants. Their high concentrations can adversely affect the human body, and therefore, early detection of VOCs is of outmost importance. Among the different VOCs, in this review paper we have focused our attention to the monitoring of acetaldehyde by chemiresistive gas sensors fabricated from nanostructured semiconducting metal oxides. These sensors can not only provide a high sensing signal for detection of acetaldehyde but also high thermal and mechanical stability along with a low price. This review paper is divided into three major sections. First, we will introduce acetaldehyde as an important VOC and the importance of its detection. Then, the fundamentals of chemiresistive gas sensors will be briefly presented, and in the last section, a survey of the literature on acetaldehyde gas sensors will be presented. The working mechanism of acetaldehyde sensors, their structures, and configurations are reviewed. Finally, the future development outlook and potential applications are discussed, giving a complete panoramic view for researchers working and interested in acetaldehyde detection for different purposes in many fundamental and applicative fields.
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1. Introduction


By definition, volatile organic compounds (VOCs) are organic compounds with a low boiling point, (50–100 °C to 240–260 °C) and with saturation vapor pressures higher than 102 kPa at 25 °C [1]. They are air pollutants and mostly are emitted from industrial factories and vehicles. They accelerate the formation of secondary organic aerosols, and under oxidized conditions, they will convert them to particles [2]. Accordingly, they cause different environmental problems and also have detrimental effects on human health [3].



Aldehydes are a class of VOCs that are highly reactive and odorous. They are one of the most common sources of pollution in air because they are not only used in many chemical adhesives such as cigarette adhesives [4] but also are produced in many industrial processes or incomplete combustions [5]. In particular, they can be formed as a product of incomplete wood combustion in fireplaces and woodstoves, pulp and paper factories, internal combustion engines and turbines, and vehicle exhaust fumes [6]. Formaldehyde (HCHO) and acetaldehyde (CH3CHO) are considered two of the most important aldehydes [7,8]. They are known as carcinogenic and probably carcinogenic agents, respectively [9,10].



Acetaldehyde, with the systematic name of ethanal [11], is a small molecule comprising of only four hydrogen atoms, two carbon atoms and one oxygen atom with a low molecular weight (44.05 g/mol) [12], as shown in Figure 1. It has an aroma like oranges, low boiling point (20.2 °C), and high solubility in water and lipids [13]. The indoor sources of acetaldehyde include laminates, building materials, wood ceilings, wooden varnished, etc., while its outdoor sources include power plants, wood, trash, oil and gas extraction, cement kilns, refineries, and automobile exhausts [14]. It is also the most abundant carcinogen of tobacco smoke [15]. Acetaldehyde is widely employed to produce acetic acid, acetate esters, pentaerythritol, and pyridine bases [16]. In addition, it is used in the dairy industry as a synthetic flavoring component and food additive [17].



Acetaldehyde is also a highly toxic compound [18]. The effects of acetaldehyde on the human body include eye irritation, headache, vomiting, liver diseases, and detrimental effects on the throat, skin, and the respiratory tract [19,20,21]. In particular, because of the pungent odor of acetaldehyde, it is extremely irritating at concentrations above 50 ppm [14]. In addition, it can be a cause of sick building syndrome, so-called SBS, even at ppb levels [22,23]. Acetaldehyde has a strong electrophilic nature and can damage DNA in humans, and it is considered as a possible human carcinogen [24,25]. Furthermore, it can easily react with Vitamin B1, leading to B1 deficiency. Accordingly, it can cause mental illness, visual disturbances, and poor memory in human beings. To avoid such problems, 100 ppm as a permissible exposure limit of acetaldehyde has been proposed [26].



Acetaldehyde is present in both indoor and outdoor environment and its detection is therefore very important for monitoring environmental and domestic pollution. For monitoring acetaldehyde, conventional analytical techniques, such as gas chromatography, are widely used but they are bulky, time consuming and expensive. Accordingly, compact, robust, and inexpensive solid-state gas sensors are required. Among the others, conductometric solid-state gas sensors represent an effective alternative. Although semiconducting oxide-based chemoresistors are characterized by high-sensitivity, often the low selectivity limits their practical use. Then, due to scientific and practical importance, a survey of literature on acetaldehyde chemoresistive gas sensors will be presented and discussed.




2. Chemiresistive Gas Sensors


Nowadays, gas sensors are widely utilized in different areas including public safety, industrial processes, domestic safety, underground mining, and monitoring of environmental pollution and air quality in vehicles [27]. So far, different types of gas sensors such as surface acoustic wave [28], optical [29], gasochromic [30], thermoelectric [31], electrochemical [32]. and chemiresistive [33,34,35] gas sensors for detection of VOCs have been introduced. Among them, chemiresistive gas sensors are very popular owing to their high sensitivity, short response time, high stability, reproducibility, simple fabrication and operation, and low cost [36,37,38]. Chemiresistive gas sensors, in which the resistance of the sensing layer changes upon exposure to the target gas, were introduced for the first time about sixty years ago [39]. Depending on the increase or decrease of the resistance and the magnitude of the resistance change, the gas type and its concentration can be estimated [40,41]. In chemiresistive gas sensors, surface area, morphology, chemical composition, and sensing temperature are the main factors affecting the gas response [42,43].



A typical resistive-based gas sensor consists of a sensitive layer that is deposited on the surface of interdigitated electrodes (Figure 2) printed on an (a) insulating ceramic, (b) plastic, or (c) Si substrate [44]. A heater can also be used on the back of the substrate to raise the sensor temperature up to desired sensing temperatures. However, in some cases, the sensor will be put in a gas chamber in a tubular furnace, where the temperature can be precisely controlled [45].



2.1. General Sensing Mechanism


Figure 3 schematically shows the acetaldehyde sensing mechanism in both pristine n- or p-type metal oxide chemiresistive sensors. For n-types such as ZnO, SnO2, initially in air, due to abstraction of the electrons by oxygen species, a so-called electron depletion layer will be created on the surface. Because of this, the resistance in the electron depletion layer is higher than that of the core-region parts of the sensing material (Figure 3a,b). Upon exposure to acetaldehyde gas, it reacts with already adsorbed oxygen ions and the released electrons come back to the surface of the gas sensor. As a result, the resistance of the gas sensor increases, leading to the appearance of a sensing signal. For p-type metal oxides, such as CuO and Cr2O3 [46], initially in air, due to extraction of the electrons by oxygen species, a hole accumulation layer will appear on the surface of the gas sensor (Figure 3c,d). Since in p-type metal oxides the main charge carriers are the holes, the resistance in the hole accumulation layer is lower than the core part. In acetaldehyde atmosphere, the released electrons come back to the surface of the gas sensor, leading to higher resistance of the gas sensor and appearance of a sensing signal. A widely used strategy to enhance the gas sensitivity and selectivity is noble metal decoration. The promising effects of noble metals on acetaldehyde detection, which are known as electronic sensitization and chemical sensitization, respectively [47,48], are schematically shown in Figure 3e,f. In electronic sensitization, due to the difference between the work functions of noble metals and metal oxides, often electrons from the sensing layer will be moved to the noble metals to equate the Fermi levels. Therefore, in contact areas between the noble metal and metal oxide, the width of the electron depletion layer increases, leading to greater resistance modulation upon exposure to the acetaldehyde gas. In addition, noble metals can act as catalysts for the decomposition of oxygen molecules and target gases. Therefore, initially the gas will be adsorbed on the surface of noble metals, then it will be decomposed into smaller molecules or atoms, and finally. in a so-called spillover effect, it will be moved to the surface of the neighboring sensing layer. Thus, the noble metals can enhance the sensitivity and selectivity of the gas sensors.





3. Acetaldehyde Detection Using Chemiresistive-Based Gas Sensors


Traditional strategies to determine the concentration of acetaldehyde are the use of gas chromatography, chemiluminescence, cataluminescence, etc. [49]. Even though such techniques are highly sensitive and accurate, they have some disadvantages for online monitoring, need expert operators, and are bulky as well as expensive. Therefore, sensitive, selective, stable, fast, portable, and simply operated sensors are greatly needed for acetaldehyde detection [6,50]. For practical applications, an acetaldehyde gas sensor should have following merits: (i) high sensitivity; (ii) high selectivity; (iii) fast dynamics; (iv) long-term stability; (v) reproducibility; (vi) low power consumption; and (vi) low cost. Even though metal-oxide-based gas sensors have most of the above merits, their selectivity and power consumption is a challenge and more research is needed to realize a high acetaldehyde gas sensor for practical applications. In the remaining parts of this review paper, we will discuss chemiresistive acetaldehyde gas sensors on the basis of the metal oxides.



3.1. Morphology-Engineered Nanostructures as Acetaldehyde Gas Sensors


It is well-known that morphology engineering is one of the best strategies to improve the sensing capabilities of metal oxide gas sensors [51,52]. For example, regarding zinc oxide (ZnO), which is one of the most used sensing materials [37,53,54], different morphologies of ZnO such as nanoparticles (NPs), tetrapods, nanobeads, and nanotubes have been used for gas-sensing studies (Figure 4).



In Table 1, we present some ZnO-based sensors with different morphologies reported for the sensing of acetaldehyde in the literature (Table 1). As can be seen, ZnO-based sensors with different morphologies are able to detect low and high concentrations of acetaldehyde gas at different sensing temperatures.



For example, ZnO tetrapods with nanosized dimensions were synthesized with a vapor phase method for aldehyde detection [5]. The employed method was catalyst-free and offered very high yield (a few grams were easily produced). On average, the diameter of tetrapods was 60 nm, and their length was 1 mm. The dynamic gas responses were obtained at different temperatures, showing that response/recovery times decreased when the temperature increased. At 400 °C, the sensor revealed a higher response to propionaldehyde (CH3CH2CHO) compared to acetaldehyde due to the higher number of electrons returning back to the ZnO when the molecule was completely oxidized [5]:


CH3CHO + 5O− → 2CO2 + 2H2O + 5e,



(1)






CH3CH2CHO + 8O− → 3CO2 + 3H2O + 8e.



(2)







As shown in the above equations, the reaction of acetaldehyde and propionaldehyde with adsorbed electrons releases five and eight electrons, respectively. Accordingly, the response to acetaldehyde was slightly lower than the response to propionaldehyde. Interestingly, it was found that at T > 350 °C, the response was independent of the relative humidity (RH) value (0–75%).



In another study, flower-like ZnO nanostructures comprised of ZnO nanorods were fabricated through a hydrothermal synthesis method [62]. The hydrothermal method is a cost-effective and versatile method with the possibility of morphology control and is widely used for synthesis of metal oxides for sensing applications [63]. The high response the gas sensor to acetaldehyde compared to CO gas was related to the electron-donating effect of acetaldehyde (10 electrons), which was greater than that of the CO gas (two electrons).



ZnO nanosheets with two-dimensional morphology have attracted a lot of attention for sensing studies due to their high surface areas. In this regard, a fast acetaldehyde gas sensor was introduced using nanosheet-like ZnO nanostructures synthesized through a sonochemical method followed by subsequent etching [64]. The ZnO nanosheets had a high surface area, resulting in an enhanced sensing performance down to the ppb level. At the optimal sensing temperature of 220 °C, the sensor was able to detect even 50 ppb of acetaldehyde gas. Furthermore, the sensor revealed a linear response to acetaldehyde along with fast response and recovery times. The response and recovery times of the sensor to acetaldehyde were 8 and 60 s, respectively, which is very fast for practical applications. In fact, the presence of abundant channels and open space between the ZnO nanosheets accelerated the gas diffusion and decreased the response and recovery times.



3.1.1. Nanoparticle-Based Acetaldehyde Gas Sensors


Metal oxide NPs can be easily synthesized through different chemical synthesis methods. Accordingly, there is much literature regarding use of metal oxide NPs as gas sensors. For example, a ZnO NP-based gas sensor working at 450 °C revealed a response (Ra/Rg) of 5.73 to only 2 ppm acetaldehyde. The high response of the gas sensor was attributed to the complete oxidation of acetaldehyde catalyzed by the surface, where through a reaction with adsorbed oxygen, acetaldehyde transformed into acetic acid [14]:


   H 3  C −        O     ‖         C         |     H        +  O  a d s  −  →  H 3  C −        O     ‖         C         |      O H         +  e −  .  



(3)







In the humid condition, a decrease in the sensor response resulted due to the competition between water vapor and acetaldehyde. As a result, the number of available sites for acetaldehyde adsorption decreased. In addition, the increase in RH led to a decrease in the adsorbed oxygen species, and accordingly, the conductivity was increased in humid air. Therefore, the baseline resistance decreased to a lower resistance for higher RH values [65].



In another study, Rai and Yu synthesized ZnO NPs by a citrate-assisted hydrothermal method for gas sensor studies [58]. The maximum response (Ra/Rg) of the fabricated sensor was 45.75 at 400 °C for 250 ppm of acetaldehyde gas. However, the selectivity of the sensor was not so good because it also revealed a high response to ethanol due to the electron-donating effect of ethanol, which was similar to acetaldehyde. In the case of ethanol, both dehydration and dehydrogenation reactions are possible as follows [58]:


C2H5OH → C2H4 + H2O    (dehydration reaction, acidic oxide),



(4)






2C2H5OH → 2CH3CHO + 2H2   (dehydrogenation reaction, basic oxide).



(5)







Ethylene (C2H4) or acetaldehyde (CH3CHO) intermediates are subsequently oxidized to CO, CO2, and H2O as follows [58]:


C2H4 + 3O22−(ads) → 2CO2 + 2H2O +6e.



(6)






2CH3CHO(ads) + 5O22−(ads) → 4CO2 + 4H2O + 10e−.



(7)







Since the ZnO has a basic nature, the dehydrogenation reaction is preferred on the surface of ZnO, and the number of released electrons is comparable with that of acetaldehyde. Consequently, the higher response of acetaldehyde relative to ethanol was related to the long chain of reaction for ethanol gas, which had a slow kinetic nature [58].



Another fast dynamics sensor was realized using randomly interconnected ZnO NPs that were prepared using a simple chemical spray pyrolysis method [54]. The sensor revealed a response (Ra/Rg) of 50 to 50 ppm acetaldehyde gas with the response and recovery times of only 60 and 40 s, respectively. Furthermore, the sensor showed a high selectivity to acetaldehyde relative to the interfering gases. This was related to the low bond dissociation energy for acetaldehyde (364 kJ mol−1), which was smaller than that of other gases, resulting in a good gas selectivity. Even though the bond dissociation energy of formaldehyde was comparable to that of acetaldehyde, a lower response to formaldehyde was obtained. This was related to the electron-donating effects, where the number of electrons released during the reduction of acetaldehyde was more than that of formaldehyde [65].



In an interesting study, cotton fabrics were also used as gas sensors. Untreated and ZnO NP-added cotton fabrics were used to sense 100 ppm of acetaldehyde and other interfering gases at 25 °C [66]. An improved acetaldehyde response was obtained for ZnO-modified cotton fabric owing to the homogeneous distribution of ZnO NPs and the presence of high porosities between the inter-yarn pores.



Apart from ZnO, many other metal oxides can be used as sensing layers in chemiresistive sensors. For example, ultrafine CuO NPs were fabricated via a facile chemical route for acetaldehyde sensing studies [67]. At an optimal temperature of 200 °C, the sensor showed a response (ΔR/Ra) of 29.23 towards 100 ppm. The acetaldehyde-sensing mechanism of the p-type CuO sensor is shown in Figure 5. As presented in Figure 5a, initially in air, a hole accumulation layer was formed on the surface of CuO NPs due to the adsorption of oxygen ions. When the sensor was exposed to acetaldehyde (Figure 5b), acetaldehyde molecules reacted with oxygen ions and released electrons back to the CuO surface. Accordingly, the width of the hole accumulation layer decreased, and the resistance of the gas sensor increased. However, the sensor showed a reduced response in humid air because of the occupation of adsorption sites by water molecules.



In another study, In2O3 NPs were synthesized through a one-step microwave hydrothermal route [68]. The NPs showed a response (Ra/Rg) of 11.06 to 100 ppm acetaldehyde at 300 °C. The sensing mechanism is shown in Figure 6. Initially, in air, due to the adsorption of oxygen species, an electron depleted layer was formed. When the In2O3 sensor was put in acetaldehyde atmosphere, the acetaldehyde vapor molecules reacted with the adsorbed oxygen ions on the surface of In2O3 NPs, and the released electrons caused a significant change in the sensor resistance, contributing to the sensor response [68].



Mn2O3 is rarely reported for sensing studies. However, a very fast acetaldehyde gas sensor based on α-Mn2O3 NP thin film that was deposited on silica substrates with a spray pyrolysis technique, was reported [69]. The sensing tests showed that the sensing response was higher to acetaldehyde than any other vapors. The high sensing response to acetaldehyde at room temperature was related to the high electron-donating ability of acetaldehyde as well as the catalytic effect of α-Mn2O3 towards oxygen. Furthermore, the sensor showed fast dynamics, and for 5 to 75 ppm acetaldehyde, it displayed a short response (9 s) and recovery (~35 s) time, which is greatly needed for practical applications.



Table 2 lists some acetaldehyde gas sensors based on metal oxides. As can be seen, different metal oxides in pristine or composite forms can be used for the realization of acetaldehyde gas sensors. However, in general, their performance is lower those of the sensors based on ZnO.




3.1.2. Effect of UV Light


The sensing layer can absorb UV light and further dissociates the gaseous compounds. UV light may increase the density of free electron–hole pairs. Moreover, depending on the UV intensity and UV morphology of the sensing layer, the response of gas sensors can be successfully enhanced [73]. Therefore, UV light can be used to decrease the power consumption of the gas sensors [74]. Unfortunately, in the literature, there are not many reports on the effect of UV light on acetaldehyede sensing. In this regard, a ZnO NP (50–70 nm)-based gas sensor was realized and used for acetaldehyde detection under UV-light irradiation [56]. The sensor under UV light was able to detect 50 ppb acetaldehyde gas. Since acetaldehyde at even low concentrations is considered a carcinogenic agent, the developed sensor could be used for practical application of acetaldehyde detection with low power consumption [75].




3.1.3. Noble Metal Loading


Promising effects of noble metals on the gas response of metal-oxide-based gas sensors were already discussed in Section 2.1. Despite this, there are few studies related to the decoration of noble metals for realization of highly sensitive acetaldehyde gas sensors. As an example, effects of metal decoration on the acetaldehyde response of ZnO NPs were also studied. ZnO NP (30–40 nm) metals were fabricated by using a chemical precipitation method and subsequently were loaded with Rh, Mg, Y, Pd, V, or La by an impregnation method [76]. Among the different noble metal loaded gas sensors, the response of the Ru–ZnO sensor was higher to alcohol and acetaldehyde than to the other gases. It was also found that the greater the response to acetaldehyde, the higher the response to alcohol. Therefore, it was concluded that the presence of acetaldehyde favored the response to alcohol. To gain further insight, the catalytic oxidation of alcohol over ZnO NPs was studied in a reactor, and the reaction products were studied by gas chromatography. It was revealed that the response of the ZnO sensor to ethanol was dependent on the conversion of ethanol to intermediate products, and acetaldehyde, which was one of the intermediate products, increased the response to alcohol [76].



In another study using noble metal decoration, the acetaldehyde gas-sensing performance of pristine and noble metal (Pt and Rh)-loaded SnO2 NPs were investigated by Shimizu and his collaborators [77]. The highest response to acetaldehyde was for the SnO2 loaded with 0.1 wt % Rh at 350 °C. In the case of pristine SnO2 operating at 500 °C, and also for 3.0Pt/SnO2 operating at 450 °C, some amount of acetaldehyde was consumed during its diffusion through pores in the sensor into the interior region; therefore, the steady-state acetaldehyde concentration in the interior was lower than that in the ambient atmosphere. However, in the case of 0.1Rh/SnO2 at 350 °C, partial consumption of acetaldehyde during diffusion into the interior was small, and most of the acetaldehyde and its derivatives were oxidized almost completely only in the interior region. The temperature gradient associated with the heater location facilitated such a difference in oxidation behavior between the surface and the interior region of the sensor [77].




3.1.4. Composites


Heterojunction formation is another strategy for realization of high performance gas sensors. In this context, PdO–ZnO core–shell nanosheets (NS) heterojunctions were synthesized for the realization of high-performance acetaldehyde gas sensors. The size of the Pd NPs was 10 ± 5 nm, and these were encapsulated in the center of the ZnO shell of 40–50 nm. The fabricated sensor revealed the highest response (Ra/Rg) of 76 to 100 ppm acetaldehyde at 350 °C, which was much higher than that of pristine ZnO NS sensors (Ra/Rg = 18). Since the work function of PdO (7.9 eV) was higher than the work function of ZnO (5.3 eV), the PdO/ZnO p–n heterojunction formed a wide depletion layer and thus energy band bending at the interface of the PdO and ZnO. Therefore, the resistance of the sensor increased. However, upon injection of acetaldehyde gas, the resistance significantly decreased. Moreover, because the PdO NPs act as a catalyst, they facilitated the dissociation of oxygen molecules into O atoms and enhanced the reactions between the oxygen ions and acetaldehyde molecules. Furthermore, the PdO–ZnO p–n heterojunction had a larger surface area in comparison to a pristine sensor, and this led to the availability of much higher adsorption sites on the surface of the heterojunction gas sensor, eventually leading to enhancement of the gas response [78].



Graphene is a well-known two-dimensional material with outstanding electrical conductivity [79] that can improve the conductivity of composites, which is beneficial for realization of the gas sensors. However, in pristine form it is rarely used for sensing studies, and it is often used in nanocomposites for this purpose. In this regards, graphene (0, 0.1, 0.5, 1 and 3 wt%)–WO3 nanocomposites were synthesized by a hydrothermal method for acetaldehyde sensing [70]. This revealed that the sensor based on a 0.1 wt % graphene–WO3 nanocomposite indicated the highest gas response (Ra/Rg) of 5 to 1000 ppm acetaldehyde gas along with good selectivity at 100 °C. In the interfaces between graphene and WO3, Schottcky contacts were created, and the graphene–WO3 interface was a forward-biased Schottcky barrier, leading to the easy capture and migration of electrons from WO3 NP to graphene. In addition, graphene, offered a high surface area for gas adsorption. Thus, the gas-sensing performance of the nanocomposite was improved in the presence of graphene.



Polyaniline (PANI)x MoO3 and poly(o-anisidine) (PoANIS)xMoO3 composite thin films were synthesized by Itoh and collaborators for acetaldehyde monitoring [23]. These materials were prepared by a modified intercalation method in which a [Na(H2O)2]xMoO3 thin film was soaked in two different intercalation solutions, namely PANI or PoANIS solutions. The intercalation solutions were filtrated to remove insoluble polymers that had a degree of polymerization. The hybrid-based sensors prepared by the modified method could detect low concentrations of acetaldehyde gas up to a several tens ppb level, whereas those prepared by the conventional method were not able to sense such low concentrations of acetaldehyde due to the presence of insoluble PANI moieties adsorbed onto the surface of the hybrid thin films, which negatively affected the response of the gas sensor.



In an interesting study, SnO2 NPs mixed with various amounts of WO3 and doped with Pt, Ru, Pd, Ag, Au, and In were also investigated for acetaldehyde-sensing studies [65]. It was found that the 1 wt % Ru/10 wt % WO3/SnO2 gas sensor showed a response of 11 to 100 ppm acetaldehyde at 200 °C. The enhanced gas response can be related to the formation of WO3/SnO2 heterojunctions and promising effects of Ru.




3.1.5. Doped Nanostructure as Acetaldehyde Gas Sensors


Since acetaldehyde is a VOC and there are some other VOCs with almost the same formula, it is very difficult to gain high selectivity to acetaldehyde in metal-oxide-based gas sensors; however, some strategies such as optimization of the sensing temperature, noble metal decoration, doping, use of heterojunctions and use of membranes can enhance the selectivity to acetaldehyde. However, more studies are needed to completely solve the selectivity issue in metal-oxide-based gas sensors. In this regard, Al-doped ZnO NPs were produced through a hydrothermal method for gas sensing application [55]. It was reported that the acetaldehyde-sensing response (Ra/Rg = 2250) to 10 ppm acetaldehyde at 500 °C was ~173 and 125 times higher than those of C7H8 and C6H6 vapors, respectively. Selectivity pattern of the sensor to different interfering gases demonstrated the excellent selectivity of the gas sensor to acetaldehyde (Figure 7). This was related to the larger dipole moment in the molecular structure of acetaldehyde (2.7 D) than that in NO (0.16 D), NO2 (0.32 D), TMA (0.61 D), benzene (0 D), NH3 (1.47 D), toluene (0.31 D), and CO (0.122 D). In fact, the dipole moment of a gas molecule affects the attractive Van der Waals force between the gas molecule and sensing layer. Thus, due to having a higher dipole moment, the number of molecules of acetaldehyde that were adsorbed on the surface of the gas sensor was more than that of other gases [55].



When Al-doped ZnO NPs were in air (Figure 8a), oxygen ions were adsorbed on the surface of the gas sensor, resulting in the formation of a thick depletion layer on the surface of ZnO NPs. In acetaldehyde atmosphere (Figure 8b), an electron exchange occurred due to the interaction of acetaldehyde and the adsorbed oxygen species, resulting in the oxidation of acetaldehyde and the release of electrons into the sensor surface. Thus, the electrical resistance decreased and a sensing signal was resulted. The response of the Al-doped ZnO NPs was 16 times higher than that of pristine ZnO NPs to acetaldehyde. The reasons for the high response of the Al-doped sensor were reported as follows: Firstly, the amount of oxygen vacancies that acted as adsorption sites for acetaldehyde on the surface of the ZnO NPs in the lattice of ZnO was found to increase after Al doping (Figure 8c). Secondly, due to the presence of additional carriers in Al-doped ZnO NPs and the shift of the Fermi level, the band gas was larger than that of pristine ZnO NPs. An increase in carrier concentration led to an increase in ionized oxygen species on the surface of ZnO, which reacted with acetaldehyde. Thirdly, the surface area of the Al-doped ZnO NPs (~42 m2/g) was larger than that of the pristine ZnO NPs (~35 m2/g). Accordingly, many more acetaldehyde molecules were adsorbed on the surface of the Al-doped sensor, resulting in a higher gas response in the Al-doped ZnO gas sensor [55].



Transition metal dopants such as Cr, Co, Ni, and Cu have good potential for oxygen adsorption as well as good catalytic activity to different VOCs [80,81,82]. In an interesting study, pristine and Co-, Ni-, and Cu-doped ZnO nanostructures were realized by a chemical spray pyrolysis method [26]. The sensing response to 10 ppm acetaldehyde was 2.85, 800, 2.59, and 21.36 for the pristine and Co-, Ni-, and Cu-doped ZnO-based gas sensors, respectively. The high response to acetaldehyde was due to the lower bond dissociation energy of acetaldehyde (364 kJ.mol−1) than other gases and vapors such as ammonia (435 kJmol−1), ethanol (436 kJmol−1), methanol (436.8 kJmol−1), formaldehyde (364 kJmol−1), and toluene (368 kJ.mol−1). The low response of the Ni-doped sensor was due to the morphology of this sensor, which was different from other sensors and had a much lower surface area. On the other hand, the Co-doped sensor showed the highest response to acetaldehyde due to its high catalytic activity to this gas and high surface area. In addition, the initial resistance of the pristine, Ni, and Cu-doped ZnO sensors were lower than the Co-doped ZnO gas sensor. Since a higher number of electrons was presented on the surface of the Co-doped ZnO sensor than the other sensors, the change in the width of the electron-depletion layer during the exposure to acetaldehyde was higher than the other sensors [26].



Not only are metals used as dopants in ZnO nanostructures, but non-metallic elements have also been used for this purpose. Fluorine is a highly electronegative element, and it can significantly reduce the resistance of the sensing layer. In this context, fluorine-doped ZnO film was produced using a chemical spray pyrolysis technique [83]. At room temperature, it revealed a response (Ra/Rg) of 4.8 to 100 ppm acetaldehyde gas. In addition, the response increased by increasing of the fluorine dopant due to a decrease in the grain size. With an increase in fluorine dopant, grain size was decreased and the higher surface area along with porous nature of the sensing layer led to an enhanced response to acetaldehyde.






4. Conclusions and Outlooks


In this review paper, chemiresitive-based gas sensors for the detection of acetaldehyde were reported and their functioning mechanism and performances were discussed. From the literature, different metal oxides were used for this purpose. Among them, ZnO is the most widely used for acetaldehyde gas sensing. The fundamentals of these sensors have been highlighted, but although there are some reports on acetaldehyde gas adsorption on transition metal oxides, the acetaldehyde-sensing mechanism in chemiresistive sensors has not been completely explained until now. Indeed, research needs to uncover the details of the change of the electronic properties of the sensing layer following the adsorption of acetaldehyde to enhance the sensor performance for this gas. Regarding practical applications, there are some challenges for the realization of highly reliable and sensitive sensors for commercial purposes. Important parameters, such as sensitivity, selectivity, stability, as well as reproducibility, should be addressed by different strategies. Compared to traditional analytical techniques, these sensors have greater sensitivity, lower cost, and improved portability. Another advantage is that no pretreatment is necessary, providing savings in the cost and time of analysis. These devices show further straightforward integration with integrated circuit devices. Microfabricated devices indeed offer reduced power consumption and increased portability, thus they are also promising for mobile applications.



Therefore, combining fundamental research on new sensing materials with technological advancement towards sensor miniaturization promises to address some of the challenges to wide-scale deployment of chemiresistive sensors for real-time monitoring of acetaldehyde in many applications.
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Figure 1. Structure of acetaldehyde. 
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Figure 2. Chemoresistive gas sensors with different configurations, (a) Planar-type gas sensor (b) Flexible gas sensor (c) Micromachined gas sensor. Reprinted with permission from [39]. 
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Figure 3. Schematic of acetaldehyde-sensing mechanism in (a,b) n-type metal oxide and (c,d) p-type metal oxide. Effect of noble metals on the gas sensing enhancement: (e) electronic sensitization (f) chemical sensitization. 
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Figure 4. Example of some typical ZnO morphologies used in the fabrication of gas sensing devices. From right to left: nanoparticles, tetrapods, nanobeads, and nanotubes. Adapted from [51]. 
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Figure 5. Schematics of acetaldehyde-sensing mechanism of CuO nanoparticles (NPs) (a) in air (b) in acetaldehyde atmosphere. (CB is conduction band and VB is valence band). Reprinted with permission from [67]. 
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Figure 6. Schematic of the acetaldehyde sensing mechanism for an In2O3 gas sensor in (a) air and (b) acetaldehyde atmosphere. Reprinted with permission from [68]. 
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Figure 7. Selectivity pattern of the Al-doped ZnO gas sensor to different gases. Reprinted with permission from [55]. 
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Figure 8. The sensing mechanism in (a) pristine or Al-doped ZnO NPs in air, (b) pristine ZnO NPs, and (c) Al-doped ZnO NPs in acetaldehyde atmosphere. Reprinted with permission from [55]. 
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Table 1. Acetaldehyde sensing properties of some ZnO-based gas sensors reported in the literature.






Table 1. Acetaldehyde sensing properties of some ZnO-based gas sensors reported in the literature.





	
Morphology

	
Concentration (ppm)

	
Operating Temperature (°C)

	
Response (Ra/Rg)

	
Ref.






	
Al-doped ZnO

	
10

	
500

	
2250

	
[55]




	
ZnO powders

	
2

	
450

	
5.73

	
[14]




	
ZnO-NiCo2O4 nanofibers

	
100

	
250

	
~3

	
[56]




	
0.15 mol% Au-ZnO NPs

	
100

	
377

	
~7

	
[57]




	
ZnO particles

	
250

	
400

	
∼45

	
[58]




	
ZnO tetrapods

	
50

	
47.5

	
[5]




	
ZnO nanoaggregates

	
200

	
25

	
~8

	
[59]




	
ZnO sheets

	
1

	
220

	
77

	
[60]




	
ZnO rods

	
250

	
400

	
5.30

	
[61]




	
ZnO flowers

	
8

	
[62]




	
ZnO petals

	
100

	
25

	
14




	
ZnO branched nanorods

	
10

	
2.85

	
[26]




	
Co-doped ZnO branched nanorods

	
10

	
800
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Table 2. Comparison of the performance of different metal oxides toward acetaldehyde.
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	Sensing Material
	Gas Conc. (ppm)
	T (°C)
	Response (Ra/Rg)
	Ref.





	1 wt % Ru/10 wt % WO3/SnO2
	100
	200
	11
	[65]



	CuO NPs
	100
	200
	23.29 (ΔR/Ra)
	[67]



	0.1 wt % graphene-WO3
	1000
	100
	5
	[70]



	In2O3 nanospheres
	100
	300
	11.06
	[68]



	NiO nanotetrahedra
	50
	250
	4
	[71]



	Au@SnO2 core-shell NPs
	500
	300
	0.85
	[72]
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